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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Preface 
 
The International Symposium on District Heating and Cooling (DHC) has over the years developed 
into one of the most well-reputed events world-wide for the communication of academic research in 
the field of DHC. This Symposium has been the world’s meeting place for district heating and 
cooling experts for more than 30 years now and has steadily been gaining greater significance, 
particularly in relation to the environmental challenges faced by many countries around the world. 
In fact, DHC has positioned itself as a vital element for a sustainable energy future. Under the wing 
of the International Energy Agency’s research programme on District Heating and Cooling (IEA 
DHC), the Symposium is truly global since 2016. The Symposium presents new developments and 
best practices available on DHC in different countries.  
In 2018, the 16th International Symposium on District Heating and Cooling is hosted by the 
HafenCity University Hamburg. District Heating has a strong history in Hamburg, since it was first 
implemented in 1893. Today the district heating network of Hamburg has a length of 812 km with 
460.000 connected residential units. 8 Power plants have a district heating output of 5TWh per year. 
Ongoing discussion on ownership models for the district energy grids in Hamburg makes the related 
topics more visible to the public than in other cities. Furthermore, Hamburg is one of Germany’s 
leading cities for innovation in district energy generation, distribution and sector coupling. Trends 
of the energy transition in Germany are challenging for Hamburg as well as for many other cities. 
These trends can be observed also worldwide.  
On behalf of the ExCo and the organizers of the Symposium we want to express our sincere thanks 
to the members of the Scientific Committee, the Local Organizing Committee and the members of 
the Advisory Committee for their valuable contribution. Through a tough selection process, 66 high 
quality papers resulted out of the 160 submitted abstracts, and are to be presented at this Symposium 
and published open access in this edition of Energy Procedia. Of course we also thank the individual 
authors for their contribution with Abstracts, Papers and Posters and the regular participants of the 
Symposium.  
The international and interdisciplinary approach and its quality assurance makes the Symposium a 
high level vibrant hub for communication and networking of DHC experts and scholars from the 
established and aspiring DHC-countries world-wide.  
On behalf of the Executive Commitee of IEADHC, the Chairman of the Scientific Committee wants 
to express a special thanks to all the committees, key note speakers, organizers, administrative staff 
and supporters for their excellent performance to make the 16th International Symposium on District 
Heating and Cooling a reality. 
 
 
Ingo Weidlich, Guest Editor 
Chairman of the Scientific Committee 
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Research Topics 
 
A. Urban energy systems, planning and development 
How does city planning influence the development of district heating and cooling systems and vice 
versa? Papers in this section explore district heating and cooling as a driving force for city planning 
and development including development of large or regional heat networks. 
B. Resource efficiency and environmental performance 
How can district heating and cooling contribute to an efficient and low carbon energy supply? Papers 
in this section will consider performance and environmental issues in district heating and cooling, 
including the integration of renewables, primary energy savings, reduction of CO2 emissions, 
combined heat and power and the use of thermal storage. 
C. Key elements in District Heating and Cooling systems 
What are the new developments in district heating and cooling technology? Papers in this section 
consider steps towards the next generation of district heating and cooling. They focus on improving 
current district heating and cooling solutions and key elements of the technology: for example, 
piping systems, sub stations and metering techniques. This area includes issues regarding cost 
reduction, the increase of service life, demand side management and low temperature technologies. 
D. Customer relations and market issues 
How do customers interact with district energy companies and what is the role of the district energy 
customers in general? Papers in this area focus on business and infrastructure management and 
development. A special focus lies on how the challenges for establishing district heating and cooling 
in an economically viable way can be overcome. 
E. Policy and regulation 
What policies and regulatory framework can be deployed to assist the establishment and evolution 
of efficient district heating and cooling networks? How flexible is district heating and cooling to 
different regulatory environments? What aspects work universally and to what extent do national 
and regional elements affect the potential of this technology? 
F. Open Arena, District Heating and Cooling 
What other research can forward the success of district heating and cooling? In line with the broad 
and multidisciplinary approach needed to overcome the sectors challenges, the organizers offer the 
opportunity to submit abstracts that do not fit into the above categories but still bear relevance for a 
successful future of district heating and cooling. 
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1. Introduction 

The operation of district heating systems (DHS) is based on a complex interaction of different heat sources with multiple heat 
consumers. Many parameters need to be managed dynamically within the overall operational strategy to achieve optimum DHS 
performance and reliability. Prioritization of heat sources, control of main and distribution pumps, operation of heat storage 
systems as well as monitoring and control of the system temperatures are only a few examples for operational aspects that have a 
direct influence on performance of the DHS and the durability of its components. Therefore, knowledge of the dynamic behavior 
of the DHS and close monitoring of the key operational indicators is vital for efficient operation of the system. 

In today’s DHS, many operational parameters are being recorded already. However, these values provide only little insight 
into the operating conditions when they are analyzed separately. In addition, many parameters are recorded as accumulated or 
time-averaged values only. In these cases, unsatisfying annual key figures might indicate weaknesses, but may not reveal the real 
cause and optimization potential. Systematic and continuous processing and evaluation of recorded data and a standard operating 
procedure to identify weaknesses and optimization potentials are missing in most large and virtually all smaller DHS. A survey 
amongst the operators of the DHS participating in the present study, revealed the following main reasons for insufficient 
performance monitoring of small scale DHS: 

 DHS have grown over time and may have changed in structure both on the heat production and heat consumption side, 
making operation of the DHS more and more complex 

 Data acquisition may be insufficient to ensure effective monitoring of DHS operation 
 Staff may be lacking to perform required data acquisition and data analysis tasks 
 Know-how for data analysis may be missing 
 Standard operating procedures for an effective performance monitoring may be missing 

Monitoring the relevant operating parameters with a sufficient frequency and the use of standard operating procedures for 
analyzing the recorded operational data is key to identify optimization potentials. Subsequently, suitable measures can be 
developed to permanently improve the performance of the system. 

In view of this, the MoNa project (“MoNa – Monitoring von Nahwärmenetzen”) was initiated at the University of Applied 
Sciences Rosenheim in 2014. The main goal of the study was to develop a standardized approach towards performance 
monitoring and thus to facilitate performance monitoring of small scale DHS. Six rural district heating systems in Upper Bavaria 
have been investigated, monitoring their performance over a 12 months’ period. To this end, a set of key performance indicators 
(KPI) were assembled to compare the performance of the systems and minimum requirements for measurement and data 
acquisition were defined to assess the KPIs. 

During the monitoring period, extensive operational data were recorded using the equipment present in the DHS. The data 
were then validated and analyzed, the KPIs were calculated over different time intervals and further operational data were taken 
into account to identify further optimization potentials. These potentials were then categorized to identify typical optimization 
potentials of small scale rural DHS. 

2. Investigated DHS 

The six DHS considered in the study are located in communities of 1,000 to 20,000 inhabitants in mostly rural areas in Upper 
Bavaria. All DHS provide heat to a mix of residential, commercial, and sometimes public customers. Four of the DHS use wood 
chips as a main source of energy, three of the DHS have combined heat and power (CHP) plants. Table 1 gives an overview of 
essential characteristics of the investigated DHS. 

     Table 1. Characteristics of the investigated DHS. 

DHS Network length 
[km] 

Installed thermal 
capacity [MW] 

Energy sources CHP 

A 3.2 3.7 Wood chips, fuel oil No 

B 7.4 3.7 Wood chips, fuel oil No 

C 1.6 1.7 Wood chips, fuel oil, natural gas, solar heat No 

D 1.0 2.2 Wood chips, palm oil, fuel oil Yes 

E 11.4 4.0 Natural gas, biomethane, biogas, power-to-heat Yes 

F 2.8 1.5 Natural gas, biogas Yes 
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3. Key performance indicators 

A set of key performance indicators was assembled to assess performance of the DHS. The set includes parameters indicating 
efficiencies as well as criteria describing environmental impact and security of supply. The following performance indicators 
were assessed: 

 Primary Energy Factor (PEF), indicating the ratio of primary energy used to heat delivered according to AGFW 309-1 
[1], 

 Efficiencies of heat distribution and heat generation, 
 Heat consumption, 
 Auxiliary power consumption, 
 Reliability of main heat generators (in terms of hours of unplanned outages), 
 Labor input (man-hours per year for operation and maintenance), 
 Regional origin of energy sources (distance between sourcing and consumption of the energy sources), 
 Degree of fulfilment of the German Renewable Energies Heating Act (EEWärmeG), 
 CO2 Emission. 

While all of the above-mentioned criteria appear to be important for the assessment of the performance of DHS, reliable 
values could not be established for some of them. “Labor input”, for instance is difficult to be determined in a standardized way 
and values for this KPI may not be established through metering data. Other criteria, like the degree of fulfilment of the 
EEWärmeG may have a local importance but may not be relevant on an international scale. In the following sections, exemplary 
results for some of the most important KPIs will be presented, with the chosen time scale being monthly values over a 12-month 
period.Certainly, in future standardized monitoring campaigns, many more KPIs will be assessed in varying time scales. In this 
respect, this work is only a first step towards the formulation of requirements for monitoring campaigns. A larger follow-up 
project, “Nemo” [2], was started by the University of Applied Sciences Rosenheim and the AGFW – der 
Energieeffizienzverband für Wärme, Kälte und KWK e. V. (AGFW) in 2018 with the goal to establish detailed standards and 
requirements for performance monitoring of DHS, see also [3]. 

4. Measurement Requirements 

In order to evaluate the KPIs and to show their fluctuations over time, metering data need to be recorded and analyzed during 
the monitoring campaign. The required measurement equipment has been defined by “minimum measurement requirements” 
including metering points, measured variables, and metering intervals. 

In general, more metering points, higher metering frequencies, and higher accuracies of measurement will lead to better 
results in the evaluation of the DHS performance, identification of weaknesses and optimization potentials. For this reason, all 
available data and all existing metering points should be included in the monitoring campaign. Nevertheless, technology levels of 
existing DHS with respect to metering equipment vary greatly and effective monitoring is also possible with limited metering 
equipment. Table 2 gives an overview of the most important metering points in a monitoring campaign. Metering points which 
are crucial for the energy balance from heat source to grid injection are considered as “essential”. In some cases, certain metering 
points can be replaced by smart balancing. In addition, differential pressure gauges across the main grid and subnets, and the 
main electricity meter are considered essential because they are important for understanding the overall operational strategy and 
the consumption of auxiliary electric energy. Metering points which give important information on the performance of the DHS 
and its components, but which are not necessary for setting up the basic balances are considered as “recommended”. In many 
cases, some of these metering points will not exist or at least not be accessible by the monitoring system. 

Table 2. Most important metering points in a monitoring campaign. 

Component Essential Recommended 

Heat source (heat generator) Heat meter (incl. temperature and flow) Fuel meter 

Status signals 

Thermal energy storage Temperature gauge Heat meter (incl. temperature and flow) 

Main grid / Subnet Differential pressure gauge 

Heat meter (incl. temperature and flow) 

Index circuit measurement (differential 
pressure) 

Status signals 

Network /subnet pump  Power meter 

Customer  Heat meter (incl. temperature and flow) 

Differential pressure (primary site) 

 



8 Dominikus Bücker et al. / Energy Procedia 149 (2018) 5–14
4 Author name / Energy Procedia 00 (2018) 000–000 

To determine the required frequency of measurement, the monitoring objective needs to be defined. If only yearly or monthly 
values of the KPIs are investigated, the frequency of measurement can be chosen accordingly. This, however, will not facilitate 
detection of events taking place on shorter time levels, such as charging/discharging the thermal energy storage, fluctuation of 
temperatures and flows, intermittent operation of components etc. To enable this kind of event detection, the rate of change of 
the KPIs needs to be assessed in more detail. The highest rates of change can be expected for KPIs directly reacting on control 
commands of the DHS and the substations. Considering the KPIs discussed in this report, these are the primary energy factor, 
efficiencies of generation, heat consumption, auxiliary power consumption, and CO2 emissions. To recognize all significant 
changes in these parameters, a 15-minute interval was chosen for the measurement of all parameters relevant for these KPIs. This 
interval has proven to enable detection of most of the events relevant during operation of the DHS. However, in subsequent 
analysis, even higher frequencies of measurements have shown to be required. One example of such analysis is the evaluation of 
charging and discharging rates of a thermal energy storage (TES) based on temperature measurements [3]. 

Additional metering points exceeding the parameters listed in Table 1 are not necessary for a minimum standard data 
acquisition concept, but may help to gain better results on the operating conditions and optimization potentials of the DHS and 
thus improve the quality of the monitoring campaign. 

5. Monitoring results 

Table 3 reports yearly values of key parameters of the investigated DHS calculated from metering data monitored in the 
current campaign. With the yearly heat consumption ranging from 2,600 to 11,300 MWh, the investigated DHS are significantly 
smaller than the average of 46,605 MWh per DHS and year that is reported by AGFW for the 1.405 German DHS considered in 
the AGWF 2016 survey [4]. The same holds true for the heat consumption density, with an average value of 3,140 kWh/(m∙a) 
reported by AGFW and values ranging from 636 to 3,030 kWh/(m∙a) for the DHS investigated in this study. The main reason for 
the low heat consumption density is the rural character of the DHS. The heat loss per network length of most of the investigated 
DHS is well below the average of 53.1 W/m which can be derived from the values reported by AGFW. With most of the 
investigated systems having been commissioned after 2000, the technology level and condition of the piping can be assumed to 
be above average. Combining the low heat consumption density with small heat losses per network length yields values of the 
relative heat loss which correspond very well to the values reported by AGFW. Empirical data for small DHS are scarce. 
Nevertheless, the values given in Table 3 appear to correspond well with other published data, see [5-10]. CO2 emission data 
were calculated according to [11] with the allocation of CO2 between heat and power production based on their respective 
exergetic value. 

 

     Table 3. Yearly values of key parameters of the investigated DHS monitored in the current campaign. Negative calculated values of primary 
energy factors are the result of the underlying allocation method for CHP plants. These values are set to zero according to [11] 

DHS Heat 
production 
[MWh] 

Heat 
consumption 
[MWh] 

Heat 
consumption 
density 
[kWh/(m∙a)] 

Relative 
heat loss 
[% of 
production] 

Heat loss 
per network 
length 
[W/m] 

Primary 
energy 
factor [-] 

CO2 
emission per 
heat 
consumption 
[g/kWh] 

A 6,651 5,696 1,798 14.4 34.4 0.33 5.5 

B 5,491 4,708 636 14.3 12.1 0.36 28.5 

C 2,946 2,618 1,689 11.1 24.2 0.82 119.0 

D 3,430 2,882 3,030 16.0 65.8 0 (-1.01) 15.0 

E 13,452 11,293 994 16.0 21.7 0.49 107.0 

F 4,405 3,822 1,362 13.2 23.7 0.41 264.0 

 

5.1. Heat consumption 

As mentioned above, heat consumption densities of the considered DHS represent typical values for smaller rural DHS. Fig. 1 
shows monthly totals of heat consumption, normalized on the maximum monthly heat consumption of the respective DHS. 

The heat consumption curves for DHS A, B, C, and E are very similar, showing typical time progressions for systems 
dominated by space heating demand. Maxima are reached in January or February and minima are reached in July or August with 
minimum values ranging from 10 % to 20 % of the peak demand. DHS D and F, however, show different seasonal progressions 
of heat demand, caused by atypical consumers like open-air public pools (DHS F) and process heat (DHS D). It is obvious, that 
atypical consumers will have a significant effect on the seasonal progression of heat demand in smaller DHS.  
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With regard to a future standardization of performance monitoring, the following values should be considered: 
 Temporal location of maximum and minimum monthly and daily heat loads 
 Ratio of maximum to minimum monthly heat consumption. 

While these parameters will give a good indication on the structure of heat demand, changing them is difficult from an 
operator’s perspective. Seasonal levelling of heat demand requires either large seasonal thermal energy storage systems or the 
integration of atypical heat consumers whose availability is outside the operator’s sphere of influence. 

On a smaller time scale, however, optimising the DHS may be easier. For example, ratios of minimum and maximum daily 
heat consumption in a week’s turn may indicate the necessity of a TES and may even give a first estimate on the required storage 
capacity. 

 

 

Fig. 1. Monthly totals of heat consumption, normalized on maximum monthly heat consumption of the respective DHS. July 2014 to June 2015. 

 

5.2. Primary energy factor 

The German Renewable Energies Act (EEG) introduces the Primary Energy Factor (PEF) as a means to compare the specific 
consumption of (non-renewable) primary energy of different energy systems. A high value of the PEF indicates a high specific 
consumption of non-renewable primary energy. The PEF not only accounts for the non-renewable part of the primary energy 
source itself but also for the consumption of non-renewable primary energy in the upstream processes. As an example, the PEF 
of natural gas or fuel oil is 1.1, while the PEF of wood-based fuels is 0.2. For heat supplied by a district heating system, the PEF 
may be calculated according to AGF 309-1 [1]. The value depends basically on the mix of energy sources used and the 
efficiencies of heat generation and distribution. In the case of CHP production, the fuel consumption of the plant has to be 
allocated to heat and power production, respectively, using a prescribed allocation method.  

According to legislation, the PEF has to be calculated as annual value. In DHS with a high contribution of heat from CHPs 
fuelled by renewable energy sources such as biogas, biomethane or palm oil, the PEF will be very low or may even turn negative 
as a result of the allocation method. In these cases, the PEF is set to zero. 

Fig. 2 shows the PEF of the six DHS as monthly values, keeping the negative values where applicable. The DHS using CHP 
(D, E, F) show very low values of the PEF, but also considerable variations over time. The reason for the high variations for 
DHS E and F is the use of fossil fuel based boilers for peak demand and back-up, making the actual dispatch of the CHP plant 
and boiler a crucial criterion for the system’s performance with respect to primary energy efficiency. For DHS D, the relatively 
high value of the PEF in Summer is a consequence of the detrimental part load operation of the CHP in times of low heat 
demand. 

DHS A and B, using wood as base load energy source, show relatively low values of the PEF with only little variations over 
the course of the year. The wood-chip fuelled boiler of DHS B is severely oversized, leading to detrimental intermittent operation 
in spring and fall. The effect of this behaviour shows as a small peak in March. However, to reliably detect these intermittencies, 
higher resolutions in time are required, see [3]. 
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Fig. 2. Monthly and annual values of the primary energy factor, calculated based on [1]. July 2014 to June 2015. According to [1], official PEF have to be 
calculated as annual values and negative annual values have to be set to zero. DHS D, E, and F use CHP. 

DHS C shows rather high values of the PEF, especially when considering that it uses wood chips as energy source for the 
main heat generator and additionally integrates large rooftop solar thermal heat installations. The reasons for this are manifold, 
with two long unplanned outage periods of the wood-chip burner in November and May being one part of the problem and the 
complex hydraulic set-up of the DHS with a partly inefficient integration of solar thermal heat being another, see section 5.4.2 
for details.  

With respect to a standardized monitoring campaign, primary energy efficiency is an important criterion for the performance 
of DHS and should therefore be monitored closely. However, obtaining short term values of this parameter may be difficult since 
it requires knowledge of the fuel consumption of all heat generators as well as heat consumption and – if applicable – power 
production, all of these values determined for every period in consideration. 

Besides their effect on the PEF in DHS C, unplanned outages of the main components are also a crucial criterion for the 
performance of DHS and should always be considered in a monitoring campaign. 

5.3. Heat distribution efficiency and thermal losses  

 

 

Fig. 3. Monthly and annual values of the heat distribution efficiency. July 2014 to June 2015. 
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Heat distribution efficiency is defined as ratio of total heat consumption of the consumers to heat supplied to the grid by the 
heat generators. Heat losses, on the other hand, are calculated as the difference between heat supplied to the grid and total heat 
consumed. Both KPIs are important criteria for judging on the quality of heat distribution.  

As shown in Fig. 3, annual average heat distribution efficiencies of the investigated DHS are high, ranging from 84 % to 
89 %. As expected, efficiencies are highest in winter when the heat load is high. The systems D and F, facing smaller seasonal 
variation in heat demand, can retain better efficiencies even in summer. 

Fig. 4 shows heat losses of the DHS, given as percentage of the heat supplied by the heat generators and divided by the 
network length. The result is the specific relative heat loss of the DHS. This diagram gives a better view on the technology level 
of the piping used. DHS D, using old pipes with poor thermal insulation shows high specific heat losses. However, since the total 
Network length is small and heat consumption density is high, the heat distribution efficiency is still good, as can be seen from 
Figure 3. DHS E, however, due to its high network length, needs very low specific heat losses to reach acceptable heat 
distribution efficiencies. Ranking of different DHS with respect to their heat distribution efficiencies and heat losses is 
ambiguous, however, since parameters like supply, return, and ambient temperatures, network length and pipe diameter, heat 
consumption density and linear heat density are decisive boundary conditions and need to be accounted for, see also [12]. 

 

 

Fig. 4. Monthly and annual values of the relative specific heat loss as percentage of heat supplied to the grid by the heat generators, divided by the network 
length. July 2014 to June 2015. 

Annual values of heat losses can be calculated based on data used for financial settlement. Many heat meters log monthly 
values so that monthly heat losses can be calculated when collecting these data from all substations and comparing them to 
metering data from the heat generators. This procedure is obviously very time-consuming so that it should be applied only if 
there is a particular interest in knowing the seasonal variation of heat losses. The calculation of shorter term values for heat losses 
requires that all substations be equipped with online metering. In this case, calculation of heat losses is easy and should be part of 
the monitoring campaign. The results of this analysis can be used, for instance, to optimize heat losses by adapting the grid 
temperatures in particular seasons or in times of low demand. 

5.4. Typical optimization potentials 

In the course of the study, a total of 46 optimization potentials have been identified by analysing the extensive metering data, 
with the individual number identified potentials for each DHS ranging from five to thirteen. The potentials were assigned to four 
different categories and a total of eleven sub-categories and were rated as either “high potential / urgent need for action” and 
“medium potential” depending on their impact on performance of the DHS or their potential to shorten lifetime of critical 
components. A “high potential / urgent need for action” rating was assigned to 

 
 Components operating at efficiencies at least 30 % below best practice for more than three days. Examples: 

o Fixed speed pumps, 
o Wood-chip boilers with high intermitting frequencies, 
o Solar heating systems with very little or no feed-in during solar radiation, 

 Thermal energy systems utilizing less than 50 % of their nominal capacity for more than three months, 
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 Flow temperatures below contractual value or return temperatures more than 10 K above contractual value, or 
temperature spreads below 10 K for more than three days, 

 Significantly increased slag production in wood burners, 
 Failure of supply. 

 
A “medium” potential was assigned to components or operational states with a significant lack of efficiency compared to best 

practice that were not rated as “high potential / urgent need for action”. Multiple optimization potentials could be identified for 
each of the DHS. 

An overview of the identified potentials is shown in Fig. 5. Each red block represents a DHS with a high optimization 
potential in the respective sub-category, while each yellow block represents a DHS with medium potential. Green blocks 
represent DHS with no potential in the corresponding sub-category. If a certain category is not relevant for all DHS, the 
according spaces are left blank. 

 

 

Fig. 5. Incidence of optimization potentials according to categories. Red blocks represent DHS with high optimization potential, yellow blocks represent DHS 
with medium optimization potential. Green blocks represent DHS without optimization potential in a specific category. If a category is not relevant for all of the 

DHS, spaces are left blank. 

As expected, component sizing is an issue in small scale DHS, were there is often just one dedicated base load heat generator 
and one or two central pumps. Also, both flow and return temperatures will always play a central role in optimizing DHS. 
Surprisingly, however, most of the optimization potentials with a significant impact on the performance of the DHS were 
identified in the “control and dynamics” category. Four DHS were either using inefficient or even ineffective control 
mechanisms for the network differential pressure, and all DHS using decentralized heat generation had problems with their 
hydraulic integration. In DHS with more than two heat generators, their coordination was sometimes found to be inefficient, 
leading to increased cost of heat generation. Also, controlling the thermal energy storage system to effectively support efficient 
operation is not an easy task and may cause difficulties for the operator. Many of these specific optimization potentials may not 
be captured by analyzing annual values of the KPIs only, but may easily be identified in a continuous monitoring campaign were 
the time progression of the metering data is tracked and analyzed systematically. 

5.4.1. Newer DHS with wood-chip heat generator and gas-fueled backup boiler 
Many small scale DHS combine a wood-chip heat generator as base load heat source with a gas-fueled boiler for peak demand 

and backup. Two of the systems investigated in this study (A, B) use this setup. Both DHS were commissioned within the last ten 
years.  

The base load heat generator of DHS B is oversized due to false estimation of total heat demand of the DHS. In combination 
with an inefficient operating regime of the thermal energy storage, this leads to a detrimental intermittent operation, especially in 
fall and spring. In consequence, the boiler efficiency is poor and molten slag is formed in the combustion chamber, increasing the 
cost for maintenance and repair. Detection of this effect requires metering frequencies of a few minutes or smaller. In preparation 
of the follow-up project Nemo, new KPIs are defined that can be used to identify this optimization potential [3]. 

No other weaknesses with “high potential” or “urgent need for action” were detected in these two DHS, indicating that this 
setup can work efficiently if current technology is used and the system is designed properly. 

5.4.2. DHS with wood-chip heat generator, gas-fueled backup boiler, and a significant contribution of solar heat 
DHS C comprises a wood-chip heat generator for base load supply and a gas boiler for peak demand and backup. In addition, 

rooftop solar thermal systems with a total collector area of 716 m2 are integrated. The grid is operated with the flow temperature 
fluctuating between 25 °C and 95 °C. Decentral heat pumps are used to raise the temperature to the level required by the 
individual buildings. The aim of this complex setup is to maximize contribution from solar heat. The system has been monitored 
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in great detail from 2012 to 2015 in a research project funded by the German Federal Ministry of Economic Affairs and 
Technology (“Monitoring NES”, funding code 0327400V) [13]. In this period, major optimization potentials of the DHS could 
be detected. The contribution of solar heat was very low, reaching only 25 % of the expected value. A main problem was caused 
by the undersized pumps of the solar energy systems being unable to overcome the differential pressure necessary for direct 
injection to the grid. In addition, at times of low heat demand and high solar radiation, increasing flow temperatures caused the 
distribution grid flow to virtually stop, preventing the injection of solar heat. The wood chip boiler was also facing different 
problems. In the beginning of the Monitoring NES project, the boiler showed intermittent operation with up to 170 starts per day 
due to fluctuations in heat demand and solar heat injection [13]. This issue could be rectified by adding a TES. Poor hydraulic 
balancing between wood and gas boiler additionally restrained the operating hours of the wood boiler. 

With these problems solved, the boiler performance was expected to increase in the monitoring period 2014/2015 which was 
considered in the MoNa project. Nevertheless, two long periods of unplanned outages occurred. The boiler uses a custom-made 
configuration combining a combustion chamber initially designed for 400 kW with increased heat transfer surfaces to enable a 
total heat output of 500 kW. The setup works well with high-quality sieved and dried wood chops or pellets. In 2014 and 2015, 
however, lower-quality fuel was tested to increase cost-effectiveness. This led to significant problems with melting slag and 
finally to long outages for repair in November 2014 and in Mai 2015. The effect shows clearly in the respective peaks of the 
primary energy factor in Fig. 2. 

Detailed monitoring results for this DHS and conclusions on the design and operation of such complex systems are given in 
the final report on the Monitoring NES project [13]. 

5.4.3. DHS with CHP 
DHS D, E, and F all use CHP plants as baseload heat generators. System D is a local heat distribution grid supplying a larger 

facility consisting of a total of 36 heat consumers. It uses two palm-oil-fueled plants, two oil-fueled boilers and a wood-chip 
boiler. The system has developed from three separate boiler houses that have been connected by a distribution grid and has 
grown significantly over the last few decades. Some of the components are outdated and no higher-level process control system 
is in place. Optimization potentials that were detected include fixed speed pumps in the main boiler house, undefined hydraulic 
pressure and flow distribution in the grid due to decentral unregulated pumps in the auxiliary boiler houses, lack of process 
control, fluctuating return flow temperature with temperature spreads below 10 K over long periods. In consequence, auxiliary 
power consumption and heat losses are high while security of supply and component efficiencies are low.  

Systems E uses a total of nine heat generators, including six CHP plants (2 x biogas, 2 x biomethane, 2 x natural gas), two gas 
boilers and one power-to-heat module. Both natural-gas-driven CHPs and one boiler are located in an auxiliary boiler house. The 
piping is at a higher technology level compared to System D. A higher-level control system is missing. Optimization potentials 
that were detected include oversized fixed speed pumps, outdated gas boilers with low efficiencies, undefined dispatch order of 
the individual heat generators, lack of process control, insufficient use of the power-to-heat unit, insufficient use of the TES, high 
return flow temperatures. 

For both Systems D and E, the optimization potentials that were detected are rooted in the overly complex structure and the 
partially outdated components, combined with a lack of process control.  

System F is a smaller DHS using 2 CHPs (one natural gas and one biogas) and two natural gas boilers. The heat consumption 
is dominated by an open-air public pool and public schools, with a few apartment buildings and single-family homes. Main 
optimization potentials include excessive drops in the flow temperature during summer, when the public pool starts to heat up the 
water and a hydraulic short circuit at the end of the main loop caused by a defective volume control valve. 

6. Conclusion 

The MoNa project was completed successfully and should be seen as a first step towards a systematic and standardized 
performance monitoring of DHS. While the investigated smaller rural DHS show good performance with respect to some of the 
most important KPIs such as heat distribution efficiency, the investigated systems also show significant optimization potentials. 
Although small scale DHS appear to be less complex and easier to control than large urban networks, many of the identified 
optimization potentials belong to the “control and dynamics” category. Lack of high-level control systems, overly complex 
structures even in presumably small systems, and outdated or badly designed components can be considered as main sources for 
insufficient performance in the investigated systems. 

It should be noted that in most cases the operators were aware of a general lack of efficiency and effectiveness of their 
systems, but could not identify the underlying problems. By analyzing the dynamic operation of the DHS, performance 
monitoring helps to reveal the causes. Since performance monitoring has proven to be an effective way of identifying 
optimization potentials of DHS, a further dissemination should be aimed at.  

To this end, standard operating procedures to ensure quality and usability should be developed and monitoring cost should be 
reduced further to make this method available for all sizes of DHS. This is addressed in a follow-up project, “Nemo” [2], funded 
by the German Federal Ministry of Economic Affairs and Technology (funding code 03ET1538A), that was started in January 
2018. 15 – 20 DHS will be monitored over a 24-month’s period and all aspects of standardized performance monitoring will be 
approached systematically with the aim to develop guidelines and standard operating procedures. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The operation of complex energy systems for the supply of heat and electricity leads to several questions regarding their optimal 
control, e.g. when to use which generator, when to load or unload energy storages or when to buy or sell energy. Usually it is a 
complex task to answer these questions with the aim of optimizing a specific objective and respecting all arising physical, technical 
and economic constraints. 
Since 25 years we are solving this problem for an energy provider of a medium-sized city with the aim of minimizing the operational 
costs. For this purpose, an own modelled mixed-integer linear optimization problem (MILP) has to be solved in association to the 
continuous operation of the energy system. The model includes but is not limited to several combined heat and power generators, 
heat accumulators, steam generators and auxiliary coolers.
In this presentation we will give an outline about the wide range of given conditions that are successfully implemented for this 
application. Further we show our approach to generate realistic heat demand and power consumption forecasts which are both 
essential preconditions for obtaining reliable optimization results. 
In addition to the well – established MILP model in this specific use case we will outline some further promising applications of
mathematical optimization in the context of energy systems. This includes the more precise modelling of energy storages, the 
computation of the optimal design of energy systems and the consideration of different or multiple targets in optimization. 
Moreover, we outline the problem of uncertain boundary conditions due to the growing amount of temporally hard to predict energy 
production and demand.
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Abstract

The operation of complex energy systems for the supply of heat and electricity leads to several questions regarding their optimal 
control, e.g. when to use which generator, when to load or unload energy storages or when to buy or sell energy. Usually it is a 
complex task to answer these questions with the aim of optimizing a specific objective and respecting all arising physical, technical 
and economic constraints. 
Since 25 years we are solving this problem for an energy provider of a medium-sized city with the aim of minimizing the operational 
costs. For this purpose, an own modelled mixed-integer linear optimization problem (MILP) has to be solved in association to the 
continuous operation of the energy system. The model includes but is not limited to several combined heat and power generators, 
heat accumulators, steam generators and auxiliary coolers.
In this presentation we will give an outline about the wide range of given conditions that are successfully implemented for this 
application. Further we show our approach to generate realistic heat demand and power consumption forecasts which are both 
essential preconditions for obtaining reliable optimization results. 
In addition to the well – established MILP model in this specific use case we will outline some further promising applications of
mathematical optimization in the context of energy systems. This includes the more precise modelling of energy storages, the 
computation of the optimal design of energy systems and the consideration of different or multiple targets in optimization. 
Moreover, we outline the problem of uncertain boundary conditions due to the growing amount of temporally hard to predict energy 
production and demand.
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1. Introduction

The optimal operation of heat generators for satisfying the demand of a district heating system depends on 
numerous influences. Typical supply systems consist of various plants in combination with heat accumulators and 
further relevant components. In most applications at least some of the generators are combined heat and power (CHP) 
units. Due to the complexity of actual supply systems it is usually not possible to compute the optimal operation with 
the objective of optimizing a special criterion, for example, the operational costs, straightforward. 

The aim of this paper is to show our approach by means of a specific use case. It applies well known existing 
methods for performing operational optimization in combination with a demand forecasting algorithm. In section 2 
some details about the case of application that is mainly considered in this paper is shown. In addition, we will outline 
the historical development of the algorithm that is currently used for the forecast of energy demand and for the 
optimization of operation. Section 3 is focused on the optimization method. We give a brief introduction to the 
underlying model. Further we will describe how the operational optimization is used by the energy provider. In 
sections 4 we describe the method that is used for the forecast of the heat and electricity demand of the supply network. 
In the following we will outline some additional problems and applications that are related to the previously described 
methods and which are interesting for future developments. Finally, we give a short summary in section 6.

2. Past developments

A method for operational optimization in combination with a demand forecasting algorithm is developed and 
continuously improved and adapted in cooperation with a local district heating provider. The considered energy supply 
system provides heat to 40 % of the buildings of a city with more than 200.000 inhabitants. Therefor a district heating 
network with a length of approximately 300 km is used.

In the following some major steps of the past developments of the operational optimization during its long time of 
successful application in this use case are highlighted. In the late 70’s first algorithms were applied on a mainframe 
to support the operational planning. At that time the calculation was executed on the basis of a fixed order of 
operations. It was not possible to consider the combined generation of heat and electricity in one framework. For that 
reason, the electricity production was preset and the main focus was to improve the usage of the heat accumulator and 
the heating plants. This algorithm was only used for a daily optimization. In the 80’s combined methods of dynamic 
optimization and linear programming were developed and applied. The program was transferred to a PC in 1987. Due 
to the availability of more powerful computers some years later it was possible to perform the first yearly optimizations 
for long-term planning purposes.

25 years ago, in 1993 the algorithm was significantly improved. Starting from that time it was possible to optimize 
the operation for the combined problem of heat and electricity supply. Soon after, the first version of the demand 
forecasting algorithm was introduced. In the following years the optimization model as well as the forecasting 
algorithm were further developed. In addition, the first basic graphic user interface was created. The next major 
developments took place in 1999. Due to the flexibilisation of the electricity market it was necessary to decrease the 
discretization in time of the model from one hour to fifteen minutes. Furthermore, the problem was reformulated as a 
mixed-integer linear optimization problem (MILP) and solved by branch-and-bound algorithms. In the following years 
the model was improved and adapted to the changing demands of the energy provider. Since 2006 GAMS [1] was 
used as the algebraic modelling environment and CPLEX [2] for solving the MILP. This software combination is still 
in use today. Since that time the optimization problem was continuously adapted to changing requirements. Most of 
the developments were related to electricity and gas trading. Furthermore, an interface was introduced which made it 
possible to combine our optimization algorithm with external forecast software that is used for energy trading 
purposes. The demand forecast algorithm was refined and brought to the actual state.
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An extensive update of the characteristic equations that are used to model the existing energy system was recently 
performed in 2017/18. Furthermore, models of additional CHP units that will possibly be introduced in the future were 
developed.

3. Optimization of operation

3.1. Problem description

The main task of the energy provider is to supply the heat and the electricity that is required by the customers and 
to fulfill energy trading contracts. For this purpose, in our case of application the energy supply system consists of a 
number of different combined heat and power units, heating plants, steam generators, auxiliary coolers and heat 
accumulators. The major consideration in our use case is how to operate the generators and accumulators to fulfill the 
demand of heat and power with the aim of minimizing the operational costs. Further related problems are the 
determination of optimal periods for revisions of system components, the estimation of fuel consumption for longer 
periods and how to participate advantageous at the electricity exchange.

To answer these questions we developed a model that is highly adapted to the given conditions in our case of 
application. To show the complexity of the problem some of the arising constraints are mentioned in the following.

As described before the energy supply system consists of a number of different components. For each of those 
components a number of technical constraints must be considered. Depending on the component these are, for 
example, different kinds of limitations, like the minimal and the maximal output of energy, maximal charging and 
discharging power, limited storage capacities, a limited number of allowed restarts and limited load changes. Further 
constraints result from the coefficients of efficiency and from more complex correlations to describe energy 
transformations between fuel, heat and power. The internal consumption of electricity and steam must be regarded.
Further important conditions which must be satisfied are energy balance equations for heat, for electricity, for steam 
and for different kinds of combustibles. Among others these equations ensure that the energy demand is satisfied, that 
trading contracts are fulfilled and that the transformation from fuel to heat and power is correct. They guarantee that 
the content of the heat accumulators is accurate in each time step as well as across time respecting thermal losses,
charging and discharging processes. Additional constraints that can be specified are the time dependent availability 
and the minimal and maximal period of operation or break of single system components. Furthermore, several logical 
conditions, e.g., describing states or processes, which sometimes depend on and influence multiple components need 
to be considered.

3.2. Mathematical formulation

The practical optimization problem that is described in the previous subsection is formulated as a mixed-integer 
linear program. Due to its complexity only an outline of the optimization model which is used in our application is 
given in the following.

For modelling purposes some general specifications were made:

• The optimization period is discretized in time by a step size of 15 minutes. This step size is a suitable compromise 
between runtime requirements, availability of predicted data and sufficient accuracy of the results for their practical 
application.

• All arising types of energy including heat, electricity, steam and fuel are considered as an amount of energy per 
time step.

• The spatial distribution between producers and customers is ignored which coincides with the fact that the demand 
data forming the basis of our forecast model is directly measured at the location of the producers.

In the following the components of the MILP are briefly introduced.

Objective function and variables
In our case of application the objective of the optimization of operation is the minimization of the operational costs



18 Peter Stange et al. / Energy Procedia 149 (2018) 15–244 P. Stange, A. Matthees, T. Sander / Energy Procedia 00 (2018) 000–000

min 𝑧𝑧𝑧𝑧�𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗� = min� 𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗)𝑚𝑚𝑚𝑚
𝑖𝑖𝑖𝑖=1 (1)

that depend on the variables 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 , where 𝑗𝑗𝑗𝑗 = 1, … ,𝑛𝑛𝑛𝑛 . The linearized terms 𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗) in equation (1) represent the 
proportionate costs (or income, if 𝐾𝐾𝐾𝐾𝑖𝑖𝑖𝑖�𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗� < 0) for:

• Consumption of combustibles
• Starting processes of CHP units
• CHP cogeneration bonus
• System usage charges
• Costs and income from power trading 
• Fictive costs which are necessary for modelling reasons

It is possible to define multiple different electricity trading contracts. They can either be directly included in the 
objective function and in the corresponding balance equations or they can be handled independently from the 
optimization process, e.g., by external software. Due to the formulation as a MILP the variables 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 in equation (1) can 
be separated into continuous and integer variables, whereas most of the latter ones are binary in our application. 
Continuous variables mostly represent energy, power or utilization ratios. The integer variables are mainly used to 
describe if a certain process is in progress or to describe switching states. Further, they are necessary to formulate 
logical conditions and they are needed for the piecewise linear approximation of essential non-linear relations. Details 
about building integer programming models can be found, e.g., in [3] and [4]. Obviously, most of the variables are 
time dependent. That means they occur as often as the number of time steps of the optimization period. This leads to 
a large problem size of the resulting MILP. For example, for optimizing the operation of the period of one day with a 
step size of 15 minutes a typical problem consists of about a few hundred continuous and a few thousand binary 
variables after reduction by the solver. The number of reduced variables varies significantly due to several conditions, 
e.g., if a generator is available or not by external definition.

Constraints
In section 3.1. different actual conditions that must be respected were already outlined. In the MILP they all need 

to be represented as linear constraints in the form of equalities, inequalities or simply as direct lower or upper bounds 
of variables. Since there is a large number of variables and due to the fact that most of the numerous constraints are 
valid in each time step of the optimization period, the dimension of the matrices defining these constraints become 
large. 

Some of the most important equality constraints of the optimization model are the balance equations which, e.g.,
safeguard that the amount of supplied energy equals the demand. In the case of heat and electricity these equations 
are the interfaces between the optimization and the forecast algorithm described in section 4. They must be valid in 
each time step of the optimization period so they multiply occur in the part of equality constraints in (2). In the 
following the balance equation for heat is shown. Therein the different terms of heating power depend on the
optimization variables which are time-depending itself. For the reason of a better readability these dependencies are 
not illustrated in

∑ �̇�𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + ∑ �̇�𝑄𝑄𝑄𝑆𝑆𝑆𝑆,𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 + �̇�𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,+ = �̇�𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 + ∑ �̇�𝑄𝑄𝑄𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐ℎ𝑆𝑆𝑆𝑆 + ∑ �̇�𝑄𝑄𝑄𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 + �̇�𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,− ,

where ∑ �̇�𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the sum of the thermal output of all producers, ∑ �̇�𝑄𝑄𝑄𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐ℎ𝑆𝑆𝑆𝑆 and ∑ �̇�𝑄𝑄𝑄𝑆𝑆𝑆𝑆,𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 represent the thermal 
power for charging and discharging the heat accumulators, ∑ �̇�𝑄𝑄𝑄𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐 is the sum of heat that is extracted from the heating 
network by the auxiliary coolers, �̇�𝑄𝑄𝑄𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝 is the forecast of the heat demand of the customers that must be satisfied,
�̇�𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,+ and �̇�𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,− are error terms. These error terms are weighted with extreme high costs in the objective function so 
that they become zero in almost all cases. They are included for the purpose of safeguarding the solvability of the 
optimization problem even if the balance equation can’t be satisfied for some reason, e.g., due to an extremely high 
difference between forecasted and actual demand or due to a breakdown. In such a case the error terms give a feedback 
about the under- or oversupply occurring in the system. 
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Another typical condition that needs to be formulated as a linear constraint is the identification of a process or a
state. For example, if the thermal output of a heat plant is greater than zero this must imply that a binary variable 
which indicates if the plant is active or not is equal to one. Further problems that need to be formulated in the MILP 
are, e.g., the piecewise linear approximation of non-linear relations and the representation of discontinuous values. 
The latter problem occurs quite often in the context of a value that is either zero or it is bounded by a certain interval 
with a lower bound greater than zero. The presentation of the whole MILP that is used to solve the operational 
optimization problem is beyond the scope of this presentation. Typical formulations for representing a wide range of 
general constraints in the context of MILP are given, e.g., in [3].

For the formulation of the MILP we use GAMS as an algebraic development environment. The solution of the 
problem is performed by the solver CPLEX.

3.3. Application of optimization

The previously described optimization model is used for different purposes that occur in our case of application. 
The main difference between these problems is the length of the optimization period that is mainly determined by the 
purpose of the computation. Two typical applications are outlined in the following.

Iterative optimization of operation
Similar to a model predictive control, the optimization problem is successively solved to determine the best possible 

operation of the components of the energy system in real time. In the standard case the optimization is repeated after 
a time step of 15 minutes. In the case of sudden actual changes regarding electricity trading or balancing power
requirements the iterative optimization is performed more frequent. One step of the iterative process is performed as 
follows:

Step 1: Data is collected from the underlying database to adapt the constraints of the MILP to the actual conditions 
of the system. This data includes:

• States, conditions and limitations of the energy system which are results of the preceding operation (e.g. 
temperatures, state of charge of the heat accumulators, state of operation of the single producers).

• The availability of components regarding the actual optimization period. It is either defined beforehand as a result 
of a daily optimization process or it is given in the short term by the operator of the system.

• The demand of heat and electricity that is forecasted in every iteration by the algorithm described in section 4. It is 
based on updated external data like outside temperature, global radiation, wind speed, differences between previous 
forecasts and actual measurements and others.

• Constraints regarding electricity trading based on the daily optimization and on continuous updated external input. 

Step 2: The optimization problem is solved for a predefined optimization period. In our use case we consider a 
period of 8 hours divided into 32 time steps. Since the result of the optimization is used in a real time process the 
computational time must be limited. One advantage of the formulation as a mixed-integer linear problem is that it is
possible to stop the calculation after reaching a predefined accuracy or after a predefined time. If the latter case occurs 
the value of the gap, which describes the maximal possible distance to the global optimum, is used to decide if the 
result of the optimization is usable. If not the operation of the system must be set by a predefined alternative method 
for this time step.

For operational purposes a further refinement regarding the size of the time step is necessary. In a post processing
calculation the result of the optimization with a discretization of 15 minutes is converted into time steps of one minute. 
This computation respects the constraints of the system. It allows to react on short-term discrepancies between data 
that was used in the optimization and actual values.

Step 3: The result of step 2 is used to operate the energy supply system until the following optimization is 
performed. Furthermore, the database is updated regarding to the recent computation from step 2 as well as regarding 
to actual measurements. The entire iterative process runs automatically and is manually monitored.
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Optimization for planning processes
One example for a planning process in the context of our use case is the estimation of fuel consumption throughout 

the year. This is a basis for signing contracts of purchase of combustibles. A further result of this long-term view is 
the determination of time periods that are well suited for longer revisions of the generators. In principle, the 
optimization must be performed for a period of one year in this case. Typically, this yearly consideration must be
repeated respecting different assumptions for the energy demand and for the expected prices of fuel and electrical 
energy. Since the number of variables and constraints becomes huge if the whole period of one year is considered in 
its totality the problem is divided into smaller sub-problems of shorter length in time. These sub-problems are 
optimized nearly independently of each other with the only interfaces being some boundary conditions, i.e., the amount 
of energy stored in the heat accumulators and the state of operation of the generators at the end and at the beginning 
of each period. In our use case, due to the dimension of the generators and heat accumulators, it turned out that as long 
as the optimization periods of the sub-problems are not too short and as long as the constraints which are valid across 
time are carefully considered the discrepancy between the result of this splitting approach and the global optimal result 
for one year is negligible. This result was validated by comparisons with long-term computations and with splitting 
approaches where the optimization periods overlapped to determine the interfaces between the separate calculations. 

Additionally, those planning processes are performed regularly throughout the year for shorter optimization periods 
ranging from one day to two weeks. They are considering actual trends and forecasts of prices and demand data as 
well as actual restrictions of the system. These computations are made to determine the medium-term usage of the 
generators with respect to current conditions and form the basis for the iterative optimization described before. The 
optimization of operation for daily planning is further used for variants calculations which are essential for fixing 
electricity trading contracts.

Fig. 1. Optimal operation of the energy system on a winter day. Black line: heat demand of the district heating network. Red 
dotted line: electricity demand defined by multiple trading contracts. Blue bars: heat generation by CHP plants. Green bars: heat 
plants. Orange bar: unloading power of the heat accumulator. Yellow bar: loading power of the heat accumulator.
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dotted line: electricity demand defined by multiple trading contracts. Blue bars: heat generation by CHP plants. Green bars: heat 
plants. Orange bar: unloading power of the heat accumulator. Yellow bar: loading power of the heat accumulator.
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3.4. Exemplary results of the optimization

In figure 1 the result of the operational optimization for one day in winter is shown. In this case the heat demand 
was forecasted by the method described in the following section 4. The electricity demand consists of different trading 
contracts that need to be fulfilled. For reasons of anonymisation the original values were normalized and detailed 
system data can’t be given. The blue colored bars shown in the figure represent the mean heat power per 15 minutes 
of the different CHP units. The green bars represent this value for the heat plants. The usage of the heat accumulator 
is illustrated in orange and yellow where bars above the demand line represent loading and bars below it represent 
unloading processes. Additional units which are not used, e.g., auxiliary coolers and a biomass plant are not shown.

Obviously the base load is compensated by the biggest CHP unit. Due to the reason that this unit is fueled by coal 
it is the most cost-efficient plant that is available, although costs for CO2 emissions are included in the calculation.
Only in a few time steps between three and four o’clock the heating power of unit CHP1 is reduced slightly due to the 
minimal electricity demand and the corresponding low income (prices are not illustrated). During daytime the 
generation of electricity is economically favorable. For this reason, CHP2 and CHP3, both fueled by gas, are used. The 
surplus heat that is generated within this period is stored in the heat accumulator. 

In contrast, as long as the electricity demand is on a low level heat is produced by the heat plants HP1 and HP2 as it 
is the case in the morning. Since the maximal power of HP1 is larger compared to HP2 the first one is preferably used 
to fulfill larger heat demands above the base load. Alternatively to the instant generation by plants heat is taken out of 
the heat accumulator as is the case in the evening. 

4. Forecast of heat and electricity demand

One of the most essential prerequisites for reliable and useful results of the optimization of operation in the context
of this application is the precise forecast of heat and electricity demand of the customers. Several fundamental 
constraints of the optimization problem, e.g., the balance equations for heat and power, are defined by these values. 
Obviously it is impossible to determine the demand by a deterministic method. For this reason, we are using a data-
driven regression model to forecast the future load based on measured data from preceding years. 

One approach in this case is to build a model that approximates the measured data depending on a number of known 
explanatory influences first. Applying this model to a new combination of these explanatory data will then lead to the 
corresponding prediction of the modeled value. Several approaches for solving this kind of problem are known and 
well developed. Some of the most popular ones are multiple linear regression (MLR), see, e.g., [5], artificial neural 
networks, see [6] for an energy related application, Gaussian processes [7] and classical time series analysis with or 
without explanatory influence (ARIMA, ARIMAX), see [8]. 

In the following we outline our model that combines methods of multiple linear regression and time series analysis.
In our use case we need to predict the demand of heat and electricity of the customers of the supplied network. In both 
cases we almost use the same forecasting method. For that reasons it will be shown for the case of heat demand 
prediction only. The basic approach of our forecast model is classical multiple linear regression

�̇�𝑄𝑄𝑄 = 𝑘𝑘𝑘𝑘1 + ∑ 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖=2                         (2)

where �̇�𝑄𝑄𝑄 is the predicted heat demand, 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 are the regression coefficients and 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 are the explanatory variables. Since 
the computation of the coefficients of regression is pretty straightforward by the method of least squares the key 
problem is to determine and to transform the explanatory variables. 

During the years of application it turned out that one of the main influences for the demand of heat is the time of 
the day. For that reason we don’t use one single model (2) for our prediction. Instead we categorize the data respecting 
to the time of the day. For this purpose the latter is divided into time frames of fifteen minutes. For each of those time 
steps a separate regression model consisting of the same kind of external influences is calculated in the form

�̇�𝑄𝑄𝑄𝜏𝜏𝜏𝜏 = 𝑘𝑘𝑘𝑘1,𝜏𝜏𝜏𝜏 + ∑ 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖=2                        (3)

where 𝜏𝜏𝜏𝜏 ∈ {1, … ,96} denotes the time frame of the day (𝜏𝜏𝜏𝜏 = 1: 0:00 – 0:15 am, 𝜏𝜏𝜏𝜏 = 2: 0:15 – 0:30 am, …).  
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Another important influence factor for the heat demand is the outside temperature which therefore must be used in 
several ways to define some of the explanatory variables. First of all, the heat demand directly depends on the 
temperature. This dependency is non-linear, which is caused, e.g., by the heating limit and the maximal available 
heating power. For that reason we use a transformation that allows to describe this relation in the MLR model (3)
piecewise linear as a polygonal chain. In addition, the temperature appears in further explanatory terms as a factor 
which is multiplied by other influencing data, like wind speed, global radiation and the day of the week. This represents 
its dominant influence compared to several other explanatory variables. Additionally, the daily mean of the outside 
temperature and the value of the temperature of the day before within the same time frame are used as explanatory 
variables. The quality of the forecast of the temperature is essential for a realistic demand forecast. In our case of 
application it is provided as well as all other relevant weather data by a commercial meteorological service.

In addition to the temperature related terms further explanatory variables in equation (3) are, for example, wind 
speed, global radiation and logical terms that distinguish working days, weekends and public holidays. A periodic 
function describes the different heating behavior between summer, winter and transitional period. For each time frame 
the MLR model for predicting the heat demand in our application consists of n = 36 explanatory variables which are 
not all explicitly named in this work. The mathematical MLR approach for predicting the electrical demand is the 
same as for the case of heat load. But it differs in its explanatory variables. In the case of forecasting the electrical 
demand the outside temperature is almost negligible. Instead a number of social factors, e.g., school holidays, bridging 
days, New Year and the periods around Easter and Christmas have a significant influence to the electricity demand. 
For that reason they have to be considered as explanatory terms which are transformed to logical values. 

The previously described MLR method (3) can further be refined by a time series analysis of the residual values:

𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 = 𝑄𝑄𝑄𝑄𝜏𝜏𝜏𝜏,𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑡𝑡𝑡𝑡 − 𝑄𝑄𝑄𝑄𝜏𝜏𝜏𝜏,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡 . (4)

In equation (4) the upper index t denotes continuously the number of the day. The index ‘act’ denotes the actual 
value whereas ‘for’ denotes the forecasted one. The time dependent residual 𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 can be described by a seasonal 
ARIMA method. In our case of application it is approximated by a second order autoregressive model with a seasonal 
autoregressive component of order one and a seasonality of seven days:

𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 = 𝑎𝑎𝑎𝑎1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−1 + 𝑎𝑎𝑎𝑎2𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−2 + 𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−7 − 𝑎𝑎𝑎𝑎1𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−8 − 𝑎𝑎𝑎𝑎2𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−9                (5)

where 𝑎𝑎𝑎𝑎1, 𝑎𝑎𝑎𝑎2,  𝑠𝑠𝑠𝑠1 denote the model coefficients and 𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 represent the residual at the corresponding day t and time frame 
𝜏𝜏𝜏𝜏 . The use of this ARIMA approach (5) allows the extension of the MLR method by explanatory variables 
corresponding to recent differences between the forecasted and the measured data:

�̇�𝑄𝑄𝑄𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘1,𝜏𝜏𝜏𝜏 + ∑ 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖=2 − (𝑎𝑎𝑎𝑎1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−1 + 𝑎𝑎𝑎𝑎2𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−2 + 𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−7 − 𝑎𝑎𝑎𝑎1𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−8 − 𝑎𝑎𝑎𝑎2𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−9).                     (6)         

Finally, the MLR model is extended by an autoregressive component of the residual of the heat load regarding its 
value at the actual time frame and at the preceding one. This model refinement safeguards a certain kind of coherence 
between the separate models for each time frame:

�̇�𝑄𝑄𝑄𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘1,𝜏𝜏𝜏𝜏 + ∑ 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖,𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖=2 − (𝑎𝑎𝑎𝑎1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−1 + 𝑎𝑎𝑎𝑎2𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−2 + 𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−7 − 𝑎𝑎𝑎𝑎1𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−8 − 𝑎𝑎𝑎𝑎2𝑠𝑠𝑠𝑠1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡−9) − 𝑐𝑐𝑐𝑐1𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏−1𝑡𝑡𝑡𝑡 (7)

In table 1 two performance indicators, cf. [9], are given to show the reliability of the forecast of heat and electricity 
demand. These results are based on recent data from our case of application. The demand values were normalized 
regarding its corresponding maximal value in the measured data for the reason of anonymisation. In the case of ‘1 day
– discretization’ daily sums of the demand data, in the case of ‘1 hour’ hourly sums of the demand data and in the case 
of ’15 minutes’ the direct values of the demand data were analyzed. For a better comparison the mean absolute error 
is always related to a step size of 15 minutes. In this example the forecast algorithm was performed once a day. That 
means the refinement described by equation (7) could not be applied. Nevertheless, the value of the coefficients of 
determination R² is greater than 0.91 in all cases. In addition, the consistent low mean absolute error which is between 
1.9 % and 3.8 % of the maximal demand verifies the very good performance of our forecasting method.
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     Table 1. Performance indicators for the quality of the demand forecast

Heat demand forecast Electricity demand forecast

period discretization Ø MAE R² Ø MAE R²

19.3. – 26.3.2018 15 minutes 0.028 0.914 0.038 0.918

11.1. – 15.5.2018 15 minutes 0.029 0.963 0.032 0.949

11.1. – 15.5.2018 1 hour 0.028 0.968 0.030 0.956

11.1. – 15.5.2018 1 day 0.019 0.981 0.021 0.974

In figure 2 the predicted and measured heat demand is illustrated for one week. It can be seen that especially the 
typical shape of the curve throughout the time of the day is met very well by the prediction. The underestimation on 
March 22 could be explained by the temperature forecast which was too high for these hours. The unusual peak in the 
measurement on March 23 is probably an exception since it doesn’t typically occur on Friday. The overestimation on 
Sunday and Wednesday afternoon can’t be explained by the explanatory factors that we use in our model.

5. Related applications and future developments

5.1. Optimization under uncertainties

The optimization method can’t lead to optimal results as long as the demand forecast isn’t accurate. Even worse 
than performing a sub-optimal operation is the possibility that one or more constraints can’t be satisfied if the demand 
of heat or electricity doesn’t meet the forecast. If this case occurs there is a risk of an undersupply of the district 
heating network or of an excess production of heat which somehow needs to be dissipated. In [10], general linear 
optimization problems from the NETLIB library [11] were analyzed regarding this issue. In one example it is shown 
that an uncertainty of 0.1 % in the parameters leads to a violation of the constraints by as much as 450 % when the 
solution of the original undisturbed problem is applied to the disturbed system. 

In practice an exact forecast is impossible to give. For that reason it is necessary that the energy provider 
conservatively apply the optimization of operation, e.g., by keeping additional heat ready in the accumulators for the 
case that the demand is much higher than expected or in contrast by avoiding a maximal state of charge in addition 
with running the auxiliary coolers at their maximal power. This will influence the quality of the solution regarding 
their optimality. For that reason further statistical analyses of the forecasting model should be performed. Based on 
those results methods of robust optimization should be developed and introduced to our algorithm for computing the 
best possible operation regarding uncertainties. 

Fig. 2. Measured and forecasted heat demand of the district heating network in our case of application.
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5.2. Alternative optimization criterions

At the moment the reduction of operational costs is the only criterion which is used as an objective for the 
optimization. If the operational optimization is applied on a different application maybe alternative optimization goals 
become more or equally important. Some alternative criterions which could be considered in the optimization are for 
example, the degree of self-sufficiency, the primary energy factor, investment costs, life cycles of system components 
or emissions. Depending on the kind and number of objectives it is necessary to formulate the appropriate objective 
functions and possibly to consider the problem by methods of multi-objective optimization, see [12].

5.3. Optimization of system design and system extension

In most cases it is not trivial to decide how to design a new or how to extent an existing energy supply system such 
that it is optimal regarding a predefined goal. Speaking about the reduction of operational and investment costs it is 
possible to use the previously described optimization method within a variants calculation of different setups of system 
components. In a post-processing step the operational costs can be merged with the investment costs and a subsequent 
investment calculation could be performed. However, if there is a huge number of possible setups it may happen that 
there are too many variants to optimize. Another special case of interest in the context of system extension is to 
determine if and how the installation of solar thermal systems in combination with corresponding heat accumulators 
are suited to improve the operation of existing district heating networks. For solving such problems we develop an 
optimization algorithm for the optimal design that includes the different optional components which may be installed
as decision variables. The key problem in this case is the formulation as a MILP since it is a complicated task to keep 
the constraints linear.

6. Summary

We introduced a case of application in which methods of operational optimization are successfully used over the 
last decades. For this example, we outlined the major steps of the developing process of the applied algorithms. Some 
aspects of the operational optimization problem are briefly shown. At first we described the wide range of actual
conditions that need to be considered in our use case. Thereafter, we have shown some basic mathematical 
formulations for the constraints as well as for the objective function of the MILP. In addition, a reliable forecasting
algorithm that is applied to provide the heat and electricity demand data as an important prerequisite for the 
optimization is presented. This method is based on easy to use approaches of multiple linear regression and time series 
analysis. Finally, we briefly outlined a choice of problems which are important to consider for the further development 
of our optimization method.
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Local community interests in achieving carbon neutral energy supplies continues to rise whether these are cities, counties, 
universities, aggregated communities, or businesses themselves. Continued growth in this interest will be necessary to meet global 
carbon reduction targets. This paper considers some of the drivers and challenges faced by different communities in the USA and 
Europe, using the authors’ experience of different projects and initiatives to illustrate the points. The challenges identified include 
technical aspects of integrating existing systems with new renewable energy generation; short term financial pressures surpassing 
longer term environmental considerations; the inability to compare health, wellbeing and other social indicators with financial and 
environmental aspects; the difficulty in balancing the need for a viable business case with the needs of multiple stakeholders; and 
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1. Introduction 

Interests in achieving affordable, secure and sustainable, energy supplies, as captured by the ‘energy trilemma’, 
continue to rise whether these are cities, counties, universities, aggregated communities, or businesses themselves. 
Continued growth in this interest will be necessary to meet global carbon reduction targets. In the United States of 
America (USA), local institutions such as universities are acting as leaders in meeting the carbon reduction 
commitments of international agreements such as the 2015 Paris Agreement. In the United Kingdom (UK), electricity 
supplies are decarbonising, but heating still has a long way to go, with the majority of industry and buildings heated 
using individual gas boilers. This paper examines the drivers (section 2) and challenges (section 3) faced by selected 
communities in the USA and Europe in their journey towards carbon reduction or carbon neutrality. Finally, an in-
depth case study about the technical challenges faced by one of the communities, the University of California, Irvine 
(UCI) campus, but with applicability to the other examples considered in the paper, is provided in section 4. 

2. Drivers 

2.1. Universities in the USA striving towards carbon neutrality 

Universities across the USA have set ambitious targets to reduce their carbon footprint. In 2013, the University of 
California (UC) adopted the University of California 2025 Carbon Neutrality Initiative which commits all ten 
campuses to the goal of climate neutrality by 2025 for all buildings and fleet vehicles [1]. This aggressive goal requires 
significant planning and investment to achieve. To date, UC has focused on four scoping areas: 1) establishing itself 
as a registered ‘energy service provider’ such that it can manage the supply of wholesale electricity, i.e. purchasing 
electricity from large, regional renewable power plants and supplying the UC campuses; 2) deploying energy 
efficiency and on-site renewables across the campuses; 3) biogas procurement given that several of the campuses have 
on-site combined heat and power (CHP) plants; and 4) managing the participation of the UC in California’s cap-and-
trade program whereby offsets can contribute to further carbon reductions.  

2.2. UK Government support for the decarbonisation of heat 

In the UK, the Heat Network Delivery Unit (HNDU) was established in 2013 to support local authorities in carrying 
out early stage energy masterplanning and more detailed heat network feasibility studies. Over 200 unique projects 
have so far been supported across 140 local authorities [2]. The HNDU does not only offer financial contributions, but 
has in-house technical expertise to review the work of consultants working on the studies. This is designed to ensure 
a consistent quality of outputs, even in the absence of the relevant technical skills within the local authorities accessing 
the funding. To further help address the ‘heat’ challenge, the UK Government has pledged £320 million of capital 
investment for projects through the Heat Network Investment Project (HNIP) to kick-start the development of low 
carbon heat networks at a larger scale. Some of the schemes which have benefitted from the HNDU funding are now 
reaching commercialisation stages, with HNIP grant funding and loans available for public and private organisations 
developing them.  

Arup has worked with a number of local authorities and Government organisations across the UK, investigating 
the potential for developing new heat networks. The authors’ experience is particularly in the northern areas of the 
country.  
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3. Challenges 

3.1. Challenge 1: Technical integration 

Carbon neutrality does not come without the technical 
challenges of integrating existing, often carbon intensive, 
systems with new renewable systems. Arup has worked with 
UK university estates in developing strategic energy 
developments and carbon management plans. The basic 
energy investment hierarchy of first to reduce losses, then to 
improve efficiencies, and finally to invest in low and zero 
carbon generation, is a principle adopted by organisations. 
However, the low cost, quick return on investment 
opportunities, i.e. ‘low hanging fruit’, have often been 
achieved. Greater demand side efficiencies are likely to exist 
but interventions can be disruptive to business continuity, 
requiring long-term commitment to renovation 
programmes. The renovation programmes, such as the roll-
out of improvements to building fabric and glazing, are often 

costly with long returns on investment.  
The replacement of aging energy generation and distribution infrastructure with for example high efficiency boiler 

plant, heat pumps, CHP and heat networks can be justified on the grounds of business continuity and supply security. 
Again, these are costly long-term ventures, often with marginal financial returns.  They are usually investigated 
comparatively alongside the potential to integrate renewable technologies like solar PV, wind turbines, biomass, 
geothermal, and heat pumps. 

Whether interventions are deeper demand-side efficiencies or main plant and distribution system replacements, the 
objective will be to minimize where necessary the usually encountered consequential impacts imposed on the estates’ 
systems by the interventions. Consequential impacts of these interventions potentially consist of business operational 
changes, disruptions and costly end-use renovation. Knock-on effects can be both physical and more temporal in nature 
and include for example spatial constraints, thermal matching of generation to demand, utility connection constrains, 
life-cycle business case development, design, procurement, and delivery timeframes.  

Technical challenges are further examined through the UCI case study presented in section 4 of this paper. 
 

3.2. Challenge 2: Short term commercial pressures vs. longer term environmental aspirations 

Local authorities in the UK typically express a strong desire for financial viability, even at the cost of environmental 
performance at least during the initial operating life-cycle. This has resulted in many schemes choosing to use a ‘tried 
and tested’ technology, gas-fired CHP engine, with the premise that this will be replaced at the end of its useful lifetime 
with a lower to zero carbon technology. As the lifetime of the CHP engine is expected to be 15 to 20 years, and during 
this time it is expected that carbon savings compared to the counterfactual case are expected to diminish and probably 
cease completely due to the decarbonisation of the electricity grid, therefore currently only incremental steps are 
currently being taken towards reducing carbon emissions.  

In 2017, Manchester City Council appointed a lead developer to act as the Council’s delivery partner to completely 
redevelop a part of the city called Northern Gateway. The redevelopment is expected to involve the building of 
approximately 10,000 new homes across 120 ha of land over a 15-year period. As this is a complete redevelopment of 
a large urban area, there is significant potential to utilise local resources and break the tried and tested mould by 
including mine, sewage, and river water as heat sources with heat pumps upgrading to utilizable temperatures. 
However, these technologies are likely to be more expensive and/or require more extensive analysis feasibility stages. 
The scheme needs to receive buy-in from Manchester City Council, the private developer/operator and the incumbent 
electricity Distribution Network Operator (DNO); this is expected to be achieved by opting for a low-risk and low-

Fig. 1. Short-term results of simple energy reduction campaign 
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cost technology solution, such as gas CHP energy centres serving phased clusters of district heating. While this solution 
can be considered as benign or ‘vanilla’, it is by no means without competition from the more ‘business as usual’ 
options including building by building all-electric solutions considered by some to be unencumbered by troublesome 
forward planning and interference from disruptive emerging technologies and innovative business operating models. 

There is, however, more hope for decarbonisation in the long-term, with one potential solution being the 
replacement of natural gas (predominantly methane) with hydrogen. UK gas network operators are showing an 
increasing amount of interest in repurposing their existing networks to switch to accommodate hydrogen. Arup was 
recently appointed to manage a £25 million innovation programme for the Department for Business, Energy and 
Industrial Strategy (BEIS) to demonstrate and de-risk the use of hydrogen for heating in UK homes and businesses. 
The project will establish if it is technically possible, safe and convenient to replace methane with hydrogen in 
residential and commercial buildings and gas appliances. This will enable the government to determine whether to 
proceed to a community trial. The programme will run over three years, finishing in 2021, and involve the development 
of hydrogen-ready appliances and the required quality assurance. 

3.3. Challenge 3: Fuel poverty and social value 

As well as financial viability, addressing fuel poverty is a key consideration for several local authorities. One UK 
local authority that has taken concrete steps towards addressing fuel poverty is Leeds City Council, which is taking 
steps to convert existing social housing tower blocks from having electric heaters to wet heating systems. The supply 
of reasonably-priced heat through the city’s heat network is thought to significantly lower the tenants’ heating bills, 
thus having a wider impact on the health and wellbeing of the residents.  

However, many schemes suffer from the over-emphasis of financial indicators used to optimise the scheme. 
Knowsley Council is planning to develop a heat network to supply heat and power to one of its key industrial 
employment areas. The employment area is surrounded by a deprived neighbourhood. The feasibility of expanding 
the industrial heat network to also supply nearby schools and social housing was investigated. However, the studies 
found that such an extension would have a negative impact on the scheme’s finances. The Council therefore chose not 
to take this option further. If the true value of the connection could be understood (and monetised if necessary), then 
the wider benefits of the extension could allow the scheme expansion to go ahead, bringing affordable heat not just to 
businesses but also individuals living in the area. A similar example was found in Calderdale, where near-by social 
housing was left out of the proposed scheme due to financial considerations, even though this was indicated by the 
Council as being a key driver at the start. 

3.4. Challenge 4: Big visions and collaboration 

Finding economies of scale can be aided by bringing together collective interests in a bigger vision than simply 
serving one’s own interests. Districts by their nature consist of multiple stakeholders of public and private estates; it 
is not uncommon for public administrators to view their jurisdiction altruistically in this way. Often this view is shared 
by forward-thinking district stakeholder organisations who see advantage in a collective approach particularly when 
they have an opportunity to contribute and potentially earn revenue from the process. The collaborative approach 
applied to a district energy vision can make good use of sharing the outputs from a number of energy producer 
surpluses with district networked consumers. The district energy networked vision has led to the rise of the ‘prosumer’, 
meaning that network connected stakeholders have the capacity to both produce, consume and share energy at times 
that suit their needs. However, this arrangement while simple in concept requires there to be a common network 
integrator or administrator with the task of balancing production and consumption in a predetermined way to fulfil the 
business case requirements of the investment model. 

Corridor Manchester (also known as Oxford Road Corridor) is a 240 hectare area home to an exceptional group of 
knowledge-intensive organisations and businesses, operating in the areas of health, higher education, creative 
industries, advanced materials, low carbon, digital and financial services. 

A Corridor-wide Transmission Network is proposed whereby heat producers provide heat to this network in 
addition to supplying their own heat needs.  
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This Transmission Network SPV will trade heat between the stakeholders, both those that require heat (consumers) 
and those that have heat to sell (producers). The modelling carried out as part of a feasibility study showed that there 
is a potential ‘over availability’ of heat supply in the scenario where all main producers are operating at full output.  

The potential for over availability is a similar situation to standing reserve generators on the UK National Grid 
electricity network. The over availability is mitigated through only calling on (dispatching) suppliers to meet the 
demand (plus a margin for redundancy), and contract with suppliers to increase the margin by standing reserve 
payments. This is a balancing and settlement arrangement to be managed by the Transmission Network SPV not 
dissimilar to the ELEXON for the UK electricity network. The characteristics of electricity (and the same is anticipated 
for Transmission Network heat) mean it is almost inevitable that quantities of energy generated and consumed will 
deviate from the quantities for which contracts have been struck in advance. Consequently, central arrangements are 
required to: 
 meter the quantities produced and consumed by each party; 
 compare these with the quantities covered by bilateral contracts; and 
 provide financial settlement for the differences (known as ‘imbalances’). 
These functions are collectively referred to as ‘imbalance settlement’. These arrangements will be included up front 
in the Transmission Network contracts: contracts for heat supply from producers and contracts for heat consumed by 
consumers. These will firmly test the willingness for participation in the Corridor scheme before monies are committed 
to the scheme. 

Constraints to the collaborative district networked model are ultimately complex. Early consideration should be 
given to stakeholder retention/commitment, long phasing timeframes, monopoly positions, public body leadership, as 
well as Internet of Things (IoT)/Information and Communications Technology (ICT) dispatch and administration 
limitations. 

3.5. Challenge 5: Digitisation and IoT 

Smart grids and demand side management are essential elements of the affordable, efficient and low carbon energy 
future that international climate change agreements imply. 

We are pleased to see a significant increase in the volume and ambition of developers to explore ‘smart’ energy 
projects. It is essential that our urban energy and utility infrastructure employs smart networks of power and heat for 
better integration of distributed energy generation and demand response to avoid the wasteful ‘business as usual’ 
approach to urban regeneration. Such systems used in conjunction with ‘time of generation/use’ energy pricing and 
building management systems will help future proof how we generate, use and control energy.  

ICT is recognized as being a key player against climate change. Arup has worked on leading edge global urban 
energy infrastructure projects, including the EU supported DIMMER [3] project with the aim of integrating BIM and 
district level 3D models with real-time data from sensors and user feedback. This allowed real-time feedback about 
energy-related behaviours to be provided. The data also enabled the analysis and visualisation of energy-related 
information for applications such as energy and cost-analysis, tariff planning and evaluation, failure identification and 
maintenance and energy information sharing. The project demonstrated a reduction in both energy consumption and 
carbon emissions, as well as a more efficient utilization and maintenance of the energy distribution network based on 
the behaviour and demand of the energy consumers. 
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Turin’s heat network is fed by three Combined Cycle 
Gas Turbine (CCGT) Plants (total of 1200 MWe), heat 
only boilers, (more than 1000 MWth) and thermal 
energy storage (12500 m3). A schematic of the area of 
focus of the heat network for the DIMMER project is 
shown in Fig. 2. 
 

 

 

Fig. 2. Schematic of the Turin heat network and the area of focus in 
the DIMMER project 

One of the aims of the DIMMER project was to 
develop control policies for increasing energy efficiency 
in district heating networks. The Turin city heat network 
was used as a demonstrator district, where temperatures 
and mass flow rates at the heat exchangers were 
monitored.  

Fig. 3. Monitoring of heat networks 

 
Rescheduling of heat demands can lead to a reduction of peak heat demand resulting in greater exploitation of CHP 

and reduced heat generation by boilers. Primary energy consumption thus decreases due the increased efficiency of 
generation. 

The thermal behaviour of the buildings connected with the network was evaluated to establish possible variations 
in the heat request profile that would benefit the network, with the acceptability of the internal building temperatures 
as a constraint for the new scheduling. 

 

 

 

 

 

 

Fig. 4. Effect of the rescheduling of heat demands 
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A tool for optimal operation of district 
heating networks was developed. In the 
modelling, where the indoor temperature in 
buildings decreases below the acceptable 
values, an additional thermal flux is supplied 
to these buildings. Nevertheless, due to the 
larger exploitation of cogeneration which is 
obtained through rescheduling, primary 
energy consumption is expected to decrease 
despite the additional heat request. Other 
modelling constraints were applied: a limit on 
the maximum indoor temperature; and a limit 
on the equivalent time corresponding to 
temperature deviation as a result of 
rescheduling. 

 
 

Three cases, corresponding to different 
numbers of buildings for which schedules can 
be modified, were considered. All cases 
resulted in a decrease in primary energy savings 
due to more efficient cogeneration compared to 
boiler operation. As the numbers of buildings 
increases, the results showed that greater 
savings could be realised, with diminishing 
returns observed. 
  

Fig. 6. Energy saving in the three cases considered in the DIMMER project 

 
A radical change is necessary in the way we all consider and interact with energy. At the heart of this is how we 

treat data ownership and administer energy buying and selling. Transactional energy systems modelling is required in 
order to bringer about greater penetration of renewable distributed generation. Blockchain ledgers enabling localized 
balancing and Peer2Peer transactions of generation and demand are seen as a possible answer to the need for 
widespread change. 

4. Case Study: University of California, Irvine (USA) 

Of the ten campuses, this paper focuses on the UCI campus as a selected case study for several reasons: 1) 
deployment of deep energy efficiency measures; 2) fully functional microgrid capabilities; 3) large deployment of on-
site solar photovoltaic; 4) zero-emission shuttle bus fleet (includes battery electric and fuel cell electric buses); and 5) 
integrated efforts by university facilities management and university research programs to study the decarbonization 
pathways most suitable through demonstration projects and modeling, e.g. demonstration of power-to-gas technology 
for pipeline injection, microgrid smart charging demonstration, etc. 

The UCI microgrid serves a daytime community of more than 50,000 and consists of the following assets: 1) a 
central microgrid controller with islanding/resynchronization capability; 2) a 1.5 km underground utility tunnel loop 
connected to the central plant providing a district heating and cooling system that incorporates a large cooling thermal 
energy storage tank (17,000 m3 / 212 MWh thermal); 3) a single point of interconnection to the electric utility at the 
UCI Substation with two 15 MVA transformers; 4) ten 12 kV circuits and additional switching substations; 5) nearly 

Fig. 5. Tool for optimal operation of district heating networks 
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4 MW of solar power; 6) a 2 MW-0.5 MWh battery; 7) a 19 MW natural gas fired CHP plant; and 8) various distributed 
energy resources (DER) including: a) EV charging at multiple parking locations; b) 60 kW electrolyzer for producing 
hydrogen for pipeline injection; c) hydrogen fueling for fuel cell vehicles; d) two-axis tracking concentrating solar 
photovoltaic systems (CPV); e) advanced building energy efficiency measures; and f) advanced building monitoring 
and control. These resources are summarized in Fig. 7.  

 
Fig. 7. University of California, Irvine microgrid 

In 2016, UCI updated their 2014 Climate Action Plan [1]. The plan identified several specific target areas that map 
to the UC wide four scoping areas. Fig. 8 shows the carbon reductions to be achieved in each target area such that the 
2025 goal is met. The specific target area of offsite renewable procurement maps the first scoping area. Most of the 
specific target areas of map to the second UC wide scoping area, i.e., continued deep energy efficiency measures 
(EEM), onsite renewable deployment, fleet energy efficiency/replacement, and optimized microgrid operations. The 
biogas procurement target area applies to the third UC wide area, and the specific target area responsible for the largest 
carbon reductions is the carbon offsets, which applies to the fourth UC wide scoping area.  

 
Fig. 8. UC Irvine climate action plan [1] 
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To date, the most successful programs across the different target areas at UCI have been (as previously mentioned 
in the selection justification): 

 deployment of deep EEM 
 fully functional microgrid capabilities 
 zero-emission shuttle bus fleet (includes battery electric and fuel cell electric buses)  
 large deployment of on-site solar photovoltaic 

In addition to those successful programs applicable to each target area, UCI, as well as the UC system as a whole, 
has utilized the valuable research expertise contained in these institutions to inform the planning with UCI evolving 
this a step further through close interaction with the university facilities management to deploy actual demonstrations 
in addition to the typical modeling activities, e.g., demonstration of power-to-gas technology for pipeline injection, 
microgrid smart charging demonstration, etc. 

The deployment of deep EEM resulted in the UCI campus achieving the greatest electric and thermal energy use 
reductions per square foot of building space in the UC system. In the past few years, these programs achieved 10% 
reduced energy use despite adding 93,000 m2 of building space. UCI is also participating in the Better Buildings 
Challenge through the US Department of Energy with a goal to reduce site/source energy consumption by 20% by 
2020. The laboratories contribute one third of total campus carbon emissions motivating UCI to develop the 
SmartLabs program, which focuses on EEMs in lab spaces. Although UCI continues to further its EEMs, these 
measures will be far from sufficient in meeting the 2025 UC goal of zero carbon as shown in Fig. 8. 

The development of fully functional microgrid capabilities, i.e., islanding from and reconnection to the utility grid, 
occurred over three previous research contracts conducted in collaboration with university facilities management 
[refs]. The implementation of the microgrid controller was initially difficult to justify financially, thus requiring the 
research funds. However, reliability concerns have grown in recent years leading to further campus support. Analyses 
completed in these research contracts [2][4] showed significant value in deployment of a microgrid controller that 
enabled islanding and reconnection. These analyses were conducted with the Smart Grid Computational Tool [5] and 
resulted in very high benefit-cost ratios that were driven by the high default “value of service” for electricity provided 
to commercial customers ($295.70/kWh) in the tool. Although this tool showed very high values of service, the reality 
was that campus business operations did not have a method of accounting for the indirect cost of possible future 
outages using a metric like the “value of service” rather only direct costs were considered.  Therefore, it took time for 
the campus to appreciate the value of this additional capability.  

UCI recently entered into a lease-to-own agreement with BYD for 20 BYD K9M battery electric buses to become 
the first all-electric fleet in the USA [6]. The UCI bus fleet also employs a fuel cell electric bus. The BYD Iron-
Phosphate battery that powers the K9M has a 12-year warranty. The charging of the battery electric buses occurs via 
chargers connected to the UCI microgrid. This charging occurs during the night, boosting the gas turbine capacity 
factor. This mode of operation reduces electricity costs, but not carbon emissions Therefore, the university is actively 
exploring options for building out 1MW of solar paired with a 1 MWh battery on a nearby parking structure for storing 
the electricity for overnight charging. The total daily energy consumption of the battery electric bus fleet is 
approximately 1 MWh. 

UCI has 893 kW of fixed panel PV installed on the rooftops of 12 buildings and an additional 3 MW installed on 
three parking structures. These systems are owned and operated by third party providers with the electricity purchased 
by UCI through power purchase agreements. The capacity factor for the rooftop panels, in operation since 2008, was 
0.187 in 2012, which is reasonable, given the coastal climate. There is potential for  
22 MW of dual axis tracking CPV and 15 MW fixed panel PV based on available campus property [7]. Although the 
campus solar resources are still at a low penetration (3.5%), they are already causing operational challenges with the 
gas turbine such that no additional on-site solar can be installed without installing complementary technology 
deployment (e.g., electric energy storage, power-to-gas, additional thermal energy storage, etc.) that enables 
absorption of the solar power since curtailment is not possible due to the power purchase agreements. The gas turbine 
operational issues primarily occur due to the minimum turndown (7.5 MW) of the gas turbine to remain in emissions 
compliance with the local air quality management district ([NOx] < 2ppmv and [CO] < 3ppmv, both corrected to 15% 
O2) and the current inability of the UCI microgrid to export to the utility (inadvertent export interconnection agreement 
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with utility). These operational issues occur only several times per year during periods of low electric demand and 
high solar irradiation, which occurs in the winter.  

The CHP plant (13.5 MW gas turbine, a heat recovery steam generator (HRSG), and a 5.5 MW steam turbine) 
represents a major challenge in decarbonization in that it is fueled by natural gas and provides nearly all the energy 
needs for the microgrid, which makes it the largest contributor to carbon emissions. The CHP plant provides 99% of 
the heating loads on the campus through the high temperature water district heating system and 96% of the electrical 
needs on campus, which also embody the cooling needs. The balance of the electrical needs is served by solar resources 
(3.5%) and utility import (0.5%). This also makes the CHP plant the largest contributor to carbon emissions. The CHP 
plant presents a challenge in directly decarbonizing its fuel due to the price premium on biogas. Current price 
premiums for biomethane vary between 40% and 120% [8]. If current prices for natural gas at UCI are used and these 
biogas price premiums assumed, then biogas prices between $7/GJ and $12/GJ could be expected, which yields 
electricity price increases of 45% and 150%, respectively, due to the electrical efficiency of the CHP plant (~30%). 
Increasing electricity prices by this much is undesirable to the campus, and the UCI climate action plan specifies that 
only 25% of natural gas consumption will be replaced with biomethane by 2025 in order to limit cost increases. UCI 
will receive this biomethane from various projects being developed by the University of California, which currently 
includes two landfill gas projects outside the state of California.  

The CHP plant faces two challenges: 1) the turndown limit impedes further onsite solar deployment and 2) cost 
increases associated with biogas replacement of natural gas. Various solutions to these challenges are being 
investigated in collaboration with university facilities management. These include: 1) utility export and sale of power 
generated with natural gas, 2) increased gas turbine turndown, 3) battery energy storage, 4) larger TES, 5) 
implementing power-to-gas, and 6) carbon capture using molten carbonate fuel cells.  

To quantitatively evaluate the various decarbonization options, an integrated UCI Energy System model was 
formulated [9]. This model is based on the methodology developed in the Holistic Grid Resource Integration and 
Deployment (HiGRID) tool [7], [10], and includes several key aspects noted here. First, the model enables comparison 
of onsite (local) renewable integration and offsite (regional) renewable integration. Second, the thermal energy storage 
tank is utilized such that cooling costs are minimized. The maximum and minimum power levels of the gas turbine 
and steam turbine are 13.5/7.5 MW and 5.5/0.5 MW, respectively. Load and generation are balanced at each time step 
(1 hr). The dynamics of the heat recovery steam generator were captured using output from a physical model [11].  

Fig. 9 shows the modeling results conducted for various future scenarios. These scenarios include a regional (Reg) 
wind only case wherein wind from regional wind farms is imported via the UC energy service provider and assumes 
the utility requires that the imported wind be absorbed by UCI in real time without export). Regional solar is also 
simulated, and when compared to regional wind, lower renewable penetration for a given capacity results due to the 
diurnal nature of solar generation profiles. Varying levels of energy storage are examined with the default discharge 
duration being 4 hours. Onsite (local) solar PV is also analyzed. When compared to regional wind and solar, the 
regional wind enables more renewable penetration (energy basis) for a given installed capacity, which translates to 
lower cost and less curtailment. This suggests that purchasing offsite renewable power is more effective. A major 
conclusion is that achieving a renewable penetration greater than 50% without increased gas turbine flexibility will 
be impossible. Increased gas turbine flexibility is represented by the “GT+9MW turndown” case where the turndown 
limit has been reduced to 4.5 MW from 7.5 MW. Energy storage (even 12-hour duration storage) does not enable 
renewable penetrations past 48%. Even with additional gas turbine flexibility, nearly 60 MW of onsite PV would need 
to be deployed (recall that there is only enough UCI space for 15MW PV). Utility export is also evaluated and 
illustrates that enabling a peak export of 4MW could enable the same increase in renewable penetration that 10 MW 
of energy storage could. Although some benefit from deploying different renewables is possible, these curves cannot 
simply be added together since renewable sources will interact when deployed together with the qualification that 
wind and solar, when deployed together, typically result in less curtailment [7].  
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Fig. 9. Renewable capacity required to achieve a given renewable penetration (energy basis) on the UCI Microgrid based on UCI Energy System 
model analyses [7], [9] 

To summarize, the CHP plant ultimately represents a baseload resource given its turndown limit, is fueled by 
natural gas, and is responsible for most of UCI’s current energy needs. Decarbonization of this resource will be 
achieved in part by switching to biomethane as fuel. The rest of the carbon reductions will occur through purchasing 
of offsets through the California cap-and-trade market. This currently represents the most cost-effective path for UCI 
to decarbonize by 2025. Applied research continues on the UCI Microgrid to examine advanced energy system 
integration methods including power-to-gas, carbon capture using molten carbonate fuel cells, and increased gas 
turbine turndown.  

Work towards improving gas turbine turndown have focused on boosting part load performance. Typical gas 
turbine designs allow for turndown of up to 40% prior to experiencing significantly degraded fuel conversion 
efficiency. Even if pollutant control measures could be implemented to ensure compliance with air quality standards, 
low efficiency at part load operation can begin to negate the greenhouse gas benefits of additional renewable energy 
resources. In order to better understand the maximum efficiency potential at part load operation, an optimization model 
was developed to simulate the steady state performance of a gas turbine using thermodynamic principles and both 
compressor and turbine performance maps. By using an exhaustive search method over the compressor map, the 
maximum part load efficiency at a discrete power setting was determined, as seen in Fig. 10. Note that the two modes 
of operation considered were constant and variable speed operation. Using conventional gear boxes and electrical 
generator sets, only the constant speed operation is compatible when synchronized with the electrical grid. Under this 
mode of operation, part load efficiency can be boosted by changing both inlet guide vane angle to reduce mass flow 
through the engine, and by increasing the firing temperature inside the combustor. Much larger part load efficiency 
gains can be achieved by allowing variable speed operation, allowing the compressor to operate at lower pressure 
ratio, reducing the back-work ratio, or the percent of turbine power used to operate the compressor. Note that this 
method would require the use of unconventional hardware, such as a constant-variable transmission connected to a 
constant speed generator, a variable frequency AC – DC – constant frequency AC conversion, or a two-spool gas 
turbine. Although technically feasible, many of these options are likely to reduce the maximum efficiency achieved 
at full load. Further analysis of the impact of boosting part load efficiency on achieving carbon neutrality is being 
conducted using an optimization model [12]. 
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In addition to reducing greenhouse gas emissions through improved gas turbine efficiency, other methods of 
reducing emissions are being explored through the use of a molten carbonate fuel cell (MCFC). Since the carbonate 
ion (𝐶𝐶𝐶𝐶32−) primary charge carrier across the fuel cell electrolyte requires CO2 to form, and the exhaust stream of the 
fuel compartment consists primarily of water and CO2, MCFC supplied with gas turbine exhaust gas can be operated 
to concentrate and capture greenhouse gas emissions. As opposed to conventional amine carbon capture technology, 
carbon capture through an MCFC would increase plant output. Initial results based on the electrochemical properties 
of a 250 kW MCFC stack are shown in Fig. 11. Note the required fuel cell surface area to capture between 25% and 
95% of carbon emissions when varying fuel cell current density and the gas turbine is operating at full power. Note 
also that 95% carbon emissions would require novel exhaust flow through the fuel cells to ensure that CO2 starvation 
does not occur in any fuel cell. In addition to the required area, the points of lowest carbon capture cost are highlighted 
for each level of carbon capture, with the associated stack number used to label the point. Although the labels indicate 
partial stack numbers, further analysis that the ideal stack number is found when rounding the fractional stack number 
(i.e. 23.4 to 24 stacks). In general, the results indicate that approximately 350 kW and 450 kW of MCFC are required 
for each MW of gas turbine operation at 33% efficiency when reducing carbon emissions by 75% and 95% 
respectively. These values do not include the cost of purifying the CO2 rich stream to storage standards, which can 
reduce MCFC output by over 30%. 

 

Fig. 11. MCFC surface area required for various levels of carbon capture, along with the point of minimum cost of carbon capture 

Fig. 10. Optimal part load efficiency for the simple cycle gas turbine and combined cycle power plant located at UCI 
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5. Discussion and Conclusions 

The discussion provided in this paper highlighted a number of challenges faced by communities attempting to curb 
their carbon emissions through the implementation of energy efficient systems such as district heating and cooling. It 
is the authors’ experience that there is a need for the following measures and interventions which would aid the 
communities in their journey towards lower carbon emissions: 

1. Technical integration. Be aware of the potential consequential impacts of integrating certain intervention 
options. Look for opportunities that do not simply align to single project bottom-line but bring about benefits 
of improving long-term resilience and business continuity. Prepare for future changes by identifying 
enablement opportunities. 

2. Short term commercial pressures vs. longer term environmental aspirations. It seems that the incremental 
steps that the UK local authorities are able to make within their short-term budgetary constraints are not enough 
to meet the longer term international and UK Government targets. A longer term vision and matching financial 
arrangements would be needed to allow local authorities to embark on truly low to zero carbon projects.  

3. Fuel poverty and social value. There is currently a limited understanding of the social value of energy 
infrastructure, while the commercial and environmental benefits can be more easily compared. More work is, 
therefore, needed to understand and quantify the social impact of energy infrastructure. This would allow 
different technologies and network options to be compared using a wider set of criteria than 
financial/environmental performance alone, and justify the additional investment required for schemes with 
potential wider social benefits. 

4. Big visions and collaboration. It is mandatory for public authorities to develop the strategic vision for 
communities, district community stakeholders are often brought together and willingly align their thinking 
around energy infrastructure development. However, moving from the visionary strategic cases towards the 
development of the technical, financial and commercial opportunities it is often seen that misalignment to the 
vision begins to creep. This is mainly due to perceived complexities of the prosumer operational model and 
differences in stakeholder programme and agenda objectives. The intention for the greater good to be served 
by the strategic vision is right and proper, however, it should be acknowledged that significant limitations will 
exist when attempting to move forward. The full potential of zero carbon transitional projects will not be 
achieved without a long term commitment to a non-monopolistic public entity with clear governance structure 
and the responsibility to procure the operation of community scale energy infrastructure [13]. 

5. Digitisation and IoT.  The experience shown in the DIMMER project has shown how real-time data analytics 
and algorithms for better control and intervention analysis can bring about significant change at the district 
level. In short, smart micro-grids and demand side response are increasingly being proved to be achievable 
today. With the advent of innovative transactional mechanism such as blockchain and Peer2Peer trading, 
greater penetration of distributed renewables and the prosumer economy is set to flourish. If the incumbent 
utility companies are to survive as going concerns they will need to transition their businesses quickly. 
Electricity DNOs will need to go beyond the distribution system operator model and perhaps widen their 
operations to include multi-vector network operations (heat, cooling, power and fuels).  
 

The experience of the authors articulated by the collection of cases presented in this paper has demonstrated that 
the transition of communities, made up of estates owners, campuses, districts and public/municipal authorities, to a 
zero carbon future is faced with significant challenges and opportunities. One thing is clear, some challenges are not 
technological but are small ‘p’ political in nature. However, technology interventions aided by innovative transactional 
business and operational models are inhibited by short-termism and a tendency to default to the ‘business as usual’ 
model. Addressing the key challenges of long project timeframes, investment risks profile and operational 
responsibility lie at the heart of why we are not transitioning at the rate we know is possible and that the planet needs 
us to. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
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Abstract 

A large amount of low-temperature urban excess heat sources are available to play a fundamental role in the decarbonisation of 
the heating sector and the present and future of District Heating Networks (DHNs). This work, in the context of the ReUseHeat 
project, defines a performance assessment procedure applied to four advanced heat recovery solutions from data centres, hospital 
cooling systems, sewage water networks and underground stations. Key Performance Indicators are defined to allow for integral 
evaluation in line with the Smart Cities Information System guidelines. The proposed methodology will sustain reliable 
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1. Introduction 

Heating and Cooling is the biggest energy sector in the European Union (EU), accounting for around 50% of its 
total final energy consumption [1]. Despite the increase on the share of Renewable Energy Sources (RES) within the 
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energy system, the European Commission (EC) strongly pursues to achieve further decarbonisation of this sector, 
which led, in 2016, to the publication of the EU Strategy on Heating and Cooling [2]. The Strategy includes a 
number of actions concerning four groups, namely: (i) renovation of the building stock, (ii) increase of the RES 
share, (iii) recovery of waste energy, and (iv) enhancement of the users’ awareness and involvement. Within this 
context, District Heating and Cooling (DHC) solutions play a major role, allowing for synergies with waste heat 
sources to provide a more secure, renewable and affordable energy supply while displacing fossil fuels. 

There are many examples of District Heating Networks (DHN) integrating waste heat recovery from industrial 
processes (e.g. [3-5]) and/or including RES generation technologies (e.g. [6-7]), but there is still also a large amount 
of unexplored waste heat available at urban level from different sources. 

These unconventional urban waste/excess heat sources are normally low-enthalpy (around 20-40ºC) and available 
in all cities. Therefore, due to the proximity to the end users, such sources could be effectively exploited to provide 
heating and cooling both through individual systems as well as DHC networks.  

According to the definition of 4th Generation DHN provided by Lund et al. [8], future DHNs will have to supply 
low-temperature heat for space heating and domestic hot water (DHW) to energy-renovated existing buildings and 
new low-energy buildings. In such a perspective, urban excess heat sources are expected to play a fundamental role 
to cover the global thermal energy demand, considering that the temperature levels at which they are available could 
be easily upgraded to fulfil the end-use requirements.  

The roadmap to this transition must be prepared. While, it has been already fully demonstrated that DH fed by 
RES is technically and economically viable in certain scenarios, the fact that urban waste heat sources can be 
integrated into existing heating and cooling systems still has to be demonstrated. If feasibility proofs can be 
provided today, future lower temperature heating demand will be more easily satisfied by urban waste heat sources. 

In this context, the ReUseHeat European project aims to provide answers to the open issues regarding urban 
waste heat recovery investments, demonstrating the techno-economic viability of four large scale systems enabling 
recovery and reuse of different non-conventional sources at urban level (from data centres, sewage water networks, 
underground railway stations and hospitals), in four cities covering different climate and energy markets [9].  

Demonstration unavoidably requires defining a proper evaluation framework in order to consistently prove 
successful performance and viability of the proposed concepts. This work presents the elaboration of an assessment 
methodology adapted from common energy-efficiency projects to the particular specifications of urban waste heat 
recovery interventions. It will rely on a set of Key Performance Indicators (KPIs) to allow for the comparison of the 
solutions’ performance with a baseline scenario, with the final purpose to facilitate future replication and upscaling 
of efficient and viable urban waste heat recovery projects. 

 
Nomenclature 

CHP Combined Heat and Power 
COP Coefficient of performance 
DH District Heating 
DHC District Heating and Cooling 
DHN District Heating Network 
DHW Domestic Hot Water 
GHG Greenhouse Gas 
HP Heat pump 
IPMVP International Performance Measurement and Verification Protocol 
KPI Key Performance Indicator 
M&V Measurement and Verification 
HX Heat exchanger 
RES Renewable Energy Source 
SCIS Smart Cities Information System 
WC Water-Cooled 
WWTP Waste Water Treatment Plant 
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2. Description of urban excess heat recovery case studies 

There are many different low-temperature excess heat sources at urban level that can be exploited to contribute to 
a future clean, secure heating and cooling supply. Significant experiences from recent years can be found in related 
literature [10-14]. This work particularly focuses on presenting an assessment approach to support further consistent 
demonstration based on four representative case studies from the ongoing ReUseHeat project [9], which allow for 
different heat sources, markets and geographical areas across Europe. 

The aim of this section is to briefly present a concept description for each case study as well as their main 
characteristics. This will facilitate the understanding of the evaluation framework in combination with the relevant 
particularities and/or restrictions of each case. The four addressed concepts are the following: 
 Waste heat recovery from data centres. Brunswick (Germany) demo case. 
 Waste heat recovery from sewage water. Nice (France) demo case. 
 Waste heat recovery from cooling systems in tertiary buildings. Madrid (Spain) demo case. 
 Waste heat recovery from underground railway stations. Bucharest (Romania) demo case. 

2.1. Waste heat recovery from data centres 

Data centres have rapidly emerged in response to the increasing demand of digital and cloud services. They are 
responsible for a relevant share of the total electricity consumption and involve important cooling demands. The 
need for rejecting heat from data centre indoor spaces provides a low-temperature excess heat source that can 
contribute to meet the heating demand of end users.  

Figure 1 shows the conceptual diagram of a case waste heat recovery from a data centre in Brunswick 
(Germany). A group of heat consumers (from residential and commercial sector) are connected to a local DHN. This 
local network is connected through a plate heat exchanger (HX) to the main citywide DHN based on central 
production in a CHP plant. A heat pump is used to capture excess heat from the data centre cooling facilities and 
upgrade it to the DH supply temperature level. The heat delivered by the data centre will be recovered through air-
water HXs providing an outlet water temperature around 18-25 °C. In order to exploit all the heat recovered 
throughout a day, since the energy demand varies with respect to the heat generation, a thermal storage tank is 
included within the local DHN. The efficiency of the heat pump operation will be maximized with a simultaneous 
useful double effect: (i) data centre cooling supply at source level, and (ii) end-use heating supply at sink level.  

 
 
 
 
 
 
 
 
 

Fig. 1. Conceptual diagram of the heat recovery solution from a data centre in Brunswick 

2.2. Waste heat recovery from sewage water  

Water in urban sewage networks retains significant fraction of the thermal energy supplied to the buildings.  This 
involves a relevant potential to provide sustainable heating and has made sewage water heat recovery applications 
become widespread in recent years [10]. 

Figure 2 shows the conceptual diagram of a case waste heat recovery from sewage water in Nice (France). Once 
wastewater from the municipal network is cleansed in the WWTP and before being discharged to the sea according 
to the local environmental legislation, this water is passed through a buffer tank and partially pumped to a plate HX. 
Afterwards, a low-temperature DHN distributes the tempered water to each building substation, which hosts a 
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reversible heat pump, a DHW tank and an electric boiler as back-up equipment. The estimated available temperature 
in the low temperature side of the HX varies depending on the season, being around 26 °C in summer and 12 °C in 
winter. Such moderate temperature levels are also based on a hybrid heating/cooling operation at network level with 
possible efficient load compensation among different buildings. In addition, they enable high-efficient operation of 
the end-use heat pumps, which otherwise will not be possible. Two different operating modes (at building level) 
should be considered: 
 During the heating mode, end-use heat pumps will take the heat from the low-temperature network. Therefore, 

the return pipe of the LTDH network will be colder than the supply, thus extracting heat from the tank in the 
WWTP and cooling down the temperature of the outflow sent to the sea. 

 During the cooling mode, the reverse situation will occur: end-use heat pumps will reject heat to the low-
temperature network. Therefore, the return pipe of the LTDH network will be warmer than the supply, thus 
injecting heat to the tank in the WWTP and slightly increasing the temperature of the outflow sent to the sea. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Conceptual diagram of the heat recovery solution from sewage water in Nice 

2.3. Waste heat recovery from cooling systems in tertiary buildings 

Tertiary buildings (offices, commercial buildings, hospitals, etc.) often present important cooling demands 
throughout the whole year, particularly in Southern countries. Heat removed from indoor spaces is normally rejected 
to the environment by conventional cooling systems, but it represents a low-temperature waste heat source of great 
potential to meet other surrounding heating demands. 

 Figure 3 shows the conceptual diagram of a case waste heat recovery from a hospital’s cooling system in Madrid 
(Spain).  

 
 
 
 
 
 
 
 
 
 

Fig. 3. Conceptual diagram of the heat recovery solution from a hospital’s cooling system in Madrid 

The hospital buildings are served by a local DHC network. In a baseline scenario, heat and cold production is 
performed by conventional equipment (gas boilers and water-cooled chillers individually connected to closed-loop 
cooling towers, respectively). The heat recovery intervention is based on a booster heat pump unit connected to the 
condensation circuit of the cooling generation plant. The heat rejected by the chillers is captured, thermally 
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upgraded and injected to the heating supply. Particularly, the heat pump hot sink will be connected to the return pipe 
of the local DHN and used for preheating the water flowing into the district heating boilers. For the proper 
functioning of the facility, the targeted temperature available in the heat dissipation must be around 30 °C, aiming to 
reach 75 °C in the district heating flowing water. 

Electric energy is currently needed by the chillers and the cooling tower fans. By implementing the heat recovery 
solution, it is expected to get a decrease in the cooling towers consumption and an additional need in the heat pump 
and maybe in the target chiller (due to a slightly higher condensation temperature). In the end, the amount of 
primary energy used as well as some water additives is expected to be reduced after the heat recovery intervention. 

2.4. Waste heat recovery from underground railway stations 

Underground railway transport systems in large cities comprise relevant excess heat sources at urban level. Train 
brakes energy use is ultimately rejected as heat into the tunnels and waiting platforms, which are also affected by 
heat gains from a great number of transport users [14]. Additionally, technical rooms with electric equipment for 
traction, lighting, HVAC systems, etc. are particularly interesting hot spots.   

Figure 4 shows the conceptual diagram of a case waste heat recovery from an underground railway station in 
Bucharest (Romania).  

 
 
 
 
 
 
 
 
 
 

Fig. 4. Conceptual diagram of the heat recovery solution from an underground railway station in Bucharest 

The solution exploits that heat released in an underground station in order to supply a heating demand in a nearby 
area. A booster heat pump will be used for a temperature upgrade so that the heat recovery could be directly injected 
into the Bucharest citywide DHN or into a separate/private heat supply system.  

Some previous heat recovery experiences in underground transport systems reported in literature [15, 16] are 
based on HXs directly placed within existing ventilation shafts. Here, specifically, the heat capture is performed 
through a set of fan-coils distributed in two different spaces to be conditioned: the waiting platform and technical 
rooms. These fan coils, acting as cooling terminal units, provide heat up their water return pipes due to the heat 
dissipation. They are connected to a thermal storage tank and the heat pump, which provides upgraded energy to 
preheat the water flow supplied to the end consumers for space heating and/or DHW provision.  

Beside the subsequent reduction of the energy consumption for heating purposes at the demand side facilities, 
there will be benefits linked to thermal comfort gains within the underground spaces and, above all, benefits for the 
transport system operator and owner of the underground infrastructure. These will be associated to the reduction of 
the electricity use for HVAC systems at the underground facilities. 

3. General evaluation methodology 

Based on the preconditions of the case studies described above, the definition of the evaluation framework is 
provided next. This approach relies on existing methodologies and definitions that are commonly used in similar 
energy-efficient retrofitting interventions, aiming to adapt to the particular cases of urban excess heat recovery, as 
well as extend the scope of the evaluation to account for other dimensions of its potential impact. A twofold 
objective is addressed: 
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 Savings verification, which must be based on proper measurements and a consistent methodology for data-
processing comparing baseline and post-retrofit scenarios. This will define the M&V plan.  

 Extended assessment of impacts and performance, since there will be many other relevant variables, parameters, 
etc. besides what can be strictly defined as ‘savings’. 
Both aspects are treated from four different perspectives, namely: energetic, environmental, economic and social; 

and they will be condensed into a set of KPIs and auxiliary measurements. 

3.1. Savings Measurement and Verification (M&V) 

The present evaluation methodology takes the International Performance Measurement and Verification Protocol 
(IPMVP) [17] as the basis for the assessment of the targeted urban excess heat recovery solutions. Although this 
kind of technical interventions are not specifically addressed within the most commonly-used existing protocols, 
IPMVP has been considered as the most suitable one for this purpose, on account of its simplicity, adaptability and 
broader scope, including  explicit consideration of economic aspects. 

The overall assessment methodology mainly relies on the comparison of the baseline and post-retrofit situations 
according to the definition of a measurement or evaluation boundary. Particular specifications apply depending on 
the availability of monitored data.  
 Missing real data for the baseline scenario requires the development and calibration of a simulation model. The 

calibration will be based on values measured during the post-retrofit period. Then, the heat recovery is removed 
from the model, and simulations are performed to estimate the theoretical performance of the baseline scenario, 
considering typical reference energy systems  and their performance curves/maps. 

 If real data from both baseline and reporting periods are available, fair comparable reference conditions must be 
guaranteed. Energy use will be correlated to relevant independent variables (weather, use patterns, etc.) based on 
regression and/or detailed simulation models. These will be used to estimate the performance profile of the target 
systems under such comparable conditions. 
Concerning the characterization of the measurement boundary for the targeted urban excess heat recovery 

solutions, it is a recurrent matter that such actions involve modifications in cooling systems, capturing the released 
low-temperature heat and upgrading it through a heat pump afterwards with the aim of reaching the targeted 
temperature for space heating and/or DHW supply. Then, they will have relevant impacts both at ‘source’ and ‘load’ 
levels. Considering this Figure 5 shows the proposed general definition of the measurement boundary.  

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5. Measurement boundary for energy savings evaluation.  

3.2. Key Performance Indicators (KPIs) 

An appropriate definition of indicators is recommended for a consistent evaluation of energy retrofitting projects. 
They allow both the assessment of the technical intervention at issue and potential similar implementation actions. 
This section tackles the definition of energetic and economic KPIs aiming to support the IPMVP approach. SCIS 
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guidelines [18] have also helped to select proper environmental and social indicators that complete a comprehensive 
assessment of the targeted solutions. Table 1 presents the proposed list of KPIs. 

3.2.1. Energy indicators 
Within the scope of non-conventional urban excess heat recovery interventions, energy is the main target 

dimension of the proposed evaluation methodology. EN stands for ENergy indicators in Table 1. 
 Useful and final energy demands constitute the first step to enable the calculation of primary energy use and 

savings, which will then derive the main environmental and economic figures. Fixed conversion coefficients 
from European databases (e.g. [19]) will be used in a first simplified approach for all demo cases. Further specific 
analyses based on variable coefficients depending on the season, on the differences in national energy mixes, etc. 
can be also addressed for more detailed evaluation.  

 Energy savings will be quantified in terms of primary energy in order to allow a fair comparison. It should be 
noted that different energy sources (fuel and electricity) can used before and after the interventions. 

 Energy efficiency quantification is based on the performance assessment of the heat pump (which is the central 
component of most of the solutions). Both heating and cooling HP performance are included, since useful effects 
will be obtained with both the HP source and sink heat flows. 

 The relative importance of the energy supply coming from excess heat is of particular interest for this kind of 
solutions. Then, the degree the non-fossil energy supply is also considered. 

3.2.2. Environmental indicators 
Linked to the positive energy impact, environmental benefits can be derived. The main expectation of these heat 

recovery projects is to reduce the greenhouse gas (GHG) emissions associated to the energy use for heating and 
cooling. ENV stands for ENVironmental indicators in Table 1. Regarding this relation between energy and 
environmental savings, GHG savings (commonly expressed in terms of equivalent tCO2 avoided), must be 
calculated from primary energy savings according to contrasted values for the ‘emission factors’. To this purpose, 
[19] is proposed as a reference, so that a common contrasted approach for all the interventions can be followed.  

3.2.3. Economic indicators 
Economic benefits are also a direct consequence from energy savings. It can be easily stated that the less energy 

consumed, the less cost, either for the energy supplier or the end-user, depending on the level at which the savings 
are achieved. The economic assessment begins with the definition of a baseline which is established by the initial 
invoices, as well as the required investments for the energy retrofitting project. Then, the evaluation of the economic 
benefits is challenging because it requires taking into account a comparison with the costs associated to the energy 
consumed if the intervention or the project had not been implemented. 

In this sense, ‘cost savings’ and ‘cost avoidance’ should be differentiated in this context. The term ‘cost savings’ 
involves that the energy costs in the post-retrofit situation will be lower than those within the baseline period; 
however, it does not take into account changes in factors that determine energy use (e.g. changes in site activities, 
effects of independent variables such as production or weather, etc.), or price risks such as changes to energy 
contracts or tariff rates. Then, cost savings can be achieved due to influencing factors even if the target facilities are 
the same or even deteriorated in comparison to the baseline situation. On the other hand, the term ‘cost avoidance’ 
does include the effect of such influencing factors and accounts for the economic costs avoided in respect to a 
situation in which the energy intervention had not been undertaken. Thus, ‘cost avoidance’ is a more appropriate 
term according to the present evaluation approach and thus, it will be used from now on. 

Although the cost avoidance to be achieved by the excess heat recovery project is the main objective of the 
evaluation from an economic perspective, a breakdown of this concept is of great relevance for a proper analysis of 
the investments. Additionally, other aspects should be considered when addressing the economic feasibility of 
similar actions (e.g. return of the investment). EC stands for EConomic indicators in Table 1. 

3.2.4. Social indicators 
The last dimension of the evaluation approach refers to social aspects. In the context of energy efficiency projects 

this social dimension is of much more importance when there is a direct involvement of the end user or a direct 
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impact on the price that he/she pays for a given service (normally the energy supply). In this regard, urban excess 
heat recovery concepts tackled here does not imply such a direct and evident techno-economic impact on the end 
users, changes related to comfort conditions or in the energy price they pay for the energy supply. On the contrary, 
positive impacts are more focused on the excess heat owners and the operator of the heat recovery facilities, who 
will contribute to improve energy efficiency (in global terms) and will benefit from a business model linked to the 
provision of energy as a service. Therefore, the evaluation of social impact, being understood as the impact on the 
everyday people perception of the services that they receive, on the end-user satisfaction, etc., is considered as a 
secondary aspect of the proposed assessment methodology, with the exception of cases oriented to increase the end-
users interaction, similar to the above-introduced heat recovery from sewage water system case, where it is foreseen 
to develop a dashboard aiming at stimulating user participation. 

3.2.4.1. Social evaluation scope and suggested indicators 
Despite of the previous arguments, it is intended to provide some social insight focused on those people directly 

interacting with the heat source and/or the heat recovery facility itself. The proposed KPIs include definitions to 
quantify the relevance of urban excess heat recovery projects and increase social awareness to energy efficiency and 
environmentally clean initiatives, as well as to evaluate people perception of the quality of the services that they 
receive (e.g. thermal comfort, secure supply, reliable service, etc.). S stands for Social indicators in Table 1. 

3.2.4.2. Social evaluation procedures 
Social evaluation is proposed to be based on the following procedures: 

 Survey method: This is the main procedure for the evaluation of the social acceptance since it provides the 
subjective perspective of the owners. It is based on a question/answer process. The selection of relevant surveys 
and the definition of the related questionnaires should be addressed during evaluation. 

 Analysis of participation in social media and software platforms on behalf of end-users or interested stakeholders. 
 Measurements: Social acceptance should be completed with an objective point of view. Data from the monitoring 

system will be used for assessing real parameters, such as comfort conditions or energy consumption. 
Comparison of both survey and measurements will provide a better knowledge of the real situation. 

     Table 1. Definition of Key Performance Indicators (KPIs) 

Name Category Units Description 

EN01 Energy kWh/yr; % Primary energy savings 

EN02 Energy kWh/yr Useful energy demand: heating 

EN03 Energy kWh/yr Useful energy demand: cooling 

EN04 Energy kWh/yr Final energy demand: fuel 

EN05 Energy kWh/yr Final energy demand: electricity 

EN06 Energy % Degree of Primary energy supply based on RES/excess heat recovery 

EN07 Energy - Seasonal COP of the HP (cooling performance) 

EN08 Energy - Seasonal COP of the HP (heating performance) 

EN09 Energy - “Total heating and cooling useful energy” to “Electric consumption” ratio 

ENV01 Environmental tCO2/yr; % GHG emissions reduction 

ENV02 Environmental tCO2/yr Total GHG emissions 

EC01 Economic € Cost avoidance 

EC02 Economic € Total costs (along the facility lifetime) 

EC03 Economic €; €/kW Capital expenditure (CAPEX) 

EC04 Economic €; €/yr Operating expenditure (OPEX) 

EC05 Economic €/yr Energy costs: fuel 

EC06 Economic €/yr Energy costs: electricity 
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EC07 Economic €/yr Maintenance costs 

EC08 Economic €/yr Financing costs 

EC09 Economic yr Payback time 

EC10 Economic % Return of Investment (RoI) 

EC11 Economic % Internal Rate of Return (IRR) 

EC12 Economic € Net Present Value (NPV) 

EC13 Economic n. of jobs Job creation 

S01 Social n; % People that are positive about the project 

S02 Social n (Likert scale) Degree of people satisfaction 

S03 Social PPD; PMV Average comfort perception 

S04 Social Tweets, web visits Presence in social media 

 
As a general remark, it should be noted that absolute units have been only considered so far within the KPI lists. 

However, providing many of these indicators in specific terms (i.e. as ratios in respect to a given characteristic 
parameter of the demo case) is considered of great importance within the proposed assessment methodology. For 
this reason, relevant characteristic features for each specific heat recovery solution should be identified, contributing 
to enable future comparison studies on similar projects as well as replicability analyses. 

3.3. Monitoring requirements 

A general guidance to set the basis on the variables to be measured is provided since design and technical details 
must be given in each specific case. Table 2 presents a list of the main variables that will be required for the 
evaluation of the intervention both within the ‘after’ and ‘before’ scenarios. These parameters must be in line with 
the conceptual diagrams presented previously for the measurement boundary. 

Table 2. Main variables to be measured 

Variable Use/Contribution to Data source 

Fuel 
consumption 

- Final energy consumption of conventional heating system - Smart meters 
- Energy bills 

Electricity 
consumption 

- Final energy consumption of conventional HVAC equipment (e.g. boilers, chillers, cooling 
tower fans, water pumps) 
- Final energy consumption of the HP during post-retrofit period 
- Power of the HP contributing to COP calculation 

- Smart meters 
- Energy bills 

Fluid energy 
flow 

- End-use (useful) thermal energy demand as dependent variable of energy models 
- Input/ouput thermal energy flows in the HP contributing to COP calculation 

Smart meters 

Fluid 
temperature 

- Indirect measurement for fluid energy flow determination 
- Surveillance and control systems 

Smart meters 

Fluid mass flow 
rate 

- Indirect measurement for fluid energy flow determination 
- Water consumption 
- Surveillance and control systems 

Smart meters 

Air temperature - Excess heat source temperature characterization 
- Thermal comfort conditions 
- Surveillance and control systems 

Smart meters 

 
 In addition, the assessment methodology must determine a reference requirement in terms of the 

monitoring sampling rate for the aforementioned variables. This will enable to check the system behavior as well as 
meet the data resolution required for control and surveillance purposes. Hence, a 15-minute period is considered as 
the reference sampling rate requirement for those variables registered by smart sensors/meters. However, exceptions 
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to this rule could be accounted for within the detailed specifications and also regarding such variables coming from 
other data sources (e.g. energy bills for baseline characterization).   

4. Conclusion 

This work focuses on the evaluation of projects based on heat recovery from urban low-temperature heat sources 
and proposes a broad assessment methodology essentially addressing energy, economic, environmental and social 
aspects. A general set of KPIs adapted to this particular kind of projects as well as the most relevant metering 
requirements have been defined. The proposed methodology is presented on the basis of four representative case 
studies targeting the heat recovery from data centres, hospitals’ cooling systems, sewage water and underground 
stations, which are being developed within the ongoing European ReUseHeat project. This will allow setting the 
basis for replication and upscaling of urban waste heat recovery, facilitating future investments in this field. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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system components in the network can be derived.  
 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018. 

Keywords: DH simulation; decentralized feed-in, solar thermal, distributed generation 

 

 
* Corresponding author. Tel.: +49-351-463-34440; fax: +49-351-463-37076. 

E-mail address: sven.paulick@tu-dresden.de 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 
DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

Resulting Effects On Decentralized Feed-In Into District Heating 
Networks – A Simulation Study 

S. Paulicka, C. Schrotha, S.Gudduscha, K. Rühlinga,* 
aTechnische Universität Dresden, Institue of Power Engineering,  

Professorship of Building Energy Systems and Heat Supply, 01062 Dresden, Germany 

Abstract 

This paper presents latest results and outcomes of a research project with focus on the thermo-hydraulic impact of decentralized 
feed-in in existing network structures with the resulting requirements for components like pressure maintenance, pipes as well as 
on the net control strategy. Furthermore, the implementation of central heat storages and their operation mode as part of the network 
control is considered. As a result, the simulation study provides detailed insights in flow conditions, with which requirements for 
system components in the network can be derived.  
 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018. 

Keywords: DH simulation; decentralized feed-in, solar thermal, distributed generation 

 

 
* Corresponding author. Tel.: +49-351-463-34440; fax: +49-351-463-37076. 

E-mail address: sven.paulick@tu-dresden.de 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.168&domain=pdf


50 S. Paulick et al. / Energy Procedia 149 (2018) 49–58
2 S. Paulick, C. Schroth, S. Guddusch, K. Rühling / Energy Procedia 00 (2018) 000–000 

1. Introduction 

This paper presents the latest results of the research project “Prognose der Auswirkungen dezentraler Einbindung 
von Wärme aus erneuerbaren Energien und anderen Wärmeerzeugern in Fernwärmenetze (DELFIN)”, based on the 
previous research project DEZENTRAL [1]. The project partners are Solites1 and AGFW2. 

The results of DEZENTRAL have shown in detail, which effects occur when decentralized heat feeds-in into district 
heating networks. Flow reversal in parts of the net branches, moving supply frontier or full supply of the decentralized 
producers can occur. The current project focusses on the impact in the network itself according to thermo-hydraulic 
effects and the consequent, alternating thermal stress of the pipes. Moreover, statements will be made about conditions 
when feed-in should be avoided according to network stability. Finally, requirements for the feed-in pumps of the 
decentralized producers concerning to the location and local conditions in the network will be derived. A further aspect 
is the integration of a central thermal storage in the network. To prevent stagnation of installed solar thermal plants, 
the storage operation shall lead to a network load relief to decrease the stress in the network. Additionally, a subsequent 
unloading can lead to a longer offline period of the central heat producer. 

The simulation study focusses on two representative district heating networks, combined with two different weather 
locations to generalize the results for a wide field of application. Decentralized heat producers (DCP) are considered 
in terms of solar thermal plants and combined heat and power units (CHP). A variation of decentralized heat producer 
according to size and position is part of the investigation as well as different operation modes of the central heat 
storage. 

 
This paper presents the latest results of the simulation study just as the principle of consumer, decentralized 

producer and storage modeling. Results of solar fraction, storage operation, and requirements for pressure maintenance 
as well as first insights on the flow conditions will be presented and discussed. 
 
 
 
 

Nomenclature 
       
Symbols  Abbreviations Indices 
       
ℎ Hour h C consumer a ambient 
𝐻𝐻 heating period 0 / 1 CHP combined heat and power i, j index 
�̇�𝑚 mass flow kg/s CP central heat producer in input / feed-in 
𝑄𝑄 Heat kWh DCP decentralized heat producer l lower 
�̇�𝑄 heat flow W   loss losses 
𝑆𝑆𝑆𝑆 solar fraction %   max maximum 
𝑉𝑉 volume m³   net network 
𝑊𝑊 working day 0 / 1   off offline 
𝜗𝜗 celsius temperature °C   RL return line 
     SL supply line 
     ST storage 
     T type 
     u upper 

 

 
1 Steinbeis Research Institute for Solar and Sustainable Thermal Energy Systems 
2 AGFW - Der Energieeffizienzverband für Wärme, Kälte und KWK e.V. 
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2. Simulation 

2.1. Simulation Tools 

The simulation study is realised by a coupling of two different simulation tools. For the thermo-hydraulic 
simulation of the district heating network, TRNSYS-TUD is used, as an in-house development on base of the Transient 
System Simulation Tool (TRNSYS). The advantage of TRNSYS-TUD is the developed thermo-hydraulic solver, 
adopted for the usage of district heating networks in [2] and [3] and further developed in the project DEZENTRAL [1]. 
It leads, especially for larger meshed networks, to adequate time taken for the simulation. The modeling of the 
consumer, decentralized heat producer and the storage is realised in the modeling language Modelica. Modelica, as a 
second simulation tool, has on the one hand the possibility to read in large MATLAB-Files and on the other hand 
diverse functionalities for dynamic simulation. The coupling of both simulation tools is realised with the Functional 
Mock-up Interface (FMI), a tool independent standard for co-simulation [4]. The coupling works on a so-called 
Master-Slave-Technology. The models of the simulation tools represent the slaves, whereas the master controls the 
data exchange between the slaves on each simulation time steps.  Fig. 1 shows the principle for the here mentioned 
simulation study. The used FMI-Master is an in-house development that enables the communication to TRNSYS-
TUD. 

2.2. Considered District Heating Networks 

Two different district heating networks are the research objects in this simulation study. The first is a 3rd generation-, 
radial DH network (following IEA-DHC Annex X classification), called Net G. The main characteristics are: 

 installed load of 2.2 MW with a length of 2.65 km 
 51 consumers with a load range of 5.0 kW to 72.0 kW 
 
Up to five distributed decentralized heat producers (DCP) - in terms of solar thermal plants with each 100 m² gross 

area - are considered in Net G. A prospective integration of combined heat and power (CHP) units is planned. The 
second network is a 2nd generation-, meshed DH network, called Net B with the following main characteristics: 

 installed load of 83 MW with a length of 41 km 
 485 consumers with a load range of 22 kW to 14.000 kW 
 four meshes 
 additional booster pump, installed in the return line 

 
The simulation study for Net B focusses on the integration of up to 24 DCP in terms of solar thermal plants in the 

network. Three different sizes of gross area are installed with 500 m², 1000 m² and 5000 m², which are distributed in 
the network (compare Fig. 2). The sizes correlate with the respective consumer at the location according to the installed 

Fig. 1: Schema of the coupling between TRNSYS-TUD and Modelica via FMI-Master 
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load of �̇�𝑄𝐶𝐶𝐶𝐶 > 500 𝑘𝑘𝑘𝑘, > 1000 𝑘𝑘𝑘𝑘 and > 5000 𝑘𝑘𝑘𝑘. Similar to Net G, decentralized CHP units will prospectively 
considered. 

The simulation study focusses on the two different weather data locations Würzburg and Potsdam (Germany), as 
regions with different radiation. The data source is Deutscher Wetterdienst (DWD), so original measured data is used 
for year 2015.  

2.3. Consumer Modeling 

Individual load profiles are crucial for a DH network simulation to prevent overestimated simultaneity in the 
network. The previous project DEZENTRAL used an adopted Typical-Day Method following VDI 4655 [5]. Measured 
data of consumer were adopted to specific weather data, and heat load profiles scaled to a given peak load. A detailed 
description can be found in [6].  

This method was a pre-processing work and time-consuming for larger networks. Therefore, a new method was 
developed to enable online calculation of the heat load and return line temperature during the simulation. The 
procedure bases on linear regression models for 24 types of buildings (for Net B) and two types of buildings for Net 
G. As data source, hourly measured data for heat load and return line temperature of one or two years as well as the 
respective weather data was considered. The data sources for the Net B are not from this original network, but from 
different unknown networks. This fact is a major advantage, because it allows using these regression models in several 
different DH network simulations. 
The heat load of each building type �̇�𝑄𝑇𝑇𝐶𝐶 mainly depends on the ambient temperature 𝜗𝜗𝑎𝑎, the distinction of the 
working day 𝑘𝑘 (working or a non-working day), the distinction of the heating period 𝐻𝐻 (heating or non-heating 
period) and the hour of the day ℎ, see equation (1). The return line temperature 𝜗𝜗𝑅𝑅𝑅𝑅𝐶𝐶 of each building type 
additionally depends on the supply temperature at the consumer 𝜗𝜗𝑆𝑆𝑅𝑅𝐶𝐶 as well as on the current heat load of the 
respective consumer �̇�𝑄𝐶𝐶𝐶𝐶, see equation (2). 

�̇�𝑄𝑇𝑇𝐶𝐶 = 𝑓𝑓 (𝜗𝜗𝑎𝑎, 𝜗𝜗𝑎𝑎
  2, 𝑘𝑘, 𝐻𝐻, ℎ)   (1) 

𝜗𝜗𝑅𝑅𝑅𝑅𝐶𝐶 = 𝑓𝑓 (𝜗𝜗𝑎𝑎, 𝜗𝜗𝑎𝑎
  2, 𝑘𝑘, 𝐻𝐻, ℎ, 𝜗𝜗𝑆𝑆𝑅𝑅𝐶𝐶, �̇�𝑄𝐶𝐶𝐶𝐶)   (2) 

 
As a result, a set of regression coefficients were derived for each building type dependent on the hour of the day ℎ 

and the heating period 𝐻𝐻. During the simulation, in each time step the relevant regression coefficients are used together 
with the other influencing parameters to calculate the heat load and return line temperature of each building type. 
Finally, the heat load for each consumer �̇�𝑄𝐶𝐶𝐶𝐶  is scaled to the installed heat load of the connection point of the consumer. 
The distribution of the different regression models in the network was realised, for example in Net B, by information 
of the network operator about the type of consumer (e.g. residential building, industry). 

Fig. 2: Structure of the 2nd generation network - Net B - with central heat producer (CP) and decentralized heat producer (DCP) according to 
size of collector gross area; blue marked example segment 



 S. Paulick et al. / Energy Procedia 149 (2018) 49–58 53
 S. Paulick, C. Schroth, S. Guddusch, K. Rühling / Energy Procedia 00 (2018) 000–000  5 

2.4. Decentralized Heat Producer 

Two types of decentralized heat producers (DCP) are considered in the simulation study – solar thermal plants and 
combined heat and power units. The installed load differs according to network and location within. Currently only 
solar thermal plants are implemented in the network, however the integration of the CHP units is planned. 

The model for the solar thermal plants developed the project partner Solites. It is based on an EXCEL-Tool and 
was transferred into the modeling language Modelica for coupling with the network simulation TRNSYS-TUD (see 
part 2.1). The model contains the calculation of the insolation towards the inclined plane, the collector and the required 
components like heat exchanger and pipes. As an input, the supply and return line temperature at the feed-in point as 
well as the temperature set point is required. The resulting feed-in heat to the network is given finally for each time 
step. All solar thermal plants are designed to reach the highest amount of heat, e.g. a 30° tilted collector with southern 
orientation. Further details on the characteristics of the solar thermal plants are described in [5]. 

2.5. Heat Storage Integration 

The integration of a heat storage can be an element to reduce the impact of decentralized feed-in heat in the district 
heating network. Moreover, an excess of heat in the network due to feed-in, for example on summer days, can be used 
to load the storage for later unloading if necessary. Furthermore, the integration of heat storages in the network (central 
or decentral) can prevent stagnation of the solar thermal plants and can lead to a more efficient operation of the 
network, as well as of the solar thermal plants. 

In this simulation study, one heat storage at the central heat producer is considered with different operation modes. 
The stagnation of all solar thermal plants installed is permitted, that means that a surplus of heat in the network will 
directly load the storage. For first investigations, the heat storage is considered here only per energy balance sheet 
without thermal losses. Three storage operation modes (SO) were implemented, distinguished by the way of 
unloading: 

 SO-P: permanent unloading allowed if necessary 
 SO-D: daily unloading allowed between 08:00 PM and 08:00 AM if necessary 
 SO-W: weekly unloading allowed between Friday 08:00 PM and Monday 08:00 AM 
 
The loading of the storage is allowed at all times. For first investigations, the size is unlimited to get an overview 

of the required storage volume demand. Loading of the storage occurs when a flow reversal in the supply line at the 
central heat producer is present due to an excess of heat in the network. In that case, the heat into the storage �̇�𝑄𝑆𝑆𝑆𝑆,𝑖𝑖𝑖𝑖 is 
calculated with the net mass flow �̇�𝑚𝑖𝑖𝑛𝑛𝑛𝑛 and the temperature difference of the supply line 𝜗𝜗𝑆𝑆𝑆𝑆 and return line 𝜗𝜗𝑅𝑅𝑆𝑆, 
(compare Fig. 3). A detailed description how loading and unloading is integrated in the network simulation, is given 
in [7]. 

The maximum volume of the storage is the result of the maximum amount of heat in the storage, due to an exceed 
of heat in the network caused by decentralized feed-in. The maximum volume is calculated with the highest amount 
of heat in the storage over the considered period. For the calculation, the difference of the upper storage temperature 
𝜗𝜗𝑆𝑆𝑆𝑆,𝑢𝑢 and the lower temperature 𝜗𝜗𝑆𝑆𝑆𝑆,𝑙𝑙 with the respective specific heat capacity and density is used. 

Fig. 3: Heat storage integration at central heat producer (CP); case of flow reversal displayed 
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3. Results 

3.1. Feed-In Results 

For both considered networks, simulations have been made with feed-in in terms of solar thermal plants for both 
networks. One of the main evaluation parameters is the solar fraction SF, defined as ratio of solar heat input by DCP 
∑ 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  to the sum of consumer demand ∑ 𝑄𝑄𝐷𝐷𝐷𝐷 and heat losses  𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 of the network, see equation (3). 

 

𝑆𝑆𝑆𝑆 =  ∑ 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
∑ 𝑄𝑄𝐷𝐷𝐷𝐷 + 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 (3) 

In Fig. 4, the sum of DCP annual solar-thermal input ∑ 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 and the solar fraction 𝑆𝑆𝑆𝑆 are shown for the considered 
plants in both networks according to the location. 

 
In Net G, a solar fraction of around 5 % was reached at both locations. The specific annual solar-thermal input 

leads to 515 kWh/(m²∙a) for Potsdam and 540 kWh/(m²∙a) for Würzburg. In Net B, none of the variants with only one 
size of collector area reaches a solar fraction of 5 %. However, the head load in the network is much higher. If all 
solar thermal plants are installed (27.000 m²), a solar fraction of around 9 % can be reached with a specific annual 
solar-thermal input of 480 kWh/(m²∙a) for Potsdam and 497 kWh/(m²∙a) for Würzburg.  

These results show that the amount and size of installed solar-thermal plants leads to a solar fraction that is realistic 
and feasible for existing networks for the future. Moreover, the specific annual solar-thermal input is around 500 
kWh/(m²∙a), which stands for a high gain and makes it suitable for the investigations in this project regarding the 
thermo-hydraulic impact of feed-in. 

The annual solar fraction is an important parameter for the overall evaluation. However, the solar-thermal input 
fluctuates significantly over the year. Fig. 5 present the monthly solar fraction for both networks with all variations of 
installed solar thermal plants, here only for Würzburg. It can be seen, that the solar fraction has a high fluctuation 

Fig. 4: Solar-thermal input and solar fraction of all considered thermal plants according to location and network 

Fig. 5: Monthly solar fraction for Net G (a) and Net B (b) according to installed solar-thermal area for Würzburg 
 

 (a)  (b) 
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during the year and can reach more than 50 % in summer time for Net B, depending on the amount of solar thermal 
plants. 

3.2. Heat Storage Operation 

The main parameters of interest for the heat storage operation are the maximum required volume of the storage 
tank 𝑉𝑉𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚 as well as the possibly offline time of the central heat producer ∑ ℎ𝐶𝐶𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 depending on the operation 
mode (compare part 2.5). In Table 1, the results are compared for Net G and Net B for the location of Würzburg. For 
both Networks, the results are given for the maximum amount of solar thermal plants in the network (Net G - 500 m²; 
Net B - 27.000 m² in total).  

Table 1: Results of storage operation modes for both networks according to operation mode (Würzburg) 

  Net G   Net B  

  SO-P SO-D SO-W  SO-P SO-D SO-W 

𝑉𝑉𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚 [m³] 38 38 98  3.661 3.661 16.627 

∑ ℎ𝐶𝐶𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 [h] 596 523 556  1.477 1.375 1.387 

∑ ℎ𝐷𝐷𝐶𝐶𝐶𝐶,𝑖𝑖𝑖𝑖 [h] 1.636 1.636 1.636  1.724 1.724 1.724 

 
The required size of storage strongly depends on the operation mode. For weekly mode (SO-W), the maximum 

required storage tank volume is 2.5 times larger than for the other modes (Net G), and 4.5 times larger in Net B. The 
sizes for permanent and daily mode do not defer, because in both modes the unloading cannot reach the subsequent 
loading period to extend the necessary size. The offline time of the central heat producer ∑ ℎ𝐶𝐶𝐶𝐶,𝑜𝑜𝑜𝑜𝑜𝑜 has the highest 
value at permanent operation, which can be explained by the time of allowed unloading. The operation modes SO-D 
and SO-W allow unloading at 08:00 PM where the demand is commonly higher than in the afternoon with mode 
SO-P. This leads to a faster unloading of the storage. The value ∑ ℎ𝐷𝐷𝐶𝐶𝐶𝐶,𝑖𝑖𝑖𝑖 is the total time where decentralized heat 
producer (DCP) feed-in. It is equal in all operation modes due to same boundary conditions of the solar thermal plants. 
However, the value for Net B is lower than expected according to the solar fraction ratio (compare Fig. 4). 

In Fig. 6 the progress of weekly storage operation (SO-W) is presented for Net B on eight summer days with all 
solar thermal plants installed. On each day, an excess of heat due to DCP occurs while the central heat producer goes 
offline. From Friday 20:00 PM to Monday 08:00 AM the heat storage is unloading with reloading in between. That 

Fig. 6: Example for weekly storage operation mode (SO-W), Net B, Würzburg; 8 days from Monday 0:00 AM to Monday 0:00 PM 
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means that the central heat producer is offline for 36 consecutive hours. A further unloading would be possible 
according to the storage level, however, the weekly operation mode (SO-W) does not allow. 

3.3. Pressure Maintenance 

The pressure maintenance of the network is observed pursuant to possibly significant changes between operation 
without and with integrated decentralized heat producers. From solar thermal plants, fast pressure changes in the plant 
are well-known. On how far pressure maintenance in district heating networks is influenced by decentralized feed-in, 
is observed in this simulation study. Therefore, changes in the mass of the network fluid are considered over time and 
compared with each other. The volume of the network is set to be constant, that means that no thermal expansions of 
the pipes are considered.  

First Investigations with Net B (compare Fig. 2) with all solar thermal plants installed (27.000 m²) has shown 
differences between the masses of the network with and without DCP, however not significantly. A few major 
deviations occur in times when DCP feed-in and network temperatures are higher, so in spring and autumn month. A 
second point of investigation was the change of mass within one simulation time step, which means 15 minutes in 
real. Here almost no deviations occur. Just the maximum value is higher in the version without DCP. 

The first investigations have shown that an installation of decentralized heat producer in the network have no 
negative influence on the pressure maintenance. There are indications that with DCP the effort can be decreased, 
however further investigations are necessary.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

3.4. Thermo-hydraulic Effects 

The focus on the simulation study are the resulting effects of decentralized feed-in into district heating networks. 
Therefore, insights in flow conditions are observed according to pressure, mass flow and temperatures. The following 
example presents the results of a segment in Net B (compare Fig. 7 (left), and in total Fig. 2). However, these effects 
occur not only in meshed networks like Net B, but also in radial networks like Net G. On anytime decentralized feed-
in appears, the following effects might occur depending on heat load conditions in the network.  

Starting from the central heat producer (CP), eight decentralized heat producers (DCP) with different sizes are 
located along the segment (see Fig. 7 (left)). On each of the DCP a consumer is coupled behind, as well as further 

Fig. 7: Heat flow profiles and mass flow distribution for observed segment; summer week all DCP installed in network; Net B; Würzburg 
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ones along the segment. The network diversions D1..D3 are points were the observed segment enter or leaves a mesh, 
D4 is a network diversion where the net splits. In Fig. 7 (top) the progression of the heat flows for a representative 
summer week with high solar gains is shown. The heat load �̇�𝑄𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖  of all decentralized heat producers are given, as 
well as the heat provided by the central heat producer �̇�𝑄𝐷𝐷𝐷𝐷. The central heat producer is on every day for several hours 
offline, as seen in moments of �̇�𝑄𝐷𝐷𝐷𝐷 = 0 𝑘𝑘𝑘𝑘. Here a full supply of the DCP occurs in the whole network. In Fig. 7 
(bottom) the time-equivalent diagram shows the distribution of the mass flow in the supply line over the length of the 
observed segment. The position of the DCP, diversions and central heat producer (CP) are marked along the y-axes. 
The blue colour implies mass flow in positive direction to the supply line (normal operation). The red colour indicates 
negative mass flow that means a flow reversal in the pipes occur due to an excess of heat in parts of the segment. The 
transition between both conditions is marked in white. Here the flow velocity goes down to around zero, which is 
called a supply frontier (see the marked hint in Fig. 7 (bottom)). 

In this example, on all seven days a flow reversal occurs between DE5000_029 and the central heat producer (CP) 
during daytime. At this time, from DE5000_029 to the end of the segment, a positive mass flow occurs. This means 
that part of the heat flow of the large plant with 5000 m² goes further along the Segment due to a demand of consumer 
and most of the heat goes back to the central producer with the heat storage, due to an excess of heat. The following 
DCP until the end of the segment (D4) provide the heat, necessary for the demand in this direction. Between the 
diversions D3 and D4 the mass flow significantly increases. Here one of the meshes ends, and the pipe supplies the 
subsequent network, as can be seen in Fig. 7 (left) and Fig. 2. During night, the mass flow is fully positive along the 
segment as expected due to no feed-in of DCP.  

 
These alternating mass flow leads to alternating temperature profiles in the pipes. This is the main reason for 

thermal stress. Fig. 8 shows the time-equivalent temperature distribution of supply and return line. Examples of supply 
frontier zones are marked. The temperatures at these points is lower, compared to parts with feed-in. As the supply 
frontier is moving over time, an alternating thermal stress occurs at each pipe section. As a reaction of the supply 
frontier, higher fluctuation of the temperature can also be seen in the return line. 

Fig. 8: Temperature distribution for observed segment; Net B, summer week; Würzburg 
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4. Conclusion and Outlook 

The simulation study of the research project DELFIN gives an overview what kind of resulting effects can occur 
when decentralized heat producer feed-in into district heating networks. Moreover, first statements about the 
components pressure maintenance and heat storages were derived. The integration of a heat storage was discussed and 
several operation modes were investigated. As a result, a necessary size of the heat storage tank as well as the amount 
of possibly offline times of the central heat producer were determined according to the amount of decentralized heat 
producer and the storage operation mode. Furthermore, insights into the flow conditions of a representative segment 
of a meshed network have shown how decentralized heat feed-in influences the conditions in the pipes. 

 
As a next step, pressure conditions in the network will be investigated in detail. Especially the requirements for 

feed-in pumps are in focus of the investigations. Statements shall be derived which generation of feed-in pumps are 
needed to ensure feed-in under conditions treated here and what are the challenges for the operation of feed-in and 
main pump. Furthermore, the topic of thermal stress will be treated in detail. Finally, the influence of decentralized 
feed-in to the net control strategy will be discussed. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

Optimal energy management – including renewable energy generation, energy storage and demand-side strategies 
– is essential in the development of sustainable district heating systems [1]. Energy management requires an optimal 
control of the equipment that can be achieved through predictive control, whereby weather forecasts and other pieces 
of information (e.g., occupancy forecasts) are used to predict the system performance in advance (e.g., a few hours 
ahead) and to adjust the operation accordingly. The advantages of such approach have already been demonstrated in 
the past [2]. The present work investigates different modelling methods for the short-term forecasting (hours to days 
in advance) of the load of a solar community.  

1.1. The Drake Landing Solar Community 

In Canada, the Drake Landing Solar Community (DLSC) has a solar district heating system that provides space 
heating to a community of 52 residential houses by using solar energy [3]. This system has been in operation since 
2007 and achieved remarkable performance by an appropriate management of solar energy that can be stored either 
at short-term – for immediate use and over the next few hours – or long-term – for future use later in the year – using 
seasonal borehole thermal energy storage (BTES). A schematic of this system is shown in Fig. 1. 
 

 

Fig. 1. Schematic of the Drake Landing Solar Community district heating system [3]. 

In this system, solar energy is harvested by means of solar thermal collectors and transferred to a short-term thermal 
storage (STTS), composed of two hot water tanks with a total volume of 240 m3 (120 m3 each). The STTS can then 
provide heat to the community when required; natural gas boilers are turned on when the stored solar energy does not 
suffice to fulfill the heating demand. On the other hand, if there is enough thermal energy in the STTS, a fraction of 
this energy can be transferred to the seasonal BTES for later use during the cold months of the year. After the first 
five years of operation, the solar fraction of this system – i.e., the fraction of the community heating demand satisfied 
by solar energy– has been consistently higher than 90%. In the period 2015-16 the solar fraction reached the maximum 
value of 100%; in other words, only solar energy was used to provide space heating to the community.  

A detailed monitoring system records hundred variables (including temperatures, flow rates and electric power) at 
10-min intervals. In particular, this monitoring system measures the water flow rate in the district loop that carries 
thermal energy to the houses as well as the temperature of water that is supplied and returns from the homes. 

1.2. Forecasting the district heating demand  

This study is part of a larger project, aiming at implementing predictive control to improve, or at least to maintain, 
the high level of performance of this solar district heating system. Reducing electric energy use by circulation pumps 
is of particular interest. To this purpose, it is essential to be able to predict the heating demand (either energy or power) 
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a few hours ahead in order to adapt the system operation consequently. Different approaches can be used to model 
this community. Simple models (such as linear regressions as a function of the outdoor air temperature), can be readily 
developed, but they might be not accurate enough, especially for short-term predictions. Data-driven models and 
machine learning techniques represent an untapped opportunity to develop models that are accurate, robust and 
account for effects that are not necessarily measured (for instance, the occupancy).  

Within this context, the use of machine learning algorithms to predict building heating demand in buildings has 
already been investigated in the past. Artificial Neural Networks (ANN) and Support Vector Machines (SVM) are 
two of the most widely used techniques and their applications have been reviewed by Mat-Daut et al. [4] and Ahmad 
et al. [5]. Decision Trees (DT) are suitable as well to forecast energy consumption [6]. In addition to these techniques, 
Wang and Srinivasan investigated the capabilities of ensemble models for building energy use prediction [7], where 
multiple integrated algorithms are used to improve the performance of the model. Conversely, such an approach is 
highly dependent on the available data. The selection of model inputs may significantly affect model development 
and accuracy; Raza and Khosravi reviewed model inputs for smart grid and building load forecasting [8].  

1.3. Objective of the present work 

The objective of this paper is to develop models that predict the aggregated heating demand of the community by 
using machine learning techniques, and to compare the results with predictions from traditional linear regression 
models. Three machine learning techniques have been considered in this paper:  

 Decision trees, 
 Support vector machines, 
 Artificial neural networks.  

Since this work is developed for predictive control applications, it is essential that the model estimate the district 
heating demand accurately not only with recorded weather conditions, but also with weather forecasts. Thus, the 
model accuracy is assessed under two different scenarios:  

 By using actual weather conditions from recorded data, 
 By using actual weather forecasts from meteorological services. 

The scope of this study is to assess the use of machine learning for district heating demand forecasting, rather than 
improving existing algorithms. The paper is organized as follows. Firstly, the modelling approach is discussed and an 
overview of the considered algorithms is presented. Secondly, the methodology is described, including the selection 
of training, validation and test periods and the use of weather measured data and forecasts. The accuracy of the 
different models is then investigated and compared. Possible model applications are finally discussed.  
 
Nomenclature 

ANN Artificial Neural Network  
BTES Borehole Thermal Energy Storage 
DLSC Drake Landing Solar Community 
DT  Decision Tree 
OAT Outdoor Air Temperature 
NWH Non-working hours 
RMSE Root Mean Square Error 
SR Solar Radiation 
STTS Short-Term Thermal energy Storage 
SVM Support Vector Machine 
TOD Time of the Day 
WEND Week-END 
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2. Modelling approach: linear regressions and machine learning algorithms 

The district heating demand of the DLSC (the output variable) was calculated by using the water flow rate in the 
district loop (Fig. 1) and the temperature difference between supply and return. This section presents a conceptual 
summary of the models investigated for predicting the community heating demand. The considered models are: (a) 
linear regressions (used as the reference model); (b) decision trees; (c) support vector machines; and (d) artificial 
neural networks.   

2.1. Input variables 

The heating demand of a building depends on several variables. Weather conditions, mainly outdoor air temperature 
(heat losses through the building envelope), solar radiation (solar gains through windows, heating the building 
envelope) and outdoor air humidity, highly affects the energy consumption. Other variables, such as the occupant 
behaviour (temperature setpoint, internal heat gains, left ‘open’ windows, etc.), can also play an important role [9]. 

In this study, the aggregated heating load (kW) of the community was estimated by using as inputs one or more of 
the following variables: the outdoor air temperature, the horizontal solar radiation and occupant behavior related 
variables (Table 1). Weather conditions are measured on-site; weather forecasts are available from meteorological 
services [10].  

In contrast with weather, there is no measured occupancy data. Two methods to account for occupancy were tested. 

a) The operation time is divided into working hours (i.e., people at their workplace) and non-working hours (i.e., 
people at home). For the purposes of this study, working hours are assumed to be from 8:00 to 18:00, Monday to 
Friday. This approach corresponds to a binary description of occupancy (the variable NWH may be either 0 or 1). 

b) The days of the week are divided into workdays (Monday-Friday) and weekends (the variable WEND is 0 or 1). 
Furthermore, the hour of the day (TOD), ranging from 0 to 23, was used as an additional input variable. 

Table 1. Machine learning model inputs. 

Model input Variable Unit Value 

Outdoor air temperature OAT °C various 

Horizontal solar radiation SR W/m2 various 

Non-working hours NWH - [0, 1] 

Time of the day TOD 

WEND 

hr [0, 1, 2, …, 23] 

Weekend -  [0, 1] 

2.2. Linear regression model  

In general, linear regression models are quite simple, a fact which makes them attractive for control applications. 
However, the accuracy of these models is often quite low.  

This study considered linear regressions with minimal and maximal values using a 2-hr “rolling” outdoor 
temperature (i.e., moving average of the last 2 hours) as their only input. Two separate linear regressions were used 
to calculate the heating demand: one for the flow rate and another for the temperature difference between supply and 
return. In this approach, solar radiation and occupancy effects were neglected. This simple model serves as the 
reference model. 

2.3. Decision trees  

Decision trees (DTs) use a binary classification process where the model inputs (i.e., outdoor air temperature, solar 
radiation, occupancy) are successively used to classify operation modes that predict a specific value of the model 
output (i.e., the heating load). Firstly, the main modes of operation are used to split the “trunk” into the main branches; 
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the categorization is subsequently refined as more conditions are incorporated, in a manner akin to the branches, twigs 
and leaves of a tree.   

The complexity of DTs can be handled by using minimal “leaf size” constraints, i.e., a minimal number of 
observations that provide the same model output. For similar reasons, trees can be “pruned” to avoid overfitting. 
Pruning consists in judiciously removing branches that do not have a significant impact on the model accuracy.  

2.4. Support vector machines 

Support vector machines (SVMs) are generally used to solve non-linear problems and rely on structural risk 
minimization [11]. The principle is to find the optimal boundaries (hyperplanes) that maximize the distance between 
data points of distinct groups. In a non-linear problem, a SVM considers a Kernel distribution to optimize the margin. 
In this work, a Gaussian radial basis function has been used.  

2.5. Artificial neural networks 

Artificial neural networks mimic a human neural system and the process of learning [4] to determine appropriate 
connections between input(s) and output(s). These connections are constructed by means of neurons contained in 
hidden layer(s) [12]. The information transfer between input(s), neurons and output(s) is regulated by using 
appropriate weights. Meanwhile, at each neuron, the information undergoes a mathematical transformation (activation 
function). Such structure results in many connection possibilities. The model training consists in adjusting the values 
of the weights in order to match output predictions and targets (e.g., measurements) [12]. Weight optimization can be 
carried out by calculating the error between predictions and targets, and then adapting the weights via propagation 
learning methods. 

This study employed a feedforward ANN, in which the information moves unidirectionally from input(s) to 
output(s). It contains a single hidden layer of 10 neurons. A tan-sigmoid activation function was selected; the 
Levenberg-Marquardt method was used for the backpropagation learning. 

3. Methodology: model training, validation and test 

Data-driven models require training (or calibration). By their nature they are subject to overfitting – a model that 
performs very well with the training dataset may perform poorly with a different one. To avoid this issue, models must 
be validated with a different dataset. For machine learning algorithms, the dataset used to “feed” the model is generally 
divided into “training” and “validation” periods; the training procedure evaluates the model accuracy in both periods. 
Once the model has been trained and is ready-to-use, a third dataset may be selected to test the model under yet 
different conditions. The selection of training, validation and test periods is described in this section. 

3.1. Weather measured data 

In this study, the models were trained by using measurements collected at 10-min intervals during two years of 
operation of the DLSC, from July 2015 to June 2017. This training-validation dataset was then randomly divided, 
70% was used for training and 30% for validation. Furthermore, the accuracy of models was also tested by using an 
additional dataset corresponding to measurements for the next seven months (July 2017 to January 2018). 

3.2. Weather forecast data 

In addition to the on-site measurements, the models were tested with weather forecast data. The Canadian 
Meteorological Centre provides hourly forecasts up to 48-hour ahead, updated four times per day. In other words, 
every six hours a new forecast is released with 48 values per variable. The software tool CanMETEO [9] was used to 
facilitate the data retrieval and to store forecasts over several months. This method enables assessing the impact of 
under- and over-estimations of weather conditions (outdoor temperature, solar radiation) on the heating demand. It is 
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worth mentioning that overall, the outdoor temperature is quite well predicted (standard deviation of 2.2°C) while the 
intermittency of solar radiation makes it more difficult to forecast [13].  

Machine learning models were tested using the recorded weather forecasts, ranging from July 2017 to January 
2018. To match the time step of the recorded measurements, the hourly forecasts were linearly interpolated at 10-min 
intervals. Note that, due to technical issues (e.g., failures in the network), the forecast database is incomplete and does 
not cover the entire period. However, since four forecasts are released every day, several predictions exist for the same 
moment in time; this represents an equivalent period of around 3 years’ worth of forecast data. Moreover, considering 
that weather forecasts are likely to be more accurate over the short-term (for example, only a few hours ahead), the 
model accuracy was calculated for two forecast horizons: 6-hr and 48-hr.   

4. Results: model accuracy and district heating load forecasts 

This section discusses the accuracy of the different models. The impact of model inputs is assessed by using both 
weather data recorded on-site and weather forecasts. The accuracy of the different models is evaluated by comparing 
their Root Mean Square Error (RMSE) with the value obtained from linear regressions (reference model). Scatter plots 
of heating load vs temperature are then examined. Finally, the influence of weather forecasts on short-term forecasting 
is discussed.  

4.1. Comparison between model accuracy and impact of model inputs 

OAT as the only input. The simplest modelling approach consists in using the outdoor air temperature (OAT) as 
the only model input (Fig. 2, top). Results with recorded data and weather forecasts are shown. In both cases, machine 
learning methods improve the accuracy of the results. Since in general short-term weather forecasts are more accurate, 
the models using 6-hr forecasts tend to outperform slightly those using 48-hr ahead forecasts.  

OAT and SR as inputs. When solar radiation (SR) is included as an additional model input (Fig. 2, bottom), the 
accuracy is better when recorded data is used, but not necessarily with weather forecasts 48-hr ahead. This may be 
due to solar radiation forecasts that are not always accurate and the resulting error propagation. Again, shorter forecast 
horizons (6-hr) improve the accuracy. 

 

 

 

Fig. 2. Model accuracy (RMSE) using weather condition measurements and forecasts, with OAT (top) and OAT-SR (bottom) as inputs. 

OAT, SR and occupancy index as inputs. The effect of occupancy was examined according to the models described 
above: (a) working- and non-working-hours” (NWH); (b) the time of the day (TOD) and whether or not the current 
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time is a weekend (WEND). Using NWH has a low impact on the model accuracy. Such an approach is equivalent to 
applying models for two operation modes and may explain the small difference compared with OAT-SR.  

The detailed TOD-WEND model significantly decreases the RMSE with on-site measurements, especially for the 
training-validation period. Since these “occupancy” forecasts only depend on the day and the time of the day, they 
can be considered as “perfect”; the deviation may come from model overfitting. In general, except in the case of the 
SVM, 6-hr predictions provide similar results for OAT-SR-NWH and OAT-SR-TOD-WEND. 

 

 

 

Fig. 3. Model accuracy (RMSE) using weather condition measurements and forecasts, with OAT-SR-NWH (top) and OAT-SR-TOD-WEND 
(bottom) as inputs. 

In terms of algorithms, similar results were obtained with all the methods (DT, SVM and ANN). The main 
difference occurs for the SVM with OAT-SR-TOD-WEND as model inputs, in which the accuracy for weather 
forecasts is lower than with linear regressions. This might be because the SVM model struggles with the complexity 
of the TOD-WEND model (i.e. 24 values for both workdays and weekend). The RMSE improvement obtained by 
using machine learning techniques in comparison with linear regression is summarized in Table 2. 

Table 2. RMSE improvement obtained by using machine learning techniques. 

Model input RMSE improvement 

 w/ meas. w/ 48-hr fore. w/ 6-hr fore. 

OAT 7.3% – 10.1% 3.3% – 6.0% 5.0% – 7.0% 

OAT-SR 11.3% – 15.3% 4.1% – 6.1% 5.8% – 6.8%  

OAT-SR-NWH 12.4% – 15.5% 4.1% – 5.2% 6.5% – 7.0% 

OAT-SR-TOD-WEND 13.0% – 23.9% 2.9% – 3.9%* 7.2% – 8.3%*  
* The SVM is excluded from the calculations 

4.2. District heating load forecasts 

Scatter plots of heating load vs outdoor temperature, obtained using linear regressions, DT, SVM and ANN, have 
been shown in Fig. 4. Using linear regressions for both flow rate and temperature difference makes the reference 
model approximately follow a linear regression, whose “width” may be attributed to the 2-hr rolling outdoor air 
temperature.  

The machine learning models considered OAT-SR-NWH as inputs. Therefore, for a given outdoor air temperature, 
the heating load might vary due to solar and internal heat gains (this results in a wider range of potential heating 
demands for a given outdoor temperature).  
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In the DT model, the binary classification process is limited by the “leaf size”, which reduces the number of possible 
heating demand values. Despite some negative values, the SVM and ANN models appear to predict the general trends 
of heating load variations appropriately. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 4. District heating demand using (a) linear regressions, (b) decision tree, (c) support vector machine and (d) artificial neural network for the 
training, validation and test periods with measured weather conditions and OAT-SR-NWH as inputs. 

Fig. 5 shows changes in heating demand with time. Measurements and model outputs using weather measurements 
are shown with solid lines; model outputs using weather forecasts (up to 48-hr and 6-hr ahead) are shown with markers. 
The selected period corresponds to 5 days in mid-January in which the ambient temperature decreased from 0°C down 
to -30°C, and then increased back, up to 0°C. During this period, the expected solar radiation was overestimated (1st 
day), well predicted (2nd-5th days) and underestimated (3rd day). 

As shown in this figure, linear regressions capture the main trends but not necessarily short-term fluctuations (Jan 
11-13). Machine learning algorithms allows accounting for these fluctuations, at both 6-hr and 48-hr ahead (similar 
results were obtained for DT and SVM). Moreover, on Jan 9, the solar radiation overestimation coincides with higher 
outdoor air temperature predictions and results in a clear underestimation of the heating demand. On Jan 10, weather 
conditions are well-predicted 6-hr ahead, which leads to accurate district heating demand predictions. Overall, 
machine learning models are accurate enough to be used for load forecasting. 

5. Discussion: model applications and future work 

Machine learning algorithms appear to provide accurate predictions for the community heating demand, even if, 
for the considered case study, accuracy gains are relatively small compared with a simple linear regression model. In 
particular, machine learning methods help predict short-term load fluctuations that might be very useful for control 
applications. Moreover, occupancy, and at a lesser extent solar radiation, appear to have a modest impact on the 
heating demand of this 52-unit residential community. This might be partially explained by a possibly low number of 
occupants (low internal gains), their individual behaviour (e.g., identical temperature setpoint during the daytime and 
nighttime) and their effect on the aggregated demand (individual effect, relatively to 52 homes). Furthermore, the 
configuration of the community, located on two east-west streets, might reduce solar gains (e.g., low window-to-wall 
ratio). Nevertheless, one should keep in mind that the strength of machine learning methods lies in their reproducibility 
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in other cases where occupancy and solar radiation may have a significant influence on the district heating demand 
that may not be predicted accurately using simple linear relations.  

 

 

 

 

 

Fig. 5. Measured and forecasted outdoor air temperature, horizontal solar radiation and heating demand using linear regressions, artificial neural 
network (from top to bottom) and OAT-SR-NWH as inputs. 

As part of a larger study on predictive controls in the DLSC, this paper represents a first step towards a ready-to-
use and efficient machine learning algorithm to forecast the heating demand. Moreover, a detailed analysis of the 
model parameters for the three techniques used in this work might help improve the model accuracy. For example, 
the parametric analysis could investigate DT minimal leaf sizes and pruning, kernel distributions in SVM or the 
number of hidden layers and neurons in ANN. Dedicated models for the occupancy may also be developed while other 



68 Etienne Saloux et al. / Energy Procedia 149 (2018) 59–68
10 Saloux and Candanedo / Energy Procedia 00 (2018) 000–000 

Artificial Intelligence (AI) algorithms could be analyzed. These include ensemble of trees, Gaussian process 
regression models and non-linear autoregressive artificial neural networks (with or without exogenous inputs). 
Regarding control applications, simulation parameters could also be investigated. In particular, the size of the time 
steps (e.g., 1-hr or 3-hr instead of 10-min) has significant impact, especially for autoregressive approaches, and is 
critical to account for short-term fluctuations. 

6. Conclusions 

This paper has discussed and assessed the use of machine learning algorithms to forecast the heating demand of 
the Drake Landing Solar Community. Decision trees, support vector machines and artificial neural networks have 
been considered and evaluated under two specific conditions: (a) using measured weather conditions and (b) using 
weather forecasts retrieved from meteorological services. Furthermore, different model inputs have been considered 
– outdoor air temperature, solar radiation and two occupancy models – and their influence on model accuracy has 
been evaluated. It has been found that all machine learning algorithms improve the accuracy of heating demand 
predictions – albeit modestly – when weather forecasts are considered, especially in the short-term (6-hr ahead) when 
forecasts are more accurate. Machine learning techniques capture short-term fluctuations, which are essential for 
control applications. It has also been found that the impact of occupancy (and solar radiation to some extent), is 
relatively low on this community demand and might be explained by the studied community configuration and 
occupant behaviour. Further research on these techniques (including auto-regressive methods and different time steps) 
will help in the development of appropriate data-driven models for control applications. 
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1. Introduction 

Large scale District Heating Network (DHN) operated at variable supply temperature are installed in several large 
European cities, and more than 50 % of the heat delivered by French DHN is over 110 °C. Because of their size and 
complexity, operational optimization of these systems can lead to significant energy and cost savings.  

As an example, the Grenoble urban district is equipped with the second largest DHN in France. The system delivers 
annually 900 GWh of heat to more than 1000 buildings, through a 150 km two-pipe network. The heat carrier fluid is 
pressurized water operated at a supply temperature ranging from 105 °C to 180 °C. The DHN is fed by 3 main supply 
units sourced by waste, biomass, coal, natural gas and heating oil. The renewable and recovery energy share amounted 
60 % in the energy mix during the 2016-2017 heating season. Heat consumers are indirectly connected to the network 
by a sub-station (SST). The SSTs used in Grenoble are mainly composed of a heat exchanger, a control valve located 
on the primary side and a regulator controlling the secondary supply temperature using the aforementioned valve. In 
such a system, optimization even by a few percent leads to significant costs savings.  

Energy load of large scale DHN such as the one in Grenoble is generally supplied by numerous generators relying 
on various fuels so that production costs depends largely on the load variations. On the other hand, large scale 
distribution networks are subject to complex dynamic behaviors originating from the variability of the demand and 
from significant temperature transportation delay between production and consumption. If the network supply 
temperature is variable the aforementioned transportation delay goes hand and hand with a thermal storage effect. 
Developing an appropriate temperature controller capable of mastering this so-called “network storage effect” paves 
the way to intelligent heat distribution accounting for the flexibility natively offered by such a large-scale DHN. 

The present paper summarizes four years of research conducted by our team in collaboration with CCIAG, the 
operating company of the Grenoble DHN, to develop and asses a model-predictive controller to optimize the 
distribution of heat. The following section gives an overview of preexisting supply temperature controllers along with 
their limitations when an application to a large scale DHN is considered.   

1.1. Related works 

The approach traditionally used to determine the supply temperature of a DHN relies on heuristic methods, i.e. a 
formalization of common sense, simple logic or expert judgement. The single or even multi-variables (e.g. external 
temperature, hour of the day …) heating curve is an application of such a method. Though simple to implement and 
robust with respect to production or demand uncertainties, the efficiency of such method is always limited when 
applied to a system comprising several sources, variable energy purchase prices and energy storage capacity. This is 
partly due to the fact that anticipative control strategies are difficult if not impossible to formulate in this framework. 
Another difficulty is that production goals may be multiple and conflicting (e.g. power and heat generation in combined 
heat-and-power units).  

To overcome the aforementioned difficulties, a Model Predictive Controller (MPC) is an attractive alternative. An 
MPC is generally composed of a load prediction module and an optimization procedure used to determine the best 
possible path for control variables, i.e. the one minimizing an objective function while meeting different technical and 
operational constraints. Depending on the formulation of the quantitative objective to minimize, operating costs and/or 
CO2 content of the delivered heat may be significantly improved.  

However, formulating a general MPC for a DHN is a complex task, and most previous works only consider some 
parts of the problem. In particular, numerous studies deal with production optimization only, i.e. they address the unit 
commitment and load dispatch problem without considering distribution of heat. Several works also consider 
optimizing the supply temperature, in order to reduce heat losses and to leverage the network storage effect. For 
instance, the Finite Impulse Response method has been proposed to linearize a dynamic distribution network model, 
which can be used to solve a linear optimization problem [1]. While theoretically sound, this method is often 
impractical since it requires a prohibitive number of dynamic network model simulations at each optimization step. 
As an example, in the Grenoble case, deploying this MPC solution with a 24h prediction horizon and 15 minutes step 
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would require several hundreds of dynamic network simulations at each step. This would only be possible with a very 
low accuracy modeling, yielding non-exploitable control trajectories as a result.  

Another possible approach consists in modeling, formulating and solving a dynamic optimization problem using 
dynamic programming. Following this method, it is possible to solve a short-term production planning problem for a 
DHN using a two-steps optimization procedure including production and distribution variables [2]. However, due to 
prohibitive computational costs, the network representation only includes few consumers. Other studies [3] can reach 
a result only under the restrictive assumption that the network mass flow rate is independent of the supply temperature. 
As a conclusion, no method is currently available for performing a model-predictive control of the supply temperature 
to leverage the network storage effect in large-scale DHN, where it is most useful. The work we conducted over the 
last four year demonstrates such a solution on a real-world DHN.  

1.2. Structure of the paper 

The rest of this paper is organized as follows. In section 2 we give an overview of the model predictive controller 
we developed. In section 3 we consider a load prediction model explicitly taking into account the network storage 
effect resulting from varying supply temperatures. In section 4, we present a novel fast-fluid dynamic network 
simulation model we introduced for addressing operational optimization in large-scale DHN. In section 5, we briefly 
describe the optimization model used in our model-predictive controller. In section 6, we report on the implementation 
of the controller for evaluation in an industrial environment. Finally in section 7 we present some results and conclude 
in section 8. 
 
Nomenclature 

𝛼𝛼𝑘𝑘  Commitment factor for supply unit 𝑘𝑘 [−] 
𝜶𝜶  Commitment factor vector for all supply unit [– ] 
𝐴𝐴1→3, 𝐴𝐴′1→3 Load prediction coefficients (in equations (2) and (3)) 
𝐴𝐴𝑐𝑐  Parameter of differential pressure law for consumer 𝑐𝑐 [𝑃𝑃𝑃𝑃] 
𝐵𝐵𝑐𝑐   Parameter of differential pressure law for consumer 𝑐𝑐 [𝑃𝑃𝑃𝑃/𝑘𝑘𝑘𝑘 ∙ 𝑠𝑠] 
𝐶𝐶𝑃𝑃𝐶𝐶  Calendar information (day and hour within a week) [– ] 
Δ𝑃𝑃  Differential pressure at the load following plant of the network [𝑃𝑃𝑃𝑃] 
𝐹𝐹𝑇𝑇  Supply temperature modulation term  [−] 
𝐻𝐻𝑜𝑜  Anticipation horizon [𝑠𝑠] 
𝐼𝐼𝑘𝑘,𝑐𝑐  Proportion of hot fluid consumed by 𝑐𝑐 originating from supply unit 𝑘𝑘 [−]  
�̇�𝑄  Heating power [𝑊𝑊] 
�̇�𝑚  Mass flow-rate [𝑘𝑘𝑘𝑘/𝑠𝑠] 
𝑁𝑁  Number of  [−] 
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎   Ambiant temperature around the distribution pipes [°𝐶𝐶] 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐   Primary inlet temperature at consumer level [°𝐶𝐶] 
𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐   Secondary inlet temperature at consumer level [°𝐶𝐶] 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖−𝑖𝑖𝑠𝑠,𝑐𝑐 Secondary outlet set-point temperature at consumer level [°𝐶𝐶] 
𝑇𝑇𝑠𝑠𝑘𝑘   Supply temperature of unit 𝑘𝑘 [°𝐶𝐶] 
𝜏𝜏𝑘𝑘,𝑐𝑐   Temperature transportation delay between supply unit 𝑘𝑘 and consumer 𝑐𝑐 [𝑠𝑠] 
𝑇𝑇𝑇𝑇ℎ𝑘𝑘,𝑐𝑐  Thermal time constant between supply unit 𝑘𝑘 and consumer 𝑐𝑐 [𝑠𝑠] 
𝑉𝑉𝑉𝑉𝐿𝐿𝑘𝑘,𝑐𝑐   Equivalent volume of flow path between supply unit 𝑘𝑘 and consumer 𝑐𝑐 [𝑚𝑚3] 
𝑊𝑊𝑊𝑊𝑃𝑃  Weather prediction (temperature, wind speed, solar irradiance) 
�̇�𝑊𝑠𝑠𝑎𝑎𝑠𝑠  Mechanical pumping power [𝑊𝑊] 
 

𝑐𝑐   consumer   𝑑𝑑𝑎𝑎𝑑𝑑    heat demand 
𝑘𝑘   supply unit   𝑜𝑜𝑜𝑜𝑜𝑜   total 
𝑠𝑠𝑝𝑝𝑜𝑜𝑑𝑑   produced    
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2. Overview of the model-predictive controller 

The model-predictive controller we developed in the case of the large-scale Grenoble DHN is a generalization of 
the work presented in [4]. As depicted in Fig. 1, the overall functioning of the controller combines a dynamic 
simulation step and an optimization step. To reach an acceptable computational efficiency, and similarly to other 
work, the optimization step relies on a Mixed Integer Linear Programming (MILP) formulation. However, because of 
inherent non-linear dynamics of the DHN, we also perform a dynamic network simulation in order to provide updated 
inputs to the MILP optimizer at each optimization step. An example of such input variable is the transportation delay 
between the producers and the consumers. Since the outputs of the optimizer, i.e. the path for the supply temperatures 
and differential pressure control variables can alter the dynamic behavior of the network, we introduced iterations 
between the dynamic simulations and the optimizer.  

 

 

Fig. 1. General functioning of the model-predictive controller. 

A key contribution of the work presented here is the generalization of the work presented in [4] to a large-scale 
DHN. In the following sections, we give an overview of the steps taken to improve the previously proposed solution. 
In particular, two key contributions are the improved load prediction taking the network storage effect into account, 
and the fast-fluid dynamic network simulation model.  

3. Load Prediction including the network storage effect 

The network storage effect is one of the key characteristics of the type of DHN we consider. Because of their large 
volume and varying supply temperatures, a significant amount of energy can be stored within the network itself, and 
introduce indirect dependencies between the actual demand and the heat injected in the network at each time. In this 
section, we highlight on the impact of taking into account the network storage effect when predicting the load of the 
network.  

In [4], we show that a relation between the total demand �̇�𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡, i.e. the sum of the individual demands at the 
consumer level, and the heat injected in the network �̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡 at each time 𝑡𝑡 can be expressed as: 

�̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) = ∑ �̇�𝑄𝑘𝑘(𝑡𝑡)𝑘𝑘=1..𝑁𝑁𝑘𝑘 =  �̇�𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ⋅  [1 +  𝐹𝐹𝑇𝑇(𝑡𝑡)] − �̇�𝑊𝑝𝑝𝑑𝑑𝑝𝑝(𝑡𝑡)   (1) 

In Eq. (1), 𝑘𝑘 is the supply unit index, 𝐹𝐹𝑇𝑇 is a modulation term that depends on past and present values of supply 
temperature and �̇�𝑊𝑝𝑝𝑑𝑑𝑝𝑝 is the pumping work. It is important to note that in Eq. (1), �̇�𝑄𝑑𝑑𝑑𝑑𝑑𝑑 can in general not be measured 
directly, as it would require all consumers of the network to be equipped with real-time consumption measurement. 
On the contrary, all other terms can be derived from measures at the heating plants.   

We note 𝑋𝑋~ the predicted value of the sample variable 𝑋𝑋 for future times. Various methods can be found in the 
literature for estimating �̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡

~ . In our work, similarly to [5], we consider a simple linear model combining data on 
predicted weather forecast, calendar information and past values of �̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡. However, the originality of our work is 
that we not only consider direct estimation of �̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡

~  but also indirect estimation based on Eq. (1). In particular, we 
consider that �̇�𝑄𝑝𝑝𝑝𝑝𝑡𝑡𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡

~  can also be estimated as the right hand-side of Eq. (1) where �̇�𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡 is replaced by �̇�𝑄𝑑𝑑𝑑𝑑𝑑𝑑,𝑡𝑡𝑡𝑡𝑡𝑡
~  

and  𝐹𝐹𝑇𝑇 and �̇�𝑊𝑝𝑝𝑑𝑑𝑝𝑝  can be accurately estimated for future times based on the planned supply temperature and 
differential pressure set points, which are controlled by the DHN operator.  

Load
Prediction

Dynamic network 
simulation MILP Optimizer Convergence

No

Yes

Optimized
control 

variables
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Table 1 presents a comparison of the two alternative models we consider. This comparison is based on historical 
data from the CCIAG network in Grenoble, between 18/11/2013 00:00 and 17/03/2014 00:00, with a granularity of 1 
hour. In order to focus on the respective quality of both models, we used the actual weather measurements (i.e. perfect 
weather forecast) as well as the actual values of supply temperature and differential pressure (i.e. perfect control of 
planned set-points). Each model then estimates the value of �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡

~   for each hour based on vector 𝑾𝑾𝑾𝑾𝑾𝑾(𝒕𝒕)  =
 [𝑊𝑊𝑊𝑊𝑊𝑊(𝑡𝑡 − 1), Wea~(𝑡𝑡)] of current and predicted weather conditions at time t, on vector  �̇�𝑸𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕

𝒑𝒑𝑾𝑾𝒑𝒑𝒕𝒕 (𝒕𝒕)=[ �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡(𝑡𝑡 −
1), … ,  �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡(𝑡𝑡 − 24)] of past values of �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡 and on vector 𝑪𝑪𝑾𝑾𝑪𝑪(𝒕𝒕) denoting the current day and hour of the 
week. In the direct estimation model, regression coefficients are computed directly for the relation: 

�̇�𝑸𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕
~ = 𝑨𝑨𝟏𝟏 ⋅ 𝑾𝑾𝑾𝑾𝑾𝑾 + 𝑨𝑨𝟐𝟐 ∙ �̇�𝑸𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕

𝒑𝒑𝑾𝑾𝒑𝒑𝒕𝒕 + 𝑨𝑨𝟑𝟑 ∙ 𝑪𝑪𝑾𝑾𝑪𝑪  (2) 

In the indirect estimation model, coefficient are computed for �̇�𝑸𝒑𝒑𝒅𝒅𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕
~ , before computing �̇�𝑸𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕

~  using Eq. (1). 

�̇�𝑸𝒑𝒑𝒅𝒅𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕
~ = 𝐴𝐴′

1 ⋅ 𝑾𝑾𝑾𝑾𝑾𝑾 + 𝐴𝐴′
2 ∙ �̇�𝑸𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑,𝒕𝒕𝒑𝒑𝒕𝒕

𝒑𝒑𝑾𝑾𝒑𝒑𝒕𝒕 + 𝐴𝐴′
3 ∙ 𝑪𝑪𝑾𝑾𝑪𝑪  (3) 

Table 1. Comparison of the direct and indirect load prediction models. 

Model MAE (MW) RMSE (MW) 

Direct estimation of �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡
~  11.27 8.90 

Indirect estimation of �̇�𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡
~  from �̇�𝑄𝑝𝑝𝑑𝑑𝑝𝑝,𝑡𝑡𝑝𝑝𝑡𝑡

~  6.58 8.40 

 
To ease the numerical vs. experimental cross-comparison, we used two common metrics namely the Mean Absolute 

Error (MAE) and the Root Mean Squared Error (RMSE). As it can be expected, considering the network storage effect 
in the prediction brings significant improvement in the load prediction accuracy, so that the MAE in the indirect 
estimation is almost half the MAE of the direct estimation. Indeed, the variables considered in the models are related 
to the actual demand, but can in general not reflect the control decisions taken by the DHN operators, especially if 
they are subject to specific rules (i.e. not only a heating curve). In the following, we consider a load prediction based 
on the indirect estimation model. 

4. Fast fluid-dynamic simulation of the distribution network 

As introduced in section 2, a dynamic simulation is necessary to account for the non-linear behavior of a DHN. 
This is for instance the case for the temperature transportation delay between producers and consumers. The dynamic 
simulation must therefore be able to simulate heat transport in a DHN. 

In [4], we use a classical approach based on a one dimensional fluid dynamic model and a full physical 
representation of the network including pipes, fittings, pumps etc … The distribution network is represented using a 
collection of nodes and edges and the physical behavior is modelled using mass, energy and momentum balance 
equations.  

In the case of large scale systems, i.e. amounting several tens of thousands of nodes or edges, such an approach has 
proven to lead to excessive simulation times when used in an online operational optimization application, even with 
commercially available software. To circumvent this problem, aggregation methods [6-7] have been developed to 
progressively reduce the topological complexity of the model while tentatively conserving the most important physical 
properties of the original network. However, as pointed in [8], this aggregation process requires human decisions taken 
by an experienced researcher. More recently, Guelpa et al. [9] designed and evaluated a model based on Proper 
Orthogonal Decomposition combined with Radial Basis function for a large-scale network, and demonstrated 
encouraging results. In the present research program, we formulated and assessed another variation of reduced network 
model, hereafter referred as RNM. 
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4.1. Formulation of the Reduced Network Model for large-scale DHN 

The proposed RNM firstly relies on the assumption that the fluid transported from supply unit 𝑘𝑘 to consumer 𝑐𝑐 
flows through an equivalent virtual single pipe. The determination of the virtual pipes properties will be dealt with at 
the end of this section. It is well known that the temperature transport through a single pipe can be efficiently computed 
using the method of characteristics. We further assume that we can linearly combine the contributions from the various 
supply units. This reasoning leads to the following equation, linking the network temperature at the consumer level 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐 to the past values of the supply temperature 𝑇𝑇𝑠𝑠𝑘𝑘 at the production level: 

𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐 = ∑ 𝐼𝐼𝑘𝑘,𝑐𝑐 ∙ {𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + [𝑇𝑇𝑠𝑠𝑘𝑘(𝑡𝑡 − 𝜏𝜏𝑘𝑘,𝑐𝑐) − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎] ∙ 𝑒𝑒
−𝜏𝜏𝑘𝑘,𝑐𝑐 𝑇𝑇𝑇𝑇ℎ𝑘𝑘,𝑐𝑐⁄ }𝑘𝑘=1..𝑁𝑁𝑘𝑘    (4) 

where 𝐼𝐼𝑘𝑘,𝑐𝑐 is the proportion of hot fluid consumed by consumer 𝑐𝑐 originating from supply unit 𝑘𝑘, 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  is the ambient 
temperature surrounding the distribution pipes, and 𝜏𝜏𝑘𝑘,𝑐𝑐 and 𝑇𝑇𝑡𝑡ℎ𝑘𝑘,𝑐𝑐 respectively stand for the transportation delay and 
the mean thermal time constant of the flow-path between supply unit 𝑘𝑘 and consumer 𝑐𝑐. In Eq. (4), 𝜏𝜏𝑘𝑘,𝑐𝑐 is evaluated 
using a predefined equivalent volume denoted 𝑉𝑉𝑉𝑉𝐿𝐿𝑘𝑘,𝑐𝑐  and the recent history of the total network mass flow-rate 
denoted �̇�𝑚𝑇𝑇𝑡𝑡𝑇𝑇. 
 

 

Fig. 2. 𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥𝑐𝑐 as a function of the total network mass flow-rate �̇�𝑚𝑇𝑇𝑡𝑡𝑇𝑇 for the two consumers “59V” (left) and “280T” (right) – experimental 
results for operating condition 𝜶𝜶 = [0.3; 0.38; 0.32] (see equation (7) for the definition of 𝜶𝜶). 

By observing the experimental evolutions of the differential pressure (see Fig. 2), we then assume that the value at 
consumer 𝑐𝑐, i.e. Δ𝛥𝛥𝑐𝑐,  can be computed using the following simple linear relation: 

𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥𝑐𝑐 = 𝐴𝐴𝑐𝑐 + 𝐵𝐵𝑐𝑐 ∙ �̇�𝑚𝑇𝑇𝑡𝑡𝑇𝑇    (5) 

where Δ𝛥𝛥 is the differential pressure imposed in the load following plant of the network and 𝐴𝐴𝑐𝑐 and 𝐵𝐵𝑐𝑐 are parameters 
of the law.   

Then, a sub-station model is required to link the clients’ heat consumption to the network mass flow-rate. Inputs 
of the model are the secondary inlet and the outlet set-point temperatures (respectively denoted 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐 and 𝑇𝑇𝑡𝑡𝑜𝑜𝑇𝑇𝑖𝑖−𝑖𝑖𝑠𝑠,𝑐𝑐), 
as well as the heat demand �̇�𝑄𝑐𝑐 and the primary differential pressure at the consumer level. We compute the thermal 
behavior of the heat-exchanger using a conventional logarithmic mean temperature difference formulation valid for a 
counter-flow configuration. As in [10], our model explicitly represents the hydraulic regime where the client’s heat 
request is not satisfied. From a computational point of view, our model is expressed by a non-linear function 𝐹𝐹𝑆𝑆𝑆𝑆𝑇𝑇 (see 
below) which is solved for variable �̇�𝑚𝑐𝑐, i.e. the primary mass-flow-rate for consumer 𝑐𝑐:   

𝐹𝐹𝑆𝑆𝑆𝑆𝑇𝑇(�̇�𝑚𝑐𝑐, 𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐, 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐, 𝑇𝑇𝑡𝑡𝑜𝑜𝑇𝑇𝑖𝑖−𝑖𝑖𝑠𝑠,𝑐𝑐, �̇�𝑄𝑐𝑐, 𝛥𝛥𝛥𝛥𝑐𝑐) = 0   (6) 

𝐹𝐹𝑆𝑆𝑆𝑆𝑇𝑇 is solved for each consumer and their respective contribution are summed to compute the total network mass 
flow-rate �̇�𝑚𝑇𝑇𝑡𝑡𝑇𝑇. Since �̇�𝑚𝑇𝑇𝑡𝑡𝑇𝑇 is both an input for Eq. (4) and (5) and a result of the calculation procedure, we use an 
iterative procedure associated to a termination criteria based on numerical increments to solve the RNM.     

To be accurate, the RNM must be properly parametrized; in particular the values for 𝐼𝐼𝑘𝑘,𝑐𝑐, 𝑇𝑇𝑡𝑡ℎ𝑘𝑘,𝑐𝑐, 𝑉𝑉𝑉𝑉𝐿𝐿𝑘𝑘,𝑐𝑐, 𝐴𝐴𝑐𝑐 and 
𝐵𝐵𝑐𝑐 must be fixed. To do so, we rely on simulations carried with an off-line higher-order static model comprising an 
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exhaustive description of the Grenoble network in terms of pipes, dimensions, materials etc… For each operating 
condition, we determine and store an independent set of parameters for quick inline retrieval. In our work, the 
operating conditions of the network are primarily described using the commitment factor vector 𝜶𝜶 :  

𝜶𝜶 = [𝛼𝛼1 … 𝛼𝛼𝑁𝑁𝑘𝑘]       with       𝛼𝛼𝑘𝑘 =  �̇�𝑚𝑘𝑘 �̇�𝑚𝑡𝑡𝑡𝑡𝑡𝑡⁄    (7) 

where �̇�𝑚𝑘𝑘 stands for the mass flow-rate heated by supply unit 𝑘𝑘. Thus, the possible operating conditions of the network 
are scanned using a collection of discrete values of 𝜶𝜶. The cardinality of this collection depends on the number of 
supply units in the network and on the size of the discretization step. To establish the RNM of the Grenoble DHN 
containing 3 supply units, we relied of several thousands of independent parameters sets for the RNM.  

4.2. Validation of the RNM 

The accuracy of the proposed RNM model has been evaluated by cross-comparing experimental and numerical 
results. The numerical results were obtained by simulating a past heating season, from November to late March. The 
measured values of the supply temperatures, of the differential pressure for the load following plant and of the 
commitment factors were used as boundary conditions for the simulation. The clients’ heat demand and secondary 
temperatures were estimated and imposed as boundary conditions in the simulation.  

 

 

Fig. 3.  Numerical vs. Experimental cross-comparison of the network temperature for consumer “95V”. 

Fig. 3 shows an extract of the obtained result. The scores obtained over the heating season for the 7 consumers 
monitored in terms of temperature and differential pressure, namely “13V”, “95V”, “13EY”, “1LT”, “219T”, “280T” 
and “240N”, are summarized in Table 2. As can be seen in Table 2, the accuracy is acceptable for 𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐 but only partly 
satisfying for Δ𝑃𝑃𝑐𝑐. We are thus currently working to improve the accuracy of the RNM model for Δ𝑃𝑃𝑐𝑐 .      

 Table 2. Temperature and differential pressure accuracy of the RNM for 7 consumers. 

 “13V” “95V” “13EY” “1LT” “219T” “280T” “240N” 

Δ𝑃𝑃𝑐𝑐  (bar) MAE - RMSE 0.86 – 0.49 0.94 – 0.51 1.03 – 0.56 1.24 – 0.72 0.59 – 0.36 0.61 – 0.39 1.11 – 0.42 

𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐 (°C) MAE - RMSE 2.05 – 1.4 2.05 – 1.31 3.13 – 2.17 2.04 – 1.19 2.22 – 1.09 1.13 – 0.78 3.48 – 2.31 

5. The MILP optimization problem 

In the case of a large-scale DHN, we use a MILP formulation similar to the one described in [4], with two notable 
changes we introduced to cope with large-scale DHN.  
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The first changes is on the critical conditions to supply heat demand. We recall here that the critical conditions are 
the network operating conditions (𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐, Δ𝑃𝑃𝑐𝑐) at the consumer level below which the heat demand cannot be fulfilled. 
To limit the number of constrains and the size of the optimization problem, these inequality constrains are only written 
for a reduced set of consumers, called representative consumers. Implicitly, our controller considers that if the 
operating conditions of the network exceed the critical conditions for all representative consumers, than this will be 
the case for all the consumers of the network. In practical terms, we can consider up to one hundred representative 
consumers without significantly increasing the computational burden.   

The second change is on the linearized distribution network model, in which the modulation term  𝐹𝐹𝑇𝑇(𝑡𝑡) is 
dynamically constructed based on the RNM presented in section 4. 

6. Implementation of the controller 

In order to be properly evaluated in an industrial context, the proposed controller has been implemented and 
deployed as a decision-support software at the Grenoble DHN operator. The implementation is based on a dedicated 
model-predictive control platform called PEGASE. PEGASE provides the key features for: 

 Retrieving data from a Supervisory Control And Data Acquisition (SCADA) or equivalent industrial automation 
environment, using standard protocols; 

 Sequencing the execution of heterogeneous dynamic simulation models, based on the Functional Mock-up 
Interface (FMI) standard [11]; 

 Performing dedicated computations (e.g. load prediction, MILP optimization), at scheduled time steps; 
 Presenting the evolution of the control program, using graphs as well as dedicated Human-Machine Interface 

using the Qt/QML framework 
 
PEGASE has been designed on top of a FMI-compliant co-simulation platform provided by L3S company [12], 

especially by introducing support for (1) managing receding time horizon at each MPC iteration (2) interfacing 
with open-source and commercial MILP Solvers. The receding time horizon, as illustrated in [4], involves 
performing the whole optimization process described in Fig. 1 at regular time intervals, in order to cope with prediction 
uncertainties. While this concept is absent from the original co-simulation platform, it has been introduced it with the 
use of vector variables representing time series over a given horizon. The interface with various solvers has been 
implemented using dedicated C++ code, which performs the formulation of the MILP problem at each iteration and 
communicates with existing MILP solvers.  

7. Results and discussion 

7.1. Verification of the linear model 

 

Fig. 4.  Heating power of supply units n° 1 (left) and 2 (right): comparison between the linear and a non-linear network model for a simulation 
scenario where supply temperature of unit n°2 is temporarily decreased while the remaining boundary conditions are kept constant. 
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Before implementing the linear model within the MILP controller, we verified it by comparing its result to that of 
a non-linear network model. 30 analytical scenarios were simulated to that end. Figure 4 presents typical results 
obtained during this verification step for a scenario where all boundary conditions are kept constant except for the 
temperature of supply unit n° 2, which is temporarily decreased by 15 °C. As can be seen on the graph, the agreement 
between the linear and non-linear model is acceptable for control purposes.  

7.2. Verification of the optimal controller 

We then verified the behavior of the controller for different elementary simulation scenario. We present an example 
of obtained result in Figure 5, which corresponds to a simulation scenario where the heat production costs are constant 
except during the 5:00 to 5:45 time slot where they are increased by 20 %. We note that the controller anticipates the 
production cost perturbation by increasing the supply temperature thereby storing heat directly into the distribution 
network. It is also worth mentioning that the controller selects a supply temperature always above the critical 
temperature at the consumer level. We recall that the critical conditions are the operating conditions at the consumer 
level below which the demand cannot be fulfilled. To ease the verification process, we considered identical critical 
conditions for all representative consumers (see section 5 for more details) and we only plot the critical temperature 
corresponding to a differential pressure of 1 bar.   

 

 

Fig. 5.  Temperature for supply unit n°3 computed by the optimal controller for a simulation scenario where thermal production costs are 
temporarily increased by 20 % during the 5:00  5:45 time-slot. 

7.3. Numerical performances 

As an example on the case of the Grenoble DHN, the controller is run every 15 min and takes only a few seconds 
on a standard laptop (26 Ghz quad-core processor, 16 Go Random-access Memory RAM). The RNM takes around 10 
ms per time-step to compute the evolution of relevant state variables at 789 consumers (i.e. around 75% of the network 
consumers, the remaining 25% being smaller and not monitored). The optimization problem contains around 2,5k 
continuous variables and more than 11k constraints and is solved in less than 3s by an open source solver, although it 
is well- know that a commercial solver would be much faster. It is worth mentioning that the problem was built 
considering 50 representative consumers.  

Our approach and implementation demonstrates not only the feasibility of running our controller in real-time for a 
large-scale DHN, but also the feasibility of performing detailed yearly simulations including MPC for evaluation and 
dimensioning purpose.   

8. Conclusions 

In this paper we present a framework for optimal temperature control of large-scale DHN with multiple supply 
points. More precisely, we first present a load prediction model explicitly taking into account the network storage 
effect resulting from varying supply temperatures. We then describe and assess a novel fast-fluid dynamic network 
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simulation model we introduced for addressing operational optimization in large-scale DHN. We then briefly describe 
the optimization model used in our model-predictive controller. We also report on the implementation of the controller 
within the so-called PEGASE software. We demonstrated that the accuracy and numerical performances of our 
controller were sufficient to consider testing it in real-life conditions. Our solution is therefore currently being tested 
on the Grenoble DHN (see Fig. 6). 

 

 

Fig. 6.  Screenshot of the PEGASE software Human-Machine Interface showing the network temperature at the consumer level: zoom on the 
northern part of the Grenoble DHN.        
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

New elements have been introduced to the district heating (DH) systems looking for more sustainable networks. 
Integration of renewable energies into the DH networks is a reality which has been possible due to the use of better 
insulation materials in new buildings. In the last years, a new generation of DH technology has been discussed. The 
4th generation of DH system (4GDH) integrates different energy systems and operate at lower temperatures in 
combination with low-energy buildings. It means smarter distribution networks looking for synergies between several 
energy sources [1]. This development seems like a natural and needed improvement of DH networks to become more 
efficient. However, the current DH networks should be improved to deal with future issues. Today, there is almost 
600 000 km of distribution pipes from older generations, especially from the third generation, around the world today 
[2]. A big challenge is to understand the DH pipes’ deterioration which would be helpful for the urban and energy 
planning activities for the future. 

The standard method used today for lifetime prediction of DH pipes is based on accelerated thermal ageing at 
relatively high temperatures and evaluation of the mechanical shear strength during the ageing period. Then, an 
Arrhenius relationship is applied to extrapolate the results to the average operating temperature. Recently, researchers 
have pointed out that thermal ageing at relatively elevated temperatures alters the degradation mechanisms rather than 
accelerate them as mentioned in [3,4] 

The first part of our investigation focused on the degradation mechanisms of rigid polyurethane (PUR) foam [5]. 
The main aim of the second part was to understand the degradation mechanisms of PUR in DH pipes aged artificially. 
We studied the ageing effects on the pipes’ mechanical and thermal performances, which are of vital importance for 
the correct functionality of the DH networks. Non-standard methods were used to measure both thermal and 
mechanical properties. Fourier Transform Infrared (FTIR) analyses were performed to study the changes of PUR 
chemical composition and the ageing effects. 

2. Experiments 

Four DH pipes were instrumented with thermoelements type K and transient plane sources (TPS) sensors for 
measurements of temperature and thermal conductivity, respectively. The pipes were placed in a controlled 
temperature chamber at 23 °C. Three pipes were connected to controllers to heat up the service steel pipe to the 
corresponding ageing temperatures, 130, 150 and 170 °C. The remaining pipe was kept at room temperature, and the 
reference measurements were performed on it. 

The SP plug method, described in [6], was used to measure the pipes’ mechanical shear strength. The pipes could 
cool down to room temperature first before the mechanical tests were performed. Three samples were taken from each 
pipe, every test occasion.   

A TPS method was used to measure the thermal conductivity of the pipes. The measurements were performed first 
at the ageing temperature and then before the mechanical test at room temperature. The TPS method is a standard 
method [7], but it is not generally applied for pipe application and in the DHPs’ branch. In this case, two TPS sensors 
were installed in each pipe at two different distances from the steel service pipe, 5 and 30 mm, respectively. 

Some PUR samples collected from the aged DHPs were selected to a more in-depth analysis of their chemical 
structure using the attenuated total reflection (ATR) technique in an FTIR equipment. The samples had a thickness of 
approximately 2 mm. 

3. Results 

The mechanical tests were performed firstly after 1, 2, 3, 6, 8, 15, 21 and 30 days, after this period every 30 days. 
The SP plug method evaluates the residual shear strength between PUR and the steel service pipe. During the first 
stage of ageing, the mechanical strength dropped down to a local minimum and then it went up to a maximum point. 
The change’s rate depends on the ageing temperature, occurring faster at higher temperatures. After the local 
maximum was reached for every ageing temperature, the mechanical strength tended to decrease to zero. However, 
the pipe aged at 130 °C showed another behaviour after 10 000 hours. The strength dropped to 65 – 70 % of the 
original value and remained constant for an extended period. Interestingly, this result means that a linear Arrhenius 
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relationship cannot be applied to calculate the DHP lifetime, as the standard EN253 describes [8]. The results were 
normalised using the first values obtained after 24 h and are shown in Fig.  1. 

 

Fig.  1. Mechanical shear strength measured by the SP plug method. 

 
 

Fig.  2. Thermal conductivity measurements. (a) Δλ measured by the sensor positioned at 5 mm and (b) 30 mm in each pipe. 

Table 1. Temperatures measured by the TPS sensors at their locations, 5 and 30 mm from the steel service pipe. 

Ageing temperature (°C) Temperature at 5 mm (°C) Temperature at 30 mm (°C) 

130 97-100 55-60 

150 112-114 67-71 

170 130-141 76-86 

The thermal conductivity (λ) was measured first at the corresponding ageing temperatures and then at room 
temperature, by TPS sensors located at two different distances from the steel service pipe, which means that the PUR 
foam was exposed to lower temperatures at these locations than the chosen ageing temperatures as shown in Table 1. 

(a) (b) 
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Following the change of this property at different temperatures was possible. The curves in Fig.  2 behave similarly, 
but the λ values increased rapidly at temperatures higher than 130 °C. It is well-known that λ values for DH pipes are 
affected mainly due to gas transport, depending on the foam morphology and the HDPE casing pipe [4]. The gas 
exchange process seemed to be the dominant mechanisms at the places where the temperature was not higher than 
100 °C. However, another process might be activated besides gas diffusion at T > 130 °C. Alteration of the cell 
morphology and losses of cyclopentane, due to thermo-oxidative degradation, may cause deterioration of the 
insolation performance at these temperatures. 

 

 

Fig.  3. FTIR spectra showing the new carbonyl peaks formed because of oxidation processes. 
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Ageing caused changes in the chemical structure of the foam, which affect the mechanical and thermal performance 
of the pipes. These changes were identified using FTIR spectroscopy, pointing out the most interesting peaks. In 
Fig.  3, a part of the FTIR spectra shows the loss of urethane (C=O) group around 1712 cm-1. This change was 
mainly due to thermo-oxidative degradation. This phenomenon is temperature-dependent, occurring very rapidly at 
higher temperatures. Also, a new carbonyl group appeared in the range 1760 – 1790 cm-1 as a result of the oxidation 
process [4]. 

4. Conclusion 

Accelerated thermal ageing of DH pipes at elevated temperatures was performed, observing the activation of 
different degradation mechanisms and deterioration of the pipes’ performance. It seemed to be a combination of 
several processes, that hardly can be described by a linear Arrhenius relationship, as proposed in the European 
Standard EN253. For this reason, the lifetime prediction becomes a complex task due to the different factors that affect 
the measurements.  

Additionally, all tests performed in this study demonstrate that the degradation mechanisms at high ageing 
temperatures, T > 130 °C, differed significantly from the results obtained at lower temperatures. It means that some 
ageing processes activated at high temperatures are unusual for the normal operation of DH networks and can lead to 
an incorrect estimation of the pipes’ lifetime. 

An improved ageing methodology is needed to obtain reliable lifetime prediction, which can have a significant 
impact on the general urban planning in a city. It includes decisions for new systems and replacement or extension of 
the existing systems. It is essential not only for the energy companies but also for social, educational and cultural 
infrastructures.      
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The need for understanding the response of district heating piping systems on temperature-driven loads to improve life-time 
analysis has led to the development of a monitoring programme. This programme includes the design of the connection of an 
instrumented section of piping within an operating district heating network. The design complies with the current European 
district heating recommendations and standards [1, 4]. There are different conditions under testing and minor differences in 
design of the sections causing different friction resistance in the bedding soil. The pipes´ axial displacements are recorded in six 
positions along each of the sections of the pipeline. For the first time axial displacements of four similar buried preinsulated 
bonded pipes were measured under defined on-site conditions. This experimental setup allowed preliminary results of axial 
displacements, which are relevant for the district heating design, operation and maintenance. The contribution focusses on the
results of the first period of operation, where a defined start-up procedure is performed (temperature increase up to 90 °C, held 
constant for 60 days). Afterwards the operating temperature was reduced down to the ambient temperature. The start-up
procedure was repeated once before starting the cyclic-operating procedure up to 140 °C. The measured maximum pipes´ axial 
displacements at operating temperature of 90 °C were around 25 mm in the bows of the monitored pipelines. The measurement 
results are between estimated values using current recommendation procedures (23 mm) and commercial computer programs 
(31 mm). In addition, residual displacements at ambient temperature level were measured. The impact of unloading-reloading 
cycles on pipe deformation behaviour will be a future research focus of the ongoing monitoring programme. The results of the 
four sections will be presented in a comparative way and a forecast on the cyclic-operating procedure will be given here. 
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The monitored pipeline sections are based on four identical sections with constant coverage height of 0.8 m. 
Fig. 1 is a scheme of the all monitored pipeline sections. It shows the four sections having the same length properties 
(lengthI = 5 m, lengthII = 41 m). At the end of every section fixed point construction (here: execution as a concrete 
block) prevents mutual interference between the sections. During the design process the axial displacements as well 
as the relevant static conditions of the buried preinsulated bonded pipes of the monitored pipeline sections has been 
calculated according to European district heating recommendation and standard EN 13941 [1] with the calculation 
program sisKMR [2]. The four sections differ from each other due to different casing pipe connections, the number 
of casing pipe connections per section and the bedding material used. Table 1 shows the differences.

Fig. 1: Scheme of the monitored pipeline sections, showing fixed points, joints and cushions

Table 1. Differences between sections 1-4 (bedding material, type and number of jacket pipe connections).

Section Bedding Soil Type Type of Joints Number of Joints

1 Sand Extruded shrink 5

2 Sand Plastic shrink-on sleeves 8

3 Sand Plastic shrink-on sleeves 5

4 Sand / Gravel Plastic shrink-on sleeves 5

To measure the soil-pipe interaction, the four sections are equipped with the same number of extensometers (axial 
displacement sensors, deviations in the measurement result +/- 0.1 mm). The positioning of the measuring sensors is 
carried out in the same way for all sections (see fig. 1). In all sections, the last joint in front of the bows of the 
monitored pipelines is not filled with foam. The resulting cavities are used to install measurement equipment, 
consisting of an extensometer sensor and a temperature sensor, which are fixed at the steel medium pipe. Due to the 
variation of the bedding soil as well as the variations of joints (system and number) it can be assumed that the 
frictional forces between the pipeline and the surrounding soil develop differently in the four sections. This has an 
effect on the axial displacement of the sections as well as on the stress of the insulated pipes. For the dimensioning 
of insulated pipes, assumptions are made for the degree of compaction and the coefficient of friction μ on the basis 
of the bedding soil used. Depending on the type of joints and the conditions during the assembly process of the 
joints, an increase of the diameter of the pipe segment can occur. Both the increase of diameter in the region of the 
joints and the deviations of the friction conditions resulting from the bedding situation are not included in the 
calculation. These, however, affect the stress of buried insulated pipes and are necessary for a deeper understanding 
of the construction as well as more detailed predictions regarding the service life in district heating systems. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.172&domain=pdf
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The monitored pipeline sections are based on four identical sections with constant coverage height of 0.8 m. 
Fig. 1 is a scheme of the all monitored pipeline sections. It shows the four sections having the same length properties 
(lengthI = 5 m, lengthII = 41 m). At the end of every section fixed point construction (here: execution as a concrete 
block) prevents mutual interference between the sections. During the design process the axial displacements as well 
as the relevant static conditions of the buried preinsulated bonded pipes of the monitored pipeline sections has been 
calculated according to European district heating recommendation and standard EN 13941 [1] with the calculation 
program sisKMR [2]. The four sections differ from each other due to different casing pipe connections, the number 
of casing pipe connections per section and the bedding material used. Table 1 shows the differences.

Fig. 1: Scheme of the monitored pipeline sections, showing fixed points, joints and cushions

Table 1. Differences between sections 1-4 (bedding material, type and number of jacket pipe connections).

Section Bedding Soil Type Type of Joints Number of Joints

1 Sand Extruded shrink 5

2 Sand Plastic shrink-on sleeves 8

3 Sand Plastic shrink-on sleeves 5

4 Sand / Gravel Plastic shrink-on sleeves 5

To measure the soil-pipe interaction, the four sections are equipped with the same number of extensometers (axial 
displacement sensors, deviations in the measurement result +/- 0.1 mm). The positioning of the measuring sensors is 
carried out in the same way for all sections (see fig. 1). In all sections, the last joint in front of the bows of the 
monitored pipelines is not filled with foam. The resulting cavities are used to install measurement equipment, 
consisting of an extensometer sensor and a temperature sensor, which are fixed at the steel medium pipe. Due to the 
variation of the bedding soil as well as the variations of joints (system and number) it can be assumed that the 
frictional forces between the pipeline and the surrounding soil develop differently in the four sections. This has an 
effect on the axial displacement of the sections as well as on the stress of the insulated pipes. For the dimensioning 
of insulated pipes, assumptions are made for the degree of compaction and the coefficient of friction μ on the basis 
of the bedding soil used. Depending on the type of joints and the conditions during the assembly process of the 
joints, an increase of the diameter of the pipe segment can occur. Both the increase of diameter in the region of the 
joints and the deviations of the friction conditions resulting from the bedding situation are not included in the 
calculation. These, however, affect the stress of buried insulated pipes and are necessary for a deeper understanding 
of the construction as well as more detailed predictions regarding the service life in district heating systems. 
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1.1. Research objectives and related operations

In the dimensioning process of insulated pipes in district heating systems, the fatigue check is based on the 
Palmgren-Miner approach according to the current recommendations and standards [1, 3]. In these norms and 
standards, real temperature loads are converted into the equivalent number of full temperature cycles (FTCs) and 
limited to a certain number of presupposed FTCs. According to the dimensioning of the monitored pipeline section 
[1, 3], the 250 FTCs used for material fatigue are generated in total in six different operating phases (phase 0: 
defined start-up procedure 1 FTC; phase 1 to 4: 50 FTCs per phase; phase 5: 49 FTCs) during the entire monitoring 
programme. The connection to the district heating network of the utility company inetz GmbH (located at Chemnitz, 
Germany) and the regulation of the supply temperature in accordance with the defined operating program are made 
via a specially designed connecting station in the measuring container. According to the intended mode of operation 
of the respective operating phase, the supply temperature between 60 °C and 140 °C is regulated by the connecting 
station. After completion of the research operation, parts of the pipelines will be subjected to destructive tests in 
material testing institutes. In order to verify the material degradation due to the 250 FTCs, the initial values of the 
delivered material were determined on a brand new straight 12 m pipe (DN 150) according to EN 253 [4]. The 
comparison of the determined material parameters, before and after the load, enables to quantify the degradation of 
the material on the basis of the applied load. In this paper the results of phase 0 are presented and interpreted. The 
operating phase 0 can be subdivided into the following 3 partial operating phases.

Sub-operating phase 01 (SOP01): In operating phase 0, the research measuring section was first filled via the 
return line of the heating network. Subsequently, the operating temperature of the monitored pipeline sections was 
raised to 90 °C with a gradient of 5 K/h. The operating temperature 90 °C was held constant over 61 days. 

Sub-operation phase 02 (SOP02): Subsequently, the heat supply was interrupted for a period of 30 days and the 
monitored pipeline sections cool down to the temperature level of the surrounding soil via natural convection.

Sub-operating phase 03 (SOP03): In the last sub-phase of operating phase 0, the monitored pipeline sections were
reheated to an operating temperature of 90 °C. Initially, the minimum operating temperature was set via the 
connecting station while the target temperature of 90 °C was subsequently realized with a gradient of 5 K/h. The
operating temperature of 90 °C was held constant for another 30 days. 

After completion of the entire monitoring programme, it will be possible to compare different modes of operation 
and, based on this to assess their influence on the service life time of the monitored pipeline sections. Based on the 
results, it can be expected that improved approaches will be incorporated into the calculation of material fatigue.

2. Diameter measurements and geotechnical investigations

2.1. Diameter increase of the joints

To determine the influence of the increase of diameter of the various joints or number of joints, the peripheries of 
the joints were measured and documented after the installation. In fig. 2, the embedded extrusion sleeve is shown 
during the assembly process of section 1. At the construction site, this joint is adapted to the preinsulated pipes and 
welded by means of polyethylene (PE) welding. As shown in fig. 2, production-related PE circular welds are created 
at both ends of the sleeve, as well as a PE longitudinal weld in the middle of the joint. Depending on the diameter of 
the insulated pipes, these PE welds lead to an increase in diameter at the joints. The diameter in the middle of the 
jacket pipe connection is 250 mm and thus 3.6 mm smaller than the outside diameter of the insulated pipe (253.6 
mm). The circular PE welds cause a diameter, which are between 259.4 mm and 267.4 mm and thus compared to the 
outer diameter of the insulated pipe to a diameter increase between 5.8 mm and 13.8 mm.

Fig. 2: Embedded extrusion sleeve section 1 after the production of the PE welds and the foaming process
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In the same way as for section 1, the geometrical parameters of the remaining joints of sections 2 to 4, which 
were designed as shrink-on sleeve joints with additional shrink sleeves, were documented after their assembly. For 
sections 2 to 4, the same diameter (283.4 mm) was measured for all shrink sleeves. The installed shrink sleeves have 
a 29.8 mm larger outer diameter compared to the insulted pipes (253.6 mm).

2.2. Results of geotechnical investigations

Fig. 3 shows the particle size distribution of the bedding materials for the sections 1 to 3 (blue) and section 4 
(purple). These bedding materials are oriented towards permissible limit curves of the current draft standard for the 
construction of buried preinsulated bonded pipes - prEN 13941-2, 2016 [5]. It can be seen that the bedding material 
of section 4 consist of 50% coarse grain fraction (higher than 1 mm). On the other hand, in the case of 
sections 1 to 3, 60% of the bedding is sand (grain size lower than 0.2 mm).

The bedding materials used were examined both in the laboratory and in the field with regard to their properties 
and the installation situation in order to determine the relevant parameters for the interpretation of the measurement 
results. In the laboratory experiments characteristic mechanical parameters of the soil as well as the relative density
were determined. Friction coefficients μmax = 0.504 and μresidual = 0.415 were determined for the bedding material of 
the section 1 to 3 for the relative density of 0.4. For section 4, the maximum coefficient of friction is μmax = 0.468 
and a residual friction value of μresidual = 0.429 was determined for the same relative density of 0.4 [6].

3. Measurement results of the operating phase 0

3.1. Section 3

The section 3 corresponds to the conventional construction of insulated pipes for district heating in Germany and 
thus forms a reference route to real district heating networks. Consequently, section 3 is best suited for a detailed 
analysis and presentation of the measurement results. In fig. 4, the measurement results from the entire operating 
phase 0 for section 3 are shown. Fig. 4 clearly shows the three partial operating phases based on the temperature and 
displacement measurements.

Before the first filling on April 27, 2017, the measuring sensors were zeroed. Subsequently, section 3 was put 
into operation in accordance with the starting process described in SOP01 and operated according to the operating 
the criterion of phase 0 (SOP01, SOP02, SOP03). Regarding the curve progression of the axial displacements in 
fig. 4 it can be noted that they qualitatively follow the curve progression of the operating temperature of section 3.
Besides that the measured displacements increase over the sections length. Correspondingly, displacements are at a 
minimum of 1.5 m from the fixed point (in the middle of the monitored pipe sections, measured on S3I1.5 sensor). 
The sensor on the steel medium pipe (S3I40), which is 40 m away from the fixed point, measures the largest axial 

Fig. 3: Grain size distribution of the bedding materials in section 1 to 3, and in section 4 following prEN13941-2, 2016 [5]
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via a specially designed connecting station in the measuring container. According to the intended mode of operation 
of the respective operating phase, the supply temperature between 60 °C and 140 °C is regulated by the connecting 
station. After completion of the research operation, parts of the pipelines will be subjected to destructive tests in 
material testing institutes. In order to verify the material degradation due to the 250 FTCs, the initial values of the 
delivered material were determined on a brand new straight 12 m pipe (DN 150) according to EN 253 [4]. The 
comparison of the determined material parameters, before and after the load, enables to quantify the degradation of 
the material on the basis of the applied load. In this paper the results of phase 0 are presented and interpreted. The 
operating phase 0 can be subdivided into the following 3 partial operating phases.
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reheated to an operating temperature of 90 °C. Initially, the minimum operating temperature was set via the 
connecting station while the target temperature of 90 °C was subsequently realized with a gradient of 5 K/h. The
operating temperature of 90 °C was held constant for another 30 days. 

After completion of the entire monitoring programme, it will be possible to compare different modes of operation 
and, based on this to assess their influence on the service life time of the monitored pipeline sections. Based on the 
results, it can be expected that improved approaches will be incorporated into the calculation of material fatigue.

2. Diameter measurements and geotechnical investigations

2.1. Diameter increase of the joints

To determine the influence of the increase of diameter of the various joints or number of joints, the peripheries of 
the joints were measured and documented after the installation. In fig. 2, the embedded extrusion sleeve is shown 
during the assembly process of section 1. At the construction site, this joint is adapted to the preinsulated pipes and 
welded by means of polyethylene (PE) welding. As shown in fig. 2, production-related PE circular welds are created 
at both ends of the sleeve, as well as a PE longitudinal weld in the middle of the joint. Depending on the diameter of 
the insulated pipes, these PE welds lead to an increase in diameter at the joints. The diameter in the middle of the 
jacket pipe connection is 250 mm and thus 3.6 mm smaller than the outside diameter of the insulated pipe (253.6 
mm). The circular PE welds cause a diameter, which are between 259.4 mm and 267.4 mm and thus compared to the 
outer diameter of the insulated pipe to a diameter increase between 5.8 mm and 13.8 mm.
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In the same way as for section 1, the geometrical parameters of the remaining joints of sections 2 to 4, which 
were designed as shrink-on sleeve joints with additional shrink sleeves, were documented after their assembly. For 
sections 2 to 4, the same diameter (283.4 mm) was measured for all shrink sleeves. The installed shrink sleeves have 
a 29.8 mm larger outer diameter compared to the insulted pipes (253.6 mm).

2.2. Results of geotechnical investigations

Fig. 3 shows the particle size distribution of the bedding materials for the sections 1 to 3 (blue) and section 4 
(purple). These bedding materials are oriented towards permissible limit curves of the current draft standard for the 
construction of buried preinsulated bonded pipes - prEN 13941-2, 2016 [5]. It can be seen that the bedding material 
of section 4 consist of 50% coarse grain fraction (higher than 1 mm). On the other hand, in the case of 
sections 1 to 3, 60% of the bedding is sand (grain size lower than 0.2 mm).

The bedding materials used were examined both in the laboratory and in the field with regard to their properties 
and the installation situation in order to determine the relevant parameters for the interpretation of the measurement 
results. In the laboratory experiments characteristic mechanical parameters of the soil as well as the relative density
were determined. Friction coefficients μmax = 0.504 and μresidual = 0.415 were determined for the bedding material of 
the section 1 to 3 for the relative density of 0.4. For section 4, the maximum coefficient of friction is μmax = 0.468 
and a residual friction value of μresidual = 0.429 was determined for the same relative density of 0.4 [6].

3. Measurement results of the operating phase 0

3.1. Section 3

The section 3 corresponds to the conventional construction of insulated pipes for district heating in Germany and 
thus forms a reference route to real district heating networks. Consequently, section 3 is best suited for a detailed 
analysis and presentation of the measurement results. In fig. 4, the measurement results from the entire operating 
phase 0 for section 3 are shown. Fig. 4 clearly shows the three partial operating phases based on the temperature and 
displacement measurements.

Before the first filling on April 27, 2017, the measuring sensors were zeroed. Subsequently, section 3 was put 
into operation in accordance with the starting process described in SOP01 and operated according to the operating 
the criterion of phase 0 (SOP01, SOP02, SOP03). Regarding the curve progression of the axial displacements in 
fig. 4 it can be noted that they qualitatively follow the curve progression of the operating temperature of section 3.
Besides that the measured displacements increase over the sections length. Correspondingly, displacements are at a 
minimum of 1.5 m from the fixed point (in the middle of the monitored pipe sections, measured on S3I1.5 sensor). 
The sensor on the steel medium pipe (S3I40), which is 40 m away from the fixed point, measures the largest axial 

Fig. 3: Grain size distribution of the bedding materials in section 1 to 3, and in section 4 following prEN13941-2, 2016 [5]
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displacements and reaches a maximum value of 25.8 mm in operating phase 0. The measured axial displacements on 
the steel medium pipe (S3I40) are approx. 1.5 mm larger than those on the adjacent measuring point (S3I39,4) on 
the PE jacket of the insulated pipe which has a distance of 39.4 m to the fixed point in the middle.

Fig 4: Measuring results of section 3, temperature and axial displacements versus time

In the SOP01, which lasts from April 27 to June 27, 2017, the measurements of the axial displacements seem to 
have larger changes at a total of three times: Mai 01, Mai 17, and Mai 24, 2017. Looking more closely at these 
times, it can be stated that minor positive temperature increases between 2 K and 5 K on Mai 01 and Mai 24, 2017 
cause axial displacements at all six extensometers. The associated displacements range between 0.2 mm and 
0.6 mm. On Mai 17, 2017 axial displacements occur at the sensors S3I13.5 and S3I25.5. Compared with the axial 
displacements in the first 72 h of the SPP01 (the displacements increase from 0 mm to 20 mm) these measured 
displacements are significantly smaller. Temperature reductions in the comparable amplitude between 2 K and 5 K 
show no measurable axial displacements.

Fig. 5 (see p. 6) shows the first 72 h of the defined starting procedure and the associated measurement results of 
section 3. As can be seen in Fig. 5, the operating temperature during the filling process suddenly increases from 
about 10 °C to about 65 °C. Due to the minimum possible temperature level at this time, the temperature of the 
sections were first raised to 80 °C and then at the intended rate of temperature change of 5 K/h to 90 °C which were 
reached after 24 h. Fig. 5 shows the detailed course of the axial displacements during the first 72 hours of operation. 
It can be seen that after reaching the target temperature of 90 °C (after 24 h), a large part of the axial displacements 
are formed. In addition, fig. 5 shows that creep processes occur after 24 h without any further increases in the track 
temperature, which almost completely stop after 72 h.

Table 2 (see p.6) shows the measurement results at selected times of the extensometer sensors and the supply
temperature - measured on steel medium pipe - of section 3. The first value of the displacement measurement in 
table 2 indicates the absolute axial displacement of the measuring point (specified in mm) in each case at the time of 
measurement. The bracketed values represent the percentage of the displacement achieved at the time of 
measurement, relative to the maximum value of the axial displacement that this measuring point reaches after 61 d.

The tabular overview once again confirms the results already described in fig. 5. Table 2 shows for section 3, 
that after one operating hour axial displacements occur, which are 50% of the maximum value in operating phase 0. 
The track temperature at 62.3 °C is still below the target temperature. Looking at the track temperatures in table 2 
the measurement results with max. 89.2 °C are still below the set point temperature of 90 °C, while the temperature 
sensors of the sections measure the temperature of the steel (outside of the steel medium pipe). The associated 
temperature deviation is reflected in the temperature measurement results shown. After one day, the axial 
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displacements increased to over 80% measured at sensors further away than 13.5 m from the fixed point in the 
middle. The measuring point S3I13.5 has even smaller displacements with 67%. On the S3I1.5 sensor, very small 
displacements have been measured over the entire period of observation. In the following 2 days, the axial 
displacements increase at constant supply temperature to over 90%. These creep processes can also be clearly seen 
in fig. 5. On the basis of a tabular overview, it is also clear that the creeping processes are largely completed after 72 
h (3d).

Fig. 5: Measuring results SOP01 (first 3 days of operation), temperature and axial displacements versus time

Table 2. Measurement results of section 3 at selected points in SOP01

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40 

[mm] (%)

1h 62.3 0.0 0.4 (7) 4.0 (30) 10.1 (44) 11.3 (47) 13.0 (50)
1d 89.2 0.0 3.9 (67) 10.3 (84) 19.4 (85) 20.8 (86) 22.1 (86)
2d 89.1 0.0 4.7 (81) 11.7 (89) 21.5 (94) 22.5 (93) 24.3 (94)
3d 89.1 0.1 5.0 (86) 12.3 (93) 22.0 (96) 23.0 (95) 24.7 (96)
4d 89.1 0.1 5.0 (86) 12.3 (93) 22.0 (96) 23.1 (95) 24.8 (96)
61d 89 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)

Fig. 6 (see p. 7) shows the cooling behavior of section 3 and the associated displacements. After the monitored 
pipe sections were put out of operation on June 27, 2017 by turning off the flow pump, further temperature increases 
were measured in the course of the temperature. These are also shown in fig. 6 and are due to flow processes that 
result from the pressure and temperature differences to the connected district heating network. As a result, the 
manual shut-off valves were closed on June 28, 2017 and the monitored pipe sections were thus completely 
disconnected from the heating network. Afterwards, the operating temperatures of section 3 - as shown in fig. 6 -
declined.

Initially, a temperature drop of 30 K is necessary before section 3 starts to shift back towards 0-position. In an 
analogous manner to the starting process, the sensors with the greatest distance to the fixed point also begin to 
reverse the axial displacement when the temperature is decreased. Thus, the values of the sensors S3I40, S3I39.4 
and S3I37.5 have reduced to less than 20 mm before the sensors 25.5 m and 13.5 m start to move. Until 
July 06, 2017, the displacements have receded to less than 13 mm.

In table 3 (see p.7), in an analogous manner as in table 2, the axial displacements of the measuring points of 
section 3 at the respective times are given. The results presented in table 3 demonstrate that the first reduction in 
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0.6 mm. On Mai 17, 2017 axial displacements occur at the sensors S3I13.5 and S3I25.5. Compared with the axial 
displacements in the first 72 h of the SPP01 (the displacements increase from 0 mm to 20 mm) these measured 
displacements are significantly smaller. Temperature reductions in the comparable amplitude between 2 K and 5 K 
show no measurable axial displacements.

Fig. 5 (see p. 6) shows the first 72 h of the defined starting procedure and the associated measurement results of 
section 3. As can be seen in Fig. 5, the operating temperature during the filling process suddenly increases from 
about 10 °C to about 65 °C. Due to the minimum possible temperature level at this time, the temperature of the 
sections were first raised to 80 °C and then at the intended rate of temperature change of 5 K/h to 90 °C which were 
reached after 24 h. Fig. 5 shows the detailed course of the axial displacements during the first 72 hours of operation. 
It can be seen that after reaching the target temperature of 90 °C (after 24 h), a large part of the axial displacements 
are formed. In addition, fig. 5 shows that creep processes occur after 24 h without any further increases in the track 
temperature, which almost completely stop after 72 h.

Table 2 (see p.6) shows the measurement results at selected times of the extensometer sensors and the supply
temperature - measured on steel medium pipe - of section 3. The first value of the displacement measurement in 
table 2 indicates the absolute axial displacement of the measuring point (specified in mm) in each case at the time of 
measurement. The bracketed values represent the percentage of the displacement achieved at the time of 
measurement, relative to the maximum value of the axial displacement that this measuring point reaches after 61 d.

The tabular overview once again confirms the results already described in fig. 5. Table 2 shows for section 3, 
that after one operating hour axial displacements occur, which are 50% of the maximum value in operating phase 0. 
The track temperature at 62.3 °C is still below the target temperature. Looking at the track temperatures in table 2 
the measurement results with max. 89.2 °C are still below the set point temperature of 90 °C, while the temperature 
sensors of the sections measure the temperature of the steel (outside of the steel medium pipe). The associated 
temperature deviation is reflected in the temperature measurement results shown. After one day, the axial 
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displacements increased to over 80% measured at sensors further away than 13.5 m from the fixed point in the 
middle. The measuring point S3I13.5 has even smaller displacements with 67%. On the S3I1.5 sensor, very small 
displacements have been measured over the entire period of observation. In the following 2 days, the axial 
displacements increase at constant supply temperature to over 90%. These creep processes can also be clearly seen 
in fig. 5. On the basis of a tabular overview, it is also clear that the creeping processes are largely completed after 72 
h (3d).

Fig. 5: Measuring results SOP01 (first 3 days of operation), temperature and axial displacements versus time

Table 2. Measurement results of section 3 at selected points in SOP01

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40 

[mm] (%)

1h 62.3 0.0 0.4 (7) 4.0 (30) 10.1 (44) 11.3 (47) 13.0 (50)
1d 89.2 0.0 3.9 (67) 10.3 (84) 19.4 (85) 20.8 (86) 22.1 (86)
2d 89.1 0.0 4.7 (81) 11.7 (89) 21.5 (94) 22.5 (93) 24.3 (94)
3d 89.1 0.1 5.0 (86) 12.3 (93) 22.0 (96) 23.0 (95) 24.7 (96)
4d 89.1 0.1 5.0 (86) 12.3 (93) 22.0 (96) 23.1 (95) 24.8 (96)
61d 89 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)

Fig. 6 (see p. 7) shows the cooling behavior of section 3 and the associated displacements. After the monitored 
pipe sections were put out of operation on June 27, 2017 by turning off the flow pump, further temperature increases 
were measured in the course of the temperature. These are also shown in fig. 6 and are due to flow processes that 
result from the pressure and temperature differences to the connected district heating network. As a result, the 
manual shut-off valves were closed on June 28, 2017 and the monitored pipe sections were thus completely 
disconnected from the heating network. Afterwards, the operating temperatures of section 3 - as shown in fig. 6 -
declined.

Initially, a temperature drop of 30 K is necessary before section 3 starts to shift back towards 0-position. In an 
analogous manner to the starting process, the sensors with the greatest distance to the fixed point also begin to 
reverse the axial displacement when the temperature is decreased. Thus, the values of the sensors S3I40, S3I39.4 
and S3I37.5 have reduced to less than 20 mm before the sensors 25.5 m and 13.5 m start to move. Until 
July 06, 2017, the displacements have receded to less than 13 mm.

In table 3 (see p.7), in an analogous manner as in table 2, the axial displacements of the measuring points of 
section 3 at the respective times are given. The results presented in table 3 demonstrate that the first reduction in 
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axial displacement at S3I40 occurs after 36 hours, in conjunction with a 29.9 K reduction in track temperature. 
24 hours later, the section temperature cooled by further 12.5 K and as a result, the displacements of the sensors 
S3I40, S3I39.4 and S3I37.5 are reduced to approximately 90%. On the sensors S3I25.5 and S3I13.5, no reduction of 
the displacements occurred at this time. The numerical values show that the axial displacements in SOP02 are 
reduced to approximately 45% of the maximum measurement result of the respective sensor (at 90 °C). The tabular 
overview uses the numerical values to clarify the results already derived from fig. 6.

Fig. 6: Measuring results SOP02 (first 10 days), axial displacements and decrease of supply temperature versus time

Table 3. Measurement results of section 3 at selected point in SOP02

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40 

[mm] (%)

61d 89 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)
61.5d 70.8 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)
62.5d 59.1 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.5 (99)
63.5d 46.6 0.0 5.8 (100) 13.2 (100) 21.0 (92) 21.5 (89) 22.2 (86)
64.5d 38.5 0.1 5.7 (98) 12.4 (94) 18.1 (79) 18.6 (77) 19.0 (74)
77.5d 21.6 0.1 4.2 (72) 8.0 (61) 11.4 (50) 11.5 (48) 11.9 (46)
84d 20.1 0.1 3.8 (66) 7.1 (54) 10.7 (47) 10.7 (44) 11.1 (46)

The defined reheating procedure to the supply temperature of 90 °C in SOP03 starts on July 20, 2017 on the 
basis of the corresponding residual axial displacements of the different measuring points in section 3 (see p.8, fig.7).
The supply temperature of the monitored pipe sections is determined by the temperature level of the return line of 
the district heating system, which varies between 75 °C and 93 °C during the day on July 20, 2017. It is only in the 
late afternoon that it is possible to compensate for the network-related temperature fluctuations in such a way that 
the control regulates the defined operating state (90 °C) with the temperature change rate of 5 K/h. As shown in fig. 
7, most of the axial displacements occur within the first 12 hours after the section restarts. As a result of temperature 
fluctuations on July 21, 2017 a further increase in the axial displacements is observed. It cannot be ruled out that 
without these temperature pulses, the axial displacements could have reached a stationary state after only 24 h.

Table 4 (see p. 8) shows the absolute values of the axial displacements as well as the percentage values related to 
the maximum measured value of the respective sensor (after 61 d) at selected times of SOP03. It can be seen that the 
measurement results increase within the first hour after reheating section 3 to about 70% of the maximum 
displacements. Compared with the same period during the first start (SOP01), the measurement results (84.05 d) are 
thus about 20% above the displacements after 1 hour, whereby the supply temperature at the time shown in table 4 is 
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20 K higher. Two days after restart, both the supply temperature and the axial displacements have reached a stable 
state. The axial displacements have been set at a level of 90% of the maximum displacements in SOP01. Regarding 
fig. 7 and table 4, it should be noted that the axial displacements - compared to the startup process of SOP01 – form
in a similar speed but the creep processes observed in SOP01 hardly take place or stop after only 48 hours.

Fig. 7: Measuring results SOP03 fist 72 hours of the reoperation, axial displacements and supply temperature

Table 4. Measurement results of section 3 at selected point in SOP03

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40

[mm] (%)

84d 20.1 0.1 3.8 (66) 7.1 (54) 10.7 (47) 10.7 (44) 11.1 (46)
84.05d 79.1 0.1 2.9 (50) 8.1 (61) 15.8 (69) 16.3 (67) 18.1 (70)
85d 89.2 0.1 4.3 (74) 10.7 (81) 19.8 (86) 20.5 (85) 22.3 (86)
86d 89.1 0.1 4.3 (74) 10.9 (83) 20.3 (89) 21.2 (88) 23.1 (90)
91d 89.2 0.1 4.3 (74) 10.8 (82) 20.3 (89) 21.2 (88) 23.1 (90)
123d 89.1 0.1 5.0 (86) 11.9 (90) 21.5 (94) 22.2 (92) 24.3 (94)

In the period between July 21 and August 16, 2017, the supply temperatures of sections 3 are subject to 
fluctuations, which in some cases are to be quantified as more than 5 K. Nevertheless, no further displacements 
occur during this period. This suggests that after the reheating procedure (SOP03) of the operating phase 0, very 
stable stationary states have been already formed at the beginning. In mid-August 2017, the operating temperature 
deviates up to 10 K in places from the set point temperature of 90 °C. These generate a further increase in the 
displacement measurements. Due to the time overlay, it can be demonstrated that the axial displacements - shown in 
fig. 4 (see p. 5) - are due to the temperature pulses at the end of August 2017 and that otherwise the defined 
termination criterion for operating phase 0 (Δl  0) was met. On the basis of this, it was decided to move to cyclic 
operation phase 1 on August 27, 2017.

3.2 Comparison between the measurement results of all sections and the calculations of design

The curve progression of temperatures and axial displacements shown on the results of section 3 are also 
reflected qualitatively in the curve progressions of sections 1, 2, and 4. In the following, the previously described
extreme positions of the three partial operating phases are compared and set in relation to the calculation results of 
the static design. During the dimensioning, the axial displacements were determined according to the laying and 
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axial displacement at S3I40 occurs after 36 hours, in conjunction with a 29.9 K reduction in track temperature. 
24 hours later, the section temperature cooled by further 12.5 K and as a result, the displacements of the sensors 
S3I40, S3I39.4 and S3I37.5 are reduced to approximately 90%. On the sensors S3I25.5 and S3I13.5, no reduction of 
the displacements occurred at this time. The numerical values show that the axial displacements in SOP02 are 
reduced to approximately 45% of the maximum measurement result of the respective sensor (at 90 °C). The tabular 
overview uses the numerical values to clarify the results already derived from fig. 6.

Fig. 6: Measuring results SOP02 (first 10 days), axial displacements and decrease of supply temperature versus time

Table 3. Measurement results of section 3 at selected point in SOP02

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40 

[mm] (%)

61d 89 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)
61.5d 70.8 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.8 (100)
62.5d 59.1 0.1 5.8 (100) 13.2 (100) 22.9 (100) 24.2 (100) 25.5 (99)
63.5d 46.6 0.0 5.8 (100) 13.2 (100) 21.0 (92) 21.5 (89) 22.2 (86)
64.5d 38.5 0.1 5.7 (98) 12.4 (94) 18.1 (79) 18.6 (77) 19.0 (74)
77.5d 21.6 0.1 4.2 (72) 8.0 (61) 11.4 (50) 11.5 (48) 11.9 (46)
84d 20.1 0.1 3.8 (66) 7.1 (54) 10.7 (47) 10.7 (44) 11.1 (46)

The defined reheating procedure to the supply temperature of 90 °C in SOP03 starts on July 20, 2017 on the 
basis of the corresponding residual axial displacements of the different measuring points in section 3 (see p.8, fig.7).
The supply temperature of the monitored pipe sections is determined by the temperature level of the return line of 
the district heating system, which varies between 75 °C and 93 °C during the day on July 20, 2017. It is only in the 
late afternoon that it is possible to compensate for the network-related temperature fluctuations in such a way that 
the control regulates the defined operating state (90 °C) with the temperature change rate of 5 K/h. As shown in fig. 
7, most of the axial displacements occur within the first 12 hours after the section restarts. As a result of temperature 
fluctuations on July 21, 2017 a further increase in the axial displacements is observed. It cannot be ruled out that 
without these temperature pulses, the axial displacements could have reached a stationary state after only 24 h.

Table 4 (see p. 8) shows the absolute values of the axial displacements as well as the percentage values related to 
the maximum measured value of the respective sensor (after 61 d) at selected times of SOP03. It can be seen that the 
measurement results increase within the first hour after reheating section 3 to about 70% of the maximum 
displacements. Compared with the same period during the first start (SOP01), the measurement results (84.05 d) are 
thus about 20% above the displacements after 1 hour, whereby the supply temperature at the time shown in table 4 is 
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20 K higher. Two days after restart, both the supply temperature and the axial displacements have reached a stable 
state. The axial displacements have been set at a level of 90% of the maximum displacements in SOP01. Regarding 
fig. 7 and table 4, it should be noted that the axial displacements - compared to the startup process of SOP01 – form
in a similar speed but the creep processes observed in SOP01 hardly take place or stop after only 48 hours.

Fig. 7: Measuring results SOP03 fist 72 hours of the reoperation, axial displacements and supply temperature

Table 4. Measurement results of section 3 at selected point in SOP03

Time TSection3

[°C]
S3I1.5 

[mm]

S3I13.5

[mm] (%)

S3I25.5 

[mm] (%)

S3I37.5

[mm] (%)

S3I39.4

[mm] (%)

S3I40

[mm] (%)

84d 20.1 0.1 3.8 (66) 7.1 (54) 10.7 (47) 10.7 (44) 11.1 (46)
84.05d 79.1 0.1 2.9 (50) 8.1 (61) 15.8 (69) 16.3 (67) 18.1 (70)
85d 89.2 0.1 4.3 (74) 10.7 (81) 19.8 (86) 20.5 (85) 22.3 (86)
86d 89.1 0.1 4.3 (74) 10.9 (83) 20.3 (89) 21.2 (88) 23.1 (90)
91d 89.2 0.1 4.3 (74) 10.8 (82) 20.3 (89) 21.2 (88) 23.1 (90)
123d 89.1 0.1 5.0 (86) 11.9 (90) 21.5 (94) 22.2 (92) 24.3 (94)

In the period between July 21 and August 16, 2017, the supply temperatures of sections 3 are subject to 
fluctuations, which in some cases are to be quantified as more than 5 K. Nevertheless, no further displacements 
occur during this period. This suggests that after the reheating procedure (SOP03) of the operating phase 0, very 
stable stationary states have been already formed at the beginning. In mid-August 2017, the operating temperature 
deviates up to 10 K in places from the set point temperature of 90 °C. These generate a further increase in the 
displacement measurements. Due to the time overlay, it can be demonstrated that the axial displacements - shown in 
fig. 4 (see p. 5) - are due to the temperature pulses at the end of August 2017 and that otherwise the defined 
termination criterion for operating phase 0 (Δl  0) was met. On the basis of this, it was decided to move to cyclic 
operation phase 1 on August 27, 2017.

3.2 Comparison between the measurement results of all sections and the calculations of design

The curve progression of temperatures and axial displacements shown on the results of section 3 are also 
reflected qualitatively in the curve progressions of sections 1, 2, and 4. In the following, the previously described
extreme positions of the three partial operating phases are compared and set in relation to the calculation results of 
the static design. During the dimensioning, the axial displacements were determined according to the laying and 
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operating temperatures according to the valid calculation formulas regarding [1]. The influences of the different 
bedding soils are essentially taken into account in the calculation on the basis of the coefficient of friction μ. It was 
assumed that a friction coefficient μ = 0.4 was achieved for the sand bedding of sections 1, 2 and 3, and realistic 
results for section 4 with a higher coefficient of friction μ = 0.5.

Table 5 shows the calculation results with sisKMR [2] based on [1] with the different friction values for the 
measurement points at 90 °C track temperature (see Calculation1 and Calculation2). The maximum axial 
displacements of the various sections of the monitored pipe sections after 61 days before the lowering of the 
operating temperature are included as percentages based on the calculation results 1 with the friction coefficient 
μ = 0.4 in table 5. The values in brackets of table 5 refer to the results of calculation 2, in which the friction 
coefficient is μ = 0.5. The representation selected in table 5 enables us to compare the measurement results of the 
individual sensors of the different sections at the same measuring points.

Table 5. Measurement results after 61 days of operation of all sections in percent referred to the results of calculations 

Section TSection SI1.5 SI13.5 SI25.5 SI37.5 SI39.4 SI40 

1 88 °C 30% (50%) 64% (88%) 72% (92%) 72% (85%) 76% (89%) 74% (87%)
2 88.8 °C 133% (200%) 65% (89%) 69% (88%) 73% (86%) 73% (86%) 77 (90)
3 89 °C 17% (255) 66% (91%) 72% (92%) 79% (93%) 78% (92%) 82 (96)
4 87.8 °C 0 (0) 40% (55%) 59% (75%) 66% (78%) 72% (84%) 73 (86)
Calculation1 (µ=0,4) 90 °C 0.6 mm 8.8 mm 18.3 mm 29.0 mm 30.9 mm 31.4
Calculation2 (µ=0,5) 90 °C 0.4 mm 6.4 mm 14.4 mm 24.5 mm 26.4 mm 26.9

It can be stated that the calculation results of calculation 2 with the higher coefficient of friction are closer to the 
measurement results of all partial sections. The deviations between the measurement results of the sections and the 
calculation results of calculation 2 are sometimes even less than 10%. In addition, the measurement results of the 
sections 1, 2 and 3 are usually less than 10% from each other. For section 4, the deviations from the measurement 
results of the other sections at the measuring points 40 m and 39.4 m are also in the range of 10% deviation. 
Between the measuring points 37.5 m and 1.5 m, these deviations increase to more than 25%.

Table 6. Measurement results after 84 days of operation of all sections in percent referred to the results of calculations 

Table 6 shows - in the same way as table 5 - the calculation results with sisKMR [2] based on [1] with the 
different friction values for the measuring points at 10 ° C section temperature - for the state of a cooled pipe. Based 
on the numbers in table 6, the measurement results of the individual sensors of the different sections will be 
compared at the same measuring points. In summary, first it can be stated that both in the calculation results as well 
as in the measurement results of the four sections, the states do not shift back to 0-position and there is a residual 
displacement. In addition, it should be noted temperatures of the sections at the specified measuring time are 10 K 
above the temperature assumptions of the calculation. It is therefore not surprising that the residual displacements of
the sections are usually larger than those of the calculations. The tabular overview also makes it clear that the 
deviations of the residual displacements of the sections to the calculation results also increase with increasing length 
of the sections. Unlike the presentation in table 5, the results of SOP02 (see table 6) are much more different. This 
can be seen particularly clearly on Section 2.

In table 7 the sensors´ maximum measured results in SOP03 referred to the maximum value – measured at the 
end of SOP01 - are shown.  Except S2I1.5 no sensor achieved the maximum axial displacement of SOP01. As 
shown in table 7 the differences in the results per section decreases with the total length of the sections. The results 
of axial displacement in SOP03 are in the range of 90% of the maximum in SOP01. 

Section TSection SI1.5 SI13.5 SI25.5 SI37.5 SI39.4 SI40 

1 20,6 °C 33% (33%) 97% (75%) 103% (74%) 126% (87%) 145% (102%) 155% (109%)
2 20 °C 200% (200%) 132% (102%) 153% (110%) 138% (95%) 187% (132%) 203% (143%)
3 20,1 °C 33% (33%) 103% (79%) 118% (85%) 155% (107%) 151% (106%) 156% (110%)
4 20,8 °C 0,0 76% (58%) 90% (64%) 139% (96%) 151% (106%) 177% (125%)
Calculation1 (µ=0,4) 10 °C 0.3 mm 3.7 mm 6.0 mm 6.9 mm 7.1 mm 7.1 mm
Calculation2 (µ=0,5) 10 °C 0.3 mm 4.8 mm 8.4 mm 10 mm 10.1 mm 10.1 mm
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Table 7. Comparison sensors axial displacement SOP03 with maximum measurements SOP01 

4. Conclusions

In this paper the axial displacements of four monitored pipeline sections achieved during the first period of 
operation at 90 °C were presented. The measuring results in SOP01 and SOP03 are showing that the predominant 
share of axial displacements were achieved during the first 24 h of operation caused by the temperature increase. Up 
to 72 h extend creeping was noted before steady stress conditions in the pipe-soil interaction were achieved. Small 
temperature increases could disturb this steady stress conditions and cause an increase of the measured 
displacement. Temperature decreases in the same range do not lead to a reduction of the axial displacements. It was 
shown that in the beginning of SOP02 an initial temperature degrease of 30 K is needed to disturb the steady stress 
conditions in the pipe-soil interaction and that the insulated pipe do not shift back to 0-position. The measured 
residual displacement was in the range of 40% of their maximum values. Starting from the residual displacements in 
SOP03 smaller displacements were achieved. Although the supply temperature in SOP03 differs more from the set 
temperature the measurements are more stable compared with the results of SOP01 which indicate on more stable 
pipe-soil stress conditions.

The results of the geotechnical investigations provide us with higher friction values compared to the standards. 
The diameter of the joints are compared to the diameter of the insulated pipes only 15 mm higher. Regarding the 
calculations referred to the results of the measurements larger compliance with higher friction coefficient µ = 0.5 
was achieved. This is in line with the results of the geotechnical investigations. Nevertheless, there is still a 
deviation around 10% between the measurement results and the result of calculation 2. This could be due to the 
diameter increase of the joints. The minor differences in the design of the sections have not caused a significant 
deviation in the measuring results during the operating phase 0. It is expected that in operating phase 1 the higher 
temperatures and the cyclic procedures will enlarge the resistance in bedding soil. This should lead to a higher 
differences in the measuring results of the axial displacements of the four sections. On the basis of the presented
measurement results it could be shown that the pipelines are exposed to a very high initial load due to the starting 
process. This should be verified in further researches and taken into account in the pipe deformation behavior as 
well as in the material fatigue of buried preinsulated bonded pipes.
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operating temperatures according to the valid calculation formulas regarding [1]. The influences of the different 
bedding soils are essentially taken into account in the calculation on the basis of the coefficient of friction μ. It was 
assumed that a friction coefficient μ = 0.4 was achieved for the sand bedding of sections 1, 2 and 3, and realistic 
results for section 4 with a higher coefficient of friction μ = 0.5.

Table 5 shows the calculation results with sisKMR [2] based on [1] with the different friction values for the 
measurement points at 90 °C track temperature (see Calculation1 and Calculation2). The maximum axial 
displacements of the various sections of the monitored pipe sections after 61 days before the lowering of the 
operating temperature are included as percentages based on the calculation results 1 with the friction coefficient 
μ = 0.4 in table 5. The values in brackets of table 5 refer to the results of calculation 2, in which the friction 
coefficient is μ = 0.5. The representation selected in table 5 enables us to compare the measurement results of the 
individual sensors of the different sections at the same measuring points.

Table 5. Measurement results after 61 days of operation of all sections in percent referred to the results of calculations 

Section TSection SI1.5 SI13.5 SI25.5 SI37.5 SI39.4 SI40 

1 88 °C 30% (50%) 64% (88%) 72% (92%) 72% (85%) 76% (89%) 74% (87%)
2 88.8 °C 133% (200%) 65% (89%) 69% (88%) 73% (86%) 73% (86%) 77 (90)
3 89 °C 17% (255) 66% (91%) 72% (92%) 79% (93%) 78% (92%) 82 (96)
4 87.8 °C 0 (0) 40% (55%) 59% (75%) 66% (78%) 72% (84%) 73 (86)
Calculation1 (µ=0,4) 90 °C 0.6 mm 8.8 mm 18.3 mm 29.0 mm 30.9 mm 31.4
Calculation2 (µ=0,5) 90 °C 0.4 mm 6.4 mm 14.4 mm 24.5 mm 26.4 mm 26.9

It can be stated that the calculation results of calculation 2 with the higher coefficient of friction are closer to the 
measurement results of all partial sections. The deviations between the measurement results of the sections and the 
calculation results of calculation 2 are sometimes even less than 10%. In addition, the measurement results of the 
sections 1, 2 and 3 are usually less than 10% from each other. For section 4, the deviations from the measurement 
results of the other sections at the measuring points 40 m and 39.4 m are also in the range of 10% deviation. 
Between the measuring points 37.5 m and 1.5 m, these deviations increase to more than 25%.

Table 6. Measurement results after 84 days of operation of all sections in percent referred to the results of calculations 

Table 6 shows - in the same way as table 5 - the calculation results with sisKMR [2] based on [1] with the 
different friction values for the measuring points at 10 ° C section temperature - for the state of a cooled pipe. Based 
on the numbers in table 6, the measurement results of the individual sensors of the different sections will be 
compared at the same measuring points. In summary, first it can be stated that both in the calculation results as well 
as in the measurement results of the four sections, the states do not shift back to 0-position and there is a residual 
displacement. In addition, it should be noted temperatures of the sections at the specified measuring time are 10 K 
above the temperature assumptions of the calculation. It is therefore not surprising that the residual displacements of
the sections are usually larger than those of the calculations. The tabular overview also makes it clear that the 
deviations of the residual displacements of the sections to the calculation results also increase with increasing length 
of the sections. Unlike the presentation in table 5, the results of SOP02 (see table 6) are much more different. This 
can be seen particularly clearly on Section 2.

In table 7 the sensors´ maximum measured results in SOP03 referred to the maximum value – measured at the 
end of SOP01 - are shown.  Except S2I1.5 no sensor achieved the maximum axial displacement of SOP01. As 
shown in table 7 the differences in the results per section decreases with the total length of the sections. The results 
of axial displacement in SOP03 are in the range of 90% of the maximum in SOP01. 

Section TSection SI1.5 SI13.5 SI25.5 SI37.5 SI39.4 SI40 

1 20,6 °C 33% (33%) 97% (75%) 103% (74%) 126% (87%) 145% (102%) 155% (109%)
2 20 °C 200% (200%) 132% (102%) 153% (110%) 138% (95%) 187% (132%) 203% (143%)
3 20,1 °C 33% (33%) 103% (79%) 118% (85%) 155% (107%) 151% (106%) 156% (110%)
4 20,8 °C 0,0 76% (58%) 90% (64%) 139% (96%) 151% (106%) 177% (125%)
Calculation1 (µ=0,4) 10 °C 0.3 mm 3.7 mm 6.0 mm 6.9 mm 7.1 mm 7.1 mm
Calculation2 (µ=0,5) 10 °C 0.3 mm 4.8 mm 8.4 mm 10 mm 10.1 mm 10.1 mm
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Table 7. Comparison sensors axial displacement SOP03 with maximum measurements SOP01 

4. Conclusions

In this paper the axial displacements of four monitored pipeline sections achieved during the first period of 
operation at 90 °C were presented. The measuring results in SOP01 and SOP03 are showing that the predominant 
share of axial displacements were achieved during the first 24 h of operation caused by the temperature increase. Up 
to 72 h extend creeping was noted before steady stress conditions in the pipe-soil interaction were achieved. Small 
temperature increases could disturb this steady stress conditions and cause an increase of the measured 
displacement. Temperature decreases in the same range do not lead to a reduction of the axial displacements. It was 
shown that in the beginning of SOP02 an initial temperature degrease of 30 K is needed to disturb the steady stress 
conditions in the pipe-soil interaction and that the insulated pipe do not shift back to 0-position. The measured 
residual displacement was in the range of 40% of their maximum values. Starting from the residual displacements in 
SOP03 smaller displacements were achieved. Although the supply temperature in SOP03 differs more from the set 
temperature the measurements are more stable compared with the results of SOP01 which indicate on more stable 
pipe-soil stress conditions.

The results of the geotechnical investigations provide us with higher friction values compared to the standards. 
The diameter of the joints are compared to the diameter of the insulated pipes only 15 mm higher. Regarding the 
calculations referred to the results of the measurements larger compliance with higher friction coefficient µ = 0.5 
was achieved. This is in line with the results of the geotechnical investigations. Nevertheless, there is still a 
deviation around 10% between the measurement results and the result of calculation 2. This could be due to the 
diameter increase of the joints. The minor differences in the design of the sections have not caused a significant 
deviation in the measuring results during the operating phase 0. It is expected that in operating phase 1 the higher 
temperatures and the cyclic procedures will enlarge the resistance in bedding soil. This should lead to a higher 
differences in the measuring results of the axial displacements of the four sections. On the basis of the presented
measurement results it could be shown that the pipelines are exposed to a very high initial load due to the starting 
process. This should be verified in further researches and taken into account in the pipe deformation behavior as 
well as in the material fatigue of buried preinsulated bonded pipes.
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When the hot water for district heating (DH) is supplied through a thermal grid, a pressure differential control valve (PDCV) in a 
substation protects the users’ equipment from the high pressure water and helps to supply DH water to long distance. It also 
controls the constant temperature and adjusts the constant pressure in the thermal grid. However, cavitation occurs in PDCV due 
to the use of high pressure DH water. It causes frequent failures, many problems and energy losses. It makes a complaint to both 
the operator and the user. In order to solve these problems, we have introduced the hydroelectric power generation method to 
replace PDCV with hydraulic turbine, convert the unused differential pressure within a DH pipe into electricity. When a 
differential pressure power generation system is operated in the user's substation, power generation of about 10 to 20 MWh and 
reduction of carbon dioxide emission to about 7 tons can be seen for a year. It is possible to install more than 3,000 out of about 
10,000 of the district heating in Korea. It can grow into a new energy business model. It is also calculated that the DH plant has a 
power saving effect. The cost of the DH pump power can reduce by more than 3%, and the efficiency of CHP plant can increase 
by more than 0.3% because 10% defective of PDCV is decreased. 
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1. Introduction 

Here introduce the paper, and put a nomenclature if necessary, in a box with the same font size as the rest of the 
paper. The paragraphs continue from here and are only separated by headings, subheadings, images and formulae. 
The section headings are arranged by numbers, bold and 10 pt. Here follows further instructions for authors. The 
changing global energy situation faces various challenges in providing the energy infrastructure needed to meet the 
electricity, heating and cooling needs of an energy-driven world. District heating and cooling (DHC) and smart 
thermal grid make up the backbones of the efficient, reliable and resilient infrastructure that supports the heating and 
cooling of buildings in many cities, communities, hospitals, airports and campuses as a best practice approach for 
low-carbon energy supply [1].  

District heating (DH) is the process of replacing the heat (hot water) produced in a concentrated large-scale heat 
production facility (such as a cogeneration plant) instead of having separate heat production facilities (such as gas 
boilers, etc.) in buildings. Because district heating uses centralized high-efficiency heat production facilities, it is 
economical, easy to operate and manage, and is environmentally friendly [2]. DHC systems have the multiple 
benefits, such as greenhouse gas emissions reductions, air pollution reductions, energy-efficiency improvements, use 
of local and renewable resources, resilience and energy access, and green economy. Despite DHC’s many benefits, 
there are significant untapped and unused potentials [3]. Thus, many researches have been studied the potentials. An 
example is to use an abandoned energy that has been utilized industrially but has not been used yet. This is because 
the use of fossil fuels decreases as the amount of unused energy is increased. 

DH network as a thermal grid with pipelines is used to transfer the heat less than 120 degrees Celsius. However, 
as shown in Figs. 1 and 2, due to the pressure drop of the fluid in the DH pipelines, the fluid conveyed through the 
DH pipelines has a hot water pressure difference depending on the distance. A pressure differential control valve 
(PDCV) is used to supply a constant flow rate from the hot water pressure differential and to protect the users’ 
equipment from the high pressure fluid. Another role of the PDCV is to regulate the pressure at each point so that 
the fluid can be supplied remotely. 

However, in the case of the use of high-pressure fluid of 6 bar or more, cavitation occurs in the PDCV [4]. It 
causes frequent failure, many problems of supplying hot water, and energy losses. They make a complaint to 
operator and the user. If the PDCV is not operated, stable operation of the DH system in a substation will be 
impossible, shortening the lifespan of the user’s devices and abnormal temperature operation of the temperature 
control valve (TCV) caused by uneven flow and pressure. This failure can result in a large amount of heat loss, 
causing the valves to be replaced or replaced periodically. 

Currently, national studies in Korea are conducted to overcome the limitations of such PDCV and to reduce field 
problems, and to generate new energy business by generating electric power from the unused pressure energy in the 
DH pipelines using the hydraulic turbine power generation system. Hydraulic power generation using the pressure 
differential is one of the small hydropower, which is a low-maintenance, economical power generation system with 
high energy density without greenhouse gas emissions. When installed in the position of the PDCV in the user's 
substation, the initial investment cost is low because the civil work cost is not spent differently from the river small 
hydraulic power generation. In addition, it does not affect the surrounding ecosystem. 

In this paper, we will introduce the hydraulic power generation system of the district heating system in the user’s 
substation. 

 

  
Fig. 1. Schemtic diagram of district heating system. Fig. 2. Schematic of pressure distribution system in district heating. 
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controls the constant temperature and adjusts the constant pressure in the thermal grid. However, cavitation occurs in PDCV due 
to the use of high pressure DH water. It causes frequent failures, many problems and energy losses. It makes a complaint to both 
the operator and the user. In order to solve these problems, we have introduced the hydroelectric power generation method to 
replace PDCV with hydraulic turbine, convert the unused differential pressure within a DH pipe into electricity. When a 
differential pressure power generation system is operated in the user's substation, power generation of about 10 to 20 MWh and 
reduction of carbon dioxide emission to about 7 tons can be seen for a year. It is possible to install more than 3,000 out of about 
10,000 of the district heating in Korea. It can grow into a new energy business model. It is also calculated that the DH plant has a 
power saving effect. The cost of the DH pump power can reduce by more than 3%, and the efficiency of CHP plant can increase 
by more than 0.3% because 10% defective of PDCV is decreased. 
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changing global energy situation faces various challenges in providing the energy infrastructure needed to meet the 
electricity, heating and cooling needs of an energy-driven world. District heating and cooling (DHC) and smart 
thermal grid make up the backbones of the efficient, reliable and resilient infrastructure that supports the heating and 
cooling of buildings in many cities, communities, hospitals, airports and campuses as a best practice approach for 
low-carbon energy supply [1].  

District heating (DH) is the process of replacing the heat (hot water) produced in a concentrated large-scale heat 
production facility (such as a cogeneration plant) instead of having separate heat production facilities (such as gas 
boilers, etc.) in buildings. Because district heating uses centralized high-efficiency heat production facilities, it is 
economical, easy to operate and manage, and is environmentally friendly [2]. DHC systems have the multiple 
benefits, such as greenhouse gas emissions reductions, air pollution reductions, energy-efficiency improvements, use 
of local and renewable resources, resilience and energy access, and green economy. Despite DHC’s many benefits, 
there are significant untapped and unused potentials [3]. Thus, many researches have been studied the potentials. An 
example is to use an abandoned energy that has been utilized industrially but has not been used yet. This is because 
the use of fossil fuels decreases as the amount of unused energy is increased. 

DH network as a thermal grid with pipelines is used to transfer the heat less than 120 degrees Celsius. However, 
as shown in Figs. 1 and 2, due to the pressure drop of the fluid in the DH pipelines, the fluid conveyed through the 
DH pipelines has a hot water pressure difference depending on the distance. A pressure differential control valve 
(PDCV) is used to supply a constant flow rate from the hot water pressure differential and to protect the users’ 
equipment from the high pressure fluid. Another role of the PDCV is to regulate the pressure at each point so that 
the fluid can be supplied remotely. 

However, in the case of the use of high-pressure fluid of 6 bar or more, cavitation occurs in the PDCV [4]. It 
causes frequent failure, many problems of supplying hot water, and energy losses. They make a complaint to 
operator and the user. If the PDCV is not operated, stable operation of the DH system in a substation will be 
impossible, shortening the lifespan of the user’s devices and abnormal temperature operation of the temperature 
control valve (TCV) caused by uneven flow and pressure. This failure can result in a large amount of heat loss, 
causing the valves to be replaced or replaced periodically. 

Currently, national studies in Korea are conducted to overcome the limitations of such PDCV and to reduce field 
problems, and to generate new energy business by generating electric power from the unused pressure energy in the 
DH pipelines using the hydraulic turbine power generation system. Hydraulic power generation using the pressure 
differential is one of the small hydropower, which is a low-maintenance, economical power generation system with 
high energy density without greenhouse gas emissions. When installed in the position of the PDCV in the user's 
substation, the initial investment cost is low because the civil work cost is not spent differently from the river small 
hydraulic power generation. In addition, it does not affect the surrounding ecosystem. 

In this paper, we will introduce the hydraulic power generation system of the district heating system in the user’s 
substation. 

 

  
Fig. 1. Schemtic diagram of district heating system. Fig. 2. Schematic of pressure distribution system in district heating. 
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Nomenclature 

Pe output power per unit time (kW) 
g gravitational acceleration (m/s2) 
ρ water density (kg/m3) 
η efficiency of power generation system (%) 
He effective head drop (m) 
Q flow rate (m3/s) 
Qr hydraulic turbine design flow (m3/s) 
Pi hydraulic power generation (kW) 
P1 partial output power (kW) 
P2 based output power (kW) 
Lf operation rate of power generation system (%) 
C facility capacity (kW) 
Ea annual power generation amount (kWh) 

 

2. Technology and Market Trends 

After two oil crises in the 1970s, the Korea government invested heavily in the development of small-scale 
hydropower technologies. In early 1990, it standardized the aberrations to the standard range according to the head 
drop (the difference in elevation) and flow rate, and reduced the construction cost of water turbines by mass 
production. Thereby, it improved economic efficiency and supported resource development. In recent years, as a 
countermeasure against global warming, the use of small-scale hydropower, such as micro hydropower and pico 
hydropower, is under way in accordance with the trend of strengthening the use of renewable energy [5]. 

Market and technology trends show that related markets are growing, including a case study of the US power 
plant production in Portland. According to DOE's the small hydropower market, the market size of micro- and pico-
hydropower will be 29.35 billion won in 2022. Japan is actively promoting the development of small hydropower, 
which has excellent characteristics in terms of energy safety and environment, focusing on NEDO for technology 
preoccupation. To focus on eco-friendly development, strategic technology is being developed considering cost 
factors. 

In recent, because of construction and integration into local environments, the installation of micro and pico 
hydropower systems is increasing in many locations of the world, especially in remote areas where other energy 
sources are not viable or not economically attractive. Between micro and pico hydropower systems, particularly 
interesting for the potential of integration at urban and building scale are hydro power systems in pipelines, though 
power generation from fluid flow confined is not a new concept. In-pipe hydro systems can operate across a wide 
range of head and flow conditions inside most common piping materials such as steel, ductile iron, concrete, or any 
material that can be mated with steel pipe, providing clean, baseload energy without the intermittency of wind and 
solar and without environmental repercussion [6].  

Moreover, all cities are served by pressured piping grids systems to supply water where it is needed for drinking, 
industrial use, while drain and sewage systems are usually gravity fed. Both hold untapped energy deriving from 
abundant pressure, and drinking water processors and industrial manufacturers typically install pressure reduction 
valves – hydraulic devices that maintain preset pressure ranges – to relieve the excess pressure and release it as 
waste heat. Theoretically, all systems that employ pressure reducing devices could replace them with in pipe 
generators, maintaining the same control on water flow and pressure whilst producing usable electricity [6]. 

Another large potential energy source lies in the piping systems of single buildings, both for tap water supply, 
drainage and cooling and heating circuits, with particular regard to large building such as commercial and residential 
high-rises or shopping malls. In particular, skyscrapers require large amounts of pressure to supply water to the 
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higher floors, and the excess pressure in the lower section is usually wasted via pressure reduction valves and could 
be harvested for powering buildings appliances [6]. 

This technology is an urban energy harvesting technology that maximizes the efficiency of transmission and 
distribution of electricity by shortening the production and the use of the electricity. Thus, it is a national energy 
saving technology in terms of leakage prevention and unused energy utilization. Harvesting, rectifying, and storing 
of the surplus hydraulic pressure and the flow velocity caused by the altitude difference are applied to the urban 
power infrastructure. In a similar technology, a small turbine generator is installed in a water supply pipe coming 
into an apartment complex, and electricity is generated by using the energy of water and the pressure of water. In 
this case, the power generation capacity is about 100 watts of micro hydropower, respectively. In this paper, a 
differential pressure power generation system that replaces the PDCV can be classified into a pico hydropower (less 
than 5 kW). The size based subdivision represent an average size reference as there is no global agreement among 
different countries on the classification of hydropower systems according to the installed power, with the 
consequence that the definition of micro and pico hydropower spans a very wide range of plants sizes [7]. 

In particular, in 2015 the city of Portland made the news by installing ‘Lucidpipe Power System’ in one of its 
main water lines: the four 42” vertical axis turbines total 200kW Power and are expected to generate an average of 
1100MWh each year serving approximately 150 homes [6]. Korea’s example is the application of a 10kW micro 
hydroelectric power plant to the sewage treatment facility - ‘Kiheung respia’ in 2013 [8]. 

Hitachi Energy Recovery System uses a vertical axis Francis turbine with integrated electric generator to provide 
a compact assembly, already tested in the Iwatsuki office of Fuji Xerox (2 units outputting 2.4kW each with 25m 
water head) and in Koyo Paper (9.6kW with 40m head) and NGK Spark Plug (6.0kW and 25m head) factories [6]. 
In Korea, the Lotte E&C developed micro-hydroelectric power generation system [9] in Korea to generate electric 
power using the sink of the water filling the underground water tank in the apartment complex. Both 9kW and 
3.5kW generators are installed in the apartment. 2,520kWh of electricity can be produced each month.  

For single habitation unit applications, reduced space and water head requirements become paramount for any 
integration of energy harvesting devices in existing piping systems without impeding water flow. These machines 
have little energy output – less than 1W – and are best suitable for powering metering and control devices or small 
lighting systems. Scientists from HSG-IMIT and IMTEK developed an automatic remote water meter powered by 
an energy harvester able to generate up to 720mW when using a flow rate of 20 liter/min, corresponding to a fully 
opened water tab. This way it is possible to add metering devices anywhere in existing piping systems without the 
need for electric and data connections since the devices is self-powered and transmits data via Wi-Fi, and to 
integrate water monitoring to any building automation system or to other internet of things devices with positive 
effect on water consumption and energy reduction. The energy harvester itself I based on an impeller wheel directly 
coupled with an electromagnetic energy transducer, constituted by a two pole magnet and three induction coils along 
with a battery [10]. 

In summary, it is possible to apply both waterworks and district heating pipelines to high-rise buildings (more 
than 80,000 in 2014) with high water pressure in Korea, and it is advantageous that not only energy saving but also 
prediction and quick recovery of drain pipe leaks are possible. Therefore, it will be possible to develop the market 
through technological preemption through this technology. 
 

3. Power System Configuration 

Fig. 3 shows the heat supply system of the district heating. The system is divided into DH supply and return pipes 
from a heat source plant (hereinafter referred to as a "primary side") and user’s equipment (hereinafter referred to as 
a "secondary side"), based on heat exchangers. The DH hot water generated in the plant is kept in a constant 
pressure less than 1 bar between the DH supply pipe and the DH return pipe while passing through the PDCV in the 
user's substation. In other words, by maintaining a constant pressure in response to pressure fluctuations, it has a 
function to safely maintain the heat exchanger, the valves for heating and hot water control, the heating and cooling 
piping, and the fittings.  

It is a hydraulic power generation system to place a hydraulic turbine at the position of the above mentioned 
PDCV. The hydrodynamic differential power generation system is shown in Fig. 4. The hydraulic turbine reduces 
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Nomenclature 

Pe output power per unit time (kW) 
g gravitational acceleration (m/s2) 
ρ water density (kg/m3) 
η efficiency of power generation system (%) 
He effective head drop (m) 
Q flow rate (m3/s) 
Qr hydraulic turbine design flow (m3/s) 
Pi hydraulic power generation (kW) 
P1 partial output power (kW) 
P2 based output power (kW) 
Lf operation rate of power generation system (%) 
C facility capacity (kW) 
Ea annual power generation amount (kWh) 
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the pressure of the primary DH supply pipe and converts the reduced pressure energy to electric energy. The 
generated electricity is used for driving the secondary side pump. Thus, it reduces the electricity cost of pump and 
the energy loss for transferring the electricity to the grid. 

In pipe hydro power systems can be divided in two main designs, internal system and external system. An 
internal system is that the runner is wholly inside the pipe section and only the generator protrudes from the conduit. 
An external system is that the runner is contained in a secondary conduit that bypasses the main one. In this study, 
the hydraulic power system is an external system. The external systems do not depend so strictly on pipe size since 
the runner is enclosed in a dedicated conduit, and allow for even greater flexibility. Their main drawback is the need 
for larger vaults to accommodate the turbine and generator assembly, making them less ideal for retrofit intervention 
on existing water infrastructures [6]. 

The system consists of two parts: hydroelectric power generation system which converts pressure energy into 
electric energy; energy storage system (ESS) and power supply system which converts the generated electricity, 
supplies it to pump, or stores it in energy storage system.  

In order to increase the economic efficiency, this system is designed to have four functions. First, it serves as a 
PDCV through the hydraulic turbine. Second, it can replace the flowmeter by measuring the rotation speed. Third, 
through the power conversion device, it can replace TCV. Last, a power supply device acts as a pump inverter to 
utilize the generated electricity. In this way, we intend to increase competitiveness through multi-function of 
differential pressure control, flow measurement, temperature control and pump inverter. 

 

  

Fig. 3. Schematic of district heating system in a substation; (a) Pipelines and pressure control values, (b) Temperature and flowrate at each 
location. 

  
Fig. 4. Concept of hydraulic power generation system. Fig. 5. Hydropower management platform. 
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The capacity of the hydraulic turbine to convert the differential pressure within the DH pipe into electricity is 
designed to be 5kW. Since the hydraulic characteristics of the hydraulic turbine are high pressure difference and low 
flow rate, they are selected as volumetric hydro turbines suitable for high pressure drop. The ESS and power supply 
are shown in Fig. 5 developed the internal system. 

The average power generation amount per unit time (Pe) in the user's substation can be expressed as (1), and the 
facility capacity (C) as (2), the annual average operation rate (Lf) as (3), the annual power generation amount (Ea) as 
(4) [9]. The operation rate refers to the ratio between the time of power generation and the year (8,760 hours), 
assuming that the total power generation during the year is developed only at the maximum output (capacity). 

 
𝑃𝑃𝑒𝑒 = 𝜌𝜌𝜌𝜌𝐻𝐻𝑒𝑒𝜂𝜂 (∫ 𝑄𝑄𝑃𝑃(𝑄𝑄)𝑑𝑑𝑄𝑄 + 𝑄𝑄𝑟𝑟 ∫ 𝑃𝑃(𝑄𝑄)𝑑𝑑𝑄𝑄∞

𝑄𝑄𝑟𝑟
𝑄𝑄𝑟𝑟
0 ) = 𝑃𝑃1 + 𝑃𝑃2       () 

𝐶𝐶 = 𝜌𝜌𝜌𝜌𝐻𝐻𝑒𝑒𝑄𝑄𝑟𝑟𝜂𝜂           () 

𝐿𝐿𝑓𝑓 = (𝑃𝑃1 + 𝑃𝑃2)/𝐶𝐶          () 

𝐸𝐸𝑎𝑎 = 8,760𝐶𝐶𝐿𝐿𝑓𝑓           () 

 

4. Results and Discussion 

Fig. 6 is the actual flow rate for one year supplied to the apartment house located in Bundang, Gyeonggi, Korea. 
The annual flow rate was 0.07 ~ 38.8m3/hr. The variation is due to the weather (outside temperature) and life pattern, 
and the same tendency is observed in the other regions. The annual flow rate was reduced during the summer season 
due to seasonal factors and increased during the winter season. The daily fluctuation range was 8 ~ 15m3/hr, and the 
daily fluctuation was also very large. 

Seasonal factors have an important influence on the estimation of design capacity of hydraulic turbine. In other 
words, small hydropower cannot be generated during the period when the flow rate is lower than the design flow 
rate. If the design flow rate is set at a low value in order to increase the operation rate, it becomes disadvantageous 
in terms of annual power generation amount. Therefore, the selection of the aberration and flow control system that 
can operate in a relatively large flow rate range is very important for the application to the DH substation. At the 
same time, annual flow variation characteristics of the flow rate should be considered for designing the optimal 
hydraulic power generation system using differential pressure. 
 

 
Fig. 6. Actual flow rate (Q) in a year. 
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The design flow rate is an important factor for selecting power generation capacity and hydraulic turbine. It is 
necessary to select a design flow rate value in order to maximize the power generation amount in a flow condition 
with a large variation range. Thus, we can select to separate a 5kW hydraulic turbine into 1.5kW for hot water load 
and 3.5kW for space heating load in order to increase the operation rate.  

When selecting 3.5kW hydraulic turbine, flow rate and supply pressure in Figs. 6 and 7 were used. The design 
flow range for the spacing heating load is 0 ~ 27m3/hr except 8m3/hr for hot water load. Therefore, considering the 
frequency, the design flow rate (Qr) for the spacing heating load is 17m3/hr and the minimum flow rate is 5m3/hr. At 
this time, the total power generation capacity (C) of two hydraulic turbines is 3 ~ 5kW, and the operation rate (Lf) of 
each turbine is 30% for spacing heating load and 80% for hot water load. 

When a hydraulic power generation system are operated, it is considered that there will be a power generation of 
about 10 ~ 20MWh and a carbon dioxide emission reduction effect of about 7 tons when installing more than 3,000 
of the 10,000 local DH substations. Also, it is expected that the power cost will be reduced even on the heat source 
side. Typically, when the PDCV is 10% defective, the cost of the DH pump power will increase by more than 3%, 
and the efficiency of CHP plant will be reduced by more than 0.3% because of decreasing the return temperature of 
DH water. 

Fig. 8 is an example for pressure map at the locations of substations in DH supply area in Seoul, Korea. We are 
measuring and calculating the pressure on the supply pipes and the return pipes at the substations as shown in as 
shown in Fig. 8(a). The pressure data will be changed to pressure map for calculating hydraulic power generation as 
shown in Fig. 8(b).  These data will be used for technology commercialization with small business partners. 
 

 
Fig. 7. Variation of supply pressure (Q) in a year. 

 

    
Fig. 8. Substaion locations and pressure map for hydraulic power generation in Seoul, Korea  (a) The locations of substations (=a legend red dots) 

in DH supply area;  (b) An example of pressure map at certain location 
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5. Conclusions 

When the hot water for district heating (DH) is supplied through a thermal grid, a pressure differential control 
valve (PDCV) in a substation protects the users’ equipment from the high pressure water. PDCV helps to supply DH 
water to long distance. It also controls the constant temperature and adjusts the constant pressure in the thermal grid. 
However, cavitation occurs in PDCV due to the use of high pressure DH water. It causes frequent failures, many 
problems and energy losses. It makes a complaint to both the operator and the user.  

In order to solve these problems, the hydroelectric power generation method to replace PDCV with hydraulic 
turbine was introduced in this paper. This system converts the unused differential pressure within a DH pipe into 
electricity and uses electricity as the power of the closest pump. 

When a differential pressure power generation system is operated in the user's substation, power generation of 
about 10 to 20 MWh and reduction of carbon dioxide emission to about 7 tons can be seen for a year. It is possible 
to install more than 3,000 out of about 10,000 of the district heating in Korea. It can grow into a new energy 
business model. It is also calculated that the DH plant has a power saving effect. The cost of the DH pump power 
can reduce by more than 3%, and the efficiency of CHP plant can increase by more than 0.3% because 10% 
defective of PDCV is decreased. 
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The design flow rate is an important factor for selecting power generation capacity and hydraulic turbine. It is 
necessary to select a design flow rate value in order to maximize the power generation amount in a flow condition 
with a large variation range. Thus, we can select to separate a 5kW hydraulic turbine into 1.5kW for hot water load 
and 3.5kW for space heating load in order to increase the operation rate.  

When selecting 3.5kW hydraulic turbine, flow rate and supply pressure in Figs. 6 and 7 were used. The design 
flow range for the spacing heating load is 0 ~ 27m3/hr except 8m3/hr for hot water load. Therefore, considering the 
frequency, the design flow rate (Qr) for the spacing heating load is 17m3/hr and the minimum flow rate is 5m3/hr. At 
this time, the total power generation capacity (C) of two hydraulic turbines is 3 ~ 5kW, and the operation rate (Lf) of 
each turbine is 30% for spacing heating load and 80% for hot water load. 

When a hydraulic power generation system are operated, it is considered that there will be a power generation of 
about 10 ~ 20MWh and a carbon dioxide emission reduction effect of about 7 tons when installing more than 3,000 
of the 10,000 local DH substations. Also, it is expected that the power cost will be reduced even on the heat source 
side. Typically, when the PDCV is 10% defective, the cost of the DH pump power will increase by more than 3%, 
and the efficiency of CHP plant will be reduced by more than 0.3% because of decreasing the return temperature of 
DH water. 

Fig. 8 is an example for pressure map at the locations of substations in DH supply area in Seoul, Korea. We are 
measuring and calculating the pressure on the supply pipes and the return pipes at the substations as shown in as 
shown in Fig. 8(a). The pressure data will be changed to pressure map for calculating hydraulic power generation as 
shown in Fig. 8(b).  These data will be used for technology commercialization with small business partners. 
 

 
Fig. 7. Variation of supply pressure (Q) in a year. 

 

    
Fig. 8. Substaion locations and pressure map for hydraulic power generation in Seoul, Korea  (a) The locations of substations (=a legend red dots) 

in DH supply area;  (b) An example of pressure map at certain location 
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5. Conclusions 

When the hot water for district heating (DH) is supplied through a thermal grid, a pressure differential control 
valve (PDCV) in a substation protects the users’ equipment from the high pressure water. PDCV helps to supply DH 
water to long distance. It also controls the constant temperature and adjusts the constant pressure in the thermal grid. 
However, cavitation occurs in PDCV due to the use of high pressure DH water. It causes frequent failures, many 
problems and energy losses. It makes a complaint to both the operator and the user.  

In order to solve these problems, the hydroelectric power generation method to replace PDCV with hydraulic 
turbine was introduced in this paper. This system converts the unused differential pressure within a DH pipe into 
electricity and uses electricity as the power of the closest pump. 

When a differential pressure power generation system is operated in the user's substation, power generation of 
about 10 to 20 MWh and reduction of carbon dioxide emission to about 7 tons can be seen for a year. It is possible 
to install more than 3,000 out of about 10,000 of the district heating in Korea. It can grow into a new energy 
business model. It is also calculated that the DH plant has a power saving effect. The cost of the DH pump power 
can reduce by more than 3%, and the efficiency of CHP plant can increase by more than 0.3% because 10% 
defective of PDCV is decreased. 
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developed, leading to a performance characterization of this zeolite boiler. The developed simulation model was used to predict 
performance of a heat charging device employing moving bed as well. Based on this calculation, a case study, heat transporting 
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1. Introduction

Around 20% of final energy consumption in the industrial sector in Sweden is exhausted as surplus heat [1]. To 
reach the sustainable goal, effective use of this industrial surplus heat plays a vital role. Regarding the energy use in 
Sweden, half of the primary energy supply in the residential and service sector is used for heating, mainly as district 
heating [2]. Reutilization of this industrial surplus heat in the district heating system will reduce both the primary 
energy supply and the corresponding CO2 emission. However, in Sweden, only 8% of district heating source was 
converted from the waste heat in 2013 [2]. To use this surplus heat effectively, thermochemical energy storage and 
transport system utilizing zeolite 13X steam adsorption and desorption cycle is one of the methods that effectively 
supply industrial surplus heat to the users. Many fixed bed type devices discharging and charging heat have been
developed [3], [4] and several economic analyses have been reported [5]. However, the batch process requires 
additional labor cost due to frequent transportation of costly containers and cannot supply heat continuously. 

Considering these aspects, we have reported the concept of a moving bed zeolite boiler supplying pressurized 
steam up to 0.2 MPa continuously in an indirect contact heat exchanger [6]. This zeolite boiler adsorbs steam from 
an existing boiler and generates higher amount of adsorption heat, with this, zeolite boiler reduces the fuel
consumption of the existed boiler. In this study, an additional conceptual design of both heat discharging and 
charging device to supply 60 °C hot tap water is also shown. The numerical simulation models for the heat 
discharging and charging device were developed to predict the performance of each of the components. Based on 
these calculations, a case study for heat transportation between a local steel works and a hotel was examined and the 
Levelized Cost of Energy (LCOE) was evaluated.

Nomenclature

Symbols
cp specific heat capacity J/(kg�K)
d diameter m
D diffusivity m2/s
kLDF overall mass transfer coefficient 1/s
nbt number of tubes -
p pressure Pa
q adsorption amount kgwater/kgzeolite
r adsorption rate kg/s
Rg gas constant J/(mol�K)
T temperature K
u velocity m/s
W adsorption volume mL/g
x axial distance m
α heat transfer coefficient W/(m2�K)
ΔH adsorption heat kJ/kg
ε porosity -
λ thermal conductivity W/(m�K)
µ viscosity Pa�s
ρ density kg/m3

τ tortuosity -
ϕ relative humidity -
Re Reynolds number -
Pr Prandtl number -
Nu Nusselt number -
CAPEX Capital Expenditure €
OPEX Operating expenses €/y
LCOE Levelized cost of energy €/MWh

Subscript
0 initial
a ambient
ax axial
b bed
bt boiler tube
c chamber
eff effective
eq equilibrium
g gas
kn knudsen
L length of chamber 
m molecular
max maximum
o outer
p particle
s steam
w water
z zeolite

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.174&domain=pdf
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1. Introduction

Around 20% of final energy consumption in the industrial sector in Sweden is exhausted as surplus heat [1]. To 
reach the sustainable goal, effective use of this industrial surplus heat plays a vital role. Regarding the energy use in 
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heating [2]. Reutilization of this industrial surplus heat in the district heating system will reduce both the primary 
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converted from the waste heat in 2013 [2]. To use this surplus heat effectively, thermochemical energy storage and 
transport system utilizing zeolite 13X steam adsorption and desorption cycle is one of the methods that effectively 
supply industrial surplus heat to the users. Many fixed bed type devices discharging and charging heat have been
developed [3], [4] and several economic analyses have been reported [5]. However, the batch process requires 
additional labor cost due to frequent transportation of costly containers and cannot supply heat continuously. 

Considering these aspects, we have reported the concept of a moving bed zeolite boiler supplying pressurized 
steam up to 0.2 MPa continuously in an indirect contact heat exchanger [6]. This zeolite boiler adsorbs steam from 
an existing boiler and generates higher amount of adsorption heat, with this, zeolite boiler reduces the fuel
consumption of the existed boiler. In this study, an additional conceptual design of both heat discharging and 
charging device to supply 60 °C hot tap water is also shown. The numerical simulation models for the heat 
discharging and charging device were developed to predict the performance of each of the components. Based on 
these calculations, a case study for heat transportation between a local steel works and a hotel was examined and the 
Levelized Cost of Energy (LCOE) was evaluated.
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2. Main System Components

Thermochemical energy storage and transport system utilizing zeolite can be divided into three steps: charging,
transportation and discharging. In this section, charging and discharging devices are called “Heat Charger” and 
“Zeolite Boiler”. The processes were numerically modeled and validated based on experimental results of 
equilibrium water adsorption in the zeolite 13X.

2.1 Discharging in the “Zeolite Boiler”

As a steam generator utilizing zeolite, zeolite boiler employing moving bed and indirect heat exchanger has been 
developed [6], as shown in Fig.1 (a1). The zeolite boiler consists of a non-pressurized chamber and an indirect
multi-tubular heat exchanger, which is a vertically mounted counter-flow type reactor. Zeolite is poured into the 
chamber from the top and flows downward adsorbing injected steam. Adsorbed steam is injected from the top of 
heat exchanger and zeolite adsorbs injected steam and accompanying adsorption heat is transferred to the heat 
exchanger in the chamber. Water is supplied from the bottom of the heat exchanger and flows upward with 
increasing temperature. Although the moving bed reactor has benefits in supplying heat continuously, zeolite would 
be clogged in adsorbing liquid water in moving bed due to wetting of the zeolite particles, so water vapor is supplied 
to discharge the stored heat. In order to generate adsorbed steam by the zeolite boiler itself, a new type of zeolite 
boiler was designed as shown in Fig. 1 (a2).

The water pressurized up to 1.1 MPa is introduced from the bottom of the heat exchanger and is heated up to 
around 184 °C corresponding to the saturated temperature under 1.1 MPa. The pressurized water is depressurized to 
the ambient condition, and a part of the water is flashed and injected from the top. The drain water at 100 °C is 
mixed to the water at the ambient temperature to control the temperature in the water tank. The process of this 
system was modelled in the commercial process simulator Aspen HYSYS®, and a process flow diagram in 
generating 3100 kg/h of hot tap water is shown in Fig. 2.

Assuming in the numerical model that the zeolite boiler is an axially symmetric reactor without radial 
distribution, this zeolite boiler can be simplified to quasi-two-dimensional steady state model which has only axial 
temperature and steam concentration distribution and radially heat exchange between zeolite bed-water through the 
tube wall, and heat leakage between zeolite bed-ambient air through the insulated chamber wall. Other assumptions 
are shown as follows:

1. the chamber is packed with zeolite uniformly
2. the gas inside the chamber is treated as the ideal gas
3. steady-state heat and mass transfer with constant flow rate of zeolite

Fig.1 Schematic of a novel design (a1) Zeolite Boiler operated with existed boiler, 
(a2) Zeolite boiler injecting flash steam and (b) Heat Charger

(a1) (a2) (b) 
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Based on these assumptions, governing equations as shown in Table 1 were solved with a commercial CFD 
program, COMSOL Multiphysics® 5.3. The water mass flow rate is set firstly and determines the injection steam 
and drain water mass flow according to the flash rate under 1.1 MPa. Zeolite mass flow is adjusted until the outlet 
temperature of water reaches 184 °C. The water mass flow rate is changed by 100 kg/h step and repeat above 
procedure to seek the condition with minimum zeolite mass flow rate.

The heat transfer coefficient between zeolite and gas was given by Ranz Marshall [7] shown in Eq (11)

 Nu = 2.0 + 0.6Rep
0.5Pr0.333 (11)

The heat transfer between zeolite bed and the wall of boiler tube and the chamber wall was shown in Eq. (12) and 
(13) [8].

Table 1. Governing equation of zeolite boiler and heat charger
Mass balance of zeolite

∂
∂x

ρzuz =ρz0r (1)

Continuous equation

(Zeolite boiler) ∂
∂x

ρgug =−ρz0r, B.C: ug = ug0 (x = 0 mm) (2)

(Heat charger)
∂
∂x

−ρgug =−ρz0r, B.C: ug = ug0 (x = xL) (3)

Energy balance (Zeolite)

(Zeolite boiler)

∂
∂x

ρzuzcpzTz =
∂
∂x

λz_eff
∂Tz

∂x
−

4dbt_onbtαzw

dc
! Tz − Tw −

4αza

dc
Tz − Ta −

6(1 − εb)αgz

dc
Tz − Tg + ρz0r∆H

B.C: Tz = 𝑇𝑇z0 (𝑥𝑥 = 0 mm),
∂𝑇𝑇!
∂x

= 0 x = xL

(4)

(Heat charger)

∂
∂x

ρzuzcpzTz =
∂
∂x

λz_eff
∂Tz

∂x
−

4αza

dc
Tz − Ta −

6 1 − εb αgz

dc
Tz − Tg + ρz0r∆H

B.C: Tz = 𝑇𝑇z0 (𝑥𝑥 = 0 mm),
∂Tz
∂x

= 0 x = xL

(5)
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2. Main System Components

Thermochemical energy storage and transport system utilizing zeolite can be divided into three steps: charging,
transportation and discharging. In this section, charging and discharging devices are called “Heat Charger” and 
“Zeolite Boiler”. The processes were numerically modeled and validated based on experimental results of 
equilibrium water adsorption in the zeolite 13X.

2.1 Discharging in the “Zeolite Boiler”

As a steam generator utilizing zeolite, zeolite boiler employing moving bed and indirect heat exchanger has been 
developed [6], as shown in Fig.1 (a1). The zeolite boiler consists of a non-pressurized chamber and an indirect
multi-tubular heat exchanger, which is a vertically mounted counter-flow type reactor. Zeolite is poured into the 
chamber from the top and flows downward adsorbing injected steam. Adsorbed steam is injected from the top of 
heat exchanger and zeolite adsorbs injected steam and accompanying adsorption heat is transferred to the heat 
exchanger in the chamber. Water is supplied from the bottom of the heat exchanger and flows upward with 
increasing temperature. Although the moving bed reactor has benefits in supplying heat continuously, zeolite would 
be clogged in adsorbing liquid water in moving bed due to wetting of the zeolite particles, so water vapor is supplied 
to discharge the stored heat. In order to generate adsorbed steam by the zeolite boiler itself, a new type of zeolite 
boiler was designed as shown in Fig. 1 (a2).

The water pressurized up to 1.1 MPa is introduced from the bottom of the heat exchanger and is heated up to 
around 184 °C corresponding to the saturated temperature under 1.1 MPa. The pressurized water is depressurized to 
the ambient condition, and a part of the water is flashed and injected from the top. The drain water at 100 °C is 
mixed to the water at the ambient temperature to control the temperature in the water tank. The process of this 
system was modelled in the commercial process simulator Aspen HYSYS®, and a process flow diagram in 
generating 3100 kg/h of hot tap water is shown in Fig. 2.

Assuming in the numerical model that the zeolite boiler is an axially symmetric reactor without radial 
distribution, this zeolite boiler can be simplified to quasi-two-dimensional steady state model which has only axial 
temperature and steam concentration distribution and radially heat exchange between zeolite bed-water through the 
tube wall, and heat leakage between zeolite bed-ambient air through the insulated chamber wall. Other assumptions 
are shown as follows:

1. the chamber is packed with zeolite uniformly
2. the gas inside the chamber is treated as the ideal gas
3. steady-state heat and mass transfer with constant flow rate of zeolite

Fig.1 Schematic of a novel design (a1) Zeolite Boiler operated with existed boiler, 
(a2) Zeolite boiler injecting flash steam and (b) Heat Charger

(a1) (a2) (b) 
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Based on these assumptions, governing equations as shown in Table 1 were solved with a commercial CFD 
program, COMSOL Multiphysics® 5.3. The water mass flow rate is set firstly and determines the injection steam 
and drain water mass flow according to the flash rate under 1.1 MPa. Zeolite mass flow is adjusted until the outlet 
temperature of water reaches 184 °C. The water mass flow rate is changed by 100 kg/h step and repeat above 
procedure to seek the condition with minimum zeolite mass flow rate.

The heat transfer coefficient between zeolite and gas was given by Ranz Marshall [7] shown in Eq (11)

 Nu = 2.0 + 0.6Rep
0.5Pr0.333 (11)

The heat transfer between zeolite bed and the wall of boiler tube and the chamber wall was shown in Eq. (12) and 
(13) [8].
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(Zeolite particle – wall) αzw =
2.12λeff0

dp
 (12)

 (Gas – wall) Nu = 0.6Rep
0.5Pr0.333 (13)

The axial thermal conductivity of the zeolite was assumed to be equal to the effective thermal conductivity of 
zeolite under stagnant condition. The axial thermal conductivity of gas phase was shown in Eq. (14) [8].

 1
RepPr

=
0.73εb

RepPr
+

0.5

1+ 9.7εb
RepPr

  (14)

Heat loss from the wall can be calculated using overall heat transfer resistance consists of heat transfer between 
zeolite bed and chamber wall, thermal conduction inside 2.0 mm of the stainless wall (thermal conductivity of 
stainless:16.7 W/(m�K)) and 25 mm of glass wool for thermal insulation (thermal conductivity of glass wool: 0.05 
W/(m�K)) and natural convection from the surface of thermal insulating material which is assumed to be 10
W/(m�K).

Adsorption rate r in the eq. (1) - (5) can be described as follows;

 r = kLDF(qeq − q)  (15)

Overall mass transfer coefficient kLDF based on the linear driving force model [9] can be described as follows, it 
is based on the assumption that resistance of external film and micro pore diffusion are negligible, i.e. only macro 
pore diffusion was considered.
 1

kLDF
=

dp 2
2

15 1 − εb εpDeff
·
ρzRgTzqeq

ps

(16)

Table 2. Physical properties (Comsol, 2017)
Density of zeolite [kg/m3] ρz0 = 721* 
Porosity of zeolite bed [-] εb = 0.4* 
Porosity of zeolite particle [-] εp = 0.3*
Heat capacity [J/(kg�K)]  

cpz0 = −0.002198×Tz
2 + 3.1897×Tz + 33.8205*

cpz =
cpz0 + q − q0 + cpw

1+ q − q0
cps = 13604 − 90.4304×Tg + 0.2774×Tg

2 − 4.2126×10-4×Tg
3 + 3.1837×10-7×Tg

4 − 9.5615×10-11×Tg
5

cpa = 1047 − 0.3726×Tg + 9.4530×10-4×Tg
2 − 6.0241×10-7×Tg

3 + 1.2859×10-10×Tg
4

cpw = 12010 − 80.4073×Tw + 0.3099×Tw
2 − 5.3819×10-4×Tw

3 + 3.6254×10-7×Tw
4

Thermal conductivity  [W/(m�K)]  
λz_eff = 0.06171 + 3.2779×10-4×𝑇𝑇z + 2.5641×10-8×Tz

2* 
λs = 1.3173×10-4 + 5.1497×10-5×𝑇𝑇g + 3.8965×10-8×Tg

2 − 1.3681×10-11×Tg
3

λs = −0.002276 + 1.1548×10-4×Tg − 7.9025×10-8×Tg
2 + 4.1170×10-11×Tg

3 − 7.4836×10-15×Tg
4

λw = −0.8691 + 0.0089×Tw − 1.5837×10-5×Tw
2 + 7.9754×10-9×Tw

3

Viscosity [Pa�s]  
µs= − 1.4202×10-6 + 3.8346×10-8×Tg − 3.8522×10-12×Tg

2 + 2.1020×10-15×Tg
3

µa = −8.3828×10-7 + 8.3572×10-8×Tg − 7.6943×10-11×Tg
2 + 4.6437×10-14×Tg

3 − 1.0659×10-17×Tg
4

* Experimentally obtained values
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The effective diffusivity is composed of both the molecular and Knudsen diffusion as shown in eq. (17).

 1
Deff

= τ
1

Dm
+

1
Dkn

(17)

The pore diameter and the tortuosity of this zeolite 13X were assumed to be 181 nm and 4.0, respectively. Other 
physical properties were summarized in Table 2. The specific heat capacity and stagnant effective thermal 
conductivity of dried zeolite were obtained by the adiabatic calorimetry and hotwired method in the range of 
temperature of 0 - 300˚C and 20 - 300˚C, respectively. The gas phase thermal conductivity and viscosity were 
treated as the mixed gas [10], [11].

2.2 Charging in the “Heat Charger”

The charging device (Heat charger) employs a counter flow type moving bed reactor similar to the design of the 
zeolite boiler, as shown in Fig. 1(b). Zeolite is supplied from the top and moves downwards. Reversely, heated gas 
is introduced from the bottom of the chamber and goes upwards. This heat charger is simpler than zeolite boiler 
because of no heat exchanger inside the chamber, only considering heat transfer between zeolite - hot gas, axial 
effective thermal conductivity and heat loss from the wall. A quasi-2D model with the governing equations 
presented in Table. 1 has been developed. The same assumptions as in the zeolite boiler model were considered. The 
heat transfer and kinetic model were set as the same as the zeolite boiler as shown in Eq. (11) - (17).

2.3 Equilibrium adsorption amount

In the modelling of both the zeolite boiler and the heat charger, it is critical to validate the equilibrium sorption 
characteristics of zeolite 13X. For this, a fixed bed experimental test was conducted. A stainless steel 3/4-inch tube 
was employed as an outlet diameter of the reactor, and 4.92 g of zeolite was diluted with 59.5 g of alumina ball 
which is inert to the water vapor because adsorption heat can be moderated leading to faster experimental procedure.
Firstly, the reactor temperature is kept constant, and humidified air of which vapor pressure is controlled by bubbler 
system is introduced. The outlet vapor pressure decreases rapidly because water vapor in the humidified air is 
adsorbed by the zeolite. After all the zeolite in the reactor reaches equilibrium, outlet vapor pressure begins to
increase. When the outlet vapor pressure reaches the same pressure as at the inlet, the whole zeolite in the reactor is 
completely saturated, and temperatures of the reactor wall and the inlet gas are cooled down. Due to temperature 
decrease, zeolite can adsorb additional steam along the equilibrium line. Here the vapor pressure change is measured
experimentally. Several series of experiments were conducted under 4.2 – 8.0 kPa of vapor pressure and temperature 
between 45 – 250 °C.

Fig. 3 shows the results of equilibrium adsorption amount. For the equilibrium adsorption model, Sips equation 
was selected in this study, however, at the higher relative humidity area, equilibrium adsorption amount is rapidly 

Fig. 2 Process flow diagram of “Zeolite boiler” Fig. 3 Result of equilibrium adsorption amount



 Shoma Fujii et al. / Energy Procedia 149 (2018) 102–111 107
Shoma Fujii et al./ Energy Procedia 00 (2018) 000–000 5

(Zeolite particle – wall) αzw =
2.12λeff0

dp
 (12)

 (Gas – wall) Nu = 0.6Rep
0.5Pr0.333 (13)

The axial thermal conductivity of the zeolite was assumed to be equal to the effective thermal conductivity of 
zeolite under stagnant condition. The axial thermal conductivity of gas phase was shown in Eq. (14) [8].
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The effective diffusivity is composed of both the molecular and Knudsen diffusion as shown in eq. (17).
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The pore diameter and the tortuosity of this zeolite 13X were assumed to be 181 nm and 4.0, respectively. Other 
physical properties were summarized in Table 2. The specific heat capacity and stagnant effective thermal 
conductivity of dried zeolite were obtained by the adiabatic calorimetry and hotwired method in the range of 
temperature of 0 - 300˚C and 20 - 300˚C, respectively. The gas phase thermal conductivity and viscosity were 
treated as the mixed gas [10], [11].

2.2 Charging in the “Heat Charger”

The charging device (Heat charger) employs a counter flow type moving bed reactor similar to the design of the 
zeolite boiler, as shown in Fig. 1(b). Zeolite is supplied from the top and moves downwards. Reversely, heated gas 
is introduced from the bottom of the chamber and goes upwards. This heat charger is simpler than zeolite boiler 
because of no heat exchanger inside the chamber, only considering heat transfer between zeolite - hot gas, axial 
effective thermal conductivity and heat loss from the wall. A quasi-2D model with the governing equations 
presented in Table. 1 has been developed. The same assumptions as in the zeolite boiler model were considered. The 
heat transfer and kinetic model were set as the same as the zeolite boiler as shown in Eq. (11) - (17).

2.3 Equilibrium adsorption amount

In the modelling of both the zeolite boiler and the heat charger, it is critical to validate the equilibrium sorption 
characteristics of zeolite 13X. For this, a fixed bed experimental test was conducted. A stainless steel 3/4-inch tube 
was employed as an outlet diameter of the reactor, and 4.92 g of zeolite was diluted with 59.5 g of alumina ball 
which is inert to the water vapor because adsorption heat can be moderated leading to faster experimental procedure.
Firstly, the reactor temperature is kept constant, and humidified air of which vapor pressure is controlled by bubbler 
system is introduced. The outlet vapor pressure decreases rapidly because water vapor in the humidified air is 
adsorbed by the zeolite. After all the zeolite in the reactor reaches equilibrium, outlet vapor pressure begins to
increase. When the outlet vapor pressure reaches the same pressure as at the inlet, the whole zeolite in the reactor is 
completely saturated, and temperatures of the reactor wall and the inlet gas are cooled down. Due to temperature 
decrease, zeolite can adsorb additional steam along the equilibrium line. Here the vapor pressure change is measured
experimentally. Several series of experiments were conducted under 4.2 – 8.0 kPa of vapor pressure and temperature 
between 45 – 250 °C.

Fig. 3 shows the results of equilibrium adsorption amount. For the equilibrium adsorption model, Sips equation 
was selected in this study, however, at the higher relative humidity area, equilibrium adsorption amount is rapidly 

Fig. 2 Process flow diagram of “Zeolite boiler” Fig. 3 Result of equilibrium adsorption amount
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increased due to capillary effect. However, the conventional adsorption equilibrium models (e.g. Langmuir, Sips, 
Dubinin-Asthakov and others) cannot simulate this capillary effect. To simulate this, Excess Surface Work (ESW) 
model based on the chemical potential should be employed [12], however, to simplify, a combined equilibrium 
adsorption model of Sips and Freundlich, Eq. (18), is used in this study.

 
W=

Wmax (bϕ)1/n

1+(bϕ)1/n +Kϕm (18)

Sorption specific parameters (b, n, Wmax, K, m) were fitted to the experimental data utilizing a non- linear square 
fitting where Wmax = 232.20 mL/g, n = 1.27, b = 85.4, K = 91.4 and m = 3.23. Fig. 3 shows the comparison between 
experimental data and the calculated data and good agreement of this model was obtained.

3. Case study of techno economic analysis in Sweden

A case study in Sweden was conducted utilizing the zeolite boiler and the heat charger. The cost of equipment in 
each station was estimated mainly from the cost estimation handbook for chemical engineering plant [13]. The 
Chemical Engineering Plant Cost Index (2000: 394.1, 2016: 556.8) [14], [15], the price level index by OECD 
(Japan: 106, Sweden 119) [16] and SDRs per Currency unit (Japan:0.006, Euro: 0.826, SEK:0.085) [17] were used 
to convert the Japanese price in 2000 to current Swedish price. We assumed that the zeolite is regenerated by the 
waste heat from a local steel works, and transported to a vicinal hotel currently using the pellet boiler to generate the 
hot tap water around 60 °C.

3.1 Heat discharging planning

From October to April, demand of hot tap water at 60°C is over 4000 kg/h in the hotel. This flow rate was 
calculated by the enthalpy of hot water for the averaged hourly heat demand during the months.  In other months,
heat demand decreases; demand of hot tap water in May, June, August and September are 3100, 1800, 1500 and 
2500 kg/h, respectively. In this study, for 8 months from October to May, zeolite boiler generates 3100 kg/h of hot 
tap water corresponding to the maximum demand of hot tap water of May for the baseload. Other months except
July, zeolite boiler supplies all heat demand of the hotel and hot water is supplied to the tank which can adapt to heat 
demand fluctuation. In July, heat demand in Sweden drastically decreases and heat transporting is assumed to 
suspend. Therefore, the heat charging station of the local steel works operates for 11 months per year. Residual 
(initial) adsorption amount of the inlet zeolite was set as 0.01 kgwater/kgzeolite according to the heat charging step 
mentioned below.

Fig.4 Result of “Zeolite boiler” Fig. 5 Result of heat charger

Hot water flow: 3100 kg/h, Zeolite flow:1850 kg/h
Solid line: xL = 1.0 m

Dotted line: xL = 0.5 m
)

Zeolite flow: 1850 kg/h
Solid line: (xL, dc) = (1.0 m, 2.0 m)

Dotted line: (xL, dc) = (0.1 m, 2.5 m)
) m
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The diameter of chamber is set as 1.5 m, which is roughly the same diameter as normal hot water boiler, and heat 
exchange tubes with 15.9 mm of outer diameter and 1.2 mm thickness are assumed to form the tube bundle with 60 °
and 1.25 pitch staggered array inside the zeolite boiler. With the given pitch and tube length, heat transfer area is 
determined. The length of heat exchanger was tested 0.5 and 1.0 m on the condition of 1850 kg/h zeolite. Figure 4
shows the temperature and adsorption amount distribution in the zeolite boiler on normalized axis. The temperature 
around the top of the chamber rapidly increases (rises up), and the temperature of zeolite drops down accompanying 
with heating the water and approaches the temperature of water at the middle section of the chamber. The result 
shown in Fig. 4 indicates that the heat exchanger with 1.0 m has sufficient length to transfer the adsorption heat. The 
heat transfer area of this configuration is 210 m2. Other conditions are shown in Table 1. The cost of these 
equipment was estimated from on Saito [13]. A conveyor belt was selected to transport the zeolite from the container 
to the top of the zeolite boiler, and its cost was estimated referring the same literature. A zeolite discharger at the 
bottom of the chamber employs a rotary valve, and its cost was estimated as 750,000 JPY [18]. The required power 
of the water pump is calculated by the process flow diagram on Aspen HYSYS, shown in Fig. 2. All results are 
summarized in Table 3.

3.2 Heat charging planning

There are several temperature levels of waste heat in the local steel works. The heat at 560 °C is the largest 
amount of surplus heat from there and is selected as the heat source for this system. The process flow diagram of the 
heat charging system was built in Aspen HYSYS. The surplus heat is recovered by ambient air that is heated up 
from 10 to 300 ̊C thorough the heat exchanger of which overall heat transfer coefficient and heat transfer area are 
estimated as 35 W/(m2�K) and 53.3 m2, respectively. The cost of the heat exchanger was estimated based on the cost 
handbook [13]. Figure 5 shows the temperature and adsorption distribution in the heat charger with 0.34 m in height
on normalized axis on the condition of 1850 kg/h zeolite. The sorption amount increases around the top due to vapor 
pressure increase by desorption. The zeolite temperature around the bottom of chamber rapidly increases, and the 
ultimate adsorption amount reaches the target value of 0.01 kgwater/kgzeolite. In order to synchronize with the operation 
of zeolite boiler, the heat charger with 2.0 m in diameter and 0.34 m in height was reasonable because the longer 
heat charger (0.8 m in height and 1.5 m in diameter) had over 20 kPa pressure loss leading to around 5 times higher 
OPEX. On the other hand, the shorter heat charger (0.1 m in height and 2.5 m in diameter) was not feasible because
it cannot achieve the target ultimate adsorption amount. All results are summarized in Table 3.

3.3 Transportation

A standard 24 ft container was assumed to transport the zeolite. The maximum capacity of dried zeolite was 
determined as 17.0 ton, which is equivalent to 21.8 ton using the same container for the return trip of the zeolite 
saturated with water. Transportation cost is taken to be 750 SEK/hour. The required transportation time is rounded 
off to the whole hour. In this system, only storage material is transported, i.e. zeolite can be transported at any time 
as long as there is zeolite available, so transportation cost can be reduced if more trips are done in an hour. 
Regenerated zeolite is transported to the heat 
discharging station at the hotel and is unloaded
there, then the saturated zeolite is transported back 
to the charging station to the local steel works site.
This round-trip transportation is repeated in 
accordance with heat demand. The distance 
between the hotel and the local steel work industry 
is 6.7 km. In this study, zeolite transportation is 
assumed to be operated on a round trip basis 
performed within an hour and the transportation 
commences only when the containers hold the full
payload. The exemplified operation diagram for 
55 hours is shown in Fig. 6. In this case, the Fig. 6 Operation diagram
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increased due to capillary effect. However, the conventional adsorption equilibrium models (e.g. Langmuir, Sips, 
Dubinin-Asthakov and others) cannot simulate this capillary effect. To simulate this, Excess Surface Work (ESW) 
model based on the chemical potential should be employed [12], however, to simplify, a combined equilibrium 
adsorption model of Sips and Freundlich, Eq. (18), is used in this study.

 
W=

Wmax (bϕ)1/n

1+(bϕ)1/n +Kϕm (18)

Sorption specific parameters (b, n, Wmax, K, m) were fitted to the experimental data utilizing a non- linear square 
fitting where Wmax = 232.20 mL/g, n = 1.27, b = 85.4, K = 91.4 and m = 3.23. Fig. 3 shows the comparison between 
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Fig.4 Result of “Zeolite boiler” Fig. 5 Result of heat charger
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Dotted line: xL = 0.5 m
)

Zeolite flow: 1850 kg/h
Solid line: (xL, dc) = (1.0 m, 2.0 m)

Dotted line: (xL, dc) = (0.1 m, 2.5 m)
) m
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The diameter of chamber is set as 1.5 m, which is roughly the same diameter as normal hot water boiler, and heat 
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of zeolite boiler, the heat charger with 2.0 m in diameter and 0.34 m in height was reasonable because the longer 
heat charger (0.8 m in height and 1.5 m in diameter) had over 20 kPa pressure loss leading to around 5 times higher 
OPEX. On the other hand, the shorter heat charger (0.1 m in height and 2.5 m in diameter) was not feasible because
it cannot achieve the target ultimate adsorption amount. All results are summarized in Table 3.
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A standard 24 ft container was assumed to transport the zeolite. The maximum capacity of dried zeolite was 
determined as 17.0 ton, which is equivalent to 21.8 ton using the same container for the return trip of the zeolite 
saturated with water. Transportation cost is taken to be 750 SEK/hour. The required transportation time is rounded 
off to the whole hour. In this system, only storage material is transported, i.e. zeolite can be transported at any time 
as long as there is zeolite available, so transportation cost can be reduced if more trips are done in an hour. 
Regenerated zeolite is transported to the heat 
discharging station at the hotel and is unloaded
there, then the saturated zeolite is transported back 
to the charging station to the local steel works site.
This round-trip transportation is repeated in 
accordance with heat demand. The distance 
between the hotel and the local steel work industry 
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commences only when the containers hold the full
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55 hours is shown in Fig. 6. In this case, the Fig. 6 Operation diagram
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zeolite boiler generates 3100 kg/h of hot tap water continuously. On the discharging site, spare zeolites for additional
4 hours of operation is made available in case of unforeseen need. The total amount of zeolite requires 76 ton 
considering imbalance of the demand and supply side operations and total price of zeolite is taken at 2500 €/ton 
[19]. Table 3 summarizes the operation modes for each of the heat transportation cycle throughout the year. The 
number of cycles in August is about 65% of January-May and October-December because of lower heat demand in 

Summer.

3.4 Levelized Cost of Energy

The interest rate, the life time of each equipment and the electricity price are assumed to be 2.0%, 15 years and 
0.65 SEK/kWh respectively. Maintenance factor was set at 2.0% of all CAPEX exclude zeolite. The life time and 
maintenance factor of Zeolite 13X are set as 25 years and 0.5%, respectively. Total heat output by zeolite boiler is 
1182 MWh/year. LCOE resulted in 60.9 €/MWh, which is a comparable cost against conventional pellet boiler 
(approximately 60 €/MWh). Fig. 7 shows the cost breakdown of this system. The inventories shown in deep and 
light colors are categorized as Capital expenditure (CAPEX) and Operating expenses (OPEX).  Transportation cost
accounts for 53% of the total cost due to high number of cycles. In the CAPEX, cost of storage material and heat 
exchanger inside the zeolite boiler account for 41% and 16% of CAPEX, respectively.

The sensitivity analysis was conducted for transportation, transported capacity and zeolite price. Fig. 8 shows the 
result of sensitivity analysis in which all variables are normalized based on the base scenario. Both cheaper 
transportation cost and larger zeolite capacity on the one trailer give a comparable impact on the LCOE, which
implies that developing the zeolite with a higher storage density is an effective solution to reduce LCOE, for 
instance, 1.5 times higher storage density leads 18% reduction in LCOE.

Table 3. Calculation conditions for charge (Heat charger), discharge (Zeolite boiler) and number of cycles
Jan – May,
Oct - Dec

Jun Aug Sep

Zeolite Boiler

Zeolite mass flow rate kg/h 1850 1350 1200 1600
Tap water mass flow kg/h 3100 1800 1500 2500
Injection steam mass flow kg/h 520 329 297 435
Supplied water mass flow kg/h 3247 2054 1856 2717
Pump power kW 1.2 0.76 0.69 1.0
Reduced heat MWh/month 120 70 55 95

Heat charger Volumetric m3/min at 10 °C 115 79 71 98
Pressure drop kPa 4.6 2.5 2.1 3.5

Transportation Cycles/month 73 53 47 63

Fig. 7 Result of economic analysis
(C, D and T represent charging, discharging and transportation)

Fig. 8 Result of sensitive analysis
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4. Conclusion
In this study, a case study of techno economic analysis of thermochemical energy storage and trnasport system 

utilizing zeoltie 13X steam adsorption and desorption cycle in Sweden was conducted. The heat and material 
balance of system was designed in Aspen HYSYS and under the boundary condition given by the system analysis, 
the heat discharging and charging devices were modelled and computed reflecting the experimental result of 
adsorption and desorption.

The zeolite boiler employing moving bed and indirect heat exchnager supplying around 60 °C hot water was 
designed as a heat discharging device in the system. The zeolite boiler generates pressurized water and flash steam is 
injected into the chamber. Also, the design of heat charger employing a counter flow type moving bed reactor 
similar to the design of zeolite boiler was made.  The zeolite boiler and heat charger were modeled as a quasi-two-
dimensional steady state model and computed numerically based on experimental results of water equilibrium 
adsorption amount of zeolite 13X to predict the performance.

The LCOE of a case study transporting heat between a local steel works and vicinal hotel resulted in 60.9
€/MWh, which was comparable cost against conventional pellet boiler. From the sensitivity analysis, both cheaper 
transportation cost and larger zeolite capacity on the one trailer give a comparable impact on the LCOE, for 
instance, 1.5 times higher storage density leads 18% reducing in LCOE.
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zeolite boiler generates 3100 kg/h of hot tap water continuously. On the discharging site, spare zeolites for additional
4 hours of operation is made available in case of unforeseen need. The total amount of zeolite requires 76 ton 
considering imbalance of the demand and supply side operations and total price of zeolite is taken at 2500 €/ton 
[19]. Table 3 summarizes the operation modes for each of the heat transportation cycle throughout the year. The 
number of cycles in August is about 65% of January-May and October-December because of lower heat demand in 

Summer.

3.4 Levelized Cost of Energy

The interest rate, the life time of each equipment and the electricity price are assumed to be 2.0%, 15 years and 
0.65 SEK/kWh respectively. Maintenance factor was set at 2.0% of all CAPEX exclude zeolite. The life time and 
maintenance factor of Zeolite 13X are set as 25 years and 0.5%, respectively. Total heat output by zeolite boiler is 
1182 MWh/year. LCOE resulted in 60.9 €/MWh, which is a comparable cost against conventional pellet boiler 
(approximately 60 €/MWh). Fig. 7 shows the cost breakdown of this system. The inventories shown in deep and 
light colors are categorized as Capital expenditure (CAPEX) and Operating expenses (OPEX).  Transportation cost
accounts for 53% of the total cost due to high number of cycles. In the CAPEX, cost of storage material and heat 
exchanger inside the zeolite boiler account for 41% and 16% of CAPEX, respectively.

The sensitivity analysis was conducted for transportation, transported capacity and zeolite price. Fig. 8 shows the 
result of sensitivity analysis in which all variables are normalized based on the base scenario. Both cheaper 
transportation cost and larger zeolite capacity on the one trailer give a comparable impact on the LCOE, which
implies that developing the zeolite with a higher storage density is an effective solution to reduce LCOE, for 
instance, 1.5 times higher storage density leads 18% reduction in LCOE.

Table 3. Calculation conditions for charge (Heat charger), discharge (Zeolite boiler) and number of cycles
Jan – May,
Oct - Dec
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Zeolite Boiler
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Injection steam mass flow kg/h 520 329 297 435
Supplied water mass flow kg/h 3247 2054 1856 2717
Pump power kW 1.2 0.76 0.69 1.0
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4. Conclusion
In this study, a case study of techno economic analysis of thermochemical energy storage and trnasport system 

utilizing zeoltie 13X steam adsorption and desorption cycle in Sweden was conducted. The heat and material 
balance of system was designed in Aspen HYSYS and under the boundary condition given by the system analysis, 
the heat discharging and charging devices were modelled and computed reflecting the experimental result of 
adsorption and desorption.

The zeolite boiler employing moving bed and indirect heat exchnager supplying around 60 °C hot water was 
designed as a heat discharging device in the system. The zeolite boiler generates pressurized water and flash steam is 
injected into the chamber. Also, the design of heat charger employing a counter flow type moving bed reactor 
similar to the design of zeolite boiler was made.  The zeolite boiler and heat charger were modeled as a quasi-two-
dimensional steady state model and computed numerically based on experimental results of water equilibrium 
adsorption amount of zeolite 13X to predict the performance.

The LCOE of a case study transporting heat between a local steel works and vicinal hotel resulted in 60.9
€/MWh, which was comparable cost against conventional pellet boiler. From the sensitivity analysis, both cheaper 
transportation cost and larger zeolite capacity on the one trailer give a comparable impact on the LCOE, for 
instance, 1.5 times higher storage density leads 18% reducing in LCOE.
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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optimal operation and energy savings are indispensable in air conditioning systems in order to realize a low-carbon 
society. Although district heating and cooling (DHC) can contribute to energy savings in air conditioning systems, 
DHC is not prevalent in Japan. Instead, individual air conditioning systems are installed in almost all buildings. The 
heat source units used in air conditioning systems in many buildings are outdated and have low unit performance, 
resulting in low efficiency of air conditioning systems. In addition, most air conditioning systems in office buildings 
in Japan are being operated most of the time under extremely inefficient conditions with low partial load efficiency. 

We have developed the TGS in order to solve the abovementioned problems with existing air conditioning 
systems. The TGS, also referred to as a smart grid, interchanges heat with chilled water in the summer and 
interchanges hot water in the winter between two or more buildings in order to reduce energy consumption. In other 
words, the TGS is defined as a system that routes between individual air conditioning units and heat sources in order 
to minimize the air conditioning energy consumption of multiple buildings. The energy bus system of [1], 4th 
Generation District Heating (4GDH) of [2], the extended energy hub approach of [4], and the bidirectional district 
energy system of [5] are also bidirectional thermal energy network models. Although the interactivity is also the 
same in the present paper, we attempt to conserve energy across multiple building groups with an existing 
independent heat source. In addition, although the thermal energy system of [1] and [5] is a heat source water 
network, the TGS in the present paper is a network of cold water and hot water. 
On the other hand, the optimal calculation method described herein is based on [3]. In the model of [3], mass flow 
and water temperature are taken into consideration as basic variables for expressing heat flow, pressure loss, and 
heat loss in piping segments. 
 

Symbols: 
AC  air conditioning unit 
AR  gas-fired absorption chilling and heating unit 
R, R1…R15 chilling unit or heat source unit 
Re1…Re4 receiving pattern of heat 
RL-1  left-hand side of the return loop 
RL-2  right-hand side of the return loop 
Se1…Se4 sending pattern of heat 
SL-1  left-hand side of the supply loop 
SL-2  right-hand side of the supply loop 
TR  centrifugal chilling unit, such as a turbo refrigerator or heat pump chilling and heating unit 

 
2. Thermal Grid System 
 

The purpose of the TGS is to flexibly change the flow pattern and to realize optimum operation by connecting 
heat sources and loads with double-loop piping of comparatively small diameter. When the TGS is applied to an 
existing city district, the following effects can be expected(Fig.1). 
(1) Priority operation of high-efficiency heat source units 
Just by updating some existing heat source units to new high-efficiency units in the area, it is possible to supply the 
heat produced by a high-efficiency heat source to all buildings connected by piping. Furthermore, it is possible to 
lower the operation rate of old low-efficiency heat sources. 
(2) Volume reduction of total heat source units 
(3) Improvement in the load factor of heat source units 
By reducing the number of heat source units for operation, it is possible to move from low-efficiency low-load 
operation to high-efficiency high-load operation. 
(4) Improvement of the reliability of the heat supply for important buildings 

 
2.1 Construction of the TGS  

The TGS connect nodes, such as multiple buildings and heat sources, by double-loop piping, and routers that 
transport chilled water in summer or hot water in winter, as well as heat in both directions between the connected 
nodes. A router consists of a control valve that switches the direction of heat transport and a grid pump that drives 
the heat flow. Routers can connect heat sources and demands.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.175&domain=pdf
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optimal operation and energy savings are indispensable in air conditioning systems in order to realize a low-carbon 
society. Although district heating and cooling (DHC) can contribute to energy savings in air conditioning systems, 
DHC is not prevalent in Japan. Instead, individual air conditioning systems are installed in almost all buildings. The 
heat source units used in air conditioning systems in many buildings are outdated and have low unit performance, 
resulting in low efficiency of air conditioning systems. In addition, most air conditioning systems in office buildings 
in Japan are being operated most of the time under extremely inefficient conditions with low partial load efficiency. 

We have developed the TGS in order to solve the abovementioned problems with existing air conditioning 
systems. The TGS, also referred to as a smart grid, interchanges heat with chilled water in the summer and 
interchanges hot water in the winter between two or more buildings in order to reduce energy consumption. In other 
words, the TGS is defined as a system that routes between individual air conditioning units and heat sources in order 
to minimize the air conditioning energy consumption of multiple buildings. The energy bus system of [1], 4th 
Generation District Heating (4GDH) of [2], the extended energy hub approach of [4], and the bidirectional district 
energy system of [5] are also bidirectional thermal energy network models. Although the interactivity is also the 
same in the present paper, we attempt to conserve energy across multiple building groups with an existing 
independent heat source. In addition, although the thermal energy system of [1] and [5] is a heat source water 
network, the TGS in the present paper is a network of cold water and hot water. 
On the other hand, the optimal calculation method described herein is based on [3]. In the model of [3], mass flow 
and water temperature are taken into consideration as basic variables for expressing heat flow, pressure loss, and 
heat loss in piping segments. 
 

Symbols: 
AC  air conditioning unit 
AR  gas-fired absorption chilling and heating unit 
R, R1…R15 chilling unit or heat source unit 
Re1…Re4 receiving pattern of heat 
RL-1  left-hand side of the return loop 
RL-2  right-hand side of the return loop 
Se1…Se4 sending pattern of heat 
SL-1  left-hand side of the supply loop 
SL-2  right-hand side of the supply loop 
TR  centrifugal chilling unit, such as a turbo refrigerator or heat pump chilling and heating unit 

 
2. Thermal Grid System 
 

The purpose of the TGS is to flexibly change the flow pattern and to realize optimum operation by connecting 
heat sources and loads with double-loop piping of comparatively small diameter. When the TGS is applied to an 
existing city district, the following effects can be expected(Fig.1). 
(1) Priority operation of high-efficiency heat source units 
Just by updating some existing heat source units to new high-efficiency units in the area, it is possible to supply the 
heat produced by a high-efficiency heat source to all buildings connected by piping. Furthermore, it is possible to 
lower the operation rate of old low-efficiency heat sources. 
(2) Volume reduction of total heat source units 
(3) Improvement in the load factor of heat source units 
By reducing the number of heat source units for operation, it is possible to move from low-efficiency low-load 
operation to high-efficiency high-load operation. 
(4) Improvement of the reliability of the heat supply for important buildings 

 
2.1 Construction of the TGS  

The TGS connect nodes, such as multiple buildings and heat sources, by double-loop piping, and routers that 
transport chilled water in summer or hot water in winter, as well as heat in both directions between the connected 
nodes. A router consists of a control valve that switches the direction of heat transport and a grid pump that drives 
the heat flow. Routers can connect heat sources and demands.  
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opening/closing states, because there are seven valves for pipes in each building. In addition, there are four patterns 
(= 2×2), i.e., whether to use an air conditioning unit, and whether to use a heat source unit. Moreover, we need to 
consider, whether to supply water to a supply loop or a return loop, as well as whether to receive water from the 
supply loop or from the return loop. Furthermore, we must consider the direction of water flow, whether to the right 
or the left in case of supplying water, and from the right or the left in case of receiving water. 

As a result, there are 32 (= 2×2×2×2×2×2) combinations of flow routes. However, since half of the combinations 
are not practical, there are actually 16 modes. Finally, by adding two modes, “individual operation”  and “stop”, to 
the 16 modes, we have 18 modes of useful flow patterns. Figure 4 summarizes the flow routes from a functional 
aspect, and Table 1 lists the useful combinations of router functions. 

 
Fig. 4.  Combinations of flow routes 
 
Table 1  Functions of the router 

 
For example, in Se1, both the heat source unit and the air conditioning unit are used, and water is received from 

the return loop(RL) and supplied to the supply loop(SL). In addition, in Re4, the air conditioning unit is used, but 
the heat source unit is not used, and water is received from the return loop and sent to the return loop. Hence, a 
thermal cascade can be realized to save energy by supplying the chilled return water for reuse in another building. 
This happens when the temperature difference between the supply and the return water is small. For each of these 
conditions, we distinguish between the left- and right-hand sides of the return loop. The expression RL-1=>RL-2 
indicates that water is taken from the left-hand side return loop to the building and is sent to the right-hand side 
return loop. 
 

3.2 Router configuration 
 

Table 2 shows the open/closed states of the valves. Figures 5 through 13 show the flow routes. In order to 
prevent short circuiting of piping due to excessive flow rates, the valve of the loop piping is open. In other words, it 
is also possible to open the valve of the loop piping and allow bypass, even with the same flow path pattern. In these 
figures, the thick line shows the piping in which chilled water actually flows, and dotted lines indicate bypassed 
piping. In addition, black icons indicate closed valves, and white icons indicate open valves. The simplified diagram 
at the upper right of the flow pattern diagram was adapted to the expression of a piping network in the reference [3]. 

The routing patterns are more limited than the total number of combinations of flow routes from the viewpoint of 
practicality. For operation, the switching table of valves that realize patterns is programmed in a local energy 
management system (EMS).  

Heat source
ON/OFF

Air conditioner
ON/OFF

Receive from
SL/RL

Supply to
SL/RL

Direction
Right/Left

Equipment status Interconnection

Individual 
Operation

Stop

R AC 
Supply Demand

None 
Send to supply loop Send to return loop Receive from supply loop Receive from return loop

ON ON 
Se1 

RL-1=>SL 
RL-2=>SL 

Se2 
RL-1=>RL-2 
RL-2=>RL-1 

Re1
SL=>RL-1 
SL=>RL-2

Re2
RL-1=>RL-2 
RL-2=>RL-1

Individual 
operation 

ON OFF 
Se3 

RL-1=>SL 
RL-2=>SL 

Se4 
RL-1=>RL-2 
RL-2=>RL-1 

― ― ― 

OFF ON ― ― 
Re3

SL=>RL-1 
SL=>RL-2

Re4
RL-1=>RL-2 
RL-2=>RL-1

― 

OFF OFF ― ― ― ― Stop 
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opening/closing states, because there are seven valves for pipes in each building. In addition, there are four patterns 
(= 2×2), i.e., whether to use an air conditioning unit, and whether to use a heat source unit. Moreover, we need to 
consider, whether to supply water to a supply loop or a return loop, as well as whether to receive water from the 
supply loop or from the return loop. Furthermore, we must consider the direction of water flow, whether to the right 
or the left in case of supplying water, and from the right or the left in case of receiving water. 

As a result, there are 32 (= 2×2×2×2×2×2) combinations of flow routes. However, since half of the combinations 
are not practical, there are actually 16 modes. Finally, by adding two modes, “individual operation”  and “stop”, to 
the 16 modes, we have 18 modes of useful flow patterns. Figure 4 summarizes the flow routes from a functional 
aspect, and Table 1 lists the useful combinations of router functions. 

 
Fig. 4.  Combinations of flow routes 
 
Table 1  Functions of the router 

 
For example, in Se1, both the heat source unit and the air conditioning unit are used, and water is received from 

the return loop(RL) and supplied to the supply loop(SL). In addition, in Re4, the air conditioning unit is used, but 
the heat source unit is not used, and water is received from the return loop and sent to the return loop. Hence, a 
thermal cascade can be realized to save energy by supplying the chilled return water for reuse in another building. 
This happens when the temperature difference between the supply and the return water is small. For each of these 
conditions, we distinguish between the left- and right-hand sides of the return loop. The expression RL-1=>RL-2 
indicates that water is taken from the left-hand side return loop to the building and is sent to the right-hand side 
return loop. 
 

3.2 Router configuration 
 

Table 2 shows the open/closed states of the valves. Figures 5 through 13 show the flow routes. In order to 
prevent short circuiting of piping due to excessive flow rates, the valve of the loop piping is open. In other words, it 
is also possible to open the valve of the loop piping and allow bypass, even with the same flow path pattern. In these 
figures, the thick line shows the piping in which chilled water actually flows, and dotted lines indicate bypassed 
piping. In addition, black icons indicate closed valves, and white icons indicate open valves. The simplified diagram 
at the upper right of the flow pattern diagram was adapted to the expression of a piping network in the reference [3]. 

The routing patterns are more limited than the total number of combinations of flow routes from the viewpoint of 
practicality. For operation, the switching table of valves that realize patterns is programmed in a local energy 
management system (EMS).  

Heat source
ON/OFF

Air conditioner
ON/OFF

Receive from
SL/RL

Supply to
SL/RL

Direction
Right/Left

Equipment status Interconnection

Individual 
Operation

Stop

R AC 
Supply Demand

None 
Send to supply loop Send to return loop Receive from supply loop Receive from return loop

ON ON 
Se1 

RL-1=>SL 
RL-2=>SL 

Se2 
RL-1=>RL-2 
RL-2=>RL-1 

Re1
SL=>RL-1 
SL=>RL-2

Re2
RL-1=>RL-2 
RL-2=>RL-1

Individual 
operation 

ON OFF 
Se3 

RL-1=>SL 
RL-2=>SL 

Se4 
RL-1=>RL-2 
RL-2=>RL-1 

― ― ― 

OFF ON ― ― 
Re3

SL=>RL-1 
SL=>RL-2

Re4
RL-1=>RL-2 
RL-2=>RL-1

― 

OFF OFF ― ― ― ― Stop 
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Table 2  Valve states 

pattern 

Se1 Se2 Se3 Se4 Re1 Re2 Re3 Re4 None 
RL-1 RL-2 RL-1 RL-2 RL-1 RL-2 RL-1 RL-2 SL SL RL-1 RL-2 SL SL RL-1 RL-2 

IO Stop => => => => => => => => => => => => => => => => 
SL SL RL-2 RL-1 SL SL RL-2 RL-1 RL-1 RL-2 RL-2 RL-1 RL-1 RL-2 RL-2 RL-1 

V-1 O O X X O O X X O O X X O O X X X X 
V-2 X X X O X X X O X X X O X X O X X X 
V-3 X X O b X X O b X X O X X X X O X X 
V-4 b b O X b b O X X X O X X X X O X X 
V-5 O O b O O O b O O O X O O O O X X X 
V-6 O X b b O X b b O X b b O X b b X O 
V-7 O O O O O O O O X X X X X X X X O O 

V-AC O O O O b b b b O O O O O O O O O X 

b: (bypass) when the cooling water flowing in the pipe exceeds a certain volume, the valve will be open in order to allow bypass, O: valve open, 
X: valve closed, =>: heat flow, IO: individual operation, Stop: heat source units and air conditioning units of a building re stopped 
 

Fig. 5  Se1: RL-1=>SL flow pattern Fig. 6.  Se2: RL-2=>RL-1 flow pattern Fig. 7.  Se3: RL-1=>SL flow pattern 
   

Fig. 8.  Se4: RL-1=>RL-2 flow pattern Fig. 9.  Re1:SL=>RL-2 flow pattern Fig. 10.  Re2: RL-2=>RL-1 flow pattern 

Fig. 11.  Re3:SL=>RL-2 flow pattern Fig. 12.  Re4: RL-2=>RL-1 flow pattern Fig. 13.  Individual Operation flow pattern 
 
4. Outline of the demonstration field 
 
4.1 Buildings and facilities of the demonstration field 

The Osaka International Trade Fair Exhibition Hall, which was opened in 1985, is used as the demonstration 
field in the present study. The total floor area is 132,709 m2, and the total exhibition area is 72,978 m2. Each air 
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Table 2  Valve states 

pattern 

Se1 Se2 Se3 Se4 Re1 Re2 Re3 Re4 None 
RL-1 RL-2 RL-1 RL-2 RL-1 RL-2 RL-1 RL-2 SL SL RL-1 RL-2 SL SL RL-1 RL-2 

IO Stop => => => => => => => => => => => => => => => => 
SL SL RL-2 RL-1 SL SL RL-2 RL-1 RL-1 RL-2 RL-2 RL-1 RL-1 RL-2 RL-2 RL-1 

V-1 O O X X O O X X O O X X O O X X X X 
V-2 X X X O X X X O X X X O X X O X X X 
V-3 X X O b X X O b X X O X X X X O X X 
V-4 b b O X b b O X X X O X X X X O X X 
V-5 O O b O O O b O O O X O O O O X X X 
V-6 O X b b O X b b O X b b O X b b X O 
V-7 O O O O O O O O X X X X X X X X O O 

V-AC O O O O b b b b O O O O O O O O O X 

b: (bypass) when the cooling water flowing in the pipe exceeds a certain volume, the valve will be open in order to allow bypass, O: valve open, 
X: valve closed, =>: heat flow, IO: individual operation, Stop: heat source units and air conditioning units of a building re stopped 
 

Fig. 5  Se1: RL-1=>SL flow pattern Fig. 6.  Se2: RL-2=>RL-1 flow pattern Fig. 7.  Se3: RL-1=>SL flow pattern 
   

Fig. 8.  Se4: RL-1=>RL-2 flow pattern Fig. 9.  Re1:SL=>RL-2 flow pattern Fig. 10.  Re2: RL-2=>RL-1 flow pattern 

Fig. 11.  Re3:SL=>RL-2 flow pattern Fig. 12.  Re4: RL-2=>RL-1 flow pattern Fig. 13.  Individual Operation flow pattern 
 
4. Outline of the demonstration field 
 
4.1 Buildings and facilities of the demonstration field 

The Osaka International Trade Fair Exhibition Hall, which was opened in 1985, is used as the demonstration 
field in the present study. The total floor area is 132,709 m2, and the total exhibition area is 72,978 m2. Each air 
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have deteriorated over time, the model emits more CO2 than TGS operation, which includes a high-efficiency heat 
source unit with 5% of the total capacity. Figure 22 shows the actual CO2 emissions during TGS operation.  

 
Fig. 19.  Measured COPs of older exising ARs              Fig. 20.  Actual (solid line) and ideal multi-unit control(dashed line) COPs 

 
Fig. 21.  CO2 emissions for Model A  
 

 
Fig. 22.  Actual CO2 emissions during TGS operation 

 
The CO2 emissions of all models are shown in Fig. 23, which clarified the following. 

(1) The CO2 reduction effect of Model F was 70%, as compared to Model A. 
(2) The CO2 reduction effect of Model B, which used the ideal number-of-units control operation, was 22%, as 

compared to Model A. 
(3) The heat source unit of Model D provides only 11% reduction in CO2 emissions as compared to Model C. 

Introducing a thermal grid to a building group having a high-COP heat source unit will have only a small effect. 
(4) By replacing the heat source units of Model A with high-efficiency heat source units in Model E, CO2 emissions 

were reduced by 57%. Furthermore, the CO2 emissions under maximum-COP operation (Model F) were 54 t-
CO2, which was approximately the same as the actual amount of emissions of 53 t-CO2. 

(5) The CO2 emissions of Model F were approximately the same as the measured results for the TGS, but the 
composition of the CO2 emissions of the heat source unit differs from that of the pumps and fans. 

(6) Since an inverter pump was installed in the TGS, the power consumption of pumps and fans was changed. The 
electricity consumption of pumps and fans for Model G was made the same as that for Model F. The CO2 
emissions of Model F were approximately 40% lower than the actual operating CO2 emissions of the TGS.  

 Electricity consumption of Pumps, fans and auxiliary unit of Model F are rated value.  CO2 emissions of Model 
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G is smaller than that of Model F, as Model G uses the actual measured value of the TGS which electricity 
consumption of Pumps, fans and auxiliary unit become small by applying inverter control. 
 
The effect of CO2 reduction by the TGS was apparent. The reductions in CO2 emissions from Model A to Model 

B, from Model C to Model D, and from Model E to Model F are brought by the introduction of the ideal TGS. The 
CO2 reduction from Model A to Model C and that from Model C to Model E are brought by the introduction of the 
high-efficiency heat source unit. 

 
Fig. 23.  CO2 emissions of each model 
 
7. Conclusions 
 

The composition of the TGS and the functions of the routers included therein were shown. There are eight basic 
flow patterns, including a flow pattern from the return to the next supply, which is a cascade of a usable pattern. 

The TGS and a high-efficiency heat source unit with a cooling capacity of 5% of the total heat source units were 
installed in a building group having old absorption-type chilling and heating units. After introduction of the TGS, 
CO2 emissions in 2015 decreased by 42%, as compared to 2014 before introduction of the TGS.  

We estimated the CO2 emissions of various models with the same demand as that of TGS under actual operation. 
Compared to a model in individually operated old heat source units, the actual CO2 emissions during operation of 
the TGS with a high-efficiency heat source unit having a cooling capacity of 5% was estimated to reduce CO2 
emissions by 69%. 
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have deteriorated over time, the model emits more CO2 than TGS operation, which includes a high-efficiency heat 
source unit with 5% of the total capacity. Figure 22 shows the actual CO2 emissions during TGS operation.  

 
Fig. 19.  Measured COPs of older exising ARs              Fig. 20.  Actual (solid line) and ideal multi-unit control(dashed line) COPs 

 
Fig. 21.  CO2 emissions for Model A  
 

 
Fig. 22.  Actual CO2 emissions during TGS operation 

 
The CO2 emissions of all models are shown in Fig. 23, which clarified the following. 

(1) The CO2 reduction effect of Model F was 70%, as compared to Model A. 
(2) The CO2 reduction effect of Model B, which used the ideal number-of-units control operation, was 22%, as 

compared to Model A. 
(3) The heat source unit of Model D provides only 11% reduction in CO2 emissions as compared to Model C. 

Introducing a thermal grid to a building group having a high-COP heat source unit will have only a small effect. 
(4) By replacing the heat source units of Model A with high-efficiency heat source units in Model E, CO2 emissions 

were reduced by 57%. Furthermore, the CO2 emissions under maximum-COP operation (Model F) were 54 t-
CO2, which was approximately the same as the actual amount of emissions of 53 t-CO2. 

(5) The CO2 emissions of Model F were approximately the same as the measured results for the TGS, but the 
composition of the CO2 emissions of the heat source unit differs from that of the pumps and fans. 

(6) Since an inverter pump was installed in the TGS, the power consumption of pumps and fans was changed. The 
electricity consumption of pumps and fans for Model G was made the same as that for Model F. The CO2 
emissions of Model F were approximately 40% lower than the actual operating CO2 emissions of the TGS.  
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G is smaller than that of Model F, as Model G uses the actual measured value of the TGS which electricity 
consumption of Pumps, fans and auxiliary unit become small by applying inverter control. 
 
The effect of CO2 reduction by the TGS was apparent. The reductions in CO2 emissions from Model A to Model 

B, from Model C to Model D, and from Model E to Model F are brought by the introduction of the ideal TGS. The 
CO2 reduction from Model A to Model C and that from Model C to Model E are brought by the introduction of the 
high-efficiency heat source unit. 

 
Fig. 23.  CO2 emissions of each model 
 
7. Conclusions 
 

The composition of the TGS and the functions of the routers included therein were shown. There are eight basic 
flow patterns, including a flow pattern from the return to the next supply, which is a cascade of a usable pattern. 

The TGS and a high-efficiency heat source unit with a cooling capacity of 5% of the total heat source units were 
installed in a building group having old absorption-type chilling and heating units. After introduction of the TGS, 
CO2 emissions in 2015 decreased by 42%, as compared to 2014 before introduction of the TGS.  

We estimated the CO2 emissions of various models with the same demand as that of TGS under actual operation. 
Compared to a model in individually operated old heat source units, the actual CO2 emissions during operation of 
the TGS with a high-efficiency heat source unit having a cooling capacity of 5% was estimated to reduce CO2 
emissions by 69%. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In the analysis of energy systems such as local low temperature district heating (LTDH) systems, not only the properties of the 
supply system but also the characteristics of the buildings and the behavior of its inhabitants, have an influence on the overall 
energy demand. In particular in the case of decreasing supply temperatures, it is becoming increasingly important to consider the 
different energy demands in residential buildings, which differ in terms of their quantity and occurrence over time. 
In this context detailed energy demand profiles for different demands in buildings can be used for the analysis of demand and 
supply. Hence, as part of this paper an approach for the creation of stochastic user profiles is presented using a VBA tool, which 
provides the main basis for the generation of heating load profiles (HLP). The tool generates randomized profiles of electricity and 
DHW demand as well as body heat profiles depending on the number and behavior of the inhabitants. Using a simulation software 
the profiles are then used to create HLP for different building energy classes. The outcome of this work is a generally applicable 
approach for the generation of scale able HLP, which can be used for e.g. the analysis or design of complex energy systems such 
as LTDH supply schemes.  
To demonstrate the application of the developed method and the influences of random user profiles on the overall energy demand, 
examples of applications are shown. Furthermore, possible applications in future research projects are indicated. 
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1. Introduction 

When analyzing small-scale energy systems such as low temperature district heating (LTDH) systems, not only the 
properties of the supply system but also the characteristics of the buildings and its inhabitants have a major impact on 
the overall thermal energy demand. This is especially true when the supply temperature in the heating network 
decreases due to the increased use of low temperature sources like renewable energies [1] and thus the influence of 
the demand e.g. space heating (SH) or domestic hot water (DHW) increases. Due to this interrelationship, the effects 
of simultaneity are becoming more and more important, in particular with innovative low-temperature supply 
solutions, and should always be taken into account when e.g. dimensioning the energy supply system. 

In principle, three relevant types of energy demand occur in residential buildings: electricity, DHW as well as SH 
demand. Usually there are interactions of the individual demands. In addition, between two households, these demands 
may differ considerably in terms of their amount and temporal occurrence [2]. In particular in an early stage of 
planning, when e.g. measured data is not available, energy demand profiles for domestic housing offer great potentials 
for the analysis of demand conditions [3–5]. In this context, the application of high resolution heating load profiles 
taking randomized user behavior into account offers prospects for accurate analysis of small-scale energy systems. 
For detailed holistic energy analysis of energy systems the following aspects are of major importance: 
 
 When are how many residents at home? 
 When are how many of those residents active, meaning not asleep? 
 When is which electricity demand caused by appliances? 
 When is which thermal energy needed? 
 When is how much DHW used? 
 

For the analysis of complex energy systems all aspects need to be considered simultaneously since they are 
influencing each other and have a significant influence on the overall thermal energy demand [6].  

In the course of the evaluation and simulation of energy systems in particular building supply, the application of 
different kinds of profiles is common. Frequently demand profiles are mainly taken from standardization (e.g. VDI 
4655 [7]) for the analysis of building supply. Furthermore, measured load profiles or synthetic profiles generated by 
building simulation are used [1, 5]. Representing individual cases an aggregation of those profiles to larger units could 
lead to wrong outcomes compared to energy statistics. Standardized load profiles in turn represent statistical data but 
they are often only valid for energy systems larger than 800 households [8].  

Richardson et al. [2, 9] introduced models combining occupancy, light usage and appliances electricity demand. 
Similar approaches can be found in [5, 10] and [11, 12]. A detailed review of modeling of end-use energy is e.g. found 
in [6]. 

The outcome of the literature research demonstrated that most of the profiles respectively models mainly cover 
electricity demand, any other single energy demand or do not consider occupancy. Moreover, the research showed 
that the stochastic end-energy modeling is an appropriate method to meet the described requirements mentioned 
before.  

Hence, the work presented in this paper is targeted on the creation of stochastic user profiles, which provide the 
main basis for the generation of heating load profiles (HLP) for different building energy classes. The outcome of this 
work is a generally valid approach for the generation of scalable HLP. The profiles can e.g. be used for the analysis 
or design of complex energy systems such as LTDH supply schemes. To demonstrate the application of the developed 
method and the influences of random user profiles on the overall end-energy demand, examples of applications are 
shown. 

2. Generation of high resolution heat load profiles for accurate analysis of small scale energy systems 

As part of this section the process of creating the HLP is described, which can e.g. be used for the demand-side 
modelling or the analysis of local low temperature district heating systems as part of simulation studies. Basically the 
generation of the HLP takes place in two steps (see Fig. 1). In the first step, randomized demand profiles of high 
resolution are generated using the tool “Profile Maker”. The tool creates electricity and DHW demand profiles as well 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.176&domain=pdf
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1. Introduction 

When analyzing small-scale energy systems such as low temperature district heating (LTDH) systems, not only the 
properties of the supply system but also the characteristics of the buildings and its inhabitants have a major impact on 
the overall thermal energy demand. This is especially true when the supply temperature in the heating network 
decreases due to the increased use of low temperature sources like renewable energies [1] and thus the influence of 
the demand e.g. space heating (SH) or domestic hot water (DHW) increases. Due to this interrelationship, the effects 
of simultaneity are becoming more and more important, in particular with innovative low-temperature supply 
solutions, and should always be taken into account when e.g. dimensioning the energy supply system. 

In principle, three relevant types of energy demand occur in residential buildings: electricity, DHW as well as SH 
demand. Usually there are interactions of the individual demands. In addition, between two households, these demands 
may differ considerably in terms of their amount and temporal occurrence [2]. In particular in an early stage of 
planning, when e.g. measured data is not available, energy demand profiles for domestic housing offer great potentials 
for the analysis of demand conditions [3–5]. In this context, the application of high resolution heating load profiles 
taking randomized user behavior into account offers prospects for accurate analysis of small-scale energy systems. 
For detailed holistic energy analysis of energy systems the following aspects are of major importance: 
 
 When are how many residents at home? 
 When are how many of those residents active, meaning not asleep? 
 When is which electricity demand caused by appliances? 
 When is which thermal energy needed? 
 When is how much DHW used? 
 

For the analysis of complex energy systems all aspects need to be considered simultaneously since they are 
influencing each other and have a significant influence on the overall thermal energy demand [6].  

In the course of the evaluation and simulation of energy systems in particular building supply, the application of 
different kinds of profiles is common. Frequently demand profiles are mainly taken from standardization (e.g. VDI 
4655 [7]) for the analysis of building supply. Furthermore, measured load profiles or synthetic profiles generated by 
building simulation are used [1, 5]. Representing individual cases an aggregation of those profiles to larger units could 
lead to wrong outcomes compared to energy statistics. Standardized load profiles in turn represent statistical data but 
they are often only valid for energy systems larger than 800 households [8].  

Richardson et al. [2, 9] introduced models combining occupancy, light usage and appliances electricity demand. 
Similar approaches can be found in [5, 10] and [11, 12]. A detailed review of modeling of end-use energy is e.g. found 
in [6]. 

The outcome of the literature research demonstrated that most of the profiles respectively models mainly cover 
electricity demand, any other single energy demand or do not consider occupancy. Moreover, the research showed 
that the stochastic end-energy modeling is an appropriate method to meet the described requirements mentioned 
before.  

Hence, the work presented in this paper is targeted on the creation of stochastic user profiles, which provide the 
main basis for the generation of heating load profiles (HLP) for different building energy classes. The outcome of this 
work is a generally valid approach for the generation of scalable HLP. The profiles can e.g. be used for the analysis 
or design of complex energy systems such as LTDH supply schemes. To demonstrate the application of the developed 
method and the influences of random user profiles on the overall end-energy demand, examples of applications are 
shown. 

2. Generation of high resolution heat load profiles for accurate analysis of small scale energy systems 

As part of this section the process of creating the HLP is described, which can e.g. be used for the demand-side 
modelling or the analysis of local low temperature district heating systems as part of simulation studies. Basically the 
generation of the HLP takes place in two steps (see Fig. 1). In the first step, randomized demand profiles of high 
resolution are generated using the tool “Profile Maker”. The tool creates electricity and DHW demand profiles as well 
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as body heat profiles depending on the number and behavior of the inhabitants (occupancy) automatically (section 
2.1). For the creation of the HLP (SH and DHW preparation), the generated profiles are implemented in a building 
simulation model in a second step (section 2.2). To generate heating load profiles for different building energy 
standards, the simulation model comprises a building typology and user classes. 

 

 

Fig. 1. Principle of the method for the creating of heating load profiles and representation of the interaction of the different demand user profiles 
causing or lowering the energy demand of the buildings. 

When creating the profiles, the influencing factors for causing respectively reducing demand and the interactions 
between these factors are considered. For the creation of the profiles, climate data from [13], infiltration and set-point 
indoor temperatures are used. 

2.1. The “ProfileMaker” – a VBA tool for the generation of randomized user profiles 

For the detailed demand-side modeling taking randomized user behavior into account, the tool “ProfileMaker” was 
created. The tool generates profiles for electricity and DHW demand as well as for the emitted body heat to the room 
air. When generating the randomized profiles, the presence and activity of “inhabitants of a housing unit” (e.g. 
dwelling) are taken into account. The resolution of the profiles is on an hourly basis. Furthermore a distinction is made 
between "working day" and "weekend". The tool is programmed using the script language “Visual Basic for 
Applications” (VBA). The user profiles can be applied as an input for a simulation environment (e.g. TRNSYS [15]) 
and in this way be used for thermal building simulation. Furthermore, the VBA-tool offers the possibility to evaluate 
heating load profiles and to determine the simultaneity factor. This function is used in the calculation example 
presented in section 3. 

When creating the user profiles the probabilistic approach of the Markov Chain technique is applied. Simplified, 
the technique can be described as a mathematical process that predicts the next state of a system via probability 
functions (for a comprehensive explanation of the technology, please refer to literature e.g. [14]). This property can 
be used to predict, for example, whether DHW tapping will take place or a resident is not home. In order to achieve 
realistic results, it is important to define a realistic value for the possible states (e.g. DHW tap volume from 
standardization). As the characteristics of the demand profiles often differ statistically, a calibration of the probability 
functions is carried out to avoid logical errors and to link the profiles [15].  

The main working principle of the VBA-tool is shown in the flowchart presented in Fig. 2. Accordingly, a new 
stochastic profile for one day is created each time the tool respectively the script is run. In this way, profiles can be 
generated for only one day or for an entire year. For example, to address an entire year, 365 profiles are aggregated.  

Before this process starts, the number of occupants representing between 1 and 5 inhabitants is determined by the 
user of the tool. Furthermore, the starting month and the number of days are selected. If no starting month is selected 
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the process starts in January and runs over the year until the given day or the end of the year is reached. After all 
required parameters are defined, a loop over the days starts. 
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In the first step of the loop, it is determined whether it is a weekday or weekend. Based on this information, a 
randomized occupancy profile of hourly resolution is created. For the representation of the occupancy, approaches 
from [16] are used. As part of the profiles it is distinguished if the inhabitants are “at home” or “not at home”. In 
addition, it is distinguished whether the residents are “inactive” (sleeping) or “active” (e.g. doing housework or 
reading). Since the approaches from the original model are validated for the UK, the model has been modified so that 
it can also be applied to Germany [15]. 

In the next step, the profiles for electricity demand, DHW demand and body heat are created depending on the 
number of active residents calculated before. To avoid logical errors in the process of profile generation (e.g. DHW 
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the other profiles within the VBA-script [15]. 

When generating randomized electrical demand profiles for residential buildings, it is generally distinguished in 
two categories of electrical devices: devices that run independently of the inhabitants’ influence (e.g. refrigerator) and 
devices that are actively switched on and off by the inhabitants (e.g. television). The principle of switching the devices 
on and off was derived from the approaches found in Richardson et al. [2, 9] and implemented in the VBA tool. To 
create stochastic DHW tapping profiles in addition to the electricity demand a probability function for the tapping of 
water was added to the VBA tool. The basic principle was derived from the method for the generation of electricity 
profiles. The DHW demand profiles are divided into four possible types of tapping (loads). The four DHW loads 
representing draw-off events for showering, bathing as well as small and medium DHW tapping (e.g. for hand washing 
and body hygiene) are defined and implemented in the model (see Table 1). Since the daily DHW demand per person 
must be known in order to create the profiles for varying number of residents, different tap volumes in accordance 
with values that can be found in literature (e.g. German standardization [16] or [18]) were added. 

Table 1. DHW demand data in accordance with [16,18].  
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Daily draw-off 
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as body heat profiles depending on the number and behavior of the inhabitants (occupancy) automatically (section 
2.1). For the creation of the HLP (SH and DHW preparation), the generated profiles are implemented in a building 
simulation model in a second step (section 2.2). To generate heating load profiles for different building energy 
standards, the simulation model comprises a building typology and user classes. 

 

 

Fig. 1. Principle of the method for the creating of heating load profiles and representation of the interaction of the different demand user profiles 
causing or lowering the energy demand of the buildings. 
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stochastic profile for one day is created each time the tool respectively the script is run. In this way, profiles can be 
generated for only one day or for an entire year. For example, to address an entire year, 365 profiles are aggregated.  

Before this process starts, the number of occupants representing between 1 and 5 inhabitants is determined by the 
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Next to the tapping profiles, the creation of randomized profiles reflecting the emitted body heat to the room air is 
implemented in the VBA-tool. When creating the profiles, the degree of activity of the "occupants" is taken into 
account in order to determine the emitted body heat to the room. To indicate values for specific body heat emitted by 
a person values from the literature are used [17, 18].  

At the end of a loop in the simulation the data calculated by the different probability functions are logged to an 
EXCEL-file. If the last day of the simulation, which was specified at the beginning of the process, is reached, the 
simulation ends and the generated user profile is written in a *.txt file. As a result of the approach presented here, the 
VBA-tool “ProfileMaker” creates holistic as well as stochastic user profiles based on statistical data. 

Using the VBA- tool, an example profile set is created for a random day on February 2nd (Fig. 3). 
 

 

Fig. 3. Examples for electricity, space heating (SH) and domestic hot water (DHW) demand for random day February 2nd [6]. 

The figure illustrates how the presence and activity of occupants, as a function of time of day, influences the 
generated user profiles and how they influence each other. Due to the absence of all residents between 09:00 and 
18:00, no tapping processes are occurring and no internal gains are caused by body heat during that period. Since 
some appliances run on continuous operation, the electricity profile has a base load, which is independent of the 
occupancy profile. With increased activity of the residents, in particular the electricity and the DHW profile react with 
a significant increase in demand. Such DHW peak loads are typically found in the morning and in the evening. 

2.2. Generation of heating load profiles for space heating and domestic hot water 

To demonstrate the application of stochastic user profiles in thermal simulation programs in general and for the 
generation of the heating load profiles (SH and DHW) a model of a building group is used, which was created with 
TRNSYS [19, 20]. When generating the heating load profiles the simulation program is only used to determine the 
room set-point temperature and to model the characteristics of the building envelope. In this way, the properties of the 
opaque and transparent components of the envelope as well as the corresponding thermal losses and gains are taken 
into account. 

Like most the thermal simulation programs, TRNSYS also offers the possibility of using user-specific parameters. 
The definition and input of the parameters is usually detailed and therefore time-consuming. DHW or electricity 
profiles are read in as lists, interaction with the user or the interaction of the profiles are not taken into account 
sufficiently. But it is precisely this relationship that is becoming increasingly relevant against the background of 
decreasing supply temperatures and when effects of simultaneity are taken into account [5, 15]. 

To calculate heating load profiles for new buildings as well as for existing buildings, a typology of residential 
buildings was developed and used to parameterize the buildings in the simulation model. The data of the typology are 
derived from [21] and [20]. As part of this typology, four building age classes are used to reflect the standards of new 
buildings (built in 2016) as well as buildings representing the German building stock (see Table 2). 
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Table 2. Properties of the individual buildings (building age classes) used for the determination of thermal behavior [15, 21]. 

  Unit Built before 1978  
(-1978) 

Built after 1978  
(1978+) 

Built after 1995 
(1995+) 

New buildings  
(new)  

Heated living space m² 149.48 153.82 151.67 153.52 

Base of the building m² 97.13 80.8 92.34 96 

Number of floors - 1.72 1.6 1.61 2 

Clear room height m 2.5 2.5 2.5 2.5 

Total roof surface m² 121.07 115.14 118.32 113.2 

Total window surface m² 29.27 28.59 36.43 53.25 

Door area m² 2 2 2 2 

U-value 
(respectively 
k-value) 

Base slab W/(m²K) 1.18 0.58 0.33 0.245 

Exterior wall W/(m²K) 1.08 0.46 0.28 0.196 

Window W/(m²K) 2.35 2.62 1.51 1.1 

Door W/(m²K) 3 3 2 1.4 

Roof W/(m²K) 0.73 0.41 0.28 0.14 

 
In addition to different building energy standards (building age classes), three different user types (user classes) 

are implemented in the simulation model: "average", "saver" and "waster" (see Table 3). The basic properties of these 
user classes are derived from [22]. The main difference between the user types is the set room temperature. “Average” 
and “saver” are also equipped with night setback, which means that the room temperature is lowered by 3 °C for seven 
hours during the night [15]. Furthermore, the user profiles are assigned to the user types according to the number of 
residents. 

Table 3. Definition of user classes in accordance with [15, 22]. 

 Unit User type 
“average” 

User type 
“saver” 

User type 
“waster” 

Number of residents [n] 3-4 1-2 5 

Room temperature [° C] 21 19 22 

Night setback  [-] Yes Yes No 

 
Since the infiltration has a decisive influence on the thermal energy demand of the buildings, different air exchange 

rates are regarded taking into account the type of the user (user class) and the building energy standards (building age 
class). To determine the air exchange rates values from [23] were used and interpolated (see Table 4) [15]. 

Table 4. Air exchange rates of the different building age classes in dependency of the amount of the heating demand 
(interpolated according to [23]) [15]. 

 Building age class Unit User type 
“average” 

User type 
“saver” 

User type 
“waster” 

 (-1978) 1/h 1.0 0.7 1.5 

(1978+) 1/h 0.9 0.6 1.3 

(1995+) 1/h 0.7 0.4 1.1 

(new) 1/h 0.6 0.3 1.0 

 
To visualize the application, the user profiles generated by the “ProfileMaker” have been implemented in a 

TRNSYS model [20] which includes buildings of different building ages. Due to this implementation, the presence 
and activity as well as the electricity profiles lead to internal gains in the buildings causing an impact on the SH 
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Next to the tapping profiles, the creation of randomized profiles reflecting the emitted body heat to the room air is 
implemented in the VBA-tool. When creating the profiles, the degree of activity of the "occupants" is taken into 
account in order to determine the emitted body heat to the room. To indicate values for specific body heat emitted by 
a person values from the literature are used [17, 18].  
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EXCEL-file. If the last day of the simulation, which was specified at the beginning of the process, is reached, the 
simulation ends and the generated user profile is written in a *.txt file. As a result of the approach presented here, the 
VBA-tool “ProfileMaker” creates holistic as well as stochastic user profiles based on statistical data. 

Using the VBA- tool, an example profile set is created for a random day on February 2nd (Fig. 3). 
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sufficiently. But it is precisely this relationship that is becoming increasingly relevant against the background of 
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Table 2. Properties of the individual buildings (building age classes) used for the determination of thermal behavior [15, 21]. 

  Unit Built before 1978  
(-1978) 

Built after 1978  
(1978+) 

Built after 1995 
(1995+) 

New buildings  
(new)  

Heated living space m² 149.48 153.82 151.67 153.52 

Base of the building m² 97.13 80.8 92.34 96 

Number of floors - 1.72 1.6 1.61 2 

Clear room height m 2.5 2.5 2.5 2.5 

Total roof surface m² 121.07 115.14 118.32 113.2 

Total window surface m² 29.27 28.59 36.43 53.25 

Door area m² 2 2 2 2 

U-value 
(respectively 
k-value) 

Base slab W/(m²K) 1.18 0.58 0.33 0.245 

Exterior wall W/(m²K) 1.08 0.46 0.28 0.196 

Window W/(m²K) 2.35 2.62 1.51 1.1 

Door W/(m²K) 3 3 2 1.4 

Roof W/(m²K) 0.73 0.41 0.28 0.14 

 
In addition to different building energy standards (building age classes), three different user types (user classes) 

are implemented in the simulation model: "average", "saver" and "waster" (see Table 3). The basic properties of these 
user classes are derived from [22]. The main difference between the user types is the set room temperature. “Average” 
and “saver” are also equipped with night setback, which means that the room temperature is lowered by 3 °C for seven 
hours during the night [15]. Furthermore, the user profiles are assigned to the user types according to the number of 
residents. 

Table 3. Definition of user classes in accordance with [15, 22]. 

 Unit User type 
“average” 

User type 
“saver” 

User type 
“waster” 

Number of residents [n] 3-4 1-2 5 

Room temperature [° C] 21 19 22 

Night setback  [-] Yes Yes No 

 
Since the infiltration has a decisive influence on the thermal energy demand of the buildings, different air exchange 

rates are regarded taking into account the type of the user (user class) and the building energy standards (building age 
class). To determine the air exchange rates values from [23] were used and interpolated (see Table 4) [15]. 

Table 4. Air exchange rates of the different building age classes in dependency of the amount of the heating demand 
(interpolated according to [23]) [15]. 

 Building age class Unit User type 
“average” 

User type 
“saver” 

User type 
“waster” 

 (-1978) 1/h 1.0 0.7 1.5 

(1978+) 1/h 0.9 0.6 1.3 

(1995+) 1/h 0.7 0.4 1.1 

(new) 1/h 0.6 0.3 1.0 

 
To visualize the application, the user profiles generated by the “ProfileMaker” have been implemented in a 

TRNSYS model [20] which includes buildings of different building ages. Due to this implementation, the presence 
and activity as well as the electricity profiles lead to internal gains in the buildings causing an impact on the SH 
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demand. The tapped volume of DHW specified by the user profile is converted into a heating load in the simulation 
model. 

Using the simulation software, HLP for each combination of building type and number of residents were 
determined. Examples of these profiles, separated into heating load for DHW preparation and for SH, are shown in 
Fig. 4 and Fig. 5. It should be noted that these figures are intended to lead to a better understanding of the created HLP 
and are not results of an analytic comparison of different profiles. 

 

 

Fig. 4. Heating load for DHW preparation over simulation time for different user profiles. 

As shown in Fig. 4 the user profiles reflecting the number of residents have a major impact on the heating load for 
DHW preparation. Further calculations showed that the heating load of DHW scales almost linearly with the number 
of inhabitants. 

 

 

Fig. 5. Heating load for space heating (SH) over simulation time for different building ages. 

In contrast, the heating load caused by SH demand depends largely on the building age class and correspondingly 
on the insulation standard of the building. In addition, the seasonal effect of the weather data [13] has a significant 
influence on the heating load of SH. Furthermore, the share of DHW demand in total demand increases with the 
insulation standard of a building so that the DHW demand is more important in newer buildings. 

To check the plausibility of the simulation results, they were compared with the literature values from [21]. The 
result shows a good concordance with the values from the literature. 

The method of HLP generation presented here is characterized by realistic but also varying load profiles taking the 
user behavior but also the properties of the buildings (building age class) into account. Because of these characteristics, 
the approach developed here can be applied to a variety of other applications in thermal network evaluation and 
simulation. A main advantage of the developed method is the stochastic approach and the consideration of simultaneity 
effects, which allow the accumulation of the HLP to a supply area of any size. In contrast, when static profiles are 
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summed up for the thermal simulation of larger supply systems, unrealistically high heating load peaks occur. In 
addition, it is conceivable to use the heating load profiles for heating load prediction to test control or supply strategies 
(e.g. feed-in of fluctuating, renewable energies). 

3. Application example - Analysis of a small energy system using randomized user profiles 

Besides the creation of stochastic user profiles, the "ProfileMaker" offers the possibility to evaluate the heating 
load profiles generated by the simulation. This is done automatically since TRNSYS can write the generated HLP 
values directly into the VBA tool.  

This function is used to demonstrate the performance of the approach presented in this paper to calculate the heating 
demand for SH and DHW preparation for an exemplary supply system (building group) by using the “ProfileMaker” 
and the simulation model. As part of this example, load profiles for ten buildings (in this exemplary case build before 
1978 with an area AN of 119.6 m²) representing a supply area are generated for a random day on February 2nd. 

Table 5. Example inputs for demand profile generation using the ProfileMaker and TRNSYS [20]. 

 Assumption for the calculation of heat demand  User type “saver” User type “average” User type “waster” 

Number of profiles [-] 3 5 2 

Inhabitants [-] 2 4 5 

Temperature [°C] 19 21 22 

Heat exchange rate [1/h] 0.7 1 1.5 

Night setback [-] yes yes no 

 
The corresponding building properties used for this calculation are found in Table 2. Furthermore, the different 

user classes "saver", "average" and "waster" are assigned to the buildings (see also Table 3 and Table 4). Based on 
these information the tool calculates the installed heating power of the examined supply area (here ten buildings), the 
maximum required heating capacity and the simultaneity. The heating load for SH and DHW is shown in Fig. 6. 

 

 

Fig. 6. Exemplary heating demand profiles (SH and DHW) for the random day February 2nd. 
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demand. The tapped volume of DHW specified by the user profile is converted into a heating load in the simulation 
model. 

Using the simulation software, HLP for each combination of building type and number of residents were 
determined. Examples of these profiles, separated into heating load for DHW preparation and for SH, are shown in 
Fig. 4 and Fig. 5. It should be noted that these figures are intended to lead to a better understanding of the created HLP 
and are not results of an analytic comparison of different profiles. 
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the approach developed here can be applied to a variety of other applications in thermal network evaluation and 
simulation. A main advantage of the developed method is the stochastic approach and the consideration of simultaneity 
effects, which allow the accumulation of the HLP to a supply area of any size. In contrast, when static profiles are 
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summed up for the thermal simulation of larger supply systems, unrealistically high heating load peaks occur. In 
addition, it is conceivable to use the heating load profiles for heating load prediction to test control or supply strategies 
(e.g. feed-in of fluctuating, renewable energies). 

3. Application example - Analysis of a small energy system using randomized user profiles 

Besides the creation of stochastic user profiles, the "ProfileMaker" offers the possibility to evaluate the heating 
load profiles generated by the simulation. This is done automatically since TRNSYS can write the generated HLP 
values directly into the VBA tool.  

This function is used to demonstrate the performance of the approach presented in this paper to calculate the heating 
demand for SH and DHW preparation for an exemplary supply system (building group) by using the “ProfileMaker” 
and the simulation model. As part of this example, load profiles for ten buildings (in this exemplary case build before 
1978 with an area AN of 119.6 m²) representing a supply area are generated for a random day on February 2nd. 

Table 5. Example inputs for demand profile generation using the ProfileMaker and TRNSYS [20]. 

 Assumption for the calculation of heat demand  User type “saver” User type “average” User type “waster” 

Number of profiles [-] 3 5 2 

Inhabitants [-] 2 4 5 

Temperature [°C] 19 21 22 

Heat exchange rate [1/h] 0.7 1 1.5 

Night setback [-] yes yes no 

 
The corresponding building properties used for this calculation are found in Table 2. Furthermore, the different 

user classes "saver", "average" and "waster" are assigned to the buildings (see also Table 3 and Table 4). Based on 
these information the tool calculates the installed heating power of the examined supply area (here ten buildings), the 
maximum required heating capacity and the simultaneity. The heating load for SH and DHW is shown in Fig. 6. 

 

 

Fig. 6. Exemplary heating demand profiles (SH and DHW) for the random day February 2nd. 
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The orange lines represent the demand for SH. It appears that the heating demand varies depending on the type of 
selected randomized user profile. In particular, the influence of night set-back reduction in the profiles "saver" and 
"average. Furthermore, the influence of the outdoor temperature, represented by the red dashed lines, on the energy 
requirement is noticeable. The blue lines represent the variation of the DHW demand. Over the course of the day the 
peaks of the tapping is varying. In this way, different tapping events caused by different uses (e.g. showering or 
cooking) are illustrated. 

Based on the calculated installed heating power of 146.8 kW and the maximum heating power of 141.5 kW for the 
building group, the tool determines a simultaneity factor of 0.9. In principle, this calculation can be used to select and 
to dimension a suitable supply solution taking into account the user behavior and the building characteristics. This is 
an advantage especially at low supply temperatures. 

It should be noted that only one day was selected for the example to illustrate the effects (mutual influence of 
demands). For example, if a year-round evaluation is targeted, the profiles are aggregated. 

The result of this calculation demonstrate that the developed approach for the generation of load profiles taking 
randomized user behavior into account can be used for e.g. the dimensioning of a small local heating network. In 
particular in an early stage of planning or if measured data are not available, prediction of user behavior using 
randomized user profiles offers opportunities for the analysis or design of energy systems. 

4. Conclusions and outlook 

For the analysis and dynamic simulation of small scale energy system such as local district heating networks high 
resolution energy demand profiles offer great potentials, in particular when the supply temperature in the heating 
network decreases. 

Hence, a VBA-tool for the generation of user profiles considering random user behavior has been developed. The 
user profiles generated by the tool called “Profile Maker” comprise stochastic profiles for the occupancy of buildings 
by active and inactive residents as well as profiles for the use of electrical appliances and DHW. The user profiles 
were used to generate heating load profiles (space heating and DHW) which represent the heating load of a building 
over one year at a temporal resolution of one hour. These heating load profiles, which differ according to user types 
and building age classes, allow a diverse mapping of the thermal demand of buildings, taking into account the effect 
of simultaneity. Due to the stochastic and holistic approach of the profile generation, the heating load profiles can be 
summed up to realistic and arbitrarily large demand profiles representing e.g. the demand of a district heating supply 
system. This is an advantage, as extrapolating static profiles for larger residential areas can lead to unrealistically high 
peak loads. In this way the generated profiles can be used for a detailed heating load prediction in order to develop, 
test or evaluate supply strategies. 

The approach presented here can be applied for design and optimization of innovative system solutions based on 
LTDH supply in future research. Moreover the method is adaptable for application in projects dealing with aspects of 
sector coupling, demand-side management or hybrid energy networks. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The integration of heat production from solar energy technologies can be realized by feeding in energy both at centralized or at 
multiple decentralized locations from the consumer side. As distribution networks serve as thermal transmission grids, the 
interaction between the energy feed in (i.e. production) and withdrawal (i.e. consumption) at multiple locations within distribution 
networks should be incorporated. Modelling the interactions between these subsystems is challenging. This paper aims to study the 
potential of district heating system with solar thermal based prosumers, by developing a modelling framework for design and 
simulation of such networks. Quantitative comparisons are made on the system performances, by addressing key technical 
configurations and constraints of thermal networks and temperature dynamics of energy sources.  
 
In this paper, a comprehensive design and simulation model is built to assess the performance of different scenarios of district 
heating system designs with solar thermal based prosumers. Design variations are carried out by selection of different buildings in 
the district as prosumers. The simulation model framework is setup in Matlab, with hourly time step. The distribution network 
model is formulated as a thermal hydraulic model representing detailed information on thermal and hydraulic losses on each pipe. 
It enables bidirectional flow from multiple sources integrated into the district heating network.  Energy conversion technologies 
(solar thermal collectors) and heat demand are connected with the network model as source and sink. A natural gas boiler acts as 
an additional base load heat source. The design and simulation framework is applied to an artificial case study, composed of 20 
buildings with mixed building stocks including office and residential buildings. 
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1. Introduction 

Buildings contribute a significant amount of energy consumptions in urban environments. In Switzerland, around 
30% of the total energy consumption is used to cover space heating, domestic hot water demands, air-conditioning in 
buildings [1] . District heating networks are a promising solution, together with multi-energy systems and thermal  
networks for sufficiently provide energy for buildings at a district scale, as opposed to heating systems installed locally 
at individual building level. It also has the potential to employ low exergy heat sources, such as waste heat from 
industrial process or cooling load, geothermal heat, solar energy, to be integrated and utilized by individual buildings 
collectively in a more energy efficient and effective way.  

In recent years, attention has arisen to the concept of “prosumer” in district heating networks, a concept which was 
originally invented for power grids. A prosumer in energy systems is defined as a unit/member which both consumes 
and produces energy in the form of electricity or heat [2]. The integration of renewable energy sources in districts is 
often difficult due to limited local available resources, geospatial limitation and topographical constraints. By 
including the idea of prosumers, it allows us to enlarge system design boundaries, to incorporate new system 
configurations with multiple energy sources from decentralized locations. Brange et al. conducted a comprehensive 
analysis of the technical and environmental performance by introducing prosumers to existing district heating systems 
[3], and Hassine et al. investigated on different supply scenarios for solar assisted district heating networks and the 
energy performance respectively [4]. For both cases, solar energy integration works as auxiliary heat sources to 
existing networks. However, little focus has been put on designing of a district heating network system with prosumers 
or decentralized sources, and system configurations, with necessary components and operation strategies are rarely 
discussed.  

This paper aims to deepen the knowledge by applying a holistic approach for the design and ideal operation of a 
district heating system with multiple prosumers, which utilize energy from rooftop mounted solar thermal collectors. 
Key system configuration compared with conventional district heating systems are addressed. A novel design 
configuration with decentralized pumps at substation (prosumer) is implemented, which allows for bi-directional flow 
to withdraw from or feed-in to the network. To further assess the energy performance of different design scenarios, a 
simulation model is built based on a multi time step steady-state thermal hydraulic model. Potential operational 
strategies are additionally applied and discussed accordingly.  

The design and simulation process is applied on an artificial case study comprising 20 buildings with mixed building 
usage including office and residential buildings. Performance indicators regarding the distribution networks and the 
system as a whole are identified, including network thermal losses and pumping power, system solar fraction for 
multiple design cases. 

 
Nomenclature 

A Incidence Matrix                                                                         
𝑑𝑑"#         Pipe inner diameter 
𝑓𝑓%          Friction Factor 
𝐿𝐿"#               Pipe length 
𝑇𝑇"(         Inlet temperature 
𝑇𝑇)*+       Outlet temperature 
𝑇𝑇,-.      Ambient temperature 
𝑇𝑇/          Ground Temperature 
𝒎𝒎𝒔𝒔        Matrix of mass flow rate for all source/sink  
𝒎𝒎          Matrix of mass flow rate in the network 
𝑚𝑚34        Mass flow rate at pipe 
𝑅𝑅6          Reynolds number 
ρ            Water density                                                                                                       
ε             Pipe roughness 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.177&domain=pdf
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Abstract 

The integration of heat production from solar energy technologies can be realized by feeding in energy both at centralized or at 
multiple decentralized locations from the consumer side. As distribution networks serve as thermal transmission grids, the 
interaction between the energy feed in (i.e. production) and withdrawal (i.e. consumption) at multiple locations within distribution 
networks should be incorporated. Modelling the interactions between these subsystems is challenging. This paper aims to study the 
potential of district heating system with solar thermal based prosumers, by developing a modelling framework for design and 
simulation of such networks. Quantitative comparisons are made on the system performances, by addressing key technical 
configurations and constraints of thermal networks and temperature dynamics of energy sources.  
 
In this paper, a comprehensive design and simulation model is built to assess the performance of different scenarios of district 
heating system designs with solar thermal based prosumers. Design variations are carried out by selection of different buildings in 
the district as prosumers. The simulation model framework is setup in Matlab, with hourly time step. The distribution network 
model is formulated as a thermal hydraulic model representing detailed information on thermal and hydraulic losses on each pipe. 
It enables bidirectional flow from multiple sources integrated into the district heating network.  Energy conversion technologies 
(solar thermal collectors) and heat demand are connected with the network model as source and sink. A natural gas boiler acts as 
an additional base load heat source. The design and simulation framework is applied to an artificial case study, composed of 20 
buildings with mixed building stocks including office and residential buildings. 
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1. Introduction 

Buildings contribute a significant amount of energy consumptions in urban environments. In Switzerland, around 
30% of the total energy consumption is used to cover space heating, domestic hot water demands, air-conditioning in 
buildings [1] . District heating networks are a promising solution, together with multi-energy systems and thermal  
networks for sufficiently provide energy for buildings at a district scale, as opposed to heating systems installed locally 
at individual building level. It also has the potential to employ low exergy heat sources, such as waste heat from 
industrial process or cooling load, geothermal heat, solar energy, to be integrated and utilized by individual buildings 
collectively in a more energy efficient and effective way.  

In recent years, attention has arisen to the concept of “prosumer” in district heating networks, a concept which was 
originally invented for power grids. A prosumer in energy systems is defined as a unit/member which both consumes 
and produces energy in the form of electricity or heat [2]. The integration of renewable energy sources in districts is 
often difficult due to limited local available resources, geospatial limitation and topographical constraints. By 
including the idea of prosumers, it allows us to enlarge system design boundaries, to incorporate new system 
configurations with multiple energy sources from decentralized locations. Brange et al. conducted a comprehensive 
analysis of the technical and environmental performance by introducing prosumers to existing district heating systems 
[3], and Hassine et al. investigated on different supply scenarios for solar assisted district heating networks and the 
energy performance respectively [4]. For both cases, solar energy integration works as auxiliary heat sources to 
existing networks. However, little focus has been put on designing of a district heating network system with prosumers 
or decentralized sources, and system configurations, with necessary components and operation strategies are rarely 
discussed.  

This paper aims to deepen the knowledge by applying a holistic approach for the design and ideal operation of a 
district heating system with multiple prosumers, which utilize energy from rooftop mounted solar thermal collectors. 
Key system configuration compared with conventional district heating systems are addressed. A novel design 
configuration with decentralized pumps at substation (prosumer) is implemented, which allows for bi-directional flow 
to withdraw from or feed-in to the network. To further assess the energy performance of different design scenarios, a 
simulation model is built based on a multi time step steady-state thermal hydraulic model. Potential operational 
strategies are additionally applied and discussed accordingly.  

The design and simulation process is applied on an artificial case study comprising 20 buildings with mixed building 
usage including office and residential buildings. Performance indicators regarding the distribution networks and the 
system as a whole are identified, including network thermal losses and pumping power, system solar fraction for 
multiple design cases. 

 
Nomenclature 

A Incidence Matrix                                                                         
𝑑𝑑"#         Pipe inner diameter 
𝑓𝑓%          Friction Factor 
𝐿𝐿"#               Pipe length 
𝑇𝑇"(         Inlet temperature 
𝑇𝑇)*+       Outlet temperature 
𝑇𝑇,-.      Ambient temperature 
𝑇𝑇/          Ground Temperature 
𝒎𝒎𝒔𝒔        Matrix of mass flow rate for all source/sink  
𝒎𝒎          Matrix of mass flow rate in the network 
𝑚𝑚34        Mass flow rate at pipe 
𝑅𝑅6          Reynolds number 
ρ            Water density                                                                                                       
ε             Pipe roughness 
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2. Methodology 

2.1. System Configuration 

District Heating System (DHS) are composed of 3 subsystems, 1) heat production, 2) distribution networks, and 3) 
multiple consumers. For traditional networks, heating production is normally placed at a centralized location. By 
switching from traditional network layouts to a prosumer based system, the distribution network is responsible for 
transmitting energy from multiple sources which are sparsely distributed at decentralized locations.  

The network configuration of this study is shown in figure 1(a). A prosumer is a building unit with rooftop mounted 
solar thermal collectors. A natural gas boiler acts as an additional base load heat source at a centralized location. A 
long term storage tank is located at the centralized location to be charged when there is surplus energy feed into the 
network during low energy demand periods, which happens especially in summer time. 

 

     

Fig. 1. (a) Schematics of network configuration; (b) Schematics of substation configuration with decentralized pump. 

Pumps are located at both the centralized source side and at the prosumer side. Therefore, the flow direction in the 
distribution network might change due to different states of the prosumers (consume or produce). The operation 
strategy at the building side is to consume the solar energy from rooftop locally and feed-in the surplus energy (if 
there is any) to the network through a heat exchanger. Therefore, depending on the demand and solar profiles, by 
utilizing two three-way-valves (as shown in figure 1.b), the water flow direction can be controlled with one single 
pump. When the substation withdraws heat from the network, the flow is pumped from the hot pipeline (supply pipe) 
to the cold pipeline (return pipe) through a heat exchanger. When the substation feeds in heat to the network, water 
from the cold pipeline is pumped to the hot pipeline. Therefore, the pressure cone along the distribution pipeline would 
also change due to flow direction at each time step. The above mentioned design and operation of the substation 
configuration has been applied to some Swiss case studies and also implemented for test cases [5].An agent based 
control model has been investigated for bidirectional flow district heating and cooling systems with multiple 
distributed heating and cooling sources in the system [6]. How to effectively control and operate such a substation 
with bi-directional pumping is still under substantial research effort for future large scale applications. Unfortunately, 
not so much scientific publications could be found other than research from industry at the moment. 

2.2. Modelling framework 

2.2.1 Network Model 
 
To investigate the thermal and hydraulic behaviour of the pipe and network design with prosumers, a modelling 

framework is built in Matlab for pipe design and to simulate network performance with the prosumers conditions in 
terms of its thermal and hydraulic behavior. 

A branch typology is selected as a network layout which is structured by graph theory in matrix format. A directed 
graph is used for network connections and the direction indicates the sign convention of each edge property. The end 
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node of the branch represent source or sink of the network, while nodes in between represents network connection as 
a diverter, or mixer when there are more than two connections. The modelling effort for this particular design case is 
challenging due to the change of flow direction in different time steps. At each new time step, the flow streams from 
multiple sources at distributed locations are tracked and a new graph matrix is updated to incorporate the flow 
directions. 

During network simulation, major variables accounting for thermal and hydraulic properties are incorporated as 
graph properties, displayed below: (Note that the direction of edge indicates the sign convention of pipe mass flow 
rate).  

 
• Edge properties (at edge iàj): pipe length 𝐿𝐿"#, pipe mass flow rate 𝑚𝑚"#, pipe characteristics (such as thermal 

conductivity, roughness, etc) 
• Node properties (at node i): temperature 𝑇𝑇", pressure 𝑃𝑃", consumption (+)/produce (-) mass flow rate 𝑚𝑚𝑠𝑠" 

For the balance of the network mass flow rate, the mass conservation at each node is represented by a linear system 
of equation in (1), where A is the incidence matrix of the network graph defined above. Hydraulic losses due to pipe 
friction is reformulated from Darcy-Weisbach equation, representing the quadratic correlation of pressure drop with 
respect to circular pipe mass flow rate (2). 𝑓𝑓% is the friction factor, calculated by equation (3) and (4), dependent on 
the flow regime for laminar or turbulent flow. 

 
𝑨𝑨×𝒎𝒎=𝒎𝒎𝒔𝒔                                                                                                                                 (1) 

                  ∆𝑃𝑃"# = 𝑓𝑓% ∙
>?@A

B∙CD∙E@A
F ∙ 𝑚𝑚34

G																																																																																																																								(2) 
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(turbulent flow regime)                                                                   (4) 
 

Thermal balance is calculated after hydraulic balance when the flow direction is determined and the upstream flow 
is identified. For each pipe, outlet temperature  𝑇𝑇)*+ is calculated by equation (5) with respect to inlet temperature 𝑇𝑇"(, 
where 𝑘𝑘"#  is the thermal transfer coefficient, and	𝑇𝑇/  is the ground temperature. Since the district heating network 
model incorporates multiple energy sources at central and decentralized locations, thermal flow mixing from multiple 
flow streams is represented at each network mixing node (6).  
 

𝑇𝑇)*+ = 𝑇𝑇/ + 𝑇𝑇"( − 𝑇𝑇/		 ∙ 𝑒𝑒
`
a@A∙b@A
cde∙fg            (5) 

 
	𝑚𝑚-"h𝑇𝑇-"h = 𝑚𝑚3𝑇𝑇"(

"             (6) 
 

 
2.2.2 Prosumer with the substation model 
 

The substation model incorporates the solar thermal collector model and the demand model. As described 
previously in substation configuration design, the operation strategy at the building side is to consume the solar energy 
from rooftop locally and feed-in the surplus energy to the network through heat exchanger. The secondary loop of the 
substation is not represented by a thermal simulation model, however represented by energy balance calculation. 
Heating demand by consumers is calculated by aggregated space heating and domestic hot water demand.  Available 
solar energy at a targeted supply temperature is calculated, which is in this case, the district heating design supply 
temperature. Flat plate collector efficiency ηcol is an operational parameter, which depends on the mean flow 
temperature, ambient temperature, and solar radiation, calculated by equation (8).  

 
𝑄𝑄j)k,l_,n, = 𝜂𝜂p)k ∙ 𝐴𝐴𝐴𝐴𝑒𝑒𝐴𝐴p)k ∙ 𝐼𝐼j)k,l        (7) 
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By identifying the states of each prosumer, the flowrate for withdrawal or feed in to the network 𝑚𝑚𝑠𝑠" is calculated 

with a fixed temperature difference at the prosumer according to equation (9), which is dependent on the adopted 
control strategy. 
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3. Case study and analysis 

3.1. System Configuration 

In this study, the modelling framework is applied to an artificial case study, to demonstrate the design and operation 
process. The artificial case is selected to design a solar thermal based district heating system with prosumers. As solar 
irradiation profiles do not vary notably from building to building. To demonstrate the potential benefits of districts 
with prosumers, where there is share of extra thermal energy from neighbour buildings through the network, the case 
district is intentionally selected with mixed building types with different load patterns, eg office buildings and 
residential buildings. Demand profiles are generated by dynamic building simulation tool Energyplus for the 20 
selected buildings [7]. Figure 2.a displays the schematics of the designed network layout and connections of building 
types with two separate branches of residential building and office buildings.  The network layout generated by Matlab 
is shown in figure 2.b, where the line thickness represents the relative size of designed pipe diameter system. Pipe 
length and node numbers are also indicated.  
 

 

Fig. 2. (a) Schematics of network layout; (b) network structure generated by Matlab code with node number and pipe length indicated 

Figure 3 shows hourly demand profiles and available solar energy (after conversion) on the rooftop for 4 
representative buildings (office building 1,2, residential building 1,2), for a typical winter week (a) and a summer 
week(b). By analysing the hourly profiles of the districts in terms of heating load and solar energy available on the 
rooftop, it shows there is potential for feed-in to the network as prosumers in the wintertime, particularly by residential 
buildings. In summer time, when there is only domestic hot water demand, there is usually abundant solar energy to 
feed in to the network and be transmitted to the central location for storage. 
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Fig. 3. (a) Winter week hourly demand and available solar energy profile; (b) Summer week hourly demand and available solar energy profile. 

3.2 Simulation Scenarios  

To investigate on the energy performance of the demonstrated case, simulation of the network model with hourly 
resolution for a year is carried out for two sets of design scenarios. Operation conditions and key parameters for the 
analysis are shown in figure 4.  

 

 

Fig. 4. Workflow of design scenarios and analysis. 

The total area of east and south facing rooftop area on each building is identified as total installation capacity.  
The two sets of design scenarios include:  
• building by building scenarios: only one building is selected to install solar collector with full coverage of 

rooftop capacity as a prosumer (20 scenarios with 20 building options) 
• percentage coverage scenarios: every building is selected but installed collectors vary from 10% to 100% of 

total rooftop capacity (10 scenarios) 

The designed operating temperature is 70 /30 ° C for the hot and cold pipeline respectively. As the thermal losses 
from the cold pipeline is negligible, thermal losses of the cold pipeline are not calculated. As mass flowrate in the cold 
pipeline is identical with the hot pipeline with opposite flow direction. The pressure distribution along the cold pipeline 
could easily be derived with the simulation results from the hot pipeline.  

For each system design scenario, hydraulic calculation are used to derive peak flowrates on each pipe segment of 
the network. Therefore, the final pipe diameter is designed to guarantee the maximum flow rate less than 2 𝑚𝑚/𝑠𝑠 for 
each design case. Designed pipe diameter and corresponding pipe characteristics are shown in table 1 for one design 
scenario with full rooftop (east south facing) coverage on each building. Total installed area is 1860 𝑚𝑚G  for 20 
buildings. The flat plat solar thermal collector is selected from commercially available design with conversion factor 
𝑐𝑐v equal to 0.854, and loss coefficient c1 and c2 equal to 4.06 and 0.0090 𝑊𝑊/(𝑚𝑚G𝐾𝐾). 
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                          Table 1. Designed pipe parameters 
Pipe 
No. 

From 
Node 

To 
Node 

Length (m) Inner 
Diameter 
(mm) 

Heat Transfer 
Coefficient  
(W/mK) 

Roughness 
(mm) 

1            
C  

0 100 65 0.2405 0.2 

2 0 1 100 59 0.2321 0.2 
3 0 11 100 28 0.1887 0.2 
4 1 2 100 56 0.2279 0.2 
5 2 3 100 54 0.2251 0.2 
6 3 4 100 47 0.2153 0.2 
7 4 5 100 42 0.2083 0.2 
8 5 6 100 36 0.1999 0.2 
9 6 7 100 34 0.1971 0.2 

10 7 8 100 30 0.1915 0.2 
11 8 9 100 26 0.1859 0.2 
12 9 10 100 15 0.1705 0.2 
13 11 12 100 25 0.1845 0.2 
14 12 13 100 25 0.1845 0.2 
15 13 14 100 24 0.1831 0.2 
16 14 15 100 23 0.1817 0.2 
17 15 16 100 21 0.1789 0.2 
18 16 17 100 18 0.1747 0.2 
19 17 18 100 16 0.1719 0.2 
20 18 19 100 12 0.1663 0.2 
21 19 20 100 11 0.1649 0.2 

 
3.4 Results and discussion  

 
Thermal loss and pumping power are calculated at each hourly time step for the designed cases as network 

performance indicators. Annual heat loss and pumping energy are shown in figure 5 for all design scenarios. By 
installing more decentralized solar area from prosumers thermal losses of the network reduce. That is mainly due to 
shorter travel distance of heat flow when heat sources are at more decentralized locations, closer to the consumer’s 
side. This effect should have more significant impact with a larger network size. However, more solar area installation 
results also in more active pumping from multiple decentralized sources. For a small area of installation, there is no 
obvious correlation for the pumping power. A reason could be that among this range of design (solar area), the trade-
off between active pumping and shorter transmission distance with less hydraulic losses is taking an effect. However, 
with larger solar installed area, particular in summer, when most energy is pumped from prosumers to the central 
storage, the pumping power is increasing significantly with respect to total installed area. In this study, only one 
operation temperature with particular control strategy is adopted, to operate the networks more efficiently in the future, 
optimal control strategies and operation temperature could be further investigated. 

 

Fig. 5. Annual Thermal heat loss and pumping energy for different design scenarios. 
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For system performance analysis, solar fraction quantifies the amount of total energy demand covered by solar 
energy, calculated by equation (10): 
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Figure 6 shows the solar fraction value for both sets of scenarios explained above (not accounting the potentials of 

thermal storage). It shows significant correlation for system solar fraction with respect to the installed rooftop area. 
With full coverage of all 20 buildings installation capacity, solar fraction could reach around 15%. By observing 
closely on the selection of building by building scenario, physical location where solar thermal collectors are installed 
does not play a role in this small district for overall system solar fraction. For larger case study with different heat 
load density, the decision for prosumer’s selection under design might contribute a different result.  

 

 

Fig. 6. Annual system solar fraction for different design scenarios. 

4.  Conclusion and outlook  

This paper introduces the value chain of design prosumer based district heating systems with solar thermal 
collectors. Key system configurations are addressed to allow for bidirectional flow at the substation, by operating 
decentralized pumps. To further quantify network performance under design scenarios, a thermal-hydraulic model is 
built to simulate the network behavior for the whole year with hourly time step. A small district with mixed building 
stocks as a case study is investigated to demonstrate the process. Simulation results show that network pumping power 
and thermal losses are not so sensitive to the locations of prosumers in a small district. It is beneficial by introducing 
more prosumers in the network to reduce thermal losses of the network, which has a negative effect on the pumping 
power. To increase system efficiency of this network type, it requires better operation and control of the networks 
with prosumers, which should be substantially investigated in the future. 

It is certain that not all districts with decentralized renewable potential would be suitable for a district heating 
system with prosumers. For energy system planners and decision makers, it is of paramount importance to evaluate 
which type of district and load profiles could potentially benefit in terms of self-sufficiency, cost and many other 
evaluation criteria. The modelling framework could be further extended by incorporating short and long term storage 
technologies in the system design as a next step.  

For large scale adoption and implementations of the concept in the future, challenges remain concerning various 
perspectives, such as the optimal control of multiply decentralized, economic drives and political regulations. A 
pricing mechanism should be set up to incentive the adoption of technologies among different stakeholders such as 
utility companies and building owners. 
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1. Introduction 

The investments in district heating (DH) infrastructures help to integrate diverse renewable and low-carbon 
energy sources and reduce the dependency on a single energy source. Especially with the 4th generation of DH 
system, due to its low working temperature, it is possible to supply heat, either directly or indirectly, with a wide 
range of energy sources such as geothermal, solar, wind, biomass, excess heat etc. [1]. However, the initial 
investment in the DH grid is usually associated with uncertainty regarding future heat sales and the potentially 
achievable connection rate of DH. In this paper, the DH grid investments are studied from various perspectives such 
as grid cost ceiling, investment periods, DH market share and expected levels of the energy saving in future due to 
building retrofitting and renovation. In addition, the impact of these parameters on DH potential and connection of 
remote areas to the DH grid is studied as well. 
Nomenclature 

A  Set of all coherent areas 
AF  Annuity factor 
C  Set of pipeline dimension steps 
C1,T, C2,T  Construction costs constant [€/m] and Construction costs coefficient [€/m2] 
Capij  Required capacity in the pipeline connecting area i to j [MW] 
cdist, ctrans, cgrid, Average specific costs of distribution grid, transmission grid and both of them [€/MWh] 
c_grid_max Specific grid cost ceiling [€/MWh] 
c_dist_max Specific distribution grid cost ceiling [€/MWh] 
da  Pipe diameter [m] 
Dt  Annual heat demand in year “t” 
e  Plot ratio 
FLH  Full load hours 
G  Coherent area with highest DH heat demand 
InvT  Investment in year “T” 
L  Total trench length [m] 
lij  Border-to-border distance of area i and area j 
m  Investment period [years] 
MS0, MSm DH market share at the beginning (year “0”) and the end (year “m”) of the investment period 
n  Depreciation time 
PowStep  Capacity of a pipeline for a give dimension 
qi  Boolean variable determining if the coherent area i is part of DH system or not 
Qt  Heat demand supplied by DH in year “t” 
r  Interest rate 
S  Ratio of accumulated energy savings 
SPCTLij  Specific cost of transmission line connecting area i to area j 
TLCij  Annualized specific cost of transmission line connecting area i to area j 
TLBij  Boolean variable showing if transmission line from area i to j should be built 
w  Effective width of distribution pipeline [1/m] 
yij  Boolean variable determining if there is a line from coherent area i to coherent area j 

The connection of buildings to the DH grid via long pipes not only is expensive, but also increases the heat 
losses. Therefore, the linear heat density (transferred heat per length of pipeline) is considered as a key elements in 
the assessment of DH distribution grid costs [2–4]. The linear heat density was traditionally quantified based on 
empirical data. Another method is to estimate the pipeline length based on street routes and subsequently, calculate 
the linear heat density. This method was used in [5–8]. This is done by determining shortest street pathway required 
to connect all buildings in an area. The method uses computer algorithms and can be easily implemented. However, 
it requires detailed georeferenced data and long processing time for larger areas like a city. The method may also 
ignore waterways, highways, or physical barriers if they exist in the study area. Furthermore, a 100% connection 
rate of buildings to the DH system, even if realized in the future, usually does not occur at once in practice – an 
important issue that should be considered in investment decisions. In addition, the implementation of method for 
lower connection rates is also difficult to implement and may lead to inaccurate results. Persson and Werner 
proposed an analytical approach for estimating the linear heat density using the concept of effective width [9]. They 
addressed the limitations caused by lack of empirical data for tuning the results. Later on, they used the method for 
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estimating the distribution cost of district heating based on heat demand and plot ratio and demonstrated the 
competitiveness of DH in inner city areas for several European cities [10]. Since then, the approach has been applied 
widely in different study areas [11–15]. The advantage of this method is its easy implementation and application for 
large regions as well as the higher calculation speed. 

The determination of potential DH areas can be used for either construction of new DH systems or extension of 
them. In that sense, the GIS methods provide a good insight to study areas and have been used frequently by 
researchers and energy planners [3,12,16–18]. The GIS methods used for estimation of DH potential can be divided 
into 3 main categories. In the first category, the heat sources and sinks are indicated with a very local focus in order 
to precisely determine the expansion and extension potentials. In this way, the major heat consumers such as shops, 
hospitals, hotels, offices etc. are determined and the DH potential calculated. For example, Finney et al. determined 
the existing and emerging heat sources and sinks and subsequently, depending to their vicinity to the existing DH 
infrastructure, calculated the potential for expansion of DH system via separate network as well as for the extension 
of the existing networks [19]. In the second category, a heat demand threshold is used for the determination of areas 
with DH potential [16]. In other words, it is assumed that the DH supply of all dense areas with a heating demand of 
above a certain level is economically viable. This method can be additionally used to determine the suitable 
technology for heat supply depending on the heat density, as done in [17]. The third category, calculates the 
distribution costs using the concept of effective width, as proposed by Persson and Werner [10], and compares them 
with other heat supply options. For instance, Nielsen and Möller divided the grid investment into distribution grid 
and transmission grid investment [4]. For the distribution costs, they used the analytical approach based on the 
concept of effective width. For the transmission lines, on the other hand, they calculated the costs based on required 
capacity and shortest path between the center of a potential DH area and center of the closest existing DH system to 
that area. Finally, areas that had the total cost of lower than individual supply options, were considered as potential 
DH expansion areas. 

The strength and weakness found in above enumerated methods are explained in the following. Having a detailed 
local focus and determining heat sources and sinks with the intention of providing a reliable, accurate result for a 
given case study, is highly beneficial for making concrete investment decisions (category 1). However, this process 
requires a very detailed information about the suppliers and consumers and replicating it in other regions requires 
almost the same amount of effort. The introduction of the heat density threshold for determination potential DH 
areas, as was done in category 2, is much easier to apply to larger areas and requires less processing time. However, 
sometimes the obtained regions are close to each other and interconnection of these regions may economically 
justify the supply of heat to their surrounding areas with DH as well. In other words, it may underestimate the 
existing potential. Furthermore, the small zones are prone to demand reduction, which can risk the investment for 
connecting them to the DH grid. In comparison to the category 2, category 3 provides a brighter picture from pre-
feasibility study of implementing DH systems. However, it should be noted that implementation of DH system in 
new areas is a time consuming procedure and the uncertainties regarding heat saving actions and the expected future 
market share should be included in the study. Additionally, it should be noted that having common transmission line 
corridor between several potential areas, instead of building multiple parallel lines, could improve the feasibility of 
connecting more potential areas to the DH system. This leads to a better estimation of required pipeline diameter 
and as a result, reduction of costs of heat losses in transmission lines. 

Consequently, this paper proposes a method for determining DH potential with respect to investment periods, 
expected future market share of DH system, expected level of energy savings. Additionally, the cost-optimum 
transmission lines and their capacities for connecting the coherent areas are determined. The method is applied to 
the case study of Vienna and the obtained results are illustrated in GIS-layers. 

2. Approach 

For the economic assessment of investment in DH system, both marginal heat generation costs and heating grid 
investments must be studied [2]. However, to simplify the problem and focus on grid investments, we introduce a 
parameter as grid cost ceiling (c_grid_max). This parameter implies that the marginal heat generation costs have 
been studied separately and to keep the DH system competitive, the grid costs may not exceed this cost ceiling. 
Additionally, the DH grid costs (cgrid) is split up into distribution grid capital costs (cdist) and transmission grid 
capital costs (ctrans). This is shown in Eq. (1). 
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 [€/MWh]           
grid dist trans

c c c                . .:        ;     
grid dist

S t c c_grid_max c c_dist_max   (1) 
The main input data for this study are a heat density map (HDM) and a plot ratio map. These data are obtained 

from the preliminary version of European HDM and plot ratio map provided by Hotmaps project [20]. Both the 
HDM and plot ratio map have a resolution of 100x100m. Each cell of these maps is referred as a pixel in this work. 

2.1. Distribution costs 

One of important means to reach the EU targets for reduction of greenhouse gases is improving the efficiency 
and decreasing energy use in buildings [21]. In term of heat consumption, this lead to implementing measures for 
energy-efficient thermal envelope retrofit of existing buildings and constructing new buildings with higher thermal 
insulation levels. These measurements have direct impact on heat demand and influence investments in DH systems. 
Considering an investment period of “m” consecutive years on DH grid, the annual heat demand in tth year of 
investment (Dt) is calculated using the heat density map from the first year of investment and the ratio of 
accumulated energy saving (S) at the last year of investment (Eq. (2)).  
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The reduction of heat consumption in European buildings in the future, can potentially affect the capital costs and 

consequently, the market share of DH. Therefore, the current market share as well as the targeted market share at the 
end of investment period should be included in the investment calculation. In this paper, the term “market share” is 
referred to “market share within DH areas” unless it is clearly stated. Accordingly, the expected heat demand that 
should be supplied by DH in each year (Qt) and in each pixel is calculated based on the DH market share at the 
beginning of the investment period (MS0) and the expected market share at the last year of investment (MSm): 
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The distribution grid investment required in each pixel of the HDM is calculated using the proposed method by 

Persson & Werner [10] with additional considerations regarding the investment period. The study area is categorized 
in three groups (inner city areas, outer city areas and park areas) based on the plot ratio value. Subsequently, the 
linear heat density (L) is calculated using the concept of effective width (w) in Eq. (4). Afterwards, the average pipe 
diameters in distribution grid is estimated Eq. (5). Finally, the distribution grid investment in year T is calculated by 
Eq. (6). 
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The parameters used in Eq. (4-6) are as follows: Qt is part of annual heat demand (Dt) that is supplied by DH in year 
t [GJ/a], C1 is the construction cost constant [€/m], C2 is the construction cost coefficient [€/m2], da is the average 
pipe diameter [m], L is the total trench length [m]. C1 and C2 are set according to the plot ratio, r is interest rate and 
n is depreciation time. 

As it is shown in Eq. (3), it is possible that the market share at the end of investment period (MSm) decreases or 
remains equal to the beginning of the investment period. The DH system should be capable to cover the DH demand 
(Qt) at all times of the investment period. Therefore, for the calculation of the investments and potentials, the highest 
annual DH demand during the investment period (Qmax) should be considered. For the calculation of distribution grid 
capital costs in Eq. (6), the annual DH demand is considered to remain constant after the last year of investment 
period. This assumption is made in order to focus on the investment period only. 
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2.2. Determination of coherent areas 

Pixels with low heat demand have high distribution costs and therefore, it is not economic to connect them to the 
DH system. We define a pixel demand threshold of 1GWh/km2 for removing such pixels. By eliminating these 
pixels from the map, we obtain groups of pixels that are attached to each other. Each set of these attached pixels 
constitute small zones that in this paper, are referred as “coherent areas”. Afterwards, the distribution costs in each 
coherent area are calculated and the ones with costs of below the upper bound (c_dist_max) are extracted. 
Subsequently, the pixel threshold is increased with a small step (0.1GWh/km2) and the previous step is repeated. 
This process is continued until no pixel above the threshold remains. The result would be a set of coherent areas, all 
with distribution costs of bellow the defined distribution cost ceiling. Fig. 1 shows the flowchart of these steps. 

In practice, determination of coherent areas starts by selecting regions with higher heat densities. Here, this 
process is done the other way around in order to speed up the calculation process. It should be noted that this has no 
influence on determination of coherent areas since the distribution cost upper bound is considered in each loop. 

2.3. Transmission line model 

Transmission lines connect coherent areas to each other and constitute one connected DH grid. The analysis of 
two or more detached DH systems is not in the scope of this study. The aim of this step is to connect as much 
coherent areas as possible without exceeding grid cost ceiling (c_grid_max). The connected coherent areas that 
constitute the DH system are referred as “economic coherent areas” in this paper. The determination of economic 
coherent areas as well as the cost-minimal transmission lines and their capacities are determined in an optimization 
procedure. This is done by introducing a prize-collecting spanning tree problem. 

In the first step, the border-to-border distances of coherent areas (l) from each other should be calculated. The 
coherent areas are labeled from one to N (Eq. (7)). Considering “N” coherent areas, this will give an NxN distance 
matrix. The transmission pipeline capacities (PowStep) and their specific costs are obtained from Table 1. The 
pipeline specific costs are annualized over the lifetime of the system. The coherent area with highest DH heat 
demand (G) is considered as the only available heat source. It produces the heat for itself and all other economic 
coherent areas. 

 1, 2, ...,A N    (7) 
The prize-collecting spanning tree problem is defined so that the objective would be to maximize the difference 

between the revenue from heat sales in economic coherent areas and the costs imposed by construction of 
transmission lines (Eq. (8)). 

 max,
max   * * * *                ,

i i ij ij iji i j
c_grid_max Q q TLC l y i j A       (8) 

Here, A is the set of all coherent areas; Qmax,i is the highest heat demand that is supplied by DH in area i through the 
investment period; qi is a Boolean variable determining if the coherent area i is part of DH system or not; TLC is the 
annualized specific cost of transmission line connecting area i to area j; lij is the the border-to-border distance of area 
i and area j; yij is a Boolean variable determining if there is a line from coherent area i to coherent area j. 

The objective function, on the one hand, maximize the supplied heat by DH and on the other hand, finds the cost-
optimum combination of the pipelines. The objective function is subject to three groups of constraints: 1) minimum 
spanning tree (MST) related constraints 2) pipeline capacity related constraints 3) economic constraints. These 
groups are explained in detail in the followings. 

2.3.1. Minimum spanning tree (MST) related constraints 
The coherent areas and transmission lines can be considered as a graph. The aim of using MST constraints is to 

connect all economic coherent areas with minimum number of transmission lines. In order to achieve this goal, the 
number of transmission lines should be just below the number of economic coherent areas (Eq. (9)). This rule should 
be true for any subset of the graph and no loop should exist in the final tree (Eq. (10)). Here, it is assumed that 
between two coherent areas, the heat can only flow in one direction (Eq. (11)). Since the number of economic 
coherent areas is not clear before the optimization, additional constraints are required as well. There must be one 
transmission line entering to an economic coherent area (Eq. (12)). On the other hand, a transmission line can be 
drawn from a coherent area, only if one transmission lines has been entered to it (Eq. (13)). Also, a transmission line 
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can be constructed between two “economic” coherent areas (Eq. (14)). Self-loops should not exist in the graph (Eq. 
(15)). The Eq. (16) makes sure that the coherent area G is one of the economical areas. 

 
 1                   ,

ij ii j i
y q i j A         (9) 

 1                           ;   , : ,
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y S S A i j A i S j S           (10) 
 1                                      ,
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                                 ;   
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   2 *                    ,

ij ji i j
y y q q i j A        (14) 
0                                              
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1
G
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2.3.2. Pipeline capacity related constraints 
The required capacity in MW in a pipeline (Cap) is calculated by dividing the total annual energy demand 

transferred through that pipeline (in MWh per year) by 3000 full-load hours (FLH). The capacities depend on the 
existence of the pipelines (yij) and the demand in the economic coherent areas (Qmax,i*qi). The capacities of pipelines 
are bounded so that the solver can converge faster (Eq. (17-22)). 

 max,
* /                                                 ,

ij ij j
Cap y Q FLH i j A     (17) 
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ii

Cap i A      (22) 
 
Table 1. Total cost of transmission pipes including projecting, field work, 
pipe work, materials, and digging, based on [4] with 55°C temperature difference. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.3. Economic constraints 
The distribution grid cost of economic coherent areas are included in total grid costs. Transmission lines costs, on 

the other hand, are calculated in the optimization model. Based on the required capacity in a pipeline (Cap), a 
suitable step from table 1 should be chosen. Here, the steps are labeled from 1 to 12 (Eq. (23)). Accordingly, the 
pipe capacity (PowStep) and the specific annualized transmission line costs (TLC) are calculated. The transmission 
line Boolean variable (TLB) is used to find the right cost and capacity of pipelines (Eq. (24-28)). The grid cost 
ceiling also should not be exceeded. This condition is fulfilled by Eq. (29). 

 1, 2,3,...,12C     (23) 
     1

* *                                 ,   ;   0
ij ijk k kk

TLC AF TLB SPCTL SPCTL i j A k C


         (24) 

Step 
(C) Dimension DN Capacity [MW] 

(PowStep) 
Specific Cost [EUR/m] 

(SPCTL) 
0 32 0.2 195 
1 40 0.3 206 
2 50 0.6 220 
3 65 1.2 240 
4 80 1.9 261 
5 100 3.6 288 
6 125 6.1 323 
7 150 9.8 357 
8 200 20 426 
9 300 45 564 
10 400 75 701 
11 500 125 839 
12 600 190 976 

Fig. 1. Flowchart of determination of coherent areas (TH: threshold) 
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i
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3. Parametrization 

A key input parameter of the model is the DH grid cost ceiling (c_grid_max). For the case study of Vienna, we 
study the DH grid cost ceilings from 8 EUR/MWh to 17 EUR/MWh. In this study, the ratio of distribution grid cost 
ceiling (c_dist_max) to grid cost ceiling (c_grid_max) was set empirically by running sensitivity analyses on this 
ratio for various regions across Europe. The sensitivity analyses revealed that the factor of 0.95 provides a good 
balance between inclusion of coherent areas in DH system and connecting remote coherent areas to the DH system 
(Eq. (30)). As the results from [6] shows, this value may reduce to approximately 0.85 if street routes instead of the 
Euclidean distances are used for the transmission line corridors.  

0.95c_dist_max c_grid_max     (30) 
In the last years, the share of district heating from the total heat demand in Vienna has been around 30% [22]. 

This is equivalent to 36% market share within DH areas [23]. The model is run for various expected market share 
increases over the investment period from 2018 until 2030 ranging from 40% to 90%. Additionally, the total heat 
demand reduction due to building retrofitting and higher thermal efficiency of newly constructed buildings is 
considered. This is reflected in the ratio of accumulated energy saving (S) with 5%, 10% and 15% heat demand 
reduction in 2030 compared to 2018. A discount rate of 5% and depreciation time of 30 years are considered in the 
calculations. Table 2 shows the summary of the input parameters and scenarios. 

4. Results 

Here, the outputs are depicted in GIS layers and the impacts of market share and energy savings are presented. 

4.1. GIS Layers 

Fig. 2a shows the HDM of Vienna at the beginning of the investment period. As it can be seen in the map, the 
heat density is at highest in the center and decreases as going toward the suburbs. Fig. 2b illustrates the impact of the 
expected market share at the end of the investment period (MSm) on the expansion of DH system. It can be seen that 
the establishment of DH in the suburban areas only at high market shares (>70%) is economically feasible. The 
expected accumulated energy saving at the end of the investment period (S), however, has a reverse impact on the 
expansion of the DH (Fig. 2c). In other words, the higher the energy saving measurements, the less suburban areas 
can be supplied by DH at a certain grid cost threshold. 

Finally, Fig. 2d shows some of coherent areas and transmission pipelines from a closer look. Additionally, the 
required capacity for the transmission pipelines are shown. Based on this capacity, a suitable pipe dimension is 
selected and accordingly, the pipeline costs are calculated in the model. 

4.2. Impact of market share and energy savings 

Fig. 3 provides a summary of obtained results from various scenarios. In the figure, the points represent the 
calculated average grid costs obtained from the model under a certain scenario. The red lines in Fig. 3a and 3b show 
the current status in Vienna, i.e. the 30% of the total heat demand that is supplied by DH system. 

In the Fig. 3a, the focus is on the impact of the market share on the calculated specific grid cost. As it can be 
seen, under a certain grid cost ceiling (eg. c_grid_max = 14 EUR/MWh), as the market share at the end of the 
investment period (MSm) increases, the specific grid costs decrease. At the same time, the share of total heat demand 
supplied by DH system, increases dramatically. The figure also highlights the importance of achieving a high market 
share. For instance, at the cost of less than 8 EUR/MWh, it is possible to supply more than 60% of total heat demand 
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if the market share of 90% is reached. In the Fig. 3b, the focus is on the impact of the grid cost ceiling on the 
calculated specific grid costs. As it can be seen, higher grid cost ceilings, do not necessarily lead to the increase of 
supplied heat with DH. Considering the section 2.2, increase of the grid cost ceiling has a direct impact on areal 
expansion of the coherent areas. However, areal expansion of DH areas without increasing the market shares, has 
low impact on the increase of the share of total heat demand supplied by DH. This trend can be seen in Fig. 3b. It 
can be concluded that, the increase of the market share within a DH area, has a higher impact on increase of the heat 
supply by DH compared to the expansion of the DH grids to the suburban areas. This has also high impact on the 
reduction of specific grid costs. These can be realized by policy interventions like spatial heat planning, zoning and 
implementation of district heating priority areas [24]. 

Fig. 3c depicts the impact of expected accumulated energy saving on the specific grid costs. It can be concluded 
from the graph that the increase of the accumulated energy saving, leads to slight increase of the average grid costs 
and decrease of the share of total heat demand that is supplied with the DH system. 

5. Discussion 

In order to construct a DH network, the technical aspects such as water flow, heat losses and ground elevation 
should be simulated and optimized in detail. However, the purpose of this article is not to design the distribution and 
transmission grids, but rather to develop a method for estimation of the cost-optimal size and cost of the grid on a 

Fig. 2. (a) Heat density map of Vienna; (b) Coherent areas at various expected market share at the end of investment period (MSm); (c) 
Coherent areas at various expected accumulated energy saving (S); (d) Optimum pipeline connection and required pipeline capacity 

40% <= MSm

50% <= MSm

60% <= MSm

70% <= MSm

80% <= MSm

90% <= MSm

Coherent areas at different MSm c_grid_max = 14 €/MWh
S = 10%

Coherent Areas

No DH Connection

DH Area

Transmission Lines

Transmission Lines 
(required capacity)

c_grid_max = 14 EUR/MWh
S = 10%
MSm = 50%

S = 15%

S = 10%

S = 5%

Coherent areas at different
energy savings

c_grid_max = 14 €/MWh
MSm = 50%

0 - 1

1 - 35

35 - 75

75 - 135

135 - 250

> 250

Heat Density [GWh/km2]

a b

d c



 Mostafa Fallahnejad et al. / Energy Procedia 149 (2018) 141–150 149
 Mostafa Fallahnejad et al. / Energy Procedia 00 (2018) 000–000  9 

regional scale and calculate the DH potential. The approach can be applied to any urban and rural area to examine 
different DH grid investment strategies. The outputs of the approach do not limit to a DH potential value; but also 
reveal the investment strategy that can lead to higher heat supply with DH system at the same average grid costs. 
The optimization model not only determines economic coherent areas for connection to the DH grid, but also 
identifies the cost-minimal transmission line passages and required pipeline sizes. Furthermore, the output GIS 
layers provide an intuitive illustration and perspective to an investment plan. 

6. Conclusion 

In this paper, a HDM and a plot ratio map were used for the study of DH potentials. Distribution grid costs in 
each pixel of the HDM were calculated and the coherent areas with an average distribution grid cost of below the 
distribution grid cost ceiling were determined. Subsequently, via an optimization model, the economic coherent 
areas were determined and the optimum corridors for connecting these areas as well as the capacity of transmission 
pipelines were calculated. The method allows for consideration of DH market share and accumulated energy saving 
for the calculation of grid costs and DH potentials. 

The proposed method was applied to the case study of Vienna and various scenarios were examined. The results 
showed that the increase of grid cost ceiling leads to expansion of the coherent areas to suburban areas and 
accordingly, increases of the share of total heat demand supplied by DH. However, this trend slows down as the grid 
cost ceiling rises. Increase of the market share at coherent areas, on the other hand, leads to reduction of average 
grid costs and has a high impact on growing the share of supplied heat by DH from total heat demand. In other 

Fig. 3. (a) Impact of market share at the end of investment 
period (MSm) on obtained average grid costs and on percentage 
of the total heat demand supplied by DH in last year of 
investment for different c_grid_max levels; (b) Impact of grid 
cost ceilings (c_grid_max) on calculated average grid costs and 
on percentage of the total heat demand supplied by DH in last 
year of investment at different market share levels (MSm); (c) 
Impact of expected accumulated energy saving (S) on the 
specific grid costs and on percentage of the total heat demand 
supplied by DH in last year of investment 
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words, higher DH market share can contribute to boost the competitiveness of DH systems. Finally, the increase of 
the accumulated energy saving leads to a slight increase of the average grid costs and decrease of the share of total 
heat demand that is supplied with the DH system. Overall, the results are backing the call for policy interventions 
like spatial heat planning, zoning and implementation of district heating priority areas. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction  

Various investigations have been conducted in the field of low-temperature district heating questioning design and 
operating temperatures of district heating-based heat supply systems. The studies investigated technological solutions, 
cost reduction potentials, and challenges specifically for low heat demand density areas. To name few: in [1] the IEA 
DHC CHP Annex VIII discussed and evaluated techniques for the reduction of piping costs and heat losses from heat 
distribution among others. Also in [2] the IEA DHC CHP Annex V addressed various research questions ranging from 
system engineering regarding substation design through energy-efficient DH networks to concepts and technologies 
for the new generation of DH systems. In [3] Tol and Svendsen demonstrated a new method to design district heating 
networks achieving smaller pipe diameters taking simultaneity of the heat consumers involved into account. 
Furthermore, Lund and Mohammadi in [4] pointed out that a higher insulation standard is the most feasible solution 
for 4th generation DH systems. When it comes to ultra-low-temperature district heating, several research questions 
arise regarding the domestic hot water preparation due to very low DH supply temperatures of 35 °C – 45 °C. Lund 
et al. in [5] compared three different alternative concepts for DH temperature level on a long-term energy system 
perspective. The study stated that a low-temperature DH of 55/25°C shows the lowest costs for DH systems in 
Denmark. Best et al. stated in [6] that ultra-low-temperature district heating ensures important improvement of heat 
distribution efficiency, favorable conditions for renewable heat integration while showing no economic disadvantage 
compared to low-temperature district heating. No study directly assessed the impact of design guideline on the total 
heat distribution costs and comparing low-temperature district heating networks of 70°C/40°C with ultra-low 
temperature district heating networks of 40°C/25°C, which is necessary to provide more general recommendations 
regarding the realization of new small networks for districts with low heat demands. In this study, the economic impact 
of different existing design guidelines on the total heat distribution costs is evaluated for new building developments. 
Therefore, four design approaches have been applied for network dimensioning and compared within an economic 
evaluation. Generally, a lower temperature level and temperature difference between supply and return line lead to 
higher volume flow rates. Consequently, the required transportation pipe diameters are affected. Energy utilities and 
plant operators fear increased auxiliary energy demand and high investment for heat distribution infrastructure. This 
study compares two exemplary networks of same length differing in terms of design and operating temperature. It 
aims at quantitative evaluation of the impact of design approach and temperature design on the total distribution costs 
of DH network.  

 
Nomenclature 

AGFW   German District Heating Association 
CHP  Combined heat and power  
DH  District heating  
DHA  District heating agency 
DHC  District heating and cooling 
DHW  Domestic hot water  
DIN  Deutsches Institut für Normung e.V. 
DN  Nominal diameter 
IEA  International Energy Agency 
LTDH  Low temperature district heating 
SH  Space heating 
ULTDH  Ultra-low temperature district heating 
ÖKL  Austrian board of trustees for Agricultural and Rural Development 
VDI  Verein Deutscher Ingenieure 
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2. Description of Case Study  

2.1. New building development in sub-urban areas  

In this study a housing development in a rural to suburban area was determined showing a high share of single 
family houses and row houses. The new development has 133 buildings with around 260 accommodation units. One 
accommodation unit has 115 m² dwelling area in average. The buildings show a specific space heating (SH) demand 
of below 50 kWh/(m²∙a) according to the German low-energy building standard of the Energy Saving Ordinance 2016 
[7]. The domestic hot water (DHW) demand was calculated taking a DHW consumption of 40 l/(Pers∙d) at tapping 
temperature of 45 °C as basis. A total heat demand of around 1.8 GWh/a results, thereof 23 % is due to DHW demand 
and 77 % due to SH demand. Two case studies were determined distinguishing between the DH network design and 
network operating temperature: Ultra-Low Temperature district heating (ULTDH) network design temperature with 
40°C supply 25 °C return (40 °C/25 °C); Low-Temperature district heating (LTDH) network design temperature with 
70 °C supply 40 °C return (70 °C/40 °C). An indirect coupling of DH network and system engineering was assumed 
consisting of following main components for each building: house substation with heat exchanger unit for floor heating 
system, hot water tank with external heat exchanger for DHW supply. The DH network is separated into three main 
branches. The resulting pipe route length sums up to 2.89 km.  

2.2. Network Design Method  

A calculation tool was developed, which computes the nominal diameter (DN) for each pipe section according to 
the underlying design recommendation. The design recommendations limit the flow velocity in order to ensure a 
specific pressure drop. The pipe surface roughness was set to 0.01 mm representing new smooth pipes. The inner 
diameter is computed to meet the peak load of connected buildings. The generally known correlations of Blasius and 
Prandl are used to compute the friction factor depending on the flow conditions [8]. The nominal diameter calculation 
is performed iteratively. If the specific pressure drop recommendation is exceeded, a higher nominal diameter is 
chosen. For both case studies the networks were designed for the maximum heat load taking simultaneity into account. 
The connecting rate for SH was determined based on peak heating load for each building according to DIN EN 12831 
[9]. Additional connecting rate for DHW supply was computed applying the German norm DIN 4708 [10–12]. A 
simultaneity of 1 for SH was assumed due to the thermal inertia of floor heating systems and the high building 
standard. Regarding the DHW supply, the simultaneity correlation based on DIN 4708 was applied [10–12]. The heat 
loss rate was computed based on Wallentén in [13] taking two buried insulated pipes (supply and return line) as basis. 
The seasonal varying ambient temperature of Kassel (Germany) on an hourly basis was used to calculate the average 
heat loss rate of the network. Therefore, each pipe section of transportation pipe and house lead-in pipes (DN and 
insulation thickness) was considered. For Kassel an average ambient temperature of 9.8 °C was determined. The 
supply and return temperatures were kept constant over the year for heat loss calculation.  

3. Design guidelines  

To evaluate the effect of the chosen design guideline, it has been differentiated between four design guidelines. 
According to Nussbaum et al. [14] different design approaches exist, which are shown in Figure 1. Depending on the 
inner diameter, a flow velocity is recommended, which limits the specific pressure drop over the pipe length. A 
threshold of maximum specific pressure drop of 100 - 150 Pa/m is common in order to avoid increased pump energy 
demand and corrosion [15]. Swedish and Austrian (board of trustees for Agricultural and Rural Development -ÖKL) 
recommendations allow higher flow velocities causing pressure drops of up to 200 and 350 Pa/m respectively [16]. 
Additionally, the piping manufacturer’s recommendations (Isoplus) were used in this study (marked in green). The 
Isoplus flow velocity recommendation shows flow velocities from 0.5 to 1.3 m/s for DN 20 to DN 200 resulting in 
specific pressure drops below 100 Pa/m [17]. It is assumed that the maximum heat load occurs less than 200 hours per 
year (pump operating hours to meet 80 % - 100 % of the heat load). According to the connected rate, a volume flow 
and the corresponding pipe diameter were computed for each branch. 
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4. Data for Cost Assessment  

In order to evaluate the economic effect of different network designs, total network construction costs were 
considered. Table 1 gives an overview about the assumed costs. Total construction costs usually cover the pipe 
material costs, installation/ pipe laying costs and civil engineering costs, surface restoration costs and incidental 
construction costs. The surface restoration and civil engineering costs highly depend on the conditions of the 
construction site. Nast et al. [18] published costs for unmade terrain and rigid pipes for new building developments 
representing a medium cost approach. The specific construction costs range from 190 €/mroute for DN 20 to 410 €/mroute 
for DN 150. This medium cost approach was also approved by Klöpsch et al. [19] and can still be considered valid in 
2018 according to the German District Heating Association AGFW. Nevertheless, there is an optimization potential 
according to Manderfeld et al. [20], who showed that specifically in rural areas the construction costs can be reduced 
using for example flexible pipes. This study assumed the medium cost approach of Nast et al. [18], because the costs 
should be calculated for new developments in Germany with standard rigid pipes.  
 
Table 1: Data for Cost Assessment  

Component Specific Costs Reference 

Piping  190 €/mtrench (DN 25) – 410 €/mtrench (DN 150) Nast et al. [18] 

Pumps 3.300 €/unit – 3.500 €/unit Manufacturer [21] 

Substations  4.000 €/unit incl. water tank  Stuible et al. [22] 

House lead-in costs incl. house connecting pipes  3.600 €/unit  Stuible et al. [22] & information 
of utility  

Maintenance costs for distribution infrastructure  0.5 % of investment German guideline VDI 2067 [23] 

Maintenance costs substations 3.0 % of investment  German guideline VDI 2067 [23] 

Planning costs 14 % of investment for transportation pipes and 
substations  

German regulation HOAI [24] 

Electricity tariff  0.17 €/kWh (major customer), 0.24 €/kWh (non-
time-based customer) 

Statistics for Germany 2017 [25] 

Assumed variable costs  0.05 €/kWh assumption 

 

Figure 1: Design flow velocity curves as a function of inner diameter 
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Furthermore, the additional costs for higher insulation standards were considered on the experience of pipe 
manufacturers. With reference to standard insulation, the higher insulation (class 2) results in 7 to 13 % higher 
construction costs, while the highest insulation standard (class 3) results in 16 % to 30 % higher specific construction 
costs [26]. The investment appraisal of the DH system was conducted pre-defining the investment period to the 
economic lifetime or operating time of the components and distribution infrastructure, which was set to 30 years for 
the distribution infrastructure and 15 years for substations. An annuity method was applied setting the interest rate to 
5.6 %, representing a known hurdle rate (minimum rate of return the company will accept) from energy utilities. The 
capital costs are thus shown as present value (discounted value). The electricity costs were set constant due to many 
insecurities for a forecast. 

5. Results 

5.1. Case Study 1 – Impact of Network Design on Transportation Pipes of ULTDH  

Based on the network dimensioning approach a nominal diameter for each pipe section was calculated depending on 
design guidelines. The DH network consist of approx. 55 % transportation pipes and 45 % of house-lead in pipes. The 
house lead-in pipe costs (house connecting pipes) are covered by a fix amount (see Table 1). In consequence, the 
design guidelines affect only the transportation pipe costs. Figure 2 (a) shows the resulting transportation pipe diameter 
distribution. The bar chart shows compared to the Isoplus standard through the Swedish and Austrian 
recommendations representing higher permitted flow velocities, an increase in share of DN 25 to DN 32, resulting in 
smaller average pipe diameters. The average transportation pipe diameter of the network design Isoplus is DN 65 for 
the given DH network. In comparison to this, the Swedish and Austrian (ÖKL) design guidelines result in an average 
pipe diameter of DN 50 respectively.  

The average network construction costs of range from Isoplus 244 €/mtrench, Swedish DHA of 233 €/mtrench to ÖKL 
226 €/mtrench. Thereby the Swedish DHA design guideline already leads to a total investment cost reduction of 4.5 %. 
Applying the ÖKL guidelines or simply a pressure drop limitation of 300 Pa/m leads to an investment cost reduction 
of 7.6 % compared to state of the art recommendations of 70 – 100 Pa/m (Isoplus) (see Figure 2 (b)). 

5.2. Case Study 1 - Total Distribution Costs ULTDH 

The total distribution costs consist of capital costs, pressure loss costs, heat loss costs, and maintenance costs. The 
capital costs include investment for transportation pipes, house-in lead costs and house connecting pipes, substations, 
and pumps. The pressure loss costs indicate the electricity consumption by the network pumps. The maximum needed 
volume flow and corresponding maximum pressure drop for the different network designs are given in Table 2. The 

Figure 2: Nominal Diameter distribution of different network designs for ULTDH 40 °C/25 °C (a, left); corresponding investment rate 
(discounted value) for transportation pipes of different network designs (b, right) 

a) 
Costs in k€/a 

b) 
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numbers represent the pressure drop of each branch, because each branch is assumed to have an own pump. Therefore, 
for each DH branch a high efficiency network pump was designed according to the calculated pressure drop and 
needed volume flow. For the determination of the annual electricity consumption, the heat load characteristic of the 
building development was taken as basis at constant operating temperatures. Furthermore, it was assumed that the 
pumps are controlled as a function of differential pressure. For the highest total pressure drop of 3.8 bar, the total 
nominal electrical pump power is 3.2 kW. This results in an electricity consumption of 8.7 MWh/a for year-round 
network operation and causes pressure loss costs of 1.5 k€/a. 
Next to the pressure loss costs, the heat loss costs determine the variable costs. Table 3 shows the total average heat 
loss rate of network designs. The heat loss rate causes heat loss costs of 9.4 – 10 k€/a, which represents seven times 
of pressure loss costs. The results state a maximum average heat loss rate reduction of 5.9 % applying network design 
guidelines with ≥  300 Pa/m. Furthermore, installing piping of highest insulation class reduces the yearly heat 
distribution losses about around 22 %. This results in cost savings of around 2.0 k€/a compared to standard insulation 
irrespective of the applied design guideline.  
 
Table 2: Maximum pressure drop and greatest volume flow according to network design at design temperatures 40 °C/25 °C 

Network design  Maximum pressure drop for each 
branch  
in bar 

Total pressure drop 
 
in bar 

Maximum needed volume 
flow   
in m³/h 

300 Pa/m  1.3 / 1.8 / 0.7 3.8 17.1 / 21.7 / 24.1 

ÖKL 1.3 / 1.8 / 0.7 3.8 17.1 / 21.7 / 24.1 

Swedish DHA 1.1 / 1.1 / 0.7 2.9 17.1 / 21.7 / 24.1 

Isoplus 0.5 / 0.7 / 0.4 1.6 17.1 / 21.7 / 24.1 

 
Table 3: Total average heat loss rate and heat loss costs at variable costs of 0.05/kWh 

Network design  Total average heat loss 
rate for standard 
insulation  
in kW 

Total average heat loss 
rate for third insulation 
class  
in kW 

Heat loss costs for 
standard insulation  
in k€/a 

Heat loss costs  
for third insulation class 
in k€/a 

300 Pa/m  21.5 16.9 9.4 7.4 
ÖKL 21.5 16.9 9.4 7.4 
Swedish DHA 21.9 17.2 9.6 7.5 
Isoplus 22.8 17.8 10 7.8 
Highest Saving through 
different network design  

5.9 % 5.1 % 0.6 k€/a 0.4 k€/a 

 
The total distribution costs are shown for the standard insulation class (see Figure 3). The bar chart shows the overall 
distribution heat costs for each network design. The investment of transportation pipes represents 20 % of the total 
heat distribution costs. 53 % of the total distribution costs are due to investment for house lead-in (including house 
connecting pipes) and substations. Investment for network pumps play a subordinated role. The variable costs 
represent around 8 % of the total heat distribution costs and cover the heat loss costs as well as the pressure loss costs 
(electricity consumption of pumps). The heat loss costs amount to 87 % of the variable costs and determine the variable 
costs mainly. Thus, the pressure loss costs amount to around 1 % of total heat distribution costs and are insignificant 
even in case of ULTDH. The overall distribution costs decrease slightly with higher accepted flow velocity. The most 
important change was stated for the ÖKL network design and the upper pressure drop limit of 300 Pa/m. However, 
the impact of the design guideline affects the investment of transportation pipes only. Thus, the impact of design 
optimization towards smaller pipe diameters on the total heat distribution costs is restricted. In total, permitting 
specific pressure drops of 300 Pa/m saves 2.2 % of total heat distribution costs compared to design recommendations 
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of 70 – 100 Pa/m (see Figure 3). For the given assumptions, this is a yearly saving of 3.3 k€/a. This applies specifically 
for small networks and small pipe diameters.  

The impact increases with higher pipe diameters due to the proportionally higher network construction costs of 
diameters greater than DN 65. An increase of insulation class to the highest insulation class decreases the heat loss 
costs about 22 %. On the other hand, the investment of transportation pipes would increase about 26 % that results in 
an overall distribution cost increase of 4.6 %. 
 

5.3. Case Study 2 – Impact of Network Design on Transportation Pipes of LTDH  

Analogously to the first case study, a nominal diameter for each pipe section was calculated depending on design 
guideline flow velocity restriction. Figure 4 (a) shows the resulting transportation pipe diameter distribution for 
LTDH. The bar chart shows a significantly higher share of DN 20 to DN 32 in comparison with ULTDH network. 
This is mainly because of the higher temperature difference between supply and return (30 K). This leads to lower 
needed volume flows to meet heat load resulting in smaller pipe diameters. Following the Isoplus guideline, the total 
investment for transportation pipes is 27 k€/a (discounted value), which is 3 k€/a less than in terms of the ULTDH 
network. The Isoplus DH network design shows an average pipe diameter of DN 50, while the Swedish DHA, the 
ÖKL guideline, and 300 Pa/m design lead to DN 40. The average network construction costs of range from Isoplus 
221 €/mtrench, to Swedish DHA 211 €/mtrench, to ÖKL 208 €/mtrench. It can therefore be concluded that permitting 
pressure drops of 300 Pa/m leads to an average pipe diameter reduction of one DN size for small networks. The 
Swedish DHA design guideline already leads to an investment cost reduction of 4.5 %. Along the design guidelines a 
maximum investment cost saving of 6.1 % was calculated. 

Figure 3: Total distribution costs of different network designs for ULTDH  

Costs in k€/a
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5.4. Case Study 2 - Total Distribution Costs LTDH 

The total distribution costs were calculated analogously to the ULTDH case study (see Table 4). The LTDH network 
needs at peak load a total maximum volume flow of 31 m³/h. The nominal electrical pump power was calculated 
according to the maximum pressure drop of each network branch. Along the network designs, the maximum pressure 
drop is nearly tripled. However, the maximum pressure drop occurs at peak load only. The pressure drop follows the 
heat load, leading to much lower average pressure drops in the main time of the year. For the ÖKL design, a total 
nominal electrical pump power of 1.7 kW is needed, which leads to pressure loss costs of 0.73 k€/a. Thus, the pressure 
loss costs of LTDH are halved compared to the ULTDH, which is due to the higher design temperature difference 
between supply and return. 
Table 4: Maximum pressure drop and greatest volume flow according to network design at design temperatures 70 °C/40 °C 

Network design  Maximum pressure drop for each 
branch  
in bar 

Total pressure drop 
 
in bar 

Maximum needed volume 
flow   
in m³/h 

300 Pa/m  1.5 / 1.3 / 0.8 3.6 8.6 / 10.9 / 12.1 

ÖKL 1.1 / 1.3 / 0.8 3.2 8.6 / 10.9 / 12.1 

Swedish DHA 0.9 / 1.1 / 0.7 2.7 8.6 / 10.9 / 12.1 

Isoplus 0.4 / 0.6 / 0.3 1.3 8.6 / 10.9 / 12.1 

 
Table 5: Total average heat loss rate and heat loss costs at variable costs of 0.05/kWh 

Network design  Total average heat loss 
rate for standard 
insulation  
in kW 

Total average heat loss rate 
for third insulation class  
in kW 

Heat loss costs for 
standard insulation  
in k€/a 

Heat loss costs  
for third insulation class 
in k€/a 

300 Pa/m  39.1 31.1 17.1 13.6 
ÖKL 39.5 31.4 17.3 13.7 
Swedish DHA 40 31.6 17.5 13.8 
Isoplus 42.1 33.1 18.4 14.5 
Highest Saving through 
different network design  

6.9 % 5.9 % 1.3 k€/a 0.9 k€/a 

However, the average heat loss rate increases significantly compared to LTDH (see Table 5). It varies from 39.1 to 
42.1 kW depending on the network design guideline. Applying ÖKL design recommendations reduces the average 

Figure 4: Nominal Diameter distribution of different network designs for LTDH 70 °C/40 °C (a, left); corresponding investment rate (discounted 
value) for transportation pipes of different network designs (b, right) 

 

a) b) 
Costs in k€/a 
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heat loss rate about 6.9 % compared to the Isoplus design. The resulting heat loss costs range from 17.1 k€/a to 
18.4 k€/a, which means heat loss costs are twice as high compared to ULTDH. Furthermore, installing piping of 
highest insulation class reduces the yearly heat distribution losses about around 21 %. This results in cost savings of 
approx. 3.5 – 3.9 k€/a compared to standard insulation. The total distribution costs of LTDH are shown for the standard 
insulation class (see Figure 5). The bar chart shows the overall distribution heat costs for each network design. At the 
first glance, the overall distribution costs decrease slightly with higher accepted flow velocity analogously to ULTDH. 
However, the investment of transportation pipes represents 18 % of the total heat distribution costs and the share of 
variable costs is 13 %. The total distribution costs range from 148.6 k€/a to 151.9 k€/a, which is app. a 3 % increase 
compared to ULTDH. Permitting max. specific pressure drops of 300 Pa/m saves 2.1 % of total heat distribution costs 
compared to design recommendations of 70 – 100 Pa/m (Isoplus). For the given assumptions, this is a yearly saving 

of 3.2 k€/a. An increase of insulation class to the highest insulation class reduces the heat loss costs about 20 %. On 
the other hand, the investment of transportation pipes increases about 26 % leading to an overall distribution costs 
increase of 2.6 %. Nevertheless, the results demonstrate that the impact of diameter optimization is restricted because 
it affects the transportation pipes only. The cost share of house lead-in (including house connecting pipes) and 
substations represents 68 % of the total fix costs. These large elements of distribution costs need to be reduced to 
achieve a significant overall distribution costs reduction. 

6. Summary and Discussion  

This study aimed at analyzing the impact of design recommendations on total distribution costs of small networks 
of 4th generation DH. The economic assessment was conducted taking a new building development comprising of 133 
buildings as a case study. The building development shows a high share of single family and row houses representing 
a rural to suburban area. The impact of the guidelines was analyzed on two DH network types of different design and 
operating temperature. First, the impact of design guideline on the investment of transportation pipes was assessed. 
The results stated that allowing high specific pressure drops of ≥  300 Pa/m at maximum heat load leads to 
transportation pipe investment savings of 6 – 8 % compared to 70 to 100 Pa/m recommendations. In terms of total 
heat distribution costs, the design guideline has little effect. This is preliminary due to the high share of house lead-in 
costs and substations costs, that represent 68 % of fix costs. The house lead-in pipes are covered by a fix amount, 
which is independent of the design guidelines. In consequence, the design guidelines affect the transportation pipes 
primarily. Thus, the impact of design optimization towards smaller pipe diameters on the total heat distribution costs 
is restricted. Nevertheless, the results show that next to investment savings the variable costs in terms of heat loss 
costs are reduced about 7 %. The comparison of ULTDH network (case study 1) with LTDH network (case study 2) 
stated, that ULTDH leads to slightly lower total distribution costs due to lower heat loss rate of the network. The 

Figure 5: Total distribution costs of different network designs for LTDH 

Costs in k€/a
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pressure loss costs achieve 1 % of the overall distribution costs, thus they have no significant impact on the economics 
of distribution networks. It has been shown, that ULTDH networks have no economic disadvantages compared to 
state of the art LTDH networks, as often believed. This study assessed only the impact of different DH network designs 
on heat distribution costs. It was not aimed at investigating the total heat supply system. Thus, ULTDH and LTDH 
were compared in terms of distribution costs, without central heat supply units and in case of ULTDH supplementary 
heating units in buildings to meet the DHW set temperatures.  
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coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Moscow City district heating system is the largest in the world and study of its impact on urban environment is 

important for understanding and managing possibilities for increasing energy demand efficiency within large urban 
agglomerations. This research estimated and analyzed carbon and thermal emissions of the Moscow district heating 
system.  

Moscow City district heating system is the largest in the world and understanding of its anthropogenic impact on 
environment, such as CO2 emissions or thermal emissions, is important for understanding and managing possibilities 
within different urban agglomerations. The heat supply system of Moscow differs from its counterparts in European 
cities. It is unique in terms of its scale and is generally comparable to individual EU nations in terms of major 
characteristics. For example, in 2012, the total length of pipelines in Moscow was 16,323 km and the associated 
contractual thermal load was 19 GW, which exceeds the corresponding aggregate figures for Finland (roughly 13,600 
km and 18.5 GW, respectively). 

In this study authors present the analysis, based on official data of energy use for district heating, which is intended 
to show “end-user” CO2 and thermal emissions, that represent the consumers and not producers. This research 
estimates and analyze CO2 emissions and thermal emissions of the Moscow district heating system at the Moscow 
Administrative Districts level and shows that CO2 emissions for districts vary from 1.16 to 6.74 Mt CO2/year and 
mean annual thermal emissions vary from 23 to 75 W/m2. 
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1. Introduction. 
 
Cities are the main global source of greenhouse gases, as well as of thermal, gas and aerosol pollution of the 

atmosphere. Studies show that 70% of global greenhouse gas emissions occur precisely at the expense of cities [1]. In 
metropolitan areas located at the mid latitudes of the Northern Hemisphere - Europe, Russia, the United States, Canada 
- the largest source of anthropogenic heat fluxes and greenhouse gases are heat supply systems along with urban 
transport. 

The influence of the largest in the world Moscow district heating system (DHS) on the ecology and climate of the 
metropolis deserves special attention. These studies allow us to assess the relationship between energy consumption 
in the city and its climatic characteristics. Investigating this relationship for urban agglomerations is important due to 
the expected climate change and the urban environment, including an increase of extreme weather events. Only if this 
relationship is considered, it is possible to provide energy efficient heat supply to Moscow and sustainable 
development of urban infrastructure. 

From the different aspects of the impact of the city's energy supply on climatic and ecological characteristics, this 
article looks at two main types of Moscow DHS impact on the city's ecological and climatic system: anthropogenic 
heat fluxes (AHF) and carbon dioxide emissions (i.e., carbon footprint). 

The project "Analysis of the regional climate change impact on energy consumption of municipal services of 
megalopolises of Russia”, supported by the Russian Scientific Foundation is carried out by the authors of the article 
together with other scientists of the Institute of Atmospheric Physics and the Moscow Power Engineering Institute. 
The project is aimed to identify the main factors of interrelationship between climatic and energy processes in the 
urbanized areas of urban agglomerations of Russia, and, first, the Moscow agglomeration. 

In previous works authors with colloquies analyzed anthropogenic heat fluxes for cities agglomerations based on 
per capita energy consumption data [7, 11], impact of climate change on total Moscow’s energy consumption during 
the heating season [9], as well as impact of urbanization and global warming on total energy consumption in some 
large cities [10]. 

This article focused on thermal and carbon emissions in Moscow’s atmosphere caused by district heating system 
and distribution of thermal and carbon footprint among Moscow city districts. This could be done by using "final heat 
consumer" approach, and not only data of city thermal power plants energy production. This approach allows us to 
compare the ecological footprint of different districts of the city within 2011 Moscow city boundaries, using the official 
data provided by Moscow city department of fuel and energy on the heat supply of the administrative districts of the 
city.  

Also, it allows to compare the distribution of anthropogenic heat fluxes within the city calculated by two different 
approaches – first one based on per capita energy consumption, second one based on heat supply data.   

As it is well known [2], half of all urban total energy consumption in EU cities is used for space heating and cooling 
as it is shown on Fig. 1. Situation with energy demand for space heating in Moscow is very similar to EU, and less 
than 1 % of total energy demand is used for space cooling. 

 

 
Figure 1. Heating and cooling demand in 2015 in the EU28 by end-use compared to total energy demand (adopted from [2]) 
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2. Moscow basic information 

 
An ecological footprint of a heat supply system is a result of such characteristics of the city as area, population, 

infrastructure and climate. Let us present some basic information about Moscow: 
• Moscow is the capital of Russian Federation and the most populous urban area on European continent. Besides, 

it is the major political, economic, cultural, and scientific center of Russia and Eastern Europe. 
• Moscow is the northernmost and coldest megacity and metropolis on Earth. Moscow has a humid continental 

climate with long, cold winters usually lasting from mid-November through the end of March, and warm 
summers. Weather can fluctuate widely with temperatures ranging from −25 °C in the city and −30 °C in 
suburbs to above 5 °C in the winter, and from 10 to 35 °C in the summer. The lowest ever recorded temperature 
was −42 °C in January 1940. Snow, which is present for about five months a year, often begins to fall mid-
October, while snow cover lies in November and melts in the beginning of April. 

• The heating season in Moscow begins when the average daily temperature over the past five days is kept below 
8 °C, and ends, respectively, when the average daily temperature over the past five days is kept above 8 °C. 
Over the past 10 years, the duration of the period with a daily temperature below 8 °C was 214 days, and the 
average daily temperature of this period was 3.1 °C. 

• A part of Moscow Oblast (region) territory was merged into Moscow on July 1, 2012; as a result, Moscow is 
no longer fully surrounded by Moscow Oblast and now also has a border with Kaluga Oblast. In this paper the 
area of the Moscow districts is assumed within 2011 Moscow boundaries.  

• The area, population, population density and heat supply for ten Moscow districts are taken from [3], [4], [5] 
and presented in Table 1. The presented heat supply data in Table 1 as accurate for 01.01.2012 [5].  

 
 
Table 1. Area, inhabitants, population density and mean annual heat supply of Moscow districts within 2011 city boundaries 
 

Moscow administrative 
okrugs (Moscow districts) Area (km2) Inhabitants Population density 

(per km2) 
Heat supply 

(Gcal/h) 

Central 66.18 757137 11441 4287.15 

Northern 113.73 1141913 10041 3566.81 

North-Eastern 101.88 1398481 13726 3757.73 

Eastern 154.84 1489765 9622 3668.33 

South-Eastern 117.56 1352303 11503 3983.04 

Southern 131.77 1754613 13315 4338.68 

South-Western 111.36 1407331 12637 3336.24 

Western 153.03 1333813 8716 4160.88 

North-Western 93.28 973629 10438 2292.27 

Zelenogradsky 37.20 229926 6181 737.12 

Moscow (2011) 1080.83 11838911 11203 34128.3 

 
The area of two new Moscow districts – Novomoskovsky and Troitsky – almost twice large then area of whole 

“old” Moscow, but much less populated: approximately 250,000 inhabitants live there. The “new” Moscow is 
consisting of suburb and rural territories and relatively small towns, which can’t be taken as a part of megalopolis. 
The district heating system in these districts is not so developed as within “old” Moscow and is not united with it. 
The ecological footprint of the new Moscow districts could be a subject of future research. In this paper we consider 
the district heating system of the “old” Moscow only. 
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3. Moscow District Heating System (DHS) 
 

According to International Energy Agency (IEA) statement (CHP/DH Country Profile: Russia, 2009) Russia has 
the largest and oldest district heating system in the world. It is more than 100 years old and comprising almost 500 
combined heat and power stations, 200 000 km of district heating (DH) pipeline network and more than 65,000 boiler 
houses. Russia’s municipal district heating systems are a legacy of the Soviet era on which most of the country’s urban 
population has come to depend during the long and cold winter season [6]. Russian district heating systems in 2007 
delivered of about 1,700 TWh. This amount almost 10 times larger than the other largest system, Ukraine (less than 
200 TWh) and Poland (under 100 TWh) [6]. 

In Moscow, heat is mostly produced by large combined-heat-and power plants (CHPs). According to data of 2007, 
an installed heat capacity was 32 250 Gcal/h, producing 79.9 Million Gcal per year (77 % of Moscow heat supply), 
70 district and local heating plants (DHPs and LHPs) with an installed heat capacity of 13 700 Gcal/h, producing 22.7 
Million Gcal per year (22 % of Moscow heat supply), and 100 local boilers (LBs) producing less than 1 % of Moscow 
heat supply. 

In 2012, the length of pipelines in Moscow was 16,323 km, and the associated contractual heat load was about 19 
GW, exceeding the similar system in whole Finland (about 13,600 km and 18.5 GW, respectively). 

Nowadays, JSC “Mosenergo’ belong within Gazprom Energoholding LLC is the largest regional power generating 
company in the Russian Federation, owning 15 power plants in Moscow region with an installed heat capacity of 42,8 
thousand Gcal/h and produces 80 % of Moscow heat supply. 

JSC “Moscow Integrated Power Company” (MIPC or MOEK) belong within Gazprom Energoholding LLC is the 
infrastructure company, providing the heating and hot water supply for Moscow and several satellite cities. The 
activity of the company covers production, transport, distribution and sale of heat energy. 

Moscow district heating system covers 96% of heat consumers using mostly natural gas as a fuel and very small 
amount of coal, diesel and mazut as shown at Fig. 2 [5]. 

Moscow DHS annually consumes about 31 million tonnes of oil equivalent (toe) of natural gas, about 250 thousand 
toe of coal and about the same amount of diesel and mazut. 

 
 
 
 

 
Figure 2. Moscow DHS fuel consumption chart 
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4. Moscow DHS heat and carbon emission 
 
4.1. Anthropogenic heat fluxes 

For the empirical assessment of total anthropogenic heat fluxes in urbanized areas, based on the analysis of national 
statistics on energy consumption, area and population of cities, the formula [7] is used: 

 
(1) 

 
Where  
Qa is anthropogenic heat flux (W/m2) 
PD is urban population density (inhabitants/km2),  
EC is energy consumption per capita in the country (kg o. e.), 
k = 1.325 (see [7]). 
 
Anthropogenic heat fluxes caused by space heating could be calculated using data of district heat supply [5] and 

next formula 
 

(2) 
 
Where  
G is district heat supply (presented in Table 1), 
S is district area (presented in Table 1),  
CGW is transfer coefficient from Gcal/h to kW (1 Gcal/h = 1162.22 kW). 
 
The distribution of annual total anthropogenic heat fluxes and anthropogenic heat fluxes caused by DHS presented 

on Fig. 3 and 4 and in Table 2. 

 
 

Figure 3. Total annual anthropogenic heat fluxes over Moscow districts calculated by formula (1).  
(1 - Central district, 2 - Northern district, 3 - North-Eastern district, 4 - Eastern district, 5 - South-Eastern district, 6 - Southern district, 7 - South-

Western district, 8 - Western district, 9 - North-Western district, 10 - Zelenogradsky district) 
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Figure 4. Anthropogenic heat fluxes over Moscow districts using Moscow DHS heat supply data. 

(1 - Central district, 2 - Northern district, 3 - North-Eastern district, 4 - Eastern district, 5 - South-Eastern district, 6 - Southern district, 7 - South-
Western district, 8 - Western district, 9 - North-Western district, 10 - Zelenogradsky district) 

 
Table 2. Anthropogenic heat fluxes (W/m2) over Moscow districts and whole Moscow city calculated by formula (1) and estimated using Moscow 
DHS heat supply data. 
 

Moscow districts Formula (1)  DHS 
heating supply 

Central 77.51 75.29 

Northern 68.03 36.45 

North-Eastern 93.00 42,87 

Eastern 65.19 27.53 

South-Eastern 77.93 39.38 

Southern 90.21 38.27 

South-Western 85.62 34.82 

Western 59.05 31.60 

North-Western 70.72 28.56 

Zelenogradsky 41.88 23.03 

Moscow (2011) 74.21 36.70 

 
Fig. 3 and 4 as well as Table 2 show that average total emission of anthropogenic heat from the Moscow DHS 

approximately twice less than from all urban energy sources. The only within the Central district – Moscow 
“downtown” – almost whole AHF amount produced by heating of living and public spaces. For whole Moscow the 
picture is very similar to EU cities, where half of energy is using for space heating [2]. 
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4.2. Carbon footprint. 

 
To calculate anthropogenic carbon dioxide emissions caused of Moscow district heating system we use the data on 

the amount of combusted natural gas and the amount of heat supplied to administrative districts. In 2012, 29 billion 
cubic meters of natural gas were burnt in Moscow for heat supply. 

According to [8], the coefficient for calculating CO2 emissions from natural gas combustion is 1.85 t CO2/m3. 
Using this coefficient, it is possible to estimate the total annual release of CO2 into the atmosphere from burning 
natural gas for heating. In Moscow, where 29 billion cubic meters of natural gas are annually burnt, this value is 53.65 
Mt CO2. 

Using data on the amount of heat supplied to specific districts of Moscow [5], it is possible to estimate the amount 
of CO2 emitted annually by each district – CDH using the following formula: 

 
 

 
(3) 

 
Where  
GDH is district heat supply in Gcal/h,  
Gt is total Moscow heat supply (34,130 Gcal/h),  
C is total annual Moscow CO2 emission from district heating system (53.65 Mt CO2). 
Results of Moscow DHS carbon footprint calculations are presented on Fig. 5 and 6 as well in Table 3. 

 

 
 

Figure 5. CO2 emissions (Mt) per year.  
(1 - Central district, 2 - Northern district, 3 - North-Eastern district, 4 - Eastern district, 5 - South-Eastern district, 6 - Southern district, 7 - South-
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Figure 6. CO2 emissions (t) per capita. 
(1 - Central district, 2 - Northern district, 3 - North-Eastern district, 4 - Eastern district, 5 - South-Eastern district, 6 - Southern district, 7 - South-

Western district, 8 - Western district, 9 - North-Western district, 10 - Zelenogradsky district) 
 
Table 3. Moscow carbon footprint 
 

Moscow districts 
CO2 emissions (Mt) 

per year 

CO2 emissions (t)  

per capita 

Central 6.74 8.90 

Northern 5.61 4.91 

North-Eastern 5.91 4.22 

Eastern 5.77 3.87 

South-Eastern 6.26 4.63 

Southern 6.82 3.89 

South-Western 5.24 3.73 

Western 6.54 4.90 

North-Western 3.60 3.70 

Zelenogradsky 1.16 5.04 

Moscow (2011) 53.65 4.53 

 
5. Conclusions 

 
The investigation shows the complicated picture of spatial distribution of annual anthropogenic fluxes (AHF) and 

CO2 emission within the Moscow City (in 2011 boundaries).  
It is shown that for total Moscow’s emission of anthropogenic heat from the Moscow DHS is approximately twice 

less than from all urban energy sources. This situation is very similar to EU, where half of energy is using for space 
heating. 
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AHF distribution by Moscow between city districts shows that only in the Central district almost whole AHF 
amount produced by heating of living and public spaces. CO2 emission from the Moscow DHS also show some 
particularity of Moscow Central district, where this emission per capita much higher than in other districts.  

For the main belt of Moscow districts situated between Central district and Moscow ring road carbon footprint 
caused by DHS almost linearly depends on district population. It is very interesting that emission of carbon dioxide 
per capita from heat supply systems in different districts of Moscow is less, the higher the population density in these 
districts.  

The needed energy demand and heating supply in Moscow, as well as in any large city, depends on global and 
regional climate changes, and the study of such dependencies and feedbacks is the main goal of analysis of the regional 
climate change impact on energy consumption of municipal services of large cities.  

Hopefully, understanding of these dependencies and feedbacks can help Moscow municipal authorities improve 
heat supply system in Moscow and could be helpful for another Russian and not only Russian cities. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
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The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
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renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

Energy Procedia 149 (2018) 170–178

1876-6102 © 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.
10.1016/j.egypro.2018.08.181

10.1016/j.egypro.2018.08.181

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.

1876-6102

Available online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2018) 000–000 

www.elsevier.com/locate/procedia 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 
DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

District heating pipes buried in Temporarily Flowable Backfill 
Materials 

Dominik Wolfrum*, Thomas Neidhart 
Technical University of Eastern Bavaria at Regensburg, 93053 Regensburg, Germany 

Abstract 

It is state of technology in district heating systems to use sand as backfill material for district heating pipes (DHP). In 
conventional pipeline construction, Temporarily Flowable Backfill Materials (TFB) have been already used for backfilling the 
pipe zone. TFB consists of the excavated material, cement, water and optionally bentonite. Environmental and economic 
advantages are that the excavated material can be reused and that TFB requires no compaction. In order to embed district heating 
pipes in TFB, soil mechanical parameters of the TFB are required. Above all the resistance to temperature-induced axial 
displacement should be well-known in order to estimate the displacements of the DHP, as well as the stress distribution along the 
DHP. Compared to sand as a non-cohesive backfill TFB have remarkable adhesive contact stresses which result in considerable 
resistance forces. In this article, the contact behavior between TFB and DHP is described as well as the effect on the DHP statics. 
Therefore, the results of various laboratory tests are summarized and presented to understand the interface-resistance-
characteristics (IRC) of the DHP/ TFB interface. Then, the deduced IRC was implemented in a computer program for some 
comparative calculations with sand and TFB. Finally, the results of cyclic loading are presented and discussed. 
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1. Introduction 

For the installation of buried district heating pipelines (DHP), it is state of technology to refill the pipe zone of the 
trench with sand. One possibility to reduce the costs of the installation is to use Temporarily Flowable Backfill 
Materials (TFB). The potential savings when installing a plastic jacket compound pipe with an outer diameter of 
600 mm under a paved surface is up to ≈ 9% [1]. For smaller diameters and unpaved surfaces, the saving potential 
can be even higher [1]. An ecological advantage of TFB is that the trench spoil can be reused directly on the 
construction site for the TFB production. This saves large transport distances for the disposal of the excavated 
material and the delivery of a new filling material. In addition, resources and disposal sites will be saved.  

TFB is described in the german recommendation “Herstellung und Verwendung von zeitweise fließfähigen, 
selbstverdichtenden Verfüllbaustoffen im Erdbau” [2] (engl.: “Production and use of Temporarily Flowable, 
Self-Compacting Backfill materials in earthworks”) and is similar to the Controlled Low Strength Material 
(CLSM) [3]. For district heating systems, the reason for the low market development is that the standardized 
calculation procedures do not apply for TFB as bedding material [4]. For DHP the decisive influence on the static 
design of the system is the temperature-induced axial displacements. The buried pipe expands due to the increase of 
the temperature and causes contact shear stresses in the opposite direction of the displacement that hinder the free 
thermal expansion and reduce the displacements. It is important to know the contact forces between the bedding 
material and the pipe to be able to calculate the stress distribution and deformations of the pipe. Above all, the 
resistance to axial expansion of the pipeline is of decisive importance for the pipe static design. Therefore, the 
interface-resistance-characteristic (IRC) is needed, which can be determined by laboratory tests or by a full-scale 
test. The calculation concepts for buried DHP like in the European Standard EN 13941 [5] and in the German code 
of practice AGFW FW 401 [6] are only designed for non-bonding and non-cohesive materials with an simplified 
elastic-plastic IRC. As shown in the further article, the IRC of the TFB have considerable adhesive contact forces 
and so it strongly differs from the working line adopted in theses calculation concepts. This means that the 
guidelines and standards cannot be used for the calculation of DHP with TFB as bedding material. 

In the further article the laboratory experimental determination of the IRC and a rod-spring based calculation 
method is described and presented. The article is divided in following points: 

 Characterization of TFB. 
 Experimental investigation of the contact resistance and the IRC. 
 Development of a rod-spring based system for the calculation of heating and cooling processes. 
 Comparative calculations and presentation of various influences. 

2. Characterization of Temporarily Flowable Backfill Materials 

TFB is a bounded backfill and consists of spoil or aggregate, cement, water and optionally bentonite. The TFB 
can be produced in mobile mixing plants directly on the construction site next to the trench or in stationary mixing 
plants. The proportions of cement and bentonite are usually 25 kg/m³ to 50 kg/m³ and the water content of 400 kg/m³ 
to 700 kg/m³. The composition is dependent on the initial material, e.g. the grain size distribution of the spoil and the 
required properties, e.g. compressive strength and can be adjusted accordingly. After mixing the TFB flows into all 
cavities and interstices solely under the influence of gravity and requires no additional compaction [2]. Due to 
chemical and physical reactions of the cement and bentonite, the material hardens and the TFB can be mechanically 
stressed. Compared to sand, TFB is a highly time-dependent material. 

An important property of the TFB in pipeline construction is its re-excavation ability. According to the German 
recommendation for TFB [2], the uniaxial compressive strength after 28 days should be less than 0.3 N/mm² and the 
measure of the increase in strength  should be a maximum of 0.15 N/mm² in order to ensure long-term easy re-
excavation ability. 
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1. Introduction 

For the installation of buried district heating pipelines (DHP), it is state of technology to refill the pipe zone of the 
trench with sand. One possibility to reduce the costs of the installation is to use Temporarily Flowable Backfill 
Materials (TFB). The potential savings when installing a plastic jacket compound pipe with an outer diameter of 
600 mm under a paved surface is up to ≈ 9% [1]. For smaller diameters and unpaved surfaces, the saving potential 
can be even higher [1]. An ecological advantage of TFB is that the trench spoil can be reused directly on the 
construction site for the TFB production. This saves large transport distances for the disposal of the excavated 
material and the delivery of a new filling material. In addition, resources and disposal sites will be saved.  

TFB is described in the german recommendation “Herstellung und Verwendung von zeitweise fließfähigen, 
selbstverdichtenden Verfüllbaustoffen im Erdbau” [2] (engl.: “Production and use of Temporarily Flowable, 
Self-Compacting Backfill materials in earthworks”) and is similar to the Controlled Low Strength Material 
(CLSM) [3]. For district heating systems, the reason for the low market development is that the standardized 
calculation procedures do not apply for TFB as bedding material [4]. For DHP the decisive influence on the static 
design of the system is the temperature-induced axial displacements. The buried pipe expands due to the increase of 
the temperature and causes contact shear stresses in the opposite direction of the displacement that hinder the free 
thermal expansion and reduce the displacements. It is important to know the contact forces between the bedding 
material and the pipe to be able to calculate the stress distribution and deformations of the pipe. Above all, the 
resistance to axial expansion of the pipeline is of decisive importance for the pipe static design. Therefore, the 
interface-resistance-characteristic (IRC) is needed, which can be determined by laboratory tests or by a full-scale 
test. The calculation concepts for buried DHP like in the European Standard EN 13941 [5] and in the German code 
of practice AGFW FW 401 [6] are only designed for non-bonding and non-cohesive materials with an simplified 
elastic-plastic IRC. As shown in the further article, the IRC of the TFB have considerable adhesive contact forces 
and so it strongly differs from the working line adopted in theses calculation concepts. This means that the 
guidelines and standards cannot be used for the calculation of DHP with TFB as bedding material. 

In the further article the laboratory experimental determination of the IRC and a rod-spring based calculation 
method is described and presented. The article is divided in following points: 

 Characterization of TFB. 
 Experimental investigation of the contact resistance and the IRC. 
 Development of a rod-spring based system for the calculation of heating and cooling processes. 
 Comparative calculations and presentation of various influences. 

2. Characterization of Temporarily Flowable Backfill Materials 

TFB is a bounded backfill and consists of spoil or aggregate, cement, water and optionally bentonite. The TFB 
can be produced in mobile mixing plants directly on the construction site next to the trench or in stationary mixing 
plants. The proportions of cement and bentonite are usually 25 kg/m³ to 50 kg/m³ and the water content of 400 kg/m³ 
to 700 kg/m³. The composition is dependent on the initial material, e.g. the grain size distribution of the spoil and the 
required properties, e.g. compressive strength and can be adjusted accordingly. After mixing the TFB flows into all 
cavities and interstices solely under the influence of gravity and requires no additional compaction [2]. Due to 
chemical and physical reactions of the cement and bentonite, the material hardens and the TFB can be mechanically 
stressed. Compared to sand, TFB is a highly time-dependent material. 

An important property of the TFB in pipeline construction is its re-excavation ability. According to the German 
recommendation for TFB [2], the uniaxial compressive strength after 28 days should be less than 0.3 N/mm² and the 
measure of the increase in strength  should be a maximum of 0.15 N/mm² in order to ensure long-term easy re-
excavation ability. 

 
 
 



172 Dominik Wolfrum et al. / Energy Procedia 149 (2018) 170–178 Dominik Wolfrum et al. / Energy Procedia 00 (2018) 000–000  3

 

The measure of the increase in strength is calculated using in formula [2]: 
 

 (1) 

 
 is the uniaxial compressive strength at a sample age of   and  is the compressive strenght at 

a sample age of . As an alternative to uniaxial compressive strength, the strength can be checked with the 
CBR-test.   

3. Experimental determination of the contact resistance 

3.1. Testing device Re-SIST 

There are several laboratory tests to determine the interface-resistance-characteristic (IRC) between the soil and 
the material of the pipe surface, e.g. Direct Shear Test, Simple Shear Test, Ring Torsion Shear Test and Rod Shear 
Test [7]. As the material simulating the pipe surface, polyethylene is used, similar to the surface of the plastic jacket 
compound pipe. 

Important boundary conditions for contact surface shear tests with TFB are that the contact between the TFB and 
the polyethylene must be established directly after the mixing process and since the properties of the TFB are 
strongly time-dependent, the test must be carried out with different sample ages. In order to be able to carry out a 
large number of tests, it is necessary to establish the contact and the preload externally outside the load frame. In 
addition, the IRC is dependent on the magnitude of the normal stress and the relative displacement between the TFB 
and the polyethylene. [8] 

The decision was made against the Direct Shear Test and the Simple Shear Test, because the adjustment of a 
shear gap, the reduction of the shear surface and the deformation or distortion in the soil caused problems in these 
tests, which were confirmed by preliminary tests.  

A test to determine the IRC is the Rod Shear Test in the ReSIST (Regensburger Stab-Interface-Scher-Test) 
device. Fig. 1.a shows a schematically sketch of the device. The ReSIST device consists of a cylindrical tube with 
square end plates at both ends. In the middle of this cylinder, a rod is placed through openings in the end plates that 
simulates the DHP. It should be noted that the rod has sufficient stiffness, so that no deformation occurs in the rod 
during the test. The space between the rod and the cylindrical tube is filled with the material to be examined. Via 
valves and a latex membrane, a lateral pressure can be applied to simulate different laying depth of the DHP. To 
reduce the end friction and for the dewatering by suitable water outlets a smooth drainage fleece covers the end 
plates. [3] 
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Fig. 1. (a) Re-SIST (Regensburger Stab-Interface-Scher-Test) device [3]; (b) Result of a ReSIST 

On the day of testing, the ReSIST device is built into a load frame and the rod is pushed through the examined 
material with a constant speed, simultaneously measuring the required force and displacement. A disadvantage of 
this test is that the resistance is measured over the entire embedded length by a load cell at the top. To conclude from 
the measured force on a shear stress, the rod should neither compress nor deform radially. In addition, the normal 
stress vertically on the rod during the test and over the entire length of the embedded rod should be constant. Also 
the examined material should not deform or distort during the test. For small compressions in the rod, the test result 
can be adjusted with a correction algorithm by Wagner [8]. 

The test results of TFB as examined material and a rod with a polyethylene surface (see Fig. 1.b) show that a high 
displacement resistance (Peak) occurs with small displacement paths and decreases to a residual value with further 
displacement. The Peak value is due to adhesion forces between the TFB and the rod surface.  

3.2. Testing device RIST 

An alternative test that has been conducted is the Regensburger Interface-Ring-Torsion-Shear-Test (RIST). The 
TFB is filled into an annular test cell and loaded directly after filling with a polyethylene ring fixed on a load stamp 
(see Fig. 2.a). Through the stamp, a defined normal stress can be applied. At the bottom of the cell is a filter plate 
and openings with which the sample can be irrigated and drained. After a certain preload/ cure time, torsion is 
applied on the test cell and a shearing stress occurs between the polyethylene ring and the TFB. The torque, normal 
force, rotation and the settling is measured. The advantage of this tester is that the shear path is unlimited, the normal 
force can be regulated and measured directly via the stamp on the interface and the value of the normal force can be 
changed during the shearing process. Thus, it is also possible to simulate heating and cooling-related simultaneous 
axial and radial deformations of the pipe by simulating the axial displacement of the pipe via the torsional movement 
and the influence of the radial temperature expansion via the normal force. 
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The measure of the increase in strength is calculated using in formula [2]: 
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Fig. 2. (a) RIST (Regensburger Interface-Scher-Test) device; (b) Result of a RIST 

Analogous to the results of the ReSIST, the results of the RIST also show the same course of the displacement- 
resistance-line. With small rotations, a maximum value of the torque occurs and decreases on further rotation to a 
residual value. From the torque and the contact surface, a shear stress  can be calculated and from the rotation a 
middle displacement path . 

3.3. Conclusion 

The following IRC of TFB and sand can be deduced from the test results of the ReSIST and RIST: 
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The contact resistance between sand and the pipe surface can be idealized with a elastic-plastic IRC (see Fig. 3.b). 

Because the displacements   are small compared to the maxium displacements of a buried DHP a rigid-
plastic IRC can be accepted [9]. 

The idealized IRC of TFB for the first heating is divided into the following regions (see Fig. 3.a): 

 Elastic region: The activatable shear stress increases with the shifts of the pipe up to a peak value (adhesion). 
 Softening region: The shear stress decreases from the peak value to a residual value. 
 Plastic region: The shear stress remains constant and is independent of the shift. 

For calculating the cooling and reheating processes the results of the cyclic ReSIST of Wagner [8] concluded the 
following IRC: 
 

 

Fig. 4. Idealized IRC of TFB for the first heating, cooling and reheating processes 

If the displacement  at a considered point  of the DHP at the first heating is smaller than the displacement 
 at the adhesion stress, the IRC behaves linear-elastic. If the adhesion stress and thus the displacement  

are exceeded, the IRC of cooling and reheating cycles behaves linear elastic-plastic (see Fig. 4).  

4. Non-linear rod-spring based calculation method 

The development of analytical equations and the calculations of pipe routes with bends, pipe kinks, changing the 
IRC due to uneven overlap height of the pipe or changing the parameters of the TFB is very work and 
time-intensive. For faster calculation and design of diverse pipe routes a rod-spring based system is developed. 

The following load cases are decisive for the design of the pipes (see Fig. 8): 

 First heating: At the first heating of the DHP, the maximum resistance of the IRC occurs and thus the stress 
distribution along the pipe is maximal. 

 Cooling: During cooling, the pipe contracts and axial contact forces change the direction. This causes tensile 
stresses in the pipe. From difference of the stresses between the first heating and the cooling, the maximum stress 
range is determined. 

 Reheating (after x cycles): As the contact forces decrease with the number of cycles, the shifts increase with the 
amount of reheating cycles. For the calculation an IRC will be taken, which occurs theoretically after endless 
reheating cycles and so, it is on the safe side of the pipe design. 

Since the initial state of heating is required for the cooling calculation, a framework program must be used in 
which several construction states are programmable. In addition, the framework program must support non-linear 
spring models. Therefore a calculation concept was developed with the framework program RSTAB of the company 
Dlubal. In this program the pipe is modelled as a rod and the bedding material as springs. Since there are different 
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IRC for the heating and cooling calculation and the springs can only be activated or deactivated in the individual 
calculation stages, two nodes are created directly next to each other. In the heating or cooling calculation, one node 
with the respective spring characteristic is activated in each case. In Fig. 5 a sketch of the calculation process is 
presented.  

 

Fig. 5. Calculation concept of the first heating stage and the cooling stage 

Reheating can be calculated independently of the other load cases. In the reheating stage, the softening 
component is not taken into account, since it is assumed that the contact forces with accumulated deformations 
approximate to the residual value. The size of residual value in the plastic region of the IRC is chosen to be on the 
safe side and so a minimum value has to be taken. At the first heating load a maximum for the residual value has to 
be chosen.  
 

Fig. 6. IRC of TFB for the reheating stage compared with the IRC for the first heating 
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5. Comparative calculations 

To illustrate the displacement and normal force characteristics of DHP, various examples are listed here. In the 
following calculations, the DHP is fixed against displacements at the standardized coordinate  and freely 
movable at the standardized coordinate . The influence and necessity of different load cases as well as the 
influences from the IRC are presented. 
 

Influence of the adhesion on the displacement and normal force distribution for the first heating: 
 

 

Fig. 7.  IRC, dicplacment distribution and normal force distribution depending on the coordiante x of a IRC with Peak and of a perfectly plastic 
IRC (standardized). 

Fig. 7 shows the differences between an IRC with a peak such as the idealized IRC of TFB and a perfectly plastic 
IRC like the IRC used in guidelines and standards for calculation in sand buried pipelines. The value of the plastic 
shear stress  of the TFB and Sand are not necessarily congruent. By the peak an additional work potential exist, 
that causes smaller displacements in the DHP and higher normal forces in parts along the DHP. The pipe length at 
which shifts occur is also shorter with the IRC with Peak than with the perfectly plastic IRC. 
 

Displacement and normal force distribution during first heating, cooling and reheating: 
 
 

 

Fig. 8. IRC, displacement and normal force distribution for the first heating, cooling and reheating (standardized). 
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tensile stresses occur. At the reheating process the displacements and the normal force distribution increase. If the 
temperature at the first heating and at the reheating process are the same, then the displacements at the reheating 
process are higher, because of the value of the plastic shear stress. This value is at the reheating smaller than at the 
first heating because of the radial influence and the accumulation of the displacements. As shown in Fig. 8 the 
maximum displacements occur in the reheating process, the maximum normal force distribution in the first heating 
and the biggest stress range between the first heating and the cooling. 

6. Conclusion 

Despite the environmental and economic advantages of the TFB, this material is still not used very often for 
backfilling the trench of DHP. The additional adhesive contact forces requires nonlinear calculations and actual 
calculation methods in standards do not apply for this. To develop a calculation method the IRC to temperature-
induced axial displacement is of decisive importance. With the Rod Shear Test (ReSIST) or the Interface Ring Shear 
Test (RIST) the IRC of TFB can be investigated. For the heating and cooling processes a rod-spring based system is 
developed. With the activation or deactivation of two nodes next to each other, one spring can simulate the IRC of 
the TFB for heating and the other the IRC for cooling. With this method different DHP routes with the decisive load 
cases can be calculated. Because of the adhesion force of the TFB compared to sand as standard backfill material, 
TFB has additional work potential which leads to smaller displacements but partial higher normal forces along the 
pipe. The working line of the springs in radial directions are not described in this article, but must be considered for 
non-straight pipe sections. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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The presented research project uses an innovative measurement technology to investigate large atmospheric heat storage tanks 
with water as heat storage medium. For this type of heat storage tanks only a few scientific descriptions are available in literature. 
Measurement data combined with simulation results offer further insight into the temperature field. The findings enable 
assessment of thermal losses, improvements on load management and thereby reduction in of primary energy use. 
 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District 
Heating and Cooling, DHC2018. 

Keywords: Large atmospheric heat storage tanks; distributed temperature sensing 

1. Measurement Technology 

In order to investigate their physical behaviour under real operation conditions four one-zone and two two-zone heat 
storage tanks at scales between 2,000 m3 and 43,000 m3 had been equipped with a distributed temperature sensing 
(DTS) measurement system. The DTS-measurement principle (Fig. 1) is based on the RAMAN-effect to gain precise 
information about the temperature distribution both in space and in time along one single glass fibre. 
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The measurement data had been used to create animated visualizations that depict the operation mode of heat 
storage tanks in general [1]. Due to realizing an adapted measurement concept for each monitoring and developing 
appropriate analysis algorithms more detailed information can be revealed. Hence, different physical effects on 
thermal stratification within heat storage tanks can be proven. 
 
2. One-zone atmospheric heat storage tanks 

A common and widely realized type of large atmospheric heat storage tanks is based on the design of HEDBÄCK 
(Fig. 2). They are built as pressure-less standing steel cylinders with one radial diffuser at the bottom and one at the 
top of the storage volume. During the charging process, warm water is entering the tank through the top radial 
diffuser and cold water is leaving through the bottom radial diffuser. While discharging the flow is directed 
reversely. As both radial diffusers are concentric with the cylindrical surface of the storage tank they induce a radial 
free jet. In cases with well-defined charging and discharging temperatures a thermal stratification with a layer of 
high temperature above a layer of lower temperature is formed, with a thermocline in between. This heat storage 
tank design is optimized for capacities of up to several 10,000 m3. More than 100 of these heat storage tanks had 
been built during the past decades.  

The grade of stratification inside the heat storage tank limits the amount of heat which can be discharged at the 
required supply temperature level. Therefore a good understanding of the main factors that have an impact on the 
stratification is important for both to give advice to improve operation management and to generate valid models of 
this type of heat storage tank. Main influences on thermal stratification within the heat storage tank had been 
mentioned in [2]. 

2.1. Measurement concept  

The measurement concept includes the DTS-measurement system and additional operating data of the heat 
storage tank. As shown in Fig. 2 the DTS-system captures the temperature field vertically at four radial and two 
additional circumferential positions: R1, R2, R3=U3, R4 and U1 and U2. Supplementary operating data is available 
for 19 vertically aligned PT100 temperature sensors, supply temperature (ϑD1), return temperature (ϑD2), volume 
flow and pressure at the bottom of the heat storage tank. The temperature resolution of the DTS-measurement is 
limited by the random noise that can be reduced by averaging consecutive measurements. However, time resolution 
must be considered carefully. The presented work uses an average time of one minute. For this mean type the 
conditions inside the heat storage tank are assumed as sufficiently constant. As the focus in this study is set on the 
homogeneity of the temperature field in horizontal layers, temperature differences are formed at the same height 
between the six vertical positions. By the use of one-minute averages the DTS-system achieves a resolution, defined 
by the 1-σ standard deviation, of about 0.12 K for these horizontal temperature differences. The spatial resolution 
along the cable is 0.35 m.  

Fig. 1. (a) scheme of the DTS-measurement system; (b) glass fibre cable 

(a) (b) 

Corresponding to the RAMAN-effect, the frequency-shifted 
backscattering signal of a laser pulse running through a glass fibre 
cable features two components: The Stokes signal IS and the Anti-
Stokes signal IA. The space- and time-resolved temperature ϑ of 
the fibre can be determined from the detected intensity ratio of 
both components. 
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For each time step, the six measurement positions are calibrated so that they all have the same mean value. This 
does not affect shape of the temperature profiles, but it is necessary to eliminate small disturbances of the DTS-
system. Consequently, the six measured vertical temperature profiles can only be compared in terms of their shape 
but not in terms of their absolute position on the temperature scale. Since the corrections are only in the range of a 
few hundredths of a K, this aspect will not be discussed further. 

2.2. Homogeneity of the temperature field in horizontal layers 

The homogeneity of the temperature field in horizontal layers is a measure of stratification quality of the heat 
storage tank and thus the quality of energy storage. If it is possible to detect a pronounced horizontal homogeneity of 
the temperature field, only the vertical direction dominates the description of the temperature field. This can reduce 
the modeling effort for this type of heat storage tanks significantly to a 1D-model. 

In this publication, the measurement data recorded on 5 May 2016 is evaluated exemplarily. The operation data 
of the heat storage tank for this day is shown in Fig. 3. The volume flow V̇ is indicated positively by the red-filled 
curve for charging and negatively by the blue-filled curve for discharging. The temperatures measured at the 
connecting pipe of the top diffuser ϑD1 and at the connecting pipe of the bottom diffuser ϑD2 are shown with bold 
lines when fluid enters the heat storage tank at the respective diffuser. In addition, ϑ2 indicates the temperature 
measured at the height of the upper diffuser and ϑ19 the temperature measured at the level of the lower diffuser (see 
PT100 temperature sensors in Fig. 2).  
 

Fig. 2. measurement concept of the atmospheric one-zone heat storage tank and main design parameters 

parameter value dim. 
diameter 26.3 m 
height 40 m 
max. volume flow 900 m3/h 
max. supply temperature 98 °C 
min. return temperature 60 °C 
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At the beginning of the day, the heat storage tank is charged, followed by a short and a longer discharging phase, 
a standstill of about eight hours and a six-hour charging phase. During both charging and discharging almost 50 % 
of the design volume flow are reached. 

Comparative to the measurement data of 5 May 5 2016, a reference day will be considered which is characterized 
by a standstill throughout the day. Hence, during the reference day there are no relevant influences of forced 
convective on the natural stratification. 

The circumferential homogeneity of the temperature field is investigated based on the three positions U1 to U3. 
They are located at angles of 120° and have the same radial distance from the diffuser. In Fig. 4 (a) the solid lines to 
the right represent the temperatures at the three circumferential positions while the heat storage tank is discharged 
with the maximum volume flow of the day. Dashed lines to the left related to the scale at the x2-axis indicate the 
temperature differences to U3. The horizontal lines marked with D indicate the position of the two diffusers. The 
graph clearly shows that the temperature differences relative to U3 remain at very small scales over the entire height 
of the heat storage tank. These temperature differences are mostly caused by the random noise of the DTS-system. 

A more detailed analysis with regard to the influence of the measurement noise of the DTS-system is possible 
comparing the data of 5 May 2016 to the reference day presented in the normal probability plot in Fig. 5 (a). In the 
normal probability plot normally distributed data arranges along a line of constant slope. For the reference day, the 
dataset of 816,461 circumferential temperature differences approximates a line of constant slope and thus the normal 
distribution very well (grey in Fig. 5 (a)). A state that can only be explained by the assumption that the temperature 
differences of the reference day are caused basically by the random noise of the DTS-system.  

The 915,316 temperature differences obtained from the measurement data of 5 May 2016 are depicted in green 
(U1-U3) and orange (U2-U3) in Fig. 5 (a). In the bottom region of the figure, the green and orange data deviates 

Fig. 3. operating data of the one-zone heat storage tank at 5 May 2016 

Fig. 4. temperature profile at the three circumferential positions and temperature difference to U3 at 5 May 2016; 
(a) during maximum volume flow at 06.18 am; (b) at maximum deviation in circumferential direction at 10.18 pm 

 
 

(a) (b) 
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from the reference case to larger temperature differences. For these values, the circumferential deviations can 
therefore not be explained solely by the measurement noise. The largest circumferential deviation of -0.82 K on 
5 May 2016 is at 10.18 pm between U2 and U3. As shown in Fig. 4 (b), it occurs at the level of the thermocline, i.e. 
in the region of the largest vertical temperature gradient. In addition, the charging volume flow is at its maximum 
level during this time. Small vibrations of the thermocline of very few centimeters, possibly triggered from the 
relatively high volume flow, could already explain this deviation. Besides, even minimal errors in the vertical 
position assignment of the measurement setup can contribute. 

Overall, however, there are only very few measurements which show deviations of more than ± 0.4 K and thus 
exceed the range expected solely because of the measurement noise. The maximum deviation in circumferential 
direction of -0.82 K is also very small compared to the temperature difference between hot and cold layer of about 
30 K. This means that the investigated dataset is characterized by a very good circumferential homogeneity of the 
temperature field. This result confirms detailed investigations carried out on a similar heat storage tank in [1], [2]. 

 The homogeneity of the temperature field in radial direction had been already proven for this heat storage tank in 
[3]. The temperature differences occurring in radial direction are slightly larger than the values found in 
circumferential direction. Nevertheless, radial differences that exceed the measurement noise are both rare and small 
compared to the temperature difference between the hot and the cold layer. Thus, very good homogeneity of the 
temperature field in horizontal layers can be assumed for the examined type of heat storage tank. 

2.3. Calculating the volume flow from the vertical displacement speed of the temperature profile 

The horizontal homogeneity of the temperature field discussed above is essential for the assumption that the 
temperature field during charging and discharging moves mainly vertically between the diffusers. This behavior is 
depicted for a time interval of two hours during a charging phase in Fig. 5 (b). The superposition of the two 
temperature profiles at 08.00 pm and 10.00 pm show a good congruence. Based on this consideration, it shall be 
investigated to which accuracy the charging and discharging volume flow can be calculated from the vertical 
displacement speed of the temperature profile multiplied by the cross sectional area of the storage tank. The study is 
based on the average temperature value of all six measured vertical temperature profiles to further reduce the 
measurement noise. 

In Fig. 6, the green graph shows the volume flow calculated from the vertical displacement of the temperature 
profile of two consecutive DTS-measurements. The results show that the measured values of the volume flow sensor 
(black in Fig. 6) can be reproduced, but they are in superposition with a strong noise. This noise is a consequence of 
the random deviations of the DTS-system. Improved results can be obtained if the vertical displacement speed of the 
temperature profile is determined from two time steps that are separated by seven individual measurements. This 
leads to reduced statistical noise in the calculated vertical displacement speed of the temperature profiles and thus 
the calculated volume flow. In addition, for the orange curve, the moving average of the determined volume flow is 

Fig. 5. (a) normal probability plot of temperature differences in circumferential direction, 5 May 2016 and reference day;  
(b) schematic sketch of calculating the volume flow from the vertical displacement of the temperature profile 

 

(a) (b) 
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formed over five individual values. It has been found that this configuration shows the least deviation compared to 
the measured values. If the deviation between the black and the orange curve is related to the long-term average 
volume flow of the heat storage tank of 185 m3/h, the mean deviation between the measured volume flow and the 
volume flow determined from the temperature field is only 4.6 % for 5 May 2016. This method has practical 
advantages in order to verify whether the operation data is in accordance with the DTS-measurement data. Besides, 
in cases where there is no volume flow measurement device approximate values can be obtained. 

3. Two-zone atmospheric heat storage tanks 

The atmospheric two-zone heat storage tank is also based on HEDBÄCK and is shown as an example in Fig. 7 (not 
to scale). It has the same design features as the one-zone atmospheric heat storage tank, but is divided into two zones 
by an insulated, dome-shaped intermediate floor. The intermediate floor can be considered dimensionally stable. 

The two storage zones each have two radial diffusers for charging and discharging. Moreover the two-zone heat 
storage tank features a vertical compensation pipe. This is an open ended pipe which serves as a hydraulic 
connection between the upper and lower storage zone. The length of the pipe and the amount of additional openings 
depend on constructive and functional requirements. The permanent exchange of fluid between the two storage 
zones is important for two reasons: The density changes occurring in the upper storage zone and the connected pipe 
system through charging and discharging have a direct effect on the filling level due to approximately constant fluid 
mass in the storage tank. In the lower storage zone, however, the volume is constant due to the fixed position and 
shape of the intermediate floor. Since there is no further expansion tank available for the heat storage tank, density 
changes occurring during charging and discharging of the lower storage zone must be compensated by a mass flow 
through the compensation pipe. Moreover, it serves as a safeguard against negative pressure or overpressure in the 
lower zone (e. g. as a result of operating errors). 

On the other hand, the exchange of fluid between the two storage zones may encourage undesirable effects: The 
compensating pipe primarily conveys fluid from one storage zone to the other, or as a side effect within the upper 
storage zone itself in case of additional openings in the compensating pipe. Thus a flow in the immediate vicinity of 
the respective opening is induced when fluid leaves the compensation pipe. This fluid usually has not the same 
temperature as the surrounding fluid when entering the respective layer within a storage zone. Due to the inevitable 
convective mixing, the thermal stratification present in a storage zone can be negatively influenced. 

Nevertheless, the hydraulic coupling of both storage zones has an important effect, which is an essential feature of 
the two-zone heat storage tank: The pressure level in the lower storage zone is sufficiently high to store water at 
temperatures above 100 °C. Currently, temperature levels of up to 130 °C are in use. These temperature levels do 
not mark the physical limits but meet the locally applicable safety measures. Consequently, the volume-specific heat 
capacity of the two-zone heat storage tank is higher compared to a one-zone heat storage tank of the same size. 
Thus, the higher total investment costs can be compensated with respect to the amount of stored energy. 

Fig. 6. calculated volume flow based on the vertical temperature profile compared to measured volume flow 
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The constructive design of the two-zone atmospheric heat storage tank is not akin to that of the pressurized heat 
storage tank, since 

 the maximum pressure level is not higher than with a one-zone heat storage tank of the same height 
 the heat storage tank is operated as a displacement heat storage tank at atmospheric conditions and 
 the intermediate floor experiences only a small pressure difference. 

For atmospheric two-zone heat storage tanks there are two application possibilities: If heat is to be provided at two 
different temperature levels, both the lower and the upper storage zone can be used actively for heat storage which is 
the case for the study presented in this paper. The nominal operation of this heat storage tank had been described in 
[3]. Alternatively, the sole active operation of the lower storage zone is possible. The upper storage zone then serves 
as pressure load and may be used as water reservoir, for example. 

3.1. Measurement concept 

The measurement setup features vertical temperature profiles at two radial positions both in the upper and lower 
zone of the heat storage tank as well as in the compensation pipe (Fig. 7). The vertical temperature profiles at 
positions R1 and R4 had been captured at the same radial distance from the diffusers. The same applies to R2 and 
R3. For each zone, time-averaged means of 1 min had been calculated based on a physical time of 30 s due to 
alternating measurements on two cables. Supplementary operating data is available in 1-minute resolution for 
volume flow of the upper and lower zone, pressure at the bottom, supply and return temperatures for both the upper 
and lower zone and 28 vertically aligned PT100 sensors. 

Fig. 7. measurement concept of the atmospheric two-zone heat storage tank and main design parameters 

parameter value dim. 
diameter 20 m 
height 60 m 
max. volume flow 500 m3/h 
max. supply temperature upper zone 98 °C 
min. return temperature upper zone 50 °C 

max. supply temperature lower zone 125 °C 

min. return temperature lower zone 70 °C 
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3.2. Radial homogeneity of the temperature field 

 To investigate radial homogeneity of the temperature field, two cases had been chosen: A reference case with no 
charging or discharging of the upper and lower zone as well and a case in nominal operation mode with thermal 
stratification and rather high volume flow in the two zones. 

For the reference case the vertical temperature profiles at positions R1 for the upper zone and R4 for the lower 
zone are depicted in Fig. 8. The upper zone can be interpreted as almost completely discharged as most of the fluid 
up to a height of 50 m is at the temperature level of about 50 °C with a weakly pronounced thermocline in between. 
The lower zone is also at a low temperature level but thermal stratification is more pronounced. However, the 
superposition of the temperature profiles at four hour intervals show that there are no macroscopic changes in 
thermal stratification within both storage zones. Therefore, this case was used to determine the standard deviation of 
the measurement setup in order to reproduce the noise of the measurement as a comparison criterion for radial 
homogeneity. This was necessary because the standard deviation depends among others on the average time of the 
measurements, the length of the cable and the type of the cable. However, a brief estimate of the standard deviation 
according to the manufacturer's data sheet was not satisfying. 

Under the precondition that there are no macroscopic changes in the temperature field between two time steps, 
i. e. one minute of physical time, temperature differences of consecutive measurements had been calculated along 
the two cables of the upper and lower zone. The standard deviation for the temperature differences is 𝜎𝜎 = 0.26 K for 
the upper zone and 𝜎𝜎 = 0.31 K for the lower zone (database for both values more than 300,000 values). These 
standard deviation are much larger than for the measurement setup of the one-zone heat storage tank presented 
above (𝜎𝜎 ≈ 0.12 K ) because here the data base is different. The 1-min average data is based on alternating 
measurements for each cable (see section 3.1) meaning that for the same average time only half of the data is 
available. Furthermore, every vertical measuring section yields twice the information about the temperature due to 
constructive measures. Here, only one half of the available data had been used. 

Subsequently, a case in nominal operation mode had been investigated, i. e. 07 October 2015. The operating data 
is depicted in Fig. 9. The upper zone gets charged at low and moderate volume flows with a standstill phase and a 
peak level of about 240 m3/h in between. The lower zone also gets charged throughout the day with a peak level of 
about 250 m3/h and a single peak value of 350 m3/h in between. 

The evolution of the temperature field is shown in Fig. 10. The solid orange lines represent the temperature field 
in the heat storage tank whereas the dotted violet lines represent the temperature profile in the compensation pipe. 
The charging processes in both zones are shifting the temperature profiles downwards. In the lower zone the shape 
of the temperature profile remains stable, the coldest layer at the bottom is pushed out through the lower diffuser 
which is also indicated by the increase of the return temperature 𝜗𝜗_D4 in Fig. 9 (b) at 10.00 am. The temperature 
profile in the upper zone gets modified, especially the size of the thermocline is increasing. 

Fig. 8. temporal evolution of the temperature field for the reference case in the upper zone (a) and in the lower zone (b) 
 

(a) (b) 
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The temperature in the compensation pipe is decreasing from the bottom, where the temperature level is equal to 
the temperature of the coldest layer of the lower zone, to the first opening which is located at the bottom of the 
upper zone. The temperature profile is strongly convex, which is typical for a charging process in the lower zone 
inducing an upward directed mass flow to compensate volume expansion due to density changes. At the first 
opening fluid from the bottom of the upper zone is entering the compensation pipe. The mixing process in the 
compensation pipe within the upper zone is considered to be turbulent while the main flow direction is still upward 
which is indicated by the strongly irregular shaped temperature profiles e. g. Fig. 10 (a) 08.00 am and 04.00 pm. 
Animated visualizations of this operating regime show macroscopic fluctuations in time of the temperature profile in 
this area. Finally the fluid is leaving the compensation pipe through its top opening. The described process 
influences the thermal stratification within the upper zone as described in [3].  

To investigate radial homogeneity the temperature differences 𝜗𝜗R2 − 𝜗𝜗R1 for the upper zone and 𝜗𝜗R3 − 𝜗𝜗R4 for 
the lower zone are depicted in the normal probability plot in Fig. 11. The solid line indicates the normal distribution 

Fig. 9. operating data of the two-zone heat storage tank at 07 October 2015; (a) upper zone (b) lower zone 

(a) 

(b) 

Fig. 10. temporal evolution of the temperature field in the upper zone (a) and in the lower zone (b); 
solid lines: temperature profiles within a storage zone; dashed lines: temperature profiles within the compensation pipe 

 

(a) (b) 
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with an expected value of 𝜇𝜇 = 0 and the standard deviation for each zone. The blue dots in Fig. 11 represent 
temperature differences for the reference case. All evaluated temperature differences, with the exception of few 
outliers, are in the range of ±1.4 K and stay close to the normal distribution for both the upper and the lower zone. 
Thus, they are part of the noise of the measurement system. The orange dots in Fig. 11 represent the data of the 
selected case in nominal operation mode. If the compensation pipe would have an influence on the radial 
homogeneity of the temperature field significant negative temperature differences would occur in the normal 
probability plot of the upper zone (Fig. 11 (a)) as the fluid in the compensation pipe has a higher temperature than in 
the surrounding fluid (Fig. 10 (a)). Especially for the period of high vertical displacement speed of the thermocline 
in the lower zone (Fig. 10 (b)) and turbulent mixing within the compensation pipe in the upper zone between 
08.00 am and 04.00 pm visible effects are likely. But the determined temperature differences are very close to the 
reference case and to the normal distribution. Thus, it can be concluded that the compensation pipe does not affect 
significantly radial homogeneity in the two-zone heat storage tank although an influence on thermal stratification 
had been proven [3]. In the lower zone there are also no radial effects. The value at 1.78 K is considered as an 
outlier of the measurement system which cannot be explained further yet. 

3.3. Conclusion 

Hydraulic coupling of the upper and lower storage zone enables heat storage at temperature levels above 100 °C in 
the lower storage zone of a two-zone heat storage tank. Basically, there are two operating options: Heat can be 
provided either at two different temperature levels by using both zones actively for heat storage or the sole active 
operation of the lower storage zone is possible. In the presented case both zones are used actively, in the lower zone 
temperature levels of up to 130 °C are possible. 

Despite an influence of the compensation pipe on thermal stratification had been proven in [3] the results 
presented in this paper show that the temperature field is homogeneous in radial direction. This had been confirmed 
for a reference day without charging or discharging and a case with significant change in the state of charge.  
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1. Motivation 

A lot of operations and efficiency calculations for thermal power plants and district heating and cooling systems 
are based on measurements of large flow sensors (in this context greater than DN 150) and therefore, are strongly 
dependent on precise volume flow measuring data. These flow sensors (FS) are often used continuously for decades 
after an initial calibration at external test rigs under optimized conditions. An accredited recalibration of these FS 
within their actual operating conditions was not possible so far. 

In the best case scenario those FS are unmounted and recalibrated on external test rigs. A large drawback of this 
procedure is the interruption of supply in addition to its already high costs. Furthermore, calibration conditions on 
test rigs can differ greatly from the actual operating conditions. These deviations are, for example 

 Differences of the fluid parameters on test benches compared to supply systems, so e. g. large FS are calibrated 
on test benches with low temperature fluids and pressures 

 Deviations from the well-known symmetrical flow conditions on test benches to the flow conditions in mounted 
state 

 Long-term drifts, for example through abrasions (especially on orifices) and deposits and 
 Deficiencies of the installation conditions (e. g. regarding the undisturbed lead-in length and/or grounding) of the 

FS. 

So even if calibrated, the measurement uncertainty of the FS in operation remains fairly unknown.  
More precisely measured values of FS may uncover hidden saving potentials and allow for more precise 

performance indicators, improving energy efficiency as well as day-to-day operations. A wide range of quality 
management objectives of district heating and cooling suppliers, namely higher accuracy of flow sensors for billing 
purposes, increased balancing certainty of energy flows and a verifiable quality of main benchmarks (e. g. primary 
energy factor, CO2 balance, CHP ratio etc.), could be supported by more precise measurements of volume flow 
rates. 

These reasons pushed the development of a technology for the on-site calibration of large FS independent of their 
measuring principle in the mounted state, without the need to interrupt supply and under its actual operating 
conditions. 

2. Description of the technology 

The on-site calibration (OSC) method is based on the optical measurement principle of Laser Doppler 
Velocimetry (LDV). Using this measurement technology, local flow velocities are measured across one or multiple 
paths along the pipe diameter. Applying a rotational integration to the measured velocity profile(s) a volume flow 
can be calculated to calibrate the FS. 

The essential optical access to the flowing fluid is realized by welding a specially designed ball valve and 
subsequent hot-tapping without the need to interrupt fluid flow, which is an operational advantage compared to 
recalibration on external test rigs. Using a sleeve inset a special designed window is positioned and aligned to the 
interior surface of the pipe to ensure that the flow remains unaffected by the optical access [1], see also Figure 1a. 
The safety of this process is reviewed and certified by TÜV Rheinland, which guarantees that the optical access can 
be created within systems of up to PN40. 

Further preparations for the OSC involve mounting of the pressure window flange with subsequent installation of 
the measurement equipment itself, which includes the laser probe on a traversing system. The velocity profile of the 
fluid flow is scanned through automated movements of the LDV probe along a fixed axis parallel to the pipe 
diameter, as seen in Figure 1b. During this velocity scan, the measurement values of the FS under test are logged 
with the highest possible temporal resolution. 

 



 Ulrich Müller et al. / Energy Procedia 149 (2018) 189–196 191
 U. Müller et al. / Energy Procedia 00 (2018) 000–000  3 

 

Figure 1: (a) Interior surface of the pipe with the inserted special window; (b) Demonstration of profile velocity (w(r/R)) measurement with LDV 

To take the fluctuations of the volume flow rate during the measurement process into account the measured local 
velocity values are normalized with data of an additionally mounted ultrasonic clamp-on meter. This approach 
ensures the independence of the calibration from the FS under test, as neither linear error curves of the FS nor its 
correct temporal behavior can be guaranteed during the calibration. This case is especially relevant in calibrations 
during day-to-day operations, where the volume flow rate is fluctuating. 

The normalization method is independent from the uncertainty and only reliant on the linearity characteristic of 
the device [2]. Therefore the used ultrasonic-clamp-on FS is special examined for this task. The measurement error 
of the FS is calculated through a comparison between the calculated LDV volume flow and a time averaged volume 
flow of the FS. The calibration procedure is repeated for different volume flow rates. 

3. Measurement Uncertainties and Accreditation 

Growing demand of the supply industry for reliable measurement values reinforced the need for a metrological 
accreditation of the OSC method. To achieve the credibility and traceability necessary for the demands of an 
accreditation according to the international standard ISO/IEC 17025 [3] a wide range of uncertainties from multiple 
sources needed to be quantified and put together in an extensive uncertainty budget as seen in Figure 2. 

 

 

Figure 2: Overview about the different measurement uncertainties of the OSC method 
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Most of the contributing uncertainties to this method are derived fairly straight forward by using parameter 
studies with the measured profile or combined measurement uncertainty contributions of all involved tools within 
the calibration procedure. For example the tools for measuring the pipe geometry within the plane of calibration and 
the LDV-system. Other uncertainty sources such as the contributing uncertainty of each measured velocity point are 
modelled through the use of measurement specific Monte-Carlo simulations as those uncertainties invoke a slightly 
non-linear behavior and Monte-Carlo is a fitting tool to quantify the effects.  

As the OSC method is a velocity path measurement the largest contributing point to an uncertainty budget is the 
actual flow velocity distribution within the cross section of the pipe at the optical access. To derive quantifiable 
estimations of the influences of unknown flow distributions to the calculated volume flow rates a research project, 
sponsored by the German Federal Ministry of Economic Affairs and Energy, was undertaken [4]. During this project 
a multitude of flow simulations and highly precise LDV flow measurements were used to develop a practicable and 
reliable model to describe the flow conditions and estimate its consequential measurement bias and uncertainty 
contribution to the OSC method. 

The model is solely based on the velocity profile information one can derive from a path measurement and 
therefore requires no additional information outside the scope of the measurement. This model uses derivative and 
integral mathematical methods on the measured profile to classify it between five profile classes, each with their 
own measurement uncertainty and respective volume flow bias. Its underlying mathematical formulations are based 
on [5, 6] with further adaptions in order to have stronger distinctive capabilities for practical application in most 
diverse flow scenarios. The equations to these key coefficients are shown in (Eq.1 to 4). 
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Level of profile overlap: 
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with  (𝑟𝑟𝑅𝑅)𝑚𝑚𝑚𝑚𝑚𝑚
 the maximum penetration depth of the profile. 

 
This key coefficient model was validated with more than 200 external measured velocity profiles with known 

volume flow rates. In consequence more than 95 % of the calculated volume flow rates fulfilled the acceptance 
criteria of two times of the standard deviation.  

 
Figure 3 shows examples of the different profile classes compared to a fully developed profile acc. to GERSTEN 

& HERWIG [7]. Even though those velocity profiles are largely different compared to a fully developed turbulent 
profile one can still classify them from metrological point of view and give a good estimation of the induced volume 
flow bias and uncertainty contribution to the OSC method. 

 

 

Figure 3: Examples of the different profile classes in contrast to a theoretical fully developed profile (GERSTEN & HERWIG) 

In practice, the first three profile classes are most prominent for a carefully selected position of the optical access. 
The latter two profile classes appear mostly due to unexpected fluid distributions or due to restrictions in calibration 
positions inside power plants, forcing the OSC method to less favorable positions along the pipe system of the FS 
under test. As this classification method is based on the measurement itself, one cannot know beforehand how 
precise the measurement is going to be. Hence the position of the measuring path (the position of the welded ball 
valve) in regards to the flow situation is critical and must be chosen well. 
 

The following Table 1 shows the achievable total measurement uncertainties for each one of these profile classes. 
The numbers are based on the measured value with a coverage factor of k = 2, expanding confidence interval to 
95%. The minimum uncertainty for the profile class “fully developed” consists only the non-profile relevant 
contributions. For the combined uncertainties of all other profile classes the influence of the deviation from the 
rotation symmetry is the dominant contribution. 
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Table 1: Overview of the profile classes and their resulting measurement uncertainties 

Profile class Realistic measurement 
uncertainty (k = 2) 

Profile class “fully developed” 0.7 % 

Profile class “symmetric” 1.4 % 

Profile class “slightly disturbed” 2.3 % 

Profile class “highly turbulent” 2.7 % 

Profile class “highly asymmetric” 4.2 % 

 
In summary, it can be stated that the actual measurement uncertainty of the calibration strongly depends on the 

on-site flow conditions. On the basis of the on-site specific measurement uncertainty budget and metrologically 
traceable measurement tools, the calibration results are fully traceable to the national measurement standards of the 
German National Metrological Institute. This was one of the requirements for the accreditation as an on-site 
calibration laboratory according ISO/IEC 17025. The accreditation includes the following fluid conditions for the 
OSC method: 

 Volume flow rate:    20 m3/h to 30´000 m3/h 
 Fluid temperature:    5 °C to 150 °C 
 Minimum bulk velocity:  0.3 m/s. 

4. Benefits of the OSC technology and project examples 

So far calibrations took place in a lot of power stations in Germany, Switzerland and Austria, with of a variety of 
motivations. The operating conditions of the measurements ranged from 50°C to 180°C of fluid temperatures, from 2 
bars to 18 bar fluid pressure and pipes of sizes between DN 150 and DN 1000 (Figure 4a). There, the OSC 
measurements are useful auxiliary tools for heating grid planning and optimization processes, as well as input for FS 
lifetime logs for quality management purposes.  

On another matter, OSC are often used as recalibration tool for flow sensors which were subsequently added as 
instrumentation to the grid lines. With those flow sensors often being ultra-sound clamp-on or other comparatively 
simple mountable instrumentation, they often lack the needed measurement precision. An additional calibration after 
mounting can decrease uncertainty of those flow sensors by a couple of percentages.  

Another use of the OSC technology is the validation of FS precision in commercial practice between supplier and 
distributor of heat or water, where measurement errors have direct effects on accounting between the parties 
involved. E. g. one project covered calibrations of large water meters ranging from DN 500 up to DN 1200 within a 
large drinking water grid in Australia. An example of an OSC measurement situation on an underground water 
pipeline is given in Figure 4b. The distributor of the drinking water used the OSC method as there were found to be 
accounting discrepancies between the amount of water sold and the amount of water purchased, leading to 
accounting problems. The calibrations pointed out the flow sensors between supplier and distributor to be the 
dominating cause for the accounting mismatch. 

Growing legal regulations and the increasing needs for more efficient and therefore more profitable operation 
lead to increasingly narrower design parameters of modern power plants. These design parameters and key factors 
range from thermic efficiency rates, CO2 monitoring, primary energy factors to cogeneration proportion. But 
calculation of these factors can only be as exact as the least precise data source that goes into these calculations. As 
such, flow rate instrumentation often proves to be the most uncertain part in the calculation chains. In actual 
operational conditions the measurement uncertainty of flow sensors is often larger than given by their calibration 
certificates. 

Further issues with flow sensor precision often arise during a demerger of grid lines and sourcing power plants, 
where formerly just internal measurement points of heat and flow become relevant accounting points. These heat 
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measurement points often were not initially designed to be precise measurement points but are suddenly subjected to 
be an important accounting measurement between two clients.  

 

 

Figure 4: (a) OSC measurement equipment on a district heating pipe; (b) OSC measurement situation on an underground water pipeline 

Generally speaking, the OSC technology is considered in cases where reliability and precision of FS is critical. It can 
support the calculation credibility of primary energy factors or CO2 balance calculations indirectly through 
improved flow sensor data. The OSC method also helps in process control and optimization, as improved and 
therefore more reliable flow sensor readings help identifying bottlenecks and grid reserves. Therefore, while not 
being a direct planning tool for new construction projects or district heating grids, OSC can assist as auxiliary tool 
for decision making in special cases. 
Normally, FS of large diameters (larger DN 150) are not covered by obligatory calibration. Additionally, there exist 
no legal national regulations in many European countries for periodical recalibrations of flow sensors theses sizes in 
commercial practice. Thus the accuracy of FS remains entirely in the responsibility of the operators, where the large 
spectrum of operational conditions for FS often leads to inaccurate flow rate data. 

Up to now, 123 large flow sensors were calibrated with the OSC method. The measurement errors of 25 flow 
sensors were greater than 4 % after subtraction of the inherent uncertainty of the OSC method. This means 
approximately 20 % of all inspected flow sensors show significant deviations from their initial test rig calibrations. 
The mean error of all tested flow sensors calculates to approximately -3.2 %. After subtracting the most typical 
uncertainty of the OSC method of 1.4 % (for profile class “symmetric”) a mean performance increase of 1.8 % is 
achieved. Transferred to accounting uncertainties in an exemplary case of a 50 MW measuring point at 150 heating 
days per year the OSC method would lead to a performance increase of 3´240 MWh per year. At an estimated price 
of 60 €/MWh the performance increase calculates to 194´400 €/year. 

5. Summary 

A new method to calibrate flow sensors under their operational conditions has been developed and already 
deployed in many different practical applications. Compared to other procedures of on-site checks of large flow 
meters within their operational conditions this method is directly traceable to national metrological standards, and 
therefore highly reliable in its measurement uncertainties and accreditable according to ISO/IEC 17025. 

The nature of this laser optical calibration method is a direct fluid velocity profile measurement with the benefit 
of knowing the flow characteristics to a suitably sufficient degree to derive its own uncertainty budget. The 
installation of the necessary optical access requires no interruption of the supply. Depending on the flow conditions 
the combined uncertainty of this method ranges from 0.7 % up to 4.3 % in rare worst case practical scenarios. This 
method is highly suitable to improve flow sensor accuracy within cogeneration plants, district heating and cooling 
systems or also drinking water systems and thus very beneficial for optimization processes, calculations of 
performance indicators or accounting purposes. The OSC technology works seamlessly in conjunction of daily 
cogeneration plant operations as the calibration itself works within operation conditions and without the need to 
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interrupt supply. The OSC method also has the added benefit that it automatically calibrates the flow sensor at test 
points of day to day operations, where accuracy matters the most. 
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coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

To achieve the goal of 100 % renewable (RE) heat and power supply and increased energy efficiency, utilization 
of available RE resources is important. In this context, the benefits of ultra-low temperature district heating 
(ULTDH) are multiple. First, heat losses from the DH network can be reduced, which also becomes increasingly 
important in the future heat supply to low energy buildings, in order to keep relative and absolute network heat 
losses at an appropriate level. Second, ULTDH enables the use of a higher share of low temperature renewable 
energy resources such as solar, geothermal and industrial waste heat. If a heat pump is needed in order to utilize 
such heat sources, the low supply temperature allows significantly improved coefficient of performance (COP) of 
the utility plant [1]. Lowering the supply temperature may further facilitate individual customers to act as prosumers 
in case of waste heat generation at an appropriate temperature level. Moreover, ULTDH in local networks opens for 
possibility to connect new users to existing DH systems without large additional capacity investments. The ULTDH 
concept, with it the option of thermal and electric load shift, is one of the possible solutions going towards the 4 
generation DH system [2].  

 
The viability of low temperature district heating (LTDH) consumer with around 55 °C supply temperature has 

been proven and demonstrated in Denmark [3]. With it, it is possible to prepare DHW water at 50 °C without any 
additional energy source for boosting the temperature. However, the lower temperature heat sources down to 40-45 
°C, which are sufficient for space heating most of the heating season and for floor heating in general, cannot be 
utilized directly in LTDH systems due to DHW temperature requirements. A reduction of supply temperature to 40 
°C would in Denmark allow additional 10.000 TJ from waste heat sources, if solar thermal waste heat is excluded 
[4]. 

For these reasons, the ULTDH has attracted significant academic interest in recent years. Several studies show 
that the use of booster heat pumps allows reduced supply and return temperatures in the network and thereby 
provide a decrease in transmission losses and a different optimal relation between heat and pumping losses [5–7]. 
Assuming the ULTDH supply at 44 °C to originate from centralised heat pumps, the use of booster heat pumps 
results in an increase of 12 % in the overall performance compared to direct supply at above 60 °C [5]. By further 
improving the booster technology, the performance potential increase is approximately 17 % [8]. In case the DH 
was produced by CHP plants, the ULTDH resulted in a decrease of approximately 20 % compared to LTDH. 

In order to take advantage of the multiple benefits of the ULTDH system, a substation was developed for 
multifamily buildings, based on a micro-booster concept for individual single-family houses [9,10]. The consumer 
DH unit boosts the temperature of the district heating water for DHW preparation and circulation, whereas the space 
heating is supplied directly by the ULTDH. In the paper, we present the integration methodology of the high 
efficiency heat pump as well as the layout of the substation. Further, the case study of the building and the 
implementation of the system is presented. The results show the first operational experience from the test 
installation site in Copenhagen, as part of the EnergyLab Nordhavn project. 
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2. Methods 

2.1. The ULTDH concept 

With the supply temperatures of DH below the needed temperature for producing DHW at 55°C by a direct heat 
exchange process, the temperature had to be raised or boosted. For this purpose, an electric driven heat pump was 
applied. In the developed heat booster station, this increase was obtained by use of heat pumps at the primary side, 
which utilized the supply of DH as the heat source. In cases where the DH network is used as the heat source, it is 
important that a significant amount of the heat originates from natural resources, such as heat pumps utilizing RE or 
solar thermal units, or waste heat, such as flue gas condensation, in order for the ULTDH system to exceed the 
performance of systems with LTDH. The conceptual layout of the system was chosen from a range of designs, in 
order to obtain the best thermodynamic performance of the HBS, and with it the highest coefficient of performance 
of the heat pump, for any DH supply between 35°C and 47°C [11].  

2.2. The basic principles for the installed heat booster station 

Due to capacity costs and the start-up dynamics of a heat pump, a tank for heat accumulation was introduced. The 
tank itself also enables load shifting in relation to electricity consumption as well as DH consumption. Due to 
legionella risks, it was decided to place the tank on the primary side and utilise an instantaneous heat exchanger for 
heating the DHW when tapped. The heat booster station (HBS) was designed and sized for operation in a 
multifamily building. 
 

The overall concept of the HBS is shown in Fig. 1. Pls. note the system is simplified, which means systems 
related to heat pumps, control equipment and additional hydraulic and electric systems are not shown. 

 

 
Fig. 1. Basic layout of the heat booster substation 

 
The principle for the main heat pump is that the DH supply flow is split into two. The first part is led trough the 

condenser of the heat pump, where it is heated or boosted to 60°C-65°C and let into the DH accumulation tank. The 
second part is led trough the evaporator, where it’s cooled down to e.g. 25°C and thus acts as the heat source for the 
heat pump. 
 

To avoid the DHW circulation impacting the DH accumulation tank, by means of fast discharge and loss of the 
thermal stratification, a separate heat pump was applied for maintaining the DHW circulation temperature. The heat 
source was chosen to be the ULTDH supply, or from the bottom of the accumulation tank, in case the temperatures 
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are suitable. The buildings space heating circuit was operated in parallel to the DHW system and is not a part of the 
HBS.  

2.3. Installation in the Building 

The HBS unit was installed in Havnehuset located at the Nordhavn area of Copenhagen. The heat demand 
originated from supplying DHW and DHW circulation to 22 flats by 8 risers.10 flats are in a 5-storey setup, and 12 
flats are in a 3-storey setup, where the upper flats are in 2 storeys. The building is shown in Fig 2. 

 
Fig. 2. Havnehuset located at the Nordhavn area of Copenhagen 

 
The HBS consists of 4 parts; the prefabricated station or HBS module (including valves, meters, sensors, 

controllers, pump, pipes, heat exchanger for DHW and electrical cabinet), a prefabricated large heat pump (main) 
for the DH tank charging, a prefabricated (small) heat pump for the DHW circulation and two DH storage tanks of 
each 750 litres volume. The HBS concept can be realised with only one tank, but two was decided due to available 
space. 

  
Fig. 3. (a) HBS installed in technical room; (b) Part of HBS unit with both tanks 
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The 4 modules are shown on Fig. 3.Error! Reference source not found., where the heat pumps are placed in the 

front of the left figure. 
 

For the purpose of the field evaluation, the HBS system was installed as add-on to the existing DHW system of 
the building. The existing space heating system was operated in the usual way, but supplied by ULTDH. For the 
sake of obtaining field experience, the ULTDH was established by a mixing loop, see Fig. 4.  

Fig. 4. HBS parallel integration into existing heating/DHW system 

3. Results and discussion 

3.1. Field Experience 

The main field experience and operational data are presented and discussed in this section. The data is time 
varying and they are presented as plots with the time as the x-axis. The analysis was based on two months of 
operation, but data examples are specifically given for Monday 12.03.2018 and Sunday 18.03.2018. Fig. 5 shows 
the DHW tapping profile for two days. Maximum tapping flow is approx. 1,5 m3/hr, corresponding to a capacity of 
78 kW. The HBS can keep the DHW temperature of approx. 55°C during all tapping’s and no shortages of the 
DHW supply has been seen. 
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Fig. 5. DHW tapping during the day, a week day and a week-end day 

It can be seen, that the amount of tapped DHW at 55°C was lower on the week days compared to the week-end 
days. In this example, for the week day it was 2.540 liters, where it was 2.905 liters in the week-end day. Further, 
during the week-day the tapping was more concentrated around the morning and evening hours, whereas the tapping 
was spread out during the week-end day and with a time delay in the morning. 

 

Fig. 6. Charging profile of HBS 

The charging profile for the HBS of the 12.03.2018 can be seen on Fig. 6. The DH tanks were charged twice this 
day, at around 9 o´clock and 19 o´clock. When the tank top was below 56°C (T tank top #1) a charging was started 
and when the tank bottom temperature (T tank #5) was above 46°C, the charging was stopped. The main heat pump 
condenser boosts the charging temperature from approx. 45°C (T DH flow) to 63°C (T L-HP flow to tank), where 
the evaporator returns the DH water at a temperature of approx. 24°C (T L-HP return). The tapped DHW is shown 
as well (Q DHW). During charging of the DH tank, the flow through the condenser was approx. 730 l/hr, whereas 
the flow through the evaporator was 530 l/hr. DH temperatures in different vertical locations of the tank are shown 
as T tank top #1 to T tank #5. 
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Fig. 7. Electric consumption of heat pumps 

The electric power for operating the main heat pump was approx. 3 kW (P L-HP) and the power for operating the 
circulation (small) heat pump was 0,6 kW (P S-HP). The accumulated electric consumption for the two heat pumps 
are shown as well (E L-HP and E-S HP). The operation time of the main heat pump, based on the figures above, was 
3,25 hr pr. day, resulting in consumption of 9,3 kWh, whereas the consumption for the small heat pump was 14,2 
kWh. Totally the daily electric consumption this day was 23,5 kWh. On a yearly basis this adds up to 8.600 kWh of 
electricity. 
 

The main heat pump condenser was boosting the temperature from 45°C to 63°C, at a flow of 730 l/hr. This 
corresponds to a capacity of 15 kW. With an electric consumption of 3 kW, the COP was 5,0, which is as expected. 
Other operational modes occur, e.g. when DH supply temperature or the HP evaporator outlet temperature is 
changed. 
 

The small heat pump condenser was heating the DHW circulation temperature from 50°C to 55°C, at a 
circulation flow of 540 l/hr, this corresponds to a capacity of 3,1 kW. With an electric consumption of 0,6 kW, the 
COP was 5,2, which is as expected. Other operational modes occur. 

 

Table 1. Essential performance of HBS based on two days 

HBS data pr. Day Monday 
12.03.2018 

Sunday 
18.03.2018 

Vol DHW [liters] 2.540 2.905 

DHW Energy [kWh] 133 152 

DHW Circ. Energy [kWh] 

DH Energy [kWh] 

Main HP Electric cons. [kWh] 

Circ. HP Electric cons. [kWh] 

Electric share [%] 

DH weighted flow temp. [°C] 

DH weighted return temp. [°C] 

Energy Bal. (In – Out) [kWh] 

78,1 

181 

9,3 

14,2 

11,1 

44,0 

30,5 

-6,5 

77,5 

204 

11,7 

14,2 

11,3 

44,0 

29,1 

0,4 
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Table 1 includes the essential performance of the HBS for the two days. The main performance data relates to the 
share of electric consumption, which was approx. 11% of the used electric and DH energy, the DH inlet temperature 
of 44°C and DH return temperature of approx. 30°C. To understand the low electric share, it should be noted that 
e.g. out of 133kWh for DHW, the 49 kWh were boosted via the main heat pump condenser and the remaining 
84kWh were directly from the DH supply. This also explains why the main heat pump electric consumption is lower 
than the circulation heat pump, even the DHW energy consumption is higher than the DHW circulation heat loss. 
The electric share depends on the use of DHW, in case of no DHW use at all, and still considering the tank to be 
charged, the electric share would be approx. 30%. In case the DH tank is not charged the electric share would 
correspond to the cop of the circulation heat pump, approximately 20%. In case of a low DHW consumption, e.g. 
one measured day of 1.318 liters of DHW, the electric share was 15,7%. 

3.2. Load shift potential 

Based on the field experience so far, the capacity during charging of the tank is 3,0 kW electric and 30 kW 
thermal from DH net. Based on 4 hrs. charging time pr. day, the load shift potential becomes: 
 
Electric load shift potential:    12 kWh/day 
DH load shift potential:     120 kWh/day 
 

Comparing this to the heat demand pr. day of the building, which is in the design peal load range of 50 kW, and 
considering shifting this 5 hrs, the load shift potential for heating becomes 250 kWh/day, and this for peak load. On 
a yarely basis the average load shift potential is less than half, meaning that for a new building of this type, the load 
shift potential of DHW is in the same range as for the heating system. No load shift potential is present for the 
circulation heat pump, since its running continuously. 

4. Conclusion 

Based on the first field experience for the HBS, it can be concluded that the HBS unit is successfully installed, 
tested and operating. The DHW is produced at 55°C, DHW circulation is made at 50-55°C, with a DH supply 
temperature of approx. 45°C and a DH return temperature of approx. 30°C. The share of electric energy 
consumption for DHW and DHW circulation is 11-16%, depending on the measured DHW consumption. The 
representative electric share is around 11-13 %. The electric load shift potential is limited to approx. 12 kWh/day, 
whereas the DH load shift potential is approx. 120 kWh/day. On a yearly basis this is the same range as the load 
shift potential based on the buildings passive thermal capacity. The DH return temperature could be reduced further, 
e.g. by compromising the cop of the heat pumps and added heat pump capacity. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Network temperatures play a major role in the overall efficiency of district heating networks. Low network 
temperatures are desirable, because they allow high heat production efficiency and low network heat losses. 
Furthermore, low network temperatures benefit the injection of low-temperature renewable and excess heat sources. 
At the same time, a high temperature difference between supply and return pipes is desired to limit the network flow 
rate. This reduces pumping power and increases the network capacity. Whereas the network supply temperature is 
governed by the heat supply, the network return temperature is determined by the connected customers. This paper 
focuses on an approach for reducing the network return temperature by considering the control of district heating 
substations for space heating. Optimal heating control curves exist for the secondary-side supply temperature and 
flow rate that minimize the network return temperature of indirect substations. The goal is to investigate the impact 
of optimized control curves on the network return temperature, under various circumstances. 
Using a steady-state model of an indirect substation connected to a radiator system, the optimal control strategy is 
calculated. Its performance is compared to that of traditional control using a pre-set heating curve. The results show 
that the biggest impact occurs in partial-load conditions, with a potential for reducing the network return 
temperature by up to 9.9 °C (average 6.0 °C) and primary flow rate reduction up to 14.7 % (average 7.6 %). A 
parametric analysis to evaluate the impact of the network supply temperature, heat demand and heating system 
design sizing is presented. It is concluded that the use of optimized substation control for space heating could 
significantly reduce the network return temperature and primary flow rate. This would benefit the overall energetic 
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1. Introduction 

In district heating, it is generally desirable to keep the return temperature of substations connected to the grid as 
low as possible, for various reasons. Low return temperatures benefit the heat production efficiency and injection of 
low-temperature renewable and excess heat sources, as well as help keeping the distribution heat losses low. 
Furthermore, lower return temperatures keep the network flow rate low, thereby reducing the pumping power and 
increasing the network heat transfer capacity. Practically, the return temperature is determined by the properties of the 
substation, building and thermal installation for space heating and domestic hot water preparation. Several approaches 
are possible to ensure a low return temperature: proper selection and installation of the thermal system components, 
high building insulation quality, and adequate control of the thermal systems. 

Current space heating control of building substations usually consists of a heating curve that determines the setpoint 
for the secondary supply temperature based on the outdoor temperature. The installation is designed for specific 
operating conditions that occur at typical coldest-weather circumstances. This determines the fixed components of the 
heating system. The temperature program is tuned to deliver the right amount of heat under all outdoor temperature 
conditions. In many existing systems, the heat is emitted by means of radiators that are equipped with thermostatic 
radiator valves. These will close when the room temperature is higher than their setting, and thereby reduce the flow 
rate to that radiator. In summary, the secondary supply temperature is determined by the substation controller, whereas 
the secondary flow rate and return temperature are determined by the radiator valves. The temperature program is 
usually tuned to compensate as much as possible for the weather conditions, such that the thermostatic radiator valves 
are only required to limit the heat output when there are unexpected heat gains. 

One of the downsides of the traditional approach is that it strives only towards one objective, i.e. satisfying the heat 
demand. Thereby, the impact of the space heating control on the return temperature of the district heating substation 
towards the grid is completely ignored. Nevertheless, it has been argued in the literature [1,2] that the secondary supply 
temperature setpoint can be optimized to minimize the network return temperature in indirectly connected substations. 
Practically, the secondary supply temperature needs to be higher than traditionally in order to reduce the return 
temperature. In order to supply the right amount of heat with an increased secondary supply temperature, a reduction 
of the secondary flow rate is required. There is a point at which the return temperature is minimal. In that case, the 
reduction of the secondary return temperature is balanced by the increase in the temperature gap across the heat 
exchanger. 

Several researchers have investigated the use of optimized secondary supply temperature in substation space heating 
control. Ljunggren et al. [ 3 ] have analyzed the behavior and optimization of radiator temperature programs 
theoretically. Furthermore, they performed field tests to demonstrate the possibility of reducing the primary return 
temperature by optimized substation control in practice, using an adaptive control algorithm. A more advanced version 
of this control algorithm is presented in [4], involving regular tests with adapted secondary flow rate to find the optimal 
heating curve. This is then stored and regularly updated. During field tests described in [5], the improvement in houses 
with only radiators was 2.5 °C increased cooling, without noticeable impact on the users’ thermal satisfaction. 
Gustafsson et al. [6,7] proposed an alternative control approach for district heating substations, using optimized 
secondary supply temperature setpoints considering the primary supply temperature. They concluded that control 
based on the primary supply temperature is superior to control based on outdoor temperature. It was estimated that 
their control approach could reduce the primary flow rate in the district heating network of Lulea by 7.4 %. Tunzi et 
al. [8] studied the optimal radiator supply and return temperatures in two scenarios: one minimizing the return 
temperature, and one minimizing the average of supply and return temperatures.  
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1. Introduction 

In district heating, it is generally desirable to keep the return temperature of substations connected to the grid as 
low as possible, for various reasons. Low return temperatures benefit the heat production efficiency and injection of 
low-temperature renewable and excess heat sources, as well as help keeping the distribution heat losses low. 
Furthermore, lower return temperatures keep the network flow rate low, thereby reducing the pumping power and 
increasing the network heat transfer capacity. Practically, the return temperature is determined by the properties of the 
substation, building and thermal installation for space heating and domestic hot water preparation. Several approaches 
are possible to ensure a low return temperature: proper selection and installation of the thermal system components, 
high building insulation quality, and adequate control of the thermal systems. 

Current space heating control of building substations usually consists of a heating curve that determines the setpoint 
for the secondary supply temperature based on the outdoor temperature. The installation is designed for specific 
operating conditions that occur at typical coldest-weather circumstances. This determines the fixed components of the 
heating system. The temperature program is tuned to deliver the right amount of heat under all outdoor temperature 
conditions. In many existing systems, the heat is emitted by means of radiators that are equipped with thermostatic 
radiator valves. These will close when the room temperature is higher than their setting, and thereby reduce the flow 
rate to that radiator. In summary, the secondary supply temperature is determined by the substation controller, whereas 
the secondary flow rate and return temperature are determined by the radiator valves. The temperature program is 
usually tuned to compensate as much as possible for the weather conditions, such that the thermostatic radiator valves 
are only required to limit the heat output when there are unexpected heat gains. 

One of the downsides of the traditional approach is that it strives only towards one objective, i.e. satisfying the heat 
demand. Thereby, the impact of the space heating control on the return temperature of the district heating substation 
towards the grid is completely ignored. Nevertheless, it has been argued in the literature [1,2] that the secondary supply 
temperature setpoint can be optimized to minimize the network return temperature in indirectly connected substations. 
Practically, the secondary supply temperature needs to be higher than traditionally in order to reduce the return 
temperature. In order to supply the right amount of heat with an increased secondary supply temperature, a reduction 
of the secondary flow rate is required. There is a point at which the return temperature is minimal. In that case, the 
reduction of the secondary return temperature is balanced by the increase in the temperature gap across the heat 
exchanger. 

Several researchers have investigated the use of optimized secondary supply temperature in substation space heating 
control. Ljunggren et al. [ 3 ] have analyzed the behavior and optimization of radiator temperature programs 
theoretically. Furthermore, they performed field tests to demonstrate the possibility of reducing the primary return 
temperature by optimized substation control in practice, using an adaptive control algorithm. A more advanced version 
of this control algorithm is presented in [4], involving regular tests with adapted secondary flow rate to find the optimal 
heating curve. This is then stored and regularly updated. During field tests described in [5], the improvement in houses 
with only radiators was 2.5 °C increased cooling, without noticeable impact on the users’ thermal satisfaction. 
Gustafsson et al. [6,7] proposed an alternative control approach for district heating substations, using optimized 
secondary supply temperature setpoints considering the primary supply temperature. They concluded that control 
based on the primary supply temperature is superior to control based on outdoor temperature. It was estimated that 
their control approach could reduce the primary flow rate in the district heating network of Lulea by 7.4 %. Tunzi et 
al. [8] studied the optimal radiator supply and return temperatures in two scenarios: one minimizing the return 
temperature, and one minimizing the average of supply and return temperatures.  
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The objective of this paper is to estimate the potential for using optimized secondary supply temperature setpoints 
in the substation control to reduce the network return temperature. The results are compared to control using a 
traditional heating curve. A simple model is used for the evaluation of the improvement potential because a control 
system that is capable of determining the optimal secondary supply temperature in an operational substation does not 
yet exist. The details of the evaluation methodology are explained in Section 2. In Section 3, the results are presented 
and a discussion is provided in Section 4. The last section summarizes our main conclusions. 

 
Nomenclature 

A Heat exchanger surface area
C Model coefficient 
cp Specific heat capacity 
f Oversizing factor 
h Heat transfer coefficient 
k Thermal conductivity heat exchanger plates 
LMTD Logarithmic-mean temperature difference 
m  Mass flow rate 
n Radiator model parameter 
Q  Heating power 
q Heat exchanger model parameter 
T Temperature 
t Heat exchanger plate thickness 
UA Heat transfer conductance 
 
Subscripts 
hex Heat exchanger 
p Primary side 
rad Radiator 
r Return 
s Secondary side 
s Supply 
0 Nominal design conditions 
1 Actual (oversized) design conditions 

2. Methodology 

2.1. Model equations 

The analysis is based on a simple steady-state model of an indirect building substation connected to a radiator heat 
emission system. The production of domestic hot water is not taken into account. For simplicity, the entire heat 
emission system is represented by one single radiator. This involves several implicit assumptions. For example, this 
assumes that the temperature in each room is the same and that the return temperature of each radiator is the same, i.e. 
the radiators are perfectly hydraulically balanced. Under those conditions, the heat output of all the radiators can be 
lumped together, and the entire system can be regarded as one big radiator heating a single room. Additionally, the 
heat loss from piping etc. are assumed to be negligible. This means that the heat transfer through the substation, 
radiators and piping are the same. 

The logarithmic-mean temperature difference method is used to model the substation heat exchanger: 
   hexhex

L DUA MTQ     (1) 
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where LMTDhex is defined as follows: 
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The heat transfer conductance of the heat exchanger (UA)hex is determined by three heat transfer processes: convection 
heat transfer on both hot and cold sides and conduction heat transfer through the plate separating the flows, i.e.: 

        
shex p

1 UA 1 1hA t kA hA     (3) 
Since high-conductive materials are used in heat exchanger plates, the conduction thermal resistance is generally 
negligible, so the model can be simplified. 

      
p shex

1 UA 1 1hA hA    (4) 
The heat transfer coefficient on either side of the plate is not usually constant, but depends largely on the flow velocity, 
i.e. the flow rate. In general, an empirical correlation as follows holds for the heat transfer coefficient [3,9]: 

 qh C m     (5) 
where C and q are constants. It is possible to explicitly incorporate the dependence of (UA)hex on the primary and 
secondary flow rates into equation (4) when the same correlation (5) applies to both sides of the heat exchanger. Then, 
the substation heat transfer can be calculated as follows: 

  hex p hexs LMTDq qCQ m m        (6) 
A simple model for the steady-state radiator heat transfer is given by [3]: 
 rad radLMTD nQ C    (7) 

Where Crad and n are constant model parameters, and the logarithmic-mean temperature difference of the radiator is 
defined as follows: 
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Conservation of energy on the primary and secondary side of the substation allows us to complete the model: 
    p p ps pr p ss srsQ m c T m c TT T        (9) 

The full model is given by Equations (6), (7) and (9). The empirical coefficients Chex, Crad, q and n are considered 
constant parameters in this model. They are determined by the heating system installation. The parameter Chex is 
representative of the thermal size of the substation heat exchanger. The flow rate dependence of the heat exchanger 
conductance UAhex is represented by the coefficient q. A typical value for q is 0.7 [3]. The parameter Crad represents 
the thermal size of the radiators. The nonlinear temperature dependence of the radiator heat transfer is governed by 
the coefficient n (typically about 1.3-1.4). 

2.2. Calculation of the model parameters – Design calculation 

Heating equipment is normally selected according to design conditions. Here, the same approach is followed. The 
design starts by choosing nominal temperatures Tps,0, Tss,0, Tsr,0, Tpr,0 and Troom,0, as well as the nominal heat supply Q0 
of the installation. In addition, the heat capacity cp follows from the choice of heating medium, i.e. water; q and n are 
determined by the specific types of substation heat exchanger and radiators. The nominal flow rates mp,0 and ms,0 and 
thermal sizes of the heat exchanger Chex,0 and radiators Crad,0 can then be calculated from Equations (6), (7) and (9). 
The result is a consistent set of values that represent the nominal design conditions, identified by the subscript ‘0’. 

Heating equipment is very often oversized. This can happen deliberately: e.g. to provide sufficient margin to cope 
with uncertainty in heat loss estimates, or when catalogue equipment doesn’t match well with the required size. 
Oversizing can also result as a side-effect from building renovations that improve the insulation quality – and thus 
reduce the heat losses – but leave the heating system unaltered. Heating systems can also be considered to be oversized 
during periods when the outdoor temperature is higher than the design outdoor temperature.  
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The full model is given by Equations (6), (7) and (9). The empirical coefficients Chex, Crad, q and n are considered 
constant parameters in this model. They are determined by the heating system installation. The parameter Chex is 
representative of the thermal size of the substation heat exchanger. The flow rate dependence of the heat exchanger 
conductance UAhex is represented by the coefficient q. A typical value for q is 0.7 [3]. The parameter Crad represents 
the thermal size of the radiators. The nonlinear temperature dependence of the radiator heat transfer is governed by 
the coefficient n (typically about 1.3-1.4). 

2.2. Calculation of the model parameters – Design calculation 

Heating equipment is normally selected according to design conditions. Here, the same approach is followed. The 
design starts by choosing nominal temperatures Tps,0, Tss,0, Tsr,0, Tpr,0 and Troom,0, as well as the nominal heat supply Q0 
of the installation. In addition, the heat capacity cp follows from the choice of heating medium, i.e. water; q and n are 
determined by the specific types of substation heat exchanger and radiators. The nominal flow rates mp,0 and ms,0 and 
thermal sizes of the heat exchanger Chex,0 and radiators Crad,0 can then be calculated from Equations (6), (7) and (9). 
The result is a consistent set of values that represent the nominal design conditions, identified by the subscript ‘0’. 

Heating equipment is very often oversized. This can happen deliberately: e.g. to provide sufficient margin to cope 
with uncertainty in heat loss estimates, or when catalogue equipment doesn’t match well with the required size. 
Oversizing can also result as a side-effect from building renovations that improve the insulation quality – and thus 
reduce the heat losses – but leave the heating system unaltered. Heating systems can also be considered to be oversized 
during periods when the outdoor temperature is higher than the design outdoor temperature.  
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The goal is to evaluate the impact of oversized components on the potential of radiator supply temperature 
optimization. The effect of oversizing on the model parameters is clearly defined as follows. An oversized system is 
one that is capable of delivering more heat than the nominal system, at the same operating temperatures. This is 
defined by the oversizing factor f as follows: instead of being able to deliver the heat demand Q0, the oversized system 
is instead capable of delivering (1+f)Q0. For example, if the oversizing factor is 100 % (f = 1), then the actual system 
can deliver double the amount of heat of the original system when the operating temperatures are kept the same. 

The model parameters of the oversized system follow from the above approach with (1+f)Q0 replacing Q0. The 
model parameters and variables corresponding to the oversized design are identified by the subscript ‘1’. The design 
sizing can be different for each of the components of the heating system. Then, the result of the design calculation is 
applied only to the parameter representing the targeted component. For example, if the radiator is oversized by a factor 
frad, then the parameter Crad,1 is taken from a design calculation where the requested heat output is (1+frad)Q0. Similarly, 
the substation heat exchanger oversizing factor fhex determines the parameter Chex,1; and the secondary-side circulation 
pump oversizing factor fs determines the parameter ms,1. As a result of oversizing, the model parameters are not 
consistent with the nominal design temperatures. Therefore, the equations (6), (7) and (9) are used to solve for the 
actual design temperatures (Tss,1, Tsr,1, Tpr,1) and actual design primary flow rate (mp,1). 

During most of the heating season, the heat transfer capacity of the substation heat exchanger and the radiators is 
not fully utilized because the outdoor temperature is higher than the system is designed for. It is especially in those – 
often occurring – circumstances that the traditional heating curves behave sub-optimally with respect to return 
temperatures. Instead, by choosing a higher radiator supply temperature, the radiator return temperature can be lower 
for the same LMTDrad, which is the parameter that determines the radiator heat output. Consequently, the radiator 
flow rate needs to be reduced, because of the increased temperature drop of the water through the radiator. As long as 
the radiator supply temperature doesn’t approach the network supply temperature too closely, this will result in a 
reduced primary return temperature as well. Otherwise, the reduction in radiator return temperature will be offset by 
the increase of the temperature gap between the primary outlet and the secondary inlet of the substation heat exchanger. 
As a result of these physical system characteristics, there is an optimal radiator supply temperature that minimizes the 
primary return temperature, depending on the heat demand and operating temperatures Tpr and Troom. 

2.3. Calculation of the control curves 

The optimal secondary supply temperature Tss
* depends on the heating system design and on the operating 

conditions. In each case, it is determined by the solution of the following minimization problem: 
  *

ss pr ssarg minT T T   (10) 
where the dependence of Tpr on Tss is described by the model consisting of Equations (6), (7) and (9). The constant 
model parameters are either determined by the design (Chex,1, Crad,1, q, n, cp) or by the operating conditions (Q, Tps, 
Troom). 

The performance of the heating system with optimized secondary supply temperature setpoint is compared to the 
performance of controlling this setpoint with a traditional heating curve. As a reference, a heating curve is used that 
perfectly compensates for the variations in outdoor temperature. This represents a situation where the heating curve 
is perfectly adjusted to the heat demand of the building. This implies that the system nominally operates with a constant 
secondary flow rate, in the absence of unexpected heat gains. This is a theoretical situation, because thermostatic 
radiator valves are needed in practice to limit the flow when there are internal or external heat gains. 

An implicit assumption in these calculations is that the thermostatic radiator valves are behaving perfectly. Namely, 
that they succeed in controlling the secondary flow rate such that exactly the right amount of heat is emitted by the 
radiators and this constant over time. 

3. Results 

The study consists of several cases, where each time the performance of the optimized substation control is 
compared to the traditional control. In each case, the heat demand is varied between 0 % and 100 % of the nominal 
heat demand. The fixed model parameters are given in Table 1. Different cases related to the system temperatures and 
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the design sizing of the heating system components are considered. First, the impact of optimized substation control 
on a high-temperature case is evaluated. This is then repeated for a low-temperature case. Subsequently, the effect of 
oversizing the full heating system is studied. And finally, the oversizing of individual heating system components is 
considered. 

                           Table 1. Fixed model parameters. 

Parameter q (-) n (-) cp (J/(kg.K)) 

Value 0.7 1.33 4180 

3.1. High-temperature case 

The first case represents the situation in a typical high-temperature network. The radiators are sized to deliver the 
design heat demand at 80-60 °C. The primary-side temperatures of the substation heat exchanger are 95-63 °C at 
design conditions. The design room temperature is 20 °C. 

The results for this case are depicted on Figure 1. Fig. 1(a) shows the temperatures (Tps, Tss, Tsr and Tpr) as a function 
of the relative heat demand, i.e. fraction of the design heat load. The corresponding primary and secondary flow rates 
are shown in Fig. 1(b). The dashed lines represent the traditional control curves, whereas the full lines represent the 
optimized control curves.  

In the traditional control approach, the secondary supply temperature (red) varies approximately linearly with the 
heat demand. Furthermore, the temperature difference between radiator supply (red) and return (green) reduces 
proportionally to the relative heat demand (see Fig. 1(a)). This is consistent with the constant secondary flow rate, 
depicted in Fig. 1(b). Due to the large difference between the primary (black) and secondary (red) supply temperatures, 
the primary return temperature (green) is only slightly higher than the secondary return temperature (blue).  

 
                          (a)                                                                                          (b) 

Fig. 1. (a) Temperatures and (b) flow rates for heat demand ranging from 0-100% (high-temperature case). 

The optimized control curve for the secondary supply temperature deviates significantly from the traditional curve. 
It maintains a substantially higher temperature throughout the entire heating demand range. In order to supply the 
same amount of heat, the radiator return temperature needs to be lower than in the traditional control case. 
Correspondingly, the secondary flow rate also needs to be lower than in the traditional case. Fig. 1(b) shows that the 
secondary flow rate even needs a very large reduction when the heat demand is low. This may in practice be very 
challenging for thermostatic radiator valves to achieve and control smoothly. As a result of the reduction in the 
secondary return temperature, a reduction in the primary return temperature is obtained. However, the temperature 
gap between the primary and secondary return has increased as well due to the reduced secondary flow rate. In the 
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The goal is to evaluate the impact of oversized components on the potential of radiator supply temperature 
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is instead capable of delivering (1+f)Q0. For example, if the oversizing factor is 100 % (f = 1), then the actual system 
can deliver double the amount of heat of the original system when the operating temperatures are kept the same. 

The model parameters of the oversized system follow from the above approach with (1+f)Q0 replacing Q0. The 
model parameters and variables corresponding to the oversized design are identified by the subscript ‘1’. The design 
sizing can be different for each of the components of the heating system. Then, the result of the design calculation is 
applied only to the parameter representing the targeted component. For example, if the radiator is oversized by a factor 
frad, then the parameter Crad,1 is taken from a design calculation where the requested heat output is (1+frad)Q0. Similarly, 
the substation heat exchanger oversizing factor fhex determines the parameter Chex,1; and the secondary-side circulation 
pump oversizing factor fs determines the parameter ms,1. As a result of oversizing, the model parameters are not 
consistent with the nominal design temperatures. Therefore, the equations (6), (7) and (9) are used to solve for the 
actual design temperatures (Tss,1, Tsr,1, Tpr,1) and actual design primary flow rate (mp,1). 

During most of the heating season, the heat transfer capacity of the substation heat exchanger and the radiators is 
not fully utilized because the outdoor temperature is higher than the system is designed for. It is especially in those – 
often occurring – circumstances that the traditional heating curves behave sub-optimally with respect to return 
temperatures. Instead, by choosing a higher radiator supply temperature, the radiator return temperature can be lower 
for the same LMTDrad, which is the parameter that determines the radiator heat output. Consequently, the radiator 
flow rate needs to be reduced, because of the increased temperature drop of the water through the radiator. As long as 
the radiator supply temperature doesn’t approach the network supply temperature too closely, this will result in a 
reduced primary return temperature as well. Otherwise, the reduction in radiator return temperature will be offset by 
the increase of the temperature gap between the primary outlet and the secondary inlet of the substation heat exchanger. 
As a result of these physical system characteristics, there is an optimal radiator supply temperature that minimizes the 
primary return temperature, depending on the heat demand and operating temperatures Tpr and Troom. 

2.3. Calculation of the control curves 

The optimal secondary supply temperature Tss
* depends on the heating system design and on the operating 

conditions. In each case, it is determined by the solution of the following minimization problem: 
  *

ss pr ssarg minT T T   (10) 
where the dependence of Tpr on Tss is described by the model consisting of Equations (6), (7) and (9). The constant 
model parameters are either determined by the design (Chex,1, Crad,1, q, n, cp) or by the operating conditions (Q, Tps, 
Troom). 

The performance of the heating system with optimized secondary supply temperature setpoint is compared to the 
performance of controlling this setpoint with a traditional heating curve. As a reference, a heating curve is used that 
perfectly compensates for the variations in outdoor temperature. This represents a situation where the heating curve 
is perfectly adjusted to the heat demand of the building. This implies that the system nominally operates with a constant 
secondary flow rate, in the absence of unexpected heat gains. This is a theoretical situation, because thermostatic 
radiator valves are needed in practice to limit the flow when there are internal or external heat gains. 

An implicit assumption in these calculations is that the thermostatic radiator valves are behaving perfectly. Namely, 
that they succeed in controlling the secondary flow rate such that exactly the right amount of heat is emitted by the 
radiators and this constant over time. 

3. Results 

The study consists of several cases, where each time the performance of the optimized substation control is 
compared to the traditional control. In each case, the heat demand is varied between 0 % and 100 % of the nominal 
heat demand. The fixed model parameters are given in Table 1. Different cases related to the system temperatures and 
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the design sizing of the heating system components are considered. First, the impact of optimized substation control 
on a high-temperature case is evaluated. This is then repeated for a low-temperature case. Subsequently, the effect of 
oversizing the full heating system is studied. And finally, the oversizing of individual heating system components is 
considered. 

                           Table 1. Fixed model parameters. 

Parameter q (-) n (-) cp (J/(kg.K)) 

Value 0.7 1.33 4180 

3.1. High-temperature case 

The first case represents the situation in a typical high-temperature network. The radiators are sized to deliver the 
design heat demand at 80-60 °C. The primary-side temperatures of the substation heat exchanger are 95-63 °C at 
design conditions. The design room temperature is 20 °C. 

The results for this case are depicted on Figure 1. Fig. 1(a) shows the temperatures (Tps, Tss, Tsr and Tpr) as a function 
of the relative heat demand, i.e. fraction of the design heat load. The corresponding primary and secondary flow rates 
are shown in Fig. 1(b). The dashed lines represent the traditional control curves, whereas the full lines represent the 
optimized control curves.  

In the traditional control approach, the secondary supply temperature (red) varies approximately linearly with the 
heat demand. Furthermore, the temperature difference between radiator supply (red) and return (green) reduces 
proportionally to the relative heat demand (see Fig. 1(a)). This is consistent with the constant secondary flow rate, 
depicted in Fig. 1(b). Due to the large difference between the primary (black) and secondary (red) supply temperatures, 
the primary return temperature (green) is only slightly higher than the secondary return temperature (blue).  

 
                          (a)                                                                                          (b) 

Fig. 1. (a) Temperatures and (b) flow rates for heat demand ranging from 0-100% (high-temperature case). 

The optimized control curve for the secondary supply temperature deviates significantly from the traditional curve. 
It maintains a substantially higher temperature throughout the entire heating demand range. In order to supply the 
same amount of heat, the radiator return temperature needs to be lower than in the traditional control case. 
Correspondingly, the secondary flow rate also needs to be lower than in the traditional case. Fig. 1(b) shows that the 
secondary flow rate even needs a very large reduction when the heat demand is low. This may in practice be very 
challenging for thermostatic radiator valves to achieve and control smoothly. As a result of the reduction in the 
secondary return temperature, a reduction in the primary return temperature is obtained. However, the temperature 
gap between the primary and secondary return has increased as well due to the reduced secondary flow rate. In the 
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optimized control, these phenomena are exactly balanced, meaning that a further increase of Tss would again increase 
Tpr instead of further reducing it.  

The primary return temperature with optimized control (green, full line) is considerably lower than with traditional 
control (green, dashed line). This is summarized in Table 2, which lists the average return temperature and average 
primary flow rate over the entire heat demand range. On average, a return temperature reduction with 6.0 °C can be 
obtained. During times of low heat demand, the reduction is even higher (up to 9.9 °C). The lower return temperature 
benefits the heat production efficiency, the thermal network losses as well as the potential for renewable and excess 
heat usage in the grid. Furthermore, the primary flow rate also reduces with the optimized control, by 7.6 % on average 
(up to 14.7 %). This may lead to about 15-20% savings in pumping power consumption. It is concluded that optimized 
control could have a significant potential in this case. 

                 Table 2. Control performance comparison of high-temperature case. 

Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 

Traditional 44.6 38.4 

Optimized (minimal Tpr) 38.6 35.5 

3.2. Low-temperature case 

In new buildings and district heating grid developments, design temperatures are often lower than in existing grids, 
in order to reduce thermal network losses and improve conversion efficiency. An interesting question is whether the 
difference between traditional and optimized control is also significant in those situations. In the second case, the 
radiator design temperatures are 55-45 °C, while the primary-side design temperatures are 65-48 °C. The same design 
room temperature of 20 °C is assumed. 

 
                          (a)                                                                                          (b) 

Fig. 2. (a) Temperatures and (b) flow rates for heat demand ranging from 0-100% (low-temperature case). 

The control curves and results are shown in Figure 2. They are qualitatively very similar to the results of the high-
temperature case. The quantitative results are summarized in Table 3. Optimized control on average leads to a 2.6 °C 
lower return temperature. The potential for return temperature reduction is clearly less than in the high-temperature 
case. This could be expected because the return temperature is already low with traditional control. The primary flow 
rate reduces by 4.4 % on average, which is also a lower reduction that in the high-temperature case. It is concluded 
that the use of optimized substation control brings more benefit in the case of traditional high-temperature grids than 
in newer low-temperature grids. However, even in the latter case the return temperature reduction potential is there, 
waiting to be unlocked. 

8 Tijs Van Oevelen et al. / Energy Procedia 00 (2018) 000–000 

                 Table 3. Control performance comparison of low-temperature case. 

Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 

Traditional 35.7 36.2 

Optimized (minimal Tpr) 33.1 34.6 

3.3. Oversizing of the full heating system 

It is interesting to evaluate the impact of oversized heating system design on the return temperature reduction 
potential of optimized substation control curves. Indeed, practical systems are almost always oversized to some degree. 
Usually, all heating system components are equally oversized because the entire system is designed for a higher heat 
demand than actually occurs. 

Table 4 summarizes the results of using different levels of oversizing for the heating system, for both control 
approaches and the two different temperature cases. In general, an oversizing of the heating system leads to a lower 
return temperature and a lower primary flow rate, in all cases. The most benefit is obtained with the first 50% of 
oversizing; the additional improvement from 50% to 100% is less. However, for higher degrees of oversizing, the 
improvement potential of the optimized control approach becomes higher. For example in the high-temperature case, 
the average return temperature reduction by using optimized control is respectively 6.0 °C, 7.9 °C and 8.4 °C when 
the heating system is 0 %, 50 % and 100 % oversized.  

Further, notice that the combined effect of using optimized control and oversizing is larger than the individual 
effects. For example, starting from a nominal design with traditional control in the high-temperature case, the 
individual effect of optimized control is a return temperature reduction of 6.0 °C. Oversizing by 100 % reduces the 
return temperature by 9.8 °C. If both measures are applied together, the overall return temperature reduction reaches 
18.2 °C on average. In other words, optimized substation control can make an oversizing of the heating system a lot 
more valuable, i.e. it almost adds the same amount of return temperature reduction as an oversizing by 100 %. To a 
lesser extent, it also applies to the low-temperature case. 

 Table 4. Control performance comparison with variation of heating system design sizing. 

 Design sizing Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 
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Optimized (minimal Tpr) 27.7 26.1 

100% oversizing 
Traditional 29.2 26.2 

Optimized (minimal Tpr) 25.1 23.4 

3.4. Oversizing of individual components 

Practically, all components of the heating system are usually designed consistent with each other. This means that 
the oversizing factor f of all individual components is roughly the same. Instead, also the impact of oversizing 
individual components on the return temperature and the potential of optimized substation control in those situations 
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optimized control, these phenomena are exactly balanced, meaning that a further increase of Tss would again increase 
Tpr instead of further reducing it.  

The primary return temperature with optimized control (green, full line) is considerably lower than with traditional 
control (green, dashed line). This is summarized in Table 2, which lists the average return temperature and average 
primary flow rate over the entire heat demand range. On average, a return temperature reduction with 6.0 °C can be 
obtained. During times of low heat demand, the reduction is even higher (up to 9.9 °C). The lower return temperature 
benefits the heat production efficiency, the thermal network losses as well as the potential for renewable and excess 
heat usage in the grid. Furthermore, the primary flow rate also reduces with the optimized control, by 7.6 % on average 
(up to 14.7 %). This may lead to about 15-20% savings in pumping power consumption. It is concluded that optimized 
control could have a significant potential in this case. 

                 Table 2. Control performance comparison of high-temperature case. 

Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 

Traditional 44.6 38.4 

Optimized (minimal Tpr) 38.6 35.5 

3.2. Low-temperature case 

In new buildings and district heating grid developments, design temperatures are often lower than in existing grids, 
in order to reduce thermal network losses and improve conversion efficiency. An interesting question is whether the 
difference between traditional and optimized control is also significant in those situations. In the second case, the 
radiator design temperatures are 55-45 °C, while the primary-side design temperatures are 65-48 °C. The same design 
room temperature of 20 °C is assumed. 

 
                          (a)                                                                                          (b) 

Fig. 2. (a) Temperatures and (b) flow rates for heat demand ranging from 0-100% (low-temperature case). 

The control curves and results are shown in Figure 2. They are qualitatively very similar to the results of the high-
temperature case. The quantitative results are summarized in Table 3. Optimized control on average leads to a 2.6 °C 
lower return temperature. The potential for return temperature reduction is clearly less than in the high-temperature 
case. This could be expected because the return temperature is already low with traditional control. The primary flow 
rate reduces by 4.4 % on average, which is also a lower reduction that in the high-temperature case. It is concluded 
that the use of optimized substation control brings more benefit in the case of traditional high-temperature grids than 
in newer low-temperature grids. However, even in the latter case the return temperature reduction potential is there, 
waiting to be unlocked. 
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                 Table 3. Control performance comparison of low-temperature case. 

Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 

Traditional 35.7 36.2 

Optimized (minimal Tpr) 33.1 34.6 

3.3. Oversizing of the full heating system 

It is interesting to evaluate the impact of oversized heating system design on the return temperature reduction 
potential of optimized substation control curves. Indeed, practical systems are almost always oversized to some degree. 
Usually, all heating system components are equally oversized because the entire system is designed for a higher heat 
demand than actually occurs. 

Table 4 summarizes the results of using different levels of oversizing for the heating system, for both control 
approaches and the two different temperature cases. In general, an oversizing of the heating system leads to a lower 
return temperature and a lower primary flow rate, in all cases. The most benefit is obtained with the first 50% of 
oversizing; the additional improvement from 50% to 100% is less. However, for higher degrees of oversizing, the 
improvement potential of the optimized control approach becomes higher. For example in the high-temperature case, 
the average return temperature reduction by using optimized control is respectively 6.0 °C, 7.9 °C and 8.4 °C when 
the heating system is 0 %, 50 % and 100 % oversized.  

Further, notice that the combined effect of using optimized control and oversizing is larger than the individual 
effects. For example, starting from a nominal design with traditional control in the high-temperature case, the 
individual effect of optimized control is a return temperature reduction of 6.0 °C. Oversizing by 100 % reduces the 
return temperature by 9.8 °C. If both measures are applied together, the overall return temperature reduction reaches 
18.2 °C on average. In other words, optimized substation control can make an oversizing of the heating system a lot 
more valuable, i.e. it almost adds the same amount of return temperature reduction as an oversizing by 100 %. To a 
lesser extent, it also applies to the low-temperature case. 

 Table 4. Control performance comparison with variation of heating system design sizing. 
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3.4. Oversizing of individual components 

Practically, all components of the heating system are usually designed consistent with each other. This means that 
the oversizing factor f of all individual components is roughly the same. Instead, also the impact of oversizing 
individual components on the return temperature and the potential of optimized substation control in those situations 
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is interesting. This gives useful information about what aspects of the design deserve more attention and would benefit 
most from additional investments. 

The following additional cases are now considered: a 100 % oversizing of the substation heat exchanger, a 100 % 
oversizing of the radiators and a combination of both. The last case resembles the oversizing of the full system except 
for the oversizing of the circulation pump. Notice that this difference appears only in the case of traditional control – 
where the secondary flow rate is fixed – but not in the case of optimized control – where the flow rate is determined 
by the optimization. These three cases have been simulated for both the high- and low-temperature situations. The 
results of the traditional and optimized control are compared in Table 5.  

The results show that the impact of radiator oversizing is significantly larger than the impact of oversizing the 
substation heat exchanger. Almost all of the reduction in return temperature and primary flow rate in oversizing the 
full heating system is achieved by increasing the thermal size of the radiators alone. Not much additional impact is 
obtained by enlarging the substation heat exchanger. The reason for this is that the gap between the radiator outlet 
temperature and the room temperature is much bigger than the temperature gap on the return side of the substation 
heat exchanger. It is concluded that investments intended to reduce the network return temperature from building 
substations should be focused on the radiators.  

Even with increased sizing of the radiators, a significant reduction of the return temperature by using optimized 
setpoints for the secondary supply temperature is still obtainable. In the high-temperature case, the average return 
temperature drops by 5.3 °C by applying the optimized control in the case of 100% radiator oversizing – compared to 
a drop of 6.0 °C for the nominally sized system. For the low-temperature case, the average return temperature 
reduction potential is 2.4 °C (100% radiator oversizing) – compared to 2.6 °C (nominal design). Thus, the potential 
for reducing the return temperature and the primary flow rate is almost unaffected by improving the design sizing of 
the radiators. The previous sub-section showed that the potential improvement even increases when the full heating 
system is oversized. This can be attributed to the increased secondary flow rate in that case (Table 4), as can be seen 
when comparing with oversizing the substation heat exchanger and radiators alone (Table 5). 

 Table 5. Control performance comparison with variation of individual heating components design sizing. 
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Optimized (minimal Tpr) 25.1 23.4 
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4. Conclusions 

The secondary supply temperature of district heating substations is traditionally determined by a fixed heating 
curve depending on the outdoor temperature. However, when the space heating system is indirectly connected to the 
district heating network via a heat exchanger, there exists an optimal secondary supply temperature – and 
corresponding circulation flow rate – for which the primary return temperature is minimal. The corresponding primary 
return temperature could be up to 9.9 °C (6.0 °C on average) lower for the optimized control compared to the 
traditional control for a typical high-temperature design. This return temperature reduction is beneficial for the heat 
production efficiency, the thermal network losses and the potential for injection of renewable and excess heat sources. 
Furthermore, this reduction in return temperature is accompanied by a primary flow rate reduction of about 7.6 % on 
average. This increases the network flow capacity and could reduce the pumping power by approximately 15-20 %. 

A sensitivity study has been performed to study the influence of certain parameters on the potential of optimized 
substation control to reduce the network return temperature. The following main observations have been made: 
 The return temperature reduction potential is higher in high-temperature grids than in low-temperature grids, due 

to the closer temperature gap in the latter case. 
 The potential benefits of optimized substation control increase with the size of the heating system. Optimized 

heating control increases the investment value of better performing heating systems, and vice versa. 
 Most of the positive impact of oversizing the heating system is due to the radiators. The substation heat 

exchanger size has a smaller impact, whereas a too large circulation pump reduces the performance.  
 The potential for return temperature reduction is relatively independent of the thermal sizing of the substation 

heat exchanger and radiators, so both can be applied simultaneously, without needing to choose. 
Finally, it is concluded that optimized substation control is a promising technology to reduce network return 
temperatures in addition to efforts on proper design and installation of building-side heating equipment. Practical 
realization of this concept should be further investigated. 
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is interesting. This gives useful information about what aspects of the design deserve more attention and would benefit 
most from additional investments. 

The following additional cases are now considered: a 100 % oversizing of the substation heat exchanger, a 100 % 
oversizing of the radiators and a combination of both. The last case resembles the oversizing of the full system except 
for the oversizing of the circulation pump. Notice that this difference appears only in the case of traditional control – 
where the secondary flow rate is fixed – but not in the case of optimized control – where the flow rate is determined 
by the optimization. These three cases have been simulated for both the high- and low-temperature situations. The 
results of the traditional and optimized control are compared in Table 5.  

The results show that the impact of radiator oversizing is significantly larger than the impact of oversizing the 
substation heat exchanger. Almost all of the reduction in return temperature and primary flow rate in oversizing the 
full heating system is achieved by increasing the thermal size of the radiators alone. Not much additional impact is 
obtained by enlarging the substation heat exchanger. The reason for this is that the gap between the radiator outlet 
temperature and the room temperature is much bigger than the temperature gap on the return side of the substation 
heat exchanger. It is concluded that investments intended to reduce the network return temperature from building 
substations should be focused on the radiators.  

Even with increased sizing of the radiators, a significant reduction of the return temperature by using optimized 
setpoints for the secondary supply temperature is still obtainable. In the high-temperature case, the average return 
temperature drops by 5.3 °C by applying the optimized control in the case of 100% radiator oversizing – compared to 
a drop of 6.0 °C for the nominally sized system. For the low-temperature case, the average return temperature 
reduction potential is 2.4 °C (100% radiator oversizing) – compared to 2.6 °C (nominal design). Thus, the potential 
for reducing the return temperature and the primary flow rate is almost unaffected by improving the design sizing of 
the radiators. The previous sub-section showed that the potential improvement even increases when the full heating 
system is oversized. This can be attributed to the increased secondary flow rate in that case (Table 4), as can be seen 
when comparing with oversizing the substation heat exchanger and radiators alone (Table 5). 

 Table 5. Control performance comparison with variation of individual heating components design sizing. 

 Design sizing Control approach Average return 
temperature (°C) 

Average primary flow 
rate (% of mp,0) 
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 °C
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Nominal (0 % oversizing) 
Traditional 44.6 38.4 

Optimized (minimal Tpr) 38.6 35.5 

100% heat exchanger 
oversizing 

Traditional 44.3 38.0 

Optimized (minimal Tpr) 37.2 34.1 

100% radiator oversizing 
Traditional 32.8 28.2 

Optimized (minimal Tpr) 27.5 25.8 

100% heat exchanger + radiator 
oversizing 

Traditional 32.6 27.8 

Optimized (minimal Tpr) 26.4 25.2 
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/4
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55

 °C
) 

Nominal (0 % oversizing) 
Traditional 35.7 36.2 

Optimized (minimal Tpr) 33.1 34.6 

100% heat exchanger 
oversizing 

Traditional 35.3 35.3 

Optimized (minimal Tpr) 32.0 32.8 

100% radiator oversizing 
Traditional 28.4 25.5 

Optimized (minimal Tpr) 26.0 24.2 

100% heat exchanger + radiator 
oversizing 

Traditional 28.1 25.2 

Optimized (minimal Tpr) 25.1 23.4 
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4. Conclusions 

The secondary supply temperature of district heating substations is traditionally determined by a fixed heating 
curve depending on the outdoor temperature. However, when the space heating system is indirectly connected to the 
district heating network via a heat exchanger, there exists an optimal secondary supply temperature – and 
corresponding circulation flow rate – for which the primary return temperature is minimal. The corresponding primary 
return temperature could be up to 9.9 °C (6.0 °C on average) lower for the optimized control compared to the 
traditional control for a typical high-temperature design. This return temperature reduction is beneficial for the heat 
production efficiency, the thermal network losses and the potential for injection of renewable and excess heat sources. 
Furthermore, this reduction in return temperature is accompanied by a primary flow rate reduction of about 7.6 % on 
average. This increases the network flow capacity and could reduce the pumping power by approximately 15-20 %. 

A sensitivity study has been performed to study the influence of certain parameters on the potential of optimized 
substation control to reduce the network return temperature. The following main observations have been made: 
 The return temperature reduction potential is higher in high-temperature grids than in low-temperature grids, due 

to the closer temperature gap in the latter case. 
 The potential benefits of optimized substation control increase with the size of the heating system. Optimized 

heating control increases the investment value of better performing heating systems, and vice versa. 
 Most of the positive impact of oversizing the heating system is due to the radiators. The substation heat 

exchanger size has a smaller impact, whereas a too large circulation pump reduces the performance.  
 The potential for return temperature reduction is relatively independent of the thermal sizing of the substation 

heat exchanger and radiators, so both can be applied simultaneously, without needing to choose. 
Finally, it is concluded that optimized substation control is a promising technology to reduce network return 
temperatures in addition to efforts on proper design and installation of building-side heating equipment. Practical 
realization of this concept should be further investigated. 
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The effect of seismic loading is not contemplated in any of the current design standards of District Heating and Cooling (DHC) 
networks, since this technology has been originally adopted in northern Europe, characterized by low earthquake vulnerability. 
Nevertheless, an increasing number of countries, including those in seismic areas like Italy, Turkey, China, Japan, and Chile are 
using DHC solutions due to the higher energy efficiency, compared to individual heating systems.  
Seismic regions are one of the most hostile environments for buried pipelines due to the effects of Transient Ground Deformation 
(TGD) caused by seismic wave propagation, and Permanent Ground Deformation (PGD), like faulting, landsliding, lateral 
spreading and buoyancy due to liquefaction.  
Most of research publications on the seismic analysis and design of buried steel pipelines have been motivated by the need of 
safeguarding the integrity of hydrocarbon pipelines, and there are no actual studies on the seismic vulnerability of DHC 
pipelines. This highlights the need to carefully evaluate the seismic performance of DHC pipelines, considering their typical 
composite cross-section and soil-pipe interaction under service loading. 
The present paper analyses the effect of diverse earthquake hazards on an operating District Heating (DH) pipe bend, usually 
susceptible to stress concentrations due to the greater flexibility, as well as the ability to accommodate thermal expansions, and 
absorb other externally-induced loading.  
The response of the operating DH pipeline subjected to different seismic loading is evaluated taking into account the geometric 
and mechanical properties of the system, including the soil-pipeline interaction.  
In conclusion, the obtained results give a better understanding on the seismic behavior of DH pipelines, highlighting important 
research ground for assessing their earthquake performance in operating conditions. 
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1. Introduction 

District Heating and Cooling (DHC) consist of an underground pipe network connecting buildings in an urban 
area to centralized plants or a number of distributed heat producing units, allowing for heat recycling and renewable 
energy supply. Due to the higher energy efficiency, an increasing number of countries including those in seismic 
areas like Italy, Turkey, China, Japan, are adopting district heating solutions. The effect of seismic loading is not 
contemplated in any of the current design standards of DH networks, since this technology has been originally 
adopted in northern European countries, characterized by low earthquake vulnerability.   

Seismic regions are one of the most hostile environments for buried pipelines due to the effects of Transient 
Ground Deformation (TGD) caused by seismic wave propagation, and Permanent Ground Deformation (PGD), like 
faulting, landsliding, lateral spreading and buoyancy due to liquefaction [1].  

Most of research publications on the seismic analysis and design of buried steel pipelines have been motivated by 
the need of safeguarding the integrity of hydrocarbon pipelines [2], and there are no actual studies on the seismic 
vulnerability of DHC pipelines. This highlights the need to carefully evaluate the seismic performance of DHC 
pipelines, considering their typical composite cross-section and soil-pipe interaction under service loading.  

To minimize heat losses, DHC pipes have a composite cross-section of three different material layers, including 
the steel pipe for the water supply, the insulation foam of polyurethane (PUR), and an outer coating of High Density 
Polyethylene (HDPE), interacting with the surrounding soil. The stiffness of the PUR foam and its constant adhesion 
to the steel pipe are essential to properly transmit at the HDPE coating the friction stresses from the surrounding soil.  

The axial expansion of the operating pipeline, is counteracted by the soil friction at the outer HDPE coating 
interface, until the total friction reaction equilibrates the pipe axial force at the anchor point, where the thermal 
expansion is fully restrained. Moreover, the thermal expansion is counteracted at the bend by the lateral soil reaction, 
inducing high stress levels in this critical region, as schematically illustrated in Fig. 1. Additionally, the PUR 
insulation is very sensitive to axial shear stress and lateral pressures, inducing high stresses associated with material 
failure and loss of the bond; in a worse case, it can lose its insulation effect if the steel service pipe cracks and the 
foam is moistured. [3]. 

 

 

Fig. 1. Deformation of buried operating DH pipeline at the bend (adapted from [4] and [5]) 

Therefore, a correct design of DHC pipelines requires an accurate consideration of the elevated stresses and 
deformations due to the operating loads like internal pressure and temperature, as well as the evaluation of the soil-
pipeline interaction.  
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expansion is fully restrained. Moreover, the thermal expansion is counteracted at the bend by the lateral soil reaction, 
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Fig. 1. Deformation of buried operating DH pipeline at the bend (adapted from [4] and [5]) 

Therefore, a correct design of DHC pipelines requires an accurate consideration of the elevated stresses and 
deformations due to the operating loads like internal pressure and temperature, as well as the evaluation of the soil-
pipeline interaction.  
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Reported experimental research on the response of buried DH pipe systems subjected to ground movement is very 
limited, requiring further analysis of the soil-pipe interaction of buried DH pipes, while taking into account real 
operating conditions and modern pipe laying technologies [6-10]. On the other hand, the seismic response of buried 
pipelines has been investigated by many researchers in the last 50 years, using experimental investigations as well as 
simple analytical or more complex numerical approaches [11-17].  

During extreme events like earthquakes, the pipeline needs to plastically stretch, bend and compress in order to 
accommodate local or global movement of the surrounding soil, requiring strain-based performance criteria for a 
safe and cost-effective pipeline design [18-19]. Evidently, stress-based performance limit states, like those 
recommended in European standard EN 13941 [20] or in the Eurocode 3 - Part 4-3 [21] are overconservative for 
pipelines constructed in harsh environments, like seismic regions. 

The present paper analyses the effect of seismic induced ground movement on an operating District Heating (DH) 
pipe bend, typically susceptible to highest moments and stress concentrations due to the greater flexibility, as well as 
the ability to accommodate thermal expansions, and absorb other externally-induced loading. [22].  

The response of the operating DH pipeline subjected to seismic loading is evaluated taking into account the 
geometric and mechanical properties of the system, including the soil-pipeline interaction.  In conclusion, the 
obtained results give a better understanding on the seismic behaviour of DH pipelines, highlighting important 
research ground for assessing their earthquake performance in operating conditions. 
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The investigated pipe bend DN 150/250 is composed of a central P235GH steel pipe of external diameter Ds = 
168.3 mm and thickness ts = 4 mm, a foam insulation of thickness tPUR = 37 mm, and external plastic mantle with 
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corner is Lc = 2 m, while the length of both bend legs is L = 40 m, anchored at the ends. The pipe is assumed buried 
in loose sand soil with a cover depth H = 0.8 m, as schematically illustrated in Fig. 1.  

The soil-pipeline system subjected to seismic loading has been analyzed numerically within beam on Winkler 
foundation theory, using the finite element software ABAQUS/Standard [23].  

The pipeline is modeled using the PIPE31 beam element type, allowing the possibility to specify external or 
internal pressure. The soil-pipeline interaction is modeled with the spring-like pipe-soil interaction elements PSI34, 
representing the soil reaction to the soil movement in the axial, lateral, and vertical direction. One edge of the 
element shares nodes with the underlying pipe element while the nodes on the other edge are assigned the far-field 
ground motion through the boundary conditions. 

The P235GH steel pipe material model is defined within the von Mises plasticity theory with nonlinear 
hardening. The material parameters are determined as a function of the operating temperature T, according to EN 
13941 [19]. The elasticity modulus, yield strength, and the linear thermal expansion coefficient at the operating 
temperature T = 90°C are  E = 208857 MPa , σy = 215.8 MPa and α = 12.098 10-06 1/K respectively, while the 
Poisson's ratio is ν = 0.3. A loose sand material is assumed as soil backfill, with the same properties reported in the 
calculation example of the German standard FW 401 [4],  characterized  by a friction angle φ = 32.5°, and a soil 
density γ = 18 kN/m3. The force-displacement relationship is considered bilinear elasto-plastic, and evaluated 
according to FW 401 [5]. Specifically, the calculated soil friction reaction is FR = 3944 N/m, while the maximum 
lateral soil reaction is Pu =  49750 N/m, with an elastic lateral soil stiffness k = 35 MPa beyond the expansion 
cushion, where the equivalent elastic lateral stiffness is  kc = 0.247 MPa [5]. 
The seismic-induced ground movement is applied at the free nodes of the pipe-soil interaction elements, as a 
sinusoidal wave propagating horizontally in the direction of the longitudinal leg.  
The numerical analysis for assessing the seismic performance of the operating DH pipeline are conducted in two 
consecutive steps. At first, a static analysis is performed to establish the stress and strain state in the soil-pipeline 
system in operating conditions with internal pressure Pi = 12 Bar, installation and service temperature Ti = 10°C  and 
Tf = 90°C, respectively. In the second step, a horizontal displacement is applied quasi-statically at the free nodes 
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where εg = 0.0041 is the soil strain and λ = 500 m is the seismic wave length. Thus, the maximum value of the 
ground displacement results Ug = 0.33 m  
On each loading step, the global equilibrium equations are solved iteratively by the Newton-Raphson method 
permitting to assess the pipe and soil deformation state at each increment. 

3. Results and discussion 

This section presents the structural response of the buried DH pipeline evaluated using the proposed 
methodology. Firstly, the pipeline response is investigated in operating conditions, under the effect of internal 
pressure and temperature variation. Then the seismic performance of the pipeline is analyzed in terms of loading and 
deformations, for different values of the maximum seismic-induced ground displacement Ug, as discussed further in 
this section. 

3.1. Structural response of the pipeline in operating conditions 

The expansion of the operating pipeline is counteracted by the beneficial effect of the soil friction, and the 
bearing force on the transverse leg (Fig. 1). The maximum axial elongation of the pipeline in operation conditions, 
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where εg = 0.0041 is the soil strain and λ = 500 m is the seismic wave length. Thus, the maximum value of the 
ground displacement results Ug = 0.33 m  
On each loading step, the global equilibrium equations are solved iteratively by the Newton-Raphson method 
permitting to assess the pipe and soil deformation state at each increment. 

3. Results and discussion 

This section presents the structural response of the buried DH pipeline evaluated using the proposed 
methodology. Firstly, the pipeline response is investigated in operating conditions, under the effect of internal 
pressure and temperature variation. Then the seismic performance of the pipeline is analyzed in terms of loading and 
deformations, for different values of the maximum seismic-induced ground displacement Ug, as discussed further in 
this section. 

3.1. Structural response of the pipeline in operating conditions 

The expansion of the operating pipeline is counteracted by the beneficial effect of the soil friction, and the 
bearing force on the transverse leg (Fig. 1). The maximum axial elongation of the pipeline in operation conditions, 
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calculated numerically (31.1 mm) is consistent with the theoretical value of the maximum axial elongation umax, 
according to the formula reported in the standards FW 401 [5] and EN 13941 [20]: 
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Clearly, the first addend in Eq. (2) indicates the pipeline expansion due to the positive temperature variation  ΔT = 
80°C, and internal pressure Pi = 12 Bar , while the second negative term represents the pipeline contraction due to 
the soil resistance at the outer HDPE coating.  
The aforementioned values of the maximum axial elongation are consistent with the estimations using the method 
proposed in [22, 24-26], considering the bend either rigid (30.8 mm) or flexible (31.4 mm).  

The pipeline response in terms of longitudinal deformations does depend on the geometrical and mechanical 
parameters of the system, like the operating temperature Tf, the pipe length L, and the bend radius Rbend.  

Clearly, the maximum longitudinal strain in operating conditions occurs at the elbow (εmax = 0.42%, for Tf = 
90°C, L = 40 m and Rbend = 1 m). A small parametric study has shown that the pipeline deformation is accentuated 
for greater operating temperatures (εmax = 1.03%, for Tf = 130°C), larger pipe length (εmax = 0.91%, L =  80 m),  
smaller bending radius (εmax = 0.68%, for Rbend = 0.5 m), all other parameters remaining the same, as shown in Fig. 
2. These critical factors need to be carefully evaluated in the design phase in order to avoid excessive stress-strain 
concentration in the operating pipeline, associated with material damage.  

 

 
Fig. 2. Longitudinal strain contour and deformed shape of pipeline at the bend region, under operating conditions, 
for different values of the system parameters: a) Tf  = 90°C, L = 40 m, Rbend = 1 m; b) Tf  = 130°C, L = 40 m, Rbend = 1 
m; c) Tf  = 90°C, L = 80 m, Rbend = 1 m; d) Tf  = 90°C, L = 40 m, Rbend = 0.5 m. 

 
Evidently, the axial force in operating conditions is compressive and in the elastic range, with its magnitude 

increasing linearly along the pipeline from the bend region towards the anchor points, where it reaches its maximum 
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value (162507 N). The observed linear variation of the axial force beyond the bend region is caused by the constant 
soil friction (FR = 3944 N/m) opposing the thermal expansion. Instead, close to the bend, the pipe axial force 
decreases due to the bearing force on the transverse leg (Fig. 3a).   

Conversely, the bending moment under service loads is maximum at the bend (22163 Nm), exceeding the 
yielding moment of the pipe section (My =  18804 Nm), associated with plastic bending strains (Fig. 4), leading to 
compressive plastic longitudinal strains (-0.3%). The latter must be carefully verified in order to prevent the onset of 
local buckling limit state in the operating pipeline.  

 
Fig. 3 Variation of the loads along the pipeline axis for different values of the ground displacement Ug: a) axial 
force; b) shear force; c) bending moment.  
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The bending moment decreases monotonically beyond the bend, inverting its direction until reaching two local 
peaks (17981 Nm) in the elastic range, located symmetrically at a distance of 2.5 m from the bend. Afterwards, the 
magnitude of the bending moment decreases rapidly to zero, so that beyond a distance of 5m from the bend, the 
pipeline undergoes only axial loading (Fig. 4). 

 

 
Fig. 4 Variation of the strains along the most stressed generator of the pipeline for different values of the ground  
displacement Ug: a) longitudinal strain; b) axial strain; c) bending strain.  
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3.2. Structural response of the pipeline in operating conditions 

The seismic wave propagating parallel to one longitudinal leg, reverses the direction of the activated soil friction 
under service loads (Fig. 5), subjecting the pipeline to increasing tensile forces, as shown in Fig. 4 (a).   

Evidently, pipe axial force varies linearly along the pipeline axis beyond the bend region, due to the soil friction 
reaction (FR = 3944 N/m), that is assumed constant throughout the analysis, despite the cyclic loading.  

The pipe axial force is maximum at the anchor point in the longitudinal leg, parallel to the direction of the 
seismic wave propagation, decreasing linearly thereupon, until the bend region where it increases slightly, due to the 
lateral soil reaction in transverse leg. The linear variation of the axial force along the pipe axis is due to the soil 
friction reaction (FR = 3944 N/m), that is assumed constant throughout the analysis, despite the cyclic loading. 

 

 
Fig. 5. Contour of the soil friction reaction along the pipeline (N/m): a) in operating conditions; b) under seismic 
loading.  

 
The bending moment along the pipeline inverts its direction with respect to the operating conditions (Fig. 4), 

exceeding the elastic limit (My =  18804 Nm), at the bending point in the transverse leg, located at 2.4 m from the 
bend. Consequently, two plastic hinges develop at these bending points during seismic loading, characterized by a 
localization of excessive bending and longitudinal strains, as shown in Fig. 4 and Fig. 6.  

 

 
Fig. 6 Longitudinal strain contour and deformed shape of the pipeline at the bend region: a) in operating conditions; 
b) under seismic loading. 
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Particularly, the large compressive strains at the plastic hinges may lead to local buckling and consequent pipe 
failure, requiring proper mitigation measures in the design phase. 

Furthermore, the axial strains vary linearly along the pipeline in the elastic range, apart  two local peaks 
developing at the bending points (Fig. 4). The latter are produced by the interaction between bending and axial 
strains as a result of the elastoplastic response of the pipe section [27, 28]. Once the maximum longitudinal strain 
exceeds the yielding limit, axial strains increase locally so that the integral of the corresponding longitudinal stresses 
is equal to the continuously increasing axial force due to the ground displacement. 
Evidently, the critical pipe region undergoing excessive plastic deformations is determined by the large bending 
moment, dissipating within a few pipe diameters around the bend (5 m), while beyond it the pipeline is subjected 
only to axial loading in the elastic range. 

4. Conclusions 

The present paper analyses the performance of an operating DH pipeline subjected to seismic loading within the 
finite element methodology, taking into account the geometric and mechanical properties of the system, including 
the soil-pipeline interaction.   

The analyzed pipeline bend suffered plastic strains due to predominant bending induced by the imposed seismic 
ground displacement, leading to large compressive strains associated with local buckling in a brittle failure mode.  

The pipeline performance depends on the geometrical and mechanical properties of the system, like the operating 
temperature, the pipe length, and the bend radius, requiring accurate evaluation in the design phase, in order to 
prevent material damage, under service and seismic loading.  

Moreover, despite the simplistic assumptions regarding the adopted numerical model, including the 
representation of seismic loading as a sinusoidal wave, the obtained results give a better understanding on the 
earthquake response of operating DH pipelines. The latter is characterized by a cyclic soil-pipe interaction during 
seismic wave propagation (Fig. 7), requiring proper consideration in the engineering  design practice. 

 

 
Fig. 7 Pipeline behaviour during: a) operating conditions; b) seismic ground deformation. 
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Particularly, the large compressive strains at the plastic hinges may lead to local buckling and consequent pipe 
failure, requiring proper mitigation measures in the design phase. 

Furthermore, the axial strains vary linearly along the pipeline in the elastic range, apart  two local peaks 
developing at the bending points (Fig. 4). The latter are produced by the interaction between bending and axial 
strains as a result of the elastoplastic response of the pipe section [27, 28]. Once the maximum longitudinal strain 
exceeds the yielding limit, axial strains increase locally so that the integral of the corresponding longitudinal stresses 
is equal to the continuously increasing axial force due to the ground displacement. 
Evidently, the critical pipe region undergoing excessive plastic deformations is determined by the large bending 
moment, dissipating within a few pipe diameters around the bend (5 m), while beyond it the pipeline is subjected 
only to axial loading in the elastic range. 

4. Conclusions 

The present paper analyses the performance of an operating DH pipeline subjected to seismic loading within the 
finite element methodology, taking into account the geometric and mechanical properties of the system, including 
the soil-pipeline interaction.   

The analyzed pipeline bend suffered plastic strains due to predominant bending induced by the imposed seismic 
ground displacement, leading to large compressive strains associated with local buckling in a brittle failure mode.  

The pipeline performance depends on the geometrical and mechanical properties of the system, like the operating 
temperature, the pipe length, and the bend radius, requiring accurate evaluation in the design phase, in order to 
prevent material damage, under service and seismic loading.  

Moreover, despite the simplistic assumptions regarding the adopted numerical model, including the 
representation of seismic loading as a sinusoidal wave, the obtained results give a better understanding on the 
earthquake response of operating DH pipelines. The latter is characterized by a cyclic soil-pipe interaction during 
seismic wave propagation (Fig. 7), requiring proper consideration in the engineering  design practice. 

 

 
Fig. 7 Pipeline behaviour during: a) operating conditions; b) seismic ground deformation. 

5. References 

[1] O’Rourke M.J. and Liu X. "Seismic design of buried and offshore pipelines". Monograph MCEER-12-MN04, 
Multidisciplinary Center for Earthquake Engineering Research, MCEER (2012). 
[2] Karamanos, S. A., Sarvanis, G. C., Keil, B. D., and Card, R. J. "Analysis and Design of Buried Steel Water 
Pipelines in Seismic Areas". Journal of Pipeline Systems Engineering and Practice 8(4) (2017). 
[3] Weidlich I., Illguth M., Banushi G. "Reserves in Axial Shear Strength of District Heating Pipes", International 
Scientific Conference on Environmental and Climate Technologies CONECT (2018). 

10 Gersena Banushi / Energy Procedia 00 (2018) 000–000 

[4] American Lifeline Alliance, ALA. Guidelines for the design of buried steel pipe, (2001) Federal Emergency 
Management Agency, FEMA  
[5] FW401 - Teil 10 Verlegung und Statik von Kunststoffmantelrohren (KMR) für Fernwärmenetze. 
Arbeitsgemeinschaft Fernwärme, (2000) AGFW e.V. 
[6] Weidlich I. and Achmus M. "Measurement of normal pressures and friction forces acting on buried pipes 
subjected to cyclic axial displacements in laboratory experiments". Geotechnical Testing Journal 31(4) (2008): 334-
343, doi: https://doi.org/10.1520/GTJ100804 
[7] Weidlich I. and Wijewickreme D. "Factors influencing soil friction forces on buried pipes used for district 
heating". 13th International Symposium on District Heating and Cooling (2012). 
[8] Huber M. and Wijewickreme D. "Thermal influence on axial pullout resistance of buried district heating pipes". 
14th International Symposium on District Heating and Cooling (2014). 
[9] Gerlach T., Achmus M. and Narten M. "A numerical investigation on the bedding resistance of laterally 
displaced pipelines". Simulia Community Conference (2015). 
[10] Gerlach T. and Achmus M. "On the influence of thermally induced radial pipe extension on the axial friction 
resistance". Energy Procedia; 116 (2017): 351-364, doi: https://doi.org/10.1016/j.egypro.2017.05.082 
[11] Ha D., Abdoun T. H., O’Rourke M. J., Symans M. D., O’Rourke T. D., Palmer M. C. and Stewart H.E. 
"Centrifuge modeling of earthquake effects on buried High-Density PolyEthylene (HDPE) pipelines crossing fault 
zones" Journal of Geotechnical and Geoenvironmental Engineering 134(10) (2008): 1501-1515. 
[12] Karamanos S. A. et al. "Safety of buried steel pipelines under ground-induced deformations". RFCS project 
final report, RFSR-CT-2011-00027, (2015), doi: https://bookshop.europa.eu/en/home/. 
[13] Sarvanis G.C., Ferino J., Karamanos S.A., Vazouras P., Dakoulas P., Mecozzi E. and Demofonti G. "Soil-pipe 
interaction models for simulating the mechanical response of buried steel pipelines crossing active faults". The 26th 
International Ocean and Polar Engineering Conference; International Society of Offshore and Polar Engineers, 
ISOPE (2016). 
[14] Kouretzis G. P., Bouckovalas G. D. and Gantes C. J. "3-D shell analysis of cylindrical underground structures 
under seismic shear (S) wave action". Soil Dynamics and Earthquake Engineering 26(10) (2006): 909-921. 
[15] Saberi, M., H. Arabzadeh, and A. Keshavarz. "Numerical analysis of buried pipelines with right angle elbow 
under wave propagation." Procedia Engineering 14 (2011): 3260-3267. 
[16] Vazouras P., Karamanos S. A. and Dakoulas P. "Mechanical behavior of buried steel pipes crossing active 
strike-slip faults". Soil Dynamics and Earthquake Engineering 41(2012) 164-180. 
[17] Banushi G., Squeglia N., and Thiele K. "Innovative analysis of a buried operating pipeline subjected to strike-
slip fault movement". Soil Dynamics and Earthquake Engineering 107 (2018): 234-249. 
[18] Barbas S.T. and Weir M.S. "Strain-based design methodology for seismic and arctic regions". The Seventeenth 
International Offshore and Polar Engineering Conference, International Society of Offshore and Polar Engineers, 
ISOPE (2007). 
[19] Guijt W. "Design considerations of high-temperature pipelines". Proceedings of the ninth International 
Offshore and Polar Engineering Conference (1999) 683–689. 
[20] EN 13941. "Design and installation of preinsulated bonded pipe systems for district heating". Beuth Verlag 
(2010). 
[21] CEN. "Eurocode 3 - Design of steel structures - Part 4-3: Silos, tanks and pipelines - Pipelines" (2002). 
[22] Goodling, E. C. "Buried piping—an analysis procedure update". Proceedings international symposium on 
lifeline earthquake engineering, ASME, PVP-77 (1983). 
[23] ABAQUS. (2014). User ’ s guide, Simulia, Providence, RI. 
[24] Tung, T. K. and G. C. K. Yeh. "Thermal expansion of underground piping". Pressure Vessels and Piping 
Conference, ASME, PVP-65 (1982). 
[25] Yeh, G. C. K. "Hand calculation of seismic and thermal stresses in buried piping". Earthquake behavior and 
safety of oil and gas storage facilities, buried pipelines and equipment. PVP- 77 (1983). 
[26] American Society of Civil Engineers (ASCE), "Guidelines for the Seismic Design of Oil and Gas Pipeline 
Systems", Committee on Gas and Liquid Fuel Lifelines, ASCE (1984). 
[27] Karamitros, Dimitrios K., George D. Bouckovalas and George P. Kouretzis. "Stress analysis of buried steel 
pipelines at strike-slip fault crossings." Soil Dynamics and Earthquake Engineering 27.3 (2007): 200-211. 
[28] Banushi, G. and Squeglia N. "Seismic analysis of a buried operating steel pipeline with emphasis on the 
equivalent-boundary conditions". Journal of Pipeline Systems Engineering and Practice 9.3 (2018). 



ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

Energy Procedia 149 (2018) 226–235

1876-6102 © 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.
10.1016/j.egypro.2018.08.187

10.1016/j.egypro.2018.08.187

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.

1876-6102

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 
DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

A machine learning approach to fault detection in district heating 
substations 

Sara Månssona,b,*, Per-Olof Johansson Kallioniemia, Kerstin Sernheda, Marcus Therna 
aDepartment of Energy Sciences, Faculty of Engineering, Lund University, P.O. Box 118, SE-221 00 Lund, Sweden 

bVITO, Boeretang 200, BE-2400 MOL, Belgium 

Abstract 

The aim of this study is to develop a model capable of predicting the behavior of a district heating substation, including being 
able to distinguish datasets from well performing substations from datasets containing faults. The model developed in the study is 
based on machine learning algorithms and the model is trained on data from a Swedish district heating substation. A number of 
different models and input/output parameters are tested in the study. The results show that the model is capable of modelling the 
substation behavior, and that the fault detection capability of the model is high.   
 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018. 

Keywords: District heating substations, fault detection, machine learning 

1. Introduction 

As the district heating (DH) systems are developing towards the 4th generation, it becomes increasingly important 
that the components of the systems are performing as well as possible [1]. In the existing DH systems, there are 
components that are poorly performing, and they need to be identified and addressed. One component that has been 
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* Corresponding author. Tel.: +46-46- 222 33 20. 

E-mail address: sara.mansson@energy.lth.se 

2 Sara Månsson et. al/ Energy Procedia 00 (2018) 000–000 

found to contain many faults is the DH substation located at the customers’ installations [2]. Faults in substations 
could for example include valves that are stuck, fouled heat exchanger areas in the heat exchanger, malfunctioning 
temperature transmitters, but also wrong settings in the control system [3]. 

The faults in the substation cause poor cooling performance, which means that the heat from the DH system is not 
transferred in an optimal way in the customer substation. This leads to a need to increase either the flow or the supply 
temperature to be able to transfer the heat needed. This causes the energy efficiency of the entire DH system to 
decrease, especially if many of the substations are poorly performing [3]. Previous studies have shown that large 
shares of the substations in different DH systems are not performing well [4], [5],  indicating that this is an issue that 
should be treated to as soon as possible in order to increase DH efficiency.  

Historically, the most common way of detecting poorly performing substations has been to perform a manual 
analysis of customer data. This task can be extremely time consuming, due to the vast amount of data that is 
investigated when performing the analysis. Because of this, the substations with the largest heat demand in the DH 
system are normally prioritized when performing the analysis, leading to a large share of poorly performing 
substations being undetected. Therefore, well performing, automatic substation fault detection methods are needed. 

The first step towards obtaining a well performing automatic fault detection method based on algorithms is to 
model the behavior of a substation in a good way. This can be done by identifying relationships between the 
measurements from the DH substation in order to establish patterns that occur when a substation is not performing 
optimally. Machine learning (ML) techniques have become one of the most used collection of techniques when 
modelling the relationship between different parameters. ML techniques are algorithms that are not specifically 
programmed; instead the purpose is to let the algorithms learn and improve from experience in order to obtain a well 
performing algorithm. Supervised learning techniques are a collection of ML methods that uses labeled data to train 
models that are used for a multitude of different problems, the most common ones being classification and regression 
modelling [6]. The labeled data consists of an input data set and an output data set, which both can contain one or 
more variables. During the training phase, both input and output data (labeled data) is presented to the model in order 
for it to learn the relationship between input and output data. When the training is finished, the model should be able 
to model the relationship well enough to be able to predict the labels of the output data when new, unlabeled input 
data is presented to the model [7]. Since the data from the district heating customers consist of numerical values, 
regression modelling should be used to predict the labels of the output values. 

In this study, an ML regression model based on Gradient Boosting Regression (GBR) is used to predict the mass 
flow of one individual, well performing substation. The aim of the study is to develop a model that predicts the mass 
flow on an hourly basis, using as few input parameters as possible. When a good model has been obtained, a data set 
containing faults is introduced to the model in order to see if the model will make a different prediction for the faulty 
data set than for the data set that the model is created for 

2. Background and related research 

The heat demand in a building mainly originates from two different needs: the use of space heating and domestic 
hot water preparation [3]. These needs have to be met at all times, which means that the DH utilities need to make 
predictions about the heat demand in their systems in order to meet the customer demand. The prediction can be done 
for the entire system at once, as well as for the individual buildings in the system. Several studies have been conducted 
in the area, but the most recent studies focus mainly on statistical and ML prediction models. The statistical methods 
include Seasonal Auto-Regressive Integrated Moving Average (SARIMA) models, and Multiple Linear Regression 
(MLR) models, [8], [9], [10]. The neural network models are typically based on Boosting Regression (BR), Random 
Forest (RF), Support Vector Machines (SVM), Multi-Layer Perceptrons (MLPs), and k-Nearest Neighbor (k-NN) 
[11]. 

Dalipi et. al. described how different ML algorithms could be used to predict the heat load of a DH system using 
data from a waste incineration plant [12]. The authors compared three different ML algorithms (Support Vector 
Regression (SVR), Partial Least Squares (PLS), and RF) to each other in order to define a heat load forecaster that 
performs well in terms of low error and high accuracy. Fumo presented a review of the basics of building energy 
estimation, in which he mentioned two main approaches: forward (classical) approach and data-driven (inverse) 
approach [13]. The forward approach utilizes the already known mathematical equations describing the physical 
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found to contain many faults is the DH substation located at the customers’ installations [2]. Faults in substations 
could for example include valves that are stuck, fouled heat exchanger areas in the heat exchanger, malfunctioning 
temperature transmitters, but also wrong settings in the control system [3]. 

The faults in the substation cause poor cooling performance, which means that the heat from the DH system is not 
transferred in an optimal way in the customer substation. This leads to a need to increase either the flow or the supply 
temperature to be able to transfer the heat needed. This causes the energy efficiency of the entire DH system to 
decrease, especially if many of the substations are poorly performing [3]. Previous studies have shown that large 
shares of the substations in different DH systems are not performing well [4], [5],  indicating that this is an issue that 
should be treated to as soon as possible in order to increase DH efficiency.  

Historically, the most common way of detecting poorly performing substations has been to perform a manual 
analysis of customer data. This task can be extremely time consuming, due to the vast amount of data that is 
investigated when performing the analysis. Because of this, the substations with the largest heat demand in the DH 
system are normally prioritized when performing the analysis, leading to a large share of poorly performing 
substations being undetected. Therefore, well performing, automatic substation fault detection methods are needed. 

The first step towards obtaining a well performing automatic fault detection method based on algorithms is to 
model the behavior of a substation in a good way. This can be done by identifying relationships between the 
measurements from the DH substation in order to establish patterns that occur when a substation is not performing 
optimally. Machine learning (ML) techniques have become one of the most used collection of techniques when 
modelling the relationship between different parameters. ML techniques are algorithms that are not specifically 
programmed; instead the purpose is to let the algorithms learn and improve from experience in order to obtain a well 
performing algorithm. Supervised learning techniques are a collection of ML methods that uses labeled data to train 
models that are used for a multitude of different problems, the most common ones being classification and regression 
modelling [6]. The labeled data consists of an input data set and an output data set, which both can contain one or 
more variables. During the training phase, both input and output data (labeled data) is presented to the model in order 
for it to learn the relationship between input and output data. When the training is finished, the model should be able 
to model the relationship well enough to be able to predict the labels of the output data when new, unlabeled input 
data is presented to the model [7]. Since the data from the district heating customers consist of numerical values, 
regression modelling should be used to predict the labels of the output values. 

In this study, an ML regression model based on Gradient Boosting Regression (GBR) is used to predict the mass 
flow of one individual, well performing substation. The aim of the study is to develop a model that predicts the mass 
flow on an hourly basis, using as few input parameters as possible. When a good model has been obtained, a data set 
containing faults is introduced to the model in order to see if the model will make a different prediction for the faulty 
data set than for the data set that the model is created for 

2. Background and related research 

The heat demand in a building mainly originates from two different needs: the use of space heating and domestic 
hot water preparation [3]. These needs have to be met at all times, which means that the DH utilities need to make 
predictions about the heat demand in their systems in order to meet the customer demand. The prediction can be done 
for the entire system at once, as well as for the individual buildings in the system. Several studies have been conducted 
in the area, but the most recent studies focus mainly on statistical and ML prediction models. The statistical methods 
include Seasonal Auto-Regressive Integrated Moving Average (SARIMA) models, and Multiple Linear Regression 
(MLR) models, [8], [9], [10]. The neural network models are typically based on Boosting Regression (BR), Random 
Forest (RF), Support Vector Machines (SVM), Multi-Layer Perceptrons (MLPs), and k-Nearest Neighbor (k-NN) 
[11]. 

Dalipi et. al. described how different ML algorithms could be used to predict the heat load of a DH system using 
data from a waste incineration plant [12]. The authors compared three different ML algorithms (Support Vector 
Regression (SVR), Partial Least Squares (PLS), and RF) to each other in order to define a heat load forecaster that 
performs well in terms of low error and high accuracy. Fumo presented a review of the basics of building energy 
estimation, in which he mentioned two main approaches: forward (classical) approach and data-driven (inverse) 
approach [13]. The forward approach utilizes the already known mathematical equations describing the physical 
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relationships of a system and known inputs to predict an output parameter. In contrast, the data-driven approach 
consists of methods where measured variables are used as input for ML algorithms that uses the data to learn the 
behavior of the system. 

Prediction methods have also been used in different contexts in order to detect anomalies in datasets. Araya et. al. 
presented a method that combined prediction-based and pattern-based classifiers to determine whether a consumption 
pattern was anomalous or not [14]. Chen et. al. described a statistical predictive method for detecting anomalies in 
building energy consumption [15]. The authors created a model of the baseline behavior of a building’s energy 
consumption and calculated prediction intervals (PIs) for the mean and variance of the predicted data. The PIs 
described an estimate of an interval that future values should fall within. Future real values were considered as 
anomalies when their mean and/or variance fell outside the Pis. A similar approach was used in a study conducted by 
Baldacci et. al., where a prediction method using linear regression was used to detect anomalies in natural gas 
consumption [16]. 

The previous studies show that the most common techniques for prediction modelling in DH contexts are 
techniques that utilize patterns in existing DH data in order to identify important relationships between different 
variables. However, prediction methods have been used to detect anomalies in other energy-related research areas. 
The novelty of the work conducted in this study is that it combines the concepts of prediction modelling for forecasting 
in DH with the concepts of fault detection used in other fields. 

3. Method 

3.1. Data set 

The data set used in this study consisted of hourly values during one year (November-November) from the primary 
side of one DH substation in a DH system in Sweden. The set originally contained hourly meter readings for one year 
for each measurement variable, but since some of these measurements were incomplete due to different reasons, the 
final number of instances was 8726. The variables, or features, that were included in the data set can be found in Table 
1. Tout,24 refers to the average value of the outdoor temperature during the previous 24 hours. 

Table 1. Features included in the data set.  

Feature Notation Unit 
Outdoor temperature Tout ˚C 
Outdoor temperature, 24 hour average value Tout,24 ˚C 
Hour of the day t h 
Supply temperature Ts ˚C 
Return temperature Tr ˚C 
Mass flow per hour �̇�𝑚 m3/h 

 
The data set was divided into one test set and one training set. The ratio between the number of meter readings in 

the training and test sets was 80/20.   

3.2. Programming language 

In this study, Python and the Scikit-learn package was used to conduct the modelling and fault detection. Python 
is an interpreted, object-oriented, high-level programming language, often used for data analysis and scientific 
computing. Python contains a wide range of different packages that can be used for these tasks, the Scikit-learn 
package being one of them. Scikit-learn is one of the most used packages for machine learning and provides a range 
of ML algorithms, including algorithms for regression, clustering, dimensionality reduction and preprocessing of 
features [17]. 
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3.3. TPOT 

Developing a machine learning algorithm can be a time consuming task, due to the fact that all data sets are unique 
and contain different challenges. There is almost always need for some sort of manual preprocessing of the data, to 
make sure that the data quality is sufficient. The variables (or features) may have to be modified in some way, e.g., 
scaling or introduction of polynomial features, and a well-performing predictor has to be chosen from the numerous 
methods that are available amongst the ML techniques [18]. 

In order to bypass some of the issues that traditionally arise when developing an ML model, a number of tools have 
been developed that allows the user to automate parts of the data analysis. One of these tools is the Tree-based Pipeline 
Optimization Tool (TPOT), which is an automated machine learning tool. TPOT is implemented in Python and creates 
combinations, or pipelines, of data transformations and machine learning models using genetic programming [18].  
The tool optimizes the performance of the entire pipeline, using pre-existing algorithms in novel ways. Before using 
TPOT, the user must manually prepare the data for modelling by making sure that the data contains no missing or 
mislabeled values. TPOT then optimizes feature selection, feature preprocessing, feature construction, model 
selection, and parameter optimization. The last step of the ML process, the model validation, is carried out by the user. 

3.4. Model Validation 

The model validation can be carried out in a number of different ways. In this study, two different measures of 
difference between two variables were used: the coefficient of determination and the mean absolute error. 

The coefficient of determination, or R2 value, can be calculated using Equation 1. In the equation, SSres is the sums 
of squares of the residuals, and SStot is the total sum of squares which is proportional to the variance of the data. The 
R2 value is a number between zero and one, and a well performing model is expected to have a value close to one.  

tot
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The mean absolute error, MAE, is the averaged sum of the absolute value of the residuals between actual values 
and predicted values can be calculated using equation 2. The MAE value for a well performing model is expected to 
be as close to zero as possible. 
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3.5. Determining what TPOT pipeline to use 

When running TPOT, it is important to make sure that the tool provides a well-functioning pipeline, with a model 
that captures the behavior of the substation well. In order to make sure that such a pipeline is obtained, TPOT was 
used on 16 different training sets and 16 different test sets to produce 16 different pipelines. The next step of the 
selection process was to introduce the obtained pipelines to the same training set, in order to be able to compare their 
performance for the same data. After fitting the pipelines to the labeled training data, they were introduced to the same 
test set and the R2 and MAE values were then calculated. The resulting values are displayed in Table 2. The pipeline 
that had the highest R2 value and the lowest MAE value for the test set was picked as the one to be further investigated 
in this study. The best performing pipeline was pipeline number 13 (highlighted in grey in Table 2), which had an R2 
value of 0.986 an and MAE of 0.100.  
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for each measurement variable, but since some of these measurements were incomplete due to different reasons, the 
final number of instances was 8726. The variables, or features, that were included in the data set can be found in Table 
1. Tout,24 refers to the average value of the outdoor temperature during the previous 24 hours. 
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The data set was divided into one test set and one training set. The ratio between the number of meter readings in 

the training and test sets was 80/20.   

3.2. Programming language 

In this study, Python and the Scikit-learn package was used to conduct the modelling and fault detection. Python 
is an interpreted, object-oriented, high-level programming language, often used for data analysis and scientific 
computing. Python contains a wide range of different packages that can be used for these tasks, the Scikit-learn 
package being one of them. Scikit-learn is one of the most used packages for machine learning and provides a range 
of ML algorithms, including algorithms for regression, clustering, dimensionality reduction and preprocessing of 
features [17]. 
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methods that are available amongst the ML techniques [18]. 
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combinations, or pipelines, of data transformations and machine learning models using genetic programming [18].  
The tool optimizes the performance of the entire pipeline, using pre-existing algorithms in novel ways. Before using 
TPOT, the user must manually prepare the data for modelling by making sure that the data contains no missing or 
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selection, and parameter optimization. The last step of the ML process, the model validation, is carried out by the user. 

3.4. Model Validation 

The model validation can be carried out in a number of different ways. In this study, two different measures of 
difference between two variables were used: the coefficient of determination and the mean absolute error. 

The coefficient of determination, or R2 value, can be calculated using Equation 1. In the equation, SSres is the sums 
of squares of the residuals, and SStot is the total sum of squares which is proportional to the variance of the data. The 
R2 value is a number between zero and one, and a well performing model is expected to have a value close to one.  

tot

res
SS
SSR  12     (1) 
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3.5. Determining what TPOT pipeline to use 

When running TPOT, it is important to make sure that the tool provides a well-functioning pipeline, with a model 
that captures the behavior of the substation well. In order to make sure that such a pipeline is obtained, TPOT was 
used on 16 different training sets and 16 different test sets to produce 16 different pipelines. The next step of the 
selection process was to introduce the obtained pipelines to the same training set, in order to be able to compare their 
performance for the same data. After fitting the pipelines to the labeled training data, they were introduced to the same 
test set and the R2 and MAE values were then calculated. The resulting values are displayed in Table 2. The pipeline 
that had the highest R2 value and the lowest MAE value for the test set was picked as the one to be further investigated 
in this study. The best performing pipeline was pipeline number 13 (highlighted in grey in Table 2), which had an R2 
value of 0.986 an and MAE of 0.100.  
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Table 2. R2 and MAE values for the 16 different pipelines, used for the same test set. The 
best performing pipeline is highlighted in grey. 

TPOT number R2 MAE 
1 0.963 0.139 
2 0.972 0.132 
3 0.959 0.153 
4 0.974 0.139 
5 0.980 0.102 
6 0.971 0.128 
7 0.959 0.150 
8 0.968 0.127 
9 0.964 0.135 
10 0.963 0.151 
11 0.972 0.141 
12 0.960 0.145 
13 0.970 0.133 
14 0.986 0.100 
15 0.959 0.148 
16 0.962 0.143 

 

3.6. Final pipeline 

The best performing pipeline, that was chosen to be further investigated in the study, consisted of two major 
components: pre-processing of data, and modelling, as illustrated in Fig. 2. 

 
 
 
 
 
 
 
 
 
 

 
The first component, data pre-processing, consisted of four different steps. The first step consisted of a method for 

data standardization, which means that the features were standardized by removing their individual means and scaling 
to unit variance. This was done in order to make the distribution of the individual features look more or less like 
normally distributed data, since many machine learning algorithms (including the one used in this study) expects 
normally distributed data. If features of other distributions are introduced to the algorithms, there could be a risk of 
overestimating some features and excluding others that still would be useful in the next step. 

In the second data pre-processing step, more features were generated. The generated features were polynomial and 
interaction terms of the original features. If the original features were labelled x1, x2, and so on, the additional features 
were generated as, e.g., the polynomial term x1

2, and the interaction term x1x2. This kind of terms are normally 
introduced if no good model can be found when only using the original features. In this study, polynomial terms up 
to the second order of the original terms and first order of the interaction terms were included. 

The next step of the data pre-processing scaled the features robustly, which means that all features, both the original 
and the generated ones, were standardized using a method that was robust to outliers. This was done in order to obtain 
a dataset where the ranges of the features were kept within the same limits. Similar feature ranges are important when 
modelling features that are normally measured in different units, e.g., when comparing the supply temperature to the 
flow rate per hour. Due to the different scales of the features, it might seem as if one feature is not varying as much 
as the other. This implies that the model should not put equal emphasis to the features’ variation when fitting the 
model, causing a poorer fit of the data. 

Fig. 1. Illustration of the TPOT pipeline 
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The last step consisted of a method for feature selection, where the features that were finally used to model the 
substation behavior were selected using the family-wise error rate. This meant that some of the features, either original 
or generated features, was not used to model the behavior of the substation. This is a common procedure in when 
using ML as a prediction tool, since it is important to keep the model as simple as possible. The features that were not 
contributing with new information to the model was therefore excluded. 

The second main component of the pipeline was the regressor that predicted the behavior of the substation. The 
regressor was the Gradient Boosting Regressor (GBR). Gradient boosting is an iterative process, where regression 
models are added one by one to a so-called ensemble of methods. The model that is added in each iteration step is 
trained to minimize the regression error that the rest of the ensemble produces when modelling the data [19]. This 
means that in each iteration step, the added model improves the prediction ability of the ensemble. The final ensemble 
is obtained when a specified number of iterations has been performed. The number of iterations vary depending on 
how complex the data structure is, but in this study, 100 iterations was needed to obtain a model that did not improve 
significantly in terms of prediction ability when adding new models to the ensemble. 

3.7. Test of variables 

Since there are a number of plausible parameter combinations that could be used to model the substation behavior, 
a parameter test was conducted. In the test, the final pipeline was introduced to a number of different combinations of 
input and output parameters in order to see how well it could learn the substation behavior. The combinations were 
evaluated using the R2 and MAE values.  

The most promising combinations of the variable test are found in Table 3. The input/output combination that gave 
the highest R2 value and the lowest MAE value was combination number 5 (highlighted in grey). 

Table 3. Parameter combinations that were tested with the model. Combination number 5, highlighted in grey, obtained the best R2 and 
MAE value. 

Combination Input parameters Output parameters R2 value MAE value 
1 Tout, Tr, Ts, t �̇�𝑚 0.9703 0.1337 
2 Tout,24, Tr, Ts, t �̇�𝑚 0.9555 0.2027 
3 Tout, Ts, �̇�𝑚, t Tr 0.8839 1.1091 
4 Tout,24, Ts, �̇�𝑚, t Tr 0.8903 1.0348 
5 Tout,24, Tout, Ts, t �̇�𝑚 0.9740 0.1301 
6 Tout,24, Tout, Ts, t Tr 0.8841 1.0555 
7 Tout,24, Tout, Ts, t Tr, �̇�𝑚 0.9296 0.5857 
  Tr 0.8868 1.0412 
  �̇�𝑚 0.9723 0.1301 

 

3.8. Inducing faults 

In order to test the fault detection potential of the model, the model was introduced to a dataset consisting of the 
parameters in the best performing parameter combination presented in section 3.7. To obtain a faulty dataset, two 
faults that are commonly known to occur in DH customer values were induced in the dataset from the well performing 
substation.  

The first fault was related to communication problems between the meter and the DH utility’s database, and occurs 
when the connection between the meter and the utility’s database is lost. When this happens, many utilities choose to 
replace the missing meter reading with a fixed value. In this case, a value of 60 ˚C was inserted randomly in the data 
set for the supply temperature. Since this was an extremely low value comparing to the original dataset, another fault 
was also induced where the original value of the supply temperature was decreased by 10 %. 

The second fault that was induced was a drifting meter fault, which can be described as a “…gradual change in 
output over a period of time which is unrelated to any change in input” [20]. The drifting meter fault was induced for 
two different meters: the outdoor temperature meter and the supply temperature meter. The fault was induced as a 
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replace the missing meter reading with a fixed value. In this case, a value of 60 ˚C was inserted randomly in the data 
set for the supply temperature. Since this was an extremely low value comparing to the original dataset, another fault 
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The second fault that was induced was a drifting meter fault, which can be described as a “…gradual change in 
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gradually increasing addition to the original meter readings. For both variables, the maximum increase of the values 
was 1.08 ˚C. 

In order to evaluate how the model performs when it was introduced to a dataset containing faults, the prediction 
performance of the model for the faulty dataset was compared to the prediction performance for the original dataset. 
The hourly residual between the real values and the predicted values for the faulty dataset was computed, as well as 
the hourly residual between the real values and the predicted values for the original dataset without faults. The 
cumulative sums of these residuals were also calculated using a rolling window that included the residuals from the 
last 24 hours. 

4. Results 

4.1. Model performance, well performing data set 

Fig. 2 (a) displays the actual values obtained from the substation (blue dots), and the predicted values obtained 
from the model (red dots) as a function of time. As can be seen in the figure, the model is not able to capture all of the 
rapid changes that occur in a DH substation. However, the R2 value of 0.986 is deemed to be good enough to continue 
with the model. Fig. 2 (b) displays the predicted values as a function of the real values. The relationship between the 
variables displays a more or less linear behavior, which is expected when a model that describes the main share of the 
variation in the original data has been obtained.  

 

 

 

 

 

 

 

 

4.2. Model performance, data sets containing faults 

Fig. 3(a) displays two residuals: the residual between the real values and the predicted values for a well performing 
substation (blue line), and the residuals between the real values and the data where a communication fault has been 
induced (red line). Fig. 3Fig. 4 (b) displays the cumulative sum over a 24 h interval of the same residuals. As can be 
seen from the residuals and the cumulative sum of the residuals, the residuals of the dataset containing faults deviate 
significantly from the residuals of the well performing dataset. This can especially be seen in Fig. 3 (b). The deviations 
were further investigated and were found to correspond to days where the 60 ˚C fault had been induced. 

 

Fig. 2. (a) Real and predicted values for the entire data set. (b) Predicted values as a function of the real values. 
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Fig. 4 (a) and (b) displays the residual and the cumulative sum of the residuals for the data where supply temperature 
instances have been decreased by 10 % (red lines). The figures also show the residual for the well performing dataset 
(blue lines). The difference between the residuals of the well performing dataset and the faulty dataset is not large, but 
the cumulative sum displays a larger difference. 
 

 
 

Fig. 5. displays the residual and cumulative sum of a dataset containing measurements from a drifting outdoor 
temperature meter (red lines), as well as the residual and cumulative sum for the well performing dataset (blue lines). 
For the residual, the deviation from the well performing dataset is not clearly visible, but the cumulative sum  in Fig. 
5. (b) displays a clear deviation approximately one month after the fault was induced in the data. 

 

 
 

Fig. 6. (a) displays the residuals for data induced with a drifting supply temperature meter (red line), and Fig. 6. (b) 
displays the cumulative sum of the residual (red line). In the same figures, the residual and cumulative sum of the 
residual for the well performing substation are displayed as well (blue lines). Here, there is no clear deviation from 
the residuals and cumulative sum of the well performing substation. 

Fig. 3. (a) Residuals for data with supply temperatures of 60 ˚C. (b) Cumulative sum of 
residuals for data with supply temperature of 60 ˚C. 

Fig. 4. (a) Residuals for data with supply temperatures that have been decreased by  
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decreased by 10 %. 

Fig. 5. (a) Residuals for data with drifting meter, outdoor temperature. (b) Cumulative 
sum of residuals for data with drifting meter, outdoor temperature. 
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gradually increasing addition to the original meter readings. For both variables, the maximum increase of the values 
was 1.08 ˚C. 

In order to evaluate how the model performs when it was introduced to a dataset containing faults, the prediction 
performance of the model for the faulty dataset was compared to the prediction performance for the original dataset. 
The hourly residual between the real values and the predicted values for the faulty dataset was computed, as well as 
the hourly residual between the real values and the predicted values for the original dataset without faults. The 
cumulative sums of these residuals were also calculated using a rolling window that included the residuals from the 
last 24 hours. 

4. Results 

4.1. Model performance, well performing data set 

Fig. 2 (a) displays the actual values obtained from the substation (blue dots), and the predicted values obtained 
from the model (red dots) as a function of time. As can be seen in the figure, the model is not able to capture all of the 
rapid changes that occur in a DH substation. However, the R2 value of 0.986 is deemed to be good enough to continue 
with the model. Fig. 2 (b) displays the predicted values as a function of the real values. The relationship between the 
variables displays a more or less linear behavior, which is expected when a model that describes the main share of the 
variation in the original data has been obtained.  

 

 

 

 

 

 

 

 

4.2. Model performance, data sets containing faults 

Fig. 3(a) displays two residuals: the residual between the real values and the predicted values for a well performing 
substation (blue line), and the residuals between the real values and the data where a communication fault has been 
induced (red line). Fig. 3Fig. 4 (b) displays the cumulative sum over a 24 h interval of the same residuals. As can be 
seen from the residuals and the cumulative sum of the residuals, the residuals of the dataset containing faults deviate 
significantly from the residuals of the well performing dataset. This can especially be seen in Fig. 3 (b). The deviations 
were further investigated and were found to correspond to days where the 60 ˚C fault had been induced. 

 

Fig. 2. (a) Real and predicted values for the entire data set. (b) Predicted values as a function of the real values. 
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Fig. 4 (a) and (b) displays the residual and the cumulative sum of the residuals for the data where supply temperature 
instances have been decreased by 10 % (red lines). The figures also show the residual for the well performing dataset 
(blue lines). The difference between the residuals of the well performing dataset and the faulty dataset is not large, but 
the cumulative sum displays a larger difference. 
 

 
 

Fig. 5. displays the residual and cumulative sum of a dataset containing measurements from a drifting outdoor 
temperature meter (red lines), as well as the residual and cumulative sum for the well performing dataset (blue lines). 
For the residual, the deviation from the well performing dataset is not clearly visible, but the cumulative sum  in Fig. 
5. (b) displays a clear deviation approximately one month after the fault was induced in the data. 
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displays the cumulative sum of the residual (red line). In the same figures, the residual and cumulative sum of the 
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5. Analysis and Discussion 

The results of this study show that it is possible to model the behavior of a DH substation using machine learning 
algorithms, specifically using the Gradient Boosting Regressor. As can be seen the variable test, the model predictions 
were most accurate when having the flow rate as output parameter, and outdoor temperature, time of day, and supply 
temperature as input parameters. Fig. 2. (a) shows that the model manages to capture the main part of the substation’s 
behavior, except for the most extreme values in the original dataset. This is confirmed by Fig. 2. (b), which displays 
the predicted values as a function of the real values. The values display a more or less linear relationship, which is 
expected (within a reasonable error limit) when a model is able to capture the largest part of the behavior of the output 
variable. The values that are deviating significantly from the linear behavior in Fig. 2. (b) are coupled to the most 
extreme values of the real dataset, which the model was not able to capture.  

When testing the fault detection capability of the model, it is clear that different parameters have different impact 
on the model’s performance. The fault representing communication error between the substation and the DH utility’s 
database is clearly visible when comparing the residuals of the faulty dataset and the well performing dataset (Fig. 4 
(a) and (b)). However, when comparing this to the faulty dataset containing an induced drifting supply temperature 
meter in Fig. 6., it is clear that the deviation from the original dataset is not as large. When comparing these conclusions 
to the results in Fig. 4. (a) and (b), it is clear that the residuals from the dataset containing supply temperature 
measurements that have been decreased by 10 % show a larger difference from the well performing substation than 
in the case of the drifting supply temperature meter. The deviation is not as large as for the data where 60 ˚C was 
induced, but this was expected since the 60 ˚C fault was extreme in this particular DH system and dataset.  

Based on the figures presented in the results, the largest difficulty of obtaining a well performing fault detection 
method that works automatically will be to find an evaluation algorithm that can distinguish a sudden change in the 
residual and/or cumulative sum. When looking at Fig. 4. (b), it is clear that the deviations from the cumulative sum of 
the well performing dataset in most cases do not deviate significantly from the most extreme residuals from the well 
performing dataset. However, the most extreme deviations in the residual of the well performing dataset occur during 
summer, when the behavior of the substation will be different due to the fact that no space heating demand occur in 
the customer installation. When looking at the first part of the cumulative sum in Fig. 4. (b), from November until 
May, it is clear that the deviation from the residual of the well performing dataset is large, and it might be necessary 
to detect the deviations during heating season separately. One way of doing this could be to monitor the change of the 
residual and/or cumulative sum that the model produces continuously and flag a fault if a rapid change occurs. 

The model is more sensitive to changes in measurements from the outdoor temperature meter. As can be seen in 
Fig. 5. (b), the cumulative sum of the residual of the faulty dataset deviates significantly from the residuals of the well 
performing dataset approximately one month after the fault is induced. The fault induced had a maximum value of 
1.08 ̊ C, and even though this can be considered as a small (and reasonable) change in the measurements of the outdoor 
temperature, the model responded clearly to the change. This is very promising for continued model development and 
fault detection studies. 

Fig. 6. (a) Residuals for data with drifting meter, supply temperature. (b) Cumulative sum 
of residuals for data with drifting meter, supply temperature. 
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6. Conclusion 

In this study, a model for the flow rate in a DH substation has been created, using the outdoor temperature, supply 
temperature and time of day as input parameters. The model is based on a number of data pre-processing steps, as 
well as a regression method called Gradient Boosting Regressor. When introduced to datasets containing different 
faults, the model predictions change, which shows great promise for continued fault detection studies using this model. 
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May, it is clear that the deviation from the residual of the well performing dataset is large, and it might be necessary 
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6. Conclusion 

In this study, a model for the flow rate in a DH substation has been created, using the outdoor temperature, supply 
temperature and time of day as input parameters. The model is based on a number of data pre-processing steps, as 
well as a regression method called Gradient Boosting Regressor. When introduced to datasets containing different 
faults, the model predictions change, which shows great promise for continued fault detection studies using this model. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The behavior of a district heating (DH) substation has a social and operational context. The social context comes from its general 
usage pattern and personal requirements of building inhabitants. The operational context comes from its configuration settings 
which considers both the weather conditions and social requirements.  The parameter estimating thermal energy demand response 
with respect to change in outdoor temperature conditions along with the strength of the relationship between these variables are 
two important measures of operational efficiency of a substation. In practice, they can be estimated using a regression model 
where the slope parameter measures the average response and 𝑅𝑅2 measures the strength of the relationship. These measures are 
also important from a monitoring perspective. However, factors related to the social context of a building and the presence of 
unexplained outliers can make estimation of these measures a challenging task. Social context of a data point, in many cases 
appears as an outlier. Data efficiency is also required if these measures are to be estimated in a timely manner. Under these 
circumstances, methods that can isolate and reduce the effect of outliers in a principled and data efficient manner are required. 
We therefore propose to use robust regression based on M-estimator type loss function which can not only identify possible 
outliers present in the data of each substation but also reduce their effect on the estimated slope parameter. Moreover, substations 
that are comparable according to certain criteria, for instance, those with almost identical energy demand levels, should have 
relatively similar slopes. This provides an opportunity to observe deviating substations under the assumption that comparable 
substations should show homogeneity in their behavior.  Furthermore, the slope parameter can be compared across time to 
observe if the dynamics of a substation has changed.  Our analysis shows that robust regression method in combination with 
ordinary least squares can provide reliable estimates on the operational efficiency of DH substations. 
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Abstract 

The behavior of a district heating (DH) substation has a social and operational context. The social context comes from its general 
usage pattern and personal requirements of building inhabitants. The operational context comes from its configuration settings 
which considers both the weather conditions and social requirements.  The parameter estimating thermal energy demand response 
with respect to change in outdoor temperature conditions along with the strength of the relationship between these variables are 
two important measures of operational efficiency of a substation. In practice, they can be estimated using a regression model 
where the slope parameter measures the average response and 𝑅𝑅2 measures the strength of the relationship. These measures are 
also important from a monitoring perspective. However, factors related to the social context of a building and the presence of 
unexplained outliers can make the estimation of these measures a challenging task. Social context of a data point in DH, in many 
cases appears as an outlier. Data efficiency is also required if these measures are to be estimated in a timely manner. Under these 
circumstances, methods that can isolate and reduce the effect of outliers in a principled and data efficient manner are required. 
We therefore propose to use Huber regression, a robust method based on M-estimator type loss function. This method can not 
only identify possible outliers present in the data of each substation but also reduce their effect on the estimated slope parameter. 
Moreover, substations that are comparable according to certain criteria, for instance, those with almost identical energy demand 
levels, should have relatively similar slopes. This provides an opportunity to observe deviating substations under the assumption 
that comparable substations should show homogeneity in their behavior.  Furthermore, the slope parameter can be compared 
across time to observe if the dynamics of a substation has changed.  Our analysis shows that Huber regression in combination 
with ordinary least squares can provide reliable estimates on the operational efficiency of DH substations. 
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1. Introduction  

Analysis of the substations is very important for improving the overall efficiency of the entire DH network. 
According to [1], two criteria, irregular oscillations in energy and flow, and low correlation between energy demand 
and outdoor temperature, may describe inefficient substation control settings. This paper, however, does not specify 
a particular measure to quantify these two criteria. In general, a simple way to observe operational efficiency of a 
substation is to measure its energy demand response to outdoor temperature changes and the strength of the 
relationship between these two variables. These can be estimated using a regression model. However, usage pattern 
of a building and individual requirements of its residents may appear as outliers in data. For instance, in many 
buildings, one can usually observe a surge in energy demand on Mondays and a substantial decrease during the 
weekends. This may pose a significant challenge for traditional methods such as the ordinary least squares (OLS) to 
efficiently and accurately estimate the operational efficiency measures of a substation, thus resulting in false alarms. 
Hence, we propose to use Huber regression [8], a robust method based on the M-estimator type loss function.  The 
main reasoning behind the choice of this method is to isolate outliers and reduce their effect on the estimated 
response parameter without completely removing them. The use of robust regression methods is not common in the 
district heating literature. A mentionable work in this respect is [4]. 

From a statistical perspective, energy demand of a building is usually a combination of three processes. The first 
process is governed by outdoor temperature, the second by overall building usage pattern and the third by individual 
requirements of a resident. We assume that the primary process is a result of changes in outdoor temperature. In this 
situation OLS will try to fit all the three processes, doing justice to none. Robust regression on the other hand will fit 
the primary process while marking data from those secondary processes as outliers. 

This paper investigates the following questions: 
1. Do outliers detected through Huber regression explain the usage pattern of a building? 
2. To what degree do outliers effect the strength of relation between energy demand and outdoor 

temperature? 
3. Can changes in the parameter describing the relationship between energy demand response of a 

substation be explained by changes in return temperature and/or flow? 
4. Do buildings belonging to the same building category, as marked by their owner company, show 

homogeneity of behavior in terms of their usage pattern? 
5. In what ways does this analysis lead to identification of possible malfunctions and wrong configurations 

in DH substations? 
The paper is organized as follows. An overview of on robust methods is provided in Section 2.  In Section 3. we 

describe our methodology based on robust first difference regression. In Section 4. we describe details about the 
data. In Section 5. we present the results and show the corresponding visualizations. Finally, in Section 6. we present 
the summary of our findings and a discussion. 

2. Robust methods 

Prior assumptions form a basis for any statistical inference procedure. The most common such assumption is the 
normality of data generating process. Most statistical methods are sensitive to minor deviations from this 
assumption.  For instance, OLS assumes that residual errors are normally distributed and homoscedastic.  However, 
observations obtained in real-world, such as those from district heating substations, present a different picture. 
Missing values, sensor faults, equipment malfunction, misconfiguration, low time resolution and varying consumer 
behavior makes estimating the relationship between intrinsically linked variables such as energy demand and 
outdoor temperature quite difficult.  It can be argued that a two step-procedure can solve this problem: 
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1. Introduction  

Analysis of the substations is very important for improving the overall efficiency of the entire DH network. 
According to [1], two criteria, irregular oscillations in energy and flow, and low correlation between energy demand 
and outdoor temperature, may describe inefficient substation control settings. This paper, however, does not specify 
a particular measure to quantify these two criteria. In general, a simple way to observe operational efficiency of a 
substation is to measure its energy demand response to outdoor temperature changes and the strength of the 
relationship between these two variables. These can be estimated using a regression model. However, usage pattern 
of a building and individual requirements of its residents may appear as outliers in data. For instance, in many 
buildings, one can usually observe a surge in energy demand on Mondays and a substantial decrease during the 
weekends. This may pose a significant challenge for traditional methods such as the ordinary least squares (OLS) to 
efficiently and accurately estimate the operational efficiency measures of a substation, thus resulting in false alarms. 
Hence, we propose to use Huber regression [8], a robust method based on the M-estimator type loss function.  The 
main reasoning behind the choice of this method is to isolate outliers and reduce their effect on the estimated 
response parameter without completely removing them. The use of robust regression methods is not common in the 
district heating literature. A mentionable work in this respect is [4]. 

From a statistical perspective, energy demand of a building is usually a combination of three processes. The first 
process is governed by outdoor temperature, the second by overall building usage pattern and the third by individual 
requirements of a resident. We assume that the primary process is a result of changes in outdoor temperature. In this 
situation OLS will try to fit all the three processes, doing justice to none. Robust regression on the other hand will fit 
the primary process while marking data from those secondary processes as outliers. 

This paper investigates the following questions: 
1. Do outliers detected through Huber regression explain the usage pattern of a building? 
2. To what degree do outliers effect the strength of relation between energy demand and outdoor 

temperature? 
3. Can changes in the parameter describing the relationship between energy demand response of a 

substation be explained by changes in return temperature and/or flow? 
4. Do buildings belonging to the same building category, as marked by their owner company, show 

homogeneity of behavior in terms of their usage pattern? 
5. In what ways does this analysis lead to identification of possible malfunctions and wrong configurations 

in DH substations? 
The paper is organized as follows. An overview of on robust methods is provided in Section 2.  In Section 3. we 

describe our methodology based on robust first difference regression. In Section 4. we describe details about the 
data. In Section 5. we present the results and show the corresponding visualizations. Finally, in Section 6. we present 
the summary of our findings and a discussion. 

2. Robust methods 

Prior assumptions form a basis for any statistical inference procedure. The most common such assumption is the 
normality of data generating process. Most statistical methods are sensitive to minor deviations from this 
assumption.  For instance, OLS assumes that residual errors are normally distributed and homoscedastic.  However, 
observations obtained in real-world, such as those from district heating substations, present a different picture. 
Missing values, sensor faults, equipment malfunction, misconfiguration, low time resolution and varying consumer 
behavior makes estimating the relationship between intrinsically linked variables such as energy demand and 
outdoor temperature quite difficult.  It can be argued that a two step-procedure can solve this problem: 
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1. Apply certain rules for outlier rejection, for e.g., based on classical 3-sigma edit rule, to clean the data. 
2. Use classical estimation and testing procedures on the remaining data.  

There are several problems with the above procedure as mentioned in [2]. First, one needs to have parameter 
estimates, especially in a multiple regression case, before one can "cleanly" separate outliers. Second, the resulting 
dataset after applying outlier rejection rules may not reflect the actual distribution of the process. Third, classical 
rejection rules, in many cases, cannot cope with situations when one outlier can mask the other such that none of 
them is rejected. 

It was argued in [3] that outlier diagnostics and robust regression have similar goals, but they proceed in the 
opposite order:  In a diagnostic setting, one first wants to identify the outliers and then fit the good data in the 
classical way, whereas the robust approach first fits a regression that does justice to the majority of the data and 
then discovers the outliers as those points having large residuals from the robust equation. The philosophical 
arguments on which approach is better have different point of views. We believe that robust regression is a more 
principled approach towards outliers. 

Robust regression methods, in general, rely on less restrictive assumptions. Not only can they detect the presence 
of outliers but also remove or dampen their effect on the estimated parameters. The M-estimators are class of robust 
regression methods based on maximum likelihood. Moreover, these methods are also called winsorizing, i.e., they do 
not completely remove the effect of an influencing outlier, but reduce it. This stands in contrast to other classes of 
robust methods such as least trimmed squares (LTS) [3,6] which remove the effect of outliers completely.  

In a linear regression, the loss function increases quadratically with the increase of its residuals: 
 

𝜌𝜌(𝒖𝒖) = Σ𝑖𝑖=1𝑛𝑛 𝑢𝑢𝑖𝑖2 
 

Hence, the loss function is not robust to outliers. One approach to alleviate this problem is to use absolute value of 
the loss function: 

 
𝜌𝜌(𝒖𝒖) = Σ𝑖𝑖=1𝑛𝑛 |𝑢𝑢𝑖𝑖| 

 
While this loss function achieves robustness, it is not differentiable. Huber proposed a robust alternative: 

 

                                         (1) 

The Huber loss function imposes a penalty on outliers: linear for large and quadratic for small. Hence, it does not 
completely remove the effect of outliers but reduces it. The parameter 𝑐𝑐 controls the tradeoff between robustness and 
efficiency. Huber argued for 𝑐𝑐=1.345 on efficiency grounds if the underlying distribution is normal.  The estimators 
obtained by minimizing the loss function (1) are called Huber estimators and belong to the class of M-estimators. 

When dealing with robust regression, one also needs to be familiar with two important concepts: the breakdown 
point and the leverage point. Leverage points are outlying values in the 𝑥𝑥-direction that can inordinately affect the 
parameter estimates of a regression. These could be good or bad. A bad leverage point results in a large residual 
while a good leverage points is consistent with the regression line and may shrink certain confidence regions [3]. 
The concept of a breakdown point was introduced in [5], according to which, it is the smallest amount of data 
contamination that may cause an estimator to take on arbitrarily large aberrant values. It was shown in [6] that least 
median of squares (LMS) regression is robust up to 50% contamination. However, it was argued in [2] that the 
concept of a breakdown point should be taken cautiously. A high degree of contamination, especially in large 
samples, almost always must be interpreted as a mixture model.  

While Huber M-estimator is robust in the 𝑦𝑦-direction, its breakdown point in the 𝑥𝑥-direction is 1/𝑛𝑛, which is 
similar to the OLS estimate. However, as we will discuss in the next section, this is not a concern for our analysis. 
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3. Methodology  

In the context of this paper, robustness signifies insensitivity to small deviations from the assumptions as 
described in [2]. Moreover, as noted earlier, the breakdown point for Huber regression in the 𝑥𝑥-direction is 1/𝑛𝑛. For 
our analysis, however, this is not an issue since the 𝑥𝑥-direction consists of outdoor temperature readings. Since 
extreme outdoor conditions have not been observed for the period under consideration, the potential of having high 
leverage point is therefore unlikely. However, we need robustness in the 𝑦𝑦-direction and Huber regression provides 
that guarantee. 

From a computational point of view, estimating energy demand response to the change in outdoor temperature 
requires a formulation of regression models. We consider two possible candidates. A simple linear regression model 
and the first difference version of it. Let’s consider the first model: 

 
𝑦𝑦 = 𝑎𝑎 + 𝑏𝑏𝑥𝑥 + 𝜖𝜖 

 
Here, 𝑎𝑎 is the trend parameter which may contain building specific information and will therefore vary across 

substations even among similar building categories. Moreover, 𝑏𝑏 is the slope parameter which measures the change 
in energy demand level of a substation when the outdoor temperature level changes. Furthermore, 𝑦𝑦 and 𝑥𝑥 represents 
energy demand and outdoor temperature levels, respectively, and 𝜖𝜖  represents residual errors. For comparing 
different substations having similar energy demands levels, one needs to consider the trend parameter 𝑎𝑎. A simple 
way around this is to remove it by de-trending the series using a first difference. First difference also acts as a high 
pass filter and is simple to compute than other similar techniques. It is also data efficient, since it does not require 
large amount of data.  We need this filter since we want to identify and mark large deviating observations in the 
energy demand data. Moreover, if the data is non-stationary, i.e., its distribution changes over time, taking first 
difference reduces the problem. Furthermore, in out context, it is interpretable since we seek of how much energy 
demand response changes if the outdoor temperature changes by a single unit.  Hence, the first difference regression 
model is given by: 

 
                                                                         ∆𝑦𝑦 = 𝛼𝛼∆𝑥𝑥 + 𝜈𝜈                                                                                 (2) 
 
Here 𝛼𝛼 measures the average energy demand response ∆𝑦𝑦 to unit change ∆𝑥𝑥 in outdoor temperature and is the 

parameter of primary interest. Moreover, 𝜈𝜈 represents residual errors. 
The Huber regression does not follow the distributional assumptions in the manner OLS does. Therefore 𝑅𝑅2 

obtained using Huber regression may not be informative in the current setting. Hence, in the context of our analysis, 
we used OLS after removing the outliers (which we assumed to be the result of secondary processes) to measure the 
strength of the relationship between ∆𝑦𝑦  and ∆𝑥𝑥  due to the primary process, i.e., the 𝑅𝑅2 . Alternatively, robust 
covariance techniques can be used [2, 3]. 

The method is only applicable when outdoor temperature is below the level where space heating is required.  The 
optimal value of 𝛼𝛼 will depend on a number of factors including the social purpose of a building, its time constant, 
its envelope, and its energy demand requirements. There is no established range on what a good 𝛼𝛼 should be even for 
a particular building category since no such studies are available in literature, especially in the context of entire 
district heating networks. A high 𝛼𝛼 possibly means that a substation has to respond with higher energy demand for a 
unit decrease in outdoor temperature. For similar buildings, a higher 𝛼𝛼 compared to others may signify energy losses 
due to insulation while a comparatively lower 𝛼𝛼 may be due to better insulation. Differences in 𝛼𝛼 may also be due to 
very different heat-load temperature curve settings. A very low 𝛼𝛼 may signify problems in the substation as in these 
cases 𝑅𝑅2 is also low. In certain cases, it may also signify that the first difference model is not appropriate for the 
particular substation. 

We estimate Eq. (2) using Huber regression. Moreover, data efficiency, i.e., estimating parameters using minimal 
amount of data is important if timely information is required.  Huber regression can isolate and efficiently compute 
regression parameters on small data sets.  Hence, we undertake the analysis based on one-month data sets. 
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median of squares (LMS) regression is robust up to 50% contamination. However, it was argued in [2] that the 
concept of a breakdown point should be taken cautiously. A high degree of contamination, especially in large 
samples, almost always must be interpreted as a mixture model.  
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due to insulation while a comparatively lower 𝛼𝛼 may be due to better insulation. Differences in 𝛼𝛼 may also be due to 
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cases 𝑅𝑅2 is also low. In certain cases, it may also signify that the first difference model is not appropriate for the 
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amount of data is important if timely information is required.  Huber regression can isolate and efficiently compute 
regression parameters on small data sets.  Hence, we undertake the analysis based on one-month data sets. 
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To further facilitate understanding on the behavior of a substation, we propose to visually relate 𝛼𝛼 with other 
substation related variables: for instance, visualizing it together with return temperature and augmenting it with 
variables like volume and energy using different color-coded schemes.   

4. Data 

The data for this analysis was made available to us by Öresundskraft which provides district heating services to 
buildings in Helsingborg and Ängelholm (Sweden). Hence, we have data from around 11,000 substations in 
Helsingborg and 2,800 substations in Ängelholm. Each substation is associated with a building category like: public 
administration building, social services building, multi-dwelling building, small houses/villa, manufacturing industry 
etc. By far the most common building category is small house/villa with around 8,500 such buildings in Helsingborg 
and around 2,300 in Ängelholm. This study only focuses on the data from substations in Helsingborg. The category 
studied is “multi-dwelling” with around 800 buildings. The time resolution of the available data is 1 hour. Moreover, 
we only use data from the months of Jan 2016 and Jan 2017. 

5. Results and visualizations 

The 𝑦𝑦 and 𝑥𝑥 in Eq. (2) are computed as follows: 
To remove any customer induced hourly trend, we sum the hourly energy demand 𝐸𝐸 for each substation for the 

whole day, i.e.,  
𝑦𝑦𝑖𝑖 = Σ𝑖𝑖=023 𝐸𝐸𝑖𝑖 

 
The first difference between the (𝑗𝑗 + 1)-th and the 𝑗𝑗-th day is then computed by: 
 

∆𝑦𝑦 = 𝑦𝑦𝑗𝑗+1 − 𝑦𝑦𝑗𝑗 
 

Finally, the first difference of daily mean temperature is computed as: 
 

∆𝑥𝑥 = �̅�𝑥𝑗𝑗+1 − �̅�𝑥𝑗𝑗 
 
Here, �̅�𝑥𝑗𝑗+1 and �̅�𝑥𝑗𝑗 are the mean temperatures for (𝑗𝑗 + 1)-th and the j-th day, respectively. 

We estimate Eq. (2) using Huber regression whose loss function is defined by Eq. (1). We chose c=1.28 based on 
discussion in [Chapter 3, 7]. Data for the months of Jan 2016 and Jan 2017 from buildings categorized as "Multi-
dwelling" is used for analysis. 

 Since the intrinsic relation between energy demand and outdoor temperature is conceptually negative; hence 
when we say high 𝛼𝛼 we mean its high negative value.  Furthermore, 𝛼𝛼 in this context signifies change in the total 
energy demand of a substation between two consecutive days if the mean temperature between those days change by 
1°C. Hence, the unit of 𝛼𝛼 is KWh/°C. 

It can be observed from Fig. 1(a) and Fig. 1(b) that median 𝑅𝑅2 obtained using OLS improves from 0.72 to 0.92 
for the substations after removing the outliers identified by Huber regression. Moreover, half of these outliers can be 
explained by the weekday effect. For instance, it was observed that on Mondays, energy demand of a substation 
increases while on weekends it decreases compared to its average weekly energy demand. Fig. 1(c) shows the 
histogram of relative outliers in the substations identified by Huber regression. In Fig. 1(d), it can be observed that 
median relative outliers decrease from 0.43 to 0.20 after adjusting for the outliers associated with the weekday 
affect.  

The above analysis therefore answers our first question on if certain outliers can be explained by the usage pattern 
of a building. It also answers our second question about the extent to which outliers effect the strength of 
relationship between energy demand and outdoor temperature.  From the monitoring perspective, those substations 
which after adjusting for the outliers still show a low OLS 𝑅𝑅2 can be considered to have wrong configuration or a 
malfunctioning equipment in line with the observation made in [1]. The irregular oscillations in energy demand as 
mentioned in [1] may be explained by high number of unexplained outliers. Consequently, a relatively high number 
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of unexplained outliers together with high return temperature in substation provides plausible basis for a deeper 
investigation. 

 

Fig. 1. Panel (a) shows the histogram of 𝑅𝑅2 values calculated for substations using OLS. Panel (b) shows histogram of 𝑅𝑅2 values calculated for 
the substations using OLS after removing the outliers identified by the Huber regression. Panel (c) shows the histogram of relative outliers 

identified by the Huber regression. Panel (d) shows the histogram of relative outliers after adjusting for the weekday effect. 

In Fig. 2 and Fig. 3, we plot the return temperature against the estimated 𝛼𝛼 parameters using data from Jan 2016 
and Jan 2017 respectively. The return temperature is calculated by first taking its maximum recorded value on each 
day of the month and then taking their mean. Each blob represents one DH substation. The size of each blob is 
proportional to its average daily energy demand (left panel) and average daily volume demand (right panel) for that 
month. Therefore, the larger these demands are, the larger is the size of the blob.  Blobs having similar colors are 
relatively similar in terms of energy demand (left panel) and volume demand (right panel). It is assumed that 
comparable substations should have similar energy and volume demands and temperature difference; hence 
consequently similar 𝛼𝛼. However, the variability in 𝛼𝛼 among substations represented by the same color may be 
explained by a number of factors including their level of insulation, geographical location, and heat load-temperature 
curve setting.  For instance, buildings located outside the city center that are exposed to winds are likely to have a 
higher 𝛼𝛼 than those surrounded by other buildings. 

One can also observe in Fig. 2 that for certain substations, 𝛼𝛼 estimates, volume and energy demands are not in 
line with those of similar substations. For instance, substations marked as DH-1 and DH-2 fall into this category. 
These substations also show a higher return temperature. A comparative analysis of these substations in Jan 2017 
shows that volume demand and return temperature for both DH-1 and DH-2 decreased; see Fig. 3. Moreover, the 𝛼𝛼 
for the two substations increased. This is a possible indication that the interaction between high return temperature 
and volume can decrease a substation's energy demand response to change in outdoor temperature. This answers our 
third question about how a change in 𝛼𝛼 can be related to large changes in return temperature and/or flow. 
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Fig. 2. Return temperature of substations are plotted against estimated parameter 𝛼𝛼 computed for Jan 2016. Each blob represents one DH 
substation. Blobs of similar color are relatively similar in terms of energy demand (left panel) and volume demand (right panel).  

 

Fig. 3. Return temperature of substations are plotted against estimated parameter 𝛼𝛼 computed for Jan 2017. Each blob represents one DH 
substation. Blobs of similar color are relatively similar in terms of energy demand (left panel) and volume demand (right panel). 
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The above analysis indicates that tracking 𝛼𝛼 over time can be helpful from a monitoring perspective. This can be 
done in different ways. For instance, if one computes absolute change using |𝛼𝛼2017 − 𝛼𝛼2016|, then due to scale 
effect, the results will mostly detect deviations in large substations. 

 

Fig. 4. Comparisons between 𝛼𝛼 estimated for Jan 2016 and Jan 2017. Each blob represents one DH substation. The colors represent the 
corresponding change in volume (left panel) and change average return temperature (right panel) between the two months. The size of each blob 

is proportional to these changes. 

A way around this is to calculate absolute relative change using |𝛼𝛼2017 − 𝛼𝛼2016|/𝛼𝛼2017. Using this approach, we 
identified 18 out of 758 substations that showed an increase by a factor greater than |±1.0|. Under the assumption 
that 20% is an acceptable variation in 𝛼𝛼, then quite a large number, i.e., 503 (66%) substations showed a variation of 
|±0.2|. From a monitoring perspective, one can investigate substations that show a high change in 𝛼𝛼 over time.  

For illustrative purposes and to show how large changes in the estimates of 𝛼𝛼 are reflected in changes in the 
return temperature and/or flow in DH substations, we plot their values estimated in Jan 2016 and Jan 2017 against 
each other in Fig. 4. Moreover, we color-code each substation with information about the estimated change in 
volume and return temperature between corresponding months. A diagonal line is drawn to observe how much the 𝛼𝛼 
has deviated in the absolute sense.  Substations that lie far from the diagonal line, in many instances, also show an 
increased change in return temperature and/or volume. Clearly, substations marked as DH-1, DH-2 and DH-3 fall in 
this category.  

In Fig. 5 and Fig. 6, we present details of the analysis for the substations marked earlier as DH-3 and DH-4. E and 
F on the top right boxes are the average daily energy and volume demand for the month, respectively. TR and TD 
are the average return temperature and temperature difference for that month. Here, we will answer the question 
related to if substations that belong to a particular building category show homogeneity in their usage pattern. It has 
been observed in literature that day of the week can affect energy demand of a building.  Its effect, however, varies 
across substations even among similar category of buildings. Moreover, in certain instances, they appear as outliers 
which can then negatively affect the strength of relationship between ∆𝑦𝑦 and ∆𝑥𝑥.   

In Fig. 5, we show the results of Huber regression applied on the DH substation, marked as DH-3. The results are 
further augmented with information about which data points correspond to which days of the week:  Mon, Sat-Sun 
and Tue-Fri.  The Huber regression model marks many instances of Mon and Sat-Sun as outliers. One can also 
observe that in Jan 2016, the presence of outliers significantly reduced the value of 𝛼𝛼 when OLS was used. Huber 
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regression on the other hand clearly seems to dampen their effect resulting in a higher value. One can also observe  
here that while its 𝛼𝛼 increased in Jan 2017, its average daily volume demand and return temperature decreased in 
comparison to Jan 2016. This is similar to what we observed earlier in the case of substations marked as DH-1 and 
DH-2. 

 

Fig. 5. Results from Huber and OLS regression for the substation marked as DH-3. There is a clear indication of energy demand drop during the 
weekend and a rise on Monday. 

 

Fig. 6.  Results from Huber and OLS regression for the substation marked as DH-4. No clear indication of weekday effect is present in this 
substation. 
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Fig. 6, however, presents a very different picture. The usage pattern due to weekdays is not prominent at all. 
Interestingly, while its 𝛼𝛼 seems not to have changed much between Jan 2016 and Jan 2017 and the relation between 
energy demand response and change in outdoor temperature is strong, the return temperature in Jan 2017, however, 
increased significantly. The analysis does not seem to explain why this happened. 

6. Summary and discussion 

This study sought answers to five questions. Firstly, we found that half of the outliers detected by Huber 
regression when augmented with weekday information do show the usage pattern of that particular building. 
Secondly, the presence of outliers in many cases reduces the strength of relation between energy demand and 
outdoor temperature of a substation. Identifying and removing their presence and then estimating 𝑅𝑅2 using OLS 
shows significant improvement in the relationship strength of these variables. Thirdly, we found that changes in the 
parameter 𝛼𝛼 for many cases can be explained by a change in return temperature and/or flow of the substation. 
However, we also found instances where a conclusion could not be reached. Fourthly, certain substations have 
outliers which can be explained by the usage pattern of a building while others do not. Hence, the behavior of a 
substation seems to vary even within the same building category. Finally, from the monitoring perspective, a low 
OLS 𝑅𝑅2  even after taking care of the outliers can suggest problems with substation configuration or equipment 
malfunction. Moreover, we found instances where a large change in 𝛼𝛼 was accompanied with large changes in flow 
and return temperature. This gives a good reason to track this parameter over time to detect problems earlier. 

In this study, we mainly studied the size effect, where DH substations with similar energy or volume demand 
levels are considered similar. Part of the reasoning is interpretability of the 𝛼𝛼 estimates as the analysis retains its 
unit, i.e., KWh/°C.  We did not introduce any classical standardization techniques such as z-scores which assumes 
no fat tails in the underlying distribution: if this is not the case, results of such scaling will not be reliable. 
Furthermore, techniques such as the 3-sigma rule were also not used to remove outliers since it is an empirical fact 
that the best [outlier] rejection procedures do not quite reach the performance of the best robust procedures  [2, 
Chapter 1].  Hence using robust regression, we can isolate outliers in a principled way while acknowledging their 
presence as discussed in [2, 3].  

Monitoring the behavior of district heating (DH) substations is a challenging task due to a number of reasons 
including low data resolution, lack of a reference, diverse social habits and unavailability of information about the 
secondary side of the system.  Defining real outliers in a DH substation therefore becomes a challenge, since no 
standard situation can easily be defined. Therefore, augmenting additional information with 𝛼𝛼  such as return 
temperature, energy and volume demand levels, and day of the week associated with the data point can shed 
additional insights.    

A mathematical formulation together with its visualization are both important for understanding the system being 
modeled. This is especially true if the method is to be used by practitioners in the industry. We believe that 
following our analysis, district heating companies will be able to understand and monitor the behavior of substations 
in their network in an improved manner. 
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The STORM controller is a platform for operational demand side management and has been developed since 2015 as part of the 
Horizon 2020 project STORM. The controller has been developed using state-of-the-art solutions based on machine learning and 
applied artificial intelligence, and it has already spawned results now being used in commercial smart heat grid projects 
throughout Europe. The results show significant benefits relating to peak load management, distribution balancing and market 
interaction mechanisms. 
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1. Introduction 
 

District heating and cooling has the potential to be a significant driving force in the creation of a sustainable 
European energy system. Heating in general represents more than 40 % of the total energy consumption in the EU, 
and more renewable generation can therefore have a considerable impact on greenhouse gas emissions in Europe [1]. 
Using district heating and cooling it is possible to introduce a larger share of excess heat and low-grade renewables, 
and this becomes increasingly pronounced as system temperatures decrease. However, the drawback is that many 
sources of excess heat or renewables are not as easy to control as traditional fossil-based energy sources. Excess heat 
is mostly harvested from industrial processes, and those industries are normally reluctant to adapt their processes just 
for the benefit of the district heating grid. Similarly, renewables originating from sources such as sun or wind are by 
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definition non-controllable. Even when comparing the operational flexibility of a biomass boiler with an oil burner, 
it is apparent that renewables are harder and more complex to manage. Nonetheless, there are strong environmental 
and financial incentives to increase their share in our energy systems. Therefore, if the source cannot easily be  
controlled, the sink must be more efficiently controlled to adapt to the source. 

District heating and cooling, as well as most energy systems, are by design demand driven. The traditional way to 
manage these things is not to actually control that demand, but rather just to satisfy the demand without question. 
However, to truly optimise a demand-driven system, it would be expected that the ability to control the demand 
should be present, and that this ability would be increasingly important as the energy source becomes less and less 
controllable. This is the core idea behind demand side management systems, i.e. to introduce the ability to adapt 
demand to the operational constraints of the generation and distribution of energy [2]. 

When considering district heating and cooling in specific there is another large benefit relating to the ability to 
support smart electrical grids in hybrid solutions, e.g. through the use of heat pumps or combined heat and power 
generation. This expands the scope of district heating and cooling as a technology solution at the core of low 
emission energy systems on a global scale. 

Considering the increased share of hard to control or even non-controllable energy source, in combination with 
the general hybridisation trend in energy systems, demand-side management in the form of smart  network 
controllers can be expected to play an increasingly important role in the energy landscape of the future. The purpose 
of the STORM project (Horizon 2020 under grant agreement No 649743) is to provide a framework for such a 
network controller, including state-of-the-art algorithms for forecasting, planning and controlling the demand in 
existing as well as new district heating and cooling networks. 

 
2. The STORM project 

 
This paper describes and discusses results and conclusions from the Horizon 2020 STORM project. The purpose 

of STORM was to create a smart network controller for district heating and cooling networks, applicable in widely 
spread 3rd generation networks as well as in low-temperature innovative 4th generation networks [3]. The core idea of 
the project has been to build such a network controller based on self-learning algorithms and to deploy this in 
operational networks representing 3rd as well as 4th generation district heating and cooling systems. The project plan 
identified several specific objectives. The primary objective was to develop a generic network controller for district 
and cooling systems. Since the ambition was to build a generic controller it need to be self-learning, since it would 
be very hard to implement such a generic system if it was entirely reliant on human expert intervention. Another 
important objective was to demonstrate and quantify this generic ability. To do this, two very different 
demonstration sites were chosen, representing both a low-temperature 4th generation network and a more traditional 
network using common 3rd generation technology. A further project objective was to the develop business models 
required to enter the STORM controller on the market. Coupled to this effort was the work aiming at increasing 
awareness of digitalisation in district heating in general and smart network controllers such as STORM in particular. 
This has been achieved by several international dissemination efforts, public workshops and academic courses. 

From a development perspective it has been a focus of the STORM project to build a modular and flexible system 
that allows for large-scale replicability. To facilitate this the STORM controller is based on an existing platform with 
extensive integration possibilities using open communication protocols and standard solutions. An important barrier 
for scalability is the complexity of deploying and tuning the parameters of such controllers. To tackle this problem 
the STORM controller focuses on self-learning and self-adaptive algorithms implemented as part of autonomous 
multi-agent technology. To retain a flexibility for optimisation requirements the STORM controller has focused on 
three use cases covering a significant range of expected operational scenarios; peak load management, market 
interaction and cell balancing. These concepts are further explained in the next section of this paper. 

The STORM consortium is headed by VITO/Energyville (BE) acting as project coordinator. Further partners are 
NODA Intelligent Systems (SE), Mijnwater (NL), Växjö Energi (SE), Euroheat & Power (BE) and Zuyd University 
(HL). 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.189&domain=pdf
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3. The STORM controller 
 

At its core the STORM controller is a system for operational demand-side management, including abilities for 
heat load forecasting, real-time estimation of thermal flexibility available, operational optimisation and planning as 
well as mechanisms for distribution and coordination of control actions at building level. The overall STORM 
controller design is based on a concept that has evolved from research in multi-agent system technology during 
nearly twenty years [4, 5]. The core concept of that research is to combine traditional district heating engineering 
with modern information and communication technology. The basic idea is to combine the whole energy chain, 
including production, distribution and consumption, into a single coherent framework for operational optimisation 
[6]. A district heating or cooling system is basically a collection of separate control loop feedback systems, in which 
the overall operations are normally not directly coordinated in any way. These separate systems relate to system 
wide production and distribution processes as well as consumer level processes. To create a smart controller these 
separate processes are mapped to the three abilities of measuring, analysing and acting. Measuring relates to the 
ability to perceive ones’ environment, while analysing relates to the ability to reach informed conclusions based on 
the perceived input and acting relates to the ability to act based on those conclusions. Together these three basic 
notions form the basis of what entails an intelligent system [7]. In the domain of the STORM controller, these three 
notions are realised through the Forecaster, Planner and Tracker modules in combination with the virtual distributed 
resource (vDER) agents. 

 
3.1. Forecaster 

 
The ability of predicting the future behavior of a district heating system in general and a 4th generation system in 

particular is key for increasing its energy efficiency. More specifically, an accurate forecast of the thermal load in 
the system is mandatory for optimizing the system controller. Existing research on thermal load forecasting in 
district heating ranges from models solely using historic load data up to more complex ones using additional 
parameters like occupancy, meteorological data or physical details of the building. All these approaches can be 
divided in two major classes: the forward and data-driven methods [8, 9]. In the first methods equations are used to 
describe the physical behavior of the system while in the latter the forecasted thermal load of the building is based 
on a model learned with historical data. These data-driven methods can be further subdivided in statistical and 
machine learning methods. In statistics, the complexity of these functions is often predetermined by the regression 
model whereas in machine learning this complexity is learned by the method itself [10]. As discussed in our related 
thermal load forecasting paper [11], the focus in this study is on data-driven methods. These have the advantage that 
there is no need for developing detailed physical models of the buildings and allows for a generic implementation 
for use in multiple district heating systems. Furthermore, the consumption forecasting capabilities of artificial neural 
networks (ANNs) has been compared with the results of using a physical model and it has been concluded that even 
with the use of a very detailed building model the results were comparable with ANNs [12]. 

A first version of the thermal load forecaster, extensively described in [13], consists of two machine learning 
approaches: an extremely randomized (extra) tree regressor (ETR) [14] and an Extreme Learning Machine (ELM) 
[15]. The following input features were used to train these models: timing information (hour of the day, day of the 
week and day of the year), weather information (forecasted outdoor temperature), historical thermal load (previous 
day and previous week). Using the mean absolute percentage error (MAPE) as a comparison metric, both algorithms 
gave similar results on average but varied depending on the input feature values. For example: when unseen input 
values were fed into the models, the accuracy of the ETR was lower than that of the ELM. This is because of the 
ETRs being unable to extrapolate predictions outside the span of the training data. 

In a second version of the forecaster module we implemented an expert system able of combining multiple 
thermal load forecasting approaches, like the two discussed above, in a way that it always tracks the best forecast in 
the system [11]. It consists of a fixed share (FS) forecaster expert system, described by Herbster and Warmuth [16], 
combining eight individual experts into one forecast. The experts differentiate in both machine learning approach 
and number of input features used to train them [17]. The following techniques are used: linear regression (LR), 
ANNs [18], support vector machines (SVMs) [19] and ETRs in combination with three different feature sets, a first 
one solely taking into account timing information and an outdoor temperature forecast, the second one adding 
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historic thermal load information and the last one adding historic control signals. The FS system will assign weights 
to each expert in the system, the higher the accuracy of the expert the higher the impact it has on the combined 
forecast and vice versa. This adds robustness to the forecaster and reduces susceptibility to changes in the DHS. 

At the time of writing version one of the forecaster is fully deployed in the operational system while version two 
is still in a testing phase. 

 
3.2. Planner 

 
The Planner module is responsible for the operational planning, which in practice means that it is an optimiser 

[20]. Furthermore, the Planner is also the part of the STORM controller that primarily interfaces with external 
processes, such as complementary optimisers, forecasters or market interaction signals. Similarly, like the  other 
parts of the STORM controller the Planner is basically a container for implementing required behaviour and 
functionality. In the STORM project three basic control strategies for the Planner have been considered, relating to 
peak load management, market interaction and cell balancing. 

 
3.2.1. Peak load management 

Peak load management has been a core feature of demand side management efforts in district heating systems 
throughout the evolution of this type of technology [21]. This is a basic consequence of the fact that the heat load of 
most district heating systems is subject to large variations due to the fluctuating demands. A large portion of the 
peaks resulting from this behaviour is not physically required by the indoor climate in the connected buildings, but 
rather the results of sub-optimal controlling in the PI/PID circuits governing the substations throughout the grid. By 
overriding the individual controller in each building and coordinating their behaviour from a grid perspective it is 
possible to manage these type of peaks [22]. The primary incentive to do this is to avoid expensive peak load fuel 
with high environmental impact. 

 
3.2.2. Market interaction 

Market interaction as part of demand side management systems have been previously studied and found to add 
considerable benefit during short-term optimisation in operational settings [23]. In the generic case the Planner will 
try to synchronize the heat load demand in relation to high spot prices on the market. For a combined heat and 
power (CHP) system a higher heat demand will generate more power output from the physical process of generating 
both heat and power. A system for market interaction based on demand side management is flexible and can respond 
quickly to changes relating to operational conditions, and it is therefore suitable for intraday market optimisation. 

The primary focus of the STORM project has been the CHP aspect, but market interaction in general can applied 
to a number of scenarios such as margin cost optimisation or other mechanisms that can be expressed in time steps. 

 
3.2.3. Cell balancing 

Cell balancing is based on the notion that the energy demand should be balanced on a local level before a global 
level, i.e. the geographical location of the buildings within the grid is considered as part of the optimisation process. 
There are two primary reasons to strive for this [2]. Firstly, the shorter the distance between energy source and sink, 
the lower the amount of heat losses. Secondly, a local balance means lower demand from the higher-level 
transmission grid, which in turn means that that transmission grid can supply more local clusters using the same 
distribution constraints. 

For the STORM project, cell balancing is of special interested due to the specific situation within one of the 
demonstrator grids, in which the network consists or several individual clusters connected through heat exchangers 
to a backbone network. However, it should be noted that the cell balancing control strategy generalises well into the 
more generic case of distribution optimisation within more common, hydraulically connected, grids. The most 
common scenario in the general case relates to narrow sections in the distribution grid, which can to a certain degree 
be overcome by using STORM technology. 
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3. The STORM controller 
 

At its core the STORM controller is a system for operational demand-side management, including abilities for 
heat load forecasting, real-time estimation of thermal flexibility available, operational optimisation and planning as 
well as mechanisms for distribution and coordination of control actions at building level. The overall STORM 
controller design is based on a concept that has evolved from research in multi-agent system technology during 
nearly twenty years [4, 5]. The core concept of that research is to combine traditional district heating engineering 
with modern information and communication technology. The basic idea is to combine the whole energy chain, 
including production, distribution and consumption, into a single coherent framework for operational optimisation 
[6]. A district heating or cooling system is basically a collection of separate control loop feedback systems, in which 
the overall operations are normally not directly coordinated in any way. These separate systems relate to system 
wide production and distribution processes as well as consumer level processes. To create a smart controller these 
separate processes are mapped to the three abilities of measuring, analysing and acting. Measuring relates to the 
ability to perceive ones’ environment, while analysing relates to the ability to reach informed conclusions based on 
the perceived input and acting relates to the ability to act based on those conclusions. Together these three basic 
notions form the basis of what entails an intelligent system [7]. In the domain of the STORM controller, these three 
notions are realised through the Forecaster, Planner and Tracker modules in combination with the virtual distributed 
resource (vDER) agents. 

 
3.1. Forecaster 

 
The ability of predicting the future behavior of a district heating system in general and a 4th generation system in 

particular is key for increasing its energy efficiency. More specifically, an accurate forecast of the thermal load in 
the system is mandatory for optimizing the system controller. Existing research on thermal load forecasting in 
district heating ranges from models solely using historic load data up to more complex ones using additional 
parameters like occupancy, meteorological data or physical details of the building. All these approaches can be 
divided in two major classes: the forward and data-driven methods [8, 9]. In the first methods equations are used to 
describe the physical behavior of the system while in the latter the forecasted thermal load of the building is based 
on a model learned with historical data. These data-driven methods can be further subdivided in statistical and 
machine learning methods. In statistics, the complexity of these functions is often predetermined by the regression 
model whereas in machine learning this complexity is learned by the method itself [10]. As discussed in our related 
thermal load forecasting paper [11], the focus in this study is on data-driven methods. These have the advantage that 
there is no need for developing detailed physical models of the buildings and allows for a generic implementation 
for use in multiple district heating systems. Furthermore, the consumption forecasting capabilities of artificial neural 
networks (ANNs) has been compared with the results of using a physical model and it has been concluded that even 
with the use of a very detailed building model the results were comparable with ANNs [12]. 
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[15]. The following input features were used to train these models: timing information (hour of the day, day of the 
week and day of the year), weather information (forecasted outdoor temperature), historical thermal load (previous 
day and previous week). Using the mean absolute percentage error (MAPE) as a comparison metric, both algorithms 
gave similar results on average but varied depending on the input feature values. For example: when unseen input 
values were fed into the models, the accuracy of the ETR was lower than that of the ELM. This is because of the 
ETRs being unable to extrapolate predictions outside the span of the training data. 

In a second version of the forecaster module we implemented an expert system able of combining multiple 
thermal load forecasting approaches, like the two discussed above, in a way that it always tracks the best forecast in 
the system [11]. It consists of a fixed share (FS) forecaster expert system, described by Herbster and Warmuth [16], 
combining eight individual experts into one forecast. The experts differentiate in both machine learning approach 
and number of input features used to train them [17]. The following techniques are used: linear regression (LR), 
ANNs [18], support vector machines (SVMs) [19] and ETRs in combination with three different feature sets, a first 
one solely taking into account timing information and an outdoor temperature forecast, the second one adding 
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historic thermal load information and the last one adding historic control signals. The FS system will assign weights 
to each expert in the system, the higher the accuracy of the expert the higher the impact it has on the combined 
forecast and vice versa. This adds robustness to the forecaster and reduces susceptibility to changes in the DHS. 

At the time of writing version one of the forecaster is fully deployed in the operational system while version two 
is still in a testing phase. 

 
3.2. Planner 

 
The Planner module is responsible for the operational planning, which in practice means that it is an optimiser 

[20]. Furthermore, the Planner is also the part of the STORM controller that primarily interfaces with external 
processes, such as complementary optimisers, forecasters or market interaction signals. Similarly, like the  other 
parts of the STORM controller the Planner is basically a container for implementing required behaviour and 
functionality. In the STORM project three basic control strategies for the Planner have been considered, relating to 
peak load management, market interaction and cell balancing. 

 
3.2.1. Peak load management 

Peak load management has been a core feature of demand side management efforts in district heating systems 
throughout the evolution of this type of technology [21]. This is a basic consequence of the fact that the heat load of 
most district heating systems is subject to large variations due to the fluctuating demands. A large portion of the 
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3.2.2. Market interaction 
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The primary focus of the STORM project has been the CHP aspect, but market interaction in general can applied 
to a number of scenarios such as margin cost optimisation or other mechanisms that can be expressed in time steps. 

 
3.2.3. Cell balancing 

Cell balancing is based on the notion that the energy demand should be balanced on a local level before a global 
level, i.e. the geographical location of the buildings within the grid is considered as part of the optimisation process. 
There are two primary reasons to strive for this [2]. Firstly, the shorter the distance between energy source and sink, 
the lower the amount of heat losses. Secondly, a local balance means lower demand from the higher-level 
transmission grid, which in turn means that that transmission grid can supply more local clusters using the same 
distribution constraints. 

For the STORM project, cell balancing is of special interested due to the specific situation within one of the 
demonstrator grids, in which the network consists or several individual clusters connected through heat exchangers 
to a backbone network. However, it should be noted that the cell balancing control strategy generalises well into the 
more generic case of distribution optimisation within more common, hydraulically connected, grids. The most 
common scenario in the general case relates to narrow sections in the distribution grid, which can to a certain degree 
be overcome by using STORM technology. 
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3.3. Tracker 
 

The STORM tracker serves to make the aggregated supply and demand of a large number of distributed energy 
resources, in STORM represented by the vDER agents, track a desired control plan generated by the  planner 
module. To this end, it is necessary to perform model predictive control over a horizon of days at a resolution of a 
fraction of an hour. Distributed convex optimisation in the guise of the alternating direction method of multipliers 
(ADMM) offers a way to address the large-scale nature of the problem [24]. 

The implementation of ADMM in STORM follows [25] and [26], which addresses the problem of optimal power 
scheduling in a network of devices interconnected by local nets and provides a solution by means of the algorithm of 
prox-average message passing. The approach generalises the problem of optimal exchange in a star-shaped network 
of devices interconnected by a global net, the difference being the amount of bookkeeping necessary to describe the 
problem and its solution. 

An earlier version of the tracker module featured a single step auction-based dispatch mechanism, in which the 
control actions were distributed independently within the grid each time step based on using the thermal inertia of 
the buildings as a currency. This market-like approach introduced a self-balancing mechanism in the tracking 
process. The ADMM approach developed in STORM expands on this concept by considering several time-steps, 
while still retaining the basic market analogy. In the ADMM-based tracker a variable converges to an optimal dual 
variable that can be interpreted as a set of optimal clearing prices between a number of resources. This analogy has 
previously been thoroughly investigated in several classical works [27, 28, 29, 30]. 

 
3.4. vDER 

 
The virtual distributed energy resource (vDER), is a container for the software agent controlling the individual 

source of thermal flexibility. This is normally a building with a heating system but can basically be any entity 
controlling a thermal process, e.g. fridges and coolers at supermarkets or a storage tank in a building. The vDER 
module provides a structured way to integrate agent behaviour depending on specific requirements, including more 
complex behaviour, e.g. relating to prosumers or active market interaction. 

The primary purpose of the vDER in relation to the STORM controller is to negotiate and implement control 
signals while ensuring quality of service within the underlying thermal process. In the case of a normal building, the 
vDER will want to implement as much control actions as possible, since this will result in financial and 
environmental benefits, but it wants to do this in way that doesn’t cause any significant changes in the indoor 
climate of the building. There are several aspects of how to estimate quality of service in a building, but the primary 
tool for the vDER is either thermal models or indoor sensors or a combination of both. The vDER also needs to 
consider the operational behaviour in the substation, e.g. making sure that the valve for heating in the substation 
doesn’t close completely during control actions since this might cause a perceived inconvenience if some tenant 
touches a cold radiator. 

In the STORM controller each building is a assigned a vDER. This vDER is then responsible for the real-time 
negotiation process with the Tracker in which the vDER’s accept control actions in exchange for their thermal 
flexibility [31]. In this sense the vDER acts on a self-balancing market where it wants to buy as much  control 
actions as possible using its thermal flexibility as currency. The objective of the vDER is to maximise the control 
action in relation to the given constraints of thermal flexibility. On notable thing about this process is that in essence 
it works like any other market, providing a self-balancing mechanism in that an actor cannot participate (i.e. buy 
control actions) if they have no available assets (i.e. available thermal flexibility). As long as the practical process of 
assessing the available thermal flexibility is sound, e.g. through thermal models and/or indoor sensors, the market 
mechanism as a whole ensures quality of service while acting to distribute control action among the vDERs in the 
most efficient fashion. Since the underlying process is basically a market process, it is convenient to attach actual 
financial instruments to the process. This design is specifically made in preparation for more advanced business 
models involving active pricing in demand-side management schemes, although it also benefits business models 
involving distributed small-scale energy generators or all-out prosumers. 
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4. Deployment 
 

4.1. Access technology 
 

Gaining access to relevant sensor and actuator devices is crucial for a system like the STORM controller. Since it 
is a demand-side management system, it obviously needs to interact with the controller devices located at the 
demand side. The market for heating controllers is diverse even though most of them work similarly. To achieve a 
high level of scalability, the STORM controller uses three main different types of access technology: 

 
• Energy controller – one to one installation in small-scale or proof-of-concept contexts using either sensor 

override or single building automation controllers 
• Building automation gateway – accessing several buildings through a single gateway using building 

automation protocols such as Modbus or BACnet 
• IT based integration – integration into an existing network of buildings in larger scale projects, normally 

through techniques such as OPC, web services or similar solutions 
 

The energy controller used in STORM is a retrofit solution based on sensor override, developed to facilitate cost- 
efficient access to heating controllers and building management systems. Sensor override means that the hardware is 
connected on the line of some sensor and then overrides the actual signal with an artificial signal during control 
actions. The most common situation is when overriding the outdoor temperature sensor in a building. This will make 
it possible to influence the behaviour of the heat demand. The retrofit solution used in STORM features sensors 
override as well as easy interfacing with the heat meter and additional sensory equipment for data collection in the 
substation. 

The gateway solution uses as traditional heating controller to act as a communication bridge between  the 
STORM controller and a set of buildings, and therefore creates a single point of access towards standard building 
automation protocols. Using a gateway like this creates access to the full range of sensors and actuators connected to 
the existing controller. Both the gateway and the existing controller needs to be re-programmed for this to work 
which adds a level of complexity compared to the sensor override solution. However, the benefit of using gateways 
is that this is well-known and accepted technology among building managers. 

IT-based integration connects directly to an existing data management system or SCADA to create access to 
underlying control points. The platform used in the STORM project is currently available through several 
integration solutions such as OPC, AWS IoT, MQTT, Schneider Struxureware, Alfa Laval IQheat, Siemens and 
others. The software is of a modular design, which makes it relatively easy to add more integration solutions when 
needed. 

Securing data in communication as well as during analysis and storage is a core part of the STORM controller 
and the underlying data management framework. The default system always uses the latest version of TLS/SSL as a 
cryptographic protocol to provide secure communication. Currently this is TLS 1.2 with SHA-256 RSA for 
certificate signature validation. Using TLS facilitates private and secure communication through symmetric 
cryptography, identity authentication and message integrity. 

 
4.2. Demonstration sites 

 
The STORM Controller has been tested in two different district heating networks. One demonstration site is 

traditional 3rd generation district heating system operated by Växjö Energy in the city of Rottne in Sweden.  The 
other demonstration network is a low-temperature 4th generation district heating and cooling network operated by 
Mijnwater in the city of Heerlen in The Netherlands. 

The demonstration network in The Netherlands supply both heating and cooling using low temperatures based on 
geothermal energy through former mines filled with water. Depending on the depth of extraction, the water can be 
used for either heating or cooling. When used for heating the water has a temperature of about 28 °C while the 
cooling water is about 16 °C. The core network that carries the water to and from the mines is called the backbone. 
The backbone is connected to a set of clusters, to which the customers in turn are connected. Each customer can 
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The STORM tracker serves to make the aggregated supply and demand of a large number of distributed energy 
resources, in STORM represented by the vDER agents, track a desired control plan generated by the  planner 
module. To this end, it is necessary to perform model predictive control over a horizon of days at a resolution of a 
fraction of an hour. Distributed convex optimisation in the guise of the alternating direction method of multipliers 
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scheduling in a network of devices interconnected by local nets and provides a solution by means of the algorithm of 
prox-average message passing. The approach generalises the problem of optimal exchange in a star-shaped network 
of devices interconnected by a global net, the difference being the amount of bookkeeping necessary to describe the 
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An earlier version of the tracker module featured a single step auction-based dispatch mechanism, in which the 
control actions were distributed independently within the grid each time step based on using the thermal inertia of 
the buildings as a currency. This market-like approach introduced a self-balancing mechanism in the tracking 
process. The ADMM approach developed in STORM expands on this concept by considering several time-steps, 
while still retaining the basic market analogy. In the ADMM-based tracker a variable converges to an optimal dual 
variable that can be interpreted as a set of optimal clearing prices between a number of resources. This analogy has 
previously been thoroughly investigated in several classical works [27, 28, 29, 30]. 
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The virtual distributed energy resource (vDER), is a container for the software agent controlling the individual 

source of thermal flexibility. This is normally a building with a heating system but can basically be any entity 
controlling a thermal process, e.g. fridges and coolers at supermarkets or a storage tank in a building. The vDER 
module provides a structured way to integrate agent behaviour depending on specific requirements, including more 
complex behaviour, e.g. relating to prosumers or active market interaction. 

The primary purpose of the vDER in relation to the STORM controller is to negotiate and implement control 
signals while ensuring quality of service within the underlying thermal process. In the case of a normal building, the 
vDER will want to implement as much control actions as possible, since this will result in financial and 
environmental benefits, but it wants to do this in way that doesn’t cause any significant changes in the indoor 
climate of the building. There are several aspects of how to estimate quality of service in a building, but the primary 
tool for the vDER is either thermal models or indoor sensors or a combination of both. The vDER also needs to 
consider the operational behaviour in the substation, e.g. making sure that the valve for heating in the substation 
doesn’t close completely during control actions since this might cause a perceived inconvenience if some tenant 
touches a cold radiator. 

In the STORM controller each building is a assigned a vDER. This vDER is then responsible for the real-time 
negotiation process with the Tracker in which the vDER’s accept control actions in exchange for their thermal 
flexibility [31]. In this sense the vDER acts on a self-balancing market where it wants to buy as much  control 
actions as possible using its thermal flexibility as currency. The objective of the vDER is to maximise the control 
action in relation to the given constraints of thermal flexibility. On notable thing about this process is that in essence 
it works like any other market, providing a self-balancing mechanism in that an actor cannot participate (i.e. buy 
control actions) if they have no available assets (i.e. available thermal flexibility). As long as the practical process of 
assessing the available thermal flexibility is sound, e.g. through thermal models and/or indoor sensors, the market 
mechanism as a whole ensures quality of service while acting to distribute control action among the vDERs in the 
most efficient fashion. Since the underlying process is basically a market process, it is convenient to attach actual 
financial instruments to the process. This design is specifically made in preparation for more advanced business 
models involving active pricing in demand-side management schemes, although it also benefits business models 
involving distributed small-scale energy generators or all-out prosumers. 

6 Author name / Energy Procedia 00 (2018) 000–000 
 
 

4. Deployment 
 

4.1. Access technology 
 

Gaining access to relevant sensor and actuator devices is crucial for a system like the STORM controller. Since it 
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demand side. The market for heating controllers is diverse even though most of them work similarly. To achieve a 
high level of scalability, the STORM controller uses three main different types of access technology: 

 
• Energy controller – one to one installation in small-scale or proof-of-concept contexts using either sensor 

override or single building automation controllers 
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The energy controller used in STORM is a retrofit solution based on sensor override, developed to facilitate cost- 
efficient access to heating controllers and building management systems. Sensor override means that the hardware is 
connected on the line of some sensor and then overrides the actual signal with an artificial signal during control 
actions. The most common situation is when overriding the outdoor temperature sensor in a building. This will make 
it possible to influence the behaviour of the heat demand. The retrofit solution used in STORM features sensors 
override as well as easy interfacing with the heat meter and additional sensory equipment for data collection in the 
substation. 

The gateway solution uses as traditional heating controller to act as a communication bridge between  the 
STORM controller and a set of buildings, and therefore creates a single point of access towards standard building 
automation protocols. Using a gateway like this creates access to the full range of sensors and actuators connected to 
the existing controller. Both the gateway and the existing controller needs to be re-programmed for this to work 
which adds a level of complexity compared to the sensor override solution. However, the benefit of using gateways 
is that this is well-known and accepted technology among building managers. 

IT-based integration connects directly to an existing data management system or SCADA to create access to 
underlying control points. The platform used in the STORM project is currently available through several 
integration solutions such as OPC, AWS IoT, MQTT, Schneider Struxureware, Alfa Laval IQheat, Siemens and 
others. The software is of a modular design, which makes it relatively easy to add more integration solutions when 
needed. 

Securing data in communication as well as during analysis and storage is a core part of the STORM controller 
and the underlying data management framework. The default system always uses the latest version of TLS/SSL as a 
cryptographic protocol to provide secure communication. Currently this is TLS 1.2 with SHA-256 RSA for 
certificate signature validation. Using TLS facilitates private and secure communication through symmetric 
cryptography, identity authentication and message integrity. 
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The STORM Controller has been tested in two different district heating networks. One demonstration site is 

traditional 3rd generation district heating system operated by Växjö Energy in the city of Rottne in Sweden.  The 
other demonstration network is a low-temperature 4th generation district heating and cooling network operated by 
Mijnwater in the city of Heerlen in The Netherlands. 

The demonstration network in The Netherlands supply both heating and cooling using low temperatures based on 
geothermal energy through former mines filled with water. Depending on the depth of extraction, the water can be 
used for either heating or cooling. When used for heating the water has a temperature of about 28 °C while the 
cooling water is about 16 °C. The core network that carries the water to and from the mines is called the backbone. 
The backbone is connected to a set of clusters, to which the customers in turn are connected. Each customer can 
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either generate or consume energy, and the basic idea is to exchange energy within the cluster before extracting it 
from the backbone. Minimizing the distance between generation and consumption will decrease distribution losses 
and make the system more energy efficient in general. In Heerlen the buildings are integrated with the STORM 
controller through the use of a gateway. 

Unlike the Heerlen network, the Rottne district heating system is a traditional system. The Rottne production site 
is based on 2.5 MW of biomass-based capacity, with an additional 3 MW peak load capacity. The peak load boiler 
uses RME biodiesel, so the environmental impact of the peak capacity is low. However, the biodiesel is expensive 
and the cost per generated MWh is higher than the price to customers. In Rottne the ten largest buildings are 
integrated with the STORM controller through the use of sensor override technology. These ten buildings comprise 
all multi-family buildings in Rottne and represent nearly a third of the total heat demand in Rottne. In addition to  
this the heat meter measuring the total output from all production is also integrated along with a specific sensor to 
measure the activity of the peak load boiler. 

 
5. Evaluation methodology 

 
The STORM controller is in essence a system for real-time demand side management, which basically means that 

the heat load profile is normally the focus of any evaluation. In addition to this the overall energy management is 
obviously also of interest, together with the quality of service in relation to operational temperatures in the 
individual substations as well as indoor climate. 

The heat load analysis is based on hourly data. This can be done on other resolutions also obviously, but normally 
heat meter data is available hour by hour. Hourly data is also relevant since this is also the default time resolution for 
market interaction. The primary way to analyse control actions is to by creating a thermal demand signature, in 
which triplets of outdoor temperature, heat load and time of day are fitted to a virtual surface. This surface then 
becomes the reference to which active control triplets can be compared. From this perspective, the thermal demand 
signature can be seen as an extension of the normal energy signature of a building, albeit working in three 
dimensions rather than two and using hourly data instead of daily data. Similarly, if a set of data triplets belonging to 
a control action is below the reference surface the building is performing a successful discharge (i.e. reducing heat 
load), and if the data triplets are above the surface it is charging (i.e. increasing heat load). This virtual surface also 
provides a convenient reference set for the self-learning algorithm when evaluating the response impact of building. 

Obviously, the data used to create the reference surface should not include any control actions, since this would 
warp the surface plot. Furthermore, it should be noted that it is not required to have a complete surface, covering all 
possible operational scenarios, to use this methodology. The creation of the surface is based on adaptive algorithms, 
and it will expand over time. As long as there is a statistically relevant surface area close in time and temperature to 
the control action in question, then that control action will have a reference by which it can be compared. 

The surface method is primarily used for heat load analysis. For long term energy usage analysis traditional 
methods for normal-year corrections are used. For the evaluation in STORM this is done by using normal-year 
correction with energy signature analysis. Such analysis can also be done using normal-year correction with degree 
days. However, the energy signature method is mathematically sounder for individual buildings due to fewer 
assumptions involved and more transparent when employed. 

The primary indicator for quality of service is the indoor temperature. In the Heerlen demonstrator indoor 
temperature sensors are available, which make it possible to follow the behaviour of the system closer. In the Rottne 
demonstrator no indoor sensors have been available. However, the system evaluates the thermal behaviour of the 
building using a thermal model of the building in combination with measurements from the substation secondary 
side which sets boundaries for the control algorithms involved. Also, the grid operator has been in recurrent contact 
with the building owners involved throughout the project and no complaints have been registered. 

 
6. Results 

 
Figure 1 shows an example of the impact of a control signal from the STORM controller in an individual 

building. As indicated by the letter A, a control signal is received which causes the building to raise the outdoor 
temperature signal to the heating controller. This will cause the valve to start closing slightly which in turn causes 
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the secondary supply temperature to decrease along with the secondary and primary return temperatures, as  
indicated by the letter B. At the end of this particular control action, the vDER realises that a rebound effect on the 
heat load is apparent which in turn causes it to perform a shorter control signal to even out the rollback behaviour, as 
indicated by the letter C. 

 

 
Fig. 1. An example of the response of a building receiving a control signal. Values on the y-axis are in °C. 

 
Figure 2 shows the same data set, but with the instantaneous heat load measurements also included in the plot. 

For clarity, the heat load is shown in blue, while the rest of the values are greyed out. It is obvious that the heat load 
reacts clearly to the control signal and, in this case, it drops from about 150 kW to 75 kW during the initial parts of 
the control action. The rollback behaviour previously described is also apparent during the later parts of the control 
action. 

 

 
Fig. 2. The response of a building including the heat load (indicated on the right y-axis in kW) 

 
When the STORM controller coordinates such control signals across a set of buildings it can achieve significant 

behavioural changes in the head load profile in the overall network, as is shown in Figure 3. 
 

 
Fig. 3. Alternating between charging and discharging on grid level in the Rottne demonstrator. Values on the y-axis in kW. 
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the heat load profile is normally the focus of any evaluation. In addition to this the overall energy management is 
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dimensions rather than two and using hourly data instead of daily data. Similarly, if a set of data triplets belonging to 
a control action is below the reference surface the building is performing a successful discharge (i.e. reducing heat 
load), and if the data triplets are above the surface it is charging (i.e. increasing heat load). This virtual surface also 
provides a convenient reference set for the self-learning algorithm when evaluating the response impact of building. 

Obviously, the data used to create the reference surface should not include any control actions, since this would 
warp the surface plot. Furthermore, it should be noted that it is not required to have a complete surface, covering all 
possible operational scenarios, to use this methodology. The creation of the surface is based on adaptive algorithms, 
and it will expand over time. As long as there is a statistically relevant surface area close in time and temperature to 
the control action in question, then that control action will have a reference by which it can be compared. 

The surface method is primarily used for heat load analysis. For long term energy usage analysis traditional 
methods for normal-year corrections are used. For the evaluation in STORM this is done by using normal-year 
correction with energy signature analysis. Such analysis can also be done using normal-year correction with degree 
days. However, the energy signature method is mathematically sounder for individual buildings due to fewer 
assumptions involved and more transparent when employed. 

The primary indicator for quality of service is the indoor temperature. In the Heerlen demonstrator indoor 
temperature sensors are available, which make it possible to follow the behaviour of the system closer. In the Rottne 
demonstrator no indoor sensors have been available. However, the system evaluates the thermal behaviour of the 
building using a thermal model of the building in combination with measurements from the substation secondary 
side which sets boundaries for the control algorithms involved. Also, the grid operator has been in recurrent contact 
with the building owners involved throughout the project and no complaints have been registered. 

 
6. Results 

 
Figure 1 shows an example of the impact of a control signal from the STORM controller in an individual 

building. As indicated by the letter A, a control signal is received which causes the building to raise the outdoor 
temperature signal to the heating controller. This will cause the valve to start closing slightly which in turn causes 
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the secondary supply temperature to decrease along with the secondary and primary return temperatures, as  
indicated by the letter B. At the end of this particular control action, the vDER realises that a rebound effect on the 
heat load is apparent which in turn causes it to perform a shorter control signal to even out the rollback behaviour, as 
indicated by the letter C. 

 

 
Fig. 1. An example of the response of a building receiving a control signal. Values on the y-axis are in °C. 

 
Figure 2 shows the same data set, but with the instantaneous heat load measurements also included in the plot. 

For clarity, the heat load is shown in blue, while the rest of the values are greyed out. It is obvious that the heat load 
reacts clearly to the control signal and, in this case, it drops from about 150 kW to 75 kW during the initial parts of 
the control action. The rollback behaviour previously described is also apparent during the later parts of the control 
action. 

 

 
Fig. 2. The response of a building including the heat load (indicated on the right y-axis in kW) 

 
When the STORM controller coordinates such control signals across a set of buildings it can achieve significant 

behavioural changes in the head load profile in the overall network, as is shown in Figure 3. 
 

 
Fig. 3. Alternating between charging and discharging on grid level in the Rottne demonstrator. Values on the y-axis in kW. 
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The blue line in Figure 3 shows the controllable heat load (i.e. the sum of the heat load of the active vDER’s in 
the grid), while the green line shows the total heat output from the production unit. Around 3am the vDER’s are 
starting to charge, which is then followed by a discharge starting around 5am. It should be noted that in this example 
the total MWh output is more or less the same as the reference case, although the heat load profile during the night 
and morning has been significantly influenced. The behaviour shown in Figure 3 can be used by the grid operator as 
preparation for morning peaks (i.e. pre-charging before a discharge), but it is also applicable for market interaction 
(i.e. high spot prices lead to charging while low spot prices lead to discharging). It should be noted that  the 
discharge and charge does not necessarily need to have a temporal connection like in this example. This is 
specifically true for market interaction where high and low spot prices might be spread out over the day. 

 

Fig. 3. The static flexibility matrix for the Rottne demonstrator. Values in kW for available flexibility. The percentage is in relation to 
controllable load. 

 
Figure 3 shows the flexibility matrix for the Rottne demonstrator. A flexibility matrix provides an estimation of 

the thermal flexibility at certain outdoor temperatures and during certain lengths in time. In essence, the flexibility 
matrix can be seen as an amount of energy which usage can be either extended in time or in intensity, i.e. if the 
intensity is high the control can only be sustained for a shorter period of time and vice versa. In this case short  
equals 1-3 hours, medium 4-6 hours and long equals more +6 hours. At the time of writing, much less charging has 
been performed which is reflected in the sparsity of the matrix on right side. 

The flexibility matrix shows the amount of available flexibility based on statistical analyses of previous control 
actions. Exactly how this flexibility is then used depends on the operational situation in the specific grid as well as 
the control strategies are being deployed. As an example, in the Rottne case the last version of the STORM 
controller was fully deployed during the month of March 2018. During that month the total amount of discharge was 
about 23 MWh. 

 
7. Conclusions 

 
The STORM controller has been shown to work as intended in relation to peak load management and market 

interaction. Testing is still on-going in relation to cell-balancing, but the initial results are promising. 
Due to the modular design of the system, the STORM controller has a very short time-to-market cycle. Indeed, 

parts of the STORM results are already deployed in commercial systems. This modularity and agile development 
process is a vital part of the success in any digitalisation effort. 

It should be noted that the STORM project is still on-going, especially regarding cell-balancing and final results 
will be presented in the project deliverables related to the finalisation of the project. 
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controller was fully deployed during the month of March 2018. During that month the total amount of discharge was 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The distributed energy system has attracted increasing attentions due to its high efficiency and low pollution emissions. The Chinese 
government has planned to promote the application of distributed energy systems using natural gas to address the atmospheric 
pollution problem. However, considerable uncertainties exist in energy market and policy, which would significantly affect the 
economic performance of distributed energy systems and make the promotion challenging. Therefore, this study attempts to 
investigate the impacts of energy market and policy uncertainties by evaluating the economic performance of a distributed energy 
system integrated with a district cooling system serving a campus in the cooling dominated area of China. Uncertainties in the 
following factors are taken into account: the natural gas price, the electricity price, the feed-in tariff, the incentive from the 
government and the carbon tax. The payback period of the distributed energy system under various uncertainties is analysed. 
Results show that the economic performance of the distributed energy system is satisfactory when the ratio of natural gas price to 
the electricity price is less than 3. .If the government plants to promote the DES, the incentive should be not less than 1300 CNY/kW 
or the carbon tax charged should be not less than 50 CNY/ton. 
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1. Introduction 

Distributed energy system (DES) integrates middle/small-scale on-site power generations with thermal energy 
production and/or storage devices to provide electricity, cooling and heating to end-users nearby [1]. It is regarded as 
an efficient, clean and reliable energy supply alternative and is attracting increasing attentions in recent decades[2, 3]. 
In China, the government has launched ten measures to address the pollution problem, one of which is to replace coal 
with natural gas for clean thermal energy supply [4]. The government plans to increase the energy consumption 
fraction of natural gas from 5.9% to 10% by 2020 [5]. In addition, the electrical and thermal demands keep rising due 
to the urbanization development [6]. Under this context, the DES based on natural gas can be an effective alternative 
to meet the electrical and thermal demands and improve the atmospheric environment by reducing pollution 
emissions[7]. 

 
DES using natural gas can generate cooling, heating and power on site and close to users. Without long distance 

transmission, which exists in central grid, and recover energy from exhaust gas or steam, the energy efficiency of DES 
is regarded to be high. The economic performance of DESs plays a significant role in the promotion of DESs. The 
short payback period and high benefits would attract more investment opportunities. However, large uncertainties 
exist in the energy markets and local policies, which would affect the economic performance of DESs. For instance, 
the natural gas price was fluctuated largely in 2017 due to the shortage of natural gas [8]. Even the domestic use of 
natural gas is limited and the local government has to implement rationing (less than i.e. 150 Nm3/household per 
month) for users [9]. Without considering these uncertainties in the economic performance, the investment can be 
risky and the promotion of DES can be challenging. 

 
Energy policies determine the economic performance of DESs. Currently in China, energy policies associated to 

DES can be categorized into two types.  
i. Compensation for the first cost based on the installation capacity of the DES. During the installation of DESs, 

the local government will give financial support for investors of DESs and the value is calculated based on the 
capacity of the DES. For instance, the local government in Changsha announces that 2000 CNY/kW will be 
supported for the installation of DESs [10]. The incentive can be different in different cities (i.e. 3000 CNY/kW 
in Shanghai, 2000 CNY/kW in Beijing ) [11].  

ii. High feed in tariff for the surplus electricity sent to the grid. The surplus electricity generated by DESs in some 
cities is permitted to be sent to the grid with a higher price than that for electricity generated from the coal fired 
plants. The difference is usually compensated by the government to the local utilities. 

 
Another factor that affects the application of DES is the carbon tax, which is a fee imposed on the burning of carbon-

based fuels (coal, oil, gas) [12]. It is regarded as the core policy aiming to reduce and eventually eliminate the use of 
fossil fuels. Many countries have been implemented carbon tax, such as Denmark, Finland [13], Australia [14], South 
Africa [15], New Zealand [16], etc. In China, the carbon tax is still controversial and not in use yet. However, it is 
proved that the carbon tax is an effective policy tool because it can reduce carbon emissions with a little negative 
impact on economic growth [17]. The impact of carbon tax on DESs should be considered because the DES using 
natural gas is regarded as a clean energy supply system. 

 
It is therefore necessary to involve all these uncertainties in energy markets and policies during the development 

and promotion of DESs. This study quantifies the impacts of these uncertainties on the economic performance of the 
DESs, aiming to provide suggestions for the promotion of DESs in China. A DES integrated with district cooling 
systems (DES&DCS) serving a building cluster in cooling dominated areas of China is selected. By quantifying the 
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1. Introduction 

Distributed energy system (DES) integrates middle/small-scale on-site power generations with thermal energy 
production and/or storage devices to provide electricity, cooling and heating to end-users nearby [1]. It is regarded as 
an efficient, clean and reliable energy supply alternative and is attracting increasing attentions in recent decades[2, 3]. 
In China, the government has launched ten measures to address the pollution problem, one of which is to replace coal 
with natural gas for clean thermal energy supply [4]. The government plans to increase the energy consumption 
fraction of natural gas from 5.9% to 10% by 2020 [5]. In addition, the electrical and thermal demands keep rising due 
to the urbanization development [6]. Under this context, the DES based on natural gas can be an effective alternative 
to meet the electrical and thermal demands and improve the atmospheric environment by reducing pollution 
emissions[7]. 

 
DES using natural gas can generate cooling, heating and power on site and close to users. Without long distance 

transmission, which exists in central grid, and recover energy from exhaust gas or steam, the energy efficiency of DES 
is regarded to be high. The economic performance of DESs plays a significant role in the promotion of DESs. The 
short payback period and high benefits would attract more investment opportunities. However, large uncertainties 
exist in the energy markets and local policies, which would affect the economic performance of DESs. For instance, 
the natural gas price was fluctuated largely in 2017 due to the shortage of natural gas [8]. Even the domestic use of 
natural gas is limited and the local government has to implement rationing (less than i.e. 150 Nm3/household per 
month) for users [9]. Without considering these uncertainties in the economic performance, the investment can be 
risky and the promotion of DES can be challenging. 

 
Energy policies determine the economic performance of DESs. Currently in China, energy policies associated to 

DES can be categorized into two types.  
i. Compensation for the first cost based on the installation capacity of the DES. During the installation of DESs, 

the local government will give financial support for investors of DESs and the value is calculated based on the 
capacity of the DES. For instance, the local government in Changsha announces that 2000 CNY/kW will be 
supported for the installation of DESs [10]. The incentive can be different in different cities (i.e. 3000 CNY/kW 
in Shanghai, 2000 CNY/kW in Beijing ) [11].  

ii. High feed in tariff for the surplus electricity sent to the grid. The surplus electricity generated by DESs in some 
cities is permitted to be sent to the grid with a higher price than that for electricity generated from the coal fired 
plants. The difference is usually compensated by the government to the local utilities. 

 
Another factor that affects the application of DES is the carbon tax, which is a fee imposed on the burning of carbon-

based fuels (coal, oil, gas) [12]. It is regarded as the core policy aiming to reduce and eventually eliminate the use of 
fossil fuels. Many countries have been implemented carbon tax, such as Denmark, Finland [13], Australia [14], South 
Africa [15], New Zealand [16], etc. In China, the carbon tax is still controversial and not in use yet. However, it is 
proved that the carbon tax is an effective policy tool because it can reduce carbon emissions with a little negative 
impact on economic growth [17]. The impact of carbon tax on DESs should be considered because the DES using 
natural gas is regarded as a clean energy supply system. 

 
It is therefore necessary to involve all these uncertainties in energy markets and policies during the development 

and promotion of DESs. This study quantifies the impacts of these uncertainties on the economic performance of the 
DESs, aiming to provide suggestions for the promotion of DESs in China. A DES integrated with district cooling 
systems (DES&DCS) serving a building cluster in cooling dominated areas of China is selected. By quantifying the 
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payback period of DES&DCS under various uncertainties, recommendations are summarized concerning the energy 
market and policies. 

2. Method to evaluate impacts of energy market uncertainties 

The methodology of this study is illustrated in Fig. 1. A DES&DCS serving a campus is selected to investigate the 
impacts of uncertainties in the energy markets and policies, based on historical cooling and electricity loads. The 
conventional system, which adopts the DCS for cooling supply and the grid is the only energy source (CES), is taken 
for comparison. Detailed steps are explained as follows. 

 

Fig. 1. The method to quantify the impacts of uncertainties in energy market and policy 

(1) Data collection and organization 

The annual hourly loads of buildings in a campus are collected. The electricity loads of each building are recorded 
by the meters of power utility. The cooling loads of each building are obtained from the building management systems 
(BMSs). The collected data are re-organized to keep consistent. The raw data from different BMSs have different 
resolutions. Some data are recorded every 15 minutes while others may be collected every 30 minutes. All these data 
are normalized into the same timescale, which is one hour in this study. For some BMSs, data during several hours or 
days may be lost or abnormal in certain periods due to various uncertainties and accidents in operation. The data 
therefore are carefully processed by interpolation and cleaning to ensure the consistence and completeness. 

(2) DES&DCS design 

The DES&DCS can be designed based on the collected electricity demand, cooling demands and the location of 
buildings. Absorption chillers meet partial cooling loads while the electric chillers complement to meet the excess 
cooling load. Based on the cooling and electricity demands, the numbers and capacities of power generator unit (PGU), 
absorption chillers, electric chillers, pumps and cooling towers can be designed. The hydraulic head of chilled water 
pumps in the DCS is calculated based on the loads of each building and the layout of the district/campus. 
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(3) System modelling 

The performance of the DES&DCS is evaluated by modelling primary components including PGUs, absorption 
chillers, electric chillers, pumps, etc. The energy balance is expressed as Eq.1. Where, Qgas is energy from the primary 
energy (natural gas), Qe is the energy used for power generation, Qtml is the energy used for cooling, and Qwaste is the 
waste energy. The electrical efficiency ηele and thermal efficiency ηtml is expressed in Eq. 2 and Eq. 3. The electrical 
efficiency ηele depends on the partial loads (PLele) as shown in Eq. 4. Where, ηele.full is the electrical efficiency of 
generators at full loads and PLe is the part electricity load ratio of generators. When the PLele is less than 30%, the 
generator will shut down to avoid operating with too low efficiency. The COPec (coefficient of performance) of electric 
chillers also follows a curve under different partial loads [18]. The cooling water and primary chilled water pumps 
work at a constant speed and efficiency. Variable-speed pumps are adopted in the secondary chilled water network 
and the required pressure varies with the cooling loads. 

Qgas=Qele + Qtml + Qloss                                                                                                               (1) 

ηele = Qele / Qgas                                                                                 (2)  

ηtml = Qtml / Qgas                                                                                 (3) 

ηele = ηele.full × (a1×PLele
3+ a2×PLele

2+ a3×PLele+ a4)                                                  (4) 

(4) Control strategy 

Four commonly-used strategies are selected and tested: 
 Following the electricity demand method (FED)[19-21]: The generators operate to meet the electricity loads. If 

the cooling load exceeds the capacity of absorption chillers, electric chillers start.  
 Following the cooling demand method (FCD)[19-21]: The generators operate to meet the cooling loads. If all 

the generators work at full loads but still cannot meet the cooling load, electric chillers start. The lacking/surplus 
electricity may be imported/exported from/to the grid. 

 Following the electricity or cooling demand which requires generators to consume higher primary energy 
(FHD)[19]: The operation of generators switches between the FED and FCD, which meets the cooling or 
electricity demand always requiring higher primary energy. This strategy would make full use of the DES. When 
the generators operate to meet the cooling demand, surplus electricity arises. When the generators operate to 
meet the electricity demand, excessive heat would be wasted. 

 Following one of the electricity or cooling demand which requires generators to consume lower primary energy 
(FLD): The operation of generators switches between the FED and FCD, which meets the cooling or electricity 
demand requiring less primary energy. This strategy will lead to neither cooling waste nor surplus electricity. It 
would always need to import electricity from the grid to meet the cooling and electricity demands. 

(5) Evaluation criterion 

To assess the economic performance of DES compared with the system that depending on the grid (CES), the 
payback period (PB) is calculated as shown in Eq. 5. It represents the time required for the DES to recover the 
additional first cost compared with CES. Where, ΔCcap and ΔCopr are the capital cost difference and annual operation 
cost difference between DES and CES, as shown in Eq. 6~7. Where, m and n is the number of equipment in CES and 
DES, PRgas is the price of natural gas (CNY/Nm3), PRele and FIT are the prices of electricity and feed-in tariff 
(yuan/kWh), and EPGU is the electricity generated by PGU (kWh), and CMPGU is the maintenance cost coefficient 
(CNY/kWh). The equipment capital costs and other economic parameters are summarized in Table 1 [22-26].  

PB= ∆Ccap

∆Copr
                                                                                      (5) 
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(3) System modelling 

The performance of the DES&DCS is evaluated by modelling primary components including PGUs, absorption 
chillers, electric chillers, pumps, etc. The energy balance is expressed as Eq.1. Where, Qgas is energy from the primary 
energy (natural gas), Qe is the energy used for power generation, Qtml is the energy used for cooling, and Qwaste is the 
waste energy. The electrical efficiency ηele and thermal efficiency ηtml is expressed in Eq. 2 and Eq. 3. The electrical 
efficiency ηele depends on the partial loads (PLele) as shown in Eq. 4. Where, ηele.full is the electrical efficiency of 
generators at full loads and PLe is the part electricity load ratio of generators. When the PLele is less than 30%, the 
generator will shut down to avoid operating with too low efficiency. The COPec (coefficient of performance) of electric 
chillers also follows a curve under different partial loads [18]. The cooling water and primary chilled water pumps 
work at a constant speed and efficiency. Variable-speed pumps are adopted in the secondary chilled water network 
and the required pressure varies with the cooling loads. 

Qgas=Qele + Qtml + Qloss                                                                                                               (1) 

ηele = Qele / Qgas                                                                                 (2)  

ηtml = Qtml / Qgas                                                                                 (3) 

ηele = ηele.full × (a1×PLele
3+ a2×PLele

2+ a3×PLele+ a4)                                                  (4) 

(4) Control strategy 

Four commonly-used strategies are selected and tested: 
 Following the electricity demand method (FED)[19-21]: The generators operate to meet the electricity loads. If 

the cooling load exceeds the capacity of absorption chillers, electric chillers start.  
 Following the cooling demand method (FCD)[19-21]: The generators operate to meet the cooling loads. If all 

the generators work at full loads but still cannot meet the cooling load, electric chillers start. The lacking/surplus 
electricity may be imported/exported from/to the grid. 

 Following the electricity or cooling demand which requires generators to consume higher primary energy 
(FHD)[19]: The operation of generators switches between the FED and FCD, which meets the cooling or 
electricity demand always requiring higher primary energy. This strategy would make full use of the DES. When 
the generators operate to meet the cooling demand, surplus electricity arises. When the generators operate to 
meet the electricity demand, excessive heat would be wasted. 

 Following one of the electricity or cooling demand which requires generators to consume lower primary energy 
(FLD): The operation of generators switches between the FED and FCD, which meets the cooling or electricity 
demand requiring less primary energy. This strategy will lead to neither cooling waste nor surplus electricity. It 
would always need to import electricity from the grid to meet the cooling and electricity demands. 

(5) Evaluation criterion 

To assess the economic performance of DES compared with the system that depending on the grid (CES), the 
payback period (PB) is calculated as shown in Eq. 5. It represents the time required for the DES to recover the 
additional first cost compared with CES. Where, ΔCcap and ΔCopr are the capital cost difference and annual operation 
cost difference between DES and CES, as shown in Eq. 6~7. Where, m and n is the number of equipment in CES and 
DES, PRgas is the price of natural gas (CNY/Nm3), PRele and FIT are the prices of electricity and feed-in tariff 
(yuan/kWh), and EPGU is the electricity generated by PGU (kWh), and CMPGU is the maintenance cost coefficient 
(CNY/kWh). The equipment capital costs and other economic parameters are summarized in Table 1 [22-26].  

PB= ∆Ccap

∆Copr
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∆Ccap=∑CAPm⋅Ccap,m-∑CAPn⋅Ccap,n                                                            (6) 

∆Copr=Copr,CES-Copr,DES                                                                              

=(Ee+Ec)⋅PRele-(Fgas⋅PRgas+Egrid⋅PRele-Esell⋅FIT+EPGU⋅CMpgu)                                    (7) 

Table 1. Parameters associated with the economic performance of DES&DCSs 

Item Parameter value 

Equipment capital cost (yuan/kW) PGU 4800 

 Absorption chiller 1200 

 Electric chiller 970 

Maintenance cost (yuan/kWh) PGU and others 0.0394-0.0031ln(CAPPGU) 

Carbon emission factor (kg/kWh) [26] Natural gas 0.2 

 electricity 0.997 

(6) Uncertainty characterization 

Uncertainties that affect the economic performance of the DES can be classified into three categories as follows. 
Uncertainty in the energy markets: The source includes the natural gas price, the electricity price, and the price for 
surplus electricity sold to the grid. The benefits of the DES are determined by these three factors simultaneously 
instead of one factor. Therefore, the PBs under the uncertainties of these three factors are quantified. 
Uncertainty in the incentives from the government: The incentives from the government are different from region to 
region and even from time to time. Therefore, the PBs under different incentives for the first cost are evaluated. 
Uncertainty in the carbon tax. Currently the carbon tax varies in different countries. The uncertainty in the carbon tax 
is considered and its impact on the PB of DES is evaluated. 

It is hard to get the probability function of the above uncertainty factors but it is possible to get the intervals. 
Therefore, the uncertainty quantification is conducted by sensitivity analysis. 

3. A DES&DCS for a campus 

The campus in the Hong Kong Polytechnic University is selected to investigate the performance of DESs 
considering uncertainties. Information for these buildings is shown in Table 2. The electricity load and cooling loads 
of the campus in 2015 are collected, as shown in Fig. 2. It shows that the campus needs cooling all the year because 
of the subtropical climate and the cooling loads in summer are much higher. The electricity loads have no apparent 
fluctuations in different months. The DES&DCS can be designed based on the peak cooling and electricity loads. In 
this study, the capacity of generators is designed to meet the peak electricity load and the demand resulting from the 
pumps serving the absorption chillers. The capacity of absorption chillers accordingly can be determined based on the 
exhaust gas from the generator. Electric chillers are selected to complement the absorption chillers to meet the left 
cooling loads. The schematic diagram of the DES&DCS is shown in Fig. 3. 

Table 2. Buildings and gross floor areas 

Phase Area (m2) Phase Area (m2) 

Phase 1 47270 Phase 6 12310 

Phase 2 7980 Phase 7 25000 

Phase 2A/B 24420 Phase 8 44000 
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Phase 3A 16780 PCD 10200 

Phase 3B 23400 JCA 4800 

Phase 4 19330 JCIT 15320 

Phase 5 10080   

 

  

                 Fig. 2 Annual hourly electricity load and cooling load in 2015              Fig. 3 Schematic diagram of the DES&DCS 

4. Results and analysis 

4.1. Impacts of uncertainty in the energy market 

The uncertainty in the energy market includes the natural gas price, the electricity price and the feed-in tariff. These 
factors affect the economic performance simultaneously. The electricity price in different regions of China does not 
have very significant differences. However, the price of natural gas price can be very different, as shown in Table 3. 
It can be seen that the natural gas price ranges from 2.19 to 4.51 in different cities of China. Therefore, the ratio of the 
natural gas price to the electricity price (PRR) is used to quantify the uncertainty in energy market, which varies 
between 1 and 4. For the surplus electricity sent to the grid, the price also varies in different cities, even for different 
projects in one city. Therefore, the ratio of electricity price sold to the grid to that purchased from the grid (FR) is used 
to quantify the uncertainty. 

Table 3 Natural gas prices in several cities of China 

City Residential Industrial Commercial City Residential Industrial Commercial 

Urumqi 1.37 2.28 2.28 Shanghai 3.01 3.57 3.57 

Xining 1.48 1.82 2.19 Hangzhou 3.11 3.28 3.28 

Nanjing 2.51 2.99 2.99 Nanning 3.23 4.19 4.19 

Wuhan 2.54 3.50 3.50 Guangzhou 3.46 4.26 4.26 

Changchun 2.81 3.16 3.16 Shenzhen 3.51 4.51 4.51 

Harbin 2.81 4.58 4.58 Beijing 2.29 3.23 3.23 

Jinan 3.01 3.13 3.13 Tianjin 2.41 2.67 2.67 

The PB of the DES&DCS controlled by FCD is shown in Table 4, considering the uncertainty in PRR and FR. It 
can be seen that the PB increases with the PRR and FR. When the PRR is less than 3, the investment can be paid back 
in 7 years. A higher FR results in a lower PB. Currently the utility company purchases the power from the coal-fired 
plants at a price of 0.35CNY/kWh, which corresponds to 0.35 for FR. The commonly-used FR for DESs in China is 
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∆Ccap=∑CAPm⋅Ccap,m-∑CAPn⋅Ccap,n                                                            (6) 

∆Copr=Copr,CES-Copr,DES                                                                              

=(Ee+Ec)⋅PRele-(Fgas⋅PRgas+Egrid⋅PRele-Esell⋅FIT+EPGU⋅CMpgu)                                    (7) 

Table 1. Parameters associated with the economic performance of DES&DCSs 

Item Parameter value 

Equipment capital cost (yuan/kW) PGU 4800 

 Absorption chiller 1200 

 Electric chiller 970 

Maintenance cost (yuan/kWh) PGU and others 0.0394-0.0031ln(CAPPGU) 

Carbon emission factor (kg/kWh) [26] Natural gas 0.2 

 electricity 0.997 

(6) Uncertainty characterization 

Uncertainties that affect the economic performance of the DES can be classified into three categories as follows. 
Uncertainty in the energy markets: The source includes the natural gas price, the electricity price, and the price for 
surplus electricity sold to the grid. The benefits of the DES are determined by these three factors simultaneously 
instead of one factor. Therefore, the PBs under the uncertainties of these three factors are quantified. 
Uncertainty in the incentives from the government: The incentives from the government are different from region to 
region and even from time to time. Therefore, the PBs under different incentives for the first cost are evaluated. 
Uncertainty in the carbon tax. Currently the carbon tax varies in different countries. The uncertainty in the carbon tax 
is considered and its impact on the PB of DES is evaluated. 

It is hard to get the probability function of the above uncertainty factors but it is possible to get the intervals. 
Therefore, the uncertainty quantification is conducted by sensitivity analysis. 

3. A DES&DCS for a campus 

The campus in the Hong Kong Polytechnic University is selected to investigate the performance of DESs 
considering uncertainties. Information for these buildings is shown in Table 2. The electricity load and cooling loads 
of the campus in 2015 are collected, as shown in Fig. 2. It shows that the campus needs cooling all the year because 
of the subtropical climate and the cooling loads in summer are much higher. The electricity loads have no apparent 
fluctuations in different months. The DES&DCS can be designed based on the peak cooling and electricity loads. In 
this study, the capacity of generators is designed to meet the peak electricity load and the demand resulting from the 
pumps serving the absorption chillers. The capacity of absorption chillers accordingly can be determined based on the 
exhaust gas from the generator. Electric chillers are selected to complement the absorption chillers to meet the left 
cooling loads. The schematic diagram of the DES&DCS is shown in Fig. 3. 

Table 2. Buildings and gross floor areas 

Phase Area (m2) Phase Area (m2) 

Phase 1 47270 Phase 6 12310 

Phase 2 7980 Phase 7 25000 

Phase 2A/B 24420 Phase 8 44000 
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Phase 3A 16780 PCD 10200 

Phase 3B 23400 JCA 4800 

Phase 4 19330 JCIT 15320 

Phase 5 10080   

 

  

                 Fig. 2 Annual hourly electricity load and cooling load in 2015              Fig. 3 Schematic diagram of the DES&DCS 

4. Results and analysis 

4.1. Impacts of uncertainty in the energy market 

The uncertainty in the energy market includes the natural gas price, the electricity price and the feed-in tariff. These 
factors affect the economic performance simultaneously. The electricity price in different regions of China does not 
have very significant differences. However, the price of natural gas price can be very different, as shown in Table 3. 
It can be seen that the natural gas price ranges from 2.19 to 4.51 in different cities of China. Therefore, the ratio of the 
natural gas price to the electricity price (PRR) is used to quantify the uncertainty in energy market, which varies 
between 1 and 4. For the surplus electricity sent to the grid, the price also varies in different cities, even for different 
projects in one city. Therefore, the ratio of electricity price sold to the grid to that purchased from the grid (FR) is used 
to quantify the uncertainty. 

Table 3 Natural gas prices in several cities of China 

City Residential Industrial Commercial City Residential Industrial Commercial 

Urumqi 1.37 2.28 2.28 Shanghai 3.01 3.57 3.57 

Xining 1.48 1.82 2.19 Hangzhou 3.11 3.28 3.28 

Nanjing 2.51 2.99 2.99 Nanning 3.23 4.19 4.19 

Wuhan 2.54 3.50 3.50 Guangzhou 3.46 4.26 4.26 

Changchun 2.81 3.16 3.16 Shenzhen 3.51 4.51 4.51 

Harbin 2.81 4.58 4.58 Beijing 2.29 3.23 3.23 

Jinan 3.01 3.13 3.13 Tianjin 2.41 2.67 2.67 

The PB of the DES&DCS controlled by FCD is shown in Table 4, considering the uncertainty in PRR and FR. It 
can be seen that the PB increases with the PRR and FR. When the PRR is less than 3, the investment can be paid back 
in 7 years. A higher FR results in a lower PB. Currently the utility company purchases the power from the coal-fired 
plants at a price of 0.35CNY/kWh, which corresponds to 0.35 for FR. The commonly-used FR for DESs in China is 
0.8. It can be seen that if the FR is reduced from 0.8 to 0.3, the PB under different PRRs would be increased by 5% to 
8%. It means that if the energy market is open and the DES has to compete with existing power plants to sell the 
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surplus electricity to the utility company, 5%~8% more time is required to get the investment paid back. Table 4 also 
shows that the PRR is more significant to the PB than the FR. When the PRR is over 3.4, the PB is not satisfactory 
and the DES is economically infeasible. 

Table 4 PBs of the DES&DCS controlled by FCD considering the uncertainty in PRR and FR 

 FR 

PRR 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

1 1.53 1.52 1.50 1.49 1.48 1.46 1.45 1.43 1.42 1.41 1.40 

1.2 1.66 1.64 1.62 1.61 1.59 1.57 1.56 1.54 1.53 1.51 1.50 

1.4 1.81 1.79 1.77 1.75 1.73 1.71 1.69 1.67 1.65 1.63 1.62 

1.6 1.98 1.96 1.93 1.91 1.89 1.86 1.84 1.82 1.80 1.78 1.76 

1.8 2.20 2.17 2.14 2.11 2.08 2.05 2.03 2.00 1.97 1.95 1.92 

2 2.47 2.43 2.39 2.35 2.32 2.28 2.25 2.22 2.19 2.16 2.13 

2.2 2.81 2.76 2.71 2.66 2.62 2.57 2.53 2.49 2.45 2.41 2.37 

2.4 3.26 3.19 3.13 3.06 3.00 2.95 2.89 2.84 2.79 2.74 2.69 

2.6 3.88 3.78 3.69 3.61 3.52 3.45 3.37 3.30 3.23 3.16 3.10 

2.8 4.80 4.65 4.52 4.39 4.26 4.15 4.04 3.94 3.84 3.75 3.66 

3 6.28 6.03 5.81 5.59 5.40 5.22 5.04 4.88 4.73 4.59 4.46 

3.2 9.09 8.59 8.13 7.72 7.35 7.02 6.71 6.43 6.17 5.93 5.71 

3.4 16.47 14.87 13.56 12.46 11.53 10.72 10.02 9.41 8.87 8.38 7.95 

3.6 87.05 55.58 40.82 32.25 26.66 22.72 19.79 17.54 15.74 14.28 13.06 

3.8 -26.49 -32.00 -40.41 -54.83 -85.24 -191.34 781.54 128.45 69.97 48.08 36.63 

4 -11.49 -12.42 -13.52 -14.82 -16.40 -18.36 -20.85 -24.12 -28.61 -35.15 -45.58 

The PBs of DES&DCS under different control strategies are shown in Fig. 4. The red colour represents that the 
DES is not applicable where the PB is either too long (more than 50 years) or negative. It can be seen that when the 
PRR is low (i.e., less than 2.5), the DES controlled under the FED and FHD has shorter PBs, which should be 
preferred. When the PRR is higher (i.e., more than 3), the FCD and FLD should be preferred. According to the results 
in Fig. 4, the feasibility of the DES and the optimal control strategy can be determined. When the PRR is over 3.5, the 
DES is not applicable under all the control methods. 
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Fig. 4 PBs of the DES&DCS under four control strategies considering uncertainty in PRR and FR 

4.2. Uncertainty in the incentives 

The PB of the DES&DCS considering the incentives from the government is shown in Fig. 5. The PB of the base 
case without any incentive is evaluated based on a PRR of 3.5 and FR of 0.8, which currently are used in many 
projects. It shows that the PB is 11.3, 13.1, 20.1 and 25 years under FCD, FLD, FHD and FED. It means that FCD is 
recommended considering the economic performance of the DES&DCS. The PB under the FHD and FED is more 
than 20 years, which is not acceptable. The FCD and FLD can be used with a much smaller PB. With the incentives 
from the government, the PB is decreased significantly. When the incentive is 1300 CNY/kW, the PB can fall in 10 
years under the FCD and FLD. When the incentive is 2500 CNY/kW (used in some areas of China), the PB under 
FCD, FLD, FHD and FED is 5.86, 6.78, 10.4 and 12.94 years, which is acceptable. It indicates that at least 1300 
CNY/kW should be supported by the government to promote the DES if the natural gas price is not decreased. 
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The effect of different carbon taxes on the PB of DESs is shown in Fig. 6. The range is determined by referring to 
existing carbon tax in other countries [13-15]. It shows that with the increase of carbon tax, the PB under the four 
control strategies decreases. It is because that the carbon emission of DESs using natural gas is lower than the CES 
depending on the grid primarily powered by coal in China. Additionally, the high efficiency of DESs will reduce the 
primary energy consumption. Fig. 6 shows that the PB can be less than 10 years for the DESs operated under FCD 
and FLD when the carbon tax is charged as 50 CNY/ton. When the carbon tax is over 120 CNY/ton, all the PBs of 
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surplus electricity to the utility company, 5%~8% more time is required to get the investment paid back. Table 4 also 
shows that the PRR is more significant to the PB than the FR. When the PRR is over 3.4, the PB is not satisfactory 
and the DES is economically infeasible. 

Table 4 PBs of the DES&DCS controlled by FCD considering the uncertainty in PRR and FR 

 FR 

PRR 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

1 1.53 1.52 1.50 1.49 1.48 1.46 1.45 1.43 1.42 1.41 1.40 

1.2 1.66 1.64 1.62 1.61 1.59 1.57 1.56 1.54 1.53 1.51 1.50 

1.4 1.81 1.79 1.77 1.75 1.73 1.71 1.69 1.67 1.65 1.63 1.62 

1.6 1.98 1.96 1.93 1.91 1.89 1.86 1.84 1.82 1.80 1.78 1.76 

1.8 2.20 2.17 2.14 2.11 2.08 2.05 2.03 2.00 1.97 1.95 1.92 

2 2.47 2.43 2.39 2.35 2.32 2.28 2.25 2.22 2.19 2.16 2.13 

2.2 2.81 2.76 2.71 2.66 2.62 2.57 2.53 2.49 2.45 2.41 2.37 

2.4 3.26 3.19 3.13 3.06 3.00 2.95 2.89 2.84 2.79 2.74 2.69 

2.6 3.88 3.78 3.69 3.61 3.52 3.45 3.37 3.30 3.23 3.16 3.10 

2.8 4.80 4.65 4.52 4.39 4.26 4.15 4.04 3.94 3.84 3.75 3.66 

3 6.28 6.03 5.81 5.59 5.40 5.22 5.04 4.88 4.73 4.59 4.46 

3.2 9.09 8.59 8.13 7.72 7.35 7.02 6.71 6.43 6.17 5.93 5.71 

3.4 16.47 14.87 13.56 12.46 11.53 10.72 10.02 9.41 8.87 8.38 7.95 

3.6 87.05 55.58 40.82 32.25 26.66 22.72 19.79 17.54 15.74 14.28 13.06 

3.8 -26.49 -32.00 -40.41 -54.83 -85.24 -191.34 781.54 128.45 69.97 48.08 36.63 

4 -11.49 -12.42 -13.52 -14.82 -16.40 -18.36 -20.85 -24.12 -28.61 -35.15 -45.58 

The PBs of DES&DCS under different control strategies are shown in Fig. 4. The red colour represents that the 
DES is not applicable where the PB is either too long (more than 50 years) or negative. It can be seen that when the 
PRR is low (i.e., less than 2.5), the DES controlled under the FED and FHD has shorter PBs, which should be 
preferred. When the PRR is higher (i.e., more than 3), the FCD and FLD should be preferred. According to the results 
in Fig. 4, the feasibility of the DES and the optimal control strategy can be determined. When the PRR is over 3.5, the 
DES is not applicable under all the control methods. 
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the DESs under four control methods fall in 10 years. It means that when the government attempts to promote the 
DESs via carbon tax, the minimum charge should be not less than 50 CNY/ton. 

5. Conclusions 

The economic performance plays a significant role in the promotion of DESs and is concerned by both investors 
and users. However, large uncertainties exist in the energy market and policy, which would affect the economic 
performance and promotion of DESs. In this paper, uncertainty in the energy market and policy and their impacts on 
the promotion of DES are quantified. The conclusions are obtained as follows. 

1) The natural gas price has a significant effect on the economic performance of DESs. When the PRR is more than 
3, the investment of DES is hard to be beneficial. The feed-in tariff also affects the PB of DESs but not as 
important as the PRR. If the energy market is open and the price for the surplus electricity sent to the grid is the 
same as that utility company pays for other plants, the PB would increase by 5%~8%. 
 

2) The optimal control strategy varies under different PRRs and FRs. FHD is recommended when the PRR is lower 
than 2.5. Otherwise, the FCD should be preferred. 
 

3) The incentives from the government can help decrease the PB of DESs dramatically. If the investment needs to 
be paid back in 10 years, the incentive should be not less than 1300 CNY/kW. 
 

4) If the government attempts to promote the DESs via carbon tax, the charge should be not less than 50 CNY/(ton 
CO2)  
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the DESs under four control methods fall in 10 years. It means that when the government attempts to promote the 
DESs via carbon tax, the minimum charge should be not less than 50 CNY/ton. 

5. Conclusions 

The economic performance plays a significant role in the promotion of DESs and is concerned by both investors 
and users. However, large uncertainties exist in the energy market and policy, which would affect the economic 
performance and promotion of DESs. In this paper, uncertainty in the energy market and policy and their impacts on 
the promotion of DES are quantified. The conclusions are obtained as follows. 

1) The natural gas price has a significant effect on the economic performance of DESs. When the PRR is more than 
3, the investment of DES is hard to be beneficial. The feed-in tariff also affects the PB of DESs but not as 
important as the PRR. If the energy market is open and the price for the surplus electricity sent to the grid is the 
same as that utility company pays for other plants, the PB would increase by 5%~8%. 
 

2) The optimal control strategy varies under different PRRs and FRs. FHD is recommended when the PRR is lower 
than 2.5. Otherwise, the FCD should be preferred. 
 

3) The incentives from the government can help decrease the PB of DESs dramatically. If the investment needs to 
be paid back in 10 years, the incentive should be not less than 1300 CNY/kW. 
 

4) If the government attempts to promote the DESs via carbon tax, the charge should be not less than 50 CNY/(ton 
CO2)  
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The work aims to evaluate the recovering potential of excess heat in the return pipe of a district heating (DH) for heating some 
substations. 
The proposed method combines a DH simulation tool and a multi-criteria decision aiding algorithm. It is based on the analysis of 
the measured return temperatures at each sub-station in order to identify those with high potential of efficiency gains by using the 
return flow (with support of the supply pipe when needed). Combinations of substations from this set of eligible ones define 
potential scenarios of connection to the return pipe. The impacts of each scenario on the DH operational performance and the 
energy savings are evaluated with a detailed hydro-thermal model. The technical parameters and the energy efficiency are not the 
only points of view in the selection process “of best compromise” scenarios for the improvement of the DH, so that we propose a 
complex decision aiding process, involving multiple criteria, dealing with different points of view (economic, energy, technical…) 
and different decision makers. The evaluations of the scenarios on the criteria are summed up in a so-called performance table and 
aggregated by an outranking model (MR-Sort) to identify relevant scenarios. 
This methodology is illustrated by the example of a part of the DH in Nantes (France). Interpretation of data from substations of a 
specific branch showed the potential of connecting some of them to the return pipe. Six scenarios were generated and evaluated 
with four criteria. Then, the Multi-criteria Decision Aiding method associated to two actors who have different priorities lead to 
not obvious results at a first glance. 
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Nomenclature 

a alternative 
C concordance index 
cp specific heat capacity (J/kg) 
d diameter (m) 
gj performance criterion j 
ch class h 
k number of classes 
bh separation profile between class h and class h+1 
H head (m)  
L  length (m) 
�̇�𝑚 mass flow rate (kg/s) 
S outranking relation 
T temperature (°C) 
U convection heat exchange coefficient (W/m²/°C) 

Subscripts 
j  criterion index 
h class index 
g ground 
in inlet 
out outlet  
p pipe, primary 
s surrounding, secondary 
w water 
0 nominal 

1. Introduction 

Low operational temperatures (supply and return) with high temperature differences are important conditions for 
increasing the efficiency of district heating (DH). 

Low temperature has direct positive consequences on thermal losses and pumping cost [1, 2]. The reduction of 
operational temperatures also improves the efficiency of production energy systems and fosters the integration of 
renewable (solar thermal or heat pumps). In addition, low operational temperatures lead to a better energy efficiency 
as well as economic gains [3]. 

Despite its importance the management of temperatures is not simple to handle by DH operators due to various 
reasons among which the separated management and control of the DH and the secondary distribution networks in 
the buildings connected to the DH [4]. The secondary networks are designed, managed and controlled by independent 
operators what can lead to high return temperatures on the DH with limited possible actions for the DH operator. 
Temperature cascading is one of the possible solution for the DH operator to reduce the operational temperatures. 

Temperature cascading aims to take advantage of return temperature complementary to the use of heat from the 
supply pipe when needed. This aims either to lower the global return temperature of the DH or to integrate new loads 
to the DH (low temperature loads). The implementation is done directly at the substation [5,6] or thanks to the loads 
management at the substation [7]. The optimal cascade functioning is conditioned to the different operational 



268 Mohamed Tahar Mabrouk et al. / Energy Procedia 149 (2018) 266–275
 Author name / Energy Procedia 00 (2018) 000–000  3 

temperatures of successive substations, as well as to an equilibrium between the loads requiring the use the supply 
pipe and the ones compatible with a connection to the return pipe [7]. In their study, Köfinger et al.[6] compared 
different configuration for connecting additional low temperature substations to an existing DH. Their work 
demonstrates the interest of cascading with a decrease of the return temperature whatever the scenario. In their techno-
economic analysis Flores et al. [1] evaluated the impact of the penetration rate of Low Temperature substations in 
conventional DH. 

Most of these works are based on simulation tools for which different strategies can be implemented depending on 
the objectives (simulation, optimization, design, control…). Various works on pseudo-dynamic or dynamic 
simulations of DH have been carried out with tools dedicated to the modelling of complex energy systems such as 
TRNSYS, MODELICA, EnergyPlan... to study the whole system performance. Other works focusing more on the 
distribution used more detailed models based on different numerical schemes (e.g. [8-10]). This type of models 
generally requires important calculation times due to the level of complexity in the description of the systems. 
Simplified models can be used when the objective is at the same time to have a good representation of the whole 
system and to take into account physical variable like temperatures and mass flows [1]. 

Multi-Criteria Decision Aiding (MCDA) is the study of decision problems, methods and tools which may be used 
in order to assist one or more Decision Makers (DMs) in reaching a decision when faced with a set of decision 
alternatives, described via multiple, often conflicting, properties or criteria. Usually, three types of decision problems 
are put forward in this context [11]: the choice problem, which aims to recommend a subset of alternatives, as restricted 
as possible, containing the “satisfactory” ones; the sorting problem, whose goal is to assign each alternative into 
predefined preferentially ordered categories; and the ranking problem, which orders the alternatives by decreasing 
degree of preferences.  

Various models have been proposed to support DMs facing a multi-criteria decision problem [12] and to represent 
their preferences. Roughly speaking, they originate from two methodological schools. First, in the outranking 
methodologies, any two alternatives are compared pair-wisely on basis of their evaluations on the set of criteria, 
according to a majority rule (see for example Roy, 1996 [11]). Second, methods based on multiattribute value theory 
aim to construct a numerical representation of the DM's preference on the set of alternatives. The main difference 
between these two methodological schools lies in the way in which the alternatives are compared and the type of 
information required from the DM. Outranking methods are preferred if the evaluations of the alternatives are 
primarily qualitative, if the DM would like to include a measure of imprecision about personal preferences in the 
model, and when a human-readable evaluation model is desired. Value-based methods can be favored if a 
compensatory behavior of the DM should be modeled, and when the evaluation of the alternatives should be 
summarized by a single value (as in the case of accounting, for instance). These methodologies are usually integrated 
in a more general decision aiding process, as described in [13].  

In the context of DH systems, the DMs are the DH operator (called the user later), the consumers and the 
municipality (as the owner of the DH infrastructure), and the alternatives are the various scenarios to improve the 
district heating, while the evaluation criteria are the indicators or attributes used to evaluate the various scenarios.  

The present work presents a methodology to provide the DMs involved in the DH management with the relevant 
information for selecting the substations of an existing DH to be connected to the return temperature. The methodology 
is based on the combination of the analysis of monitored data of the substations, the implementation of a MCDA 
method to identify the relevance of different scenarios (compounded of technical and non-technical data), and a 
dynamic hydro-thermal simulation of the DH to assess the energy performance of the different configurations tested. 
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2. Methodology 

2.1. District heating network model 

The DHN is represented by an oriented graph where each edge represents two pipes (supply and return) and 
nodes represents either production units or consumer substations. The model is based on a thermal and hydraulic 
modeling of pipes and heat exchangers at each node.  

The hydraulic model calculates the pressure drops in the pipes and guaranties the mass balances at the nodes. 
Assuming the water flowing throughout the pipes to be incompressible with constant properties, the hydraulic head 
loss ΔH in a pipe between nodes i and j can be expressed by: 

ΔH = 𝑘𝑘𝑖𝑖𝑖𝑖�̇�𝑚𝑖𝑖𝑖𝑖|�̇�𝑚𝑖𝑖𝑖𝑖|   (1) 

With �̇�𝑚𝑖𝑖𝑖𝑖 the water mass flow rate in the pipe and 𝑘𝑘𝑖𝑖𝑖𝑖 the Darcy-Weisbach friction factor. The mass flow balance 
in each node is given by: 

∑ �̇�𝑚𝑖𝑖𝑖𝑖𝑖𝑖∈{Pr(𝑖𝑖)} = ∑ �̇�𝑚𝑖𝑖𝑖𝑖𝑖𝑖∈{Su(𝑖𝑖)} +�̇�𝑚𝑖𝑖  (2) 

Where {Pr(𝑖𝑖)}, {Su(𝑖𝑖)} are respectively the predecessors and the successors of the node i and �̇�𝑚𝑖𝑖 is the mass 
flow rate going to the consumer or to the production unit depending on the node’s type. 
The thermal model here is a pseudo-dynamic model which takes into account the heat losses from the pipe to the 
ground. The temperature drops in the pipes are given by: 

𝑇𝑇𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑠𝑠 + (𝑇𝑇𝑤𝑤,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑠𝑠)𝑒𝑒
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)
  (3) 

The heat exchangers at each node are considered to be adiabatic. The transferred heat power can be calculated using 
the NTU method while the global heat transfer coefficient was characterized from real data. Then the variation of this 
coefficient from the nominal 𝑈𝑈0 is : 
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Where �̇�𝑚𝑝𝑝0 and �̇�𝑚𝑠𝑠0 are nominal mass flow rate in the primary and secondary side of the heat exchanger and 𝐶𝐶1, 
𝐶𝐶2, 𝐶𝐶3, 𝛼𝛼 and 𝛽𝛽 are constants. In this study, at the secondary side, return temperature are set constant whereas and 
supply temperatures are controlled based on the outdoor temperature using a linear control curve. 

The equations are solved as a whole problem to model the district heating. The unknown variables of this problem 
are the hydraulic head at each node, the primary supply and return temperature at each node, the mass flow rates in 
the pipes and the primary and secondary side mass flow rates at the heat exchangers. The known variables are: the 
loads for all the substations, the power produced by all the production units except one of them (to ensure the energy 
conservation, this slack node correspond to the energy exchanges with the rest of the DH), the supply temperatures of 
the producers and return and supply temperatures at the secondary side of the substations.In the case of a substation 
connected to the return pipe, the mass flow rate �̇�𝑚𝑝𝑝,𝑖𝑖 entering the heat exchanger is the sum of mass flow rate coming 
from the supply pipe and the return pipe. Then, the fraction of the mass flow rate from the return pipe over the total 
mass flow rate flowing in the return pipe is called α. The optimal fraction depends on the temperature of the water at 
the return pipe, the demand power at the substation and the supply temperature at the secondary side of the heat 
exchanger. These fractions are optimized at each time step in order to minimize the produced power. 
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temperatures of successive substations, as well as to an equilibrium between the loads requiring the use the supply 
pipe and the ones compatible with a connection to the return pipe [7]. In their study, Köfinger et al.[6] compared 
different configuration for connecting additional low temperature substations to an existing DH. Their work 
demonstrates the interest of cascading with a decrease of the return temperature whatever the scenario. In their techno-
economic analysis Flores et al. [1] evaluated the impact of the penetration rate of Low Temperature substations in 
conventional DH. 

Most of these works are based on simulation tools for which different strategies can be implemented depending on 
the objectives (simulation, optimization, design, control…). Various works on pseudo-dynamic or dynamic 
simulations of DH have been carried out with tools dedicated to the modelling of complex energy systems such as 
TRNSYS, MODELICA, EnergyPlan... to study the whole system performance. Other works focusing more on the 
distribution used more detailed models based on different numerical schemes (e.g. [8-10]). This type of models 
generally requires important calculation times due to the level of complexity in the description of the systems. 
Simplified models can be used when the objective is at the same time to have a good representation of the whole 
system and to take into account physical variable like temperatures and mass flows [1]. 

Multi-Criteria Decision Aiding (MCDA) is the study of decision problems, methods and tools which may be used 
in order to assist one or more Decision Makers (DMs) in reaching a decision when faced with a set of decision 
alternatives, described via multiple, often conflicting, properties or criteria. Usually, three types of decision problems 
are put forward in this context [11]: the choice problem, which aims to recommend a subset of alternatives, as restricted 
as possible, containing the “satisfactory” ones; the sorting problem, whose goal is to assign each alternative into 
predefined preferentially ordered categories; and the ranking problem, which orders the alternatives by decreasing 
degree of preferences.  

Various models have been proposed to support DMs facing a multi-criteria decision problem [12] and to represent 
their preferences. Roughly speaking, they originate from two methodological schools. First, in the outranking 
methodologies, any two alternatives are compared pair-wisely on basis of their evaluations on the set of criteria, 
according to a majority rule (see for example Roy, 1996 [11]). Second, methods based on multiattribute value theory 
aim to construct a numerical representation of the DM's preference on the set of alternatives. The main difference 
between these two methodological schools lies in the way in which the alternatives are compared and the type of 
information required from the DM. Outranking methods are preferred if the evaluations of the alternatives are 
primarily qualitative, if the DM would like to include a measure of imprecision about personal preferences in the 
model, and when a human-readable evaluation model is desired. Value-based methods can be favored if a 
compensatory behavior of the DM should be modeled, and when the evaluation of the alternatives should be 
summarized by a single value (as in the case of accounting, for instance). These methodologies are usually integrated 
in a more general decision aiding process, as described in [13].  

In the context of DH systems, the DMs are the DH operator (called the user later), the consumers and the 
municipality (as the owner of the DH infrastructure), and the alternatives are the various scenarios to improve the 
district heating, while the evaluation criteria are the indicators or attributes used to evaluate the various scenarios.  

The present work presents a methodology to provide the DMs involved in the DH management with the relevant 
information for selecting the substations of an existing DH to be connected to the return temperature. The methodology 
is based on the combination of the analysis of monitored data of the substations, the implementation of a MCDA 
method to identify the relevance of different scenarios (compounded of technical and non-technical data), and a 
dynamic hydro-thermal simulation of the DH to assess the energy performance of the different configurations tested. 
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2. Methodology 

2.1. District heating network model 

The DHN is represented by an oriented graph where each edge represents two pipes (supply and return) and 
nodes represents either production units or consumer substations. The model is based on a thermal and hydraulic 
modeling of pipes and heat exchangers at each node.  
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Assuming the water flowing throughout the pipes to be incompressible with constant properties, the hydraulic head 
loss ΔH in a pipe between nodes i and j can be expressed by: 
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With �̇�𝑚𝑖𝑖𝑖𝑖 the water mass flow rate in the pipe and 𝑘𝑘𝑖𝑖𝑖𝑖 the Darcy-Weisbach friction factor. The mass flow balance 
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The heat exchangers at each node are considered to be adiabatic. The transferred heat power can be calculated using 
the NTU method while the global heat transfer coefficient was characterized from real data. Then the variation of this 
coefficient from the nominal 𝑈𝑈0 is : 
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Where �̇�𝑚𝑝𝑝0 and �̇�𝑚𝑠𝑠0 are nominal mass flow rate in the primary and secondary side of the heat exchanger and 𝐶𝐶1, 
𝐶𝐶2, 𝐶𝐶3, 𝛼𝛼 and 𝛽𝛽 are constants. In this study, at the secondary side, return temperature are set constant whereas and 
supply temperatures are controlled based on the outdoor temperature using a linear control curve. 

The equations are solved as a whole problem to model the district heating. The unknown variables of this problem 
are the hydraulic head at each node, the primary supply and return temperature at each node, the mass flow rates in 
the pipes and the primary and secondary side mass flow rates at the heat exchangers. The known variables are: the 
loads for all the substations, the power produced by all the production units except one of them (to ensure the energy 
conservation, this slack node correspond to the energy exchanges with the rest of the DH), the supply temperatures of 
the producers and return and supply temperatures at the secondary side of the substations.In the case of a substation 
connected to the return pipe, the mass flow rate �̇�𝑚𝑝𝑝,𝑖𝑖 entering the heat exchanger is the sum of mass flow rate coming 
from the supply pipe and the return pipe. Then, the fraction of the mass flow rate from the return pipe over the total 
mass flow rate flowing in the return pipe is called α. The optimal fraction depends on the temperature of the water at 
the return pipe, the demand power at the substation and the supply temperature at the secondary side of the heat 
exchanger. These fractions are optimized at each time step in order to minimize the produced power. 
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2.2. Multi-criteria Decision Aiding 

Among the possible outranking sorting methods, we choose Majority-Rule Sorting (MR-Sort) [15]. The method 
allows us to build an overall qualitative scale for the evaluation of the scenarios, while presenting a very readable and 
operational model. It handles very easily a mix of quantitative and qualitative evaluation scales on the criteria. The 
preferences of the DMs which are used in MR-Sort are represented here through criteria weights, which give the 
relative importance of criteria, a majority threshold which indicates the weight of a coalition of criteria in order to be 
considered sufficient and category limits, which are used to delimit the various categories. In more complex versions, 
veto and dictator profiles [15] are also considered, which allow to represent more precisely the preferential behavior 
of the DMs. 

The basic version of MR-Sort is formalized as follows. Consider a finite set A of decision alternatives (here the 
scenarios), a finite set of evaluation criteria indexed by J and a set of category limits B =  {𝐵𝐵1, . . , 𝐵𝐵𝑘𝑘−1}. Each 
alternative and each category limit is a vector of evaluations with respect to all criteria. The evaluation with respect 
to criterion can be viewed as a function 𝑔𝑔𝑗𝑗: 𝐴𝐴⋃𝐵𝐵 → ℝ , where 𝑔𝑔𝑗𝑗(𝑎𝑎) denotes the evaluation of alternative 𝑎𝑎 ∈ 𝐴𝐴 on 
criterion j and 𝑔𝑔𝑗𝑗(𝑏𝑏ℎ) denotes the evaluation of category limit 𝑏𝑏ℎ, ∀ℎ ∈ {1, . . , 𝑘𝑘 − 1}, on criterion j . The set of 
category limits are used to define a set of k categories {𝐶𝐶1, . . , 𝐶𝐶𝑘𝑘} , ordered by their desirability, from 𝐶𝐶1 being the 
worst category to 𝐶𝐶𝑘𝑘 being the best one. Each category 𝐶𝐶ℎ is defined through its upper limit, 𝑏𝑏ℎ, and its lower limit, 
𝑏𝑏ℎ−1, with the exception of the worst and best categories, which have only one limit. These categories represent the 
various levels of the qualitative scale on which the scenarios have to be evaluated. In this section, we assume, without 
loss of generality, that the performances are supposed to be such that a higher value denotes a better performance. 
This will not be the case in the final study. Furthermore the performances of the category limits are non-decreasing, 
i.e. ∀𝑗𝑗 ∈ 𝐽𝐽, 1 < ℎ < 𝑘𝑘: 𝑔𝑔𝑗𝑗(𝑏𝑏ℎ−1) ≤ 𝑔𝑔𝑗𝑗(𝑏𝑏ℎ).  

An alternative 𝑎𝑎 is said to outrank a category limit 𝑏𝑏ℎ−1 if and only if there is a sufficient coalition of criteria 
supporting the assertion “𝑎𝑎 is at least as good as 𝑏𝑏ℎ−1”. A coalition of criteria corresponds to a subset of criteria which 
“agree” on how an alternative compare to a category limit, either being at least as good or strictly worse. To measure 
this, we define for each criterion 𝑗𝑗 a function 𝐶𝐶𝑗𝑗: 𝐴𝐴 × 𝐵𝐵 → {0,1} which assesses whether criterion 𝑗𝑗 supports that 
statement or not: 

∀𝑗𝑗 ∈ 𝐽𝐽, 𝑎𝑎 ∈ 𝐴𝐴, 1 ≤ ℎ ≤ 𝑘𝑘: 𝐶𝐶𝑗𝑗(𝑎𝑎, 𝑏𝑏ℎ−1) =  {1, 𝑖𝑖f𝑔𝑔𝑗𝑗(𝑎𝑎) ≥ 𝑔𝑔𝑗𝑗(𝑏𝑏ℎ−1),
0,otherwise   (5) 

To assess whether a coalition of criteria is in favor of the outranking or not, ∀𝑎𝑎 ∈ 𝐴𝐴, 1 ≤ ℎ ≤ 𝑘𝑘, we first define the 
overall concordance as: 

𝐶𝐶(𝑎𝑎, 𝑏𝑏ℎ−1) = ∑ 𝑤𝑤𝑗𝑗𝐶𝐶𝑗𝑗(𝑎𝑎, 𝑏𝑏ℎ−1)𝑗𝑗∈𝐽𝐽   (6) 

where 𝑤𝑤𝑗𝑗  is the weight of criterion 𝑗𝑗. The weights are defined so that they are positive and sum up to one. This 
overall concordance is then compared to a majority threshold 𝜆𝜆 extracted from the decision-maker's preferences along 
with the weights. As in this basic version we do not consider any veto rule here, the outranking relation 𝑆𝑆 is then 
defined as: 

𝑎𝑎𝑆𝑆𝑏𝑏ℎ−1 ⇔ 𝐶𝐶(𝑎𝑎, 𝑏𝑏ℎ−1) ≥ 𝜆𝜆  (7) 

If 𝐶𝐶(𝑎𝑎, 𝑏𝑏ℎ−1) < 𝜆𝜆, the coalition of criteria is not sufficient, the alternative does not outrank the frontier 𝑏𝑏ℎ−1 and 
will therefore be assigned in a category lower than 𝑐𝑐ℎ. 

Alternative 𝑎𝑎 is assigned to the highest category it outranks, hence this rule can be written as: 

𝑎𝑎 ∈ 𝑐𝑐ℎ ⇔ 𝑎𝑎𝑆𝑆𝑏𝑏ℎ−1and𝑎𝑎𝑆𝑆𝑏𝑏ℎ.  (8) 

In order to model more accurately the preferential behavior of the DMs, several extensions of the MR-Sort model 
have been proposed in the literature. For example, [15] extended this approach in order to handle large performance 
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differences (resulting in what is called dictator and veto effects). These extensions lead to more flexible and more 
complex models as their number of parameters increases.  

Several techniques have been proposed in the literature to determine the parameters of outranking-based multi-
criteria sorting models. The DM could provide them directly, which is what we propose to do for the district heating 
problem presented hereafter. As an alternative, several authors have proposed to find the parameters of the model 
through the use of assignment examples.  

3. Case study  

Nantes’ district heating has been recently extended to link more than 380 substations with about 85 km of pipes in 
2017 for only 22 km in 2012. It supplies heat to more than 16 000 dwellings and many public facilities (swimming 
pools, hospital, schools, museums…). The total capacity of heat production units hits 202 MW with an energy mix 
achieving 84 % of renewable and waste heat (Tab. 1). 

  Table 1. Nantes DH main production units. 

Site Number of units Energy source Technology Capacity (MWth per unit) 

Malakoff 

2 Waste  Boiler 15 

2 Biomass (Wood) Boiler 15 

3 Gas Boiler 29 

La Californie 

3 Gas Boiler 13 

2 Gas CHP 8 

1 Biomass (Wood) Boiler 8 (May 2019) 

The aim of the study is to evaluated the ability of improving the efficiency of a network by implementing 
temperature cascades. In that view, a specific branch (Fig.1) of the network located in the East of Nantes Island has 
been selected since the return temperatures of most of its seven substations are usually over 60 °C: we can observe 
that the median, first and last quartile of return temperatures at Subs6, Subs4, Subs3, Subs2 and Subs1 are between 62°C 
and 75 °C (Fig. 2). 

  

Fig. 1. Branch’s topology. Fig. 2. Median and range between first and third quartile of supply and return 
temperatures in the branch. 
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supporting the assertion “𝑎𝑎 is at least as good as 𝑏𝑏ℎ−1”. A coalition of criteria corresponds to a subset of criteria which 
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criteria sorting models. The DM could provide them directly, which is what we propose to do for the district heating 
problem presented hereafter. As an alternative, several authors have proposed to find the parameters of the model 
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temperature cascades. In that view, a specific branch (Fig.1) of the network located in the East of Nantes Island has 
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that the median, first and last quartile of return temperatures at Subs6, Subs4, Subs3, Subs2 and Subs1 are between 62°C 
and 75 °C (Fig. 2). 

  

Fig. 1. Branch’s topology. Fig. 2. Median and range between first and third quartile of supply and return 
temperatures in the branch. 
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These substations present high heat sources in their return pipe to be valorised, and particularly at Subs6. We define 
the heat recovery potential as the difference between the power in the return pipe of a given substation at its functioning 
temperature and the power at a temperature of 55 °C. We can observe on figure 3 that for the Subs6 the power varies 
from 80 kW to 200 kW in winter months, while the consumptions of Subs4, Subs3, Subs2 and Subs1 are always below 
100 kW. It suggests that the high amount of heat available on the return pipe after subs6 could be used by the other 
substations by connecting them both to the supply and the return pipe.  

Fig. 3. Heat potential at subs6 and heat consumptions at Subs5, Subs4, Subs3, Subs2 and Subs1 (Median and range between 1st and 3rd quartile) 

However, we cannot evaluate such a possibility only by summing the potential and the demands since the 
temperature cascade implies huge changes in the functioning of the branch and the substations themselves. 

4. Results 

For each scenario, the input data used in the simulation are demand powers in the substations and the outdoor 
temperature which is needed to calculate the secondary side supply temperatures using control curves. These data 
cover a period of 13 days in December/January 2018. The fraction of mass flow rate injected from the return pipe to 
the substation is calculated at each time step. As an illustration of the results obtained, the Figure 4 presents this 
fraction for a scenario where 3 substations are connected to the return pipe: Subs4, Subs2 and Subs1. In these curves it 
is noticed that α in Subs4 is always greater than those in the Subs2 and Subs1.This is due to the fact that Subs4 is closer 
to the available heat in Subs6 and that the temperature at the return pipe is lower as we get farther from Subs6. This 
temperature drop is due to two phenomena: the heat losses in the pipes and the mixing with colder water at each 
substation.  

 
Fig. 4. Optimal fraction of the return mass flow rate injected to the substation 
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Two distinct decision makers are involved in the decision process of this case study: the user (the company that 
operates the secondary side of the heating network) and the operator (the company that operates the primary side of 
the network). Their goal is to evaluate each of the scenarios on a two -level qualitative scale (“bad”, “good”), i.e. each 
scenario will be assigned to one of the two ordered classes “bad” or “good” (in terms of the vocabulary of Section 2).  

They agree on a set of 4 evaluation criteria of the scenarios (which represent energetic, economic and social 
perspectives of the problem):  

• Criterion g1: Energy savings [MWh]. It is calculated as the difference between the energy produced by the 
production unit for each scenario and a reference case where there is not any substation connected to the return pipe. 

• Criterion g2: Energy diagnostic of the substation consisting in the yearly energy consumption per heated surface. 
This criterion expresses the level of priority between connecting the substation to the return pipe and to retrofit the 
buildings connected to the given substation. For this criteria the results are presented with letters (inspired from the 
Energy Performance Certificate labels) 

• Criterion g3: the connection cost. We do the assumption of a constant cost whatever the considered substation so 
that it is directly linked to the number of substations in the scenario. 

• Criterion g4: the potential acceptation by the owners. This criterion formalizes the level of difficulty to convince 
the owners to accept modification in the infrastructure. In that view, we consider a scale from “–“ for strong resistance 
of the owners in the negotiations (e.g. multi-ownership buildings with many persons to convince), to “++” for low 
resistance (e.g. buildings owned by the municipality). 

The evaluation of each scenario regarding the criteria are summed up in the Table 2: 

Table 2. Performance table. 

Scenario Connected substations g1 g2 g3 g4 

1 Subs4 5.93 C 1 - 

2 Subs4, Subs2, Subs1 6.21 B 3 - 

3 Subs4, Subs3 6.34 B 2 - 

4 Subs2 4.73 A 1 - 

5 Subs1 0.32 B 1 + 

6 Subs3 0.56 C 1 ++ 

The decision makers agree that criterion g1 has to be maximized. Criterion g2 is recoded on the following integer 
scale (A=1, B=2, C=3) and has to be minimized. Criterion g3 has to be minimized, and finally, criterion g4 is recoded 
on the following integer scale (-- = -1, neutral = 0, + = 1, ++ = 2), and has therefore to be maximized. 

The user DM considers that a good value should be above 3MWh on criterion g1, below 2 on criterion g2, and 
below 3 on criterion g3. As he is not taking into account criterion g4 when he evaluates the various scenarios, these 
evaluations are not important to him. This defines the separation profile between the categories “good” and “bad” for 
him. Besides, he cannot make a decision based on only one of the remaining three criteria. But if a scenario is good 
on criterion g2, then it is enough for him that it is good on either g1 or g3 to be considered on the overall as a good 
scenario. Finally, being good on g1 and g3 alone is not sufficient for him to evaluate the scenario as good. This defines 
the weights of the criteria, together with the majority threshold 𝜆𝜆 for this DM.  

The operator's profile is a bit different. A good value on g1 is above 2MWh, on g2 below 2, on g3 below 1, and on 
g4 above 0. Again, this gives us the separation profile between the “good” and the “bad” classes. For him g1 is clearly 
the most important criterion, and if a scenario is good on g1 and either g2 or g4, the scenario can be considered as good 
on the overall. If, however the scenario is not good on g1, then it should be good on the remaining 3 criteria to be 
evaluated as good. And finally, if a scenario is below 0.4 on g1, then it definitely cannot be considered as good on the 
overall, however good it has been evaluated on the remaining criteria. From these statements, we can deduce the 
weights of the criteria together with the majority threshold for this DM. 
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All in all, these preferential information lead to the preferential parameters of Tables 3 and 4. 

Table 3. Weights, veto and majority threshold. 
Decision maker g1 g2 g3 g4 λ 

User 0.25 0.50 0.25 0 0.75 

Operator 0.40 0.20 0.10 0.30 0.60 

Operator veto thresholds 0.40 NA NA NA  

Table 4. Separation profiles 

Decision maker g1 g2 g3 g4 

User 3 2 3 0 

Operator 2 2 2 0 

For the user, the simple MR-Sort model described in Section 2 is applied to evaluate the scenarios. For the operator 
however, as the notion of veto has to be taken into account (no good scenario should be below 0.4 on g1). Therefore, 
a classical extension of MR-Sort is used including this notion of veto. The results of the assignment are given in the 
following Table 5: 

Table 5. Results of the assignment. 

Decision maker\Scenario 1 2 3 4 5 6 

User  "Bad"   "Good" "Good" "Good" "Good" "Bad" 

Operator  "Bad"   "Good" "Good" "Good" "Bad" "Bad" 

Consequently, a compromise decision would be to consider that scenarios 2, 3 and 4 are evaluated as "Good", as 
both decision makers agree. This decision aiding process should simplify their decision on which of these 3 scenarios 
should be implemented in practice, in order to improve the DH of this part of the city of Nantes.  

It is interesting to notice that the reasons why these scenarios have been evaluated as “good” by the 2 DMs may 
not be the same for both of them. For example, scenario 4 has been evaluated as “good” for the user DM, because it 
is considered as good on g2 and g3, which is sufficient for this DM. However, this same scenario is evaluated as “good” 
for the operator DM, because it is considered as good on the first 3 criteria, which again is sufficient for this DM This 
underlines the importance of modeling the preferences of the DMs in such a process accurately, as the results depend 
a lot on the preferential parameters.  

5. Conclusion 

This work presents the interest of coupling MCDA methods with modelling tools for improving the existing DH 
by connecting relevant substations to the return pipe. 

The MCDA method combines the information given by energy indicators by taking into account various criterion 
associated to divers actors who can have different points of view on the importance to be allocated to each indicator. 
The results show the coupled methods enable to identify strategies not obvious at a first glance and provide useful 
information for discussion between the different stakeholders. The proposed methodology in the example of a single 
branch is replicable to the whole DH as well as the list of criteria and points of view can be broaden depending of the 
case studied and the actors involved. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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comprises low-temperature district heating (LTDH) and ultra-low-temperature district heating (ULTDH) networks. 
LTDH networks are designed with a supply temperature around 60 °C, which is just high enough for direct heat supply 
for domestic hot water. ULTDH networks operate at around 40 °C and are designed for direct supply of space heating, 
while the domestic hot water production requires a booster heat pump at the customer site. 

The boundary conditions determine, which of the solutions constitutes the thermodynamic and economic optimum. 
Several studies have therefore compared various DH technologies under consideration of different conditions, such as 
consideration of existing network components, availability of heat sources, network layouts and other aspects [2–5].  

Since the availability of heat sources for heat pump based district heating networks represents a key aspect with 
respect to their performance, different works in this field were carried out. Bühler et al. [6–8] have conducted economic 
analyses of the possibilities to use industrial excess heat from thermal processes for district heating. They considered 
spatiotemporal aspects and ensured the economic feasibility by comparisons to alternative heat sources for the DH 
network and to energy-efficiency measures, which would decrease the availability of industrial excess heat. Their 
studies outlined the general potential of excess heat recovery for DH purposes but also emphasized the importance of 
beneficial boundary conditions, such as short distances between heat source and customers and low integration cost. 

Lund et al. [9] indicate, that the refrigeration systems of supermarkets represent another potential heat source for 
DH systems. These are rejecting excess heat to the ambience throughout the year and are typically located in close 
vicinity to areas with increased heating demands. While conventional refrigeration systems with e.g. R-404a, reject 
heat during a subcritical condensation just above the ambient temperatures, CO2 systems reject the heat to a relatively 
large extent significantly above the ambient temperatures during desuperheating or transcritical gascooling processes. 
The increased temperature differences represent irreversibilities of CO2 systems and thereby a potential for 
improvements.  

CO2-based systems constitute the state of the art technologies in cold and moderate climates and are emerging as 
well in warmer climates [10–12]. Especially fully integrated systems, which integrate the air conditioning and heating 
requirements into the system while exploiting the peculiarities offered by the refrigerant properties of CO2, show 
convincing performances and an increased utilization of existing equipment. Most of the studies focus on the heat 
recovery to cover demands for space heating and hot water preparation on-site or in close vicinity [10–16].   

The studies demonstrated the possibilities for integrating on-site heat demands in the refrigeration system. The 
examples indicated high performances for cases, in which the heat demand and its temperatures matched well with the 
available heat. On the other hand, highly integrated systems often require storage tanks for balancing the temporal 
shift between availability and demand. The amount of available excess heat can furthermore exceed the heat demand. 

 LTDH networks represent an alternative potential customer of low-temperature excess heat. It was therefore 
suggested by e.g. [9,17,18] to couple the supermarket refrigeration units to LTDH networks. LTDH networks 
constitute a flexible customer of the available heat and the supermarkets are representing a decentral heat source for 
LTDH networks, often implying small distances and in many cases an existing connection to the DH networks, [7]. 

This study therefore focuses on an analysis of the possibilities for the recovery of excess heat from CO2 supermarket 
refrigeration units and evaluates the boundary conditions, for which the sector coupling appears economically feasible. 

2. Methods 

2.1. Possible system layouts 

The following subchapters present the different possibilities to recover excess heat from supermarkets for supplying 
heat to a LTDH network while heating the return stream from 45 °C to 70 °C. The approaches are compared on an 
annual basis assuming average ambient temperatures of 20 °C, 9 °C and 1 °C for summer, spring/autumn and winter, 
respectively, and for an average cooling demand of 100 kW throughout the year. 

2.1.1. Supply of excess heat during operation at increased gascooler pressure 
Figure 1 a) shows the layout of a simple refrigeration plant with one evaporator, an internal heat exchanger, an 

ejector and the possibility for direct heat recovery. The gascooler pressure and thereby the temperature profile of CO2 
during heat rejection is during normal operation determined by the ambient temperature, e.g. [12,19]. Consequently, 
the temperature profile and thereby the amount of excess heat that is directly recoverable, varies as well. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.192&domain=pdf
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comprises low-temperature district heating (LTDH) and ultra-low-temperature district heating (ULTDH) networks. 
LTDH networks are designed with a supply temperature around 60 °C, which is just high enough for direct heat supply 
for domestic hot water. ULTDH networks operate at around 40 °C and are designed for direct supply of space heating, 
while the domestic hot water production requires a booster heat pump at the customer site. 

The boundary conditions determine, which of the solutions constitutes the thermodynamic and economic optimum. 
Several studies have therefore compared various DH technologies under consideration of different conditions, such as 
consideration of existing network components, availability of heat sources, network layouts and other aspects [2–5].  

Since the availability of heat sources for heat pump based district heating networks represents a key aspect with 
respect to their performance, different works in this field were carried out. Bühler et al. [6–8] have conducted economic 
analyses of the possibilities to use industrial excess heat from thermal processes for district heating. They considered 
spatiotemporal aspects and ensured the economic feasibility by comparisons to alternative heat sources for the DH 
network and to energy-efficiency measures, which would decrease the availability of industrial excess heat. Their 
studies outlined the general potential of excess heat recovery for DH purposes but also emphasized the importance of 
beneficial boundary conditions, such as short distances between heat source and customers and low integration cost. 

Lund et al. [9] indicate, that the refrigeration systems of supermarkets represent another potential heat source for 
DH systems. These are rejecting excess heat to the ambience throughout the year and are typically located in close 
vicinity to areas with increased heating demands. While conventional refrigeration systems with e.g. R-404a, reject 
heat during a subcritical condensation just above the ambient temperatures, CO2 systems reject the heat to a relatively 
large extent significantly above the ambient temperatures during desuperheating or transcritical gascooling processes. 
The increased temperature differences represent irreversibilities of CO2 systems and thereby a potential for 
improvements.  

CO2-based systems constitute the state of the art technologies in cold and moderate climates and are emerging as 
well in warmer climates [10–12]. Especially fully integrated systems, which integrate the air conditioning and heating 
requirements into the system while exploiting the peculiarities offered by the refrigerant properties of CO2, show 
convincing performances and an increased utilization of existing equipment. Most of the studies focus on the heat 
recovery to cover demands for space heating and hot water preparation on-site or in close vicinity [10–16].   

The studies demonstrated the possibilities for integrating on-site heat demands in the refrigeration system. The 
examples indicated high performances for cases, in which the heat demand and its temperatures matched well with the 
available heat. On the other hand, highly integrated systems often require storage tanks for balancing the temporal 
shift between availability and demand. The amount of available excess heat can furthermore exceed the heat demand. 

 LTDH networks represent an alternative potential customer of low-temperature excess heat. It was therefore 
suggested by e.g. [9,17,18] to couple the supermarket refrigeration units to LTDH networks. LTDH networks 
constitute a flexible customer of the available heat and the supermarkets are representing a decentral heat source for 
LTDH networks, often implying small distances and in many cases an existing connection to the DH networks, [7]. 

This study therefore focuses on an analysis of the possibilities for the recovery of excess heat from CO2 supermarket 
refrigeration units and evaluates the boundary conditions, for which the sector coupling appears economically feasible. 

2. Methods 

2.1. Possible system layouts 

The following subchapters present the different possibilities to recover excess heat from supermarkets for supplying 
heat to a LTDH network while heating the return stream from 45 °C to 70 °C. The approaches are compared on an 
annual basis assuming average ambient temperatures of 20 °C, 9 °C and 1 °C for summer, spring/autumn and winter, 
respectively, and for an average cooling demand of 100 kW throughout the year. 

2.1.1. Supply of excess heat during operation at increased gascooler pressure 
Figure 1 a) shows the layout of a simple refrigeration plant with one evaporator, an internal heat exchanger, an 

ejector and the possibility for direct heat recovery. The gascooler pressure and thereby the temperature profile of CO2 
during heat rejection is during normal operation determined by the ambient temperature, e.g. [12,19]. Consequently, 
the temperature profile and thereby the amount of excess heat that is directly recoverable, varies as well. 
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The heat that is directly recoverable during normal operation is often rather limited. The gascooler pressure can 
alternatively be operated at an increased pressure to not only cover the cooling demand of the supermarket but also to 
actively supply heat to the DH network. Both the amount of heat that is recovered as well as the COP for supplying 
the heat are dependent on the additional pressure increase [15]. The contributions increase nonlinearly and suggest 
that there is an optimal marginal pressure increase, yielding a maximum COP.  

 

 

Table 1: Assumptions for modelling the CO2 
refrigeration system and the cascade heat pump 

 CO2 
System 

Cascade 
HP 

Isentropic efficiency of 
compressor: 

80 % 75 % 

Heat loss from the 
compressor: 

5 % 5 % 

Efficiency of motor: 95 % 95 % 

Lumped isentropic 
efficiency of ejector: 

25 % - 

Effectiveness of internal 
heat exchanger:  70 % - 

Pinch point temperature 
differences in HXs: 

5 K 5 K 

Minimum gascooler 
outlet temperature:  

10 °C - 

Evaporation 
temperature: 

-5 °C - 
 

Figure 1: Flow sheets for a standard CO2 refrigeration system with an ejector and one 
evaporation temperature with a) direct heat exchange at operation with increased gascooler 

pressure, b) direct heat exchange and a cascade heat pump in serial connection 

In order to analyze the trade-off among additionally supplied heat and the performance, a numerical model was 
implemented in EES, [20]. The model consists of mass and energy balances for all components, as well as equations 
modeling their performance. Table 1 summarizes the assumptions for the model of the refrigeration system. The 
gascooler outlet temperature is determined by the ambient temperature and a pinch point temperature difference of 
5 K while the gascooler pressure was set to optimal conditions with respect to cooling COPc. The coefficient of 
performance for cooling COPc=���/�� �������� is defined as the ratio of the cooling rate ��� to the power utilized to 
operate system optimally according to the ambient temperature �� ��������. The compressor was modelled with an 
isentropic efficiency for the compression process and an additional efficiency for the motor. Heat losses from the 
compressor were considered as well. 

The model assumes that all heat is rejected by the gascooler to the ambient during standard operation. In order to 
supply heat to the DH network, the compressor discharge temperature must be high enough to enable cooling of the 
CO2 while heating the DH stream from 45 °C to 70 °C and respecting a minimum pinch point temperature difference 
of 5 K. After the direct heat exchange, the CO2 is further cooled to the gascooler outlet temperature that is defined by 
the ambient temperature and the pinch point temperature difference. If the compressor outlet temperature is too low 
for heating the stream up to 70 °C, the entire heat is rejected through the gascooler. 

The performance of supplying the additional heat rate was described by a coefficient of performance COPHS,CO2, 
which is defined by the ratio of the heat supplied in the direct heat exchanger �� dHX to the additional power that is used 
to operate the refrigeration system at an increased gascooler pressure. The additional power is defined by the difference 
between the power during operation at the optimal pressure according to the ambient conditions �� Tamb,opt and the 
power during operation at an increased gascooler pressure �� comp while maintaining a constant cooling load. 
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2.1.2. Supply of excess heat using a cascade heat pump 
The heat that is rejected to the environment because it is below the minimum supply temperature can alternatively 

be used as a heat source for a cascade heat pump, which supplies the district heating network, too. Figure 1 b) shows 
the system layout and Table 1 summarizes the assumptions for modelling the cascade heat pump.  

Utilizing a cascade heat pump enables choosing the gascooler pressure of refrigeration system independently of 
the ambient conditions. A parameter variation of the gascooler pressure showed that the system performance is optimal 
for subcritical heat rejection at a condensation pressure of 70 bar, corresponding to a temperature of 28.7 °C. At this 
operation, the compressor discharge temperature was just high enough to enable direct heat supply. 

The coefficient of performance for heat supply in the cascade heat pump scenario COPHS,HP was defined by the 
ratio of the accumulated supplied heat rate over the power that is additionally invested compared to standard operation 
for supply of cooling. The supplied heat includes both the heat flow supplied by the cascade heat pump �� HP and the 
direct heat exchange �� dHX. The total power is composed by the compressor power of the heat pump �� HP and the 
additional power spent in the refrigeration system to operate at a condensation pressure of 70 bar instead of the optimal 
condensation pressure corresponding to the ambient temperature (�� pcond=70 bar -��� Tamb,opt).    

COP����� � ���� � �����
�� �� � ��� ������������ ��� ���������

 (2) 

2.2. Optimization of the cascade heat pump working fluid 

This study assumed that the heat supply is realized in a heat exchanger heating the DH stream from 45 ° to 70 °C 
while respecting a pinch difference of 5 K. This means that the source inlet stream to the evaporator of the cascade 
heat pump enters at 50 °C, is cooled down to the condensation temperature of approximately 29 °C and condenses at 
a constant temperature. This temperature profile is nonlinear and it is expected, that a certain mismatch compared to 
the temperature profile of the cascade heat pump working fluid that evaporates at a constant temperature occurs.  

The authors have shown in previous studies that utilizing mixtures constitutes a promising approach to match the 
temperature profile of the working fluid during evaporation and condensation to the temperature profile of heat sink 
and source, [5,21,22]. This approach enabled reducing the irreversibilities during heat transfer and thereby improving 
the performance. The previous studies focused on selecting the working fluid for boundary conditions in which the 
heat source and sink had a linear temperature glide, while the temperature profile of CO2 is expected to be nonlinear. 

A working fluid screening was conducted as described in [5,21,22]. The model for the cascade heat pump was 
therefore evaluated for several mixtures, considering all possible binary mixtures of a list of fluids including 14 natural 
fluids and 4 hydrofluoroolefins (HFOs). The results were analyzed with respect to the thermodynamic performance 
and to indicators of the investment, such as the volumetric heating capacity VHC or the pressure levels.  

2.3. Economic Evaluation 

The economic performance is evaluated according to the Danish boundary conditions. The production of district 
heating with a heat pump includes two key taxes in Denmark. Firstly, there is the excess heat tax which concerns the 
utilization of any excess heat related to process equipment. It is implemented to counteract tax exemptions that are 
given to the production of goods by companies. For heat pumps, only the amount of heat produced above a COP of 3 
is taxed, and the taxation is 25 % of the heat sale, up to a maximum of 7.40 €/GJ.   

��������������� � ���� � �COP� � �
COP� � � ���������� (3) 

The second taxation of interest is the electricity to heat tax. Whenever electricity is used to produce DH there is a 
surplus tax compared to when electricity is used for process equipment. This will however be reduced in 2020 [23], 
and the Public Service Obligations (PSO) which are currently imposed on all electricity will also be removed. Together 
these contributions will drop the current electricity price from ~134 €/MWh to ~94 €/MWh. Heat prices vary a lot 
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2.1.2. Supply of excess heat using a cascade heat pump 
The heat that is rejected to the environment because it is below the minimum supply temperature can alternatively 

be used as a heat source for a cascade heat pump, which supplies the district heating network, too. Figure 1 b) shows 
the system layout and Table 1 summarizes the assumptions for modelling the cascade heat pump.  

Utilizing a cascade heat pump enables choosing the gascooler pressure of refrigeration system independently of 
the ambient conditions. A parameter variation of the gascooler pressure showed that the system performance is optimal 
for subcritical heat rejection at a condensation pressure of 70 bar, corresponding to a temperature of 28.7 °C. At this 
operation, the compressor discharge temperature was just high enough to enable direct heat supply. 

The coefficient of performance for heat supply in the cascade heat pump scenario COPHS,HP was defined by the 
ratio of the accumulated supplied heat rate over the power that is additionally invested compared to standard operation 
for supply of cooling. The supplied heat includes both the heat flow supplied by the cascade heat pump �� HP and the 
direct heat exchange �� dHX. The total power is composed by the compressor power of the heat pump �� HP and the 
additional power spent in the refrigeration system to operate at a condensation pressure of 70 bar instead of the optimal 
condensation pressure corresponding to the ambient temperature (�� pcond=70 bar -��� Tamb,opt).    

COP����� � ���� � �����
�� �� � ��� ������������ ��� ���������

 (2) 

2.2. Optimization of the cascade heat pump working fluid 

This study assumed that the heat supply is realized in a heat exchanger heating the DH stream from 45 ° to 70 °C 
while respecting a pinch difference of 5 K. This means that the source inlet stream to the evaporator of the cascade 
heat pump enters at 50 °C, is cooled down to the condensation temperature of approximately 29 °C and condenses at 
a constant temperature. This temperature profile is nonlinear and it is expected, that a certain mismatch compared to 
the temperature profile of the cascade heat pump working fluid that evaporates at a constant temperature occurs.  

The authors have shown in previous studies that utilizing mixtures constitutes a promising approach to match the 
temperature profile of the working fluid during evaporation and condensation to the temperature profile of heat sink 
and source, [5,21,22]. This approach enabled reducing the irreversibilities during heat transfer and thereby improving 
the performance. The previous studies focused on selecting the working fluid for boundary conditions in which the 
heat source and sink had a linear temperature glide, while the temperature profile of CO2 is expected to be nonlinear. 

A working fluid screening was conducted as described in [5,21,22]. The model for the cascade heat pump was 
therefore evaluated for several mixtures, considering all possible binary mixtures of a list of fluids including 14 natural 
fluids and 4 hydrofluoroolefins (HFOs). The results were analyzed with respect to the thermodynamic performance 
and to indicators of the investment, such as the volumetric heating capacity VHC or the pressure levels.  

2.3. Economic Evaluation 

The economic performance is evaluated according to the Danish boundary conditions. The production of district 
heating with a heat pump includes two key taxes in Denmark. Firstly, there is the excess heat tax which concerns the 
utilization of any excess heat related to process equipment. It is implemented to counteract tax exemptions that are 
given to the production of goods by companies. For heat pumps, only the amount of heat produced above a COP of 3 
is taxed, and the taxation is 25 % of the heat sale, up to a maximum of 7.40 €/GJ.   

��������������� � ���� � �COP� � �
COP� � � ���������� (3) 

The second taxation of interest is the electricity to heat tax. Whenever electricity is used to produce DH there is a 
surplus tax compared to when electricity is used for process equipment. This will however be reduced in 2020 [23], 
and the Public Service Obligations (PSO) which are currently imposed on all electricity will also be removed. Together 
these contributions will drop the current electricity price from ~134 €/MWh to ~94 €/MWh. Heat prices vary a lot 
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both with regards to geography and season, from the low end which is 27 €/MWh to the gas substitution price of up 
to about 60 €/MWh, at specific places even higher.  

In order to estimate the investment of the cascade heat pump, a specific investment cost per unit of supplied heat 
of 671 €/kW is assumed [24]. The value of 671 €/kW was related to the construction of industrial heat pumps, which 
imply a relatively high cost due to case specific engineering and manufacturing. It is assumed that the development 
of a standard unit could reduce the cost for manufacturing and on-site integration to 400 €/kW, as it can be observed 
for domestic heat pumps [25]. Estimating the investment cost when using mixtures appears to be more difficult due 
to the lack of practical experiences with the construction and operation of heat pumps using zeotropic mixtures. 
Previous studies, [5,22], suggest initial investment costs of competitive solutions using mixtures, comparable to the 
investment costs for heat pumps using pure fluids or up to 100 % higher. The studies outline the strong dependency 
on the specific cases. It may furthermore be noted, that the above-mentioned costs included both the cost for 
acquisition and integration of the heat pump, while the heat pump using mixtures requires the same cost for the 
integration. For a simplified assessment of the economic performance of a modular cascade heat pump unit, specific 
investment costs per unit of supplied heat of 600 €/kW were assumed. The cost for connecting the refrigeration system 
directly to the DH network were estimated with 17,000 €, based on a realized project and neglecting the influence of 
the capacity. The connection cost for the cascade heat pump solutions are assumed to be included in the above-
mentioned estimates. The analysis included furthermore a maintenance cost per unit of supplied heat of 1.60 €/MWh 
for all scenarios using a cascade heat pump.  

The solutions were compared based on the total annual cash flow, which includes the income from the heat sales, 
all costs for electricity and taxes as well as the levelized investment cost. The comparison was based on a capital 
recovery factor of 0.08, assuming a lifetime of 20 years and an effective interest rate of 5 %. Lastly, a simple payback 
time for the investment was calculated by relating the annual net income of each solution to its initial investment cost. 

3. Results 

3.1. Thermodynamic comparison of heat supply technologies 

The first option for supplying heat to a DH network was to operate the supermarket refrigeration system with an 
increased gascooler pressure to use part of the heat from desuperheating for heating the DH stream from 45 °C to 
70 °C, while the remaining part of the heat is rejected to the environment. The results from e.g. [15] have shown the 
nonlinear dependency between the pressure increase and the additionally recoverable heat and indicated the existence 
of an optimal COP with respect to heat supply performance. 

The first part of the analysis consisted therefore of an analysis of the performance for supplying heat for different 
gascooler pressures while taking different ambient conditions as reference scenario. Figure 2 shows the trends for the 
different energy flows and the performance for supplying heat COPHS for the ambient conditions for a) summer, b) 
autumn/spring and c) winter. 

The optimal pressure during normal operation for supply of cooling is defined by the saturation pressures of the 
gascooler outlet temperature that is determined by the ambient temperature and the assumed pinch point temperature 
difference. The optimal gascooler pressure for refrigeration operation is 45 bar during winter, 50 bar during 
autumn/spring and 64 bar during summer. The amount of power required to lift the pressure increases steadily, while 
the heat flow rates show discontinuities. The heat flows show that the pressure has to be increased up to 80 bar during 
winter, up to 78 bar during autumn/spring and up to 68 bar during summer to obtain sufficiently high compressor 
discharge temperatures, enabling direct heat transfer to the network. The absolute pressures that enable heat supply 
varied depending on the season, due to the different superheating from the internal heat exchanger.  

The amount of power that needs to be additionally invested to reach the point at which the direct heat supply is 
possible, when assuming the optimal operation for supply of cooling as a reference point, is significantly larger during 
winter and autumn/spring than during summer. The amount of heat that is supplied in the case of just high enough 
temperatures is in all cases around 33 kW for an average cooling capacity of 100 kW. This yields high COPHS during 
summer, mainly due to the small amount of additionally required power for the relatively small pressure increase. For 
the cases of autumn/spring and winter, it may be noted that the COPHS are lower, due to the lower reference pressure 
of optimal operation for cooling supply. 
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Increasing the gascooler pressure further, yields an increase of both the amount of supplied heat and the COP before 
the COPHS shows an optimum around 120 bar for autumn/spring and winter conditions. The amount of supplied heat 
can be increased even further with higher pressures, while the performance decreases. Under summer conditions, the 
trend looks different. Above the point at which heat recovery is possible, the performance is high and drops 
significantly with an increasing pressure, while reaching a plateau between 90 bar and 110 bar, while the amount of 
supplied heat increases. 

 
a) Summer: Tambient = 20 °C b) Autumn/Spring: Tambient = 9 °C  c) Winter: Tambient = 1 °C 

 
Figure 2: Comparison of the additional power in the refrigeration system ( comp - Tamb,opt) and the heat flows rejected to environment in the 

gascooler and to the DH in the direct heat exchanger for a cooling capacity of 100 kW 

Table 2: Performance of different scenarios at different boundary conditions for a cooling load of 100 kW 
 Operating the refrigeration system at 

increased pressure Cascade Heat Pump 

 Summer Autumn/Spring Winter Summer Autumn/Spring Winter 

Tambient 20.0 °C 9.0 °C 1.0 °C 20.0 °C 9.0 °C 1.0 °C 

CO2 refrigeration system:       

Tgascooler,exit 25.0 °C 14.0 °C 10.0 °C 28.7 °C 28.7 °C 28.7 °C 

Optimal gascooler pressure for cooling: 64.3 bar 50.0 bar 45 bar 64.3 bar 50.0 bar 45 bar 

Design gascooler pressure for heat supply: 105.0 bar 118.6 bar 120.8 bar 70 bar 70 bar 70 bar 

Additional power ( comp - Tamb,opt): 14.1 kW 23.3 kW 25.3 kW 5.1 kW 15.8 kW 18.9 kW 

Heat supply in direct HX dHX: 81.4 kW 83.8 kW 81.2 kW 32.6 kW 32.6 kW 32.6 kW 

Cascade heat pump system:       

Compressor power HP: - - - 23.5 kW 23.5 kW 23.5 kW 

Heat supply by cascade HP HP: - - - 116.5 kW 116.5 kW 116.5 kW 

COP of cascade heat pump: - - - 4.9 4.9 4.9 

Sum of supplied heat: 81.4 kW 83.8 kW 81.2 kW 149.1 kW 149.1 kW 149.1 kW 

COP for heat supply COPHS: 5.8 3.6 3.2 5.2 3.8 3.5 

 
The second considered option for supplying heat to a LTDH network consisted of a cascade heat pump that recovers 

the part of the heat from the CO2 system, which is rejected at temperatures that are too low for directly supplying the 
heat. A parameter variation has shown, that the system performance considering both the heating and the cooling of 
the entire system is maximal, when the gascooler of the CO2 refrigeration system is operated at 70 bar, corresponding 
to subcritical conditions. 

Table 2 shows a summary of the performance of the two heat supply technologies. The cascade heat pump using 
Ammonia as a working fluid operates with a COP of 4.9 and supplies 117 kW, while 33 kW are supplied to the DH 
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both with regards to geography and season, from the low end which is 27 €/MWh to the gas substitution price of up 
to about 60 €/MWh, at specific places even higher.  

In order to estimate the investment of the cascade heat pump, a specific investment cost per unit of supplied heat 
of 671 €/kW is assumed [24]. The value of 671 €/kW was related to the construction of industrial heat pumps, which 
imply a relatively high cost due to case specific engineering and manufacturing. It is assumed that the development 
of a standard unit could reduce the cost for manufacturing and on-site integration to 400 €/kW, as it can be observed 
for domestic heat pumps [25]. Estimating the investment cost when using mixtures appears to be more difficult due 
to the lack of practical experiences with the construction and operation of heat pumps using zeotropic mixtures. 
Previous studies, [5,22], suggest initial investment costs of competitive solutions using mixtures, comparable to the 
investment costs for heat pumps using pure fluids or up to 100 % higher. The studies outline the strong dependency 
on the specific cases. It may furthermore be noted, that the above-mentioned costs included both the cost for 
acquisition and integration of the heat pump, while the heat pump using mixtures requires the same cost for the 
integration. For a simplified assessment of the economic performance of a modular cascade heat pump unit, specific 
investment costs per unit of supplied heat of 600 €/kW were assumed. The cost for connecting the refrigeration system 
directly to the DH network were estimated with 17,000 €, based on a realized project and neglecting the influence of 
the capacity. The connection cost for the cascade heat pump solutions are assumed to be included in the above-
mentioned estimates. The analysis included furthermore a maintenance cost per unit of supplied heat of 1.60 €/MWh 
for all scenarios using a cascade heat pump.  

The solutions were compared based on the total annual cash flow, which includes the income from the heat sales, 
all costs for electricity and taxes as well as the levelized investment cost. The comparison was based on a capital 
recovery factor of 0.08, assuming a lifetime of 20 years and an effective interest rate of 5 %. Lastly, a simple payback 
time for the investment was calculated by relating the annual net income of each solution to its initial investment cost. 

3. Results 

3.1. Thermodynamic comparison of heat supply technologies 

The first option for supplying heat to a DH network was to operate the supermarket refrigeration system with an 
increased gascooler pressure to use part of the heat from desuperheating for heating the DH stream from 45 °C to 
70 °C, while the remaining part of the heat is rejected to the environment. The results from e.g. [15] have shown the 
nonlinear dependency between the pressure increase and the additionally recoverable heat and indicated the existence 
of an optimal COP with respect to heat supply performance. 

The first part of the analysis consisted therefore of an analysis of the performance for supplying heat for different 
gascooler pressures while taking different ambient conditions as reference scenario. Figure 2 shows the trends for the 
different energy flows and the performance for supplying heat COPHS for the ambient conditions for a) summer, b) 
autumn/spring and c) winter. 

The optimal pressure during normal operation for supply of cooling is defined by the saturation pressures of the 
gascooler outlet temperature that is determined by the ambient temperature and the assumed pinch point temperature 
difference. The optimal gascooler pressure for refrigeration operation is 45 bar during winter, 50 bar during 
autumn/spring and 64 bar during summer. The amount of power required to lift the pressure increases steadily, while 
the heat flow rates show discontinuities. The heat flows show that the pressure has to be increased up to 80 bar during 
winter, up to 78 bar during autumn/spring and up to 68 bar during summer to obtain sufficiently high compressor 
discharge temperatures, enabling direct heat transfer to the network. The absolute pressures that enable heat supply 
varied depending on the season, due to the different superheating from the internal heat exchanger.  

The amount of power that needs to be additionally invested to reach the point at which the direct heat supply is 
possible, when assuming the optimal operation for supply of cooling as a reference point, is significantly larger during 
winter and autumn/spring than during summer. The amount of heat that is supplied in the case of just high enough 
temperatures is in all cases around 33 kW for an average cooling capacity of 100 kW. This yields high COPHS during 
summer, mainly due to the small amount of additionally required power for the relatively small pressure increase. For 
the cases of autumn/spring and winter, it may be noted that the COPHS are lower, due to the lower reference pressure 
of optimal operation for cooling supply. 
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Increasing the gascooler pressure further, yields an increase of both the amount of supplied heat and the COP before 
the COPHS shows an optimum around 120 bar for autumn/spring and winter conditions. The amount of supplied heat 
can be increased even further with higher pressures, while the performance decreases. Under summer conditions, the 
trend looks different. Above the point at which heat recovery is possible, the performance is high and drops 
significantly with an increasing pressure, while reaching a plateau between 90 bar and 110 bar, while the amount of 
supplied heat increases. 
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Table 2: Performance of different scenarios at different boundary conditions for a cooling load of 100 kW 
 Operating the refrigeration system at 

increased pressure Cascade Heat Pump 

 Summer Autumn/Spring Winter Summer Autumn/Spring Winter 

Tambient 20.0 °C 9.0 °C 1.0 °C 20.0 °C 9.0 °C 1.0 °C 

CO2 refrigeration system:       

Tgascooler,exit 25.0 °C 14.0 °C 10.0 °C 28.7 °C 28.7 °C 28.7 °C 

Optimal gascooler pressure for cooling: 64.3 bar 50.0 bar 45 bar 64.3 bar 50.0 bar 45 bar 

Design gascooler pressure for heat supply: 105.0 bar 118.6 bar 120.8 bar 70 bar 70 bar 70 bar 

Additional power ( comp - Tamb,opt): 14.1 kW 23.3 kW 25.3 kW 5.1 kW 15.8 kW 18.9 kW 

Heat supply in direct HX dHX: 81.4 kW 83.8 kW 81.2 kW 32.6 kW 32.6 kW 32.6 kW 

Cascade heat pump system:       

Compressor power HP: - - - 23.5 kW 23.5 kW 23.5 kW 

Heat supply by cascade HP HP: - - - 116.5 kW 116.5 kW 116.5 kW 

COP of cascade heat pump: - - - 4.9 4.9 4.9 

Sum of supplied heat: 81.4 kW 83.8 kW 81.2 kW 149.1 kW 149.1 kW 149.1 kW 

COP for heat supply COPHS: 5.8 3.6 3.2 5.2 3.8 3.5 

 
The second considered option for supplying heat to a LTDH network consisted of a cascade heat pump that recovers 

the part of the heat from the CO2 system, which is rejected at temperatures that are too low for directly supplying the 
heat. A parameter variation has shown, that the system performance considering both the heating and the cooling of 
the entire system is maximal, when the gascooler of the CO2 refrigeration system is operated at 70 bar, corresponding 
to subcritical conditions. 

Table 2 shows a summary of the performance of the two heat supply technologies. The cascade heat pump using 
Ammonia as a working fluid operates with a COP of 4.9 and supplies 117 kW, while 33 kW are supplied to the DH 
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network by direct heat exchange. The additional power that is consumed in the refrigeration system to operate at 
70 bar is higher during winter. This results in values for the coefficient of performance for heat supply COPHS of 3.5 
in winter, 3.8 in autumn/spring and 5.2 at summer conditions. While the cascade heat pump shows COPHS that are 
higher than the solution supplying the heat directly with an increased gascooler pressure during winter and 
autumn/spring, the COPHS is lower at summer conditions. The total amount of supplied heat is almost twice as large 
for the cascade heat pump solution throughout the year. 

3.2. Working fluid optimization of cascade heat pump 

In the arrangement of the cascade heat pump, the CO2 stream entered the evaporator at approximately 50 °C to 
evaporate the pure working fluid of the cascade heat pump at around 24 °C. The heat transfer among this enlarged 
temperature difference corresponds to irreversibilities and constitutes the potential improvements that can be obtained 
by selecting a mixed working fluid that changes the temperature during evaporation and thereby better matches the 
temperature profile of the CO2 during heat rejection.  

Table 3 shows the selected screening results and includes different pure fluids with a competitive COP, while 
Ammonia shows the largest volumetric heating capacity VHC, indicating the most compact compressor. The results 
show furthermore, that the mixtures can achieve COP as high as 5.7, corresponding to an increase of 15 %. 

Figure 3 shows the temperature-heat-diagram for the thermodynamic cycle of Ammonia (left) and 90 % 
DME / 10 % Hexane (right) and the direct heat transfer. The CO2 stream cools down while heating part of the DH 
stream, before cooling further down and condensing while heating the working fluid of the heat pump cycle. Ammonia 
evaporates and condenses at a constant temperature while the mixture changes temperature in the two-phase zone. 
Due to the good match between the mixed working fluid of the cascade heat pump and the heat source and sink, the 
irreversibilities during heat transfer are decreased and the overall performance is improved.  

Table 3: Performance of different pure and 
mixed working fluids for the cascade heat pump 

Working Fluid COP VHC 

 - kJ/m3 

Propane 4.79 6,519 

DME 4.96 4,923 

Butane 4.92 2,179 

R-1234ze(E) 4.84 4,097 

Ammonia 4.93 9,454 

90 % DME / 10 % Hexane 5.68 4,186 

80 % DME / 20 % DEE 5.48 3,831 

10 % Hexane /                  
90 % R-1234ze(Z) 5.65 1,327 

 

Figure 3: Temperature heat diagram of cascade heat pump working with Ammonia (left) and 
90 % DME / 10 % Hexane (right) incl. direct HX 

The cascade heat pump using the pure working fluid ammonia consumed 23.5 kW of electrical power for supplying 
116.5 kW to the DH network, which corresponds to a COP of 4.93. Utilizing the mixture of 90 % DME / 10 % Hexane, 
the required power can be reduced to 19.7 kW while supplying 112.0 kW of heat, corresponding to a COP of 5.68. 

3.3. Economic evaluation of heat supply technologies 

An economic comparison for the case of a refrigeration unit with an average cooling capacity of 100 kW is shown 
in Figure 4. The approach to operate the CO2 refrigeration system at an increased gascooler pressure is compared to 
investing in a cascade heat pump that will work at a higher COP and be able to deliver more heat. The total annual 
cash flows include the operating cost, the income from the heat sales and the levelized investment cost and correspond 

Heat Pump Direct HX Heat Pump Direct HX
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to the annual surplus. The annual cash flows of the options using the cascade heat pump exceed the cash flows for the 
option to operate the refrigeration system at an increased gascooler pressure for heat prices above 35 €/MWh. The 
total annual cash flows of the different cascade heat pump solutions are relatively similar. The Danish excess heat 
taxation impacts the mixture heat pump negatively as the tax per supplied MWh is highest, when delivered at a higher 
COP. The taxes on the heat sales account for 12 % of the heat sales for the heat pump using a mixture, while accounting 
for 9 % for the other solutions with a lower COP. The total electricity cost includes 22 % of taxes for all solutions.  

The investment cost of the ammonia heat pump was firstly estimated based on the specific cost per supplied heating 
capacity of 671 €/kW as specified in section 2.3, and the heat pump sizing in Table 2, which results in a total 
investment of 78,000 €. Considering the development of a modular standard unit, a decrease in manufacturing cost, 
as well as in cost for installation can be expected. Assuming that the specific investment cost per unit supplied heat 
can be decreased to 400 €/kW yields an investment of 46,600 €. Assuming a lifetime of 20 years and an effective 
interest rate of 5 %, the investment costs correspond to an annual cash flow of 6,260 €/year and 3,740 €/year, 
respectively. Assuming a specific investment cost of 600 €/kW for a standard unit using the mixture 90 % DME / 
10 % Hexane, the total investment is expected to be 67,200 €, corresponding to an annual cash flow of 5,390 €/year. 
The investment for the establishment of the DH substation for the case in which the refrigeration system is directly 
connected to the DH network was estimated with 17,000 €, corresponding to an annual cash flow of 1,360 €/year. 

 

 
Figure 4: Comparison of total cash flows  (left) and simple payback time (right) for the different heat supply technologies 

A simple payback period was calculated comparing the investment cost for each solution to its annual income. The 
second diagram of Figure 4 shows that the lowest payback periods are obtained for the solution in which the heat is 
directly transferred from the refrigeration system. The payback times for this solution drop below 4 years for 
33 €/MWh and reach values below 2 years for heat prices above 40 €/MWh. The solutions using a cascade heat pump 
show longer payback periods while the standard unit using Ammonia approaches the payback periods of the direct 
heat recovery. Other performance indicators that account for the entire life time, such as the heat generation cost or 
the net present value indicate a higher profitability of the cascade heat pump solutions, which is consistent with the 
findings from [5,22]. The estimation of the investment cost for the establishment of the DH connection implied 
uncertainties, which have the largest impact on the solution with the direct heat supply from the refrigeration system.  

4. Discussion 

Both of the presented solutions imply advantages and disadvantages and the considerations as well as uncertainties. 
The cascade system has shown different beneficial effects, such as the supply of heat to the DH network, the potential 
to flexibly consume electricity and to improve the performance of the refrigeration system. It may therefore be 
concluded that such a setup makes sense from a socioeconomic perspective, while the distribution of the benefits to 
different parties raises difficulties for viable business models. It could be possible, that either the utility company owns 
and operates the cascade heat pump and is compensated for providing access to a heat sink for the refrigeration system 
by the supermarket or the supermarket owns the cascade heat pump and sells the heat to the DH network. 
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network by direct heat exchange. The additional power that is consumed in the refrigeration system to operate at 
70 bar is higher during winter. This results in values for the coefficient of performance for heat supply COPHS of 3.5 
in winter, 3.8 in autumn/spring and 5.2 at summer conditions. While the cascade heat pump shows COPHS that are 
higher than the solution supplying the heat directly with an increased gascooler pressure during winter and 
autumn/spring, the COPHS is lower at summer conditions. The total amount of supplied heat is almost twice as large 
for the cascade heat pump solution throughout the year. 

3.2. Working fluid optimization of cascade heat pump 

In the arrangement of the cascade heat pump, the CO2 stream entered the evaporator at approximately 50 °C to 
evaporate the pure working fluid of the cascade heat pump at around 24 °C. The heat transfer among this enlarged 
temperature difference corresponds to irreversibilities and constitutes the potential improvements that can be obtained 
by selecting a mixed working fluid that changes the temperature during evaporation and thereby better matches the 
temperature profile of the CO2 during heat rejection.  

Table 3 shows the selected screening results and includes different pure fluids with a competitive COP, while 
Ammonia shows the largest volumetric heating capacity VHC, indicating the most compact compressor. The results 
show furthermore, that the mixtures can achieve COP as high as 5.7, corresponding to an increase of 15 %. 

Figure 3 shows the temperature-heat-diagram for the thermodynamic cycle of Ammonia (left) and 90 % 
DME / 10 % Hexane (right) and the direct heat transfer. The CO2 stream cools down while heating part of the DH 
stream, before cooling further down and condensing while heating the working fluid of the heat pump cycle. Ammonia 
evaporates and condenses at a constant temperature while the mixture changes temperature in the two-phase zone. 
Due to the good match between the mixed working fluid of the cascade heat pump and the heat source and sink, the 
irreversibilities during heat transfer are decreased and the overall performance is improved.  

Table 3: Performance of different pure and 
mixed working fluids for the cascade heat pump 

Working Fluid COP VHC 

 - kJ/m3 

Propane 4.79 6,519 

DME 4.96 4,923 

Butane 4.92 2,179 

R-1234ze(E) 4.84 4,097 

Ammonia 4.93 9,454 

90 % DME / 10 % Hexane 5.68 4,186 

80 % DME / 20 % DEE 5.48 3,831 

10 % Hexane /                  
90 % R-1234ze(Z) 5.65 1,327 

 

Figure 3: Temperature heat diagram of cascade heat pump working with Ammonia (left) and 
90 % DME / 10 % Hexane (right) incl. direct HX 

The cascade heat pump using the pure working fluid ammonia consumed 23.5 kW of electrical power for supplying 
116.5 kW to the DH network, which corresponds to a COP of 4.93. Utilizing the mixture of 90 % DME / 10 % Hexane, 
the required power can be reduced to 19.7 kW while supplying 112.0 kW of heat, corresponding to a COP of 5.68. 

3.3. Economic evaluation of heat supply technologies 

An economic comparison for the case of a refrigeration unit with an average cooling capacity of 100 kW is shown 
in Figure 4. The approach to operate the CO2 refrigeration system at an increased gascooler pressure is compared to 
investing in a cascade heat pump that will work at a higher COP and be able to deliver more heat. The total annual 
cash flows include the operating cost, the income from the heat sales and the levelized investment cost and correspond 
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to the annual surplus. The annual cash flows of the options using the cascade heat pump exceed the cash flows for the 
option to operate the refrigeration system at an increased gascooler pressure for heat prices above 35 €/MWh. The 
total annual cash flows of the different cascade heat pump solutions are relatively similar. The Danish excess heat 
taxation impacts the mixture heat pump negatively as the tax per supplied MWh is highest, when delivered at a higher 
COP. The taxes on the heat sales account for 12 % of the heat sales for the heat pump using a mixture, while accounting 
for 9 % for the other solutions with a lower COP. The total electricity cost includes 22 % of taxes for all solutions.  

The investment cost of the ammonia heat pump was firstly estimated based on the specific cost per supplied heating 
capacity of 671 €/kW as specified in section 2.3, and the heat pump sizing in Table 2, which results in a total 
investment of 78,000 €. Considering the development of a modular standard unit, a decrease in manufacturing cost, 
as well as in cost for installation can be expected. Assuming that the specific investment cost per unit supplied heat 
can be decreased to 400 €/kW yields an investment of 46,600 €. Assuming a lifetime of 20 years and an effective 
interest rate of 5 %, the investment costs correspond to an annual cash flow of 6,260 €/year and 3,740 €/year, 
respectively. Assuming a specific investment cost of 600 €/kW for a standard unit using the mixture 90 % DME / 
10 % Hexane, the total investment is expected to be 67,200 €, corresponding to an annual cash flow of 5,390 €/year. 
The investment for the establishment of the DH substation for the case in which the refrigeration system is directly 
connected to the DH network was estimated with 17,000 €, corresponding to an annual cash flow of 1,360 €/year. 

 

 
Figure 4: Comparison of total cash flows  (left) and simple payback time (right) for the different heat supply technologies 

A simple payback period was calculated comparing the investment cost for each solution to its annual income. The 
second diagram of Figure 4 shows that the lowest payback periods are obtained for the solution in which the heat is 
directly transferred from the refrigeration system. The payback times for this solution drop below 4 years for 
33 €/MWh and reach values below 2 years for heat prices above 40 €/MWh. The solutions using a cascade heat pump 
show longer payback periods while the standard unit using Ammonia approaches the payback periods of the direct 
heat recovery. Other performance indicators that account for the entire life time, such as the heat generation cost or 
the net present value indicate a higher profitability of the cascade heat pump solutions, which is consistent with the 
findings from [5,22]. The estimation of the investment cost for the establishment of the DH connection implied 
uncertainties, which have the largest impact on the solution with the direct heat supply from the refrigeration system.  

4. Discussion 

Both of the presented solutions imply advantages and disadvantages and the considerations as well as uncertainties. 
The cascade system has shown different beneficial effects, such as the supply of heat to the DH network, the potential 
to flexibly consume electricity and to improve the performance of the refrigeration system. It may therefore be 
concluded that such a setup makes sense from a socioeconomic perspective, while the distribution of the benefits to 
different parties raises difficulties for viable business models. It could be possible, that either the utility company owns 
and operates the cascade heat pump and is compensated for providing access to a heat sink for the refrigeration system 
by the supermarket or the supermarket owns the cascade heat pump and sells the heat to the DH network. 
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In order to conclude further an evaluation of the possibilities to use supermarkets as heat source for DH networks 
from a socioeconomic point, a comparison to a conventional operation of the DH network and the supermarket 
refrigeration system would have to be conducted. A central heat pump using the ambient as a heat source has to cover 
a slightly larger temperature difference but might have better efficiencies due to larger capacities. 

It may furthermore be noted, that the external preconditions for acting as a heat supplier are more beneficial during 
the winter time. During summer, the heat demand and district heating forward temperature requirements are generally 
lower and the availability of alternative competing heat sources is higher, which may result in lower feed-in tariffs for 
heat supply to DH networks. Nevertheless, the amount of heat that a supermarket could offer is larger during summer, 
due to an increased on-site heat demand during the winter period, which generally should be prioritized. Considering 
these two contradicting effects, a decreased economic potential may be expected. Considering the on-site requirements 
for heating would generally result in a decreased amount of heat that can be supplied to DH. Since the on-site heat 
demands are site specific, the impact of this aspect has to be analyzed for specific case studies. The promising 
performance of the cascade heat pump indicates however, that this solution might be as well promising for covering 
the on-site heating demands of the supermarket. 

The analysis assumed an average cooling demand of the refrigeration system, both during the day and throughout 
the year. Adding an additional evaporator at the accumulator would enable using the compressors independently of 
the cooling demand and enable a continuous heat supply. Especially systems equipped with parallel compression 
would benefit from installing additional evaporators, due to increase utilization of the equipment [17]. 

5. Conclusions 

The study analyzed two different possibilities to recover excess heat from CO2 refrigeration units from 
supermarkets for supply of LTDH networks. The two analyzed approaches were either operating the refrigeration 
system at an increased gascooler pressure to directly transfer the heat or installing a cascade heat pump that recovers 
the heat that is rejected at temperatures being too low for recovering it directly. It was furthermore studied if it is 
thermodynamically and economically viable to employ a zeotropic working fluid mixture in the cascade heat pump. 

The results showed that the direct heat transfer appears to be thermodynamically promising during the summer 
months, when the system operates at already high gascooler pressures and the required power to reach the point of 
operation that enables heat recovery is low. At autumn/spring and winter periods, the cascade heat pump solution 
showed higher thermodynamic performances. The optimization of the working fluid of the cascade heat pump showed, 
that a mixture of 90 % DME / 10 % Hexane is expected to yield a COP that is 15 % higher than for using Ammonia. 
The cascade heat pump could supply more heat at an increased performance during winter and autumn/spring and the 
economic evaluation showed that the increased incomes could compensate the additional investment, when 
considering the entire lifetime of the investment. The direct heat supply solution showed the lowest payback times, 
while the additional investment for the mixture did not cause much longer payback times. 

The economic analysis furthermore showed that the recovery of excess heat appears to be an economically viable 
solution, while the cascade heat pump is more promising for DH prices above 35 €/MWh to 40 €/MWh. The payback 
periods for the cascade heat pump reached values below 4 years at a DH price of 37 €/MWh under the assumption 
that a standard unit with low specific investment cost could be produced. Based on the economic analysis it may be 
concluded that the presented solutions could become economically promising if the required equipment can be 
supplied as cost efficient standard units. 
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In order to conclude further an evaluation of the possibilities to use supermarkets as heat source for DH networks 
from a socioeconomic point, a comparison to a conventional operation of the DH network and the supermarket 
refrigeration system would have to be conducted. A central heat pump using the ambient as a heat source has to cover 
a slightly larger temperature difference but might have better efficiencies due to larger capacities. 

It may furthermore be noted, that the external preconditions for acting as a heat supplier are more beneficial during 
the winter time. During summer, the heat demand and district heating forward temperature requirements are generally 
lower and the availability of alternative competing heat sources is higher, which may result in lower feed-in tariffs for 
heat supply to DH networks. Nevertheless, the amount of heat that a supermarket could offer is larger during summer, 
due to an increased on-site heat demand during the winter period, which generally should be prioritized. Considering 
these two contradicting effects, a decreased economic potential may be expected. Considering the on-site requirements 
for heating would generally result in a decreased amount of heat that can be supplied to DH. Since the on-site heat 
demands are site specific, the impact of this aspect has to be analyzed for specific case studies. The promising 
performance of the cascade heat pump indicates however, that this solution might be as well promising for covering 
the on-site heating demands of the supermarket. 

The analysis assumed an average cooling demand of the refrigeration system, both during the day and throughout 
the year. Adding an additional evaporator at the accumulator would enable using the compressors independently of 
the cooling demand and enable a continuous heat supply. Especially systems equipped with parallel compression 
would benefit from installing additional evaporators, due to increase utilization of the equipment [17]. 

5. Conclusions 

The study analyzed two different possibilities to recover excess heat from CO2 refrigeration units from 
supermarkets for supply of LTDH networks. The two analyzed approaches were either operating the refrigeration 
system at an increased gascooler pressure to directly transfer the heat or installing a cascade heat pump that recovers 
the heat that is rejected at temperatures being too low for recovering it directly. It was furthermore studied if it is 
thermodynamically and economically viable to employ a zeotropic working fluid mixture in the cascade heat pump. 

The results showed that the direct heat transfer appears to be thermodynamically promising during the summer 
months, when the system operates at already high gascooler pressures and the required power to reach the point of 
operation that enables heat recovery is low. At autumn/spring and winter periods, the cascade heat pump solution 
showed higher thermodynamic performances. The optimization of the working fluid of the cascade heat pump showed, 
that a mixture of 90 % DME / 10 % Hexane is expected to yield a COP that is 15 % higher than for using Ammonia. 
The cascade heat pump could supply more heat at an increased performance during winter and autumn/spring and the 
economic evaluation showed that the increased incomes could compensate the additional investment, when 
considering the entire lifetime of the investment. The direct heat supply solution showed the lowest payback times, 
while the additional investment for the mixture did not cause much longer payback times. 

The economic analysis furthermore showed that the recovery of excess heat appears to be an economically viable 
solution, while the cascade heat pump is more promising for DH prices above 35 €/MWh to 40 €/MWh. The payback 
periods for the cascade heat pump reached values below 4 years at a DH price of 37 €/MWh under the assumption 
that a standard unit with low specific investment cost could be produced. Based on the economic analysis it may be 
concluded that the presented solutions could become economically promising if the required equipment can be 
supplied as cost efficient standard units. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Within the Nordic countries, distributed heat and power supply technologies, like domestic scale heat pumps and photovoltaics, 
are challenging the current centralized district energy infrastructure. An increasing number of customers decide to disconnect from 
the traditional heating network by comparing the bill to the potential economic savings which can be generated by a residential 
heat pump system. However, this approach can be considered valid only on a short-term perspective. This paper presents a new 
approach to compare the techno-economic performance of alternative technologies, based on their lifetime average cost of 
generation. The proposed analysis is able to determine the optimal energy infrastructure at urban district level. Within this solution, 
operators, city planners and users will have a solid reference for their decision making process on resources investment. From a 
first step analysis of a few Swedish case studies, it was found that a district heating based system is more techno-economically 
efficient compared to the distributed alternative. By comparing the district heating production cost to its final price, a significant 
profit margin for the utility was qualitatively highlighted. Thus, from a customer perspective, on the medium run, the district heating 
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1. Introduction 

Two major trends are shaping the current energy transition, namely the increasing share of renewables and the 
increasing penetration of distributed supply technologies. Within the Nordic Countries, hydro- and wind-power based 
solutions are predicted to dominate the power supply mix by 2050 [1]. While being beneficial to the environment, this 
phenomenon is affecting the stability of the energy system by raising the levels of unpredictability and variability of 
the power supply. Distributed technologies, like domestic scale heat pumps (dsHPs) and photovoltaics (PV), come 
both as part of the renewables complexity but also as one of the potential solutions to the power fluctuation issue.  

At the same time, centralized technologies are also re-evaluated as cost-efficient solutions for providing flexibility 
to the supply-demand balancing process. By linking the heat and the electricity sectors, cogeneration plants for district 
heating (DH) networks are analyzed as competitors with respect to the distributed dsHPs option [2]. Briefly, DH is 
considered as a centralized system where one or multiple generation units provide heat to a water network reaching 
each customer through a substation [3]. A heat pump (HP) is a system able to bring heat from a relatively low-
temperature resource (the ground for instance) to a higher temperature one (the heating circuit of a building) [4]. Given 
this framework, the main question relates to which system configuration would be the most beneficial in terms of 
technical, environmental and economic impact. A second related question would be which indicators should be used 
in order to quantify and compare the benefit itself.  

When planning the energy infrastructure of a new urban area, previous literature exists comparing DH and dsHPs. 
The Danish community is intensively working for assessing the future potential of DH. In [5] and [6] the latter is 
compared to different alternatives, among which dsHPs, in terms of fuel demand, CO2 emissions and absolute costs. 
Differently from the present work, a national level perspective is adopted and the cost estimation is referenced to a 
specific year. The study performed by [7] also discounts the cost analysis to one year. The focus is on low-heat demand 
buildings and the distributed options are considered as a single category with no technology differentiation. The 
techno-economic comparison study in [8] is performed with respect to the DH price tariff proposed by the operator, 
which, according to the authors of this work, prevents a fair determination of the optimal system infrastructure. Within 
the Swedish context, techno-economic estimations are reported in [12] and [13]. The objective is to develop a new 
DH tariff model based on the heat generation cost. The DH tariff is considered also in the report provided by [14].  

Within the present work, four main types of approaches are collected and briefly analyzed. From the comparison 
among a techno-economic analysis, a thermo-economic analysis, an equivalent coefficient of performance estimation 
and a primary energy factor calculation, the first option is selected as the most relevant approach for the objective of 
the study. Furthermore, in order to investigate the environmental impact, a carbon emission factor is included as well. 
The overall approach is applied to the techno-economic performance comparison between an energy infrastructure 
based on a DH technology and an alternative solution based on distributed dsHPs. Two neighborhoods within the 
Stockholm area are used as reference real cases in terms of design and data: Hammarby Sjöstad (HS) and the 
aggregation of Högdalen, Farsta and Alvsjö (HFA). The average cost of heat generation is estimated for different 
scenarios based on centralized and distributed technologies over their economic lifetime. The real cost of generation 
is highlighted and proposed as an indicator for planning new energy infrastructures. By excluding the DH utility profit 
from the comparison and by considering the discounted average cost over the lifetime, the present study aims at 
proposing a new approach for assessing the optimal configuration of an energy system at urban district level. City 
planners, operators and policy makers can thus direct their resources towards an optimal techno-economic 
infrastructure. Users can embrace a better understanding of the energy cost structure and thus plan their choices on a 
longer-term scenario. 

2. Methodology 

This section first discusses the performance indicators, which are selected in order to answer the questions proposed 
within this study. The main scenarios for the performance comparison are presented in paragraph 2.2. The different 
case studies are detailed through both technical and economic parameters. Finally, in paragraph 2.5, the simulation 
models for the techno-economic analysis are introduced.  
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1. Introduction 

Two major trends are shaping the current energy transition, namely the increasing share of renewables and the 
increasing penetration of distributed supply technologies. Within the Nordic Countries, hydro- and wind-power based 
solutions are predicted to dominate the power supply mix by 2050 [1]. While being beneficial to the environment, this 
phenomenon is affecting the stability of the energy system by raising the levels of unpredictability and variability of 
the power supply. Distributed technologies, like domestic scale heat pumps (dsHPs) and photovoltaics (PV), come 
both as part of the renewables complexity but also as one of the potential solutions to the power fluctuation issue.  

At the same time, centralized technologies are also re-evaluated as cost-efficient solutions for providing flexibility 
to the supply-demand balancing process. By linking the heat and the electricity sectors, cogeneration plants for district 
heating (DH) networks are analyzed as competitors with respect to the distributed dsHPs option [2]. Briefly, DH is 
considered as a centralized system where one or multiple generation units provide heat to a water network reaching 
each customer through a substation [3]. A heat pump (HP) is a system able to bring heat from a relatively low-
temperature resource (the ground for instance) to a higher temperature one (the heating circuit of a building) [4]. Given 
this framework, the main question relates to which system configuration would be the most beneficial in terms of 
technical, environmental and economic impact. A second related question would be which indicators should be used 
in order to quantify and compare the benefit itself.  

When planning the energy infrastructure of a new urban area, previous literature exists comparing DH and dsHPs. 
The Danish community is intensively working for assessing the future potential of DH. In [5] and [6] the latter is 
compared to different alternatives, among which dsHPs, in terms of fuel demand, CO2 emissions and absolute costs. 
Differently from the present work, a national level perspective is adopted and the cost estimation is referenced to a 
specific year. The study performed by [7] also discounts the cost analysis to one year. The focus is on low-heat demand 
buildings and the distributed options are considered as a single category with no technology differentiation. The 
techno-economic comparison study in [8] is performed with respect to the DH price tariff proposed by the operator, 
which, according to the authors of this work, prevents a fair determination of the optimal system infrastructure. Within 
the Swedish context, techno-economic estimations are reported in [12] and [13]. The objective is to develop a new 
DH tariff model based on the heat generation cost. The DH tariff is considered also in the report provided by [14].  

Within the present work, four main types of approaches are collected and briefly analyzed. From the comparison 
among a techno-economic analysis, a thermo-economic analysis, an equivalent coefficient of performance estimation 
and a primary energy factor calculation, the first option is selected as the most relevant approach for the objective of 
the study. Furthermore, in order to investigate the environmental impact, a carbon emission factor is included as well. 
The overall approach is applied to the techno-economic performance comparison between an energy infrastructure 
based on a DH technology and an alternative solution based on distributed dsHPs. Two neighborhoods within the 
Stockholm area are used as reference real cases in terms of design and data: Hammarby Sjöstad (HS) and the 
aggregation of Högdalen, Farsta and Alvsjö (HFA). The average cost of heat generation is estimated for different 
scenarios based on centralized and distributed technologies over their economic lifetime. The real cost of generation 
is highlighted and proposed as an indicator for planning new energy infrastructures. By excluding the DH utility profit 
from the comparison and by considering the discounted average cost over the lifetime, the present study aims at 
proposing a new approach for assessing the optimal configuration of an energy system at urban district level. City 
planners, operators and policy makers can thus direct their resources towards an optimal techno-economic 
infrastructure. Users can embrace a better understanding of the energy cost structure and thus plan their choices on a 
longer-term scenario. 

2. Methodology 

This section first discusses the performance indicators, which are selected in order to answer the questions proposed 
within this study. The main scenarios for the performance comparison are presented in paragraph 2.2. The different 
case studies are detailed through both technical and economic parameters. Finally, in paragraph 2.5, the simulation 
models for the techno-economic analysis are introduced.  
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2.1. Performance indicators 

Four main types of approaches to estimate performance indicators for energy systems are here highlighted: 
 

 Techno- economic analysis (TcEA) 
 Thermo-economic analysis (TrEA) 
 Coefficient of performance estimation (CP) 
 Primary energy factor estimation (PEF) 
 

In order to specifically compare the performance of DH to dsHPs, a thermodynamic CP approach is proposed in 
[3]. Concerning the DH system, the analysis focuses on a cogeneration plant as supply unit. The latter can be 
interpreted as a virtual HP, as described in [15]. The coefficient of performance (COP) of the virtual power plant is 
defined as the inverse of the specific electrical power loss and it can be compared to the conventional COP of HPs. 
Reference [3] proposes an additional option where dsHPs and cogeneration-DH can be implemented as a hybrid 
system. Besides a growing interest at industrial level, the CP analysis is still scarcely used and documented. In 
addition, the complexity to adapt the virtual COP calculation to different technologies is not negligible. 

At European level, the PEF approach is discussed as a method to assess the competitiveness of energy systems 
[16]. For instance, reference [17] draws conclusions on the comparison between dsHPs and alternative technologies, 
including DH, in terms of their long term sustainability. However, the PEF method is influenced by strong country 
based assumptions. The Swedish context, in particular, is not currently making use of this method ([18][19]). 

The CP and PEF approaches do not include cost estimations. This is the main reason for assigning to them a lower 
level of priority within a context where the decision making process is strongly linked to economic assessments.  

The TrEA is an alternative approach for assessing the competitiveness of an energy supply system. Different types 
of energy can be considered more valuable than others depending on the capacity to reverse the process, which has 
led to their transformation. A cost can be associated to the latter, so that different heat and power supply technologies 
can be compared in terms of energy quality (exergy) [20]. Within a TrEA rules and assumptions are introduced in 
order to estimate both the irreversibility and the economic cost which are generated during an energy input-output 
process [21]. References [22]–[24] use exergy and TrEA to optimize DH systems when compared to alternative 
technologies at user level. The main drawback of the TrEA is related to its complexity, which compromises its 
acceptance at industry and sometimes even academic level.  

The TcEA approach is usually based on the estimation of the Levelized Cost of Energy (LCOE) [25]. The latter is 
a widely used figure for estimating the average cost of electric power generation over the lifetime of power plants 
[25]. This indicator is quite well documented and brings to transparent results, which can be explained by a clear 
statement of the assumptions. Furthermore, the LCOE can be applied to several types of technologies and it can be 
handled in complexity by including different levels of details. Thus, the TcEA appears to be an effective choice for 
the approach adopted within this study. When the heat generation is considered, the Levelized Cost of Heat (LCOH) 
is calculated [12]. The formula (1) is applied to each selected technology:  

 
���� � ∑ ���������������������∗������������

∑ ���∗�����������
        (1) 

 
The investment (CAPEX), operation and maintenance (OPEX) and fuel costs are estimated on an annual basis 

through the economic lifetime n of the technologies. These costs are averaged on the corresponding heat generation 
Qth. The discount rate r is assumed as a constant parameter. When different technologies are combined within the 
same system, the overall LCOH should be calculated as the weighted sum based on the contribution of each option.  

As environmental indicator, the CO2 emissions associated with the fuels are estimated by using pre-calculated 
emission factors [26]–[28]. When it comes to the electricity supply mix, the Swedish context is used as a reference. 
In Table 1, the emission factors included in this study are shown. The described performance indicators are estimated 
considering new urban areas to be built from green field. The link to already existing neighborhoods is exclusively 
used in terms of scale and reference data.  
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Table 1. Emission factors for different types of fuels 

Fuel Unit CO2 factor 

Waste gr/kWh 100 

Biomass gr/kWh 17 

Oil gr/kWh 274 

Electricity gr/kWh 46 

2.2. Scenarios definition 

A scenario is here introduced as a set of parameters defining a specific case study. Different scenarios are based on 
three design categories: technology for heat generation and distribution, heating load scale (community size) and fuels. 

Figure 1 shows two case studies, which are characterized by different technologies for the heat generation and 
distribution. The electricity grid is represented as well because of the interaction with the heat carrier due to the chosen 
technologies. Notice that in case A only the heat supply pipes are illustrated. The buildings are residential multi-
apartments. The number of units is conceptually reduced to four for the sake of clarity. 

 

Figure 1. District heating (A) and domestic scale HP (B) 

The infrastructure of case A is a DH network with a single supply unit. In this specific representation, a 
cogeneration plant is considered. As a first sub-case, the latter can be fueled by waste or by biomass. These two 
resources bring to contrasting result in terms of costs and environmental impact (see section 3). In both sub-cases, oil 
boilers, flue gas condensation and a hot water tank storage are integrated respectively to cover peak demand, pre-
heating and off-design conditions. The technology of large scale HPs (lsHPs) is used as an alternative option within 
case A. Thus, electricity becomes the relevant fuel in terms of annual costs and environmental emissions. Within this 
study, the main source for the lsHP is sewage water recovered by a waste water treatment plant. Two real plants are 
used as reference in terms of design: Högdalenverket for the cogeneration plants and Hammarbyverket for the lsHPs 
([29], [30]). Case B of Figure 1 represents the scenario where the same neighborhood of case A is heated through 
dsHPs distributed at building level. A further sub-set of cases is developed by considering two different community 
sizes. HS is ranked within the small-scale level with a design peak heat load of about 50 MW. In order to highlight 
the economy of scale of the selected technologies, the aggregation of the three Swedish neighborhoods of HFA is 
analyzed across the previously described scenarios. The design peak heat load for HFA is around 400 MW. 

A sum up of the case studies, with reference to the size of HS, is reported in Table 2. The set of cases for HFA is 
indicated by the number 2 (Case 2a, b, c, d). In all cases, the heat load includes both the space heating and the domestic 
hot water (DHW) needs at building level. In some cases, two or three buildings are grouped together. 

Table 2. Case studies with Hammarby Sjöstad as reference size. 

Case Baseload Technologies Fuels 

1a DH + cogeneration Waste 

1b DH + cogeneration Biomass 

1c DH + lsHPs Electricity 

1d dsHPs Electricity 



 Monica Arnaudo et al. / Energy Procedia 149 (2018) 286–296 289
 Author name / Energy Procedia 00 (2018) 000–000  3

2.1. Performance indicators 

Four main types of approaches to estimate performance indicators for energy systems are here highlighted: 
 

 Techno- economic analysis (TcEA) 
 Thermo-economic analysis (TrEA) 
 Coefficient of performance estimation (CP) 
 Primary energy factor estimation (PEF) 
 

In order to specifically compare the performance of DH to dsHPs, a thermodynamic CP approach is proposed in 
[3]. Concerning the DH system, the analysis focuses on a cogeneration plant as supply unit. The latter can be 
interpreted as a virtual HP, as described in [15]. The coefficient of performance (COP) of the virtual power plant is 
defined as the inverse of the specific electrical power loss and it can be compared to the conventional COP of HPs. 
Reference [3] proposes an additional option where dsHPs and cogeneration-DH can be implemented as a hybrid 
system. Besides a growing interest at industrial level, the CP analysis is still scarcely used and documented. In 
addition, the complexity to adapt the virtual COP calculation to different technologies is not negligible. 

At European level, the PEF approach is discussed as a method to assess the competitiveness of energy systems 
[16]. For instance, reference [17] draws conclusions on the comparison between dsHPs and alternative technologies, 
including DH, in terms of their long term sustainability. However, the PEF method is influenced by strong country 
based assumptions. The Swedish context, in particular, is not currently making use of this method ([18][19]). 

The CP and PEF approaches do not include cost estimations. This is the main reason for assigning to them a lower 
level of priority within a context where the decision making process is strongly linked to economic assessments.  

The TrEA is an alternative approach for assessing the competitiveness of an energy supply system. Different types 
of energy can be considered more valuable than others depending on the capacity to reverse the process, which has 
led to their transformation. A cost can be associated to the latter, so that different heat and power supply technologies 
can be compared in terms of energy quality (exergy) [20]. Within a TrEA rules and assumptions are introduced in 
order to estimate both the irreversibility and the economic cost which are generated during an energy input-output 
process [21]. References [22]–[24] use exergy and TrEA to optimize DH systems when compared to alternative 
technologies at user level. The main drawback of the TrEA is related to its complexity, which compromises its 
acceptance at industry and sometimes even academic level.  

The TcEA approach is usually based on the estimation of the Levelized Cost of Energy (LCOE) [25]. The latter is 
a widely used figure for estimating the average cost of electric power generation over the lifetime of power plants 
[25]. This indicator is quite well documented and brings to transparent results, which can be explained by a clear 
statement of the assumptions. Furthermore, the LCOE can be applied to several types of technologies and it can be 
handled in complexity by including different levels of details. Thus, the TcEA appears to be an effective choice for 
the approach adopted within this study. When the heat generation is considered, the Levelized Cost of Heat (LCOH) 
is calculated [12]. The formula (1) is applied to each selected technology:  

 
���� � ∑ ���������������������∗������������

∑ ���∗�����������
        (1) 

 
The investment (CAPEX), operation and maintenance (OPEX) and fuel costs are estimated on an annual basis 

through the economic lifetime n of the technologies. These costs are averaged on the corresponding heat generation 
Qth. The discount rate r is assumed as a constant parameter. When different technologies are combined within the 
same system, the overall LCOH should be calculated as the weighted sum based on the contribution of each option.  

As environmental indicator, the CO2 emissions associated with the fuels are estimated by using pre-calculated 
emission factors [26]–[28]. When it comes to the electricity supply mix, the Swedish context is used as a reference. 
In Table 1, the emission factors included in this study are shown. The described performance indicators are estimated 
considering new urban areas to be built from green field. The link to already existing neighborhoods is exclusively 
used in terms of scale and reference data.  

4 Author name / Energy Procedia 00 (2018) 000–000 

Table 1. Emission factors for different types of fuels 

Fuel Unit CO2 factor 

Waste gr/kWh 100 

Biomass gr/kWh 17 

Oil gr/kWh 274 

Electricity gr/kWh 46 

2.2. Scenarios definition 

A scenario is here introduced as a set of parameters defining a specific case study. Different scenarios are based on 
three design categories: technology for heat generation and distribution, heating load scale (community size) and fuels. 

Figure 1 shows two case studies, which are characterized by different technologies for the heat generation and 
distribution. The electricity grid is represented as well because of the interaction with the heat carrier due to the chosen 
technologies. Notice that in case A only the heat supply pipes are illustrated. The buildings are residential multi-
apartments. The number of units is conceptually reduced to four for the sake of clarity. 

 

Figure 1. District heating (A) and domestic scale HP (B) 

The infrastructure of case A is a DH network with a single supply unit. In this specific representation, a 
cogeneration plant is considered. As a first sub-case, the latter can be fueled by waste or by biomass. These two 
resources bring to contrasting result in terms of costs and environmental impact (see section 3). In both sub-cases, oil 
boilers, flue gas condensation and a hot water tank storage are integrated respectively to cover peak demand, pre-
heating and off-design conditions. The technology of large scale HPs (lsHPs) is used as an alternative option within 
case A. Thus, electricity becomes the relevant fuel in terms of annual costs and environmental emissions. Within this 
study, the main source for the lsHP is sewage water recovered by a waste water treatment plant. Two real plants are 
used as reference in terms of design: Högdalenverket for the cogeneration plants and Hammarbyverket for the lsHPs 
([29], [30]). Case B of Figure 1 represents the scenario where the same neighborhood of case A is heated through 
dsHPs distributed at building level. A further sub-set of cases is developed by considering two different community 
sizes. HS is ranked within the small-scale level with a design peak heat load of about 50 MW. In order to highlight 
the economy of scale of the selected technologies, the aggregation of the three Swedish neighborhoods of HFA is 
analyzed across the previously described scenarios. The design peak heat load for HFA is around 400 MW. 

A sum up of the case studies, with reference to the size of HS, is reported in Table 2. The set of cases for HFA is 
indicated by the number 2 (Case 2a, b, c, d). In all cases, the heat load includes both the space heating and the domestic 
hot water (DHW) needs at building level. In some cases, two or three buildings are grouped together. 

Table 2. Case studies with Hammarby Sjöstad as reference size. 

Case Baseload Technologies Fuels 

1a DH + cogeneration Waste 

1b DH + cogeneration Biomass 

1c DH + lsHPs Electricity 

1d dsHPs Electricity 



290 Monica Arnaudo et al. / Energy Procedia 149 (2018) 286–296
 Author name / Energy Procedia 00 (2018) 000–000  5

2.3. Technical parameters 

The cogeneration plant within the cases 1a, 1b, 2a and 2b is a backpressure technology and it is sized to cover 40% 
of the peak heat load. The flue gases condensation is integrated in order to preheat the DH water temperature from its 
actual return value to around 40°C. A pressurized water tank is used to compensate for the off-design conditions. An 
oil-fueled boiler is sized on the remaining 60% part of the load in order to cover the peaks and the potential 
unavailability of the thermal storage. The cogeneration plant layout and the main technical design parameters for the 
HS and HFA cases are shown in Figure 2 and Table 3 respectively. The thermodynamic conditions of the steam cycle 
are based on data provided by the industrial partners. Within this analysis, the cogeneration plant is considered in 
continuous operation by covering the heat demand when required and charging the water tank with the excess 
generation. The DH network is characterized by underground pipes, which reach each building (or group of buildings) 
through a substation. The latter is of the indirect type with no domestic hot water storage. The emission system inside 
the apartments is a radiator technology with mean temperature around 45°C. The electrical energy required by the 
plant itself is subtracted from the production. 

The lsHP technology of case 1c and 2c is sized as the cogeneration plant previously described. Within the HFA 
case, multiple units are combined to cover the design heat capacity. The HP source is the sewage water recovered 
from a waste water treatment plant located nearby. An average COP of 3.5 is assumed. 

A dsHP is designed based on an average reference building extracted from the HS neighborhood. The related peak load is around 140 kW. 
Because of this assumption, the final results are to be regarded as an average over the selected community. The HP is of the ground source type 

with a design heat capacity of 80 kW [31] (around 55% of the peak load). An average COP of 3.2 is assumed [5]. A thermal energy storage (TES) 
unit is integrated to cover the load within a demand response (DR) program. The TES is a stratified water tank and is equipped with an auxiliary 

internal electrical coil. An independent electrical heater (EH) is sized to cover the peak load (around 60 kW). The system layout and the main 
technical design parameters are shown in  

Figure 3 and Table 4 respectively. 
The emission system is again a radiator technology with mean temperature around 45°C. The DR program is based 

on a time-of-use tariff. Price-signals are sent to the system, which is set to “off” during peak hours (6-8am, 6-9pm) 
and to “on” during the rest of the day. The TES unit is designed to balance the operation. An independent electrical 
heater and a TES integrated electrical coil are included in order to guarantee that the heat demand is covered during 
the peaks and off-design conditions.  
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Table 3. Main technical design parameters for the cogeneration plant and the DH network for HS and HFA 

Design parameters Units HS HFA 

Peak heat load MW 50 400 

Cogeneration plant heat capacity MW 20 175 

Steam cycle inlet temperature °C 520 520 

Steam cycle inlet pressure bar 90 90 

Oil boilers overall capacity MW 30 225 

DH supply temperature °C 70 70 

DH return temperature °C 40 40 

DH network pipe length km 15 120 

Table 4. Main technical design parameters for the system of dsHP, TES and backup heaters 

Design parameters Units HS 

Peak heat load kW 140 

dsHP heat capacity kW 79 

dsHP max outlet temperature °C 70 

EH heat capacity kW 61 

2.4. Economic parameters 

In order to estimate the LCOH according to equation (1), a literature review and discussions with industrial project 
partners were carried on. Table 5 and Table 6 report the assumed figures for the main technologies adopted in Case 
1a and Case 1-2d. Concerning Table 5, the operation and maintenance costs for the network are extracted from the 
discussion presented in [3]. These costs are reported as percentage of the capital investment. 

Table 5. Economic input parameters for a 50MW waste fuelled cogeneration plant and the corresponding DH network 

Design parameters Units Waste cog.-DH Refs. 

r % 8 [12] 

lifetime years 30 [12] 

CAPEX plant sek/kW 108600 [32] 

CAPEX network sek/m 10319 [33] 

OPEX fixed sek/kW 3140 [32] 

OPEX variable sek/MWh 40 [32] 

Fuel (waste) sek/MWh -130 [32] 

 
Within this analysis, the cogeneration plant costs are entirely allocated on the heat generation. The net electricity 

sold to the grid is considered as a revenue at a fixed spot market price of 0.375 sek/kwh [34]. The reference figures 
for the peak boilers, the water tank and the case studies 1b (biomass-based technology), 1c (lsHP) and 2a-c can be 
found in the same or similar literature, as reported in Table 5 ([5], [32], [35], [36]). It is important to notice that the 
specific costs scale down by increasing the capacity range and that the biomass-based technology is overall more 
expensive than the waste incineration option. 

Table 6 shows the figures assumed for the case of a ground source dsHP. The drilling costs are included in the 
capital investment. From discussions with industrial project partners, the operation and maintenance costs are overall 
considered negligible and thus dominated by the electricity consumption cost.  Since the dsHP is involved in a DR 
program based on a time-of-use electricity tariff, during off-peak hours the electricity bill cost is assumed to be reduced 
to half of its actual value. 
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through a substation. The latter is of the indirect type with no domestic hot water storage. The emission system inside 
the apartments is a radiator technology with mean temperature around 45°C. The electrical energy required by the 
plant itself is subtracted from the production. 

The lsHP technology of case 1c and 2c is sized as the cogeneration plant previously described. Within the HFA 
case, multiple units are combined to cover the design heat capacity. The HP source is the sewage water recovered 
from a waste water treatment plant located nearby. An average COP of 3.5 is assumed. 

A dsHP is designed based on an average reference building extracted from the HS neighborhood. The related peak load is around 140 kW. 
Because of this assumption, the final results are to be regarded as an average over the selected community. The HP is of the ground source type 

with a design heat capacity of 80 kW [31] (around 55% of the peak load). An average COP of 3.2 is assumed [5]. A thermal energy storage (TES) 
unit is integrated to cover the load within a demand response (DR) program. The TES is a stratified water tank and is equipped with an auxiliary 

internal electrical coil. An independent electrical heater (EH) is sized to cover the peak load (around 60 kW). The system layout and the main 
technical design parameters are shown in  

Figure 3 and Table 4 respectively. 
The emission system is again a radiator technology with mean temperature around 45°C. The DR program is based 

on a time-of-use tariff. Price-signals are sent to the system, which is set to “off” during peak hours (6-8am, 6-9pm) 
and to “on” during the rest of the day. The TES unit is designed to balance the operation. An independent electrical 
heater and a TES integrated electrical coil are included in order to guarantee that the heat demand is covered during 
the peaks and off-design conditions.  
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Table 3. Main technical design parameters for the cogeneration plant and the DH network for HS and HFA 

Design parameters Units HS HFA 

Peak heat load MW 50 400 

Cogeneration plant heat capacity MW 20 175 

Steam cycle inlet temperature °C 520 520 

Steam cycle inlet pressure bar 90 90 

Oil boilers overall capacity MW 30 225 

DH supply temperature °C 70 70 

DH return temperature °C 40 40 

DH network pipe length km 15 120 

Table 4. Main technical design parameters for the system of dsHP, TES and backup heaters 

Design parameters Units HS 

Peak heat load kW 140 

dsHP heat capacity kW 79 

dsHP max outlet temperature °C 70 

EH heat capacity kW 61 

2.4. Economic parameters 

In order to estimate the LCOH according to equation (1), a literature review and discussions with industrial project 
partners were carried on. Table 5 and Table 6 report the assumed figures for the main technologies adopted in Case 
1a and Case 1-2d. Concerning Table 5, the operation and maintenance costs for the network are extracted from the 
discussion presented in [3]. These costs are reported as percentage of the capital investment. 

Table 5. Economic input parameters for a 50MW waste fuelled cogeneration plant and the corresponding DH network 

Design parameters Units Waste cog.-DH Refs. 

r % 8 [12] 

lifetime years 30 [12] 

CAPEX plant sek/kW 108600 [32] 

CAPEX network sek/m 10319 [33] 

OPEX fixed sek/kW 3140 [32] 

OPEX variable sek/MWh 40 [32] 

Fuel (waste) sek/MWh -130 [32] 

 
Within this analysis, the cogeneration plant costs are entirely allocated on the heat generation. The net electricity 

sold to the grid is considered as a revenue at a fixed spot market price of 0.375 sek/kwh [34]. The reference figures 
for the peak boilers, the water tank and the case studies 1b (biomass-based technology), 1c (lsHP) and 2a-c can be 
found in the same or similar literature, as reported in Table 5 ([5], [32], [35], [36]). It is important to notice that the 
specific costs scale down by increasing the capacity range and that the biomass-based technology is overall more 
expensive than the waste incineration option. 

Table 6 shows the figures assumed for the case of a ground source dsHP. The drilling costs are included in the 
capital investment. From discussions with industrial project partners, the operation and maintenance costs are overall 
considered negligible and thus dominated by the electricity consumption cost.  Since the dsHP is involved in a DR 
program based on a time-of-use electricity tariff, during off-peak hours the electricity bill cost is assumed to be reduced 
to half of its actual value. 
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Table 6. Economic input parameters for a dsHP 

Design parameters Units dsHP Refs. 

r % 4 [12] 

lifetime years 15 [14] 

CAPEX sek/kW 14560 [37] 

OPEX fixed - - - 

OPEX variable öre/kWh 48 [38] 

2.5. Models

The models for the thermal performance simulation of the cogeneration plant, the lsHP and the geothermal dsHP 
are implemented in the TRNSYS [32] environment. The latter is a software for pseudo-dynamic performance 
simulation of energy systems. A quite developed library of black-box components is available. In addition, the user is 
able to integrate missing features when necessary.  

A yearly simulation with one-hour time step is considered in all scenarios. The objective is to determine how the 
pre-heating, base- and peak-load options cover the given load, within each sub-case. 

The heat load is extracted from real data as a time series curve. Case 1 refers to a representative multi-apartments 
residential building within HS. The information is extracted from the user account. The neighborhood performance is 
the result of a scale up process. Case 2 refers to the aggregated performance of HFA. The information is extracted 
from data provided by the operator. Because of the Swedish context, the weather related parameters refer to Stockholm 
in terms of location. All the performance data are historical and are related to year 2016. 

As an illustration of the results from the TRNSYS simulations, Case 1a and 1d are here discussed for a reference 
winter day. No degradation factor is considered over the lifetime. 

As it can be seen in Figure 4, the load curve is mainly covered by preheating from the flue gas condensers and by 
the operation of the steam condenser section of the cogeneration plant. Notice that the curves add on each other. The 
daily load trend is characterized by two peaks, one in the morning and one in the evening, which are considered to be 
fully covered by the oil boiler. The performance of the latter is estimated in order to exactly compensate the peaks. 
The water tank is used to respond to the load changes in terms of mass flow rate imposed by the users’ substations. In 
the specific case of Figure 4, no TES charging is happening. On a yearly basis, the steam condenser section covers 
around 74% of the total load. Around 17% comes from the boiler, while the remaining part is covered by the flue gas 
condensation and the water tank. 

 

Figure 4. A reference winter day performance for the cogeneration plant of Case 1a 
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Concerning Case 1d, the daily operation based on the DR program is clearly shown in Figure 5.  

 

Figure 5. A reference winter day performance for the dsHP of Case 1d 

The time-of-use tariff for electricity is imposed by a step function, which sets the dsHP “off” between h6-8 am and 
h6-9 pm. This is a simplified assumption based on the real possibility to stipulate a contract with variable tariff [39].  

The dsHP covers most of the load and can also provide heat to the TES unit for charging. If a peak demand 
phenomenon occurs outside the set time range, an independent electrical heater is activated. When the HP is forced to 
the “off” mode, the TES is responsible for covering the load. As it can be noticed, this is not an easy task. Based on 
the TES state of charge, the unit can sometimes under-perform and sometimes over-perform. This situation might 
affect the comfort condition for the user. The investigation of the latter is out of the scope of this study. On a yearly 
basis, the dsHP covers around 74% of the total load. The TES unit contributes as much as around 21%, while the 
remaining part comes from the electrical heaters. 

3. Results and discussions 

A sum up of the results for the different scenarios of this study is presented in Table 7 and Table 8 for Case 1 and 
Case 2 respectively. The estimated figures are to be considered as preliminary values, which indicate a direction of 
study, namely the comparison of different technologies performance based on their generation cost. The validity of 
the results is cross checked with the studies presented in [2] and [8] and through discussions with project partners. 

Concerning Case 1 (Table 7), it can be observed that a strong contrasting outcome is related to the use of a different 
fuel for the cogeneration plant feeding the DH network. Waste incineration for heat recovery is considered a 
convenient process as an alternative solution to its disposal. Therefore, its implementation is economically 
incentivized. Thus, the operational costs associated with Case 1a are low enough to reduce the final LCOH of about 
40% with respect to the biomass-based Case 1b. However, the environmental impact leads to an opposite conclusion 
concerning the advantages of the two technologies. Overall, the waste incineration option is characterized by a 
significantly higher carbon emission performance with respect to all the other cases. 

Table 7. LCOH and CO2 results for the HS referenced scenario (Case 1) 

Indicators Units Case 1a 

DH + waste cog. 

Case 1b 

DH + bio cog. 

Case 1c 

DH + lsHPs 

Case 1d 

dsHPs 

LCOH sek/kWh 0.45 0.62 0.32 0.52 

CO2 kt 42 15 11 9 
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Case 1c represents the most interesting solution at a community scale like HS. The main reason is linked to the 
much lower operating costs compared to the cogeneration plant cases. When DH systems with multiple supply units 
are considered, these two options are combined in order to profit or save from the variability of electricity prices. 
Concerning the CO2 emissions, the Swedish electricity supply mix is characterized by a high share of low or no-carbon 
emission technologies. This is the reason for the environmental friendly performance of Case 1c and 1d.   

When it comes to the LCOH value for Case 1d, it is important to remember that this estimation is made for an 
average building type, which is assumed as representative for the whole neighborhood. Within this frame and given 
the assumptions described in Section 2, it can be concluded that the option of distributed dsHP should be in general 
considered as less techno-economically convenient compared to the DH alternatives. The main reason for this outcome 
is related to the higher investment cost spread on a shorter economical life of the technology. Furthermore, the 
cogeneration process brings the opportunity of performing full heat recovery while still profiting from power 
generation. The option of lsHP is more cost-efficient, given the economy of scale. The introduced type of DR program 
is not sufficient to justify the choice of a dsHP instead of a DH substation. The only exception, within Case 1, is given 
by Case 1b which is affected by relatively higher investment and operating costs. 

This is a relevant conclusion in the light of comparing the heat production cost of both technologies rather than 
considering the tariff imposed by the DH operator. The DH final heat price is based on a benchmarking study of the 
alternative technologies. From the perspective of one or few users, it can be convenient to install a dsHP, thus reducing 
the heat bill with respect to the current DH tariff. However, on a longer term perspective which includes more users 
choosing or switching to the alternative technology (dsHP), the DH tariff can change, nullifying the estimated savings. 
This conclusion assumes that the DH utility has no decisional constraints on the profit margin range, which can be 
thus reduced to maintain the competitiveness. In the opposite scenario, the alternative technology could take over.     

The results of this study are compared to the statistics reported in [14]. Figure 6 shows the generation costs of a 
DH option compared to the alternative option of geothermal HPs with different levels of interest rates and economic 
lifetime ranges. The values in Figure 6 include the DH utility profit and the HP connection share, which are not 
considered in the present study. 

Figure 7 shows the results of the LCOH for Case 1 with the costs break-down between capital investment and 
operation and maintenance. In Case 1a, the incentive on the fuel leads to a reduction of the result (striped texture). 

 

 

Figure 6. Comparison of generation costs extracted from [14] 

 

Figure 7. Generation costs from this study for Cases 1a, b, c, d 

By comparing Figure 6 and Figure 7, the first outcome is the impact of the profit margin on the DH final heat cost. 
This observation confirms the previous discussion on the DH tariff composition. The result should be considered as 
an estimation of order of magnitudes. The precise profit calculation belongs to the business model of the operator. 
Concerning the HP, it can be noticed that the LCOH value is lower, which is due to two main reasons related to this 
study. First, the connection costs are not included and, second, the revenues from the DR program are taken into 
account. Besides these assumptions, the result is considered within the range of validity. 

Case 2 refers to the larger scale neighborhood of HFA. The relevance of this scenario is related to the possibility 
to show the impact of the economy of scale, especially for the DH-based cases. Table 8 shows the results for the 
second set of case studies within this work.  
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Table 8. LCOH and CO2 results for the HFA referenced scenario (Case 2) 

Indicators Units Case 2a 

DH + waste cog. 

Case 2b 

DH + bio cog. 

Case 2c 

DH + lsHPs 

Case 2d 

dsHPs 

LCOH sek/kWh 0.09 0.35 0.20 0.52 

CO2 kt 435 158 160 74 

 
When comparing to Case 1, the LCOH value of the waste incineration scenario highlights the strong impact of the 

economic incentive for this type of fuel. Case 2b benefits more from the scale phenomenon than Case 2c. Thanks to 
a more efficient allocation of the costs, the DH biomass option gets in line with the other DH cases when compared 
to the dsHP scenario. Besides the impact of the economy of scale, similar comments as for Case 1 can be applied 
when dealing with the comparison between a centralized and a distributed energy infrastructure. 

4. Conclusion 

A techno-economic performance analysis is applied to compare different options of centralized and distributed heat 
supply technologies. The average cost of heat generation over the lifetime is estimated for three district heating 
solutions and a distributed domestic scale heat pump option. The same case studies are also scaled-up to highlight the 
impact of the economy of scale.  

The fist district heating case is based on a waste incineration technology, which is characterized by significantly 
lower fuel costs. The second option is a biomass-fueled solution, which is more expensive but brings an advantage in 
terms of CO2 emissions. Large-scale heat pumps are used in the third case study, which represents the most interesting 
scenario at relatively small community scale. The last option is based on distributed domestic scale heat pumps. The 
results from the techno-economic analysis show that this solution cannot overcome the benefits of a district heating 
technology. The advantages derived from heat recovery, economy of scale and fuel diversification are even more 
evident at a larger community size. 

Given the discussed boundary conditions and assumptions, the results of this study are considered as a preliminary 
overview. A direction of research is indicated by proposing future work improvements of the current analysis. For 
instance, the different proposed cases can be combined with each other to increase the flexibility of the system. A 
closer look on the user comfort conditions should be included. The heat pump technologies, both at large and domestic 
scale, should be considered at their full potential by combining the heating and cooling options. Finally, a further 
optimization of the size of the main technologies would influence the investment costs. 
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generation. The option of lsHP is more cost-efficient, given the economy of scale. The introduced type of DR program 
is not sufficient to justify the choice of a dsHP instead of a DH substation. The only exception, within Case 1, is given 
by Case 1b which is affected by relatively higher investment and operating costs. 

This is a relevant conclusion in the light of comparing the heat production cost of both technologies rather than 
considering the tariff imposed by the DH operator. The DH final heat price is based on a benchmarking study of the 
alternative technologies. From the perspective of one or few users, it can be convenient to install a dsHP, thus reducing 
the heat bill with respect to the current DH tariff. However, on a longer term perspective which includes more users 
choosing or switching to the alternative technology (dsHP), the DH tariff can change, nullifying the estimated savings. 
This conclusion assumes that the DH utility has no decisional constraints on the profit margin range, which can be 
thus reduced to maintain the competitiveness. In the opposite scenario, the alternative technology could take over.     

The results of this study are compared to the statistics reported in [14]. Figure 6 shows the generation costs of a 
DH option compared to the alternative option of geothermal HPs with different levels of interest rates and economic 
lifetime ranges. The values in Figure 6 include the DH utility profit and the HP connection share, which are not 
considered in the present study. 

Figure 7 shows the results of the LCOH for Case 1 with the costs break-down between capital investment and 
operation and maintenance. In Case 1a, the incentive on the fuel leads to a reduction of the result (striped texture). 

 

 

Figure 6. Comparison of generation costs extracted from [14] 

 

Figure 7. Generation costs from this study for Cases 1a, b, c, d 

By comparing Figure 6 and Figure 7, the first outcome is the impact of the profit margin on the DH final heat cost. 
This observation confirms the previous discussion on the DH tariff composition. The result should be considered as 
an estimation of order of magnitudes. The precise profit calculation belongs to the business model of the operator. 
Concerning the HP, it can be noticed that the LCOH value is lower, which is due to two main reasons related to this 
study. First, the connection costs are not included and, second, the revenues from the DR program are taken into 
account. Besides these assumptions, the result is considered within the range of validity. 

Case 2 refers to the larger scale neighborhood of HFA. The relevance of this scenario is related to the possibility 
to show the impact of the economy of scale, especially for the DH-based cases. Table 8 shows the results for the 
second set of case studies within this work.  
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Table 8. LCOH and CO2 results for the HFA referenced scenario (Case 2) 

Indicators Units Case 2a 

DH + waste cog. 

Case 2b 

DH + bio cog. 

Case 2c 

DH + lsHPs 

Case 2d 

dsHPs 

LCOH sek/kWh 0.09 0.35 0.20 0.52 

CO2 kt 435 158 160 74 

 
When comparing to Case 1, the LCOH value of the waste incineration scenario highlights the strong impact of the 

economic incentive for this type of fuel. Case 2b benefits more from the scale phenomenon than Case 2c. Thanks to 
a more efficient allocation of the costs, the DH biomass option gets in line with the other DH cases when compared 
to the dsHP scenario. Besides the impact of the economy of scale, similar comments as for Case 1 can be applied 
when dealing with the comparison between a centralized and a distributed energy infrastructure. 

4. Conclusion 

A techno-economic performance analysis is applied to compare different options of centralized and distributed heat 
supply technologies. The average cost of heat generation over the lifetime is estimated for three district heating 
solutions and a distributed domestic scale heat pump option. The same case studies are also scaled-up to highlight the 
impact of the economy of scale.  

The fist district heating case is based on a waste incineration technology, which is characterized by significantly 
lower fuel costs. The second option is a biomass-fueled solution, which is more expensive but brings an advantage in 
terms of CO2 emissions. Large-scale heat pumps are used in the third case study, which represents the most interesting 
scenario at relatively small community scale. The last option is based on distributed domestic scale heat pumps. The 
results from the techno-economic analysis show that this solution cannot overcome the benefits of a district heating 
technology. The advantages derived from heat recovery, economy of scale and fuel diversification are even more 
evident at a larger community size. 

Given the discussed boundary conditions and assumptions, the results of this study are considered as a preliminary 
overview. A direction of research is indicated by proposing future work improvements of the current analysis. For 
instance, the different proposed cases can be combined with each other to increase the flexibility of the system. A 
closer look on the user comfort conditions should be included. The heat pump technologies, both at large and domestic 
scale, should be considered at their full potential by combining the heating and cooling options. Finally, a further 
optimization of the size of the main technologies would influence the investment costs. 
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A2A Calore e Servizi carries out maintenance programs; one of the main activities is leak detection performed according to different 
procedures. The first method was based on pressure measurements and then it has evolved in a direct measurement of water loss. 
A new method has been tested; fixed metering devices have been installed. According to the law of mass conservation, the mass 
difference is a calculation of the water lost in the area. This procedure allows reliable continuous leak measurements, simplifying 
operational activities and giving immediate results on field. 
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1. Introduction 

A2A Calore e Servizi (ACS) is the main district heating (DH) company in Northern Italy and it manages the DH 
networks of Brescia, Bergamo and Milan. These three systems differ one to the other because of the individual 
characteristics, such as construction technologies, materials, lengths and heat production.  

The first system to operate is the one in Brescia; it started functioning in 1972 and it is widely developed in the 
city; in fact, it is around 670 km long (trench length) and supplies heat to more than 21.000 connections (more than 
70% of the municipal area connections).  
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ACS performs several activities, such as designing, coordinating interventions and maintenance. The latter has a 
vital importance, especially for wide and old networks, as the one in Brescia.  

The leak detection process consists of different steps: leak identification, its localisation and estimation of water 
loss. Although leak detection can be achieved using different methods, the correct localisation and the estimation of 
water loss are more complex, but these elements are extremely useful for efficient maintenance. Actually, it is essential 
to identify, locate leakages and estimate the magnitude of water loss to organize a careful maintenance strategy in 
order to ensure the correct operation of the system and a longer lifespan [1]. In the last years, ACS has developed and 
tested several methods to detect leaks, each of whom is briefly described in the following paragraphs.  

2. The DH system in Brescia 

The DH network in Brescia has an important development and a yearly average of about 1.000 GWh of supplied 
heat; it is a single system, meaning that it cannot be hydraulically divided in smaller systems. The supply pipeline 
temperature can reach at maximum 130°C in winter and 90°C in summer, while for the return, temperature is almost 
constant all year long, and is around 60°C; the maximum operative pressure of the network is 16 bar.  

Since the network was partially constructed in the early ‘70s, pipes’ characteristics have been evolving since that 
moment; nowadays the network is composed of three different types of pipe. 
From 1972 to 1979, steel pipes were installed in concrete ducts and sustained by rollers or metallic saddles; this type 
of pipe represents around 20% of the entire network length. From 1979 to 1985, the “wanit” technology was employed, 
now it constitutes less than 2% of the network length. According to this method, pipes were laid in preinsulated 
sheathes, composed by two concentric fibrocement pipes with a layer of polyurethane in the middle. The remaining 
78% of network length consists of preinsulated pipe and is made of steel covered by external casings: an inner layer 
of polyurethane foam and a layer of polyethylene.  

The production plant consists of a waste to energy plant and a CHP plant, both located in the southern part of the 
network, boilers are located in other part of the city and they are switched on during peaks. 

3. Leak detection method 

Planning effective maintenance is fundamental; thus, measuring the amount of water lost by each leakage provides 
information regarding the priority of the interventions to perform. Normally, the first monitored parameter is the 
amount of daily make-up water, but that describes the entire network scenario, thus, it can only be used as trend 
indicator. To understand where to perform fixing and maintenance activities it is necessary to have more information 
regarding the location and the magnitude of each leakage; hence, a system able to provide this information has been 
experimented in Brescia DH network implementing pressure tests, a tool already in use. 

 
Pressure tests are routine maintenance activities, performed during warm seasons (mid-April – mid-October) on 

the 80% – 90% of the entire network. They consist in choosing an area to test, dividing the examined area from the 
rest of the network and in evaluating its pressure drop trend for less than half an hour; the pressure drop speed could 
give information about the leak size. To perform these tests it is necessary to operate on site on valves; in order to do 
so, at least a temporary working site has to be created and managed. Operators in charge of these activities have gained 
experience and sensitiveness, however this procedure does not provide necessary information to complete a list of 
interventions, but it can be used as preliminary test. 

 
Therefore, it was decided to develop procedures, which would allow a more accurate measurement of leakages; 

thus, a method had been designed to define replicable approaches. This was based on measurements of pressure drop 
while the test area was separated from the rest of the network and on weighting the discharged volume of water; these 
parameters were used to estimate the bulk modulus of the area [2]. The registration of data allowed subsequent 
calculations of the amount of water loss in the examined area; in fact, to obtain an indirect estimation of water loss 
magnitude the orifice flow equation was applied, whose results could be estimated again only by calculations. The 
orifice flow equation was applied assuming that the DH network is compressible and it has its own bulk modulus; this 
parameter is calculated based on pressure and volume variation, as stated previously, hence, the higher the water loss, 
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the higher the overestimation of this coefficient. Moreover, regarding the estimation of the leak, it is supposed that 
water loss can be compared to the flow that passes through an orifice, so it is possible to apply the orifice flow equation 
to have an approximate calculation of the amount of water loss and the size of the leak [3]. This approach required 
particular care during operational activities and, in addition, data could be obtained only after calculations and not 
immediately. 

A further improvement was the employment of portable flow metering devices, which allowed an instantaneous 
and direct measurement of water loss. Even though, it was possible to have instantaneous measurements, that was 
feasible only for a short period of time, less than half an hour, and it was still mandatory operating on site with the 
creation of  temporary working sites. 

 
At this point, it appeared important to improve and optimize detection procedures; not all the methods described 

above allowed making immediate estimations of leaks size and magnitude, as mentioned; that was possible only after 
calculations and it was allowed only to estimate the total area of the leaks in the examined zone. Furthermore, data 
could be recorded only for short periods, hence, during warm seasons it was possible to monitor each area only once 
per year. In addition, it must be noted that operational activities have to be taken into account: most of the times, these 
tests were performed on streets, requiring the creation of temporary working sites, traffic management, high safety 
measures and temporary interruption of service for clients.  

4. Fixed metering devices 

In 2016, two fixed metering devices were operating in two areas of the Brescia DH network, one device monitors 
around 100 km of pipes, while the other around 105 km of pipes. These fixed devices consist of roadside cabinets 
containing a supply and a return pipe where valves, flow-metering devices and air vents are installed (as shown in 
Figure 1).  

The operating tools inside the cabinet are thermal energy meters and related static flow sensors; they calculate 
energy and measure flow, power and temperature; these results can be read both directly on the display tool and 
remotely. Flow measurements are based on bidirectional ultrasonic technique and on transit time method: two sound 
signals are sent, against and with flow direction; the sound signal sent with the flow direction reaches the opposite 
transducer first, hence the time difference between the two elements can be used to calculate the flow velocity and 
then translated as volume. At this point, heat meters compute energy and mass based on measurements of temperature 
and volume. It was chosen to install the same type of heat meters that are normally employed in consumers’ 
substations, in order to have solid, easy to find and reliable instrumentations. 
 

 
 

Figure 1: a: roadside cabinet under construction, b: roadside cabinet in operation. 
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Figure 2: Scheme of the mass conservation theory applied to the employment of fixed metering device. 
 
        𝑄𝑄𝑄𝑄 = 𝑄𝑄𝑄𝑄 + 𝑄𝑄𝑄𝑄       (1) 
 

Nomenclature 

Qs supply mass flow  
Qr  return mass flow 
Ql mass flow of the leak 

4.1. Background theory 

The idea behind the construction of these tools is based on the theory of mass conservation; the same amount of 
water should enter and go out of the examined area, as shown in Figure 2 and Equation (1).  

In order to apply this theory, the chosen area has to be connected to the rest of the network by a single branch (both 
supply and return), by opening and closing selected valves, this way it can behave as a branch and can be monitored 
easily. The difference between supply and return flow is the amount of leak (Ql).  

It must be noted that analyses have to be based on mass flow; hence, it is possible to compare supply and return 
data, while volumetric flow rate depends on temperature and then it cannot be examined together.  

4.2. Laboratory tests 

By design, any size of flow metering device has a nominal flow and a related measurement error. To verify these 
data, flow meters undergone laboratory tests to monitor and evaluate the range of error and their behavior; these tests 
were performed in an ACS laboratory.  

A test bed was built and it consisted in a series of three meters, as shown in Figure 3: a device to test, a tap (behaving 
as a loss in the system), another device to test and a calibrated device. This test bed has run for few days monitoring 
two scenarios: in the first scenario, the tap was closed (no water loss), while in the second scenario the tap was open 
(system with water loss).  

 
Tests have confirmed the error ranges reported in the instruction manuals and, in all the cases, measured values 

were lower than the design ones; errors obtained after laboratory analyses were lower than 0,5% in both scenarios, 
thus they were classified as negligible. 

 
 

Figure 3: Scheme representing the test bed. 
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Nomenclature 

 Flow metering device to test 
 Calibrated flow metering device 

Pipe 
Tap simulating water loss 

4.3. Cabinet features  

Flow metering devices can operate continuously only during warm seasons (mid-April – mid-October) when flow 
is lower and supply temperature is more constant, in winter they can be used for instantaneous measurements. They 
operate as bypasses and, since most of them are above - ground installations, it was preferred to create size-limited 
tools, and hence, all the designed instrumentation was dimensioned according to summer flows to limit measurement 
error of metering devices and costs. The investment is in the range between 15.000 and 25.000 €. 

A supply pipe connects instruments inside the cabinet to the main network, allowing water to pass through the 
metering device before running again in the pipe that goes to clients; for the return, a pipe allows water flow to be 
measured inside the cabinet and then it flows back to the main pipeline, as shown in Figure 4. 
 

 
 

Figure 4: Hydraulic scheme of a typical roadside cabinet 
 
Nomenclature 

 Return line 
Supply line  
Valve (open) 
Valve (closed) 
Flow metering device 
 
Cabinet area 
Direction of flow, red supply flow, blue return flow 

 
Flow sensors measure volumetric flow rate in m3/h and temperature in Celsius degree, this way the calculator in 

the heat meter can compute mass flow and energy, as stated in paragraph 4.  
Water flow measurements are recorded continually during warm seasons (i.e. around for 5 months), readings are saved 
automatically and they can be downloaded easily; normally operators download data once per month.  Records can be  
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Figure 5: Hourly recorded data 
 

 
 

Figure 6: Daily recorded data 
 

saved both on hourly (instantaneous) and daily (sum of the 24 hours) basis. It can be observed, in Figure 5, that 
instantaneous readings are strongly influenced by the sensitivity of measurement devices, temperature and ordinary 
hourly flow fluctuations. As visible, hourly measurements are characterized by important variations, although it is 
possible to easily identify the daily trend (plotted in orange); Figure 6 represents data on a daily basis and, differently 
from the previous figure, this approach provides more constant data, able to describe the trend effectively; thus, daily 
basis was chosen. 

 
It must be noted that, most of the times, to activate these devices it is necessary to create a temporary working site, 

but differently from the previous methods, here it is necessary only to activate and deactivate the metering systems, 
thus, twice a year and for a shorter period, without service interruptions for customers. Furthermore, for previous 
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methods, the work of three operators, at least, was necessary for each test, while fixed metering devices require at least 
three operators twice a year, during activation and deactivation phases, and another operator once per month to 
download data. 

5. Monitoring results 

After the installation of the first flow metering devices, it was possible to monitor the trend of water flowing in the 
areas under test; the following paragraphs show the results obtained for the “Oltremella Sud” area since 2014 and for 
the “Sereno” area since 2016.  

Data registered by roadside cabinets were validated by measurements recorded by portable meter device and it was 
observed that fixed metering devices were able to identify water losses lower than 5 t/d. 

5.1. Sereno 

This flow-metering device was activated for the first time in June 2014; it monitors 105 km of pipe (around 8% of 
the entire network). The following graph (Figure 7) represents the trend from June 2014 to October 2017; it is visible 
that the trend is recorded only during warm seasons (mid-April – mid-October), the analysis should focus on daily 
difference of mass flow, which is related to the other represented parameters: supply and return temperatures and 
supply average flow. The daily difference of mass flow is calculated as the difference between supply mass in tons 
and return mass in tons that are measured by flow meters and divided by the maximum value of water loss recorded 
in the examined period. 

During measurements recorded in 2014, it is possible to observe a peak around mid-August, as reported in Figure 
7, which represents a leak that was fixed quite quickly, approximately in one week, because of its magnitude. 
Similarly, as represented in Figure 8, the trend of the following year defines a leak, from April to mid-June; in this 
case, the peak is not as high as it was in the previous year but the repair of the leak is clearly visible, the mass difference 
goes from 67% the 15th of June to 20% the 19th of June. Moreover, it can be observed that, in the first period, the daily 
difference of mass flow is above 60% of the maximum value of the year, while after mid-June it is halved, around 
30%.  

 

 
 
Figure 7: Graph representing measurements of daily difference mass flow, average supply flow, supply and return temperature in the “Sereno” 
area, June 2014 – October 2017. 
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Figure 8: Graph representing measurements of daily difference mass flow, average supply flow, supply and return temperature in the “Sereno” 
area, April – October 2015. 
 

 
 
Figure 9: Graph representing measurements of daily difference mass flow, average supply flow, supply and return temperature in the “Oltremella 
Sud” area, June  – October 2017. 
 

5.2. Oltremella Sud 

This flow-metering device monitors around 100 km of pipe (around 7% of the Brescia DH network) and it has been 
operating since 2016. The graphs represented in Figure 9 show the trend of the daily difference of mass flow, the 
supply average flow, the supply and return temperature during the warm season 2017.  

This device has been operating only for two warm seasons, furthermore, it must be noted that data describing daily 
difference of mass flow in 2016 are not reliable, in fact, that year there were problems during some fixing operations 
performed on the network. Data describing 2017 identifies a water loss in the second part of the season, from end of 
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August to October when values are higher than 80%. It can be observed that the second part of the period is 
characterized also by two minimums; regarding these two values, it is important to specify that they correspond to 
devices switching off during maintenance operations.  

6. Discussion and following steps 

The employment of fixed flow-metering devices have improved leak detection process; in fact, these tools allow 
measurements (about 5 months, continuously) of the quantities of the supply and return water in selected areas; the 
“Sereno” and “Oltremella Sud” flow meters monitor about 15% of the Brescia DH network. As stated previously, 
these tools can work continuously only during warm seasons (mid-April – mid-October) when supply temperature is 
more constant and the amount of supply and return flow are lower than in winter periods.  

At the moment, these measurements are not readable remotely, they need to be downloaded on site and they can 
provide the sum of total amount of water lost in an examined area; in fact, the value of mass difference is related to 
the entire analyzed area. It must be added that flow-metering tools can restrict the area to inspect providing data almost 
immediately, if necessary and moreover by creating subsections, it is possible to identify the area with higher water 
loss. Before their installation, it was not possible to individuate the area without operating on site on valves and this 
approach did not even allow having an immediate feedback regarding the presence of a leak.  

The measured data do not require processing nor particular calculations, thus, their analyses can be done quite 
quickly and readings can be downloaded every time it is necessary. As shown in the previous graphs (Figure 7, 8 and 
9) the trend of the daily difference of mass flow is an important parameter that can give information regarding both 
water losses and operations on the network, as stated in the description of the “Sereno” and “Oltremella Sud” areas. 
The available data could give also information regarding the quantity of energy supplied and lost (estimated by 
calculations from water loss) in the examined area, as plotted in Figure 10. 

At the beginning of May 2018, ACS activated another flow-metering cabinet “P.le Cremona”; the area monitored 
by this new device is Brescia downtown, about 25 km of pipes. This zone represents only about 1% of Brescia DH 
network, but this is one of the eldest area, characterized by a very high rate of water loss thus, having the possibility 
to monitor it continuously would improve maintenance efforts. In the last months, some experiments on data radio 
transmissions employing LoRaWAN protocol have being tested. 

ACS is finalizing the design of another device in “Chiesanuova” area, which should be tested by the end of summer 
2018; this new device should monitor about 54 km of the network. At that point, the total inspected area would be 
slightly higher than 20% of the pipeline of the city network, as summarized in Table 1, giving an important 
improvement in the yearly maintenance strategy. 

7. Conclusions 

ACS performs several activities, one of the main is leak detection; this process is fundamental to ensure the correct 
operation of the system and a longer lifespan of the network. Leak detection requires an effective analysis on the 
amount of water lost, thus ACS has been developing several procedures to provide this information. 

These experimentations aimed at the identification of a method able to provide, continuously, the amount of water 
lost in an area, minimizing the operations on the network and avoiding the interruption of the service to customers.  
 

Table 1. Area description. Data in brackets refer to the entire network length and the total number of customers 

Name of the area Length (pipes)  
[km] 

Daily supply 
average flow 

(summer) [m³/h] 

Number of 
customers [n] 

Nominal flow 
meter [m³/h] Year of activation 

Sereno 101,72 35 1.506 40 2014 

Oltremella Sud 105,07 47 1.459 60 2016 

P.le Cremona 24,32 23 534 25 2018 
Chiesanuova 54,54 45 548 60 Expected: end of summer 2018 

Total 285,65 (21,3%)  4.047 (19,2%)   
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Figure 10: Graph representing the energy loss calculated from water loss in the “Oltremella Sud” area, June – October 2017 

 
Pressure tests were initially employed, they can identify the presence of water loss in the examined area, but they 

cannot provide the necessary information to classify a leak, such as number of losses, location and magnitude; thus, 
they are used as preliminary tests. Later, a method based on the application of the orifice flow equation was tested 
successfully; it was observed that these practices could be performed only for short periods, about half an hour, 
requiring several operations on site and data processing. Then, portable flow metering devices were applied, this 
method allowed having instantaneous and direct measurements of water loss, but it was possible only for short periods.  
 
All the methods described above could be performed only for less than one hour, requiring the creation of a working 
site, often, the interruption of service for customers and processing of the measured data; thus, a new method requiring 
less operational activities and continuous measurement was implemented.   
Fixed metering devices are able to monitor continuously, during warm season (from mid-April to mid-October), the 
amount of water loss (allowing then the calculations of energy loss) in the area where the roadside cabinet is installed. 
The theory behind this application is based on mass conservation: the same amount of water entering the area has to 
flow out, if these quantities differ, there is a leakage. Fixed metering devices consist of roadside cabinets equipped 
with valves, air vents and flow meters that calculate energy and measure flow, power and temperature; readings are 
saved automatically and they can be downloaded easily, normally operators do it once per month.  

In 2016, two flow-metering devices were in operation, monitoring two areas of the Brescia DH network, in May 
2018 a new device was activated and another one is under construction. At the moment, about 17% of the city DH 
network is monitored continuously during warm season, providing necessary information for maintenance programs. 

In fact, the installation of these devices have improved leak detection processes, allowing continuous monitoring 
of the quantities of supply and return water flow during warm season; they can provide information immediately, when 
necessary, regarding the presence of one or more leaks, without requiring processing nor particular calculations. The 
next step is testing and implementing radio data transmission to allow remote readings. 

ACS aims at further implementing the employment of fixed metering devices to ensure effective operation of the 
DH systems it manages, both the old one, as in Brescia, and the more recent, as in Milan. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
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The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

Increasing trend in space cooling together with demand of CO2 emission reduction in energy production directs towards
environmentally friendlier cooling options. Absorption chillers utilize waste heat in cold production and could, therefore, fit to this
need. Finland has a well established district heating system and growing district cooling markets. The trend is towards renewable
options in both heat and electricity production. In this study, after introducing basics of absorption chillers, cooling trends in Finland
are discussed and prospects of absorption chillers in Finnish district and building energy systems are defined. A number of potential
applications are identified and discussed. After an extensive review of literature, the authors conclude that solar driven absorption
chiller applications have not been widely examined in Finnish conditions. Particularly absorption systems in trigeneration systems
could be feasible also in Finland. Still, further technical and economic analyses for all potential applications are needed.
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1. Introduction

Globally, space cooling is the fastest-growing end use in buildings, even if it is a significantly small portion of
energy demand in buildings today (roughly 5%) [1]. Even if energy needs for cooling can be reduced with building
envelope solutions by minimizing heat gains in summer using thermal mass, efficient glazing, insulation, shading,
reflective surfaces and natural ventilation [2], there still remains needs for the active cooling solutions as well.
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Statistics have not been compiled on energy consumption for household air conditioning nor on the applications in
use although the sector is growing rapidly. IEA suggests that air conditioning accounts for around 9% of household
electricity consumption in IEA countries [3]. According to Santamouris [4], globally the Climate Change, increase of
population and potential economic growth increases the cooling energy demand. At country level, higher family
income, decrease in electricity and equipment price, warmer climatic zone and high local standards for thermal quality
of buildings and high requirements for minimum efficiency of air conditioners increase the penetration of air
conditioners [4].

The thermal energy demand for cooling per m2 is not necessarily directly dependent on the climatic condition since
buildings in colder climates are usually better insulated [5]. Correspondingly, the demand for high quality room air
and possibility to adjust the room temperature freely has increased also in Finland. This increases the interest to chiller
applications in new construction production and for buildings under renovation, especially in office buildings,
commercial buildings and other public buildings. According to Airaksinen et al. [6] current demand for cooling energy
in Finnish buildings is 850-2100 GWh and it is steadily increasing.

The European Commission Energy Roadmap 2050 [7] states that the coal-free future determines the reduction of
primary energy production which is approximated to be up to 20% by 2030 and up to 41% by 2050. This means that
the energy savings has to be made in all sectors of economy. Thus, although cooling sector is increasing, the increase
in production should not increase the primary energy demand. Absorption chillers use very little electricity compared
to mechanical chillers because they use waste heat instead of electric motor or engine to produce the needed
compression [8]. Therefore, they could settle part of the problem by increasing the cooling production with variable
heat sources in flexible configurations.

An EU Strategy on Heating and Cooling [9] recommends the exploitation of tri-generation (simultaneous
generation of heating, cooling and power). Absorption chillers could provide savings in electricity production together
with combined heat and power production especially during the summer, when space heating is not needed.
Absorption chillers can also be powered by solar heat [10,11] which can ease achieving the 55% share of renewable
energy according to European Commission Energy Roadmap 2050 [7].

The cost for cooling is closely related to prevailing electricity and fuel prices. The integration of the absorption
cooling in the energy system becomes more profitable, if waste heat and natural water sources are available. These
kind of conditions can be found in most of the Finnish suburban areas, since Finland has long history in combined
heat and power production with local biomass fuels as well as long coastline at the Baltic Sea and inland waters.

Absorption chillers can be widely utilized both in district-level (e.g., [13–15]) and in building-level (e.g., [11,16]
energy systems. Its prospects in Finnish energy systems has not been evaluated. This article aims to support wider
rollout of absorption chillers in Finland through introducing recent cooling trends and reviewing potential absorption
chiller applications.

2. Absorption cooling

The absorption refrigeration is a non-mechanical option to utilize waste heat (hot air, hot water, steam or hot
exhaust) from process applications for cooling. They are typically powered by heat from a district heating, heat
recovery or cogeneration heat, but also sun is used as a heat source for refrigeration. Chiller capacities are usually
several hundred kW [11,17]. Although the efficiency of absorption cycle is low compared to other commercially used
cooling cycles, the energy input for the absorption is free, since the aim is to exploit produced heat that would
otherwise be unused. Most absorption systems need an internal solution pump that consumes little electric power.
However, this consumption is very small compared to an electric motor-driven compression cycle chiller. Therefore,
technology is interesting in the point of view of saving energy.

Basic absorption chiller consists of generator, absorber, evaporator, and condenser [18]. In order to avoid the
mechanical work [19], thermal heat input from the surroundings to the solution of refrigerant and absorbent is used to
induce the compression. The refrigerant and the absorbent have different boiling temperatures. The input heat energy
is used to boil the refrigerant out of the solution while the absorbent stays liquid. The refrigerant continues its way as
vapor to the condenser where it cools down to high-pressure liquid due to cooling water. The liquid absorbent instead
passes through the solution heat exchanger back to the absorber. After the condenser, the refrigerant liquid passes
through an expansion device to the evaporator, where it provides cooling to external heat and again become vapor.
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Refrigerant vapor then passes into absorber where it condenses to liquid and dilutes the absorbent. This solution is
pumped back to the generator closing the thermal compression cycle [13,19].

The construction, workability, effectiveness and costs of the absorption chiller are highly dependent on  properties
of the working fluid solution [13,19]. Error! Reference source not found. The most common working pairs
commercially are H2O-LiBr and NH3-H2O (e.g., [20,21]).  In literature, absorption equipment is determined by the
number of effects and stages (e.g., [22]). The term effect refers to the number of times the driving heat is used (number
of generators) and the term stage refers the number of basic cycles [19]. Single-effect systems are widely used in
absorption cooling projects. However, since the coefficient of performance (COP) of the single-effect systems is low,
double-effect or triple-effect systems are more feasible for commercial use [21]. The multiple stage cycles expand the
workable area of the basic cycle [22]. The absorption chillers can be fired indirectly with heat recovered from another
process such as solar collectors, district heating network or a boiler. This heat is delivered to the generator with heat
exchanger. The directly fired chiller obtains the heat input from combustion [19].

Absorption machines are manufactured in small and large scale. The technical information of chillers can be found
from the  webpages  of  manufacturers  AGO,  Carrier,  Climatewell,  Broad,  EAW, Ebara,  Kawasaki,  LG,  SolarNext,
Robur, Rotartica, SorTech, Thermax (Trane), Yazaki, and York. Most of the manufacturers produce chillers in small
scale for air-conditioning. These chillers are usually water fired. However, for instance, Carrier, Ebara, Kawasaki,
Thermax, Yazaki, York® and AGO also produce large-scale units for industrial cooling and storage, and for large
public buildings. Yazaki produces water fired chillers up to 175 kW cooling capacity, but chillers with larger capacity
are gas fired. Thermax, AGO, and Carrier produce steam and water powered large-scale chillers.

3. Cooling trends in Finland

3.1. Cooling demand is increasing

According to IEA [1], there has globally been 4% annual increase in space cooling since 1990. Energy consumption
for cooling is expected to increase sharply by 2050 by almost 150% globally [2]. Finnish Meteorological Institute [23]
estimates that the need for cooling energy is going to increase 13-19% due to climate change by the year 2030 in
Finland. They approximate that annual average temperature in Finland will increase 1.2-1.5 °C by 2030 depending on
the region. However, these calculations do not take into account the changes in building regulations. During the past
decades, energy efficiency of buildings in Finland has increased due to prevailing regulation [24] and, thus, the heating
demand has decreased and need for air conditioning and cooling increased [6]. In addition, the public demand for
higher quality for indoor conditions has increased.

According to European Commission [9], the cooling demand for all single-family houses is more than twice as
high as that of all multi-family buildings. In Finland, 50% of citizens lived in single-family houses in the end of 2015
[25]. There has been 25-fold increase in the number of heat pumps in Finland since 2000 [26]. The annual increase is
about 60,000 units. A huge majority of these, about 45,000, is small (0-6 kW) air-to-air heat pumps which are installed
mainly to single-family houses. Partly this is due to the people’s willingness to decrease heating costs but an equally
important aspect is the opportunity to space cooling during the summer periods.

According to Airaksinen et al. [6] cooling demand in Finland depends on the economic growth, energy system
development, as well as amount and quality of buildings and urban development. They present four scenarios: BAU,
LAMA, HAJA, and DUO. If the economic growth stays at current rate (BAU) or decelerates (LAMA), present energy
systems and regional structure stays and reconstruction of buildings is emphasized. If economic growth is moderate
(HAJA), migration is uniform in the country and more single-family houses are build. This increases the use of
individual cooling systems. If the economic growth is fast (DUO), city areas are going to grow and more high-level
apartment houses are build. Airaksinen et al. [6] refers to the statistics of Helen Ltd, in which the consumption of
cooling energy of an office buildings has varied between 1-5 kWh/m2/year. According to scenarios by Airaksinen et
al., the cooling demand in 2030 in Finnish residential buildings varies between 0.5-12 kWh/m2 and in office buildings
6-39 kWh/m2 depending on the construction year and solar shading. This mean that the cooling demand for office
buildings is going to increase tremendously. According to BAU scenario, the total yearly cooling demand for buildings
in Finland is going to increase from 1300 GWh to 1700 GWh by 2030.
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According to the RESCUE project [27], the normalized specific district cooling market was 33 kWh/capita in 2011
in  Finland,  which  means  178 GWh in  total.  This  share  was  the  third  largest  in  the  EU after  Sweden and Norway.
According to Airaksinen et al. [6], the market has grown to 190 GWh in recent years. They approximate that by 2030
the district cooling delivery is going to increase 6% every year on average to 490 GWh. RESCUE estimated that the
cooling market in Finland is 11 TWh [27], which is more than 20 times as much as the estimate for the growth in the
district cooling. This means that there is potential for absorption chillers also in decentralized market.

Werner [28] estimates that the average specific cooling demand in Finland is 45 kWh/m2 in the service sector, 20
kWh/m2 in the residential sector and 28 kWh/m2 in total. Multiplying these numbers with the total floor areas of the
named building types and summarizing these two gives 8.8 TWh for the total cooling demand, which is in good
agreement with RESCUE [27], although Werner [28] states that there are remarkable differences in different cooling
demand estimations based on the assumptions used.

3.2. District cooling capacity increases moderately

Finland has a well-established district heating system and, thus, steady growing district cooling market. In fact,
although the climate is colder in Nordic countries, they have taken the leading position in development of district
cooling in Europe [27]. According to Finnish Energy  [29], during the year 2017 223,439 MWh district cooling was
provided in Finland to 491 customers by 9 Energy companies. Majority (65%) of the available buildings in district
cooling network were located in the capital area. The location affects the profitability of district cooling investment
since centralized solution cannot compete with price with other cooling options in sparsely populated areas. In
addition, natural water systems can be utilized in cold production in Nordic countries. The most commonly used
district cooling technology in Finland was heat pump (60%), followed by free cooling (25%) and absorption cooling
(10%). District heat providers extend the network depending on the customer need, and new buildings invest in the
district cooling option for subsequent joining to the network [30]. According to the statistics of Finnish Energy [29]
from the year 2015, the absorption heat pump is only in use at Helen, former Helsingin Energia, where sea water is
used for the condenser.

According to Finnish Energy [29], buildings using district cooling gain a number of benefits, such as the air- and
structure-borne noises and vibration caused by cooling equipment are eliminated, the space for cooling equipment
becomes free for other use, condensing units spoiling the façade of the building are no longer required, and the repair
and maintenance of cooling equipment are no longer necessary. In addition, the possibility of connecting to district
energy networks can provide urban households with a more cost-effective and less carbon-intensive cooling supply
than would be available through individual cooling systems [1].

Recent statistics [31] show that annual sold district cooling energy in Finland has been between around 130-220
MWh with increasing trend (Figure 1). For example, Helen has plans to expand district cooling to new residential
areas by 2020 [32]. In order to help buildings in connecting to district cooling networks, Finnish Energy [33] has
defined common quality requirements, recommendations and guidelines.

Typically, the price in connecting to district cooling is three-folded [34], including: 1) a contract payment, 2) an
annual fee (a fixed capacity payment), and 3) an energy fee. In summer 2014, the energy fee was 31.11 €/MWh in
Helen’s network in Helsinki and 36.42 €/MWh in Fortum Power and Heat’s network in Espoo. Usually, the energy
fee is much smaller during the winter time.

A good district cooling system can have a temperature difference of 10°C between the supply and return water
flows when a good district heating system can have a difference of 50°C [35]. For instance, in the region of Turku,
the delivery temperature for district cold is 7°C and return water temperature is 17°C [36]. This leads to around 4-5
times larger flow (and larger pipe dimensions) to distribute the same energy capacity in a district cooling network. So,
the initial investments for a district cooling system are larger than for a district heating system. On the other hand, the
production costs are much lower.

Typically, losses in Finnish district heating networks vary between 5-8% in dense urban areas and between 10−15
% in less populated areas [37]. Losses in district cooling networks have not been reported. A Swedish calculation
study [38] reports a maximum cooling loss below 2% of the total delivered energy during the season for any analyzed
network configuration.
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Figure 1. Sold district cooling energy and available district cooling capacity in Finland (modified from the data from [31]) including the forecast
for 2030.

4. Opportunities for absorption chillers in Finnish energy solutions

The first absorption chiller in Finland was district heat operated single-effect chiller at Pitäjämäki, Helsinki [13].
Another former absorption chiller produced cold using surplus heat from brewery in Teivaanmäki, Lahti [39], but was
closed when the brewery was closed. Two existing applications can be found in Finland. Helen uses sea water heat
exchangers to produce condensing water for absorption cooling together with free cooling system [40]. Three out of
six seawater heat exchangers are used for condensing water productions. Finnish company Savo-Solar produces solar
absorbers for thermal systems and they have been tested for office heating and absorption cooling in Mikkeli [41,42].

4.1. Solar driven absorption systems

Cooling demand usually increases along with the solar intensity, which increases the feasibility of solar cooling
systems (e.g., [43,44]). Although Finland is located approximately between latitudes 60 and 70, yearly solar irradiation
in Southern Finland is close to countries like Germany and Belgium [45–47]. The electricity production differences
can be even lower since the efficiency of commonly used PV-panels increases in lower temperatures [45]. Solar power
is produced mainly in small scale in Finland and typical systems are off-grid solutions installed to summer cottages
to supply energy for few applications [45] or solutions to increase renewable energy share of one-family and apartment
houses. Turnkey solar energy packages are sold to households by energy producing companies [48–50]. The increase
of electricity use in single-family house cooling could be covered by solar energy.

Today,  solar  thermal  systems  in  Finland  are  still  rare.  One  reason  is  relatively  low  price  of  heat  compared  to
Central-Europe. For instance in 2013, national average prices for district heat in Finland was 16.3 €/GJ whereas for
instance in Germany it was 21.2 €/GJ [51]. Small applications are installed occasionally. Sundial Oy [52] estimates
that thermal collectors are installed approximately 4000 m2/year in Finland. However, an increasing trend in solar
thermal installations is seen in Europe [53], and this trend might reach Finland as well. Thus, absorption cooling with
solar thermal energy input would become considerable option to reach the European Commission’s yearly target to
increase the renewable energy share in cooling systems by at least 1% of the final consumption every year.

Solar thermal systems in Finland have been analyzed [54,55] and their feasibility estimated [56]. It is concluded,
that the installed solar thermal systems have been generally feasible, if the system is sized accurately, solar collectors
have high efficiency and the collectors are installed to the right direction [56]. However, it is still estimated that with
solar photovoltaic panels and air to water heat pump systems less energy is wasted, since the spare electricity can be
more easily utilized compared to spare heat [54].

Still ongoing development of the solar absorption cycles hinder their market entry, and thus the cost reduction of
applications. Solar absorption cycles have been widely experimentally tested in the air-conditioning of buildings
[16,18,57,58]. Majority of these studies deal with climatic conditions not relevant to Finland and are located in much
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lower latitudes than for example Helsinki (60°N, 25°E) in Finland. Hwang et al. [59] lists the critical barriers for wide
use of the solar cooling technology that include low energy conversion efficiency, high cost of solar collectors and
thermal cooling technologies, the cost of installation, and intermittent nature of the solar energy production. Weber et
al. [60] point out also the lack of standardization of systems. Aliane et al. [61] suggest that combination of further
domestic services with the solar cooling installation could keep the absorption cooling system feasible. They also
conclude that the implementation of solar cooling system requires holistic overall design of the configuration not only
the collector and cooling system, but also energy storage, auxiliary heating and cooling devices and the heat rejection
systems. Agyenim et al. [62] tested 4.5kW LiBr/H2O chiller with a 1000 litre cold storage tank at the Cardiff
University. They found that the absorption technology (the performance) was competitive with available air-
conditioning systems. However, due to its high cost the technology was not commercially competitive.

In Finland, cooling towers are not needed for serving to reject the heat from the chiller coolant water due to natural
sources of cold water. Thus, the investment to free cooling combined with the absorption chiller coolant water
proposed by Ali et al. [63] could be less expensive in Finland. Albers [64] observed that spray water consumption
during the months of moderate ambient temperatures (typical to Finland) can be reduced more than 80% due to the
increased thermal efficiency of the thermally driven chiller. However, Eicker and Pietruschka [65] remind that in
moderate climate conditions with low cooling demand, the system costs are high. Winter period can also cause damage
in the equipment needed for solar powered absorption chiller [64].

Finnish company Savo-Solar produces direct solar absorbers for thermal systems. Their collectors have been used
in hybrid district heating plants, office heating and domestic heating. Reda et al. [42] made an energy assessment for
two solar cooling systems with Savo-Solar collectors, storage tank, and an absorption chiller. They found that for an
office cooling application in Finland, large building roof area has to be available. They also found that the collector,
storage tank and absorption chiller connected in parallel, so that both the collector and the tank supplies the chille,r
had better performance than a system in which the components were connected in series. The profitability analysis
was not made in these studies.

4.2. CHP and absorption chiller

Similarly to other Northern European countries district heating is common in Finland [20]. It covers 46% of Finnish
heat demand [66] having largest percentage share of the used heating systems and is used in most of the cities and
villages. It is energy efficient way to produce heat since most of the heat (3/4) is produced in combined heat and power
(CHP) plants. Approximately 1/3 of the district heating is produced by biomass [66]. The increase of heat consumption
in Finland especially during the summer time would make the electricity production in existing CHP plants more
profitable. This kind of combined cooling, heat and power (CCHP) production is commonly called also trigeneration.
Because heat demand is seasonal and low during summer, cooling production through an absorption chiller enables
additional revenue for a CCHP [32]. Considerable energy saving, high trigeneration efficiency as well as proper
payback time is obtained for integration of CHP site with absorption chiller [67]. Both economic and environmental
benefits are obtained in the integration of absorption technology with municipal solid waste-fired power plant [68].

Trygg and Amini [69] studied combining absorption cooling with existing compression cooling in the system in
Norrköping, Sweden, which can be compared to Finnish urban areas by its boundaries for cooling. In Norrköping,
cooling is produced with CHP plant and oil-fired boiler. District cooling is produced for shopping centers, the library,
offices, and university. Cooling is also produced locally for seven large industries. In the study, absorption cooling is
introduced as an option for compression cooling, which is the main source of Finnish district cooling. It was observed
that if only the energy systems are compared, with and without the option for absorption cooling, the costs for cooling
production decrease only slightly when absorption is introduced. However, if European electricity prices are taken
into account in the simulation, the absorption become a respectable option. This is explained with the heat demand
depending on the season. Cooling is needed during the summer, when the heat demand is low and, thus, heat can be
used for cooling with low cost.

Fahlén et al. [14] studied the potential of absorption cooling in district heating system in Göteborg, Sweden, another
city comparable to Finnish cities. They conclude that absorption cooling could contribute to more resource-efficient
energy systems by increasing the heat utilization in CHP production especially during the times for lowest heat
demand (June, July and August) in Nordic countries. According to their study utilization of absorption cooling
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decreases CO2 emission compared to compression cooling, if waste heat is used for absorption. If absorption cooling
increases the need for CHP plant operation, the CO2 reduction depends on the alternative use of the needed fuel.

5. Discussion

The potential to increase cooling in Finnish buildings is significantly higher than the amount of current applications.
In addition, demand for cooling is increasing and almost all new office buildings have a cooling application installed.
The increasing demand for cooling energy should be produced without significant increase in primary energy
consumption. In ecological point of view, thermal cooling has significant advantages compared to conventional
compression chillers especially when used in centralized application and combined with free cooling [70]. Shifting
from compression to absorption cooling decreases the electricity demand and rounds out the peaks in the demand
especially during the summer, and thereby, decreases CO2 emissions.

The costs for the absorption cooling (€/kW) depend highly on the price of the equipment and on the price of the
heat and electricity. The costs for cooling decreases along with the cooling capacity of the equipment. According to
survey to equipment suppliers few years ago, the price for cooling decreases from approximately 300 €/kW to 100
€/kW when the capacity of the equipment increases from 100 kW to 1200 kW. Brückner et al. [71] analyses that
absorption chillers are economically feasible only for the enthusiast consumer type investors meaning early adopters
with now not seeking for profit. For real estate, more than 2500 h operating hours per year is needed and for industrial
application, the cost of the technology needs to come down for economically feasible investment.

More input energy is needed for absorption compared to compression. If the costs for cold production is compared
by calculating the price of input energy for the systems, compression appears to be the more cost effective option in
many cases. The price of electricity needs to be significantly higher than the price of heat, to make absorption more
profitable option [70]. This is especially clear in small and medium scale. However, in many applications considered
for absorption, the heat would otherwise be wasted, and thus the absorption is also financially an attractive option.

It is estimated that the future district heating in Finland enables trigeneration (simultaneous production of
electricity, heating and cooling) [72]. Even the Energy Efficiency Directive requires member states to examine their
opportunities for utilizing cogeneration, district heating and district cooling, and to take the necessary measures to
promote cogeneration if this proves the most advantageous alternative according to a cost-benefit analysis [73].
Already now, there are examples of such implementations in Finland. Wider adaption of absorption chillers in
trigeneration would enable cooling production without significant increase in CO2 emissions since there is no need
for extra electricity [74].

If the waste heat is produced in CHP plant that utilizes fossil fuels, such as coal, the useful heat is taxable and the
tax depends on the heating value of the fuel and on the generated CO2 emissions [75]. Waste heat from Finnish
industries can also be used in decentralized absorption cooling or cooling at the industry site especially in summer
time. There is a long history for instance in pulp and paper production and metal production in Finland and the sector
for liquid fuel production is increasing.

The energy performance of building directive (EPBD) recast (EN 15603) [76] requires that all new building should
be nearly zero-energy buildings (nZEBs) by the end of year 2020. The Directive 2010/31/EU also defines a ‘nearly
zero-energy building’  as  a  building  that  has  a  very  high  energy performance  and that  the  nearly  zero  or  very  low
amount of energy required should be covered to a very significant extent by energy from renewable sources, including
energy from renewable sources produced on-site or nearby. Producing the energy nearby jointly for a number of
buildings or for a whole neighborhood also increases the wider rollout of district cooling.

Further analyses of e.g. waste heat potential in Finland, solar thermal applications as supporting systems for district-
heated buildings enabling high-temperature district heating utilization with low-temperature technologies, as well as
differences of energy, cost and emission of possible district cooling technologies would bring interesting outlooks to
the topic of absorption chillers in Finnish energy systems.

6. Conclusions

It is estimated that the cooling demand in Finnish buildings will increase. This can be partly met with passive
building design solutions, mainly related to the building facades. However, there remains a need for active cooling



314 Heidi Saastamoinen et al. / Energy Procedia 149 (2018) 307–3168 Author name / Energy Procedia 00 (2018) 000–000

technologies. Absorption chillers are utilized in many such solutions both in district-level and in building-level cooling
solutions. This article dealt with their outlooks in Finnish energy systems.

Well-established district heating system in Finland enables absorption cooling both at district level as well as at
building level so that the district heat is connected to customer’s absorption cooling application. During the summer,
CHP systems lack heat consumers while cooling demand increases. Absorption chillers can increase the head load by
utilizing the waste heat in cold production and thus enable cost reductions in CHP systems.

Solar heating has been used in several systems in Finland and available technology is applicable to Finnish
environment. However, solar thermal cooling is not yet utilized in Finland even if major cooling demands and
irradiation occur simultaneously. If the price of the equipment reduce, the solar thermal cooling systems will more
easily become reality in Finnish markets.

Today, using absorption chillers in Finnish energy systems is limited. However, clearly there exists new and
increasing opportunities both due to increasing cooling demands and by more efficient utilization of waste and solar
heat.
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Introduction of wind energy is proceeding all over the world. However, output fluctuation due to inherent intermittency reduce 
stability of the power system. Therefore, electricity adjustment (EA) auction was introduced in Japan recently. In this auction, 
power grid companies make a one-year contract with various power generation companies and procure electric power at the time 
of supply-demand tightness. One candidate for the auction is a District Heating and Cooling system (DHC) with a Combined 
Heat and Power (CHP). To investigate the usefulness of using DHCs for the EA, two operations are defined in this paper: normal 
operation and EA capacity (EAC) provision operation. The EAC provision operation always keeps the EAC of contract so that it 
can provide EA according to directives from the power grid company. In the previous study, the usefulness of the EA by a single 
DHC was evaluated. In order to realize more efficient EA, aggregation control of multiple DHCs is proposed. For this control, 
the EACs by each DHC are combined to ensure the EAC of aggregator’s contract. At first, two DHCs are modeled assuming 
actual DHCs. Using these models, the running costs of the normal operation (Op.1) and the EAC provision operation (Op.2) of 
each DHC are calculated by the particle swarm optimization (PSO). Furthermore, an additional cost for the EAC provision 
operation are estimated by calculating the difference between the running costs of the two operations. The assigned EACs to each 
DHC are determined so that the sum of the additional costs of each DHC is minimized. Finally, by comparing additional costs of 
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method was reduced. In case of 6,000 kW of the total EAC of contract, reduced cost rate was 54.3%. By using this proposed 
method, the operator can more efficiently operate DHCs for EA, and further stability of the power system can be expected. 
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Nomenclature 

CHP Combined heat and power    𝑓𝑓𝑖𝑖,𝑛𝑛,𝑗𝑗  Function convert an input 𝑖𝑖 to an output 𝑗𝑗 of device n 
DHC District heating and cooling system  𝑥𝑥𝑛𝑛,𝑗𝑗        Inputs and outputs from device n 
EA Electricity adjustment    𝑝𝑝(𝑡𝑡)    Purchased or sold electricity 
EAC  Electricity adjustment capacity  𝑔𝑔(𝑡𝑡)   Gas consumption  
Op. 1 Normal operation    𝑝𝑝𝑠𝑠(𝑡𝑡) Station load 
Op. 2 EAC provision operation   𝑐𝑐𝑐𝑐𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡)   Capacity target for EA  
PSO Particle swarm optimization   𝑐𝑐𝑐𝑐𝑝𝑝𝑛𝑛(𝑡𝑡)  Capacity of the device n 
RE Renewable energy   𝑐𝑐𝑐𝑐𝑑𝑑(𝑡𝑡), 𝑠𝑠𝑑𝑑(𝑡𝑡) Cold demand, steam demand 

     𝑝𝑝𝑡𝑡, 𝑝𝑝𝑝𝑝  Price of gas, price of electricity 

1. Introduction 

Introduction of renewable energies (REs) is proceeding to prevent global warming [1]. The capacity of 
photovoltaic power alone increased by 75 GW during 2016 [2]. In addition, the World Wide Fund presents a 
scenario that all energy is provided by RE by 2050 [3]. However, output of renewable energy fluctuate depends on 
weather conditions. This output fluctuation is due to inherent intermittency reduce stability of the power system [4]. 
Therefore, electricity adjustment (EA) markets were launched in some countries [5-8]. In Japan, the EA market 
auction was launched in 2016. In this auction, power grid companies make a one-year contract with various power 
generation companies. The power generation companies determine the electricity adjustment capacity (EAC) for the 
contract with the power grid companies. Then, they need to keep EAC of the contract so that they can provide EA 
according to directives from the power grid companies. One candidate for the auction is a District Heating and 
Cooling system (DHC) with a Combined Heat and Power (CHP).  

The CHP is an economical and environmental system to provide heat and electricity [9, 10]. Therefore, Andersen 
et al. described that the integration of CHPs and intermittent REs is important for realizing a sustainable energy 
society [11]. In fact, many researches on CHP plants aimed at contribution to power systems are carried out. [12-15].  

DHCs consist of devices for providing heat and cold energy, and satisfy district heat and cold demand. From the 
1880's, DHCs often installed with CHPs in order to improve efficiency. Moreover, from the 1980's, DHCs often 
installed with large-scale CHPs that can be applied to power systems [16]. Therefore, DHC is attracting attention as 
a resource for a sustainable future [17, 18]. In addition, the number of DHC has increased in many countries 
including Japan, mainly in Europe [19-21]. A lot of research on DHCs have also been carried out. For example, 
Sakawa et al. proposed optimal operation planning methods of a DHC through genetic algorithms [22]. Casisi et al. 
proposed an optimization model of a DH with CHPs assuming an actual city [23], and Ameri et al. proposed a 
model that determined the optimal capacity and operation of DHC with CCHP [24]. In addition, researches 
considered the electricity market were also carried out. Wang et al. and Rolfsman optimized the operation of a DH 
with CHPs considering electricity price [25, 26]. 

When using DHCs for the EA market auction, two running costs are important. They are standby cost for the EA 
(EAC provision cost) and fuel cost to do the EA. In the Japanese EA market auction, the fuel costs consumed for the 
EA are paid by the power grid company. Consequently, the EA cost cannot be a discussion here. Therefore, the 
EAC provision cost represent an additional cost for the EA. However, there was no previous research to calculate 
the total cost including the EAC provision cost when using a DHC for the EA. For this reason, our previous study 
showed the usefulness of using a single DHC for the EA by calculating the total cost assuming an actual DHC [27].  

In this paper, considering large number of DHCs are installed, aggregation control of multiple DHCs is proposed 
to realize more efficient EA. For this control, the EACs by each DHC are combined to ensure EAC of aggregator’s 
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contract. Also, the aggregator determines the assigned EAC ratio to each DHC per year or par day to minimize the 
yearly or daily total EAC provision cost. Firstly, operation, evaluation and control methods of DHCs for the EA are 
explained in Chapter 1 and 2. Secondly, DHC models assuming actual DHCs and problems are formulated in 
chapter 3, and other simulation conditions are explained in chapter 4. Then, the annual EAC provision costs by 
single control and aggregation control are calculated by the particle swarm optimization (PSO) and compared in 
chapter 5, and results are discussed in chapter 6. Finally, a summary of this research is described in chapter 7.  

2. Operation and evaluation of a DHC for EA 

2.1. Methods for operating a DHC   

The original use of a DHC is to satisfy regional heat and cold demand. Fig. 1 shows an image of the use of DHCs. 
DHCs run on city gas and electricity to satisfy each regional heat and cold demand. Furthermore, recent DHCs are 
able to generate electricity and sell it for minimizing running costs because they often installed with CHPs in order 
to improve efficiency. In this research, methods for operating a DHC for EA is examined by utilizing these 
characteristics. 

 

Fig. 1. An image of the use of DHCs. 

Two operations are defined in this paper: normal operation (Op. 1) and electricity adjustment capacity (EAC) 
provision operation (Op. 2). Op. 1 is an operation of DHC without considering EA market auction. Op. 1 satisfies 
district heat and cold demand. Meanwhile, Op. 2 is an operation of DHC contracting EA with the power grid 
company through the EA market auction. Op. 2, in addition to satisfying district heat and cold demand, always 
keeps more EAC than the EAC of contract so that it can provide EA according to directives from the power grid 
company. Additionally, transmission power in each operation is illustrated in Fig. 2 (a) and (b). The EAC is 
determined by the difference between the maximum transmission power and the actual transmission power as shown 
in Fig. 2 (b).  

 

Fig. 2. (a) Transmission power in normal operation (Op. 1); (b) Transmission power in EAC provision operation (Op. 2). 

2.2. Methods for evaluating cost 

Three costs are defined in this paper: running cost of Op. 1, running cost of Op. 2 and EAC provision cost. First, 
running cost of each operation (Op. 1, Op. 2) is calculated by the running cost minimum operation determination 
method shown in our previous study [28]. In addition, the particle swarm optimization (PSO) which is one of the 
metaheuristics is used in this method [29, 30]. Second, EAC provision cost is calculated by subtracting the running 
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cost of Op. 1 from the running cost of Op. 2. Therefore, this cost represents the additional cost when DHC is 
operated for EA. For this reason, EAC provision cost is used as an evaluation index for economic efficiency in this 
paper. Fig. 3 shows the EAC provision cost calculation flow.  
 

 

Fig. 3. The EAC provision cost calculation flow. 

3. Control methods of multiple DHCs 

This chapter explains methods to control multiple DHCs. As an example, a control method for two DHCs is 
explained here. 

3.1. Single control 

In the single control, the EAC of the contract of each DHC is arbitrarily determined on a yearly basis without 
considering the EAC of the other DHC. Fig. 4 (a) shows an image of the single control. For example, DHC A 
contracts with a power grid company with 5,000 kW EAC of contract, and performs Op. 2. Likewise, if there is 
DHC B, it arbitrarily determines the EAC of contract, contracts with a power grid company, and performs Op. 2. 

3.2. Aggregation control 

The aggregation control combines DHC’s EACs to ensure the total EAC of contract that is arbitrarily determined. 
Also, the aggregator determines the assigned EAC ratio which is a ratio of an EAC for the DHC A to an EAC for the 
DHC B per year or per day so that the total EAC provision cost per year (Yearly Aggregation Control) or per day 
(Daily Aggregation Control) is minimized. Fig. 4 (b) shows an image of the aggregation control. For example, when 
the EAC of aggregator’s contract is 5,000 kW, the DHC A and B share the total EAC of contract, and each DHC 
performs Op. 2. The aggregator optimizes the assigned EAC ratio to each DHC so that the total EAC provision cost 
per year or day is minimized. 

 

Fig. 4. (a) An image of the single control. (b) An image of the aggregation control. 
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3. Modeling the DHCs 

3.1. Assumptions for the DHC models 

This chapter explains modeling of two DHCs used in this research. These DHC models are based on existing 
DHC in Japan and consist of devices for heat, cold and electricity demand as shown in Fig. 5 (a) and (b). Each 
device of DHC includes nonlinear efficiency, upper and lower limit output, and starting and stopping time as shown 
in Table 1 and 2. Since the simulation is carried out at one hour intervals, the starting and stopping time is set as 0 h 
for the device that can start and stop within 30 minutes.  
 

 

Fig. 5. (a) The DHC A model. (b) The DHC B model. 

3.2. DHC A model 

The DHC A model consists of eight devices as shown in Fig. 5 (a), which also shows the relationships between them. 
Heat energy is provided by devices. 3 and 5, cold energy is provided by devices. 1, 2, 6, 7 and 8, and station load is 
assumed. In addition, the station load is assumed to be constant at 4,000 kW. A gas engine generator (No. 4) 
provides electricity to the power system and heat energy to devices. 5 and 6, which together comprise the CHP 
system. Devices. 1, 3, and 4 run on city gas, and device. 8 runs on electricity that is provided by device. 4 and the 
power system.  

3.3. Formulation of DHC A model 

Based on the DHC A model in Fig. 5 (a), the problem for calculating the running cost of Op. 1 and the running 
cost of Op. 2 is formulated. Functions 𝑓𝑓𝑖𝑖,𝑛𝑛,𝑗𝑗 represents functions that convert an input 𝑖𝑖 to an output 𝑗𝑗 of the device n. 
Parameters 𝑥𝑥𝑖𝑖,𝑛𝑛 represents inputs to the equipment n. Parameters 𝑥𝑥𝑛𝑛,𝑗𝑗 represents outputs from the device n. Eq. (1) is 
the objective function that minimizes the running cost of the day, calculated by the gas consumption and the 
purchased or sold electricity. Parameter 𝑝𝑝(𝑡𝑡) takes a positive value when purchasing, and takes a negative value 
when selling. Eqs. (2) - (4) are constraints of heat demand, cold demand and EA. Eqs. (5) and (6) represents the gas 
consumption and the transmitted power. According to Table 1, Eqs. (7) and (8) represent starting time constraints of 
the device. 
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(1) 
 

(2) 
 

(3) 
 

(4) 
 

(5) 
 

(6) 
 

(7) 
 
 

(8) 
 
 

     Table 1. Device of DHC A data. 

Device number and name Lower output limit Upper output limit Starting time Stopping time 

1. Water tube boiler 24.3 ton/h 97.2 ton/h 2h 0h 

2. Steam turbine turbo chiller 63.25 GJ/h 253 GJ/h 1h 0h 

3. Furnace flue boiler 5.4 ton/h 46.8 ton/h 1h 0h 

4. Gas engine generator 3,485 kW 15,700 kW 0h 0h 

5. Waste heat boiler 2.25 ton/h 10 ton/h 0h 0h 

6. Hot water absorption chiller 2.15 GJ/h 9.0 GJ/h 0h 0h 

7. Steam absorption chiller 9.45 GJ/h 75.6 GJ/h 0h 0h 

8. Electric turbo chiller 4.4 GJ/h 21.4 GJ/h 0h 0h 

3.4. DHC B model 

The DHC B model consists of eight types of eighteen devices as shown in Fig. 6 (b), which expresses the 
relationships between them. Heat energy is provided by devices. 1, 2, 3, 4, 5 and 7, cold energy is provided by 
devices. 8, 10, 11, 12, 13, 14, 15, 16, 17 and 18, and station load is assumed. In addition, the station load is assumed 
to be constant at 4,000 kW. A gas engine generator (No. 6) provides electricity to the power system and heat energy 
to devices. 7 and 8, which together comprise the CHP system. Device. 1, 2, 3, 4, 5, 6 and 9 run on city gas, and 
devices. 14, 15, 16, 17 and 18 runs on electricity that is provided by device. 6 and the power system. 

3.5. Formulation of DHC B model 

Based on the DHC B model in Fig. 5 (b), the problem for calculating the running cost of Op. 1 and the running 
cost of Op. 2 is formulated. Eq. (9) is the objective function that minimizes the running cost of the day, calculated 
by the gas consumption and the purchased or sold electricity. Eqs. (10) - (12) are constraints of heat demand, cold 
demand and EA. Eqs. (13) and (14) represents the gas consumption and the transmitted power. According to Table 2, 
the DHC B has no starting and stopping time constraint of the device. 
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(10) 
 

(11) 
 

(12) 
 

(13) 
 

(14) 

     Table 2. Equipment of DHC B data. 

Device number and name Lower output limit Upper output limit Starting time Stopping time 

1, 2. Water tube boiler 8.06 ton/h 40.3 ton/h 0h 0h 

3, 4. Furnace flue boiler 2.14 ton/h 10.7 ton/h 0h 0h 

5. Furnace flue boiler 4.28 ton/h 21.4 ton/h 0h 0h 

6. Gas engine generator 3,900 kW 7,800 kW 0h 0h 

7. Waste heat boiler 2.8 ton/h 4.1 ton/h 0h 0h 

8. Hot water absorption chiller 1.34 GJ/h 6.71 GJ/h 0h 0h 

9. Gas turbine generator 1,300 kW 2,000 kW 0h 0h 

10, 11. Steam absorption chiller 1.58 GJ/h 15.8 GJ/h 0h 0h 

12, 13. Steam absorption chiller 3.16 GJ/h 31.6 GJ/h 0h 0h 

14~18. Electric turbo chiller 1.58 GJ/h 15.8 GJ/h 0h 0h 

4. Condition for numerical simulations 

The values taken for price, amount of EAC, and station load are listed in Table 3. The prices are an example. The 
EAC of DHC A is 1,000 kW to 8,000 kW in 1,000 kW increments. The EAC of DHC B is 1,000 kW to 5,000 kW in 
1,000 kW increments. Both DHCs have station loads of 4,000 kW. Figs. 6 and 7 represent heat and cold demand of 
each DHC on weekdays, holidays and Saturdays in winter, summer and the other seasons. Table 4 lists the number 
of days of each day of each season.  

 

Fig. 6. Heat and cold demand of DHC A. 

 

Fig. 7. Heat and cold demand of DHC B. 
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Table 3. Parameters for the numerical simulations 

Name Value 

𝑝𝑝𝑔𝑔 90 [yen/m3] 

𝑝𝑝𝑝𝑝 17 [yen/kWh] (to buy), 12 [yen/kWh] (to sell) 

Number of DHCs 2 

𝑐𝑐𝑐𝑐𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡𝑡𝑡 
Total; 2,000~10,000 [kW]; 2,000 [kW] 
interval 

DHC A; 1,000~8,000 [kW]; 1,000 [kW] interval 

DHC B; 1,000~5,000 [kW]; 1,000 [kW] interval 

Table 4. Lists the number of days of each day of each season. 

 Winter (Dec, Jan, Feb) Midterm (Mar, Apr, May, Sep, Oct, Nov) Summer (Jun, Jul, Aug) 

Weekdays 60 121 64 

Saturdays 14 26 13 

Holidays 17 36 15 

5. Results 

5.1. EAC provision costs of each DHCs 

Fig. 8 (a) and (b) show the EAC provision costs of DHC A and B that are calculated by subtracting the running 
cost of Op. 1 from the running cost of Op. 2 and divided by the running cost of Op.1. The EAC provision cost of 
DHC A is almost zero on a winter Saturday and a winter holiday. And, the EAC provision cost of DHC B is almost 
zero on any day in winter, midterm holiday, summer weekday and summer holiday. In this way, the EAC provision 
cost of each DHC is different because the configuration of each DHC and the heat and cold demand are different. 

 

 

Fig. 8. (a) EAC provision costs for each type of day in DHC A (b) EAC provision costs for each type of day in DHC B. 

5.2. Annual EAC provision costs by single and aggregation control 

By using the results of section 5.1 and the Table 4, the annual EAC provision costs by single and aggregation 
control of multiple DHCs are calculated. Fig. 9 (a) shows the annual EAC provision cost rate by single and 
aggregation control of multiple DHCs. It is annual EAC provision cost is divided by the annual running cost of Op. 
1. The values of the single control are sum of the annual EAC provision cost rate of the two DHCs operated for half 
of the EAC of aggregator’s contract. That is, 5,000 kW EAC of Contract is assigned to the two DHCs in case of 
10,000 kW in the figure. Fig. 9 (b) shows the annual reduced cost rate by aggregation control compared with single 
control. The annual EAC provision costs were reduced in all cases of the EAC of aggregator’s contract by daily 
aggregation control. For example, when the EAC of aggregator’s contract is 6,000 kW, reduced cost rate was 54.3%.  
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Fig. 9. (a) Annual EAC Provision Cost Rate (b) Annual Reduced Cost by aggregation control. 

6. Discussions 

Fig. 10 (a) and (b) show the assigned EAC to each DHC for yearly and daily aggregation control in cases of 
6,000 kW and 10,000 kW of EAC of aggregator’s contract. Ratios of the assigned EACs of each DHC are different 
depends on days and seasons. The ratios are determined to minimize sum of the EAC provision cost of the DHCs. 
For example, in case of 6,000 kW EAC of aggregator’s contract, the ratio of assigned EAC to DHC A in midterm 
weekdays and Saturday is high because the EAC provision cost of DHC B is higher than that of DHC A in midterm 
weekdays and Saturday that can be found in Fig.8. 

 

Fig. 10. (a) Assigned EAC to each DHC when it is 6,000 kW (b) Assigned EAC to each DHC when it is 10,000 kW 

7. Conclusions 

Renewable energies have inherent fluctuation effecting the power system stability. Therefore, the electricity 
adjustment (EA) market auction was launched in order to increase power system stability. The district heating and 
cooling (DHC) is operated for not only satisfying the heat and cold demand but also supplying electricity by using 
the combined heat and power (CHP). For this reason, the possibility of contributions to the power system is 
expected to be high. However, participation of the DHC in the EA market had not been discussed well. Our previous 
research showed the usefulness of the EA by single control of the DHC in the EA market. In this paper, in order to 
realize more efficient EA, aggregation control by multiple DHCs was proposed. The control combines DHC’s 
electricity adjustment capacities (EACs) to ensure the total EAC of contract. Also, the aggregator determines the 
assigned EAC ratio which is a ratio of an EAC for each DHC per year or per day so that the total EAC provision 
cost per year (Yearly Aggregation Control) or per day (Daily Aggregation Control) is minimized. At first, two 
DHCs were modeled assuming actual DHCs. Using these models, the running costs of the normal operation (Op. 1) 
and the EAC provision operation (Op. 2) of each DHC were calculated by the particle swarm optimization (PSO). 
And then, the annual EAC provision cost by single and aggregation control of multiple DHCs was calculated. As a 
result, the annual EAC provision cost was reduced by aggregation control compared with single control. For 
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example, in case of 6,000 kW EAC of contract, reduced cost rate was 54.3% by daily aggregation control. The 
operators of DHCs can more efficiently operate DHCs for EA by using proposed aggregation control. Eventually, 
further stability of the power system can be expected. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The purpose of this paper is the evaluation of absorption chillers (ACh) acting as additional heat consumers in district heating (DH) 
networks. The focus is on the ACh-effects on an upstream DH system: network (heat losses, electricity demand of pumps) and heat 
generator (heat generation, electricity generation, fuel demand). Simulations for real DH systems with different network topologies 
are performed to determine additional efforts in the network caused by the ACh. Furthermore, effects on heat generation are shown. 
As real CHP-data of the partners is sensitive, a construed example is used. Characteristic seasonal key figures for the impact of an 
additional heat consumer are calculated via operational optimization. Afterwards, effects on network and heat generation are 
combined to overall primary energy effects of ACh. Finally, primary energy efficiency of cold production by district heat driven 
ACh is evaluated and compared to cold production by compression chillers. 
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combined to overall primary energy effects of ACh. Finally, primary energy efficiency of cold production by district heat driven 
ACh is evaluated and compared to cold production by compression chillers. 
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1. Introduction 

Absorption chillers (ACh) have always been an interesting and tempting option to create a higher heat demand in 
district heating (DH) systems. Part loads in DH systems during summer time can partly be compensated with acyclic 
occurring cold demand and therefore heat demand of ACh. 

However, older generations of ACh require high driving temperatures. In some cases, supply temperatures of DH 
networks are therefore increased throughout the network and hence increase heat losses. Return temperatures of old 
ACh are high (about 80 °C), increase the temperature of the return line of the DH system and thus heat losses and 
electricity demand of DH pumps raise up. Furthermore, providing heat at a high temperature level has a negative effect 
on the efficiency of CHP plant and is often contrary to long-term strategies of DH companies such as “low-ex” 
networks and integration of renewable sources. 

 
Nomenclature 

Symbols  Abbreviations Indices 

𝑒𝑒Pu specific electricity demand kWel/kWth ACh absorption chiller a ambient 
𝑃𝑃 electrical power kWel CHP  combined heat and power  avg average 
𝑄𝑄 thermal energy kWhth COP  coefficient of performance Con consumer 
�̇�𝑄 thermal power kWth DH  district heating el electrical 
�̇�𝑞L specific thermal loss kWth/kWth   Gen generation 
𝑊𝑊 electrical energy kWhel   L loss 
     Pu pump 
     th thermal 
     0 cold 
     * with ACh 

 
In the project “FAkS - Feldtest Absorptionskältetechnik für KWKK-Systeme” a new generation of ACh called 

“Hummel” (bumblebee) or “Biene” (bee) is installed in several DH systems in Germany. The new ACh achieves a 
lower temperature level of the driving heat. Typically, return temperatures in the range of 60 °C to 70 °C are realized, 
depending on the respective DH and cooling system. Local electricity and heat demand of these ACh cooling systems 
were measured and are therefore relatively easy to analyze as done in [1]. Depending on the installation, long-term-
values of thermal efficiency vary from 0.5 kWh0/kWhth to 0.75 kWh0/kWhth. Electrical efficiency reaches values from 
3 kWh0/kWhel to 30 kWh0/kWhel. For this paper, typical average values of 0.7 kWh0/kWhth (thermal) and 
10 kWh0/kWhel (electrical) are used for all calculations. 

 
Fig. 1. Influence of an additional ACh integrated in a DH system 
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The focus of this paper is on the ACh-effects, both for old and new generation, on an upstream DH system as shown 
in Fig. 1: network with heat losses �̇�𝑄L and electricity demand of pumps 𝑃𝑃Pu and heat generator with heat generation 
�̇�𝑄D , electricity generation 𝑃𝑃  P as well as fuel demand �̇�𝑄 u  . Changes in these values caused by the ACh (red colored 
symbols in Fig. 1) can hardly be measured and therefore must be estimated model-based. 

In this paper, an important basic assumption is that the upstream DH system is not (differentially) changed due to 
the additional load: No pipe-diameters are enlarged and no additional heat generators are installed. For a fair 
comparative evaluation of heat and electricity the same assumption has to be made for additional electricity demand 
for both ACh and compression chiller: No additional renewables are installed, so the additional electricity demand is 
provided by the existing power plant fleet. Therefore, the additional electricity is produced by the last power station 
in merit order which currently still is a conventional plant. With these assumptions, results focus on short-term effects. 

2. Effect on upstream DH network 

2.1. General approach 

Network effects will be demonstrated for four ACh installations (called HENK, ROKK, KFWK, ESTW). The 
method will be presented for HENK, an ACh installation located in a large scale and highly meshed DH network with 
a peak load of 637 MW. Two heat generator locations, called CHP1 and CHP2, supply the DH network. Linear 
distances between heat supply stations and ACh are about 3.6 km (CHP2) and 9.5 km (CHP1). 

Network simulations for five characteristic load distributions in the DH system (Table 1) have been evaluated 
regarding heat losses and pumping electricity. In each case, simulations without the consumer ACh (reference case) 
and with the consumer ACh have been performed. Differences between the results show the impact of the ACh. Due 
to the low heat load of the investigated ACh these differences will be small and therefore high accuracy of the 
simulations is necessary. 

In all scenarios the ACh has a heat load of 175 kW. The DH return temperature of the ACh is 77 °C and rather 
representing an older generation of ACh. The supply temperature of the DH system is already sufficient for the ACh 
and thus is the same in both simulations. Simulations have been executed by the DH company using in-house network 
data and the simulation tool SIR 3S®.  

Table 1. Parameter of the chosen simulation scenarios. 

Supply Station & 
ambient temperature CHP1+2 / -14°C CHP1+2 / +1°C CHP1 / +15°C CHP1 / +30°C CHP2 / +30°C 

Supply temperature at 
heat generator 120 °C 92 °C 92 °C 92 °C 92 °C 

Return temperature at 
heat generator 60 °C 58 °C 60 °C 64 °C 64 °C 

Thermal load  637 MW 394 MW 105 MW 39 MW 38 MW 

2.2. Heat losses 

Simulations produce total heat loss of the system without ACh (�̇�𝑄L) and with ACh (�̇�𝑄L
∗). Their difference is  �̇�𝑄L 

which describes the additional heat losses caused by the ACh.  �̇�𝑄L is small in comparison to �̇�𝑄L due to the small heat 
demand of the ACh. For evaluation purposes specific values are used: The additional heat loss, caused by the ACh, is 
related to the additional consumer heat demand �̇�𝑄       . 

AChCon,

L
AChL, Q

Qq






     (1) 



330 Felix Panitz et al. / Energy Procedia 149 (2018) 327–336
4 F. Panitz, V. Volmer, K. Rühling / Energy Procedia 00 (2018) 000–000 

Afterwards it is compared to the network’s average specific heat loss in the simulation without ACh (overall heat 
loss �̇�𝑄L related to the overall consumer heat demand �̇�𝑄    a  )  

Con,all

L
L,avg Q

Qq 


      (2) 

Results for all five scenarios are shown in Fig. 2. Specific additional heat losses caused by ACh are significantly 
smaller than those of the average consumer although the ACh’s return temperature is relatively high. Only the value 
at CHP1 / + 15 °C shows nearly the same values as for the average. One possible reason is that the ACh causes nearby 
branches not to cool down as much as without ACh. Because of data security reasons unfortunately the authors had 
no opportunity to investigate local simulation effects in the network in detail. 

All in all, heat losses caused by the ACh are not a very relevant aspect for the DH provider as long as the supply 
temperature does not have to be increased. General lifts of the DH supply temperature for operating an ACh can have 
much higher relevance but did not occur for the installed new ACh generation, as its required temperature level is 
rather low. 

   

Fig. 2. Heat losses caused by the ACh (heat load 175 kW, return temperature 77 °C) and average heat losses in an existing DH system. 

2.3. Hydraulic losses / pumping electricity 

Analogically to the heat losses, results of the additional pumping electricity  𝑃𝑃Pu are shown in Fig. 3 in specific 
values  

AChCon,

Pu
AChPu, Q

Pe 


     (3) 

and are compared to the average specific pumping electricity 

allCon,

Pu
avgPu, Q

Pe      (4) 

Specific pumping electricity is especially high at CHP1 / +15 °C, because the network’s volume flow is particularly 
high during that time. Specific additional pumping electricity of ACh in Fig. 3 is always higher than the network’s 
average. On the one hand, this is caused by the low temperature spread of the ACh. On the other hand, the additional 
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volume flow has an impact on the circuit of the network with the highest resistance (index circuit) and as a result not 
only the volume flow but the required head of the central DH pumps increases. The latter is also the reason why 
additional pumping electricity is extremely depending on load distribution and ACh-location in the network. So 
although average specific electricity demand from 1 °C to 15 °C decreases by more than half, the specific electricity 
demand of ACh is even increasing. Even same load and load distributions can lead to different results (scenario 
CHP1 / +30 °C and CHP2 / +30 °C) due to different heat generation locations. 

Pumping electricity demand of the ACh in the investigated network with the given return temperature of 77 °C 
cannot be neglected as values reach 0.055 kWel/kWth. This is equivalent to an electrical COP of the cold of 
12.7 kWh0/kWhel only for heat transport (with local electricity demand of the cold system not even included in the 
calculation)!  
 

   

 Fig. 3. Pumping electricity demand for ACh-heat (heat load 175 kW, return temperature 77 °C) and average demand in an existing DH system. 

2.4. Lower return temperatures and comparison with other ACh installations in DH systems 

Simulations from the DH partner from HENK have only been performed for 77 °C ACh return temperature. But 
as said before the new generation of ACh achieves lower temperatures. The annual average ACh return temperature 
for HENK is about 68 °C. Based on the simulation results the authors estimated the effects for other ACh return 
temperatures (Fig. 4): Heat losses at other return temperatures than the simulated one are “roughly” calculated by 
postulating a simplified network branch structure. Pumping electricity can be transformed as volume-flow related 
electricity demand remains nearly constant.  

For a return temperature of 68 °C, specific additional heat loss as well as additional pumping electricity are 
significantly lower. Heat losses can especially be reduced in spring and summer. Influence of the return temperature 
on pumping electricity is high as a lower return temperature leads to lower volume flow. However, pumping electricity 
values still reach significant values of about 0.03 kWel/kWth. Higher supply temperature of the network also reduces 
the ACh volume flow and therefore decreases return temperature’s impact on pumping electricity (as can be seen for 
CHP1+2/ -14). 

 

(a)  (b)   

Fig. 4. Network effects for different ACh return temperatures  
(a) specific additional heat loss (b) specific additional pumping electricity. 
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                  Table 2. Information about DH systems with ACh installations. 

Name of installation HENK ROKK KFWK ESTW 

Nominal load of network 637 MWth 65 MWth 440 MWth 70 MWth 

Network length 315 km 54 km 174 km 120 km 

Distance ACh to heat supply 3.6 km/ 9.6 km 0.8 km 0 km 0 km 

 
Network effects in HENK are compared with results from other installations in ROKK, KFWK and ESTW (Fig. 5). 

These installations are described in Table 2. Highest additional heat losses occur in HENK due to the long distances 
to the supply stations. As installations in KFWK and ESTW are directly located after a supply station no additional 
heat losses occur. KFWK values are only shown for the heating period as the heat supply station is deactivated in 
summertime. Other supply stations in the KFWK network provide the heat in summertime but no information about 
the network effects were handed over to the authors. 

 (a)  (b)  

Fig. 5. Network effects for ACh return temperature of 68 °C for different installations  
(a) specific additional heat loss (b) specific additional pumping electricity. 

Pumping electricity as well shows very high values in HENK compared to the other installations. Reasons are the 
high distances and the hydraulically highly burdened network.  

3. Effect on heat generation 

3.1. Motivation / heat generation set-up 

Every ACh as an additional heat consumer has significant influence on the energy balance on the heat generation. 
An additional heat demand  �̇�𝑄    in a DH system usually causes  

 higher CHP output, i.e. electrical output  𝑃𝑃  P but also additional fuel demand  �̇�𝑄 u     P and 
 perhaps higher gas boiler request, i.e. additional fuel demand  �̇�𝑄 u   b i   . 

Additional use of the gas boiler should be minimized for primary energy and cost efficiency reasons.  
Due to sensitivity of real CHP generation data of the project partners, method and calculated effects are presented 

by a construed example. When comparing real DH system configurations, the sets of heat generators (amount, size) 
are various and installed plants have very specific characteristics (depending on plant-type, efficiency, part load 
behavior etc.). That’s why the results do not allow general conclusions. The construed set-up in Fig. 6 contains 

 gas and steam turbine “GuD1” from [2], scaled to nominal heat load of 16.25 MWth 
 gas boiler 
 heat storage in common size (equivalent to about 5-7 hours of heat supply in summer) 
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 moderate switch-on costs 
 load profile of DH system ROKK. 

 

 
Fig. 6. Investigated heat generation set-up. 

3.2. Optimization of generator operation 

Real operation of the heat generators in interaction with the storage and spot market prices for gas and electricity 
follows the criteria “supply guarantee” and “cost optimization”. The optimized operation is mathematically realized 
by solving a Mixed-Integer-Linear-Programming (MILP) problem. For performance reasons simulation period was 
limited to one week. Four representative weeks have been chosen (Fig. 7 and table 3). 

For each week, calculations without ACh (A) and with ACh (B) have been done. A fictive additional constant heat 
supply of  �̇�𝑄   =175 kWth for the ACh is assumed. For the analysis of the ACh impact only the difference of the 
two calculations (B)-(A) is of interest. Since this difference is really small, high calculation accuracy of the simulations 
(A) and (B) is required.  
 

 

Fig. 7. Chosen weeks for heat generation simulations (orange); ambient temperature and heat load. 

Table 3. Parameters of chosen heat generation weeks. 

 winter I winter II spring summer 

Week 2 8 20 27 

 a̅  -1.6 °C 2.3 °C 14.1 °C 21.5 °C 

�̅̇�𝑄     39.7 MW 33.2 MW 15.4 MW 7.5 MW 

Load percentage 61.1 % 51.1 % 23.7 % 11.6 % 
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for gas, electricity,
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 „GuD1“ (scaled)
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  =     
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ROKK 2016
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3.3. Results / characteristic key figures 

The impact of the additional heat demand can easily be characterized by (differential) key figures: 
For evaluating the calculated effort of the additional heat demand ( 𝑊𝑊  P,  𝑄𝑄 u     P,  𝑄𝑄 u   b i   ) it is useful to 
introduce a differential primary energy factor 

Gen

P,Gen
AChP,Gen, Q

Q
f




     (5) 

which represents the additional primary energy  𝑄𝑄P     related to the additional heat demand  𝑄𝑄   . This value can 
be compared with the average primary energy factor of the overall heat generation 

Gen

P,Gen
P,Gen,avg Q

Q
f      (6) 

Primary energy 𝑄𝑄P     and  𝑄𝑄P     is calculated using the power bonus method (primary energy factors for gas 1.1 
and electricity displacement mix 2.8). Hereafter, negative values of 𝑓𝑓P are permitted for scientific analysis of the 
results. 

Further helpful differential key figures are CHP coefficient  

Gen,CHP

CHP
AChCHP, Q

W



     (7) 

and the CHP ratio 

Gen

Gen,CHP
AChCHP, Q

Q
x




     (8) 

Fig. 8 shows the primary energy factors for the additional heat (ACh) and overall heat (avg) for all four simulated 
weeks. Differential primary energy factor is always higher than the average value: In winter time the additional heat 
generation is provided only by the gas boiler, which means that 𝑥𝑥  P    =  ; in spring this value reaches 63 %. This 
follows from the fact that the CHP-plant is already running at maximum power or a further increase of CHP-power is 
not cost effective due to low electricity prices. 

   

Fig. 8. Differential primary energy factors of heat generation and comparison to average/overall primary energy factors. 
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Although in the summer-week the whole additional heat demand is produced by CHP the primary energy factor of 
the additional heat is higher than the overall value. Here, providing the additional heat demand via CHP is cost 
efficient. But the CHP-plant produces the additional heat with a significant lower CHP coefficient of 𝜎𝜎  P    = 0.63 
compared to the average value of 𝜎𝜎  P avg = 1.31. That means the CHP-plant is slightly increasing its load-point from 
a quite optimal point to a slightly worse point (according to 𝜎𝜎). 

It is equally imaginable that in other heat generation and heat load constellations the additional heat is produced 
with a better CHP coefficient than the average. Thus, lower primary energy factors of the additional heat could be 
achieved.  

4. Overall impact of ACh: Evaluation of consumer heat and produced cold 

Results of the real network HENK and the key figures of heat production from construed heat generation set-up are 
now combined to evaluate the overall effort. HENK scenarios are, according to the aim of a rough estimation, 
assigned to the presented heat generation weeks as shown in Table 4. 

Table 4. Combinations of HENK network simulations scenarios and heat generation weeks. 

Network simulation 
scenarios HENK CHP1+2 / -14°C CHP1+2 / +1°C CHP1 / +15°C CHP1 / +30°C CHP2 / +30°C 

Allocated heat 
generation week winter I winter II spring summer summer 

 
Primary energy effort is now presented for the consumer heat in Fig. 9 (a). Values of ACh are higher than average 
values, so the additional heat consumer ACh will slightly increase the primary energy factor of the DH system. 

In consideration of local thermal and electrical efficiency of the ACh cooling system, primary energy effort for the 
produced ACh cold is calculated and presented in Fig. 9 (b). Local electricity demand of ACh as well as compression 
chiller is evaluated with a primary energy factor of 2.8 (last power station in merit order). The primary energy factor 
of the cold of the ACh is compared to compressions chillers with typical annual COPel (blue area). It demonstrates 
that for the investigated constellation the summer operation of the ACh would have better primary efficiency than a 
compression chiller solution. Differences in return temperatures look small due to the high primary energy factors for 
the chosen generation set-up. But transition from 77 °C to 68 °C can lower the primary energy factor of the cold 
especially in spring and summer by about 0.1 to 0.15. 
 

(a)  (b)   

Fig. 9. Primary energy factors of the (a) additional consumer heat (b) additional cold production. 

5. Conclusion 

The paper shows a method to quantify the effects of additional ACh in existing DH networks. While additional 
heat losses in the network are small, additional pumping electricity should not be neglected in the given example. 
Especially heat generation set-up and operation have big influence on the primary efficiency of ACh-operation if the 
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whole impact chain is taken into account. Results are only valid for the chosen example and will vary widely in reality. 
DH system companies should apply the method with their realistic models of network and heat generator operation to 
evaluate the ecological and economic sense of ACh in their DH network. Furthermore, long-term strategies for the 
DH system have to be taken into account. Future aimed supply and return temperature levels of DH system in the 
lifetime of the ACh installations have to be considered as well. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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in the latest overview of the existing district heating systems (DHS), in the Heat Roadmap Europe Study 2050 Across the EU 
Member States, 60 million (12%) citizens, 141 (28%) cities and 287 (57%) regions are connected to DH [2]. Currently, there are 
many promising opportunities for DH in terms of future developments in the energy sector; however, this also means that DH 
must be updated and subjected to major improvements [3]. 

A DHS consists of three main aspects: production, distribution and consumption. Over the past two decades, the distribution 
aspect has been carefully examined, most analyses were conducted on network geometry optimisation, hydraulic network 
simulation methods, [4] and overall parameter optimisation [5,6]. Some optimisations were carried out with multiple heat 
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potential through network piping system renovation and optimisation. Zeng has proposed the optimisation scheme in order to 
determine the optimal pipe diameter of the district heating and cooling piping network [9]. Dalla Rosa et al. have investigated the 
impact of various pipe designs on the energy saving potential [10].  

The DH sector plays a very important role in achieving Estonia’s renewable energy goals. In 2016, around 70% of heat 
consumed in Estonia was supplied by DH. 
Tallinn district heating network (DHN) is the largest network in Estonia that has been supplying consumers with heat since 1959, 
and is developing in accordance with the external conditions. Major changes have been made to about 440 km of the DH network 
due to the fast city development and the implementation of the DH operators’ development strategy since early 1990s.  

In order to maintain the proper technical condition and to reduce heat loss from the DHN , the pipelines are well-maintained, 
renovated and repaired. Hlebnikov et al., have presented an assessment of the Tallinn DHN general condition in [11]. In [12] 
Volkova et al. have presented the development analysis of the entire district heating system with a focus on heat generation. A 
general Tallinn DHS development evaluation was demonstrated in [13].  

In this study, technically possible future improvement scenarios for the Tallinn DHN were determined. Current conditions of 
Tallinn DHN are presented in the second section. The methodology for the Tallinn DHN improvement potential evaluation 
includes an analysis performed to replace the existing pipelines with the same internal diameter size and optimised diameter pre-
insulated pipes. A detailed description of this method is presented in the third section. The scenarios for the improvement of the 
Tallinn DHN are demonstrated in the fourth section. 

2. Current conditions of Tallinn district heating network 

Tallinn DHN started providing heat to consumers in the year 1959 and is evolving according to external condition. There are 
huge changes in about 445 km DHN, due to rapid Tallinn city development and implementation of DH operator development 
strategy starting from the beginning of the 1990s. 

In the last ten years, the portfolio of heating equipment of Tallinn DHN has considerably expanded. In 2009, the first biofuel 
cogeneration plant was opened. Before that, heat was produced using natural gas. A part of the heat was produced in natural gas 
boilers as part of cogeneration at the Iru power plant. As of today (from the second half of 2017), three CHP plants that run on 
local fuel types (Iru Waste Incineration Plant, Tallinn CHP 1 and Tallinn CHP 2) cover the base load. The share of the heat 
produced from local fuel types is about half the total heat produced. 

Tallinn DHN was formed by connecting the DHNs of East and West-Tallinn in 2011. Tallinn DHN is conditionally divided 
into three regions (Fig. 1): 

- Lasnamäe district extends from Laagna Pump Station to Maardu. At zero temperatures, the DH is provided by Tallinn and 
Iru Power Plants; 

- Central district extends from Laagna Pump Station to Spordi Boiler House. At zero temperatures, the DH is provided by 
Mustamäe Boiler House as well as Tallinn and Iru Power Plants; 

- Lääne district extends from Spordi Boiler House to the west (the districts of Kristiine, Mustamäe, Õismäe, Põhja-Tallinn). 
At zero temperatures, the DH is provided by Mustamäe and Kristiine Boiler Houses. 

Fig. 1. Tallinn DHN 
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According to the data of 2017, the length of the district heating pipeline in operation was 426 km. In the past five years, the 
length of the pipeline in operation increased by 6.3% [14]. 

In 2017, the share of the renovated pipeline in operation was 43% and the share of the pre-insulated pipeline, 38%. The share 
of the overhead pipelines (not renovated) is small and remains below 5%. 

The main reason for the increase in the share of renovated insulated heating pipeline can be explained by the fact, that 
insulation of 11 km long pipeline (DN = 1,200 mm, built between 1980 and 1992) was replaced with prefabricated polyurethane 
(PUR) foam shells [15]. The renovated heating pipeline connects Tallinn consumers with Tallinn and Iru Power Plants. It was 
preferable to renovate, not to install new pre-insulated pipelines mainly due to the good condition of the DHN pipeline metal.  

In the past five years (2013-2017), 66 km of heating pipelines has been replaced, renovated, or built, which in 2017 accounted 
for 16% of Tallinn DHN pipelines. 

The main range of the heating pipeline (53%) is from DN80 to DN200 mm. The largest share is formed by DN80, or 13% of 
the total length. The average diameter in 2017 was 222.5 mm. 

The average age of the pipeline in Tallinn DHN has been relatively stable in recent years (23 to 25 years) and shows a slight 
decrease trend (Fig.2.).  

 

Fig. 2. Average age of Tallinn DHN pipelines 
The average age stability and even the decrease is an indirect indicator that characterises the network operator's activity in 

maintaining and improving the condition of the DHN. 
The variations in the average internal diameter and the area of the heating pipes during last 5 years are shown in Fig.3. An 

increase in the internal area of the DHN pipeline (if the average diameter does not increase) indicates the growth of the heat pipe 
length, for example, due to the expansion of DH. The average diameter of Tallinn DHN has steadily decreased in recent years 
(by 3.5% in 2013-2017). However, due to the expansion of the DHN, the average internal area of the pipeline increased by 2.5%.    

Fig. 3. Average internal diameter and the area of the DHN pipes 
 
The heat loss in the DHN pipeline depends on a number of factors. The main factors affecting the absolute value of heat loss 

are the condition of the DHN (thermal conductivity of the heating pipeline) and climatic conditions (mainly outdoor temperature, 
which affects the temperature of the heat carrier in the DHN) [16]. 

The relative heat loss in the DHN pipeline also depends on the amount of heat consumed from the DHN. In the summer 
months, the heat loss in the DHN reaches an average of 18,000 MWh. In the winter, the monthly average heat loss can reach 
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50,000 MWh. In spite of the fact that in the summer months there is less heat loss in absolute value, the relative heat loss, as a 
rule, is more than three times higher than in the winter months. 

3. DHN improvement potential methodology 

3.1. Evaluation of DHN current technical condition 

To better understand the technical condition of the DHN and to compare it with other DHNs, an analysis of the main 
indicators/specific factors of Tallinn DHN area was performed. 

Calculating the temperature integral of DHN, the following was taken into account:  
- the duration of the months;  
- the average monthly ambient temperature; 
- the dependence of the region-based supply and return water from the ambient temperature (temperature graphs). 

The technical condition of the DHN is best characterised by the overall heat transfer coefficient, depending on the internal 
diameter of the pipeline. This indicator is independent of the specifics of the operation of the DHN and is characterised by the 
general technical condition of the DHN [16].  

The heat transfer coefficient can be calculated using equation (1).  
 

    K= Qhl
L∙2π ∙Da∙G     [W/m2K]  (1) 

where  
K  is overall heat transfer coefficient, W/m2K; 
Qhl  is DHN heat loss, Wh; 
L is network rout length, m; 
Da is DHN average diameter, m; 
G is degree hours, oCh. 
 
The heat transfer coefficient can be used to compare heating networks. The smaller the coefficient of overall heat transfer and 

the closer it lies to the parameters of the pre-insulated heating pipelines (whereas the coefficients of overall total heat transfer of 
the pre-insulated district heating pipelines with different inner diameters are known), the better the DHN. For the evaluation of 
Tallinn DHN this parameter was compared with Swedish new and old DHNs [17].   

Other significant parameters for the evaluation of DHN current technical conditions are relative heat supply in the pipeline per 
unit length as well as heat output in the heating pipeline per unit volume. These parameters can be calculated, using equations (2-
3). 

        𝑄𝑄𝐿𝐿 = 𝑄𝑄
𝐿𝐿        [MWh/m]    (2) 

where  
QL  is specific heat supply per length, MWh/m; 
Q  is heat output, MWh. 

      𝑄𝑄𝑉𝑉 = 𝑄𝑄

𝐿𝐿∙𝜋𝜋(𝐷𝐷𝑎𝑎
2 )

2       [MWh/m]    (3) 

where  
QV  is the specific heat supply per volume, MWh/m3. 

3.2. Evaluation of DHN improvement potential 

Due to the implementation of a remote metering system in Tallinn DHN, various specific characteristics are available and 
using NetSim modeling software it was possible to establish DHN model, for optimisation of DHN. The model has been 
developed and balanced over the years. Due to this development, the results are consistent with the real indicators of the 
monitoring system, which shows high accuracy and reliability of the calculations. 

In practice, selection of an optimal DHN pipeline is a task within the scope of technical and economic optimisation. When 
selecting a particular pipeline, the following must be considered: 

- type of DHN pipeline element, i.e., whether it is a straight pipe, with a branch or, for example, with an inlet; 
- length of the pipeline to be replaced/selected (strength characteristics); 
- difference in the pressure required to operate the boiler room; 
- amount of electricity consumed by the network pumps; 



 Eduard Latõšov et al. / Energy Procedia 149 (2018) 337–344 341
 Author name / Energy Procedia 00 (2018) 000–000  5 

- heat loss due to the diameter of the pipeline; 
- heat load of the pipeline to be replaced/selected, i.e., whether heat consumption from the given pipeline is increasing (new 

developments, new consumers) or decreasing (fewer consumers, implementing energy saving measures). 
A particular section of the pipeline should be selected before construction or actual replacement, taking into account all 

abovementioned factors. 
The main criterion for the selection is finding the optimum in terms of investment, heat loss, and pumping capacity. Pipelines 

with larger diameters are more expensive, and the resulting heat loss is higher, but pressure loss and pumping costs are lower. 
The dimensioning of the DHN is strongly related to the hydraulic conditions [18]. At the same time, large-scale heating networks 
of trunk lines are usually designed taking into account the recommended friction losses that is calculated with equation (4) 

         𝑅𝑅 = ∆𝑃𝑃
𝐿𝐿        [Pa/m]                (4) 

where   
R  is friction losses, Pa/m; 
ΔP  is pressure loss in DHN, Pa. 
 
The R values used will vary depending on the country. For example, in China, the recommended R value is 30~70 Pa/m[19], 

in Finland, it is less than 1 bar/km, i.e., 100 Pa/m[20] and even higher according to the recommendations of the Swedish District 
Heating Association[17] (Fig.4) 

 
Fig. 4. Design flow velocity depending on the pipe internal diameter according to various recommendations 
 
For the estimation of the load on the pipe, it was considered the following conditionally optimal/recommended speeds: the 

optimisation condition: R = 100 Pa/m has been applied. This condition is described by the equation (5).  
 
         𝑌𝑌 =  0,7754 ln( 𝑋𝑋 ) –  2,5818,      (5) 
where  
Y is the recommended flow velocity, m/s; 
X is the pipe internal diameter, m. 
 
When modeling, the parameters of all the pipelines of Tallinn DHN were found, including flow rates in the operation of the 

DHN at an ambient temperature of -22 oC. The achieved speeds were compared with the recommended speed and the 
real/recommended speed ratio was calculated in percentages. When this ratio is close to 100%, it means, that pipeline are well-
optimised (optimum load). If the ratio is small, then the particular pipe section is relatively less loaded.  

For the evaluation of improvement potential for DHN two types of calculations have been made: 
- Modelling of the main parameters, assuming that all non-renovated heating pipelines are renovated and their internal 

diameters remain the same as the pipelines to be replaced; 
- Modelling of the main parameters, assuming that in addition to the replacement of the non-renovated heating pipelines 

with pre-insulated pipelines, their internal diameters are optimised according to the optimisation condition R = 100 
Pa/m. 
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4. Results 

4.1. Evaluation of Tallinn DHB current technical conditions 

Based on the method, described in section 3.1., Tallinn DHN was evaluated. Fig.5. summarises the dependence of the heat 
transfer coefficient from the inner diameter for Tallinn DHN and its districts. The results are compared with overall heat transfer 
coefficient of new and old DHN in Sweden, as well as the parameters of the pre-insulated pipelines (class II, with a thermal 
conductivity of 0.035 W/(mK) and a thermal conductivity of 0.027 W/(mK)). The specific heat supply per DHN pipelines length 
(QL) and volume (QV) is shown in Fig.6 

 

Fig. 5. Heat transfer coefficients of Tallinn DHN and its districts as well as their comparison with Swedish networks and new pre-insulated heating pipelines 
 
It shows that overall heat transfer coefficient of Tallinn DHN is close to the same parameter of old Swedish DHNs, but pipe 

average internal diameter is much higher, than in Swedish DHN.   

Fig. 6. Specific heat supply per length and volume of the DHN pipelines 
The average heat supply of the Swedish networks per meter of the DHN pipeline is higher than in Tallinn. This can be 

attributed to the common configuration of Tallinn DHN, which consists of a long transmission pipeline sections connecting the 
districts with high consumption density, particularly, the pipeline between Lasnamäe and Maardu. 

As a rule, the dimensions of the Swedish heating networks are more closely aligned to the ideal conditions due to 
optimisation. On the one hand, it is good, as a smaller amount of water circulating in the pipeline is required to transmit the same 
amount of energy, and the diameters of the heating pipelines is lower than in comparable circumstances; therefore, the heat 
losses are also smaller. However, focusing too much on optimisation results may cause difficulties in the expansion of the DHN 
as the transmission pipeline capacity does not suffice to satisfy the needs for new consumers. Larger speeds also require a higher 
capacity of circulation pumps, resulting in higher electricity costs. 

4.2. DHN improvement potential 
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The aggregate results of the calculations, according method, described in the Section 3.2. are shown in Fig.7. The figure 
shows the length of the lines cumulatively according to the load level. 

Fig. 7. Cumulative length of Tallinn DHN depending on the load level 
 

The figure shows that most of the low-loaded (less than 10%) heating network sections have an internal diameter of more than 
100 mm. The pipeline with the load under 10% accounts for 20% of the total length of the pipeline used. The load of half of the 
pipeline used is below 20%. 

This means that the speed in the DHN is relatively low (lower pumping costs); at the same time, there is a larger volume of 
water and heat loss in the DHN (a larger external surface of the pipeline). Low speeds indicate the possibility of expanding the 
DHN (connection of new consumers) and the technical potential to reduce the supply and return temperature (lower temperatures 
require a higher flow of water for the same amount of energy, i.e., higher speed of water in the pipeline). Renovation of Tallinn 
DHN can reduce heat loss and, consequently, fuel consumption and environmental impact. 

The results of technically possible improvement potential, replacing the existing pipelines with the same internal diameter size 
and optimised diameter pre-insulated pipes, show that the replacement of old pipelines with pre-insulated heating pipelines with 
the same internal diameter can reduce heat loss by 40%. If, in addition, to optimise the pipelines that need to be replaced, 
according to the optimisation condition R = 100 Pa/m, the reduction of heat loss will be 60% (Fig. 8). 

After replacing the existing non-reconstructed heating pipeline with a pre-insulated pipeline, the overall heat transfer 
coefficient of the DHN remains almost the same as compared to the heat transfer coefficient of pre-insulated heating pipeline of 
class II, where the thermal insulation material has a heat conductivity of 0.027 W/(mK). 

 

 
Fig. 8. Heat transfer coefficients of Tallinn DHN (current, not optimised, reconstructed, and reconstructed with diameter optimisation) and their comparison with 
Swedish networks and new pre-insulated heat pipes 
 

Heat loss decreases even more when reducing the internal diameter. As a result, it is possible to reduce the temperature of the 
water supplied by the heater suppliers, which, in turn, has a positive effect on the reduction of heat loss. 

By optimising the diameters of the pipelines that need to be reconstructed according to the current consumption, the 
indicators of Tallinn DHN can be approximated to the generalised values of the new Swedish networks. The potential reduction 
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of heat loss in the future is can be doubled (the comparison is based on the normalised indicators for the DHN in 2016) and the 
weighted thermal transfer factor remains within the range of 0.5-0.6 W (m2K), with the current range fluctuating from 0.9 to 1.0 
W/(m2K). 

5. Conclusions 

The paper presents evaluation methodology for developing large-scale Tallinn DHN technical conditions and its 
improvement. Analysing current technical conditions of studied DHN, heat transfer coefficient and specific heat supply per pipe 
length and volume were evaluated and compared with good practice examples. The average heat supply per length and volume 
are much lower, then in the good practice example (Swedish DHN). It can be explained by the common configuration of Tallinn 
DHN, which consists of the long transmission pipeline sections connecting the districts with high consumption density.  

The results of DHN improvement potential calculations have shown that the speed in Tallinn DHN is relatively low, that leads 
to lower pumping costs form one side but at the same time to higher heat loss in the DHN. Low speeds indicate the possibility of 
expanding the DHN and the technical potential for reduction of supply and return temperature in DHN.  

Tallinn DHN modelling results show that the replacement of old pipelines with pre-insulated heating pipelines with the same 
internal diameter can reduce heat loss by 40%, but with optimized internal diameter by 60%. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The relation between heat demand and outdoor temperature (heat power signature) is a typical feature used to diagnose abnormal 
heat demand. Prior work is mainly based on setting thresholds, either statistically or manually, in order to identify outliers in the 
power signature. However, setting the correct threshold is a difficult task since heat demand is unique for each building. Too 
loose thresholds may allow outliers to go unspotted, while too tight thresholds can cause too many false alarms. 
Moreover, just the number of outliers does not reflect the dispersion level in the power signature. However, high dispersion is 
often caused by fault or configuration problems and should be considered while modeling abnormal heat demand. 
In this work, we present a novel method for ranking substations by measuring both dispersion and outliers in the power signature. 
We use robust regression to estimate a linear regression model. Observations that fall outside of the threshold in this model are 
considered outliers. Dispersion is measured using coefficient of determination R2, which is a statistical measure of how close the 
data are to the fitted regression line.
Our method first produces two different lists by ranking substations using number of outliers and dispersion separately. Then, we 
merge the two lists into one using the Borda Count method. Substations appearing on the top of the list should indicate higher 
abnormality in heat demand compared to the ones on the bottom. We have applied our model on data from substations connected 
to two district heating networks in the south of Sweden. Three different approaches i.e. outlier-based, dispersion-based and 
aggregated methods are compared against the rankings based on return temperatures. The results show that our method 
significantly outperforms the state-of-the-art outlier-based method.
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1. Introduction

Decreasing distribution temperatures is one of the most important steps to increase efficiency in district heating 
(DH) systems and plays vital role for the integration of 100% renewable energy supply [1]. Current distribution 
setups have high supply and return temperatures which lead to large heat losses in the network and inefficient use of 
heat sources.

One of the factors contributing to this situation is abnormal heat demand caused by faults in customer heating 
systems and substations [2 - 4]. In many cases, such problems do not directly cause noticeable decrease in customer 
comfort; however, they influence the performance of the network as a whole, leading to higher return temperatures 
and flow rates. Low temperatures in district heating can only be achieved if such abnormal demands are detected and 
eliminated.

Heat power signature models estimate the heat consumption of a building as a function of external climate data. 
They are typically presented as plots of total heat demand versus ambient temperature, showcasing the unique 
characteristics of each building (both physical and related to the behavior of the occupants). Many previous studies 
have been analyzing heat power signatures to diagnose abnormal heat demand.

Most methods are based on detecting outliers in the power signature by, either manually or statistically, setting a 
threshold on the power signature. However, setting a correct one is not always possible, since loose thresholds often 
allow outliers to go undetected, while too tight thresholds tend to cause too many false alarms [3, 5].

On the other hand, outliers are not the only symptom for abnormality in the power signature. High dispersion is 
also an indication of a problem such as faults or poor control [4], therefore must be taken into account. Existing
methods that are based on counting outliers are not able to take dispersion into account. Combining both types of 
indicators requires a new approach.

In this work, we propose a novel method for ranking buildings by measuring both dispersion and outliers in their 
heat power signature and present large-scale analysis of district heating customers. Our method first produces two 
different lists by ranking substations using number of outliers and dispersion separately. Then, we merge the two 
lists into one using the Borda Count method.

Three different approaches, i.e., outlier-based, dispersion-based, and aggregated are evaluated against average and 
maximum return temperatures measured all the buildings in five different categories connected to two district 
heating networks in south of Sweden.

Based on those results, we conclude that outliers alone are not enough to identify abnormal heat demand in the 
buildings. The importance of also considering dispersion is clearly visible in analyzing high temperatures. The state-
of-the-art outlier-based approach does not perform well alone for ranking abnormal buildings and it is significantly 
outperformed by dispersion-based and aggregated methods.

2. Related Work

The energy signature (ES) is a well-known method for the analysis of building energy consumption. It has been 
widely used for characterizing energy or heat demand behaviors of buildings in various studies.

[6] used ES methods for weather correction which aims to normalize energy consumption so that it becomes the 
representative of a building’s expected long-term performance. In [7], a similar approach is applied to the entire DH 
network. Single heat power signature per year was plotted from heat load measurements of all the buildings 
connected to the network in order to compare different heat seasons.

ES based methods have also been applied for the estimation of the amount of heat losses due to transmission and 
ventilation by quantifying the buildings' total heat loss coefficient [8 - 14]. In addition, they have been investigated 
to correctly estimate balance temperature in order to separate demand from space heating and domestic hot water 
[15].   

ES methods provide useful information on buildings' energy performance in DH systems by analyzing correlation 
between the average heating power and outdoor temperature. Therefore, they have also been analyzed for the 
detection of anomalies or deviations in heat demand behaviors [4, 16]. Those approaches commonly implement 
outlier detection methods based on thresholding strategies to estimate errors in the energy signatures [3, 17-20].
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(a) Abnormal Building: Ta = 45ºC, Tm = 77ºC    (b) Abnormal Building: Ta = 57 ºC, Tm = 72 ºC     (c) Normal Building: Ta = 27 ºC, Tm = 30 ºC

Figure 1: Thresholds based on standard deviation of the residuals.

     (a) Abnormal Building: Ta = 45ºC, Tm = 77ºC     (b) Abnormal Building: Ta = 57 ºC, Tm = 72 ºC (c) Normal Building: Ta = 27 ºC, Tm = 30 ºC

Figure 2: Thresholds based on median absolute deviation of the residuals.

However, defining the correct threshold is a difficult task. Identifying thresholds manually requires extensive 
human effort and domain knowledge. It is extremely time-consuming considering the number of buildings in a DH 
network. On the other hand, automatic determination of thresholds using statistical models is also very challenging 
since it requires finding an optimum strategy which will maximize the outlier detection performance while limiting 
false alarms. We demonstrate the difficulty of this task in Figure 1 and 2 by comparing two commonly used 
statistical thresholding strategies.

Those strategies are applied to the power signatures of three buildings estimated by linear regression. Two of the 
buildings are selected as abnormal examples whose return temperatures are high, and one is normal having low 
return temperature measurements. In Figure 1, thresholds are defined based on standard deviation (𝜎𝜎𝜎𝜎 ) of the 
residuals. The wider and the tighter thresholds respectively correspond to 3𝜎𝜎𝜎𝜎 and  2𝜎𝜎𝜎𝜎 above and below the 
regression line. The second strategy applies modified z-scores [21] which are computed using median absolute 
deviation of the residuals. The threshold is set so that modified z-scores do not exceed 3.5 for the wider case, and 
not exceed 2.5 for the tighter threshold.

The wider thresholds in both cases are able to identify outliers in the first abnormal buildings, but they fail 
detecting the second building showing high dispersion. Tighter thresholds are instead able to detect outliers in both 
the anomalous building; however, they also mistakenly mark some of the data in normal building as outliers, which 
leads to a high false alarm rate.

3. Method

In our approach, we rank buildings by measuring the “degree of abnormality” on heat power signatures with 
three different methods, i.e., outlier-based, dispersion-based and aggregated ranking. Power signatures of the 
buildings are estimated using robust regression in order to eliminate the influence of the outliers on model 
estimation.
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3.1. Robust Regression

Ordinary Least Squares (OLS), a typical approach used to estimate energy signatures, is highly sensitive to 
outliers. Since parameter estimation is based on the minimization of squared error, even the presence of few outliers 
can have distorting influence and makes results of regression analysis including confidence intervals, prediction 
intervals, R2 values, t-statistics, p-values, etc. unreliable [21].

Robust regression methods try to overcome those issues by providing robust estimates when outliers are present 
in the data. In our work, we apply Random Sample Consensus (RANSAC) algorithm [22] to do robust estimation of 
model parameters of power signatures in the presence of outliers. RANSAC is an iterative approach which fits the 
regression line to subsets of data until the model with most inliers and the smallest residuals on the inliers is chosen. 
The process continues unless either user-defined fixed number of iterations or threshold for the minimum number of 
samples that would be accepted as inliers to generate a final model is reached.

RANSAC has been shown to be a very robust approach for parameter estimation, i.e., it can estimate the 
parameters with a high degree of accuracy even when a significant number of outliers are present in the data set 
[23].  However, there are several drawbacks that should be taken into account while applying this approach. For 
example, we do not have prior knowledge on the ratio of outliers in power signature for every building in our data 
set. Therefore, setting stopping criterion such as maximum number of iterations or inliers is not trivial. In our case, 
we set the ratio of outliers to 20% when fitting the regression line since having false positives does not wildly affect 
parameter estimation. We estimate the regression line and residuals with this method. However, we employed a 
different approach to compute the final number of outliers in order to avoid high number of false alarms produced 
by RANSAC and also computed R2 measures removing those outliers.

In order to demonstrate the benefits of using robust models in this problem, we conducted an experiment 
comparing goodness-of-fit of each power signature estimated by traditional OLS and RANSAC method.

First, OLS and RANSAC methods are separately fitted to each power signature. Then, we measure R2 scores of 
all the models estimated by OLS and RANSAC. In order to avoid influence of outliers, R2 scores are computed on 
observations excluding outliers determined by both OLS and the RANSAC. We use a statistical threshold on 
residuals to detect outliers which is explained in section 3.2 explicitly.

According to R2 results, RANSAC method has better goodness-of-fit score on 61% of the all power signatures. 
We also conduct Student's t-test [24] to conclude whether R2 scores are significantly lower in the models estimated 
by OLS in comparison to RANSAC algorithm.

The null hypothesis is H0: 𝜇𝜇𝜇𝜇1 −  𝜇𝜇𝜇𝜇2 ≥ 0, alternative hypothesis is Ha: 𝜇𝜇𝜇𝜇1 −  𝜇𝜇𝜇𝜇2 < 0 and significance level is 
𝛼𝛼𝛼𝛼 =  0.05. The t-statistics of single-tailed test is 𝑇𝑇𝑇𝑇 =  −2.349835 and 𝑝𝑝𝑝𝑝 =  0.00944. The p-value (0.00944) is 
lower than significance level (0.05). Therefore, at 5% level of significance, the test provides sufficient evidence that 
the power signatures estimated by OLS have lower goodness-of-fit than the ones estimated by RANSAC algorithm.

Furthermore, we demonstrate that the estimation of power signatures between those two methods differs 
significantly for a large portion of substations. Figure 3 shows an example substation where the two methods result 
in significantly different models. Crucially, in our dataset, there are 250 more buildings that have higher difference 
between R2 values from OLS and RANSAC than the example building represented in Figure 3. In other words, for 
almost 30% of the buildings, the importance of using robust regression is even more significant than for the 
example.

3.2. Outlier-based ranking

In the literature, a widely applied measure for determining the “degree of abnormality” in buildings is the 
“number of outliers” in the power signature.

“Number of outliers” is determined by setting a statistical threshold on the distribution of the residuals. Under the 
normality assumption, 95.45% and 99.73% of the values lie within two (2𝜎𝜎𝜎𝜎) and three (3𝜎𝜎𝜎𝜎) standard deviations of 
the mean, respectively. However, the presence of outliers and the effect of other factors on power signature lead to 
violation of the assumption of normally distributed residuals.
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                                                       a) OLS (b) RANSAC

Figure 3: Difference between OLS and RANSAC in the presence of outliers

For non-normally distributed data, only 75% of the distribution's values are guaranteed to lie within (2𝜎𝜎𝜎𝜎) of the 
mean and 89% within (3𝜎𝜎𝜎𝜎), according to Chebyshev's inequality [25]. Considering that, we set the threshold to (3𝜎𝜎𝜎𝜎)
around the mean of the residuals in order to ensure an upper-bound of approximately 11% on the false positive rate.

Given outdoor temperature 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 in power signature, let 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 be the actual heat load, 𝑦𝑦𝑦𝑦�𝑖𝑖𝑖𝑖 be the predicted heat load, 
𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 = 𝑦𝑦𝑦𝑦�𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 be the residual and 𝜇𝜇𝜇𝜇 and  𝜎𝜎𝜎𝜎 , be the mean and standard deviation of the distribution of the 
residuals 𝐷𝐷𝐷𝐷(𝜇𝜇𝜇𝜇,𝜎𝜎𝜎𝜎). Then, the outliers are determined as follows:

𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 ,𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖) = �𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟, 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓  𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 − 𝜇𝜇𝜇𝜇 ≥ 3𝜎𝜎𝜎𝜎
𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟,             𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜       𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖~𝐷𝐷𝐷𝐷(𝜇𝜇𝜇𝜇,𝜎𝜎𝜎𝜎) (1)

      
Finally, all the buildings are sorted based on “the number of outliers” in decreasing order so that buildings that have 
“higher degree of abnormality” are placed higher in the list.

3.3. Dispersion ranking

In the second approach, the dispersion in the heat power signature is used as "degree of abnormality". In order to 
measure it, we use coefficient of determination (R2). This is a statistical metric that evaluates the scatter of the data 
points around the fitted regression line. Since power signatures with lower R2 values are more dispersed, we 
therefore define them as having higher “degree of abnormality”.

As stated earlier, the outliers can also influence R2, in particular, they can lead to low scores although the 
linearity of the model is satisfied. We reduce the effect of such misleading examples by removing the outliers 
detected with the thresholding strategy before calculating the R2 scores. Then, the final ranking is produced by 
sorting all the buildings according to their R2 values.

3.4. Aggregated approach

The Borda Count method [26] is a traditional voting method that was developed in the 18th-century and broadly 
applied as aggregation strategy to combine rankings produced by different algorithms. 

Given a particular ranking as a sorted list of elements, the method works by assigning a score to each member of 
the list according to its relative position. Once the method is applied to different rankings, the final aggregated 
ranking is a sorted list based on the sum of scores of each element. This method can be seen as equivalent to 
combining ranks by their mean [27].
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4. Results

4.1. Data

     The dataset used in this study is comprised of smart meter readings from buildings connected to the district 
heating systems in Helsingborg and Ängelholm in the South-West of Sweden. The data set consists of hourly 
measurements of heat, flow, supply, and return temperatures on the primary side of the substations from the whole 
year 2016. In this study, we only use the heat measurements of the buildings in five customer categories: multi-
dwelling buildings, industrial demands, health-care social services, public administration buildings, and commercial 
buildings. The number of buildings is approximately 1700. 

Problems in smart meter devices can cause missing or erroneous readings in customer records. Therefore, we 
apply a data preprocessing step to deal with incorrect meter readings. Customers that have missing heat load or 
return temperature measurements for at least one consecutive day are excluded from the analysis. Shorter periods of 
missing values are filled using linear interpolation of surrounding values. Meter readings that have identical values 
for more than one day are also excluded. As a result, we include 896 buildings in this study. 

For the buildings with good quality of data, heat power signatures are extracted based on the daily average heat 
load and average daily outdoor temperatures. We only consider days when the average outdoor temperature is below 
10ºC. It has been shown that when the space heating is not the main source of the heat demand in a building, there is 
no strong correlation between outdoor temperature and the temperature difference between supply and return pipes. 
Instead of examining balance temperature for each signature, we simply set it to 10 ºC as stated in [3].

4.2. Evaluation

In this section, we conduct experiments to evaluate our novel method, which measures both dispersion and 
outliers by comparing with dispersion-based and outlier-based methods individually. Each method separately 
produces a ranking of the most anomalous buildings, and we evaluate those rankings using return temperature 
measurements of the buildings. For each building, we calculate average (denoted Ta) and maximum (denoted Tm)
return temperatures measured on the same dates as the heat loads in the power signatures. Clearly, both are relevant 
from the optimization of DH networks perspective, but they capture different aspects. While Ta values indicate long-
term return temperature behavior, the Tm captures the most extreme operation of a building.

We present two different strategies to evaluate that buildings which have high rankings are actually problematic. 
The first strategy, “accuracy at the top” shows the ratio of abnormal buildings, compared to normal ones, near the 
top of the ranking. We compute “accuracy of top N buildings” as (𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/(𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)) where 
𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are number of normal and abnormal buildings, respectively, among the top N ranked 
buildings. Buildings that have Ta higher than 35ºC or Tm higher than 45ºC are considered to be abnormal in this 
strategy.

The second strategy, “average temperature at the top”, shows the average Ta and Tm values of top ranked
buildings. We compute average Ta (𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎) and average Tm (𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎) of top N buildings as follow:

𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎 =
∑ 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛
𝑁𝑁𝑁𝑁
𝑛𝑛𝑛𝑛=1
𝑁𝑁𝑁𝑁

                                                                                                                                                           (2)

𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎 =
∑ 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛
𝑁𝑁𝑁𝑁
𝑛𝑛𝑛𝑛=1
𝑁𝑁𝑁𝑁

                                                                                                                                                          (3)

Figure 4 shows accuracies at top N buildings according their Ta and Tm values. Dispersion-based method and 
aggregated method show very similar performance in Ta accuracy (cf. Figure 4(a)). However, aggregated method
converges at the level of 94% (red line), while dispersion-based method settles at 92% (blue line).  
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                             (a) Ta accuracies among top ranked buildings                               (b) Tm accuracies among top ranked buildings                               

Figure 4: Accuracies at the top 

There are minor differences along the way, but they are not significant. On the other hand, the outlier-based method 
achieves significantly lower accuracy of 83% (yellow line), and actually fails to detect the most severely abnormal 
building.

In terms of accuracy based on Tm, the aggregated approach significantly outperforms both dispersion-based and 
outlier-based methods. It perfectly identifies (achieving 100% accuracy) the top 27 abnormal buildings, and flattens 
at 94% similar (cf. red line in Figure 4b). Dispersion-based approach is hindered by several false positives near the 
top of the ranking, but its accuracy increases with the number of customers and reaches to 92% (blue line). The 
outlier-based approach, again, shows by far the worst performance, with final accuracy of only 66% (yellow line).

In Figure 5, the results of average temperatures at the top are shown. Dispersion-based (blue line) and aggregated 
(yellow line) methods start and get flattened at the same temperature in both cases (cf. Figure 5(a) and Figure 5(b)). 
Dispersion-based method shows slightly higher 𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎 until top 10 buildings (cf. blue line in Figure 5(a)), while 
aggregated method is almost constantly better at 𝑇𝑇𝑇𝑇�𝑎𝑎𝑎𝑎 until convergence (cf. red line in Figure 5(a)). Buildings that got 
higher rankings by the outlier-based approach show significantly lower return temperatures (cf. yellow line in Figure 
5(a) and Figure 5(b)).

We present two different results, since they capture different types of abnormality, both of which can be 
important. It is crucial to notice that our proposed method outperforms state-of-the-art in either case. In particular, 
the buildings that are experiencing long-term problems are likely to be characterized by large Ta, while abrupt 
failures will cause unusually high Tm; however, those latter ones may not affect Ta significantly if they are quickly 
fixed. An anomaly detection method needs to detect both kinds of problems -- and as shown in Figures 4 and 5, the 
proposed method exactly provides that.

                              (a) Average Ta of top ranked buildings                                    (b) Average Tm of the top ranked building

Figure 5: Average temperature at the top.
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5. Conclusion

In this work, we postulate that ranking abnormal buildings should be done based on power signatures estimated 
using robust regression and needs to include measuring both dispersion and outliers. We propose a novel method for 
doing that, based on combining building rankings to measure their “degree of abnormality”.

We've conducted experiments on large-scale data from substations connected to two district heating networks in 
south of Sweden. We have compared our method against the state-of-the-art outlier-based approach. Return 
temperatures of the buildings have been taken as reference for two different types of evaluation which we referred as 
“accuracy at the top” and “average temperature at the top”. The first one has shown the ratio of abnormal buildings 
ranked on the top, while the second one has shown average return temperatures of top abnormal buildings.

The results demonstrate that dispersion-based and aggregated methods significantly outperform the state-of-the-
art approach.
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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The UK has set ambitious targets to reduce carbon emissions, improve energy efficiency and affordability, encourage renewable energy 
generation, and reduce dependency on imported fossil fuels. Heating is the most essential component of the UK’s current residential energy 
consumption, and it is mostly supplied through the direct burning of natural gas. With constantly changing market conditions and political 
regulatory frameworks, technology assessments and cost-effective planning strategies are critical for long-term energy and environmental 
policy designing. Electric heat pumps with decarbonised electricity are proposed as promising technologies that could replace gas heating and 
contribute to the UK’s future low-carbon heat mix. District heating has been transforming over generations in order to better utilise renewables 
or resources that otherwise would be wasted. Both technologies have been well developed, with abundant scientific research and industrial 
experiences in some European countries over the past few decades. However, the market shares of heat pumps and district heating networks are 
low in the UK. This paper explores empirical heat consumption from smart meter data in different types of dwellings in the UK and the role of 
heat pumps and district heating for different types of dwellings on different scales. This study investigates heat pumps in individual households 
versus district heating networks through a levelised cost model, to present their comparative environmental and economic advantages. This 
study shows that economies of scale arise in the UK’s district heating networks with large heat pumps, but the costs of heat are significantly 
higher than individual gas boilers. 
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1. Introduction and background 

The UK has set objectives to deep-decarbonise its economy while improving energy affordability and eliminating fuel 
poverty, promoting energy efficiency, and reducing dependency on imported fossil fuels, with goals to reduce greenhouse gas 
emissions by 80% by the year 2050 compared to 1990 levels [1]. To meet these targets, carbon emissions from the building 
sector will need to be reduced to almost zero [2]. It is possible to achieve deep cuts in carbon emissions from British dwell ings 
with the potential for future improvements in building performance, decarbonising the electricity, and re-engineering the heat 
supply [3]. Renewable electricity together with high-efficiency, low-carbon heat technologies are expected to play an essential 
role in meeting the UK’s heat demand and energy and environmental targets, while bringing health, wellbeing, and economic 
benefits. With heat technologies continually upgrading and improving, evaluating technologies’ advantages and performance is 
essential to determine the direction of long-term heat decarbonisation and to develop low-carbon heat infrastructure.  

 
Heat demand is the largest demand in the electricity, heating, and cooling sectors regarding both annual and peak hourly 

demands in the UK [4]. Currently, nearly half of the final energy demand in the UK is consumed to provide heat across the 
economy [5]. Gas is the most important energy carrier, and individual gas boilers are the principal way of supplying domestic 
heat demand in over 85% of British households [6]. Residential heat demand varies in different types of dwellings. There are 
about 27.5 million dwellings in the UK, including five main dwelling types: terraced (28%), semi-detached (26%), flat (20%), 
detached (17%), and bungalow (9%), and the estimated domestic gas demand is more than three times higher than domestic 
electricity demand annually [7]. 

 
In recent years, there has been an increasing trend for electricity generation from renewables, and better utilisation of waste 

energy. This promotes the opportunity for the electrification of the heating sector and a shift away from fossil fuels. Electric heat 
pumps could play a central role in the UK’s future approach to heating, together with the decarbonised electricity grid. 
Additionally, heat pumps can be integrated into district heating networks, which may provide additional carbon emissions 
reduction potential. Integrating flexible heat pumps into district heating networks has been recognised as a crucial step in 
transitioning to a 100% renewable energy system cost-effectively [8]. In the UK, the Building Regulations [9] require new 
buildings to consider district heating as well as the integration of heat pumps. Recently, the Clean Growth Strategy [10] has set 
out a series of proposals to phase out fossil fuel heating in buildings off the gas grid during the 2020s, build and extend heat 
networks across the country, and invest in the development of low-carbon heat technologies and energy efficiency measures. 

 
However, although heat pumps and district heating have been widely deployed in Europe, they are still niche options in the 

UK. Currently, only about 0.2% of the UK’s total heat demand is supplied by electric heat pumps [11]. There are less than 2,000 
operating district heating networks across the country, and around three-quarters of them are small networks, which are supplying 
heat to less than a hundred dwellings [12]. It is suggested that the economic viability of district heating networks in the UK 
depends on a series of factors, including upfront infrastructure costs, volatility of energy prices, and uncertain energy policies 
[13]. Moreover, there is a great deal of uncertainty regarding the decarbonisation of the electricity grid, demand variations, and 
future market shares of heat pumps and heat networks [14]. Currently, due to higher upfront costs and longer payback periods 
compared to gas boilers, district heating networks integrated with heat pumps are considered risky technology in the UK [15]. 

 
There are very few empirical studies regarding the operation of heat pumps in the UK’s buildings and heat networks. There is 

a need for research on potential competing heat technologies and detailed analyses of the comparative advantages of deploying 
heat pumps and district heating in different types of buildings on different scales. This paper aims to provide an empirical 
analysis of domestic heat demand in different types of dwellings in the UK and conduct economic and environmental 
assessments of the application of heat pumps and district heating networks on different scales, from individual buildings to the 
district level. 
 
2. Methodology 
2.1 Empirical data analysis: domestic heat demand 

    Understanding how much and when heat is consumed is fundamental to evaluating heat supplying technologies and designing 
cost-effective strategies to meet heat demand. This study analyses empirical residential heat consumption, including space 
heating and domestic hot water demand, for the five main types of dwellings through smart meter data [7], and investigates 
hourly heat load profiles over a year to estimate variations in total heat demand as well as peak demand. Due to the low 
installation rate of heat meters and the predominate gas boiler market share in the UK, natural gas consumption data is analysed 
as a proxy to evaluate heat demand based on the national average gas boiler efficiency (80.54%) according to [7].  
 
    Smart meter data from the Energy Demand Research Project (EDRP) is used for this study. The EDRP was a set of large-scale 
trials implemented by four major energy suppliers to explore customer responses and individuals’ energy consumption with 
smart meters across Britain from 2007 to 2010 [16]. This study analyses the subset data from EDF Energy, which includes half-
hourly electricity and gas smart meter data from 1,879 households in England. This study examines households that used gas 
boilers as the primary technology for their central space heating and domestic hot water. Half-hourly natural gas consumption 
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data are summed into hourly data, and the annual heat demand from 591 households with different dwelling types is estimated 
after the data extraction and cleaning processes. Hourly heat load profile is constructed to study peak hourly heat demand over 
the year of 2009, as winter 2009/2010 was one of the coldest over the last three decades [17]. 
 
2.2. Modelling: economic and environmental assessment of heat pumps and district heating  

    Technology cost assessments are fundamental to inform decision making and policy designing by quantifying and evaluating 
the trade-offs of how to meet energy demand while mitigating carbon emissions in a cost-effective way. Levelised Cost of 
Energy (LCOE) is a useful method in modelling to compare the generating costs of energy through alternative technologies, 
especially for technologies with different operating lifetimes and costing structures. The LCOE method was initially developed 
for rate-regulated electricity markets. It is sometimes called a life cycle cost as it takes all cost elements into account to generate 
energy at the plant level through its whole life cycle from planning, installation, and energy generation to site decommissioning 
and waste management [18]. The LCOE is a form of net present value (NPV) calculation based on the discounted cash flow 
method under specific technical and economic assumptions [18]. It is the ratio of the NPV of the total costs of a technology over 
the NPV of the total amount of energy generated by this technology. 
 
    Based on the monitored gas consumption data from the EDRP project and the estimated heat demand for individual dwellings 
and district heating networks, a simple Levelised Cost of Heat (LCOH) model is developed to assess costs and carbon emissions 
from different individual heating technologies as well as large heat pumps and district heating networks on different scales. 
Three types of individual heating technologies are considered: a gas boiler, a ground source heat pump, and an air source heat 
pump. The model is built based on the equation as shown: 
 

LCOH =  
∑ [Capitalt + O&Mt + Fuelt + Carbont)

(1 + r)t ] 

 ∑ [ MWht
(1 + r)t]  

 

(1) 

    Where Capital𝑡𝑡  is the capital expenditures in the year t,  O&M𝑡𝑡  is the operation and maintenance costs. Due to the well-
developed gas grid in the UK, this model does not consider the costs to construct the gas networks. This study gathers technology 
costs and performance data from the government commissioned statistical databases [19 - 21], which are considered to be 
representative of networks in the UK, in addition to industrial practitioners’ databases [22 - 23]. Fuel𝑡𝑡 and Carbon𝑡𝑡 are the fuel 
costs and the carbon costs in the year t. This study uses the publicly available annual fuel and carbon prices projected by [5]. 
(1 + r)𝑡𝑡 is the discount factor in the year t, with the discount rate r. This study applies 3.5%, corresponding to the ‘social cost of 
capital’ [24]. MWh𝑡𝑡 is the amount of heat produced in the year t. This study assumes that all heating options start to operate in 
2018 to meet households’ heat demand, but with different projected future lifetimes. Detailed model input assumptions and cost 
data are included in the appendix. 
 
    Upscaling methods are applied to simulate the aggregated heat demand for district heating networks on different scales that 
could be supplied through large heat pumps based on the proportions of the five dwelling types in the UK [7]. There are different 
definitions regarding the size of heat networks in the UK. This study uses the adjusted standards defined by [23] and [25] with 
five scales: 

• Small heat networks (less than 100 residential properties) 
• Medium heat networks (between 100 and 500 residential properties) 
• Large heat networks (over 500 residential properties) 
• Single developments (up to 3,000 homes) 
• Medium multi-development scales (up to 20,000 homes) 

 
3. Results and discussions 
3.1. Heat demand 

    Based on monitored gas consumption data and households’ metadata, heat demand in the five dwelling types in 2009 was 
estimated. The average amount of gas consumed in 2009 was approximately 18,900 kWh per household. Figure 1 displays the 
estimated average annual heat demand from the monitored households. On average, a household consumes approximately 15,200 
kWhth of heat a year. As expected, a detached house requires the highest amount of heat among all types of dwellings, with 
annual heat demand reaching over 18,600 kWhth, while a flat consumes only about 10,400 kWhth. Additionally, this study only 
considers heat demand supplied by individual gas boilers, and does not consider supplementary heating measures used in those 
households, such as electric heating or fireplaces due to limited metadata. 
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Figure 1. Average annual heat demand in the five main types of residential buildings. 

    Figure 2 demonstrates the average hourly heat demand profiles per household versus the hourly external temperature over the 
year of 2009. This figure shows the volatile changes in domestic heat demand over time, with most of the heat demand occurred 
from November to May. On average, the maximum hourly heat demand reached around 7.5 kWth per household during the 
coldest periods in the year, which is more than seven times higher than the typical peak hourly heat demand (approximately 1 
kWhth) during the summer. 

 

Figure 2. Average hourly heat demand and external temperature in 2009. 

3.2. Costs and emissions  
3.2.1. Individual heating technologies 

    The LCOH model is built for different individual heating technologies and district heating networks to meet the heat demand 
for different types of dwellings. Figure 3 shows the results of the overall LCOH for the five types of individual households, and 
one household with an averaged heat demand. A 3.5% discount rate is used throughout the technologies’ lifetimes. In general, 
the LCOH is lower in dwellings with a higher annual heat demand, and the difference between the LCOH for a gas boiler and 
heat pumps becomes larger when heat demand decreases among the five dwelling types. As expected, a gas boiler is the cheapest 
way to meet heat demand in all individual dwellings, with an overall LCOH of £75/MWhth in a detached house and just over 
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£90/MWhth in a flat. A ground source heat pump is clearly indicated as the most expensive individual technology for meeting 
heat demand in all dwelling types. In this study, the LCOH for a flat is indicated as being the highest due to its low annual heat 
demand, with the LCOH for a ground source heat pump reaching more than £140/MWhth. Meanwhile, based on the average heat 
demand across all five dwelling types, the LCOH for a gas boiler is just under £80/MWhth, roughly 20% cheaper than an air 
source heat pump and 30% cheaper than a ground source heat pump. 

 

Figure 3. The LCOH for different individual technologies in different dwelling types. 

    Although heat pumps are more expensive than gas boilers for supplying heat to all individual dwellings, they can significantly 
reduce carbon emissions from heat for individual households, on the condition that the carbon intensity of the electricity grid in 
the UK keeps decreasing, as per future projections [5]. Figure 4 indicates the average annual carbon dioxide emissions from 
different technologies. Based on the carbon content of natural gas and the projected future carbon intensity of electricity in the 
UK, on average, a gas boiler emits approximately three tonnes of carbon dioxide a year over its technology lifetime. In contrast, 
a heat pump could reduce more than 80% of carbon emissions while meeting the heat demand, with roughly 0.5 and 0.7 tonnes 
of annual carbon emissions from a ground source heat pump and an air source heat pump, respectively. 
 

 

Figure 4. Estimated average annual carbon dioxide emissions from individual heating technologies. 
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3.2.2. District heating networks integrated with large heat pumps 

    Based on the five scales of district heating networks defined in section 2.2, the costs of heat are modelled to meet heat demand 
on the five scales through district heating with large heat pumps, compared to the individual technologies. This study assumes 
that heat pumps are utilised to generate heat for both space heating and domestic hot water for all dwellings connected to the 
networks. 

 

Figure 5. The LCOH and initial capital costs per dwelling for district heating according to five scales, compared to individual heating technologies. 

    Figure 5 provides an overview of the LCOH (primary vertical axis) and the initial capital costs per dwelling (secondary 
vertical axis) for district heating networks on the five scales and compared to the three individual technologies. As the figure 
shows, economies of scale arise in district heating networks, as the overall LCOH decreases steadily from the smallest district 
heating network to the largest, with the number dropping from over £120/MWhth to under £110/MWhth. However, the results of 
LCOH for district heating networks are still significantly more expensive than individual gas boilers due to high capital costs.  
 
    Figure 5 also compares the initial capital costs for dwellings with different heating options. As the figure indicates, a small 
district heating network has the highest initial capital cost per dwelling at approximately £14,300 per dwelling on average, while 
this number is reduced by around one third to roughly £9,600 per dwelling for the largest district heating scale. Although the 
LCOH for district heating networks becomes similar to the LCOH for individual ground source heat pumps when the network 
becomes larger, their initial capital costs per dwelling are still higher than installing individual air source heat pumps. 
 
    Figure 6 illustrates the compositions of the overall LCOH according to different cost elements, including capital costs, O&M 
costs, fuel costs, and carbon costs. For an individual gas boiler, capital cost contributes to less than 20% of the overall LCOH, 
and fuel cost contributes to more than 60%. An individual ground source heat pump has the highest percentage of capital cost 
(52%) and the smallest percentage of fuel cost (43%). Meanwhile, among district heating networks, the proportion of capital cost 
becomes gradually smaller when the scale of the network rises. For a small district heating network (with 100 dwellings), capital 
cost accounts for about 30% of the overall LCOH, whereas for the largest district heating scale (with 20,000 dwellings), capital 
cost reduces to about 22% of total LCOH. Due to the projected decreasing carbon intensity of electricity and very low future 
carbon prices [5] in the UK, carbon costs only contribute to very small proportions of the overall LCOH for all heating options, 
accounting for less than 5% for gas boilers and less than 1% for heat pumps and district heating networks. 
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Figure 6: The LCOH cost elements among different heating options. 

    The levelised cost method is highly sensitive to its assumptions. Sensitivity analysis is conducted to evaluate the correlations 
between a group of selected independent input factors and the overall LCOH for district heating networks. The LCOH result for 
a medium scale district heating network is used as a basis, and the selected variables are altered to evaluate their impact on the 
final LCOH results. Figures 7 and 8 summarise the changes in the overall LCOH when the input assumptions are adjusted. 
Figure 7 displays the percentage changes in the LCOH when the total heat demand, capital cost, and O&M cost are modified by 
plus or minus up to 50%. The figure shows that LCOH is more sensitive to heat demand changes than cost factors, as it upsurges 
by roughly 35% when the total heat demand reduces by half, whereas the overall LCOH decreases by 11% when the total heat 
demand rises by half. Moreover, when capital cost and O&M cost increase or decrease by 50%, the overall LCOH increases or 
decreases by 15% and 11%, respectively. 

 

              Figure 7: LCOH as the function of heat demand or costs.                               Figure 8: LCOH as the function of discount rate and heat pump efficiency. 
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    The discount rate is crucial, as it determines the net present value and the future costs of technologies over their lifetimes. This 
study uses 3.5% as a basis, and the number is adjusted from 0% to 10%. As Figure 8 reveals, the overall LCOH drops 15% when 
the discount rate declines from 3.5% to 0%, and the overall LCOH increases by up to 35% when the discount rate reaches 10%. 
Moreover, Figure 8 also shows how the overall LCOH changes when the heat pump efficiency (seasonal performance factor, 
SPF) changes from its initial assumption of 3.6. The LCOH increases significantly, by roughly 110%, when the SPF drops from 
3.6 to 1.0, but decreases steadily when the SPF escalates. The overall LCOH could decrease by more than 25%, if the SPF 
reached 10. 
 
    Although the levelised cost method is a useful tool for comparing the costs of different energy generating technologies, some 
limitations associated with the LCOH are noted. Firstly, the energy costs of the levelised cost method are outputs and assumed to 
be constant over technologies’ lifetimes, and they are not the prices to sell energy. Hence, the levelised cost method does not 
reflect the short-term or long-term volatilities of energy prices. Secondly, this study modelled the LCOH for the five main 
dwelling types in the UK. However, the domestic heat demand and technology performance may vary from one dwelling to 
another, according to numerous features such as building fabrics, ages, designs, sizes, locations and occupants’ characteristics. 
Because of limited metadata, this study does not differentiate heat demand in households regarding their specific features such as 
floor areas, number of occupants and states of refurbishment. 
 
    The results of LCOH are highly sensitive to its assumptions. Accordingly, variations in future heat demand, cost elements or 
technology performance may considerably influence the results, as the sensitivity analyses have shown. The employed LCOH 
refers to all costs at the plant level. This study applies secondary technology costs and performance data from different sources, 
and in reality, these features may vary significantly according to individual dwellings and technologies. Moreover, The LCOH 
represents a one-time decision that will last for a long period of time. This study uses projected natural gas and electricity prices, 
carbon taxes and carbon intensities of electricity for the future; however, there are significant uncertainties regarding future 
taxes, subsidies and renewable shares of electricity generation, and changes in these parameters may cause pronounced impacts 
on the overall LCOH and carbon emissions. Furthermore, there are substantial uncertainties associated with the UK’s future 
energy and climate policies, especially following the recent Brexit referendum and abrupt changes in exchange rates. Changes in 
policies may cause significant impacts on many key modelling elements, including technology costs, fuel and carbon prices. 
 
 
4. Conclusion  
    To achieve the government’s energy and environmental targets, it is imperative to study potential heating options to replace 
the conventional gas-fired system and reduce carbon emissions. Heat pumps and district heating are established technologies 
with large-scale deployment in many European countries over the past few decades, but their markets and policy frameworks are 
immature in the UK, and there are technical, social, and economic barriers for their future deployment. Moreover, the well-
developed natural gas networks, the eminently high market share of individual gas boilers and cheap natural gas are the most 
substantial challenges for the future deployment of electric heat pumps and district heating networks in the UK.  
 
    This study quantifies empirical domestic heat consumption through smart meter data from a diverse range of dwellings in the 
UK. Results show that the domestic heat demand differs in different types of dwellings and changes erratically over time. This 
study also investigates the cost-competitiveness of heat pumps and district heating compared to individual gas boilers, and 
demonstrates that economies of scale arise in district heating networks. Although heat pumps with decarbonised electricity could 
reduce domestic carbon emissions from heat intensively, the levelised costs for heat pumps and district heating are significantly 
higher than individual gas boilers. The mass electrification of the heating sector and the deployment of the heat networks on 
large scales will require intensive investment, alterations in supply chain practices, and public acceptance. Further studies are 
desirable to better understand the role of district heating and heat pumps in the UK’s energy system and transform district heating 
from a strategy into reality. 
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Appendix  

A.1. Individual heating technology key assumptions 

 Gas boiler Ground source heat pump Air source heat pump 

Capital cost (£) 2500 13000 7000 

O&M cost (£/year)  180 75 90 

Efficiency (%) 94 400 300 

Life time (year) 15 20 20 

Carbon intensity (kg/kWh) 0.184 BEIS projection [5] BEIS projection [5] 

A.2. Key modelling assumptions for large heat pumps and district heating networks 

District heating  Unit Value 
Large heat pump capital cost £/kW 1500 
Large heat pump O&M cost  £/kW 1 
Large heat pump lifetime 
Large heat pump efficiency (SPF)  

Years 
% 

25 
360 

Average length of internal pipework per dwelling  m  13.3 
Network parasitic electricity consumption  % of heat demand  1.9% 
Network lifetime year 50 
Assumed main network (buried pipes) length m  1000 
Distribution loss % 20% 
Main network (buried pipes) £/m 468 
Network (internal pipes) £/m 169 
Substation cost per kW capacity  £/kW 35 
Domestic HIUs per dwelling  £ 1075 
Heat meter cost per building  £ 3343 
Heat meter cost per dwelling  £ 579 
Heat network maintenance  £/MWh 0.6 
HIUs maintenance cost £/MWh 9 
Heat meter maintenance  £/MWh 3.4 
Labour for metering, billing and revenue £/MWh 16.9 
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Abstract 

Decentralized feed-in of solar thermal gains can contribute to the decarbonisation and flexibilisation of modern district heating 

networks. This paper presents the design, the control concept and measurement results of two solar thermal feed-in substations. 

Recommendations for future network feed-in substation are derived by analyzing and comparing the operation behavior as well as 

energy flows. The method used to analyze the different substations and the used characteristic performance parameters are 

introduced. 
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1. Introduction 

The development of standards concerning network feed-in substations and their control concepts are the research goals of the 

ongoing project “Kostenreduktionspotential beim Ausbau der Solarisierung von Fernwärmenetzen durch Standardisierung” 

(SOLSTAND) [1]. These standards are derived from practical experiences by designing, commissioning and operating pilot plants 

– including the solar thermal system and the substation itself – as well as simulation studies. 
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(SOLSTAND) [1]. These standards are derived from practical experiences by designing, commissioning and operating pilot plants 

– including the solar thermal system and the substation itself – as well as simulation studies. 
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This paper presents design, control concept and measurement results of two pilot feed-in plants (FP) for decentralized feed-in 

of solar thermal yields into district heating networks. The feed-in plant 1 (FP1) is connected to a 2nd generation district heating 

network (according to IEA DHC Annex X classification [2]) in Dresden. Ambitious conditions for both, target temperature level 

and pressure difference, are fulfilled by a return to supply line (RL/SL) feed-in design. The high nominal pressure stage of PN 25 

requires an indirect connection with a heat exchanger. The network feed-in plant 2 (FP2) is connected to a 3rd generation district 

heating network in Dresden as well. This small but centralized solar feed-in substation is located directly at the heat transfer station 

of the secondary district heating network. The solar plant FP2 is directly connected to DH. Both pilot plants are operated with water 

as heat transfer medium.  

The present measurement results include the feed-in operation behavior during one week of May 2018. The calculation or rather 

measurement of the heat losses and auxiliary power of the pumps allow the evaluation of the efficiency of the monitored network 

feed-in substations. By comparing the design, the control concepts as well as the operation measurement results first 

recommendations for future FP-concepts are derived. 

2. Description of the two feed-in plants 

2.1. General design parameters 

The overview of the general design parameters of the feed-in plants FP1 and FP2 are shown in the Table 1. Each feed-in plant 

is divided into the soar thermal system (STS) including the collector field (CF) and the network feed-in substation (NFS). Both 

collector fields use water as heat transfer medium because of less investment costs, no negative effects of aging, the option for a 

direct DH network connection (see FP2) as well as higher thermal capacity compared to water-glycol-mixtures and therefore less 

auxiliary power consumption of the pumps. The necessary active frost protection is realized by heating the collector field in winter 

by a RL/RL heat supply from the DH network. The two feed-in plants differ in the following aspects: 

  

Nomenclature  

Symbols Abbreviations/Indices 

 m2 Area a Ambient 

,  W m-2K-1,  Collector parameter Col Collector 

 W m-2K-2  C Collector subfield 

COP - Coefficient of performance CFi Collector Field 

 W m-2 Global irradiation in collector plane DH District heating 

 kWh m-2 Sum of global irradiation in collector plane el Electrical 

 kWh m-2 Sum of global irradiation horizontal F Feed-in 

 kW Enthalpy flow rate FPi Feed-in plant 

i - Number of feed-in plant (1,2) FS Flow Sensor 

 kg s-1 Mass flow rate HM 

loss  

Heat meter 

Losses  

 bar Pressure (absolute) LP  Lowest point in system 

 bar Pressure difference NFSi  Network feed-in substation 

P kW Power PM Pressure maintenance 

 kWh Heat, thermal energy LP Lowest point in system 

 kW Heat flow, thermal capacity Pu Pump 

W kWh electrical energy RL Return line 

 - Efficiency (average in time) SL Supply line 

0 - Optical collector efficiency STS Solar thermal system 

 - Degree of quality th Thermal 

 hh:mm:ss Time theo Theoretical 

   VTC Vacuum tube collector 
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Table 1. General design parameter of the investigated network feed-in substations 

 

• location of the connection points within the DH network and therefore pressure differences of DH network, 

• the level of the DH network temperatures, 

• direct or indirect connection to the DH network, 

• performance of the installed collectors and 

• the circulation time at nominal volume flows. 

The FP2 is currently still in the process of operation optimization because of its recent start of operation. 

2.2. Schematic and control concept of feed-in plant 1 (FP1) 

The network feed-in substation design as well as the control system of the FP1 is described in detail in [3]. The following plant 

description is a short summary of that paper. The collector field (CF) consists of six in series connected subfields C1...C6 (see 

Fig. 1) of solar vacuum tube collectors (VTC), working according to the heat pipe principle. The circulation pump in the solar 

circuit PuSTS is a speed-controlled pump group where only one pump is used in main operation at a time and where the other pump 

is hold as a spare component. A compressor-based pressure maintenance is used and is connected to the system in the supply line 

via a special designed stagnation cooler.  

During the feed-in operation the circulation pump PuSTS in the solar circuit is used to control the supply line temperature of the 

collector field TSL,CF. The speed-controlled feed-in pump PuDH has to overcome the time dependent pressure difference ∆pDH in the 

DH network and is used to control the feed-in temperature TSL,DH while also controlling the feed-in volume flow  as a cascade 

control (see [3]). 

Before switching to the feed-in operation mode the bypass valve Va1 will be opened to heat up the medium in the district 

heating side of the substation. This is supposed to prevent cold plugs in the network. Va1 will be closed during normal feed-in. It 

can be opened during times of partial load/low irradiance to increase the volume flow   when the speed-controlled pumps reach 

their minimal flow rate (negative: increase of TRL,CF). Va2 is used to realize an external unblocking. If necessary, the network 

operators can withdraw the external release signal to prevent/stop the feed-in by closing the valve and shut off the pumps.  

A minimum sensor equipment is necessary for the plant operation. It consists of five temperature sensors (TSL,CF TSL,STS  TRL,CF  

and TSL,DH, Ta), the irradiation sensor   as well as a heat meter (HM). HM measures the heat fed into the network. The volume 

Parameter FP1 FP2 

in operation since November 2016 December 2017 

DH network temperatures SL/RL 110°C/60°C 75°C/60°C 

pressure stage DH PN25 PN10 

 NFS1 NFS2 

type of connection to DH indirect direct 

design heat capacity 30 kW 61 kW 

feed-in temperature setpoint 110°C 65 °C RL/RL feed-in 

design point feed-in pump delivery height/ volume flow 45 m / 0.5 m³/h 6 m / 3.1 m³/h  

characteristic curve of feed-in pump (max delivery height, max volume flow) 75 m, 3.3 m³/h 6 m, 9.0 m³/h 

 STS1 STS2 

gross collector area 83 m² 143 m² 

inclination angle/ azimuth collector 31°/south 15°/south east 

inclination angle/ azimuth vacuum tube 31°/south 45°/south west 

collector type VTC test  VTC Viessmann SPEA 

pipe routing serial Tichelmann 

heat transfer medium  water water 

collector  volume per m² gross collector area 2,33 l/m² 0,32 l/m² 

connection pipe volume per m² gross collector area 1,95 l/m² 1,02 l/m² 

circulation time at design volume flow 43 min 3,6 min 
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flow signal  of HM is used for a control loop. The monitoring package consists of additional temperature sensors, three pressure 

sensors (pHP, pLP, ∆pDH) and a flow meter  for the calculation of the energy flows. 

2.3. Schematic and control concept of feed-in plant 2 (FP2) 

The FP2 (see Fig. 2) is directly connected to a secondary DH network with a nominal pressure stage of PN10 and a nominal 

target feed-in temperature of 75 °C during summer. Because of the direct connection without a heat exchanger district heating 

water is used as heat transfer medium. This demands an active first protection during winter season. The collector field has its own 

backup pressure maintenance, but the goal is to test the usage of the pressure maintenance of the secondary DH network. Solar 

vacuum tube collectors working according to the heat pipe principle are used in the collector field. This ensures a low heat demand 

for the active frost protection during the cold seasons. The collector field consists of six subfields C1...C6 which are connected in 

parallel using the Tichelmann pipe routing with adapted manifold pipe diameter. The inclination and azimuth angle of the collector 

and vacuum tubes differ because the vacuum tubes can be rotated along their longitudinal axis. The intention is to get higher 

inclination angles on flat roof installation without a costly substructure. 

Within the NFS2 is one speed-controlled pump used to overcome the pressure difference of the collector field, piping and other 

components. It is hereinafter referenced to as feed-in pump PuDH. The three way distribution valve Va1 is used to switch between 

Fig. 2. Simplified schematic 

of FP2 (centralized) with 

energy balance boundaries 

 DH



HP



DH







Fig. 1. Simplified schematic 

of FP1 (decentralized) with 

energy balance boundaries 
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the RL/RL feed-in (AB-B) and the RL/SL feed-in (AB-A). The RL/RL feed-in is only used for the start-up with low irradiation, 

the RL/SL feed-in during normal operation. The NFS2 is part of the centralized heat generation unit and the feed-in is realized on 

the discharge side of the central pump. The pressure difference between the supply and return line is negative during RL/SL feed-

in because of the central location within the secondary DH network and the pressure losses of the parallel connected central heat 

exchanger. Therefore several challenging conditions of the decentralized feed-in like a high and highly volatile pressure difference 

(see [3], [4]) have not to be taken into account in the design and control concept of the plant. The pressure difference between the 

two return line connections is zero during the RL/RL feed-in.  The control valve Va2 is used to reach low volume flows to maintain 

the setpoint of the feed-in temperature during RL/SL feed-in with lower irradiation. 

The control system of the FP2 is rather simple. The circulation pump of the solar circuit respectively the feed-in pump PuDH is 

activated when the starting temperature threshold is reached within the collector field. The RL/RL feed-in is used in times of low 

irradiation e.g. in the starting operation during the morning. The feed-in is switched to RL/SL operation when the switching 

temperature threshold is reached within the collector field. The matched flow control of the collector field supply line temperature 

TSL,CF is realized using a split range control for valve Va2 and the feed-in pump PuDH. The setpoint is equal to the supply line 

temperature of the secondary DH network. When TSL,CF reaches the lower temperature threshold , the feed-in is switched back to 

RL/RL operation. When reaching even lower collector field supply line temperatures the plant will be deactivated. 

3. Analysis and comparison of the operating behavior during the state feed-in of a typical day 

3.1.  Example for the operating behavior during feed-in of FP1 

The exemplary measurement results of the feed-in operation of FP1 (see Fig. 3) starts at 5:18 of 14th of May with sunrise and 

ends at 20:45 with sunset. During this time range an average irradiation of 524 W/m² and an average ambient temperature of 

21.8 °C are measured.  

  

Fig. 3. Measurement results of the specific heat flow rates (a) and temperatures as well as volume flow rates (b)  

during the feed-in operation of FP1  
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the RL/RL feed-in (AB-B) and the RL/SL feed-in (AB-A). The RL/RL feed-in is only used for the start-up with low irradiation, 
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two return line connections is zero during the RL/RL feed-in.  The control valve Va2 is used to reach low volume flows to maintain 

the setpoint of the feed-in temperature during RL/SL feed-in with lower irradiation. 

The control system of the FP2 is rather simple. The circulation pump of the solar circuit respectively the feed-in pump PuDH is 

activated when the starting temperature threshold is reached within the collector field. The RL/RL feed-in is used in times of low 

irradiation e.g. in the starting operation during the morning. The feed-in is switched to RL/SL operation when the switching 

temperature threshold is reached within the collector field. The matched flow control of the collector field supply line temperature 

TSL,CF is realized using a split range control for valve Va2 and the feed-in pump PuDH. The setpoint is equal to the supply line 

temperature of the secondary DH network. When TSL,CF reaches the lower temperature threshold , the feed-in is switched back to 

RL/RL operation. When reaching even lower collector field supply line temperatures the plant will be deactivated. 

3. Analysis and comparison of the operating behavior during the state feed-in of a typical day 

3.1.  Example for the operating behavior during feed-in of FP1 

The exemplary measurement results of the feed-in operation of FP1 (see Fig. 3) starts at 5:18 of 14th of May with sunrise and 

ends at 20:45 with sunset. During this time range an average irradiation of 524 W/m² and an average ambient temperature of 

21.8 °C are measured.  

  

Fig. 3. Measurement results of the specific heat flow rates (a) and temperatures as well as volume flow rates (b)  

during the feed-in operation of FP1  



368 M. Heymann et al. / Energy Procedia 149 (2018) 363–372

 Author name / Energy Procedia 00 (2018) 000–000  6 

 

Time range Description of the operation behavior 

05:18 - 09:40 The collector field heats up until TCF,SL or TCF,RL exceeds 115 °C. PuSTS isn’t in operation. 

The collector field return line temperature TRL,CF is remarkable higher than the collector field supply line 

temperature mainly due to shading of the subfield C6. The collector field CF1 has a high delay between sunrise 

and starting operation due to the high thermal capacity (high volume of heat transport medium & DN50 steel 

manifold pipe) and high target collector temperatures TSL,CF. 

09:40 - 10:30 The PuSTS is turned on and the hot medium is transported to the heat exchanger. Then the PuDH is activated and 

the district heating side gets heated up via Va1. 

10:30 - 17:39 The FP1 is in feed-in operation. The setpoint for the feed-in temperature TSL,DH is controlled very accurate 

(see Fig. 3 b). The average heat flow of the collector field   is clearly lower than the expected theoretical 

heat flow  , of the collector curve. This undesirable performance occurs because of the malfunction of 

the used test collector as well as a too small collector array for this kind of collector (turbulence at the condenser 

of the VTC isn’t always ensured). The oscillation of the heat flows   and  (see Fig. 3 a) is caused by the 

low specific volume flow, the oversized connection pipe diameter as well as the long connection pipe2 between 

the collector subfields. This results in a long circulation time in the solar thermal system causing high dead times 

which are hard to control with classical PID controller (marginal stability). 

3.2.  Example for the operating behavior during feed-in of the FP2 

The exemplary measurement results of the feed-in operation of FP2 are shown in Fig. 4. The plant operates under very similar 

weather conditions like FP1. 

  

                                                           
These were given by the preinstalled shed roof. 

Fig. 4. Measurement results of the specific heat flow rates (a) and temperatures as well as volume flow rates (b)  

during the feed-in operation of FP2  
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Time range Description of operation behavior 

05:18 - 08:17 The collector field heats up until ,	 exceeds 55 °C. PuDH isn’t in operation. 

The CF2 heats up 1.5 h (33 %) faster than CF1 because of lower desired collector field temperatures as well as a 

lower thermal capacity (see Table 1). 

08:17 – 08:47 The feed-in pump PuDH is turned on. The feed-in temperature TSL,DH drops significantly. The temperature drop 

occurs because of the cold heat transport medium in the return line connection pipe which is flowing through CF2 

before the warmer return line medium of the DH network reaches the collectors. Therefore PuDH is turned off.  

08:47 – 18:34 PuDH is turned on again and FP2 is in the feed-in operation. The setpoint for the feed-in temperature TSL,DH of 

65°C for RL/RL-feed-in is only reached until 11:00. Afterwards the maximum volume flow is reached because 

of an undersized feed-in pump PuDH and the feed-in temperature rises up to 82,7 °C (RL/VL-feed-in is not 

activated until now). There is no relevant temperature drop between the collector field supply line temperature 

TSL,CF and the feed-in temperature TSL,DH because of the short transport time (high flow velocity) resulting in low 

heat losses of the water in the supply line pipes. This ensures a lower average collector field temperature and 

respectively higher collector efficiencies. The direct connection to the DH network without a heat exchanger (no 

temperature difference) lowers the average collector field temperature as well. 

08:47 – 12:00 The heat flow of the collector field  is clearly lower than the expected theoretical heat flow  , and the 

beginning of the feed-in operation. This occurs because of the neglection of the thermal capacity of the collector 

field in the calculation of the theoretical heat flow ,. 

14:00 – 17:00  is almost equal and sometimes slightly higher than the theoretical heat flow ,. The real performance of 

the collector field is therefore rated as good in general.  

18:34  The feed-in operation is stopped because of the low collector TSL,CF < 50 °C criterion. The feed-in operation of 

the NSF2 lasted 1,5 h longer than the feed-in operation of the NSF1 because of the lower target collector field 

temperatures. 

3.3. Optimization potential  

Summarizing the analysis of the feed-in operation of the two feed-in plants recommendations for an optimized operation are 

derived and will be implemented as soon as possible. The measurement data of FP1 show the following: 

• The test collectors have a significant deviation between the heat flows of the laboratory tests  , and the measured in 

situ yields . This could be approved with the reconstruction of the collector field using new commercially available 

and well tested collectors. 

• The specific fluid volume of the collectors as well as the specific fluid volume of the connection pipes (see Table 1, 

CF1) are too high. For high temperature differences in the collector field this causes very low flow velocity and high 

circulation times as well as thermal losses due to the high thermal capacity. Smaller sized connecting pipes would 

simplify the target temperature control of the system. This can’t be approved without reconstruction of the collector 

field. 

The genera design and control concept of the network feed-in substation NFS1 shows good functionality. For the FP2 the 

following recommendations of optimization are given: 

• The feed-in pump PuDH is undersized. The operator of the FP2 suggests to upgrade this pump to a serial double pump in 

order to reach higher pressure head as well as volume flows and to rise the pumps fail safety. The latter would avoid 

longer periods of stagnation during summer and the risk of frost damages during winter in case of pump failure.  

• The CF2 has a very good hydraulic balancing. This is achieved through the Tichelmann pipe routing, which leads to 

longer connection pipes and consequently to higher piping costs and thermal losses. The better design is to use a classic 

parallel circuit and to achieve the hydraulic balancing by adapting the diameter of the main pipe after each junction. This 

is a general recommendation for the hydraulic design of a collector field which can’t be realized in the operating phase 

of the FP2. 



 M. Heymann et al. / Energy Procedia 149 (2018) 363–372 369

 Author name / Energy Procedia 00 (2018) 000–000  6 

 

Time range Description of the operation behavior 

05:18 - 09:40 The collector field heats up until TCF,SL or TCF,RL exceeds 115 °C. PuSTS isn’t in operation. 

The collector field return line temperature TRL,CF is remarkable higher than the collector field supply line 

temperature mainly due to shading of the subfield C6. The collector field CF1 has a high delay between sunrise 

and starting operation due to the high thermal capacity (high volume of heat transport medium & DN50 steel 

manifold pipe) and high target collector temperatures TSL,CF. 

09:40 - 10:30 The PuSTS is turned on and the hot medium is transported to the heat exchanger. Then the PuDH is activated and 

the district heating side gets heated up via Va1. 

10:30 - 17:39 The FP1 is in feed-in operation. The setpoint for the feed-in temperature TSL,DH is controlled very accurate 

(see Fig. 3 b). The average heat flow of the collector field   is clearly lower than the expected theoretical 

heat flow  , of the collector curve. This undesirable performance occurs because of the malfunction of 

the used test collector as well as a too small collector array for this kind of collector (turbulence at the condenser 

of the VTC isn’t always ensured). The oscillation of the heat flows   and  (see Fig. 3 a) is caused by the 

low specific volume flow, the oversized connection pipe diameter as well as the long connection pipe2 between 

the collector subfields. This results in a long circulation time in the solar thermal system causing high dead times 

which are hard to control with classical PID controller (marginal stability). 

3.2.  Example for the operating behavior during feed-in of the FP2 

The exemplary measurement results of the feed-in operation of FP2 are shown in Fig. 4. The plant operates under very similar 

weather conditions like FP1. 

  

                                                           
These were given by the preinstalled shed roof. 

Fig. 4. Measurement results of the specific heat flow rates (a) and temperatures as well as volume flow rates (b)  

during the feed-in operation of FP2  

 Author name / Energy Procedia 00 (2018) 000–000  7 

Time range Description of operation behavior 

05:18 - 08:17 The collector field heats up until ,	 exceeds 55 °C. PuDH isn’t in operation. 

The CF2 heats up 1.5 h (33 %) faster than CF1 because of lower desired collector field temperatures as well as a 

lower thermal capacity (see Table 1). 

08:17 – 08:47 The feed-in pump PuDH is turned on. The feed-in temperature TSL,DH drops significantly. The temperature drop 

occurs because of the cold heat transport medium in the return line connection pipe which is flowing through CF2 

before the warmer return line medium of the DH network reaches the collectors. Therefore PuDH is turned off.  

08:47 – 18:34 PuDH is turned on again and FP2 is in the feed-in operation. The setpoint for the feed-in temperature TSL,DH of 

65°C for RL/RL-feed-in is only reached until 11:00. Afterwards the maximum volume flow is reached because 

of an undersized feed-in pump PuDH and the feed-in temperature rises up to 82,7 °C (RL/VL-feed-in is not 

activated until now). There is no relevant temperature drop between the collector field supply line temperature 

TSL,CF and the feed-in temperature TSL,DH because of the short transport time (high flow velocity) resulting in low 

heat losses of the water in the supply line pipes. This ensures a lower average collector field temperature and 

respectively higher collector efficiencies. The direct connection to the DH network without a heat exchanger (no 

temperature difference) lowers the average collector field temperature as well. 

08:47 – 12:00 The heat flow of the collector field  is clearly lower than the expected theoretical heat flow  , and the 

beginning of the feed-in operation. This occurs because of the neglection of the thermal capacity of the collector 

field in the calculation of the theoretical heat flow ,. 

14:00 – 17:00  is almost equal and sometimes slightly higher than the theoretical heat flow ,. The real performance of 

the collector field is therefore rated as good in general.  

18:34  The feed-in operation is stopped because of the low collector TSL,CF < 50 °C criterion. The feed-in operation of 

the NSF2 lasted 1,5 h longer than the feed-in operation of the NSF1 because of the lower target collector field 

temperatures. 

3.3. Optimization potential  

Summarizing the analysis of the feed-in operation of the two feed-in plants recommendations for an optimized operation are 

derived and will be implemented as soon as possible. The measurement data of FP1 show the following: 

• The test collectors have a significant deviation between the heat flows of the laboratory tests  , and the measured in 

situ yields . This could be approved with the reconstruction of the collector field using new commercially available 

and well tested collectors. 

• The specific fluid volume of the collectors as well as the specific fluid volume of the connection pipes (see Table 1, 

CF1) are too high. For high temperature differences in the collector field this causes very low flow velocity and high 

circulation times as well as thermal losses due to the high thermal capacity. Smaller sized connecting pipes would 

simplify the target temperature control of the system. This can’t be approved without reconstruction of the collector 

field. 

The genera design and control concept of the network feed-in substation NFS1 shows good functionality. For the FP2 the 

following recommendations of optimization are given: 

• The feed-in pump PuDH is undersized. The operator of the FP2 suggests to upgrade this pump to a serial double pump in 

order to reach higher pressure head as well as volume flows and to rise the pumps fail safety. The latter would avoid 

longer periods of stagnation during summer and the risk of frost damages during winter in case of pump failure.  

• The CF2 has a very good hydraulic balancing. This is achieved through the Tichelmann pipe routing, which leads to 

longer connection pipes and consequently to higher piping costs and thermal losses. The better design is to use a classic 

parallel circuit and to achieve the hydraulic balancing by adapting the diameter of the main pipe after each junction. This 

is a general recommendation for the hydraulic design of a collector field which can’t be realized in the operating phase 

of the FP2. 
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4. Analysis and Comparison of the energy flows during the state feed-in of a typical week 

4.1. Overview of the evaluation period and formula 

The two feed-in plants are both located in Dresden, only 6.3 km away. Therefore it is possible to compare the efficiency of the 

plants under very similar weather conditions. An evaluation period of one week in the late spring season starting at 10.05.2018 and 

ending at 16.05.2018 was chosen for this purpose 

Table 2. Overview of weather conditions and operation results of FP 1 and FP 2 for the evaluation period 10.-16.05.2018 

The operation conditions, which are the sum of horizontal global irradiation, the average ambient temperature between sunrise 

and sunset as well as the average feed-in temperature , during the feed-in operation, are shown in Table 2. The regarded week 

included four sunny days with high irradiation, as well as two cloudy days and one day with unsettled weather. The average feed-

in temperature , of the FP1 during the feed-in operation is slightly smaller than the setpoint temperature. This is explained by 

the oscillation of the supply line temperature of the collector field (see Fig. 3) and a lowered set point for start and stop of feed-in 

(90 °C). High temperature amplitudes are controlled by a high  . But low temperatures can’t be prevented. The average feed-

in temperature is very low during the 11.05.18 because of a short feed-in operation of only 4 hours. The feed-in temperature setpoint 

is reached quite accurately on days with sufficient irradiation.  

The average feed-in temperature , of the NFS2 during the feed-in operation is often higher than the setpoint temperature. 

This is caused by the currently installed feed-in pump PuDH, which is undersized (compare section 3.2). The significant lower feed-

in temperature TSL,DH allows operation on two more days compared to FP1. 

The different sizes of the systems shall be considered by referring their solar thermal outputs to the energy inputs. This leads to 

physical quantities that can be interpreted as an average efficiency . Influences of the very different operation conditions can be 

taken into account by referring to the calculated energy outputs of a simplified comparison model. This leads to degrees of quality , 

rating the measured heat flows to the expected ones. 

The limits used for the energy balances are shown in Fig. 1 and Fig. 2. Heat or thermal energy flows are calculated in the section 

planes G (global irradiation on the collector cross area), CF (heat output of the collector field), STS (heat output reduced by the 

thermal losses of SL and RL) and DH (thermal output to the district heating network). The small green arrows show the direction 

of positive heat flows. The heat flows over the balance boundaries  are calculated using the enthalpy flows   

at each section point (see Eq. (1)). 

 , ,





  

Two methods are used to calculate the global irradiation in the gross area of the collector plane   . For the FP1 horizontal direct 

and diffuse irradiation is measured and transformed to the inclined collector plane using the Dymola BuildingSystems library. 

Concerning the FP2 an irradiation sensor installed in the collector plane is used.  

For the simplified determination of the auxiliary power  only the energy demand of the feed-in pumps is included. It is 

measured for the NFS1 and for the NFS2 estimated using a quadratic polynomial derived of the maximal characteristic curve given 

date Weather FP1 FP2 

parameter   , , 

considered during day feed-in feed-in feed-in 

unit kWh/m²/d °C °C °C 

10.05.18 (Start 00:00) 7.3 25,0 107,5 69,2 

11.05.18 5.2 18,5 102,5 67,5 

12.05.18 6.6 21,6 107,1 70,5 

13.05.18 7.5 24,4 107,3 71,1 

14.05.18 7.6 21,8 109,0 71,7 

15.05.18 3.9 17,9 no feed-in 63,6 

16.05.18 (End 24:00) 2.8 15,9 no feed-in 65,7 

setpoint temperature   110 65 
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by the manufacturer of the pump. A coefficient of performance can be derived according to Eq. (2). The electrical energy 

consumption is an important issue for decentralized feed- in substations. 

To compare the thermal outputs of the two systems and considering their different size, the efficiency is defined according to 

Eq. (3a-b). The efficiency  rates the heat which can be fed into the DH network to the global irradiation on the collector gross 

area. This is dependent upon the quality of the used collectors and the specification of the collector fields. To focus on the efficiency 

of the network feed-in substation  is related to the output of the solar thermal system. In case of the FP2 the thermal outputs 

 and  are considered to be equal because the absence of an additional temperature sensors and a heat exchanger. In 

consideration of the very different operation parameters of the two feed-in plants the degree of quality  in Eq. (4) relates the 

solar heat gains of the feed-in plants the expected gains ,, which are calculated according to Eq. (5). It can be used to 

evaluate and compare the performances of the two collector fields and to indicate a general malfunction of the collector fields. 

Eq. (5) uses the solar thermal collector equation as a simplified reference model to calculate the estimated solar keymark yields 

(For CF1 preliminary lab results are used). 
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4.2. Analysis and Comparison of the energy flows 

Fig. 5 shows the energy flow diagrams of FP1 (a) and FP2 (b) for the analyzed week in May 2018. All heat yield results are 

rated to the collector field heat output . This allows a direct comparison of the two plants. 

The FP1 has significant thermal losses of in total 20.2 % in the return and supply line of the solar thermal system. This mainly 

results from the high supply line temperatures of the collector field and the large surface of the oversized connection pipes. The 

thermal losses within the substation NFS1 sum up to only 1 %. Overall 78.8 % of the solar thermal yields of the collector field are 

fed into the DH network. The electric energy consumption for the feed-in pump PuDH is only 1.1 % which is low, considering the 

high pressure difference of the primary DH network (see Table 1). The main thermal losses occur in the collector field. The reasons 

are the reduced yields of the collectors – which will not be investigated further – as well as the high thermal capacity of the collector 

field which cools down overnight. 

The FP2 has very low heat losses in the supply line of the collector field and 98.1 % of the solar thermal yields of the 

collector field are fed into the DH network. The electric energy consumption for the feed-in pump PuDH is only 0.2 % because of 

the very low pressure difference of the network. 

Fig. 5. Energy flow diagrams of the FP1 (a) and the FP2 (b), rated to the heat output of the collector fields  
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by the manufacturer of the pump. A coefficient of performance can be derived according to Eq. (2). The electrical energy 

consumption is an important issue for decentralized feed- in substations. 

To compare the thermal outputs of the two systems and considering their different size, the efficiency is defined according to 

Eq. (3a-b). The efficiency  rates the heat which can be fed into the DH network to the global irradiation on the collector gross 

area. This is dependent upon the quality of the used collectors and the specification of the collector fields. To focus on the efficiency 

of the network feed-in substation  is related to the output of the solar thermal system. In case of the FP2 the thermal outputs 
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consideration of the very different operation parameters of the two feed-in plants the degree of quality  in Eq. (4) relates the 

solar heat gains of the feed-in plants the expected gains ,, which are calculated according to Eq. (5). It can be used to 

evaluate and compare the performances of the two collector fields and to indicate a general malfunction of the collector fields. 

Eq. (5) uses the solar thermal collector equation as a simplified reference model to calculate the estimated solar keymark yields 
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Table 3. Performance numbers of the feed-in plants during the evaluation period 10.-16.05.2018 

According to Tab. 3 feed-in plant 1 has a very low overall efficiency of  . This mainly can be explained with the 

malfunction of the used test collectors (see section 3.1). The degree of quality of the collector field  is . Only the half 

of the solar thermal gains expected according to the collector parameters can be reached. The second main issue is the thermal loss 

on the supply line of the collector field (compare Fig. 5a). The efficiency of the network feed-in substation   is 

good. Auxiliary energy consumption of FP1 results in a  of 69. This value results from the very high requirements regarding 

the network pressure difference. The feed-in pump of FP1 takes over a part of work from the central circulation pump of the DH 

network. The feed-in plant 2 has a medium overall efficiency  . Due to the high degree of quality   and 

low thermal losses (see Fig. 5b) the medium overall efficiency is caused by the chosen collector. It is characterized by a low ratio 

of the aperture AAP to gross area Agross and therefore generates a lower specific heat output. The efficiency of the feed-in substation 

is   including the heat losses of the supply line. Actually no losses occur in the substation itself because of the direct 

connection. The coefficient of performance  is very good because of the advantageous location of the connection points to the 

district heating network. 

5. Conclusions and prospects 

The design and control concept, measurements of the feed-in operation and energy flows of two DH network feed-in pilot plants 

have been discussed. The FP1 is a decentralized feed-in plant within a primary DH network and therefore challenging operation 

conditions concerning feed-in temperature, pressure stage and volatile pressure differences in the network. The installed test 

collectors in combination with the oversized connection pipes of CF1 lead to low collector efficiencies compared to state of the art 

solar thermal collectors and lead to high thermal losses. In contrast the network feed-in substation NFS1 itself is operating well 

delivering the heat reliable to the network while maintaining good thermal efficiencies, high control accuracy of the feed-in 

temperature as well as a low auxiliary power demand.  

The FP2 is a directly connected centralized feed-in plant. It has better energetic performance because of the less demanding 

operation conditions, state of the art solar thermal collectors and a direct connection to the DH network and therefore lower target 

collector temperatures. A good consistency comparing the solar keymark collector values and the real yields can be shown. The 

most important optimization measure is to switch to a feed-in pump with higher volume flow.  

The presented degrees of efficiency of the feed-in plant and the NFS as well as the degree of quality along with the common 

coefficient of performance can be used to compare plants in terms of heat losses and energy conversion.  

Both feed-in plants have a high optimization potential. The NFS itself are well designed and deliver the heat provided by the 

collector field reliably to the network. Both network feed-in substation are very valuable in terms of standardization of the 

substation concepts.   

In the final report of the project SOLSTAND two additional pilot plants will be integrated into the measurement – another 

decentralized feed-in plant as well as a prosumer substation. General recommendations for standardization processes of DH 

network substation concepts will be derived. 
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 Total efficiency of feed-in plant 11.9 % 27.0 % 

 Efficiency of network feed-in substation 98.7 % 98.1 % 

 Degree of quality of collector field 48.6 % 72.3 % 

 Coefficient of performance 69 522 
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Nomenclature 
 
HDD heating degree days  
tc base indoor comfort temperature  
ta atmospheric air temperature  
N number of days with heating 

 

1. Introduction 
 

Major number of midland Russian cities is situated in continental climate with distinct division between cold and 
warm seasons. Since 1930, when the GOERLO (the Russian abbreviation for “State Commission for Electrification 
of Russia”) plan had been established, constructing and development of heating and electrification systems became 
affairs of state and was realized in the all-country scale. Most Russian cities are equipped by the central heating 
system, which is turning on and off according to the decision accepted by city government. For example, Moscow 
city district heating system is the largest in the world. Many European cities also widely use district heating and 
spend approximately of whole urban energy demand for space heating. The objective of this investigation is to 
analyze the trends of heating period characteristics for large Russian cities in comparison with European ones. 

 

2. Methods and data 
 
The duration of indoor heating periods in various countries and regions of the world is defined in different ways. 

In Russia, the heating season generally starts on the date when average daily air temperature stably (for 5 days) falls 
below the level of +8°C in autumn and ends on the date when it stably (for 5 days) rises above this level in spring. 
Due to climate warming several last winters in Moscow region had the 2-3 weeks periods with mean daily air 
temperature above +8°C and Moscow city authority switched off city district heating system for about a week. Such 
gaps are not considered bellow.  

Heating degree day (HDD) is the parameter, which is applied to estimate the energy amount needed to heat 
indoor living and public spaces [1]. This is the most common climatic indicator of energy consumption for the 
building heating, which is calculated for a certain period of the year by summing the absolute deviations of the 
average daily air temperature from the selected base temperature. According to Roshydromet (Russian Met Office) 
Second Assessment Report [2], in Russia as in many other countries the basic comfort temperature tc = 18 °C (see 
for example [2, 3, 4]). 

HDD is calculated as follows: 
 
            (1) 
 
 
 
where N is the number of days within heating period, when ta bellow 8 °C.  
 
European Energy Agency presented population weighed HDD date for EU cities [5] for the period from 1951 to 

2015. In [5] stated that in the middle and second half of the 20th century (until about the 80s), the temperature 
regime of the heating periods in Europe remained practically unchanged. Over the past three decades, European 
heating demands have been perennially decreasing.  
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Fig. 1 shows population weighed HDD data in the EU cities over the past decades. It is shown linear trends for 

two periods – 1951-2015 and 1966-2015 to compare with date used for Russian cities. 
 

 

 
Fig. 1. HDD with linear trends in European Union cities according to the European Energy Agency data [5] 

 
 

Using Russian meteorological data for the period from 1966 to 2015, we present the HDD patterns for six 
Russian large cities situated in different parts of Russia. These megalopolises were chosen as typical for Russia.  

Since Moscow is both a capital of the Russian Federation and the one of the largest megalopolis not only in 
Russia, but in the world as well, this city is used as a main comparison object. Based on their geographical location, 
cities are represented by two groups: midland and coastal. The climate of Moscow is humid continental with warm 
summers and cold long-lasting winters.  

Samara has a continental arid climate, and the average annual temperature is relatively like those in Moscow 
(+5.7 °C, +5.8 °C respectively).  

Novosibirsk is the largest megalopolis of Siberia and is located on the same latitude as Moscow, it has continental 
climate (more continental than Moscow’s one) with severe winters.  

Saint Petersburg is located northward of the capital of Russia and has a moderate transitional from the continental 
to the marine climate.  

Vladivostok has a monsoon climate, and the duration of winter is much more comparable to that in Moscow due 
to Pacific Ocean influence.  

The climate of Krasnodar is transitional, from moderately continental to humid subtropical climate. This city was 
chosen as the southern city with largest population, closed to the geographical longitude of Moscow. 
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Fig. 2. Geographical location of selected cities (©Google Earth) 

 
The research was carried out for cities of midland cities - Moscow, Samara, Novosibirsk and coastal cities - Saint 

Petersburg, Krasnodar, and Vladivostok.  
Data for heating period length and HDD calculation were obtained from Roshydromet of Russia and from 

Russian Federation Federal State Statistic Service on official request of Institute of Atmospheric Physics RAS. 
Based on these data and meteorological data from open sources, the trends of the heating seasons characteristics 
were studied for largest Russian cities in different climatic zones. 

 

3. Results 
 

The meteorological data for each selected city heating seasons length during last half of century and its linear 
trends for six selected Russian cities presented in table 1. 

 
Table 1 Heating seasons length in Russian cities and its trends. 

City The average heating season 
length (days) 

Heating season length trend  
(days per year) 

Moscow 201 0.30 
Samara 198 0.34 

Novosibirsk 223 0.51 
Saint Petersburg 210 0.44 

Krasnodar 143 0.41 
Vladivostok 193 0.17 

 
According to these data heating season lengths in all selected cities became shorter during last decades. Climatic 

trends of surface air temperature significantly affect the trends of the heating period durations for the whole period 
of 1966–2015. Table 1 shows that Novosibirsk – the most continental city – has longest heating period and this 
period is decreasing during last half of century faster than in other Russian cities, presented in table 1. Shortest 
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heating season in Krasnodar - city near the Black Sea coast, and the slowest decrease of heating season duration in 
Vladivostok – city on the Pacific coast.  

HDD annual data and its linear trends for six Russian cities and for European cities on average during last half of 
century are shown in table 2. and fig. 3-8. 

 
Table 2. The heating degree days values during 1966–2015 years for the cities of Moscow, Samara, Novosibirsk, Saint Petersburg, Krasnodar, 
and Vladivostok and population weighted EU data. 
 

City The average value of heating 
degree days (HDD) 

The HDD trend slope (HDD per year) 

Moscow 4129 13.55 
Samara 4502 14.96 

Novosibirsk 5768 18.6 
Saint Petersburg 4088 15.26 

Krasnodar 2270 10.73 
Vladivostok 4808 5.26 

EU 2236 7.87 
 

 

Fig. 3. HDD data with linear trend for Moscow from 1966 to 2015. 
 

Fig. 4. HDD data with linear trend for Samara from 1966 to 2015. 
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Fig. 5. HDD data with linear trend for Novosibirsk from 1966 to 2015. 
 

Fig. 6. HDD data with linear trend for St. Petersburg from 1966 to 2015. 
 

 

Fig. 7. HDD data with linear trend for Krasnodar from 1966 to 2015. 
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Fig. 8. HDD data with linear trend for Vladivostok from 1966 to 2015. 
 

4. Conclusions 
 
Sufficient plenitude and high quality of official data provided Russian governmental agencies were established. 

Based on these data, as well as on open ones, the trends of the heating season characteristics for three midland and 
three coastal large cities of Russia were studied. All these cities showed the decreasing of heating period length and 
energy needs for space heating. 

As for heating season duration, that Novosibirsk has the longest one with biggest decreasing trend, Krasnodar has 
the shortest heating season duration (close to European cities) and Vladivostok has the slowest heating season 
duration decreasing. 

For most selected Russian cities HDD amount decreases faster than in European cities on average. The only for 
city of Vladivostok situated on the Pacific coast the HDD trend slope is about 5 HDD per year compare to about 8 
HDD per year for European cities on average. 

The similarity of heating season characteristics behavior in Europe and Russia makes possible to develop the 
common projections of heating seasons trends for EU and Russian large cities based on climate modeling results. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
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buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Heat supply bottlenecks are common in district heating (DH) networks and makes the DH network work in a non-optimal way, 
why it is beneficial to address them. The purpose of this paper is thus to investigate risks, opportunities, added values and issues 
coupled to various bottleneck measures. This is made by in depth interviews with DH companies and through DH network 
simulations. The results showed numerous risks and opportunities coupled to each bottleneck measure investigated, and are meant 
to highlight more effective measures, to help increase the competitiveness of and improve the environmental performance of DH. 
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1. Introduction 

District heating (DH) is an important part of a sustainable European energy system [1]. It is thus important that DH 
systems work in the best possible way. Even if DH in itself can help improve environmental issues, optimization and 
adaption within the DH systems is also needed to achieve a more sustainable system [2], [3]. One issue that is currently 
much debated is the supply temperature in DH systems. A lower supply temperature in DH systems could help reduce 
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heat losses in the pipes [4], increase the competitiveness of DH [5] and also help facilitate the introduction of 
prosumers, for example by solar panels and excess heat from cooling systems [6]. A lower supply temperature is also 
very advantageous from a cost perspective [7]. Bottlenecks in the DH network however tend to increase the supply 
temperature as supply temperature is one of the main ways to regulate a DH system [8]. 

Bottlenecks in DH systems are in this study defined as pipes with too low a pipe diameter to keep a sufficient 
differential pressure (dp) in the areas beyond the pipe. If bottlenecks were addressed wherever possible, the supply 
temperature could probably be lowered, with all the benefits with a lower temperature as a result. To go through and 
display various measures to solve bottlenecks is thus an important part of DH system optimization. In a wider 
perspective, also the area with the lowest dp in the DH network may be seen as a bottleneck for network optimization, 
making the results in this study more universally useful.  

The present study is part of a larger project on bottleneck problems. Within this project, two articles are published, 
hereafter called study 1 [9] and study 2 [7]. Study 1 describes different measures possible to take to eliminate or reduce 
bottlenecks and also what the bottleneck situation in Swedish DH networks looks like, according to a survey. The 
results in study 1 show that bottleneck problems are common in DH networks. It also shows which are the most 
common causes of bottlenecks in Swedish DH network and which measures that are used to overcome bottleneck 
problems. Study 2 includes a simulation study and a cost study of the bottleneck measures most often used according 
to study 1. The results in study 2 show what to regard when introducing a bottleneck measure in different DH network 
configurations and also what parameters affect the cost and how much it varies. Apart from these studies, there is not 
much research performed on bottlenecks in DH systems. There are a few studies that describe DH network simulation 
programs that can be used to find bottlenecks but not focusing how to address them [10], [11]. Studies also investigate 
the different measures respectively but not from a bottleneck perspective. No other studies than study 1 and study 2 
take a holistic approach and compare the measures to each other, why the research described in this paper fills a 
knowledge gap. The purpose of the present paper is to investigate risks, opportunities, added values and issues coupled 
to the chosen bottleneck measures. This is performed by a qualitative interview study and a simulation study. The 
interview study focuses on finding as many factors as possible coupled to each bottleneck measure and also emphases 
economy and bottleneck origin. The simulation study focuses on technical effects resulting from bottleneck measures. 
The simulations are performed for different seasons, partly to see if the DH network reacts in the same way during all 
the seasons and partly to be able to pinpoint if specific effects were of a greater importance during some seasons. The 
measures chosen to work with in the present paper were the same as the ones dealt with in study 2: increased supply 
temperature, a bigger pipe area, more pumping, increased cooling in substations, local heat supply (LHS) and demand 
side management (DSM). These are the measures most used according to the results in study 1.  

 
Nomenclature 

DH District heating 
dP Differential pressure 
LHS  Local heat supply 
DSM Demand side management 
DOT Dimensioning outdoor temperature 
CHP Combined heat and power 

2. Methodology 

2.1. Interviews 

A qualitative method was chosen, to be able to cover as many aspects as possible of bottlenecks. A total of six in-
depth, semi structured interviews were performed. The semi structured layout enabled the opportunity to ask follow-
up questions for better understanding. The interviews took approximately 1-2 hours to conduct and were conducted 
face-to-face by the same interviewer. 
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The companies chosen to be interviewed were of various sizes, had different owner structures and had different 
answers to the survey questions in study 1. This approach was chosen to get an as broad as possible range of answers 
in the interviews. The one thing that the companies had in common was that they had experienced some sort of 
bottleneck problem. In the later interviews less and less new facts appeared in the answers and the interview study 
could thus be seen as saturated for the purpose of this study.  The interviews were conducted during the autumn of 
2016 and the early spring of 2017. 

The interviewees were persons involved in and/or responsible for the development of the DH network. These 
persons were chosen by the companies themselves when asked who would know most about the DH network 
development and bottleneck measures. Some interviews involved two persons, one more involved in management and 
leadership work and one more involved in the technical development of the network. 

The interviews were recorded and thereafter concluded in written text. The notes were sent to the respective 
companies for fact check. If something was unclear in the recordings, this was also checked via email or telephone 
with respective interviewee. 

2.2. Simulations 

In order to see technical effects coupled to the bottleneck measures more clearly, simulations were performed for 
different seasons. The aim of the season simulations was partly to identify common effects for all seasons and partly 
to highlight effects that may be negligible during one season but important in another. In study 2, the measures were 
simulated for the dimensioning outdoor temperature (DOT) case of -16°C. These simulations were performed in a 
fictitious DH network called the Pasture, thought to be situated in the outskirts of Malmö in southern Sweden, and 
were made for different network configurations. The measures were in the present study simulated in the same network 
configuration as for the original scenario in study 2. The simulations were in the present paper, as in study 2, performed 
in NetSim, a DH simulation program also used in other studies, such as [12] and [6]. The mathematical and physical 
algorithms for the simulations can be found in the manual [13]. 

The simulations for each season were first performed without any measures and then for one measure at a time. 
The measures were dimensioned and simulated in the same way as for the original scenario in study 2, where they 
were used to increase the lowest dP from 0 to 100 kPa. This means that for the increased supply temperature measure 
the supply temperature was increased by 4 °C, for the bigger pipe area measure 513 m of pipe were exchanged to one 
with a bigger pipe area, for the more pumping measures the maximum power output of the new pump was 5 kW and 
the maximum power output of the existing pump was 41 kW, for the increased cooling measure the five buildings 
with the highest overflow was addressed, for the LHS measure the LHS had a power output of 550 kW and for the 
DSM measure the heat demand of the four buildings with the lowest dP was lowered to 62 %. DSM was however 
assumed not to be able to be used during the summer because the heat demand then would consist of only domestic 
hot water [8]. The seasons simulated were mild winter (1 °C outdoor temperature, 3 °C ground temperature and 
5.7 MW heat demand in the Pasture), spring/autumn (9 °C outdoor temperature, 8 °C ground temperature and 3.4 MW 
heat demand in the Pasture) and summer (17°C outdoor temperature, 8 °C ground temperature and 1.6 MW heat 
demand in the Pasture). The outdoor temperatures were generated from the last 10 years (2007-2017) of temperature 
data for Malmö, collected from the Swedish Meteorological and Hydrological institute [14]. The ground temperatures 
were set to the same as in [6] and were the ground temperatures used by the local DH company. The supply 
temperatures during the seasons were generated from a simulation model of the Malmö DH network. The consumer 
return temperatures and heat power demand were regulated with standard curves, used and calibrated by the local DH 
company, describing how these parameters varied with the outdoor temperature. For the consumers with the highest 
average return temperatures, the return temperature curve had to be somewhat adapted for the spring/autumn and 
summer seasons for the simulations to function. The curves were however the same for the simulations both with and 
without measures why this should not have affected the result. The dP was regulated to be 100 kPa in the node with 
the lowest dP, to ensure a sufficient heat delivery. The pressure maintenance was set to 400 kPa instead of 300 kPa as 
in study 2, to be able to keep the pressure above critical limits. 

4 Author name / Energy Procedia 00 (2018) 000–000 

3. Results and analysis 

3.1. Identified causes of bottleneck problems 

The mentioned causes of bottlenecks in the interviews were expansion and/or densification of the DH network, the 
location of the production unit, interconnection between DH networks, change of municipal plans, single events (e.g. 
power failure), and plain calculation errors. Expansion, densification and interconnection often becomes a problem 
because it was not taken into account when the DH network was built. The location of the production units could pose 
a problem because many cities in Sweden do not allow for DH production units to be situated in the center of the city 
any more, due to environmental permits and local environmental issues.  

When analyzing the causes behind DH bottlenecks, the main problem seemed to be difficulties to accurately predict 
the future, which is a difficult problem to solve. Even if there are municipal plans for future building and expansion, 
these could be changed. Furthermore, district heating pipes often have a longer lifetime than the municipal plans are 
accounting for. Most likely, bottlenecks will thus be present in DH networks also in the future.  

3.2. Utility views on the economy of bottleneck measures 

The interviews showed that there are different views on the costs and the economy of the different bottleneck 
measures. Some of the differences could be explained by different prerequisites for the companies, but also by 
differences regarding which costs and savings that were included for the measures. On the whole, there seemed to be 
a lack of lifecycle perspective on the costs and savings among the companies. This was reflected in that only the most 
visible costs, such as investment costs, were accounted for whereas for example operational costs, required time and 
possible savings were neglected.  

According to study 2, a higher supply temperature is a very expensive solution, except for very small DH systems. 
Despite this, a higher supply temperature was often considered a cheap bottleneck measure, even if the risk of this 
inducing a lower electrical efficiency in combined heat and power (CHP) plants also was mentioned. This would 
however depend on how the CHP is operated. It was also mentioned that if this measure was needed for a longer time 
period, it would instead become an expensive solution. 

A bigger pipe area was often considered a rather expensive solution, where the most expensive part was the 
earthwork. 

The time factor was also mentioned for the more pumping measure, in that more pumping was cheaper if the 
measure was only needed a short time. It could also be cheaper to install a new pump station to increase the dP in a 
smaller part of the network instead of pumping more with the main pumps, as the electricity demand for the main 
pumps plus a distributed pump would be smaller than the electricity demand for only one pump in the network. The 
economy of this however depended on the cost of the pumping station. 

Increased cooling was seen as a rather cheap solution from the DH company point of view as the substations were 
consumer owned. The cost of fixing the substation would thus be with the consumers. The only cost for the companies 
would then be to analyze data and inform the consumer, which was not seen as expensive. It was however mentioned 
that this work is time consuming which is also a kind of cost. If the company instead would need to be completely or 
partially responsible for fixing the substations, this measure could become more expensive. It was also stated that 
there is a lot of possible savings with correctly functioning substations and thus a lower return temperature, why it 
could be cost effective for the companies to fix the substations themselves if the consumer is not willing to do that. 
This approach could however pose problems regarding injustice between consumers. Another factor mentioned with 
better cooling in substations was that the incomes for the company could be lowered. This should however not be a 
problem if the tariff is correctly dimensioned. The increased cooling measure would also cause an overall more 
effective DH system, causing lower costs for the DH company.  

The views about the economy of LHS also differed, partly depending on the size and function of the LHS. A mere 
peak load heat boiler was a cheap option but if a larger average load plant would instead be used, the LHS measure 
would be more expensive.  

The economy of DSM seemed to depend partly on how many consumers that was needed in order address the 
bottleneck problem, with few strategic consumers being cheaper than many consumers. The cost also depended on 
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The companies chosen to be interviewed were of various sizes, had different owner structures and had different 
answers to the survey questions in study 1. This approach was chosen to get an as broad as possible range of answers 
in the interviews. The one thing that the companies had in common was that they had experienced some sort of 
bottleneck problem. In the later interviews less and less new facts appeared in the answers and the interview study 
could thus be seen as saturated for the purpose of this study.  The interviews were conducted during the autumn of 
2016 and the early spring of 2017. 

The interviewees were persons involved in and/or responsible for the development of the DH network. These 
persons were chosen by the companies themselves when asked who would know most about the DH network 
development and bottleneck measures. Some interviews involved two persons, one more involved in management and 
leadership work and one more involved in the technical development of the network. 

The interviews were recorded and thereafter concluded in written text. The notes were sent to the respective 
companies for fact check. If something was unclear in the recordings, this was also checked via email or telephone 
with respective interviewee. 

2.2. Simulations 

In order to see technical effects coupled to the bottleneck measures more clearly, simulations were performed for 
different seasons. The aim of the season simulations was partly to identify common effects for all seasons and partly 
to highlight effects that may be negligible during one season but important in another. In study 2, the measures were 
simulated for the dimensioning outdoor temperature (DOT) case of -16°C. These simulations were performed in a 
fictitious DH network called the Pasture, thought to be situated in the outskirts of Malmö in southern Sweden, and 
were made for different network configurations. The measures were in the present study simulated in the same network 
configuration as for the original scenario in study 2. The simulations were in the present paper, as in study 2, performed 
in NetSim, a DH simulation program also used in other studies, such as [12] and [6]. The mathematical and physical 
algorithms for the simulations can be found in the manual [13]. 

The simulations for each season were first performed without any measures and then for one measure at a time. 
The measures were dimensioned and simulated in the same way as for the original scenario in study 2, where they 
were used to increase the lowest dP from 0 to 100 kPa. This means that for the increased supply temperature measure 
the supply temperature was increased by 4 °C, for the bigger pipe area measure 513 m of pipe were exchanged to one 
with a bigger pipe area, for the more pumping measures the maximum power output of the new pump was 5 kW and 
the maximum power output of the existing pump was 41 kW, for the increased cooling measure the five buildings 
with the highest overflow was addressed, for the LHS measure the LHS had a power output of 550 kW and for the 
DSM measure the heat demand of the four buildings with the lowest dP was lowered to 62 %. DSM was however 
assumed not to be able to be used during the summer because the heat demand then would consist of only domestic 
hot water [8]. The seasons simulated were mild winter (1 °C outdoor temperature, 3 °C ground temperature and 
5.7 MW heat demand in the Pasture), spring/autumn (9 °C outdoor temperature, 8 °C ground temperature and 3.4 MW 
heat demand in the Pasture) and summer (17°C outdoor temperature, 8 °C ground temperature and 1.6 MW heat 
demand in the Pasture). The outdoor temperatures were generated from the last 10 years (2007-2017) of temperature 
data for Malmö, collected from the Swedish Meteorological and Hydrological institute [14]. The ground temperatures 
were set to the same as in [6] and were the ground temperatures used by the local DH company. The supply 
temperatures during the seasons were generated from a simulation model of the Malmö DH network. The consumer 
return temperatures and heat power demand were regulated with standard curves, used and calibrated by the local DH 
company, describing how these parameters varied with the outdoor temperature. For the consumers with the highest 
average return temperatures, the return temperature curve had to be somewhat adapted for the spring/autumn and 
summer seasons for the simulations to function. The curves were however the same for the simulations both with and 
without measures why this should not have affected the result. The dP was regulated to be 100 kPa in the node with 
the lowest dP, to ensure a sufficient heat delivery. The pressure maintenance was set to 400 kPa instead of 300 kPa as 
in study 2, to be able to keep the pressure above critical limits. 
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3. Results and analysis 
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these could be changed. Furthermore, district heating pipes often have a longer lifetime than the municipal plans are 
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The interviews showed that there are different views on the costs and the economy of the different bottleneck 
measures. Some of the differences could be explained by different prerequisites for the companies, but also by 
differences regarding which costs and savings that were included for the measures. On the whole, there seemed to be 
a lack of lifecycle perspective on the costs and savings among the companies. This was reflected in that only the most 
visible costs, such as investment costs, were accounted for whereas for example operational costs, required time and 
possible savings were neglected.  

According to study 2, a higher supply temperature is a very expensive solution, except for very small DH systems. 
Despite this, a higher supply temperature was often considered a cheap bottleneck measure, even if the risk of this 
inducing a lower electrical efficiency in combined heat and power (CHP) plants also was mentioned. This would 
however depend on how the CHP is operated. It was also mentioned that if this measure was needed for a longer time 
period, it would instead become an expensive solution. 

A bigger pipe area was often considered a rather expensive solution, where the most expensive part was the 
earthwork. 

The time factor was also mentioned for the more pumping measure, in that more pumping was cheaper if the 
measure was only needed a short time. It could also be cheaper to install a new pump station to increase the dP in a 
smaller part of the network instead of pumping more with the main pumps, as the electricity demand for the main 
pumps plus a distributed pump would be smaller than the electricity demand for only one pump in the network. The 
economy of this however depended on the cost of the pumping station. 

Increased cooling was seen as a rather cheap solution from the DH company point of view as the substations were 
consumer owned. The cost of fixing the substation would thus be with the consumers. The only cost for the companies 
would then be to analyze data and inform the consumer, which was not seen as expensive. It was however mentioned 
that this work is time consuming which is also a kind of cost. If the company instead would need to be completely or 
partially responsible for fixing the substations, this measure could become more expensive. It was also stated that 
there is a lot of possible savings with correctly functioning substations and thus a lower return temperature, why it 
could be cost effective for the companies to fix the substations themselves if the consumer is not willing to do that. 
This approach could however pose problems regarding injustice between consumers. Another factor mentioned with 
better cooling in substations was that the incomes for the company could be lowered. This should however not be a 
problem if the tariff is correctly dimensioned. The increased cooling measure would also cause an overall more 
effective DH system, causing lower costs for the DH company.  

The views about the economy of LHS also differed, partly depending on the size and function of the LHS. A mere 
peak load heat boiler was a cheap option but if a larger average load plant would instead be used, the LHS measure 
would be more expensive.  

The economy of DSM seemed to depend partly on how many consumers that was needed in order address the 
bottleneck problem, with few strategic consumers being cheaper than many consumers. The cost also depended on 



384 Lisa Brange et al. / Energy Procedia 149 (2018) 380–389
 Author name / Energy Procedia 00 (2018) 000–000  5 

how the buildings were equipped. Another cost driver was the labor costs related to how long time it took to implement 
the DSM measures. A risk that DSM could lead to less heat demand was also mentioned, which could lower the 
incomes for the DH company. This would however mainly be a problem if the tariff did not account for the actual 
costs, for example costs related to heat power and flow. Furthermore, DSM does not necessarily lead to less total heat 
demand as the peak heat demand could be either shifted to another hour or be completely reduced. As for the increased 
cooling measure, DSM would also render an overall more effective DH system, causing lower costs for the DH 
company. 

3.3. Choosing a bottleneck measure 

The interviews showed very diverse answers to the question of how the companies choose measures to handle 
bottleneck problems. Parameters that affected which bottleneck that was chosen were economy, robustness of 
measure, redundancy of measure, future plans, time factors, local conditions and directives from management. The 
absolutely most important parameter considered by companies when choosing between bottleneck measures was the 
economy. Time factors referred to both for how long time per year the bottleneck was a problem, how quickly a 
measure was needed and when future plans were planned to be executed.  

An example of local condition affecting the bottleneck measure choice was the age and condition of the existing 
pipe leading to the bottleneck area. Furthermore, it could be more complicated to build new pipes in the inner city 
than in the outskirts, due to crowded streets and also crowded ground beneath the streets. Regarding more pumping, 
too high dPs could limit the possibility to pump more with the main pumps. One local condition favoring LHS could 
be if suitable DH production was already available in the right location. The ownership of the substations could be a 
parameter when considering better cooling in substations. The substations in the DH networks belonging to the 
interviewed companies were all consumer owned, which according to the answers rendered this measure more difficult 
to perform.  

Directives from the management could, according to the answers, marginally affect which bottleneck measure that 
was chosen, but often the responsibility was with the organization or person responsible for the development of the 
DH network. When there where directives, they most often concerned the economy. There were however some 
exceptions. One example was a policy that stated that it was the responsibility of the company to deliver enough heat 
and the consumers should be able to withdraw as much as they wanted from the network. This resulted in only the 
measures a bigger pipe area or more pumping being used as bottleneck measures. Other examples were environmental 
aspects regarding earthwork affecting the decision process and management driven programs about for example the 
return temperature. 

3.4. Interview results for risks and opportunities for bottleneck measures 

The summary of the risks and opportunities coupled to the bottleneck measures is showed in Table 1. The measure 
is stated to the left in the table and the risks and opportunities coupled to this measure are then listed to the right. The 
interview answers showed very different risks and opportunities coupled to the measures, which could partly be 
explained by different situations in different DH networks but also by varying knowledge about bottlenecks and 
bottleneck measures. 

One interesting thing discussed with a higher supply temperature was that the possibility to increase the supply 
temperature may decrease in the future if more low temperature networks would be implemented. But it could also be 
hard to decrease the supply temperature in existing DH networks because the pipes and consumer systems are 
dimensioned according to a higher supply temperature.  

Regarding a bigger pipe area, an interesting strategy was to strengthen the DH network with a ring structure pipe 
in a later stage rather than building a pipe of larger dimension from the beginning. A ring structure pipe would also 
help increase the redundancy in the network and could be a strategy when dealing with increasing future loads. 

The main risk mentioned with more pumping as a measure was if the pump for some reason would stop working. 
One solution was to install two smaller pumps instead of one big. A pump failure could however sometimes be solved 
by a higher supply temperature, which decreased the total risk picture.  
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     Table 1. Risks and opportunities for bottleneck measures according to the interviews. 

 Risks Opportunities 

Higher 
supply 
temperature 

More wear on the pipes 
Reduced efficiency in heat pumps, CHP units and 
for prosumers  
More heat losses in the network 
Risk of more fluctuations in the network  
Higher safety risks 

Simplicity 
Quick fix 
Less pumping power demand 
Start of new production units could be avoided 
Possible to optimise other parameters i.e. pumping and fuel order 

Bigger pipe 
area 

Higher/too high temperature loss in the pipe during 
the summer 
Customer base not developing as predicted 
Risk with groundwork and digging, connected to for 
example personal safety and  uncertainties 

Robustness  
Low maintenance demand 
Higher redundancy in DH network (ring feed) 
Possibility to connect more consumers  
Better leak detectors on newer pipes  
Better possibility to use the existing production in economic order 
Established solution leading to well-known risks 

More 
pumping 

Pump failure 
Outcome of pumping in ring structure networks is 
hard to predict 
An intervention in the pipes are necessary for new 
pumps 
More maintenance demand  

Help to control the flow and supply temperature 
Solution to altitude problems 
New measuring point, which is beneficial for a better control of 
the DH network  
Smaller safety margins regarding supply temperature would be 
needed 
Good temporary solution when waiting for an area expansion 

Increased 
cooling 

Ownership structure of the substations (when they 
are consumer owned) 
Doubts concerning the robustness 
Time consuming 
 

Increased customer contact 
More efficient system and optimized DH network 
Increased opportunity to lower the supply temperature 
Increased opportunity to receive waste heat 
Higher efficiency in flue gas condensation, heat pumps and CHP 
units 
Lower electricity demand in pumps 
Lower heat losses 

LHS Increased maintenance demand  
Difficult permit processes  
Risks for humans depending on location and the 
fuel used 
Risk of overusing the production unit due to 
simplicity, instead of using production units with 
better environmental and economic performance 
Long start-up time depending on fuel 
Could be environmentally less favourable 
depending on the fuel used 
Vulnerable to power failures 
Prosumers being unreliable 

Higher redundancy and operational reliability for the network 
Start-up of other production units could be avoided 
New measuring point, which is beneficial for a better control of 
the DH network  
Smaller safety margins regarding supply temperature and pump 
work would be required 
Possibility to use prosumers 

DSM New technique for DH companies 
Doubts concerning the robustness 
Education of staff or new staff would be needed 
Dissatisfied consumers if their comfort is affected 
Changed system boundaries where the DH company 
gets responsibility further into the building  
Improper control could lead to unstable heat curves 
 

Increased consumer contact  
Start-up of new production could be avoided 
Investments in new peak load production could be avoided 
Less dP variation  
More even operational situation 
Smaller safety margins regarding supply temperature and pump 
work would be needed 
Better control of the indoor temperature 
Possibility to allocate heat shortages to larger part of the network 
Improved energy efficiency depending on method 

The most mentioned risk and negative aspect with increased cooling in substations was the difficulty to convince 
DH consumers to revise and maintain their substations. Since the most common ownership structure in Sweden is for 
the consumers to own the substations, the maintenance responsibility lies with them. If the consumers have little or 
nothing to win personally with a lower return temperature, it may be hard to convince them to do anything requiring 
an investment. This was mentioned also for companies with an existing flow tax, as this was often too low to motivate 
consumers to act. The majority of the companies had some sort of service agreement available for the consumers. The 
consumers with a service agreement were often not causing problems related to cooling in the DH network to the same 
extent. This further added complexity to the issue, because it would be unfair if the DH company would do investments 
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how the buildings were equipped. Another cost driver was the labor costs related to how long time it took to implement 
the DSM measures. A risk that DSM could lead to less heat demand was also mentioned, which could lower the 
incomes for the DH company. This would however mainly be a problem if the tariff did not account for the actual 
costs, for example costs related to heat power and flow. Furthermore, DSM does not necessarily lead to less total heat 
demand as the peak heat demand could be either shifted to another hour or be completely reduced. As for the increased 
cooling measure, DSM would also render an overall more effective DH system, causing lower costs for the DH 
company. 

3.3. Choosing a bottleneck measure 

The interviews showed very diverse answers to the question of how the companies choose measures to handle 
bottleneck problems. Parameters that affected which bottleneck that was chosen were economy, robustness of 
measure, redundancy of measure, future plans, time factors, local conditions and directives from management. The 
absolutely most important parameter considered by companies when choosing between bottleneck measures was the 
economy. Time factors referred to both for how long time per year the bottleneck was a problem, how quickly a 
measure was needed and when future plans were planned to be executed.  

An example of local condition affecting the bottleneck measure choice was the age and condition of the existing 
pipe leading to the bottleneck area. Furthermore, it could be more complicated to build new pipes in the inner city 
than in the outskirts, due to crowded streets and also crowded ground beneath the streets. Regarding more pumping, 
too high dPs could limit the possibility to pump more with the main pumps. One local condition favoring LHS could 
be if suitable DH production was already available in the right location. The ownership of the substations could be a 
parameter when considering better cooling in substations. The substations in the DH networks belonging to the 
interviewed companies were all consumer owned, which according to the answers rendered this measure more difficult 
to perform.  

Directives from the management could, according to the answers, marginally affect which bottleneck measure that 
was chosen, but often the responsibility was with the organization or person responsible for the development of the 
DH network. When there where directives, they most often concerned the economy. There were however some 
exceptions. One example was a policy that stated that it was the responsibility of the company to deliver enough heat 
and the consumers should be able to withdraw as much as they wanted from the network. This resulted in only the 
measures a bigger pipe area or more pumping being used as bottleneck measures. Other examples were environmental 
aspects regarding earthwork affecting the decision process and management driven programs about for example the 
return temperature. 

3.4. Interview results for risks and opportunities for bottleneck measures 

The summary of the risks and opportunities coupled to the bottleneck measures is showed in Table 1. The measure 
is stated to the left in the table and the risks and opportunities coupled to this measure are then listed to the right. The 
interview answers showed very different risks and opportunities coupled to the measures, which could partly be 
explained by different situations in different DH networks but also by varying knowledge about bottlenecks and 
bottleneck measures. 

One interesting thing discussed with a higher supply temperature was that the possibility to increase the supply 
temperature may decrease in the future if more low temperature networks would be implemented. But it could also be 
hard to decrease the supply temperature in existing DH networks because the pipes and consumer systems are 
dimensioned according to a higher supply temperature.  

Regarding a bigger pipe area, an interesting strategy was to strengthen the DH network with a ring structure pipe 
in a later stage rather than building a pipe of larger dimension from the beginning. A ring structure pipe would also 
help increase the redundancy in the network and could be a strategy when dealing with increasing future loads. 

The main risk mentioned with more pumping as a measure was if the pump for some reason would stop working. 
One solution was to install two smaller pumps instead of one big. A pump failure could however sometimes be solved 
by a higher supply temperature, which decreased the total risk picture.  
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Start-up of new production could be avoided 
Investments in new peak load production could be avoided 
Less dP variation  
More even operational situation 
Smaller safety margins regarding supply temperature and pump 
work would be needed 
Better control of the indoor temperature 
Possibility to allocate heat shortages to larger part of the network 
Improved energy efficiency depending on method 

The most mentioned risk and negative aspect with increased cooling in substations was the difficulty to convince 
DH consumers to revise and maintain their substations. Since the most common ownership structure in Sweden is for 
the consumers to own the substations, the maintenance responsibility lies with them. If the consumers have little or 
nothing to win personally with a lower return temperature, it may be hard to convince them to do anything requiring 
an investment. This was mentioned also for companies with an existing flow tax, as this was often too low to motivate 
consumers to act. The majority of the companies had some sort of service agreement available for the consumers. The 
consumers with a service agreement were often not causing problems related to cooling in the DH network to the same 
extent. This further added complexity to the issue, because it would be unfair if the DH company would do investments 
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for free in substations not covered by service agreements. The way to deal with this issue differed amongst the DH 
companies. A change of the price model to one that included a flow fee could be one way to solve the problem. 
Sometimes, the companies considered themselves obliged to maintain substations if the impact on the network was 
big enough. A possibility could also be for the company to help to some extent with the investment or refer to the 
consumer agreement if maintenance was mentioned there.  

It seemed like an increased cooling measure would be easier to perform if the DH company owned the substations. 
Some disadvantages were however discussed coupled to owning of the substations, for example that the investment 
costs for buying all the substations in the DH network would be large, that the company would have a bigger 
responsibility further into the buildings and that more personnel would be needed. A positive aspect of a better cooling 
mentioned was a possibility of that a higher waste heat utilization, even if this depended on the possibility to lower 
also the supply temperature, which may not always be possible if the bottleneck is to be solved by this measure.  

Regarding LHS, temporary heat boilers could be used until a pipe was built, which could be a way to handle the 
time factor. One problem mentioned with LHS was that if the heat supply unit was to be cheap, it had to be run on 
solid fuel, which would be harder to get a permit for due to more deliveries and dust problems and also require more 
maintenance in the form of for example on-site staff and supervision. Smaller LHS units (<10 MW) however needed 
only a simplified permit process.  

Regarding prosumers as LHS, they could help increase the dP in the network during very cold temperatures by 
satisfying all or part of their own heat demand. Prosumers could furthermore be a cheap and relatively easy way to 
provide local heat in remote areas.  It could however be unrealistic to use prosumers as the single bottleneck solution 
as their supply security could not be assured. The possible difficulties for prosumers to deliver heat of high enough 
supply temperature could further hinder prosumers as the only bottleneck solution. 

The companies that had used DSM had often not used it in a fully developed way but as pilot studies or projects. 
DSM was however seen as a very interesting measure and one reason might be that it could be important for DH 
companies to offer DSM solutions to consumers before they individually start to use DSM. The latter could for 
example lead to an uncharacteristic and more uneven heat load curve. The redundancy of DSM as a bottleneck measure 
was also questioned. The redundancy would however increase if a big enough amount of consumers were included in 
the DSM measure. An alternative to DSM mentioned was to use thermal energy storages, either small distributed 
consumer owned or large company owned, which would have the same effect on the DH network. 

3.5. Simulation results for risks and opportunities for bottleneck measures 

The overall result for the season simulations can be seen in Table 2. All effects in the table were the same for all 
seasons. If some effect stood out during a specific season, it is described in the following text. The analysis was based 
on equations found in Frederiksen and Werner, describing heat losses from a pipe and temperature losses from a 
pipe [8]. The local supply temperature refers to the supply temperature reaching the consumers.  

The parameters mainly affecting the heat losses and temperature losses from a pipe were the difference between 
the water temperature in the pipes and the ambient temperature, the diameter of the pipes, the flow velocity and the 
total amount of heat being transported in the pipes. An increased difference between the water temperature in the pipes 
and the ambient temperature resulted in increased heat losses and vice versa. This effect was relevant for the higher 
supply temperature measure (increased heat losses) and for the increased cooling measure (decreased heat losses). A 
larger pipe diameter resulted in an increased heat transfer area to the surroundings and a lower flow velocity, which 
increased the heat losses. This effect was relevant for the bigger pipe area measure. A lower flow velocity resulted in 
increased temperature losses and thus a lower local supply temperature. This effect was relevant for all of the measures 
except for more pumping. A lower amount of heat being transported in the pipes resulted in decreased heat losses. 
This effect was relevant for the increased cooling, LHS and DSM measures. A note is that a lower flow velocity also 
results in a lower heat transfer coefficient which decreases the heat losses, but this is not accounted for in NetSim. 

For all measures except for a higher supply temperature, it was possible to lower the supply temperature for all the 
seasons tested. This possibility would result in lower heat losses and lower costs and all benefits that comes with a 
lower supply temperature. It is however possible that the lowest dP location changes places when the supply 
temperature is lowered, which should be accounted for to avoid dP problems in the network. 
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Decreased heat losses 

An opportunity with a higher supply temperature was that the lowest local supply temperature increased. This effect 
was however counteracted by higher temperature losses due to the lower flow velocity and the larger difference 
between the water temperature and the ambient temperature. The lowest local supply temperature was thus not 
increased by 4°C, as the initial supply temperature, but by 0.85-1.7°C for the different seasons.  

For a bigger pipe area, the lowest local supply temperatures were only minimally lowered. This could be explained 
by the fact that the exchanged pipe section were rather short. If longer pipes were to be exchanged, a bigger pipe area 
could pose a risk of lower local supply temperatures, especially during the summer when the supply temperature is 
lower from the beginning and the flow velocity is low. This effect is however counteracted by more energy needed to 
be transported in the pipes, due to the higher heat losses in a bigger pipe, which induces a higher flow velocity and 
thus higher local supply temperatures. This effect has a higher impact when the heat losses constitutes a larger part of 
the total heat demand, i.e. during the summer. The lowered heat transfer coefficient for bigger pipes would also lower 
the heat losses. This means that when changing the pipe area, the resulting local supply temperatures should be 
carefully evaluated. 

For the measure consisting of more pumping, the dP at the consumers before the pump became lowest in the DH 
network when using the new distributed pump. When increasing the load in the existing initial pump, this was not an 
issue.  

For the increased cooling measure, the lowest local supply temperature was much more affected than by other flow 
reducing measures. This was because the consumers with the most critical supply temperature were involved in the 
measure. The lower local supply temperature was mainly a problem during the summer when the supply temperature 
was lowered from above 58 °C to below 53 °C. This was also hard to counteract by an increased initial supply 
temperature, because it would lead to a lower flow velocity, which would induce more temperature losses. The low 
local supply temperature would instead be needed to be increased by for example summer bypasses.  

For the LHS, the lowest dP location was changed, which could result in a suboptimal DH network operation if 
there are not enough measuring points. Depending on location, LHS could help keep the supply temperature up in 
critical areas. In the Pasture, the critical supply temperature and dP areas were not the same and the LHS unit was 
located according to the dP. The lowest local supply temperature was thus somewhat decreased and the supply 
temperature close to the LHS was increased. 

Even if the DSM measure led to marginally lower heat losses, the relative heat losses increased for this measure. 
In the Pasture, the lowest local supply temperature was almost not affected at all by the DSM measure, even if the 
flow velocity was lowered. This depended on the location of the DSM consumers, not being close to the most critical 
supply temperature area.  

4. Discussion 

The interviews show that the companies were very interested in and often had projects and tests about more 
consumer oriented and local measures to increase the local dP, such as increased cooling at substations, DSM and 
LHS. A lot of DH research is also currently oriented towards these areas. This indicates that the view of DH is 
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transferring from a centrally controlled technology system towards a system where all parts, including consumers, are 
important. 

An interesting aspect in the interview results was that the economy is seen as the most important factor when 
choosing bottleneck measure for all companies interviewed. Many of the risks and opportunities listed by the 
companies however affect the economy why they also should be accounted for in these calculations, which seems not 
to be the case today. The simulations for example show that the supply temperature could be lowered for all seasons 
and all measures, except for an increase of the supply temperature, which could mean great savings for the DH 
company. 

Regarding the increased cooling measure, there was often more sufficient cooling among the consumers covered 
by a service agreement, which means that the maintenance of their substations was the DH company’s responsibility. 
This could give an argument for the DH companies to own the substations, which is seldom the case today.  It would 
then be easier to maintain and control the substations. There are however also disadvantages with ownership and 
responsibility of equipment located further into the consumers’ buildings. Another option to improve the cooling could 
be for DH companies’ to review their service agreements and how they are marketed to customers, to get more 
customers covered by such a service agreement. 

One of the main causes of bottlenecks in DH networks was that the DH network and the customer base grows more 
than planned for. An interesting answer regarding the strategy to handle this was that one company built a smaller 
pipe in an earlier stage of construction of new areas. When the heat demand increased, the company strengthened the 
connection to the new areas with a ring pipe. This was a strategy to handle some of the problem of correctly predicting 
the future but also created extra redundancy in the DH network. Since the most expensive part of installing a new pipe 
is the earthwork, this method could however also become unnecessary costly.  

Both DSM and increased cooling could induce lower incomes for the DH company due to lower energy use, which 
was a common concern. This may result in companies hesitating to implement these measures, even if they would 
mean a more optimally working DH network, less environmental impact, more sustainable cities and also lower costs 
for the DH company. The lower incomes should however not pose a problem if a price model that correctly reflects 
the costs for producing and distributing the DH is used. Such a tariff could include a flow fee and a heat power fee. 

Regarding the results for the interview study, it is possible that more interviews would have given a broader range 
of answers. Most answers were however already given in the last interviews, why the interview study was assessed as 
saturated. No quantitative conclusions have been drawn from the interview study and the results are thought to be seen 
as examples of how Swedish DH companies think about bottlenecks and give examples of risks and opportunities 
coupled to the measures. 

The results in this study has given rise to new questions and suggestions for research areas. For example, the most 
common reason for bottleneck problems seems to be difficulties to correctly predict the future. An investigation of 
the best way to predict the future and which strategies that are available and works best to handle this problem would 
thus be interesting to study. Is it for example better to build an oversized pipe from the beginning or is it better to 
complement with ring structure pipes in a later stage? There are also a lot of parameters affecting which bottleneck 
measure that was chosen. A study on how to assess and evaluate these parameters in relation to each other would thus 
be a valuable element in the understanding of bottleneck measures. A total economical assessment of all measures 
and an annual energy and carbon dioxide balance would further add to this understanding. 

5. Conclusions 

The present study was performed to investigate risks, opportunities, issues and added values coupled to different 
bottleneck measures. This was made by in depth interviews and DH network simulations. The main results are 
described in the bulleted list below. 

 
 There are very different views among Swedish DH companies on bottlenecks and their risks, opportunities and 

economy. This may to some extent depend on different network conditions from the beginning but also on 
varying knowledge about bottlenecks, bottleneck measures and their economy. 

 Bottlenecks in DH networks are very hard to completely avoid because the origin is often difficulties to correctly 
predict the future. 
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 Parameters that affected the choice of bottleneck measure were economy, robustness of measure, redundancy of 
measure, future plans, time factors, local conditions and directives from management. 

 Economic concern is the most important factor for DH companies when choosing bottleneck measure. There 
however seems to be a lack of lifecycle perspective on the economy of the measures, why many of the risks and 
opportunities that may affect the economy of bottleneck measures are presently not accounted for. 

 To avoid problems connected to lower incomes for measures such as better cooling or DSM, it is important that 
the DH pricing is correct and that the costly parameters are included in the tariff. Such a tariff could include a 
flow fee and a heat power fee. 

 If the DH companies owned the substations, improvement of the cooling in substations would probably be a more 
accessible measure to use. 

 All bottleneck measures except an increased supply temperature render in possibilities to decrease supply 
temperatures during other seasons than for DOT. 

 One risk of using bottleneck measures is that bottleneck measures may increase the temperature loss in pipes, 
which especially during the summer months may result in too low local supply temperatures.  

 Bottleneck measures may move the point with the lowest dP. 
 The heat losses are increased for the higher supply temperature and a bigger pipe area measures. 
 The heat losses are decreased for the increased cooling, LHS and DSM measures. 
 The relative heat losses are increased for the DSM measure.  
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transferring from a centrally controlled technology system towards a system where all parts, including consumers, are 
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An interesting aspect in the interview results was that the economy is seen as the most important factor when 
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the best way to predict the future and which strategies that are available and works best to handle this problem would 
thus be interesting to study. Is it for example better to build an oversized pipe from the beginning or is it better to 
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The present study was performed to investigate risks, opportunities, issues and added values coupled to different 
bottleneck measures. This was made by in depth interviews and DH network simulations. The main results are 
described in the bulleted list below. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
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1. Introduction 

District heating networks (DHN) have long been coupled to electricity and gas networks via conversion units such 
as heat pumps for instance.  However the trend is to have an even higher integration of the energy networks, leading 
to the concept of Hybrid Energy Networks (HEN). Advanced control strategies are required to manage the energy 
generation, storage and consumption with a high share of renewable energy sources, whilst ensuring cost efficiency. 
In this context, planning tools based on optimization algorithms are used. The performance of such tools is assessed 
by comparing an optimal situation to a reference situation. This can only be done by means of numerical simulations, 
which can generate reproducible and controllable conditions for the operation of a DHN. It should be noted that it can 
be challenging to validate and calibrate the components of a DHN simulation, due to the lack of high quality measured 
data [1].  

Therefore the purpose of the current study is to develop a methodology for DHN simulations calibrated on 
experimental data. The DHN simulations will later be linked to an optimization module for the flexible management 
of a HEN. The experimental data is collected from the micro DHN facility of CEA-INES, which can be used for the 
validation of DHN simulation as well as the implementation of optimal control strategies in real time.   

The proposed methodology relies on a dynamic simulation of the heating network with the equation-based object 
oriented language Modelica. A set of KPIs are defined and evaluated. The present work aims more specifically at 
defining a reference setup, and therefore focuses on targeted KPIs for a non-optimal energy management strategy. 
This strategy is implemented via a set of logical rules applied at each time step, and tested for the satisfaction of a 
prescribed building heat load for a year. Different scenarios are taken into account to study the influence of the multi-
source heat plant sizing.  In a subsequent work, the flexible management of the system will be demonstrated by 
comparing an optimal strategy to the current one. 
 
Nomenclature 

COP  Coefficient Of Performance 
DHN  District Heating Network 
DHW  Domestic Hot Water 
GB  Gas Boiler 
HP  Heat Pump 
HEN  Hybrid Energy Network 
mflow  Mass flow rate (kg/s) 
KPI  Key Performance Indicator 
SH   Space Heating 
Tmin,  Minimum and maximum temperature in the thermal storage tank ( C) 
Tmax,  Maximum and maximum temperature in the thermal storage tank ( C) 
T_stor_top Temperature at the top of the storage tank ( C) 
T_stor_bot Temperature at the bottom of the storage tank ( C) 
cp   Specific heat capacity of water (J/kg/K) 
P_stor_demand Heat load on the thermal storage tank applied by the consumer and the solar field (kW) 
P_stor_max Thermal storage tank critical power above which the gas boiler is used (kW) 
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2. Case study 

2.1. Heating network 

A small scale heating network system is considered as a case study. The benefit of this approach is that it allows to 
use the micro district heating network of CEA-INES [2] to partially validate the heating network model. The focus is 
on the management of the energy production, with flexibility through storage at district level, as opposed to e.g. 
demand side management, which is not considered here. A simplified network layout is used (Fig. 1), whereby all 
heat production units run in parallel, and the consumer side is represented by a single heat exchanger which aggregates 
all the heat loads coming from virtual buildings. A water tank is used as thermal storage for this system. The heat is 
distributed to the consumer via the distribution pipes, through which heat loss with the environment occur. 

The case study will be sized to comply with the scale of the micro district heating network of CEA-INES. In 
particular, the maximum heat load applied on the consumer side will be limited to 50 kW in this study. Despite its 
simplicity and scale, this case study is suitable to assess some key concepts of district heating systems, such as the 
integration of renewable energy sources, the coupling between the heating network and electricity grid, or the control 
strategy to reach an optimum operation of the network. The outcome of the study can be up-scaled or adapted to 
existing eco-districts.  

2.2. Control strategy 

Each heat generator (gas boiler and heat pump) operates at a fixed supply temperature (i.e. set point) and variable 
mass flow rate. The consumer supply temperature set point is satisfied by using a three-way valve, which acts as a by-
pass between the thermal storage and the consumer (see Fig. 1). The storage temperature should therefore be larger 
than the consumer supply temperature. The solar thermal system is used at fixed flow operational mode, which means 
the feed-in pump of the solar field operates at constant volumetric flow for a solar irradiation above a given threshold. 
For the purpose of this study, the detail hydraulics of the solar field is not required. Instead, the output power of the 
solar field is used.  

The overall control strategy combines the requirement to satisfy the consumer demand to the constraints on the 
thermal storage tank. The following rules are listed:  
 The power coming from the solar panels is not a control variable (passive components from the operator point of 

view), 

Fig. 1: Heating network considered in the present study 
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 The heat pump is used for the base load, therefore has priority over the gas boiler to satisfy the demand, up to its 
maximum power, 

 The gas boiler is used for peak load, i.e. to provide the remaining power when the heat pump is at maximum 
power and the demand is not satisfied, 

 The temperature at the top of the storage tank should stay within a range [|Tmin, Tmax].  
By aggregating the heat load coming from the solar field and the buildings, a reduced functional model of the case 

study can be proposed (Fig. 2)  
It can be seen that the thermal storage tank is equivalent to a heat consumer with its own demand, which 

corresponds the building heat load from which the solar field production is subtracted. Consequently, the heat load 
demand used in the control strategy is the thermal storage power demand, calculated as  

 
𝑃𝑃_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = (𝑑𝑑𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚_𝐺𝐺𝐺𝐺 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚_𝐻𝐻𝑃𝑃) ∗ 𝑐𝑐𝑝𝑝 ∗ (𝑇𝑇_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑠𝑠𝑠𝑠𝑡𝑡 − 𝑇𝑇_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑏𝑏𝑠𝑠𝑠𝑠)   (1)  
 
In addition, the heat plant is required to provide power whenever the temperature in the storage falls below Tmin. 

In this case, the heat pump operates by default at its maximum capacity. The gas boiler operates to provide some extra 
power which is scaled to the maximum flow rate allowable as follows:  

 
𝑃𝑃_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑑𝑑𝑑𝑑𝑚𝑚 = max_flowrate ∗ 𝑐𝑐𝑝𝑝 ∗ (𝑇𝑇𝑑𝑑𝑇𝑇𝑑𝑑 − 𝑇𝑇_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑠𝑠𝑠𝑠𝑡𝑡)     (2) 
 
In other words, when the temperature of the storage tank is too low, the control strategy maximizes the power 

provided by the heat plant to bring it back above Tmin, without necessarily using both the heat pump and the gas 
boiler at maximum capacity.  

Indeed, preliminary tests have shown that if both the heat pump and gas boiler operate at their maximum power to 
fulfill the minimum storage temperature constraint, then in practice the heat plant operates at maximum capacity for 
a large part of the year, which is not efficient. 

Fig. 2: Reduced functional heating network layout considered 
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A flow chart representing the control strategy is displayed in Fig. 3. The strategy is only based on instantaneous 
inputs. 

The implementation of the control strategy is carried out using smooth operator functions instead of logical relation 

events. The benefit of this approach is that it avoids event triggering processes which are not computationally efficient. 
As a reminder, the heating network simulator will run alongside other modules such as an electric simulator, an 
optimizer, a prediction module, in cycles of 15 min. Therefore, it is critical to achieve a good performance of each 
module. The drawback of the use of smooth operator function is that the priority rules need to be implemented with 
care, especially in the acausal environment chosen for the model (presented in section 3.1).  

2.3. Scenarios 

The energy produced by the multi-source heat plant is consumed by a set of residential buildings, all identical. In 
the following, the multi-source heat plant and thermal storage are sized according to different scenarios using available 
data [3], [4], [5]. A summary of the reference system is shown in Table 1. 

Table 1: Reference building characteristics 

System parameters Value 

Two storey single family building  

Total floor area  140 m2 

SH load at design outdoor temperature [3] 8400 kWh/a 

SH peak load estimation [6]  4.2 kW 

DHW peak load with diversity factor [5] 3 kW 

Design inlet temperature of the heating system [3] 40 C 

Design outlet temperature of the heating system [3] 35 C 

Fig. 3: Control strategy for the management of the multi-source heat plant and storage 
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The reference building has a peak load of DHW and SH of 7.2 kW, which includes the diversity factor, i.e. the fact 

that DHW draw-off peaks are not synchronized among several houses. In order to match the heat load limit mentioned 
in section 2.1, it is assumed that 7 reference buildings are connected to the district heating network, accounting for 
approximately 50 kW of consumer peak load. 

With these figures, the multi-source heat plant is designed to provide a maximum of 60 kW, which should satisfy 
the SH and the DHW at district level, i.e. taking account of the pipe heat loss. The distribution pipe length, insulation 
and diameter are representative of what is installed on the experimental facility. 

Different scenarios are investigated with respect to the sizing of the heat generators and thermal storage ( Table 2).  

Table 2: Sizing of the multi-source heat plant for different scenarios 

Component Scenario 0 Scenario 1 Scenario 2 Scenario 3 

Gas boiler  45 kW 35 kW 45 kW 45 kW 

Heat pump heating capacity 15 kW 25 kW 15 kW 15 kW 

Water tank 15 m3 15 m3 10 m3 15 m3 

Solar field 50 m2 50 m2 50 m2 25 m2 

 
It should be noted that because cooling loads are not considered here, a careful sizing of the solar field and thermal 

storage should be undertaken. The risk is that in the summer months, the combination of a low consumer demand and 
high solar production leads to temperatures above the operational constraint inside the thermal storage tank. For the 
scenarios proposed, it has been verified that the operational constraints are respected. Interestingly, the methodology 
developed in the current study can also be used to design and size a multi-source production heat plant.  

The chosen set point temperatures for the scenarios are shown in Table 3.  

Table 3: Set point and critical temperature for the scenarios 

Temperature  Value (C) 

Gas boiler supply  80 

Heat pump supply  80 

Consumer supply  60 

Storage top max 85 

Storage top min 70 

3. Methodology 

3.1. Dynamic distribution network model 

A dynamic network model based on the layout shown in Fig. 1 is built using the equation-based object-oriented 
language Modelica along the Dymola simulation platform and an in-house model library [7].  

On the production side, the solar field is represented by a component which computes the solar heat gain based on 
ASHRAE Standard 93. The gas boiler is represented by a heat generator component which models heat and 
momentum balances. It takes as input the supply temperature downstream of the heat generator and outputs the power. 
The heat pump is represented by a component with a performance curve based on Carnot efficiency. The water from 
the cold source enters the evaporator at 12 C. The cold water circuit is not modelled in this work. 

The distribution pipes are represented by a component which implements the method of characteristics to integrate 
the transport equation along a fluid particle’s path.  

The water tank is represented by a vessel component with perfect temperature stratification. The insulation 
properties are taken from the experimental facility specifications. From the heat production side, the hot water enters 
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A flow chart representing the control strategy is displayed in Fig. 3. The strategy is only based on instantaneous 
inputs. 
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Fig. 3: Control strategy for the management of the multi-source heat plant and storage 
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the tank from the top, and leaves colder from the bottom. On the consumer side, the hot water leaves the top of the 
tank, and returns colder at the bottom of the tank.  

The consumer is modelled by prescribing a heat flux from a time-series table. The 3 way valve that sets the 
consumer supply temperature is adjusted via a Proportional Integral controller.  

3.2. Validation of the model using experimental data 

The tank and gas boiler components are validated using experimental data from the micro district heating network 
of CEA-INES. The micro-DHN consists in a two-tube district heating network of about 200 m long, supplying heat 
to real buildings (offices and clean room) and to an emulated building. The main production unit of this micro-DHN 
is a condensing gas boiler of 280 kW. A solar field of 300 m² (about 210 kW) with various thermal solar panels 
technologies is also supplying heat to the network either in a centralized or in a decentralized manner. The network is 
also equipped with a hot storage tank of 40 m3.  

The data used for the validation corresponds to a sudden increase of temperature inside the water tank following 
the activation of the gas boiler. The inputs to the simulation are: 
 The maximum power of the boiler; 
 The gas boiler set point temperature profile, which is in the range 72 to 76 C; 
 The experimental heat load applied to the thermal storage tank by the solar field and an external heat consumer. 

Fig. 4 shows that the dynamics of the system is reasonably well captured. The simulated gas boiler power increases 
suddenly to its maximum value, then decreases along the same rate as the experimental data, although with a delay of 
1h. This could be due to some unaccounted heat load on the experimental set. Furthermore, the simulated temperature 
in the storage tank is in good agreement with the experimental data. An extensive set of data can be used to calibrate 
or validate other components of the heating network simulation, which will be carried out in a future work. 

3.3. Key performance indicators 

In the current study, several KPIs are defined, with a focus on the heating network (Table 4). The electrical energy 
used for the compressor of the heat pump is calculated based on the COP of the heat pump, which is an output of the 
simulation. It should be noted that in the calculation of the primary energy consumption, a primary energy factor of 
2.5 is included for the electricity [8], and the gas boiler is assumed ideal with an efficiency of 1. The maximum 
accumulated energy in the storage tank is calculated for a temperature range between the zero enthalpy temperature 
of 0 C and 100 C as a maximum temperature. 

Since the results from the current study are used as a reference to compare with alternative control strategies in a 
subsequent work, the KPI’s listed in Table 4 are absolute quantifiers, i.e. they are not relative to a reference case. 

Fig. 4: Response to a sudden increase of set point of the gas boiler at t=6h and comparison between experimental data and 
simulation using Modelica  (Left) Output power of the gas boiler (Right) Temperature at the top of the storage tank 
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Table 4 : Key performance indicators 

KPI Description 

Thermal energy share (HP, GB, solar)  Ratio of the annual thermal energy produced by the heat pump, gas boiler and solar 
field to the total thermal energy produced 

Primary energy ratio Ratio of the annual energy demand to annual primary energy production (electricity 
and gas) 

Storage average capacity Annual average ratio of the energy accumulated in the storage to the maximum 
energy capacity of the storage 

 

4. Results and discussion 

The heat loads for SH and DHW are generated prior to the network simulation using the methodology developed 
in IEA SHC – Task 32 [3]. 

SH load profile of the reference building (section 2.3) is generated using TRNSYS transient system simulation 
software with a weather file input corresponding to Chambéry (France). As part of this simulation, the average DHW 
energy in kWh is calculated for the cold water temperature of the building using the average DHW load profile 
mentioned above. The simulation is run for 1 year, using a time step of 15 min.  

The heat load curve and heat load diagram for one house are shown in Fig. 5. The consumer peak load is about 5 
kW for one house, or 35 kW for the 7 houses, which is less than the design value, hence the multi-source heat plant is 
slightly over-sized.  

The heat production profile and diagram for scenario 0 is shown in Fig. 6. As prescribed in the control strategy, the 
heat pump provides a base load, and the gas boiler is used to provide the excess power during peak demand.  The 
configuration chosen, with the thermal storage acting as a buffer between the heat plant and the consumer, means that 
the production and consumption peaks are not synchronized. As a consequence, there is a mismatch of the heat load 
diagrams between the production (heat pump, gas boiler, and solar) and the DHN demand (Fig. 6 bottom). However 
the energy balance over the year is respected within 2%. The annual energy at district level is around 99000 kWh for 
scenario 0, which is 14140 kWh per house for SH and DHW including distribution heat loss.  

The temperature at the top of the storage tank remains above 70 C, whereas the consumer supply temperature is 
fluctuating around 60 C, with higher temperature in the summer months, as shown in Fig. 7.This could be improved 

Fig. 5: Annual heat load (space heating and domestic hot water) for one residential buildings. (a) Time series; (b) Heat load diagram 



 M.N. Descamps et al. / Energy Procedia 149 (2018) 390–399 397 Author name / Energy Procedia 00 (2018) 000–000  7 

the tank from the top, and leaves colder from the bottom. On the consumer side, the hot water leaves the top of the 
tank, and returns colder at the bottom of the tank.  

The consumer is modelled by prescribing a heat flux from a time-series table. The 3 way valve that sets the 
consumer supply temperature is adjusted via a Proportional Integral controller.  

3.2. Validation of the model using experimental data 

The tank and gas boiler components are validated using experimental data from the micro district heating network 
of CEA-INES. The micro-DHN consists in a two-tube district heating network of about 200 m long, supplying heat 
to real buildings (offices and clean room) and to an emulated building. The main production unit of this micro-DHN 
is a condensing gas boiler of 280 kW. A solar field of 300 m² (about 210 kW) with various thermal solar panels 
technologies is also supplying heat to the network either in a centralized or in a decentralized manner. The network is 
also equipped with a hot storage tank of 40 m3.  

The data used for the validation corresponds to a sudden increase of temperature inside the water tank following 
the activation of the gas boiler. The inputs to the simulation are: 
 The maximum power of the boiler; 
 The gas boiler set point temperature profile, which is in the range 72 to 76 C; 
 The experimental heat load applied to the thermal storage tank by the solar field and an external heat consumer. 

Fig. 4 shows that the dynamics of the system is reasonably well captured. The simulated gas boiler power increases 
suddenly to its maximum value, then decreases along the same rate as the experimental data, although with a delay of 
1h. This could be due to some unaccounted heat load on the experimental set. Furthermore, the simulated temperature 
in the storage tank is in good agreement with the experimental data. An extensive set of data can be used to calibrate 
or validate other components of the heating network simulation, which will be carried out in a future work. 

3.3. Key performance indicators 

In the current study, several KPIs are defined, with a focus on the heating network (Table 4). The electrical energy 
used for the compressor of the heat pump is calculated based on the COP of the heat pump, which is an output of the 
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by tuning the setting of the PI controller and reviewing the thermal storage control (e.g adding schedule constraints 
for the summer months). 

 

The KPIs are shown in Table 5 for the different scenarios. When the size of the storage tank is decreased, its average 
capacity increases, which means it is easier to charge it to full capacity (scenarios 0 and 2). However there is no impact 
on the energy share of the generators, which is a sign that the control strategy is not able to leverage the thermal 
storage. The energy share of the HP increases when its nominal power increases, as expected (scenarios 0 and 1), and 
it also increases when the solar field surface is decreased (scenarios 0 and 3), because the HP is then used more often 
to keep the storage tank at a sufficient temperature in the absence of sufficient solar power. The primary energy ratio 
is quite low for all scenarios, which is mainly due to the low COP of the heat pump (around 2.1 for temperature levels 
of the study).  

Overall, what the KPI values of Table 5 reflect is the absence of a predictive strategy in the energy management. 
Therefore, the current set of results can be used as a reference to compare against an optimal control strategy which 
would take full advantage of the storage for demand peak shaving. 

Fig. 6: Heat plant load profile for scenario 0 

Fig. 7: Temperature profiles for scenario 0 
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Table 5 : Calculated KPIs for the different scenarios 

Key performance indicator Scenario 0 Scenario 1 Scenario 2 Scenario 3 

Storage capacity 47% 47% 82% 46% 

Energy share HP 59% 73% 59% 69% 

Energy share GB 18% 4% 18% 19% 

Energy share solar 23% 23% 23% 12% 

Primary energy ratio 0.35 0.30 0.35 0.30 

5. Conclusion and future work 

This study proposes a methodology to simulate a heating network and evaluate KPIs, in order to contribute to the 
development of a HEN flexibility management platform. A thermal storage tank and a multi-source heat plant 
consisting of a heat pump, a gas boiler and a solar field are specified for a small scale district heating network. A 
dynamic network simulation was run on a set of scenarios for a control strategy based on logical rules. The analysis 
of the KPIs confirm that in the absence of any predictive feature, the control strategy is non-optimal. The study can be 
replicated on other district configurations for a range of scenarios. 

In a future work, the DHN simulation will be linked to an optimization module to compare the results to the non-
optimal case. In this perspective; the heating network simulation will be modified to include machine learning models, 
using historical data from the solar field of CEA-INES to train and test the models. The price of primary energy will 
be included in the analysis. Furthermore, the experimental micro DHN of CEA-INES will be used to test in live 
conditions the optimal control strategy. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Presently, waste is regarded as any other fuel in the Swedish district heating (DH) plants where it is treated in combination with 
energy recovery. Consequently, all carbon dioxide (CO2) emissions that occur during waste treatment are allocated to DH 
producers even though two simultaneous services are provided – waste treatment and energy recovery. As the focus today is on 
phasing out fossil fuels from Swedish DH sector, energy recovery from waste turns out to be less desirable than heat production 
using biofuel and renewable electricity. This article discusses whether the existing allocation method of CO2 emissions 
contributes to sustainable development and if it does not, to recommend a new method that will. To do this type of assessment, 
we used the principles from Framework for Strategic Sustainable Development. Results showed that the existing allocation 
method does not consider the problem of waste generation. The method shifts the responsibility from waste producers to DH 
customers. To prevent this ‘burden shifting’, a broader system perspective and an upstream approach should be applied. In 
addition, the method should be designed in ways that would give incentives to responsible stakeholders to act properly, which 
requires identifying the reasons why waste is not being recycled and to find a way to apply the allocation. Considering resource 
efficiency, waste treatment through combustion should always include energy recovery. To encourage energy recovery, the 
produced heat should not be burdened with CO2 emissions. 
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1. Introduction 

District heating (DH) has several benefits [1], including the ‘economy of scope’, which refers to the possibility to 
use a secondary energy supply and fuels that are difficult to handle. Secondary energy supply comes from excess 
heat produced, for example, through industrial processes, thermal power stations, waste treatment, and electricity 
users (such as computer data centres). Sweden is a country with a well-developed DH sector (more than a half of the 
heat market), which opens up a possibility for building an effective national energy system with a high utilisation of 
secondary energy. Despite this fact, approximately two-thirds of the total primary energy used in Sweden in 2014 
(e.g., approximately 1.3 EJ of 2 EJ) have been lost as excess heat [2]. Therefore, it should be a priority to use this 
excess heat before using electricity or direct fuels combustion for heating/DH production. 

However, presently, DH derived from energy recovery from treating waste is considered to be negative in 
different climate and environmental evaluation systems. Two influential systems for evaluating the environmental 
impact of DH in Sweden are emission estimates according to the Värmemarknadskommittén (Heat Market 
Committee) agreement and certification of buildings in the environmental building certification system, 
Miljöbyggnad. The Värmemarknadskommittén agreement [3] is between the Swedish District Heating Association 
and the major trade associations for property owners in Sweden. The idea with the agreement is that the assessment 
of the climate impact and resource efficiency of DH production should be done in an orderly and common way for 
all DH networks in Sweden. The rules are handled by Värmemarknadskommittén, where representatives of DH and 
property owners participate. The environmental building certification system (Miljöbyggnad) is a well-established 
and frequently applied system for certification of buildings in Sweden, developed exclusively for Swedish 
conditions. One of the assessment criteria in the certification system is energy generation, where fuel used for 
heating has a major impact [4,5]. In both systems, waste is regarded as any other fuel used for DH production. Even 
though, during waste incineration two simultaneous services are provided – waste treatment and energy recovery. 
Waste is seen as a mixture of wood and coal, which is fired only to meet the DH demand. As the focus today is on 
phasing out the fossil fuels in the energy sector, energy recovery from waste is evaluated as bad for the climate 
compared to biofuel and renewable electricity used for heating/DH production. 

1.1. Objective and scope of the study 

The aim of the study is to recommend a method for allocation of carbon dioxide (CO2) emissions from waste 
treatment in Swedish DH systems, which would help to establish a sustainable future. The study aims only to 
allocate the emissions between two simultaneous services – waste treatment and energy recovery. That is, the study 
does not aim to identify recipients of emissions that are not allocated to energy recovery and does not include 
recommendations on how allocation should be applied in practice. 

2. Case study description 

The analyzed system consists of Swedish DH sector (approximately 500 DH networks) and the waste generation 
and management system. In 2014 DH in Sweden accounted for more than 55% of the heat market. A large share of 
DH in Sweden is produced from biomass and excess heat (including the excess heat from waste treatment) [6]. 
Since the year 2002, when the Swedish parliament introduced landfill bans for combustible waste, the amount of the 
waste treated in combination with energy recovering start to increase [6, 7]. In 2015, approximately 5.8 million 
tonnes of the waste (40% municipal, 37% industrial, and 23% imported waste) was treated in Swedish DH plants 
(mostly combined heat and power plants) [8]. 

The Swedish waste management system is a part of the European waste management system and as such is 
highly subordinate to the European Energy and Climate policy [9]. The Swedish waste generation and management 
system consists of several stakeholders, such as product development companies, manufacturing companies, product 
users, stakeholders involved during the transportation of the products and the waste, as well as stakeholders involved 
in waste collection and disposal. The stakeholders interact with each other and their actions or decisions influence 
waste generation and treatment. For a more detailed description of the system see Djuric Ilic et al., [10]. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.204&domain=pdf
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3. Methodology 

The topic was addressed by conducting a traditional literature review and by applying a framework called 
Framework for Strategic Sustainable Development (FSSD). 

3.1. Framework for Strategic Sustainable Development (FSSD) 

FSSD is an interpretation of Brundtland’s definition of sustainable development: ‘… a development that meets 
the needs of the present without compromising the ability of future generations to meet their own needs’ [11]. 
Development of FSSD was initiated by the international organization The Natural Step [12,13] in 1989. FSSD 
consists of sustainable principles that should be used as boundary conditions for the sustainable development. The 
sustainable principles cover all elements of social and ecological sustainability: ‘In a sustainable society, nature is 
not subject to systematically increasing (1) concentrations of substances extracted from the Earth’s crust, (2) 
concentrations of substances produced by society, (3) degradation by physical means, and, (4-8) in that society, 
people are not subject to conditions that systematically undermine their capacity to meet their needs’ [12,13]. The 
last principle (the social principle) has lately been elaborated into five social principles [14,15]. Ny et al. [16] 
strongly recommend applying the FSSD when dealing with complex systems, such as management of materials, 
products, and waste. Applying the FSSD (1) enables avoiding sub-optimisation and future problems easier, (2) 
enables more effective management of system boundaries and trade-offs, and (4) opens up a possibility for 
developing strategic collaborations across disciplines and between stakeholders that may have different values and 
preferences (such as sectors, departments, and organisations) [17,16,18]. The FSSD includes a model that comprises 
the following five levels: system level, success level, strategic guidelines level, actions level, and tools level. 

3.1.1 The system level 
Identification of the system components, boundaries and surroundings, as well as identification of interactions 

between the system and system surroundings should be relevant in relation to the specific research question. 
Furthermore, it is important to consider how the system may change over time, especially in studies that include a 
long-term perspective [19, 20, 21], such as studies about sustainable development. System boundaries can be 
specified in different dimensions and may include different contents [22]. According to Tillman et al. [22], there are 
three approaches that can be applied when defining the contents of a system: process tree, technological whole 
system (includes even processes outside the process tree), and socio-economic whole system (includes economic 
and social factors). In many cases, the processes and the factors outside the process tree have more influence on the 
results than the factors within the process tree. However, Tillman et al. [22] recognised that the socio-economic 
whole system is rarely possible to apply because of its size, complexity, and many uncertain assumptions. 

3.1.2 The success level 
One of the principles to deal with sustainable development of a complex system is to apply backcasting [13, 17]. 

Backcasting starts with an imagined outcome in the future (the ‘success’) and continues by exploring strategic 
pathways to realize that outcome. Defining the desirable future by previously presented sustainable principles opens 
up a possibility for developing many future scenarios within the constraints of the principles 

3.1.3 The strategic guidelines, actions, and tools levels  
There are several principles that need to be considered when designing strategic pathways to reach the imagined 

sustainable future. Some of them are: to prefer an ‘upstream approach’, to apply ‘step-by-step’ approach to reduce 
the risk for being surprised by unpredictable trade-offs, to use ‘flexible platforms’ (flexible stepping stones for 
further activities), to prefer the actions that ensure return on investment (since less profitable strategies may slow 
down further development) and to consider social aspects by encouraging all actors in the system to act correctly. 
When designing strategic pathways, it is extremely important to attack problems by focusing on upstream of the 
cause–effect chains (i.e., to apply the ‘upstream approach’). This means that the problems in the system should be 
solved by dealing with the cause of the problems (the primary problems) rather than by dealing with symptoms (the 
secondary problems that arise latter in the life cycle). By applying the ‘upstream approach’, possible future problems 
can be avoided. Furthermore, the complexity of the system is usually lowest at the beginning of a system (e.g., a life 
cycle), which makes it easier to introduce changes at those earlier stages [23, 13]. The last two steps in the FSSD is 
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to suggest actions and tools that may be used in line with the strategic guidelines. For a detailed description see 
Robèrt et al. [23, 13] and Broman and Robèrt [17]. 

3.2. Applying the FSSD 

The analyzed system is described in section 2 (the system level). The system consists of Swedish DH sector and 
the waste generation and management system. The waste system is not geographically limited to Sweden, since a 
part of the waste that is treated in Sweden is imported from other countries. There are two sustainable goals (the 
success level) related to the analysed system: (1) to reduce the waste and (2) to use secondary energy supply (excess 
heat that otherwise would be lost) before using electricity or direct fuel combustion for DH production. UN DESA 
[25] stresses the importance to always deal with sustainability issues on a global level. Thus, due to the import of 
products and waste from other countries, when considering the possible strategies to reach the desirable outcomes, a 
global perspective was applied by discussing the sustainability issues in the exported countries as well. 

Two well-known strategies that are developed to steer towards waste reduction are circular economy and waste 
hierarchy. The circular economy refers to a possibility for materials from old products to have a second life as 
recycled materials in new products [26]. The waste hierarchy is a framework for handling of waste, which shows in 
which order different measures related to the waste generation and disposal should be performed [27, 28]. The waste 
hierarchy presents the measures from the most favourable to the least favourable in following order: prevention, 
reuse, material recycling, energy recovery, and landfill disposal. 

A strategy related to the sustainable development of the DH sector is the DH hierarchy. The fundamental idea of 
DH to meet customers’ heating demands by using local fuels or excess heat that would otherwise be wasted [1]. 
Related to this, the DH hierarchy presents the possible sources for DH production from the most favourable to the 
least favourable: excess heat (from, e.g., industrial processes and waste treatments); inexhaustible renewable sources 
(geothermal and solar); exhaustible renewable resources (biomass); fossil fuels; and electricity [1]. 

Based on the sustainable principles and principles for sustainable development (see sections 3.1 and 3.1.3), 
following criteria were applied to recommend the allocation method which would steer towards sustainability: 

• The allocation method should not lead to sub-optimization 
• The allocation method must consider resource efficiency (the second sustainable principle, see section 3.1) 
• The allocation method must apply an upstream approach 
• The allocation method must consider social aspects (There is a lack of studies that consider waste 

prevention in relation to Life Cycle Assessment [29], despite the fact that social aspects can be decisive factors in 
implementing sustainable development measures [13]. Therefore, it is important for the allocation method to guide 
the stakeholders within the system into a behavior that would lead to global sustainable development.). 

The waste delivered to DH producers was divided into different parts depending on the waste supplier. After this, 
each part of the waste is discussed based on the following questions: 

1. Which stakeholders are involved in the life cycle of that part of the waste? 
2. Which of the stakeholders can contribute to reducing the emissions from that part of the waste? 
3. Which allocation method between two simultaneous services (waste treatment and energy recovering) would 

be most appropriate for that part of the waste, considering the previously selected criteria? 

4. Recommending the allocation methods of carbon dioxide emissions from waste treatment that includes 
energy recycling  

At present, waste is regarded as any other fuel in Swedish DH plants where it is treated in combination with 
energy recovery [30]. Consequently, all CO2 emissions which occur during the waste treatment allocates to the 
energy recovery (the DH producers), even though two simultaneous services are provided, waste treatment and 
energy recovery [31]. Several studies analyzed a possibility to allocate emissions in another way [61, 62, 63, 64, 65], 
however, most of them do not apply upstream approach and do not consider social aspects. Applying the upstream 
approach involves detecting and managing the primary problems that cause other problems later in the system. 
Which problems are detected as the primary problems depends on the system boundaries. If in the present study 
system boundary includes only the plant where the waste is treated, the answer is that the primary problem are CO2 
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to suggest actions and tools that may be used in line with the strategic guidelines. For a detailed description see 
Robèrt et al. [23, 13] and Broman and Robèrt [17]. 

3.2. Applying the FSSD 

The analyzed system is described in section 2 (the system level). The system consists of Swedish DH sector and 
the waste generation and management system. The waste system is not geographically limited to Sweden, since a 
part of the waste that is treated in Sweden is imported from other countries. There are two sustainable goals (the 
success level) related to the analysed system: (1) to reduce the waste and (2) to use secondary energy supply (excess 
heat that otherwise would be lost) before using electricity or direct fuel combustion for DH production. UN DESA 
[25] stresses the importance to always deal with sustainability issues on a global level. Thus, due to the import of 
products and waste from other countries, when considering the possible strategies to reach the desirable outcomes, a 
global perspective was applied by discussing the sustainability issues in the exported countries as well. 

Two well-known strategies that are developed to steer towards waste reduction are circular economy and waste 
hierarchy. The circular economy refers to a possibility for materials from old products to have a second life as 
recycled materials in new products [26]. The waste hierarchy is a framework for handling of waste, which shows in 
which order different measures related to the waste generation and disposal should be performed [27, 28]. The waste 
hierarchy presents the measures from the most favourable to the least favourable in following order: prevention, 
reuse, material recycling, energy recovery, and landfill disposal. 

A strategy related to the sustainable development of the DH sector is the DH hierarchy. The fundamental idea of 
DH to meet customers’ heating demands by using local fuels or excess heat that would otherwise be wasted [1]. 
Related to this, the DH hierarchy presents the possible sources for DH production from the most favourable to the 
least favourable: excess heat (from, e.g., industrial processes and waste treatments); inexhaustible renewable sources 
(geothermal and solar); exhaustible renewable resources (biomass); fossil fuels; and electricity [1]. 

Based on the sustainable principles and principles for sustainable development (see sections 3.1 and 3.1.3), 
following criteria were applied to recommend the allocation method which would steer towards sustainability: 

• The allocation method should not lead to sub-optimization 
• The allocation method must consider resource efficiency (the second sustainable principle, see section 3.1) 
• The allocation method must apply an upstream approach 
• The allocation method must consider social aspects (There is a lack of studies that consider waste 

prevention in relation to Life Cycle Assessment [29], despite the fact that social aspects can be decisive factors in 
implementing sustainable development measures [13]. Therefore, it is important for the allocation method to guide 
the stakeholders within the system into a behavior that would lead to global sustainable development.). 

The waste delivered to DH producers was divided into different parts depending on the waste supplier. After this, 
each part of the waste is discussed based on the following questions: 

1. Which stakeholders are involved in the life cycle of that part of the waste? 
2. Which of the stakeholders can contribute to reducing the emissions from that part of the waste? 
3. Which allocation method between two simultaneous services (waste treatment and energy recovering) would 

be most appropriate for that part of the waste, considering the previously selected criteria? 

4. Recommending the allocation methods of carbon dioxide emissions from waste treatment that includes 
energy recycling  

At present, waste is regarded as any other fuel in Swedish DH plants where it is treated in combination with 
energy recovery [30]. Consequently, all CO2 emissions which occur during the waste treatment allocates to the 
energy recovery (the DH producers), even though two simultaneous services are provided, waste treatment and 
energy recovery [31]. Several studies analyzed a possibility to allocate emissions in another way [61, 62, 63, 64, 65], 
however, most of them do not apply upstream approach and do not consider social aspects. Applying the upstream 
approach involves detecting and managing the primary problems that cause other problems later in the system. 
Which problems are detected as the primary problems depends on the system boundaries. If in the present study 
system boundary includes only the plant where the waste is treated, the answer is that the primary problem are CO2 
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emissions from the plant. Such an approach can lead to sub-optimization and adversely affect global sustainable 
development. If wider system boundaries are applied, the answer to the question is that the waste, or rather our 
actions that lead to waste generation, are the primary problems. Thus, the upstream approach involves measures 
aimed at waste production and producers. After discovering the primary problems, it is important to detect the 
responsible stakeholders (i.e. the polluters) and to apply the "Polluter Pays Principle” which means that the 
stakeholders that cause damage to the environment pay the socio-economic costs. Such a measure would give them 
incentives to act and to reduce the problems that they cause. In order to detect these stakeholders, the waste 
delivered to DH producers was divided into different parts depending on who is the waste supplier: waste which is 
rejected from material recycling industry, municipal waste, industrial waste, and imported waste. 

4.1. Recommendation for allocation methods for waste that is rejected from material recycling industry 

There is a part of the waste that is not recycled even though it has been sorted and sent to the material recycling 
industry. There are several reasons for rejecting the waste from the material recycling industry: (1) the waste cannot 
be recycled anymore, (2) the waste is not sorted properly, (3) it is unprofitable to perform the recycling, (4) is not 
environmentally friendly to perform the recycling because of energy-intensive recycling processes, and (5) the 
recycled material has no market. 

According to the waste hierarchy (see section 3.2), after the waste is rejected from the material recycling 
industry, the second most advantageous alternative is waste incineration. Because of this, waste disposal in 
comparison with energy recovery can be considered as the primary service. Therefore, heat from waste treatment 
can be considered as excess heat from the process. Such an approach leads to the conclusion that all CO2 emissions 
should be allocated to the waste disposal service and thus the excess heat from the process should not be charged 
with the emissions. 

In order for the allocation method to be inspiring (i.e., to give incentives to the responsible stakeholders to ‘do the 
right thing’), two challenges must be overcome: the challenge of assessing which stakeholder can help the waste not 
be rejected and the challenge of practically applying the allocation method itself. 

To avoid the rejection of the waste because it is not properly sorted, the producers should include clear 
information on how the product should be sorted. In addition, the material recycling industry can include central 
sorting within its operations. 

In some cases, it is unprofitable or technically impossible to recycle the waste. One of the reasons for this is that 
the quality of the recycled material decreases every time it is recycled [32]. Certain materials (such as aluminum) 
can be recycled many times before a quality deterioration is noted. However, quality of some materials significantly 
deteriorates after just a few recovery cycles [32]. Plastic, for example, can only be recycled three to four times 
before the quality deteriorates beyond usefulness [33, 34]. Similarly, paper quality deteriorates after just a few 
recyclings [32]. According to [35], there are two groups of problems related to the issue when it is impossible to 
recycle the waste: the problems related to delivered materials and the problems related to the recycling technology. 
An example of the problems related to materials is when the waste consists of a mixture of plastics (e.g., colored and 
non-colored plastics) [33, 36, 37]. Examples of problems related to the technology are the equipment’s capacity and 
the inability to identify the specific plastic types [34].These problems can be overcome by investing in a better 
recycling process, such as combination of automatic equipment and manual operators [35, 38, 39] or alternatively by 
implementing a labeling standard that would facilitate the sorting of the waste [40]. In this case, policy makers can 
play a decisive role. If the recycling process is expensive due to the complexity of the product, manufacturers and 
product developers can help solve the problem by making the product easier to repair, remanufacture, upgrade, and 
reuse [41, 42, 38]. This is also discussed in the next section. 

According to the European Commission [26], the factor that probably represents the largest obstacle to increasing 
material recycling is the undeveloped market for recycled raw materials. This undeveloped market is the result of 
insufficient demand due to uncertainty related to the quality of the recycled material. Only about 5% of the plastic 
material used in the EU is recycled plastic [26]. The stakeholders that can help solve the problem are product 
developers who choose the raw material and product users who can indirectly affect the product developers’ and 
producers’ decisions. The role that these stakeholders can play is discussed in more detail in the next section. As 
mentioned, the reason that product developers and manufacturers more often choose a virgin material is that a 
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recycled material usually has poorer quality. In addition, as mentioned, material quality degrades every time it is 
recycled. Therefore, to be competitive, a material recycling company must deliver products to its customers with the 
right quality and quantity and at the right time [43]. To facilitate this, quality standards for recycled raw materials 
should be developed, and access to data on these materials should be improved. Important stakeholder that can 
contribute to this are policy makers. One possible action is to introduce a tax on virgin raw materials [44]. 

4.2. Recommendation for allocation methods for the municipal waste 

Municipal waste that contains fossil materials can be divided into two different groups: waste that cannot be 
recycled and waste that is not sorted for recycling. According to Sundberg [32] and Gode et al. [45] there will 
always be a need for energy recovery to take care of: materials that cannot be recycled, waste from complex 
products, and contaminated materials that we do not want to get back into society (e.g. waste containing organic 
toxins, bacteria, such as diapers and hospital waste). Destruction of the non-recycled waste can be considered as a 
primary service in comparison to energy recovery; therefore, heat from the waste treatment can be considered as 
excess heat, so CO2 emissions should not be allocated to the energy recovery service. Which actor could contribute 
to reducing this waste depends on several factors. The reasons why materials cannot be recycled can be different. 
One is that the material can no longer be recycled due to the deterioration in quality (explained in the previous 
section). Other examples are plastics that contain additives that destroy the quality of the plastic such as materials 
that includes toxic coloring agents or materials that are a mixture of two or more materials [33, 36, 37]. Product 
developers have a large possibility to reduce this type of waste. 

According to Schöggl et al. [46] and Shapira et al. [47], a comprehensive approach covering different 
sustainability criteria should be applied in the early stages of product development. The environmental impact that a 
product has over its life cycle is largely determined by decisions made during the design process. This illustrates the 
responsibility of product developers to design products with lower environmental impact. From this point of view, 
the choice of raw materials is one of the characteristics that can play a crucial role [43]. To reduce the waste from 
products that due to their complexity cannot be recycled (e.g., electronic devices such as computers and mobile 
phones), it is important to make products more durable and easier to repair, remanufacture, upgrade, and reuse [26]. 
Product developers have this responsibility [42, 43, 48, 49, 50]. 

Even policy makers can influence product design (e.g., choice of material through different taxes) as well as 
product users who are the ‘starting point’ for a product design [51], since they can ‘send a signal’ to product 
developers through, for example, rejecting products that consist of materials that cannot be recycled. 

There is also a waste that can be recycled but which is not sorted. In 2014, approximately 36% of municipal 
waste in Sweden (about 1.6 million tonnes) was recycled. However, according to Avfall Sverige [52], the potential 
for recycling of household waste is much higher: about 60% to 80% depending on whether food is already sorted. 
Rousta and Ekström [53] conducted an analysis of environmental, economic, and social aspects of incorrect sorting 
of waste in a medium-sized Swedish city and concluded that approximately 68% of household waste sent to 
combustion plants could be sorted and sent to material recycling. It indicates that stakeholders who can contribute 
most to better recycling of the waste are primarily product users. 

4.3. Recommendation for allocation methods for the industrial waste 

Industrial waste consists of packaging or of the rest of the material used during the production processes. If 
material cannot be recycled because it consists of contaminated and toxic material, the ability to reduce that waste is 
limited and depends mostly on the type of industry. On the other hand, there is even a part of the industrial waste 
that could be recycled but was not sorted. That problem can be solved by including sorting as a part of the industrial 
processes. Long-term energy strategies in industry are of the utmost importance for implementing both technical and 
behavioral measures [54, 55, 56]. Despite this fact, several studies [57, 58, 59] have shown that long-term energy 
strategies on a business level have rarely been adopted, mostly because companies focus their efforts on their core 
business activities. A lack a long-term energy strategy in a company indicates that it is most likely that the company 
does not have strategies for sorting the waste included in the production processes. To give the industry an incentive 
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emissions from the plant. Such an approach can lead to sub-optimization and adversely affect global sustainable 
development. If wider system boundaries are applied, the answer to the question is that the waste, or rather our 
actions that lead to waste generation, are the primary problems. Thus, the upstream approach involves measures 
aimed at waste production and producers. After discovering the primary problems, it is important to detect the 
responsible stakeholders (i.e. the polluters) and to apply the "Polluter Pays Principle” which means that the 
stakeholders that cause damage to the environment pay the socio-economic costs. Such a measure would give them 
incentives to act and to reduce the problems that they cause. In order to detect these stakeholders, the waste 
delivered to DH producers was divided into different parts depending on who is the waste supplier: waste which is 
rejected from material recycling industry, municipal waste, industrial waste, and imported waste. 

4.1. Recommendation for allocation methods for waste that is rejected from material recycling industry 

There is a part of the waste that is not recycled even though it has been sorted and sent to the material recycling 
industry. There are several reasons for rejecting the waste from the material recycling industry: (1) the waste cannot 
be recycled anymore, (2) the waste is not sorted properly, (3) it is unprofitable to perform the recycling, (4) is not 
environmentally friendly to perform the recycling because of energy-intensive recycling processes, and (5) the 
recycled material has no market. 

According to the waste hierarchy (see section 3.2), after the waste is rejected from the material recycling 
industry, the second most advantageous alternative is waste incineration. Because of this, waste disposal in 
comparison with energy recovery can be considered as the primary service. Therefore, heat from waste treatment 
can be considered as excess heat from the process. Such an approach leads to the conclusion that all CO2 emissions 
should be allocated to the waste disposal service and thus the excess heat from the process should not be charged 
with the emissions. 

In order for the allocation method to be inspiring (i.e., to give incentives to the responsible stakeholders to ‘do the 
right thing’), two challenges must be overcome: the challenge of assessing which stakeholder can help the waste not 
be rejected and the challenge of practically applying the allocation method itself. 

To avoid the rejection of the waste because it is not properly sorted, the producers should include clear 
information on how the product should be sorted. In addition, the material recycling industry can include central 
sorting within its operations. 

In some cases, it is unprofitable or technically impossible to recycle the waste. One of the reasons for this is that 
the quality of the recycled material decreases every time it is recycled [32]. Certain materials (such as aluminum) 
can be recycled many times before a quality deterioration is noted. However, quality of some materials significantly 
deteriorates after just a few recovery cycles [32]. Plastic, for example, can only be recycled three to four times 
before the quality deteriorates beyond usefulness [33, 34]. Similarly, paper quality deteriorates after just a few 
recyclings [32]. According to [35], there are two groups of problems related to the issue when it is impossible to 
recycle the waste: the problems related to delivered materials and the problems related to the recycling technology. 
An example of the problems related to materials is when the waste consists of a mixture of plastics (e.g., colored and 
non-colored plastics) [33, 36, 37]. Examples of problems related to the technology are the equipment’s capacity and 
the inability to identify the specific plastic types [34].These problems can be overcome by investing in a better 
recycling process, such as combination of automatic equipment and manual operators [35, 38, 39] or alternatively by 
implementing a labeling standard that would facilitate the sorting of the waste [40]. In this case, policy makers can 
play a decisive role. If the recycling process is expensive due to the complexity of the product, manufacturers and 
product developers can help solve the problem by making the product easier to repair, remanufacture, upgrade, and 
reuse [41, 42, 38]. This is also discussed in the next section. 

According to the European Commission [26], the factor that probably represents the largest obstacle to increasing 
material recycling is the undeveloped market for recycled raw materials. This undeveloped market is the result of 
insufficient demand due to uncertainty related to the quality of the recycled material. Only about 5% of the plastic 
material used in the EU is recycled plastic [26]. The stakeholders that can help solve the problem are product 
developers who choose the raw material and product users who can indirectly affect the product developers’ and 
producers’ decisions. The role that these stakeholders can play is discussed in more detail in the next section. As 
mentioned, the reason that product developers and manufacturers more often choose a virgin material is that a 
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recycled material usually has poorer quality. In addition, as mentioned, material quality degrades every time it is 
recycled. Therefore, to be competitive, a material recycling company must deliver products to its customers with the 
right quality and quantity and at the right time [43]. To facilitate this, quality standards for recycled raw materials 
should be developed, and access to data on these materials should be improved. Important stakeholder that can 
contribute to this are policy makers. One possible action is to introduce a tax on virgin raw materials [44]. 

4.2. Recommendation for allocation methods for the municipal waste 

Municipal waste that contains fossil materials can be divided into two different groups: waste that cannot be 
recycled and waste that is not sorted for recycling. According to Sundberg [32] and Gode et al. [45] there will 
always be a need for energy recovery to take care of: materials that cannot be recycled, waste from complex 
products, and contaminated materials that we do not want to get back into society (e.g. waste containing organic 
toxins, bacteria, such as diapers and hospital waste). Destruction of the non-recycled waste can be considered as a 
primary service in comparison to energy recovery; therefore, heat from the waste treatment can be considered as 
excess heat, so CO2 emissions should not be allocated to the energy recovery service. Which actor could contribute 
to reducing this waste depends on several factors. The reasons why materials cannot be recycled can be different. 
One is that the material can no longer be recycled due to the deterioration in quality (explained in the previous 
section). Other examples are plastics that contain additives that destroy the quality of the plastic such as materials 
that includes toxic coloring agents or materials that are a mixture of two or more materials [33, 36, 37]. Product 
developers have a large possibility to reduce this type of waste. 

According to Schöggl et al. [46] and Shapira et al. [47], a comprehensive approach covering different 
sustainability criteria should be applied in the early stages of product development. The environmental impact that a 
product has over its life cycle is largely determined by decisions made during the design process. This illustrates the 
responsibility of product developers to design products with lower environmental impact. From this point of view, 
the choice of raw materials is one of the characteristics that can play a crucial role [43]. To reduce the waste from 
products that due to their complexity cannot be recycled (e.g., electronic devices such as computers and mobile 
phones), it is important to make products more durable and easier to repair, remanufacture, upgrade, and reuse [26]. 
Product developers have this responsibility [42, 43, 48, 49, 50]. 

Even policy makers can influence product design (e.g., choice of material through different taxes) as well as 
product users who are the ‘starting point’ for a product design [51], since they can ‘send a signal’ to product 
developers through, for example, rejecting products that consist of materials that cannot be recycled. 

There is also a waste that can be recycled but which is not sorted. In 2014, approximately 36% of municipal 
waste in Sweden (about 1.6 million tonnes) was recycled. However, according to Avfall Sverige [52], the potential 
for recycling of household waste is much higher: about 60% to 80% depending on whether food is already sorted. 
Rousta and Ekström [53] conducted an analysis of environmental, economic, and social aspects of incorrect sorting 
of waste in a medium-sized Swedish city and concluded that approximately 68% of household waste sent to 
combustion plants could be sorted and sent to material recycling. It indicates that stakeholders who can contribute 
most to better recycling of the waste are primarily product users. 

4.3. Recommendation for allocation methods for the industrial waste 

Industrial waste consists of packaging or of the rest of the material used during the production processes. If 
material cannot be recycled because it consists of contaminated and toxic material, the ability to reduce that waste is 
limited and depends mostly on the type of industry. On the other hand, there is even a part of the industrial waste 
that could be recycled but was not sorted. That problem can be solved by including sorting as a part of the industrial 
processes. Long-term energy strategies in industry are of the utmost importance for implementing both technical and 
behavioral measures [54, 55, 56]. Despite this fact, several studies [57, 58, 59] have shown that long-term energy 
strategies on a business level have rarely been adopted, mostly because companies focus their efforts on their core 
business activities. A lack a long-term energy strategy in a company indicates that it is most likely that the company 
does not have strategies for sorting the waste included in the production processes. To give the industry an incentive 
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to act properly by including sorting as part of their manufacturing processes, CO2 emissions from waste 
management should be allocated to the industrial companies. 

4.4. Recommendation for allocation methods for the imported waste 

It remains unclear whether combustion of the imported waste in Swedish DH networks are a sustainable measure. 
The media is often critical when discussing this issue. On the other hand, there are advocates who emphasise that the 
energy recovery of imported waste reduces landfill and consequently greenhouse gases (e.g., methane) in Europe. 

As sustainability must be considered from a global perspective [25], imports of waste lead to sustainable 
development if the alternative waste treatment in the exporting country results in higher greenhouse gas emissions 
than the waste treatment in the country that imports the waste. However, import/export of the waste under such a 
criterion presents only a flexible platform (see section 3.1.3) for further steps in sustainable development for both 
countries. In the long term, the exporting country should develop its own waste management system in line with the 
waste hierarchy. The country that imports waste can use waste heat from the waste treatment for DH production 
instead of using fuel directly (see description of DH production hierarchy in section 3.2). But in the future, when 
imported waste decreases, the boilers that combust waste can combust biomass instead. 

According to [60], greenhouse gas emissions during transportation of the waste are usually insignificant 
compared to the reduction of greenhouse gas emissions due to energy recovery when landfill is the other option. 
Therefore, the impact on global greenhouse gas emissions when the waste is imported mainly depends on the 
alternative waste treatment in the country that exports waste. When waste is imported from the UK and Italy (where 
landfill is the most common waste management), global greenhouse gas emissions reduce by about 250 kg CO2eq 
and 550 kg CO2eq per tonne of waste. When the waste is imported from Poland, the reduction is 1100 kg CO2eq per 
tonne of waste [60]. These numbers include methane from landfills. Due to this, the allocation method from the 
imported waste should consider alternative treatment of the waste in the exporting country. If the exporting country 
has a landfill ban, such as Norway, then there is no other alternative to combustion. Therefore, the same allocation 
method should be applied as for municipal waste (i.e., no emissions should be allocated to energy recovery service). 
Such allocation would provide an incentive for the exporting country to develop its own waste management systems 
in line with the waste hierarchy such as developing its own material recycling infrastructure. 

If the exporting country has no a landfill ban, such as Great Britain, it is reasonable to allocate that fraction of 
combustion emissions that exceeds the greenhouse effect from the landfill option to energy recovery. Most often, 
combustion emissions are lower than greenhouse gases from landfills (e.g., landfills in Great Britain, Poland, and 
Italy) and in such cases no emissions should be allocated to energy recovery. The allocation method may also 
include greenhouse gas emissions from the waste transportation. In that case, emissions allocated to energy recovery 
would be as high as emissions during transport if the waste is imported from a country with a landfill ban. If the 
waste is imported from a country without a landfill ban, emissions allocated to energy recovery would be the sum of 
greenhouse gas emissions that occur during the transportation and that fraction of combustion emissions that 
exceeds the greenhouse effect from the landfill. 

5. Conclusion 

The existing method for allocation, where all CO2 emissions from the waste treatment are allocated to energy 
recovery service does not consider the problem of waste generation. Therefore, a new method is required. 

The new allocation method should apply an upstream approach and encourage all stakeholders in the system to 
act properly. It should give incentives (1) to production developers and producers to choose the right raw material 
and build products less complicated to repair and recycle, (2) to producer users to choose the right product and sort 
their waste better, (3) to material recycling industries to improve their processes, (4) to industrial companies to 
reduce the industrial waste by including waste sorting for recycling, (5) to district heating producers to always 
include energy recovery when performing waste treatment and to use excess heat from the energy recovery rather 
than electricity and direct fuel combustion. Since reducing the waste should be a priority, the emissions should be 
allocated to the stakeholders which contribute to the waste generation. To contribute to sustainable development, the 
allocation method should be combined with other measures, such as developing quality standards for recycled raw 
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materials or implementing a labeling standard that would facilitate the sorting of the waste. The same allocation 
method should be applied for waste imported from a country with a landfill ban. If the waste is imported from a 
country without a landfill ban, emissions allocated to energy recovery should be the sum of greenhouse gas 
emissions that occur during the transportation and the fraction of combustion emissions that exceeds the greenhouse 
effect from the landfill. 

The study has its foundation in Swedish conditions. Since DH systems have local characters the 
recommendations about how to allocate CO2 emissions can be useful only for countries with similar local conditions 
related to the DH sector as Sweden. Two of the most important local conditions which have the largest influence are 
that the biofuels and renewable electricity are the alternative ways of heat production, and that similar climate and 
environmental evaluation systems exist. On the other hand, the recommendations related to the possible measures on 
the waste generation side of the system, i.e. the measures which may lead to the waste reduction, are general and can 
be applied on a global level. 
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to act properly by including sorting as part of their manufacturing processes, CO2 emissions from waste 
management should be allocated to the industrial companies. 

4.4. Recommendation for allocation methods for the imported waste 

It remains unclear whether combustion of the imported waste in Swedish DH networks are a sustainable measure. 
The media is often critical when discussing this issue. On the other hand, there are advocates who emphasise that the 
energy recovery of imported waste reduces landfill and consequently greenhouse gases (e.g., methane) in Europe. 

As sustainability must be considered from a global perspective [25], imports of waste lead to sustainable 
development if the alternative waste treatment in the exporting country results in higher greenhouse gas emissions 
than the waste treatment in the country that imports the waste. However, import/export of the waste under such a 
criterion presents only a flexible platform (see section 3.1.3) for further steps in sustainable development for both 
countries. In the long term, the exporting country should develop its own waste management system in line with the 
waste hierarchy. The country that imports waste can use waste heat from the waste treatment for DH production 
instead of using fuel directly (see description of DH production hierarchy in section 3.2). But in the future, when 
imported waste decreases, the boilers that combust waste can combust biomass instead. 

According to [60], greenhouse gas emissions during transportation of the waste are usually insignificant 
compared to the reduction of greenhouse gas emissions due to energy recovery when landfill is the other option. 
Therefore, the impact on global greenhouse gas emissions when the waste is imported mainly depends on the 
alternative waste treatment in the country that exports waste. When waste is imported from the UK and Italy (where 
landfill is the most common waste management), global greenhouse gas emissions reduce by about 250 kg CO2eq 
and 550 kg CO2eq per tonne of waste. When the waste is imported from Poland, the reduction is 1100 kg CO2eq per 
tonne of waste [60]. These numbers include methane from landfills. Due to this, the allocation method from the 
imported waste should consider alternative treatment of the waste in the exporting country. If the exporting country 
has a landfill ban, such as Norway, then there is no other alternative to combustion. Therefore, the same allocation 
method should be applied as for municipal waste (i.e., no emissions should be allocated to energy recovery service). 
Such allocation would provide an incentive for the exporting country to develop its own waste management systems 
in line with the waste hierarchy such as developing its own material recycling infrastructure. 

If the exporting country has no a landfill ban, such as Great Britain, it is reasonable to allocate that fraction of 
combustion emissions that exceeds the greenhouse effect from the landfill option to energy recovery. Most often, 
combustion emissions are lower than greenhouse gases from landfills (e.g., landfills in Great Britain, Poland, and 
Italy) and in such cases no emissions should be allocated to energy recovery. The allocation method may also 
include greenhouse gas emissions from the waste transportation. In that case, emissions allocated to energy recovery 
would be as high as emissions during transport if the waste is imported from a country with a landfill ban. If the 
waste is imported from a country without a landfill ban, emissions allocated to energy recovery would be the sum of 
greenhouse gas emissions that occur during the transportation and that fraction of combustion emissions that 
exceeds the greenhouse effect from the landfill. 

5. Conclusion 

The existing method for allocation, where all CO2 emissions from the waste treatment are allocated to energy 
recovery service does not consider the problem of waste generation. Therefore, a new method is required. 

The new allocation method should apply an upstream approach and encourage all stakeholders in the system to 
act properly. It should give incentives (1) to production developers and producers to choose the right raw material 
and build products less complicated to repair and recycle, (2) to producer users to choose the right product and sort 
their waste better, (3) to material recycling industries to improve their processes, (4) to industrial companies to 
reduce the industrial waste by including waste sorting for recycling, (5) to district heating producers to always 
include energy recovery when performing waste treatment and to use excess heat from the energy recovery rather 
than electricity and direct fuel combustion. Since reducing the waste should be a priority, the emissions should be 
allocated to the stakeholders which contribute to the waste generation. To contribute to sustainable development, the 
allocation method should be combined with other measures, such as developing quality standards for recycled raw 
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materials or implementing a labeling standard that would facilitate the sorting of the waste. The same allocation 
method should be applied for waste imported from a country with a landfill ban. If the waste is imported from a 
country without a landfill ban, emissions allocated to energy recovery should be the sum of greenhouse gas 
emissions that occur during the transportation and the fraction of combustion emissions that exceeds the greenhouse 
effect from the landfill. 

The study has its foundation in Swedish conditions. Since DH systems have local characters the 
recommendations about how to allocate CO2 emissions can be useful only for countries with similar local conditions 
related to the DH sector as Sweden. Two of the most important local conditions which have the largest influence are 
that the biofuels and renewable electricity are the alternative ways of heat production, and that similar climate and 
environmental evaluation systems exist. On the other hand, the recommendations related to the possible measures on 
the waste generation side of the system, i.e. the measures which may lead to the waste reduction, are general and can 
be applied on a global level. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction  

District heating is recognized as a key technology for sustainable heat supply [1], even in areas with low energy 
buildings [2]. As district heating has a strong spatial element (due to the heat losses occurring in heat transport), it is 
no surprise that recent years have seen the emergence of GIS based tools for heat energy planning. Many municipalities 
develop a heat demand atlas (or heat “cadastre”) of their jurisdictions. These atlases are often based on urban energy 
demand models (UBEMs) [3], which in their simplest form are building stock models with energy-relevant data. In 
the following, we illustrate an expansion of the currently dominating approach such that the potential for district 
heating grids can be mapped and visualized.  

2. Methodology  

In this paper we use a UBEM, prepared as part of the GEWISS Project Hamburg [4]. It is based on the digital 
cadastre of the city of Hamburg (ALKIS), the building typology of the German Institute for Housing and Environment 
(IWU) for residential buildings [5] and the German VDI 3807 guideline [6] for non-residential buildings. Similar to 
many other building energy models [3,7] we use the ‘archetype’ approach, making use of  building ‘archetypes’ which 
are allocated to cadastral objects. The ‘archetypes’ are typical buildings with energetic properties, usually derived 
from building samples. Buildings in the ALKIS are represented with a footprint geometry and attributes stored in a 
database. By allocating archetypes to cadastral objects, an estimation is made of the energetic characteristics of the 
cadastral objects. The quality of the estimation depends upon how well a building corresponds to its allocated 
‘archetype’. The allocation of the ‘archetypes’ to cadastral objects is based upon characteristics of the buildings found 
in the cadastre that do not include energetic properties but are considered as proxies (obviously, if energetic properties 
were available for the cadastral objects, the archetypes would be unnecessary).  

2.1. Modelling Residential buildings 

We use the archetypes of the IWU for the residential buildings. The typology classifies the buildings into a matrix 
of 5 construction types, 12 construction epochs and 3 retrofit levels (baseline, standard 2014 energy retrofit and 
passive-house retrofit). For construction epoch, we use the building age found in the digital cadastre. To assign a 
construction type, we use the floor count and a building type classification found in the ALKIS. Estimating the level 
of retrofit is a bit of a challenge. We use available information on construction permits and building energy certificates 
to arrive at a plausible estimation. From our field studies for the GEWISS project we learnt that energy certification 
of individual buildings which are part of a housing cooperative (which make up large parts of the Hamburg building 
stock) is in many cases a signal that neighbouring buildings owned by the same cooperative are also retrofitted. Since 
ownership data is not available we use the plot structure to estimate where such cases could occur. Plots containing a 
building with an energy certificate are treated as ‘retrofitted’ and all buildings within the same plot receive the same 
status. Our second source of information on retrofit level – construction permits – is also available only at the plot 
level. This method is prone to errors, but it constitutes our best guess. Moreover, the exact type and depth of the retrofit 
is not known and we estimate a dichotomous – ‘yes’ or ‘no’. Given that the energy certificates are from the period 
2002-2016 and the construction permits from 2014-2017, the retrofitted buildings most probably vary in their 
retrofitting. This, however, we cannot mirror with the defined retrofit levels of the IWU typology. We also consider 
it as too fine modelling for the purpose of our heat demand atlas and the amount of uncertainty associated with the 
archetype approach in general. With the allocation of the IWU archetypes and a dichotomous retrofit level a specific 
heat demand value in kWh/(m2*a) is assigned to each residential building in the cadastre. This value we then multiply 
with the residential floor area, which is the heat demand reference area for these buildings. The residential floor area 
we consider being equal to 80% of the gross floor area of any building. Mixed-use buildings we treat as half residential 
and half non-residential. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.205&domain=pdf
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2.2. Modelling Non-residential buildings 

Estimating the energetic properties of the non-residential building stock poses more of a challenge. Not only is 
there a lack of data on building retrofits, but building age itself is available for only a small portion of these buildings. 
The latter is perhaps less of a problem, since age correlates less with heat demand in the non-residential building sector 
as it does in the residential sector. Non-residential buildings are more heterogeneous in use, geometry and materials 
and hence are not as easily classified into ‘archetypes’. Due to a lack of important information we adopt a simplified 
approach and use specific heat consumption values from the German VDI 3807 guideline. These values are medians 
from samples of real measurements. They are grouped in ‘archetypes’ based only on building use, e.g. administrative 
buildings, schools, office buildings etc. and two refurbishment levels (“baseline” and “renovated”). The reference area 
for non-residential buildings in the typology we use (from the VDI 3807 guideline) is the gross floor area which we 
derive from the digital cadastre using floor count and footprint area without the need for further calculations. 

2.3. Heat Demand Atlas Validation 

We perform a two-step validation of the heat demand atlas. Since total heat demand is highly dependent on the size 
of a building, we first validate the estimation of the reference floor area. For the residential buildings, an external 
validation is possible using data from the 2011 census at the Stadtteil1 level [8]. This data includes total residential 
floor area for each Stadtteil. We sum up the areas of the individual buildings from the heat demand atlas at the same 
geographic level (Stadtteil) and correlate the result with the census data (Fig.1. (a)). The fit of the regression line is 
very good with a high coefficient of determination (r2=0.99). The equation with an intercept of zero shows that our 
model yields an estimated floor area that exceeds the census data by 5%. This is to be expected, given that our heat 
demand atlas is based on cadastral data from 2018, while the census data is from 2011 and the city of Hamburg has a 
vibrant real estate market with a lot of new construction every year (for German standards). Externally validating the 
non-residential floor area is not possible in this way, because the census gathers data only on the residential buildings. 
Using gross floor area as the reference area for the non-residential buildings reduces the risk of errors with these 
buildings. An issue exists however, which we still consider problematic – a building with multiple structures or bodies 
but a single mutual footprint (e.g. a shopping centre with two residential towers). With these buildings, the gross floor 
area, as we calculate it, would equal the footprint area times the number of floors, which will be an overestimation in 
many cases. Although this applies to only a small fraction of the building stock, it has very large impacts on some 
buildings, with total floor areas being off by a factor of 2 or 3. Surprisingly, using 3D data does not solve this problem. 
The 3D model of Hamburg (available freely online) in both Level of Detail 1 and 2 uses the footprint geometry of the 
ALKIS as basis and the issue gets propagated. While we are exploring ways to solve this issue, we neglect it for the 
purpose of this paper, as the effects are mostly local and isolated.  

The second validation (Fig.1. (b)) of the heat demand atlas we perform at the city level, where we compare the 
estimated heat demand to monitored consumption values averaged over the years 2014, 2015 and 2016 [9–11]. It is 
well known that heat demand (estimates based primarily on transmission losses through the building shell) can greatly 
differ from real consumption. Therefore, caution has to be observed when comparing the two. In our case, however, 
the heat demand atlas uses consumption-corrected values for the residential buildings and consumption-based values 
for the non-residential buildings; hence, the heat demand atlas is comparable with the energy consumption statistics. 
We adjusted each year’s consumption to the long-term average for the Hamburg climate zone using a tool by the IWU 
based on degree-days from the German Meteorological Service [12] and averaged the result over the three years. We 
arrive at 17.3 TWh energy consumption for heating and domestic hot water for the entire building stock, excluding 
heat needed for industrial processes. The estimated heat demand from the heat demand atlas is 19.8 TWh (13% higher). 
For the residential buildings, this includes useful energy plus system losses without conversion losses so that it 
resembles the demand a building requires at its substation/heat transfer station. 

 

 
1 An administrative division, roughly equivalent to a neighbourhood. Our case study city of Hamburg is comprised of a circa 100 such 

Stadtteile. 
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Fig. 1.  (a) Correlation of residential floor area between estimations of our heat demand atlas and census 2011 at the Stadtteil level; (b) Heat 
Demand Atlas total heat demand compared to consumption values 

The consumption-based specific heat demand of the non-residential buildings as given in the VDI 3807 includes 
also conversion losses. Note that the energy statistics for Hamburg do not differentiate between heat demand for space 
heating and domestic hot water (DHW) and so we had to use the estimated national split of end-energy into use 
categories [13] to estimate the amount of energy consumption only for heating and hot water. Generally, the heat 
demand atlas performs well. Both floor areas and total consumption come close to values provided in external sources. 
We decided not to adjust the heat demand totals with the 13% overestimate out of reasons of transparency of the 
numbers. The overestimation leads to slightly higher heat density, which we account for by considering more 
conservative cut-off values for it. Of course, total consumption at the city level averages out many of the discrepancies 
at lower levels. Since we could not validate the heat demand at various levels of aggregation, we consider the atlas 
good at city and district scales and assume a moderate performance at smaller neighbourhood or urban block scales. 
For individual buildings, the heat demand atlas can show large discrepancies, not only due to user behaviour problems 
but also due to the renovation level. 

2.4. Linear heat density 

Heat density (or Areal Heat Density) in the context of heat planning is usually defined as energy demand per hectare 
or square meter of urban space. It is used in many heat demand atlases, e.g. the Pan European Thermal Atlas (Peta) or 
the Saarland heat cadaster [14,15]. We propose using an alternative measure – linear heat density. Linear heat density 
of a heating grid is defined as the ratio between heat demand (or delivered heat if an existing grid) and heating grid 
length (supply and return pipes counted as one, also “trench length”). It can come in different units, we use MWh per 
meter and year - MWh/(m*a). Both types of density are used as indicators for the economic viability of a heating grid. 
The higher the density, the more heat can be delivered and sold over a unit of the grid, reducing losses and investment 
costs. Both density types give an important orientation as to a grid’s viability [16,17], although by far not the only 
decision parameter for the construction of a heating grid. Nevertheless, linear heat density has the advantage (over 
Areal Heat Density) that non-relevant urban spaces do not enter the measure. The usual problem with the Areal Heat 
Density (as in yearly energy per hectare of urban space) is the definition of the urban space, when it is actually used 
as a proxy for the needed grid length. Since the linear heat density directly uses grid length, we consider it as the 
superior measure of the two. Arriving at a measure for linear heat density requires, however, calculating the grid 
length. For existing grids, this is straightforward, but since our goal is to estimate potential for heating grid expansion, 
we need an estimation of the length of a potential new heating grid in areas without one. This we call hypothetical grid 
modelling. 
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The 3D model of Hamburg (available freely online) in both Level of Detail 1 and 2 uses the footprint geometry of the 
ALKIS as basis and the issue gets propagated. While we are exploring ways to solve this issue, we neglect it for the 
purpose of this paper, as the effects are mostly local and isolated.  
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1 An administrative division, roughly equivalent to a neighbourhood. Our case study city of Hamburg is comprised of a circa 100 such 

Stadtteile. 
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Fig. 1.  (a) Correlation of residential floor area between estimations of our heat demand atlas and census 2011 at the Stadtteil level; (b) Heat 
Demand Atlas total heat demand compared to consumption values 

The consumption-based specific heat demand of the non-residential buildings as given in the VDI 3807 includes 
also conversion losses. Note that the energy statistics for Hamburg do not differentiate between heat demand for space 
heating and domestic hot water (DHW) and so we had to use the estimated national split of end-energy into use 
categories [13] to estimate the amount of energy consumption only for heating and hot water. Generally, the heat 
demand atlas performs well. Both floor areas and total consumption come close to values provided in external sources. 
We decided not to adjust the heat demand totals with the 13% overestimate out of reasons of transparency of the 
numbers. The overestimation leads to slightly higher heat density, which we account for by considering more 
conservative cut-off values for it. Of course, total consumption at the city level averages out many of the discrepancies 
at lower levels. Since we could not validate the heat demand at various levels of aggregation, we consider the atlas 
good at city and district scales and assume a moderate performance at smaller neighbourhood or urban block scales. 
For individual buildings, the heat demand atlas can show large discrepancies, not only due to user behaviour problems 
but also due to the renovation level. 

2.4. Linear heat density 

Heat density (or Areal Heat Density) in the context of heat planning is usually defined as energy demand per hectare 
or square meter of urban space. It is used in many heat demand atlases, e.g. the Pan European Thermal Atlas (Peta) or 
the Saarland heat cadaster [14,15]. We propose using an alternative measure – linear heat density. Linear heat density 
of a heating grid is defined as the ratio between heat demand (or delivered heat if an existing grid) and heating grid 
length (supply and return pipes counted as one, also “trench length”). It can come in different units, we use MWh per 
meter and year - MWh/(m*a). Both types of density are used as indicators for the economic viability of a heating grid. 
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decision parameter for the construction of a heating grid. Nevertheless, linear heat density has the advantage (over 
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superior measure of the two. Arriving at a measure for linear heat density requires, however, calculating the grid 
length. For existing grids, this is straightforward, but since our goal is to estimate potential for heating grid expansion, 
we need an estimation of the length of a potential new heating grid in areas without one. This we call hypothetical grid 
modelling. 
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2.5. Hypothetical Heating Grid Modelling 

We use the term “hypothetical grid modelling” to refer to the generation of a 2D polyline geometry that connects 
a number of buildings to each other. An example can be found in [18]. The focus lies on estimating a plausible length 
and routing of pipelines. Apart from the need for geometry, linear heat density requires a defined building stock for a 
heating grid. In order to allow a more fine-grained spatial analysis that can be useful also at a local level, we divide 
the building stock into building groups and generate hypothetical grids for each group (see [19] for the importance of 
spatial resolution in energy system modelling). These building groups we consider as the buildings served by small 
heating grids or as groups of buildings served by a larger grid. By mapping the linear heat density for groups we can 
better analyse the areas which have potential for heating grids. The building groups are based on the plot structure and 
street layout of the city. The plot structure we consider, since it mirrors property-rights and it is likely that buildings 
within a single plot would be part of the same heating grid or heat supply solution. Since urban infrastructure and heat 
supply pipelines in particular usually traverse public spaces or streets we consider the street layout as a good starting 
point for estimating pipeline routes. We use the street centerlines from a 2D street model [20] and we group the 
building stock of Hamburg first into buildings with mutual plots and then mutual street segments. A street segment is 
a part of a street between two junctions.  

After defining the building groups, we generate a 2D polyline geometry that connects the buildings in the group to 
each other, resembling a heating grid. There are a number of different heating grid layouts – radial, circular or multi-
circular [21]. The radial grid layout has a main supply pipeline and individual substations/heat transfer stations connect 
to it. The circular grid layout is similar, but the main pipeline is in the form of a ring. With the multi-circular layout, 
the main pipeline has multiple rings. For the purposes of the hypothetical grid modelling, we use the radial grid layout, 
since the building groups are rather small and a ring layout is rarely used at this scale. Furthermore the groups we 
consider also as grid segments, therefore multiple radial layouts of building groups can be connected and thus form a 
ring layout. We model the grid layouts with each street segment being the radial, main pipeline. Of course, this is a 
form of simplification, but one that plausibly represents heating grid layouts. Next, we model the connections from 
the main pipeline (represented by the geometry of the street segment) to the buildings. We convert each building to a 
point. Most buildings in the ALKIS have a geographic location associated with their addresses, which in most cases 
represent the location of the entrance to the building. For the buildings that have this geographic location of the address 
point i, we use it to represent the possible geographic location of a substation/heat transfer station. For all others we 
use the centroid point of the geometry. We also project i onto a 2-meter buffer around the building and obtain a point 
j directly in front of the entrance to each building. This point j we use so that connecting pipes coming from the main 
pipeline do not (or at least more rarely) enter the buildings at all possible angles. The point j we connect to i (Fig. 2). 
We then use j to locate the nearest point along the street segment s. However, simply connecting each j to s fails in 
many locations where it would make more sense to connect a couple of buildings to each other first and then connect 
the group to the main pipeline. In order to have an algorithm that can decide this based on the concrete spatial 
constellation, we use an approach from graph theory – a minimum spanning tree (MST) [22]. An MST is a graph that 
connects each node from a set of nodes n that has a minimal length compared to all other graphs that span n. We use 
all the points j, s and the vertices of the street segment v as the set of nodes n and create an MST connecting all of 
them in an optimal (minimal length) way.  

The geometry we create by converting the edges of the MST to polylines in 2D space. Since, in reality, optimal 
solutions are rarely possible, we reweight the distances between nodes so that the algorithm considers some practical 
aspects.  

Firstly, in order to ensure that the main pipeline, represented by all the points s and v is always a continuous pipeline 
we decrease the distance between each of these points. Secondly, we increase the distances between buildings in 
different plots with a factor of 2. Note the horizontal distances between the nodes j for each building. In a non-weighted 
distance matrix each separate connection j to s would mean a non-minimal tree, since the optimal way would be to 
connect each point j to another point j on the same side of the street and then only one of them to the street segment. 
However, due to the weighting of the distances the algorithm considers the distance of j to another j as “longer” due 
to the factor of 2 stemming from the two being in different plots. This means the algorithm prefers connecting a 
building to the main pipeline or to a building within the same plot. This is in line with the general logic that cascaded 
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connections of multiple buildings are somewhat problematic when it comes to obtaining passage rights for the 
infrastructure from plot owners. Of course, buildings within the same plot, assumed as having one owner, are not 
subject to this problem. Generally, these rules can be applied without the use of a MST.  

However, since the urban fabric is rather heterogeneous, having strict rules leads to illogical constellations of 
pipeline routes in some places. For this reason, we use the MST algorithm. It provides flexibility and introduces a 
tendency towards some rules, but retains the ability to break them if the spatial constellation demands it. In practical 
terms, the weighting allows the algorithm to connect a building (a) to another one (b) from a different plot, rather than 
the main pipeline, if a is more than twice as far away from the main pipeline as from b. These rules are a simplification 
of reality, but we consider them plausible when it comes to pipeline lengths and routes. 

 

Fig. 2. Nodes of a hypothetical heating grid. 

2.6. Hypothetical grids validation  

We now compare the lengths of the generated hypothetical grids with lengths of existing grids of different sizes. 
In this way we estimate the plausibility of the algorithm.  We use a vector polyline geometry of the existing main 
district heating grid of Hamburg, provided by the BUE. Hamburg has a large district heating grid and multiple smaller 
ones, we use the large one for a city-scale comparison and two smaller ones for a local scale comparison. We spatially 
intersect the buildings with the pipelines and obtain a subset of the building stock that is connected to each grid. We 
then use this subset of buildings as the input into our algorithm and generate hypothetical grids for it. We then compare 
the sum of the length of the hypothetical grids to the actual length of the existing grid. Note that the existing large grid 
has long main supply pipelines in the western part of the city that connect the coal-fired cogeneration-plant “Wedel” 
to the city centre. Since our algorithm is designed to estimate linear heat density it cannot directly tackle such specifics 
as the location of large power plants. Therefore, for the comparison, we manually take out some grid segments from 
the existing grids and compare only the areas that include a supplied building stock. The total length of the existing 
grid without these segments is 754 km (773 km with them). The generated hypothetical grids for the same building 
stock have a total length of 775 km, which is 3% higher than the 754 km of the existing grid (Table 1). This is probably 
due to the hypothetical grids using street segments, some parts of which are unnecessary and lead to rings within the 
grid. Having inner rings in the grid layout is observable for existing grids, but to a lesser extent compared to the 
hypothetical ones. Nevertheless, we consider this a good approximation that allows the use of the algorithm for city-
scale analysis of densities and lengths.  

Next, we test the performance at a local scale. For this, we compare the lengths of two existing small heating grids 
to the sum of hypothetical grids for the two respective building stocks (Fig. 3 and Table 1.). The first of the smaller 
grids is in an area of mainly single-family houses, while the second is in an area with large apartment blocks. In this 
way, we attempt to validate the results also in different urban settings. Although the grid lengths are close to the 
existing ones, there are discrepancies when it comes to the layouts of the hypothetical grids. In the area with single-
family houses, the pipeline routes of the hypothetical grids are closer to the routes of the existing grids. We expected 
this, since the algorithm is heavily depending upon the street layout and it is logical that it performs better in areas 
where the existing grids also follow this pattern. Nevertheless, in the second area, the grids also have overall plausible 
layouts. Note that the hypothetical grids do not connect all buildings in the two examples. This is the case, since the 
algorithm divides the building stock into smaller sets of buildings and aims at connecting only them. We defined the 
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algorithm in this way so that it divides the building stock into sub-stocks for which densities can be estimated, rather 
than create a single grid for a whole input building stock. The latter would mean that densities are averaged out 
between the different areas of a city, which doesn’t allow the analysis of different areas within a city. Overall we 
consider the algorithm to be useful for estimating linear heat densities. It is not however suited for the planning of a 
particular grid with exact routing and pipe dimensioning or similar more “concrete” planning tasks.  

     Table 1. Comparison of total grid lengths of existing grids and the corresponding hypothetical grids. 

Type of grid used for validation Length (Existing) [km] Length (Hypothetical) [km] Deviation in % 

Main district heating grid 754.0 775.0 +3% 

Small grid with single-family houses 16.4 14.4 -13.3% 

Medium sized grid with multifamily buildings 21.0 20.4 -3% 

 

 

Fig. 3. Existing and hypothetical heating grids. 

3. Case study Hamburg  

After validating the proposed algorithm, in this section, we apply it to the city of Hamburg in order to show how it 
can be used for exploring different planning issues. Running the hypothetical heating grids algorithm for the entire 
building stock of Hamburg together with the street layout resulted in 18 000 building groups and a hypothetical grid 
for each of these groups. Generally, a value of 1.5 MWh/(m*a) as a cut-off for grid viability is considered a rule of 
thumb [19,23]. This is an orientation value. It means grids with lower density are less viable since potential investment 
costs and grid losses become too great in relation to the delivered heat. We adopt a more conservative approach and 
consider a cut-off value of 2.5. Not surprisingly the central parts of the city showed the highest grid density, but there 
were numerous other areas with high density and therefore potential for district heating, even given our conservatively 
chosen cut-off. 

3.1. Grid expansion and new grids 

Hypothetical grid modelling is especially useful in conjunction with other data to address different planning 
questions. In this section we overlay the higher density hypothetical grids (>2.5 MWh/(m*a)) with the existing grids 
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(Fig. 4 left) and urban areas planned for new residential construction [24] (Fig. 4 right). The first map allows the 
localization of areas, close to the existing grids with high linear heat density, which constitute areas for potential 
expansion (e.g. the orange ovals in the figure). The second map brings also another aspect into play – finding areas, 
where new developments can be used as triggers for new grids that combine new and existing buildings. 

 

 

Fig. 4. Hamburg city centre. Analysing potential areas for grid expansion in combination with planned new residential areas. 

3.2. Connection density within currently supplied areas 

Another application of the hypothetical heating grids is analysing possible unused potential within areas with 
existing grids. There are many buildings in Hamburg that use other forms of heat supply, although in an area with an 
existing heating grid. In this case the hypothetical heating grids can be used to analyse the impact of connecting all 
buildings within already supplied areas. Currently the total length of all heating grids is 1 200 km with 4.4 TWh 
average early heat consumption [11] (corrected with degree days and averaged over the period 2014-2016). This leads 
to a linear density of 3.7 MWh/(m*a). We defined all buildings within a 40m buffer around the existing grids as 
“buildings within areas with existing district heating”. We then ran the hypothetical grids with this subset of buildings 
as inputs. The results show a total grid length of 1800 km (+50%), a total heat demand (consumption-corrected) of 
7.5 TWh (+59%) and an average density of 4.2 MWh/(m*a) (+12%). This means that there is considerable potential 
within these areas – currently around 22% of the demand is covered by district heating (4.4 TWh from the estimated 
19.8 TWh of the atlas), while this could potentially be 7.5 TWh or 38% and it would also lead to a higher average 
density. Note that the hypothetical heating grids tend to overestimate lengths at this scale and one could possibly 
connect these buildings with less new pipeline length. 

3.3. Grid expansion simulation 

Lastly, we use a simple simulation algorithm to locate grid expansions using the hypothetical grids. We take as 
input the areas with existing heating grids as polygons (using the 40m buffer to convert the polylines into polygons). 
We then rank all the hypothetical grids outside these areas according to their distance to an existing grid area. We 
iterate over the hypothetical grids and if a hypothetical grid has a linear heat density over the current city average of 
3.8 MWh/(m*a) we connect the hypothetical to the existing grid using a straight line. Note that the linear heat density 
of each hypothetical grid is updated with the segment needed to connect it to the closest existing grid before the 
comparison with the city average. We then update the existing grids so that the hypothetical grid from the previous 
step is counted as “existing”. We proceed with this expansion logic for all hypothetical grids. The results are presented 
in Fig. 5. The simulated expansions amount to 484 km and a total yearly heat demand of 3174 GWh/a (72% of the 
current district heating consumption) with a density of 6.5 MWh/(m*a), which is significantly higher than the current 
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connect these buildings with less new pipeline length. 

3.3. Grid expansion simulation 

Lastly, we use a simple simulation algorithm to locate grid expansions using the hypothetical grids. We take as 
input the areas with existing heating grids as polygons (using the 40m buffer to convert the polylines into polygons). 
We then rank all the hypothetical grids outside these areas according to their distance to an existing grid area. We 
iterate over the hypothetical grids and if a hypothetical grid has a linear heat density over the current city average of 
3.8 MWh/(m*a) we connect the hypothetical to the existing grid using a straight line. Note that the linear heat density 
of each hypothetical grid is updated with the segment needed to connect it to the closest existing grid before the 
comparison with the city average. We then update the existing grids so that the hypothetical grid from the previous 
step is counted as “existing”. We proceed with this expansion logic for all hypothetical grids. The results are presented 
in Fig. 5. The simulated expansions amount to 484 km and a total yearly heat demand of 3174 GWh/a (72% of the 
current district heating consumption) with a density of 6.5 MWh/(m*a), which is significantly higher than the current 
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average. These numbers suggest high potential outside currently supplied areas. Spatially, the expansions are dispersed 
in different areas of the city. This simulation uses a simplified logic and the entire simulated expansion is most likely 
not plausible. Nevertheless, this simulation provides an overview of where potentials in urban space lie and is a way 
of generating ideas about possible future developments.  

  

 

Fig. 5. Grid expansion simulation 

4. Conclusion 

The goal of the method presented here is to estimate linear heat density in urban space. The linear heat density we 
consider as a signal for economic viability. Mapping and presenting it can be a way of motivating, giving ideas to or 
simply bringing together relevant public and private actors. This can support efforts for sustainable heat supply, in 
this case, the use of district heating. The hypothetical grid modelling we presented is a conceptually straightforward 
and easily implemented way for estimating linear heat density. Using only a heat demand atlas and the street network 
as inputs, we managed to map the linear heat density of the entire city of Hamburg. Both the heat demand atlas and 
the estimated grid lengths we validated against real-world data, which showed a good fit. Of course, the application 
of this hypothetical linear heat density has its limitations. Important aspects concerning the construction of district 
heating grids are omitted – e.g. situation of the underground and costs connected with different types of construction. 
Furthermore, we do not analyse actual economic viability but use the ratio of heat demand and grid length (linear heat 
density) as a proxy for it. This has the disadvantage that external economic factors (e.g. energy prices) are not 
considered. On the other hand, district heating grids are a long-term infrastructure that has to be planned with certain 
economic robustness. Since linear heat density is relatively fixed and not as volatile as energy prices, we consider it 
plausible to use it as a proxy. Additionally, expected heat deliveries over the coming decades could be a more 
important parameter than current energy prices, as they also implicate resource efficiency independent of prices. Also, 
for the decision and potential to construct heating grids, there are other aspects than economics. Institutional issues 
such as existing heat delivery contracts and plot easements can stand in the way of heating grid expansions. Therefore, 
it is important to use this method for its specific purpose – mapping and presenting linear heat density as a way of 
communicating potentials in urban space and providing orientation of economic viability of district heating grids. 
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in different areas of the city. This simulation uses a simplified logic and the entire simulated expansion is most likely 
not plausible. Nevertheless, this simulation provides an overview of where potentials in urban space lie and is a way 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

A first of its kind concentrated solar power (CSP) installation has been integrated together with a biomass heat and power (CHP) 
plant using an organic rankine cycle (ORC) unit. The plant has been deployed in the northern part of Jutland in Denmark, right 
next to the city of Brønderslev. The plant has been supplying heat to the local district heating network since the end of 2016.
Aalborg CSP has developed and built the CSP plant consisting of parabolic trough collectors with an aperture reflecting area of 
26,920 m2. The CSP plant is able to deliver 16.6 MWth at its peak while it can supply the district heating or the ORC with 
approximately 16,000 MWh of heat annually. This paper serves as a description of the technical aspects of the system with specific 
focus on the CSP field as well as present the first measured performance from the Summer of 2017. 
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1. Introduction

Solar energy is abundant and increasingly utilized in domestic systems to supply space heating and cooling. 
However, over the last couple of decades the world energy demand has increased dramatically due to both industrial 
growth and population increase.

1.1 Concentrated Solar Power in Denmark

Concentrated solar power (CSP) plants have so far mainly been built to produce electricity for export to the grid, 
however, numerous advantages have been identified in industrial setting as well.  Due to the technology’s flexibility 
to produce high and mid temperature heat, it provides an ideal solar-thermal solution for industrial purposes. Parabolic 
trough CSP plants are typically found in countries around the solar belt, but economic viability has also been proven 
in a place with limited solar resources, in Denmark, where efficiency of the system was monitored and compared with 
flat solar-thermal panels. The report concluded that CSP produces more energy per square meter above 50 °C, provides 
a better economy over the system’s 25-years lifetime and ensures a year-round energy production even in Nordic 
climate conditions compared to flat panel systems [1]. It has also be seen that even when operating in higher 
temperature the parabolic trough collectors maintain a high heat yield per square meter or aperture area [2], [3]. That 
is because the heat is concentrated in a central receiver tube enclosed in a vacuum glass envelope.

2. Technology description

2.1. Parabolic Trough Collectors (PTC)

The parabolic troughs reflect the rays of the sun onto a receiver pipe filled with heat transfer fluid. The receiver 
pipe is located in the central focal point of the troughs. In the receiver pipe, the fluid is heated up and pumped into the 
heat consumer.

Figure 1: Parabolic trough collector performance vs. flat plate collectors 
in low heating temperatures

Figure 2: Parabolic trough collector performance in different Danish 
regions and high temperatures [3]
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The CSP technology is the most effective 
solar heating method for high temperature 
ranges. The parabolic troughs has a special 
glass vacuum tube guaranteeing some of the 
markets lowest heat losses thus providing 
stable energy production even at middle 
temperatures as the receiver pipe has very low 
heat losses to the ambient.

The parabolic trough uses a custom–made 
sun-tracking technology, where a computer 
calculates and calibrates the troughs into the 
required position to receive optimal radiation 
throughout the day. The sun-tracking 
technology achieves a very high efficiency per 
m2 of aperture mirror area, thereby optimizing 
the use of land intended for technology 

placement. The PTCs track and follow the sun in a tracking window of ± 0.15° from the present solar position. The 
rotation is ensured by a gear and a hydraulic system.

2.2. The system

In December 2016, a world first CSP plant went into operation in the northern part of Denmark (town of 
Brønderslev). The plant’s uniqueness lies in the fact that it was designed to be integrated with a biomass-fired Organic 
Rankine Cycle (ORC) which is currently still under the last stages of commissioning. This combined solution is the 
first large-scale system in the world to demonstrate how CSP, with an integrated energy system design can optimize 
efficiency of ORC even in areas with less sunshine, in this case Denmark.

Figure 4: Image of the concentrated solar power plant in Brønderslev, Denmark

Figure 3: Sun tracking technology enabling the parabolic troughs to follow the sun’s 
position throughout the day

4 Andreas Zourellis / Energy Procedia 00 (2018) 000–000

The solar energy plant was delivered by Danish renewable energy specialist Aalborg CSP, and it is based on the 
company’s own CSP parabolic trough technology, also called the AAL-TroughTM. The plant consists of 40 rows of 
125m U-shaped mirrors with an aperture area of 26,929 m2. These 40 rows are divided in 10 loops. Each loop has an 
inlet and outlet connection to the main pipe, meaning that the cold thermal oil will flow through 4 rows (i.e. 500m)
until it gets the right temperature and finally leaves the loop. In order to fit within the land boundaries the loops where 
bended into half, saving cost for extra piping at the same time. As seen in Figure 5 the solar field is tilted 29o from the 
North-South axis due to specific land availability. 

The curved mirrors collect the sunrays throughout the day and reflect them onto a receiver pipe, which sums up to 
5 kilometer receiver tubes. This receiver pipe is surrounded by a special glass vacuum tube and inside this runs - only 
heated by the sun - thermal oil with temperatures up to 312 °C. This high temperature is able to drive an electric 
turbine to produce electricity, but the flexibility of the system also allows production of lower temperatures for district 

heating purposes. The solar 
heating system can thus alternate 
between providing heat and power 
or deliver heat exclusively. To 
maximize yield of energy, the 
waste heat is utilized and sent to 
the district heating circuit whereas 
electrical power is generated at 
peak price periods. 

In Figure 7, it can be seen that 
the CSP field is delivering hot 
thermal oil to both the ORC unit 
and the oil-to-water heat 
exchanger which delivers the heat 
to the district heating network to 
the city of Brønderslev. The CSP 
solar field has a thermal peak 
effect of 16.6 MWth and is 
expected to deliver approximately 
16,000 MWh of heat in an average 
weather year.

Apart from the solar field, there 
are two biomass boilers each of a 
maximum capacity of 10 MWth 
running with wood chips as fuel. 

Figure 6: Photo of the AAL-TroughTM 3.0 model - third generation of 
Aalborg CSP’s parabolic trough technologyFigure 5: Top view of the solar field layout

Figure 7: Flow chart of the energy distribution at the hybrid plant of Brønderslev
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Both the CSP field and the biomass boilers are working in conjunction to supply with sufficient heat the ORC unit, 
which in full load is supposed to deliver 4MWe. The dissipated heat from the ORC condenser is used to provide 
additional heat to the district heating network. Therefore, one might notice that the hybrid system is designed in a 
sustainable and efficient way, avoiding to unnecessarily waste heat to the ambient. The biomass boiler house embeds 
a 2 MWth heat pump as well, to make use of waste heat from the biomass chimney and supply the district heating as 
supplementary source. In order to guarantee that the total energy demand is covered at any time, a CHP gas engine is 
placed as final backup

The achievement of the world’s first CSP system combined with a biomass-ORC plant is supported by the Danish 
Government’s Energy Technology Development and Demonstration Programme (EUDP).

3. Monitoring and validating performance during the first solar season

As aforementioned, the peak performance of the plant is set to reach 16.6 MWth and the annual yield is expected 
to be 16,000 MWh of thermal energy. Since the CSP-plant went into operation in the end of 2016, it has been meeting 
the expected operational goals.

In figure 8, the CSP performance in different seasons is illustrated. It is interesting to see that the time moves from 
Summer to Autumn, Spring and Winter the thermal power output curve shifts down. This is happening due to the 
lower solar altitude from month to month. As an example Figure 8 shows the expected thermal output for a day in 
January, April, July and October, based on an average weather year issued by the Danish Meteorological Institute [4].
Usually, when a PTC field tracking axis is not declining from the North-South axis then the profile of the thermal 
output curve has two symmetrical peaks (i.e. one in the morning and one in the afternoon). In the present case it should 
also be mentioned that the thermal peak in the morning hours is always higher than the one in the afternoon. This is 
explained from the tilted tracking axis in Brønderslev which deviates 29o from the North-South. Therefore, the optical 
losses are lower before solar noon, because of the lower incidence angle. The incidence angle is the angle in which 
the solar beams hit the surface of the reflecting mirrors in relation to the normal incidence. The lower the incidence 
angle is, the lower the optical losses are and thus the higher the thermal output is. The incidence angle of a day in May 
can be seen in Figure 9.

Figure 8: Seasonal variation on CSP thermal power output curve

6 Andreas Zourellis / Energy Procedia 00 (2018) 000–000

Figure 9 shows the effect of turning the tracking axis from exactly North South direction. The daily profile is 
then changed and may be adapted to the highest electricity price that at present often is in the mornings at around 8-
10 [3].

The solar plant performance was monitored and cross checked during its first summer period from May 2017 to 
September 2017. Figure 10 illustrates the modeled versus the measured performance in kWh of heat produced per day 
and as it can be clearly seen the two series of data come in very good agreement when they get the same daily beam 
radiation as input.

Figure 5: Daily production data from each season of 2017

Figure 9: Incidence angle effect on thermal power output curve [2]

Figure 10: Validation of measured vs. computed performance for summer 2017, Perers et.al [3]
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The same procedure has been followed and is presented here for a whole day of solar heat production in May. In 
Figure 11 the measured and calculated thermal performance of the field are presented with a yellow and a black line 
respectively and it becomes apparent that they are almost identical. All the heat produced by the field at that moment 
was delivered to the district heating network. The monitored forward water temperature to the district heating grid 
was also in very good agreement with the calculated one and averaging at around 80oC. With blue and red, the 
measured and calculated outlet temperature of the thermal oil is shown to be peaking at around 180oC. At that moment 
the ORC unit was still under construction and there was not need to operate at a higher temperature than that.
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The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
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conductor DH-grid concept which was investigated from technical and economic perspectives. The analysis of the dynamic grid 
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decentralized heating concepts with comparably high level of renewable and waste heat. However, in Germany, due to the currently 
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1. Introduction 

About 80% of the worldwide energy consumption and CO2 emissions are emitted in cities [1]. In temperate and 
cold climate zones the provision of heat produces a significant share of urban emissions; e.g. in Berlin, the building 
stock emits half of the city’s CO2 emissions [2]. Thus, in order to fulfil the targets of the Paris Agreement it is 
essential to transform the urban heating sector in order to provide heat with a considerable share of renewable 
energies [3;4]. The first important pillar for a transition of the heating sector is a comprehensive modernization of 
the building stock in order to decrease the energy consumption [3;5]. The second important pillar is the structural 
transition of the heating supply sector to more climate-friendly forms of heat generation by switching from fossil 
fuels to renewable heat and waste heat.  

District heating (DH) systems enable producers to use renewable and waste heat sources such as wastewater heat, 
large-scale solar thermal systems or geothermal heat by matching the regional available supply with the respective 
demand [6;7;8]. Therefore, numerous studies have concluded that DH will play an important role for future 
sustainable energy system [9;10;11]. However, most of the renewable heat sources a as well as many waste heat 
sources provide low-temperature heat, while DH usually operates on high supply and return temperatures [7;12]. 
Furthermore, there are obstacles for energy refurbishment measures; many European cities have a relevant number 
of buildings protected as historic monuments. In Berlin a sixth of building stock are listed buildings [13]. For the 
future, it is necessary that the energy demand and the temperature requirements of a high share of buildings 
decreases significantly. However, in neighbourhoods characterized by the existing stock of buildings with high 
energy demand, there will very likely be a coexistence of refurbished buildings that can use low-temperature heat 
and buildings that still need high temperature heat. Since the consumer with the highest temperature demand in the 
supply area determines the temperature for DH systems [14], solutions are needed to deal with this temperature 
diversity in neighbourhoods.  

To develop an innovative solution for this challenge, this paper introduces a multi-conductor DH-grid approach 
and presents the results of a feasibility analysis from technical and economical perspectives. In contrast to 
conventional networks with two pipes, the multi-conductor heating network is designed with several conductors, 
each with different temperatures. This means that the temperature level of the heating network is no longer 
determined solely by the consumer with the highest temperature requirements but can be optimally adapted to the 
existing consumer and producer structure. An important feature of this novel heat network is the decentralised 
integration of regenerative energy sources and waste heat at low temperature levels so that the consumer can also be 
a producer and, as a prosumer, feed in heat from own heating plants.   

2. Methodology 

2.1. Feasibility analysis from technical and economical perspective 

The technical and economical feasibility of the future-oriented multi-conductor heating network was investigated 
using the example of an urban neighbourhood. An iterative approach served to identify technical designs of the 
network itself and producer scenarios with low overall costs. Therefore, the initial design of the generation park was 
subsequently adapted in such a way that the total costs are as low as possible.  

In a first step the technical design of the multi-conductor network was developed specifically for the study area. 
A modelling of the heat producers and their producer profiles, the consumers and their consumption profiles, as well 
as the network itself served as the basis for the technical design of the network. For the simulation, the modelling 
language Modelica and its implementation environment Dymola were chosen. In order for a LowEx multi-conductor 
heat network to react flexibly with regard to the supply and removal of heat, an adapted hydraulic network concept 
is required. A detailed description of the methodological approach and of the results of the hydraulic feasibility 
analysis can be found in [14].  

In a second step the network itself and the producer scenarios created on the basis of modelling were examined 
with regard to the total costs and the producer-specific heat production costs. The annuity method, a dynamic 
method of investment analysis, that takes financial parameters such as interest rates, inflation and price changes into 
consideration, was applied. The chosen observation period is 20 years. The total annual costs and heat generation 
costs were calculated on the basis of the investment costs, operating and consumption costs for the heat generation 
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plants, the grid itself and the transfer stations. Initial energy prices refer to the prices in Germany in 2015, price-
increase rates are 2.6% for natural gas, 2.3% for light fuel oil, 0.6% for electricity and 1.5% for biomethane. A 
detailed description of the methodology and the assumptions can be found in [15]. 

2.2. Characterization of the study area 

An urban neighbourhood was chosen as a model area for the multi-conductor network, since greenhouse gas 
emissions from the heat supply are particularly high in cities and therefore especially relevant for effective 
mitigation strategies. In addition, grid-bound heat is particularly profitable in densely populated areas where there is 
a high consumption density. Furthermore, the focus of the feasibility study was on the existing building stock, as it 
is responsible for the majority of the heat consumption. At last, due to different renovation conditions, there are 
rather different temperature requirements by the consumers in existing or mixed areas when compared to in purely 
new construction areas. Generally spoken, a multi-conductor network with more than two conductors only makes 
sense if a consumer structure with significantly different temperature requirements exists in an area.  

Based on these considerations, a district in Berlin Pankow was selected as the study area. The district of Pankow 
was found at the end of the 19th century with the construction of densely packed tenement buildings, which in the 
course of time where modernized by different intensity and standards. The chosen city district consists out of 59 
single-family and two-family homes, and 31 apartment buildings as well as a shopping centre and a school and 
several non-residential buildings. Fossil fuels such as natural gas and heating oil are currently predominantly used 
for heating in both single-family and multi-family houses. Using a software building simulation the total heat 
requirement in the district was determined to 17.1 GWh/a in 2015 [14]. 

3. Technical design and control of a multi-conductor heating network 

The number of conductors that were determined is based on the existing consumer structure. In the study area, a 
total of six consumer classes were defined on the basis of their design temperatures. Among them are buildings with 
radiators with operating temperatures of 90/70 °C, 75/65 °C, 70/55 °C and 60/45 °C as well as buildings with 
surface heating systems with an operating temperature of 45/35 °C. In addition, the hot drinking water requirements 
of the buildings are also indicated as consumers. For hygienic reasons, the temperature for providing hot drinking 
water is above 60 °C at all times of year. The number of temperature levels required to meet the demand was set at 
four. The consumer groups 90/70 °C and hot drinking water as well as the consumer types 75/65 °C and 70/55 °C 
were each combined in one conductor. For each conductor, the temperatures result from the heating curves of the 
type of consumer with the highest temperature requirements in each case.   

In order to implement a multi-conductor heat network, different heat sources are required in one district, which 
can provide heat at the temperature levels required by the consumer structure. Possible generation plants that supply 
heat for heating networks include combined heat and power plants (CHP), gas-fired boilers for peak loads, solar 
thermal plants, low temperature waste heat from industrial and commercial sources (e.g. bakeries, laundries, 
compressed air production, data centres) as well as environmental heat (air, geothermal energy, river water and 
waste water). For the use of environmental and some types of waste heat, heat pumps are required to transfer the 
heat to a usable temperature level of more than 50 °C.  

Producer types can be characterised by the attainable flow temperatures and their adjustability. With regard to the 
adjustability, a distinction is made between non-adjustable and adjustable producers. Adjustability describes to what 
extent it is possible and practical to operate a generation plant flexibly depending on the heat demand in the grid. 
Adjustable generators can feed their power into the grid at any time. Non-adjustable generators provide their power 
depending on external factors. Examples of adjustable representatives of the category include gas boilers and heat 
pumps, and representatives of the non-adjustable category include solar thermal or waste heat processes. Heat from 
renewable energies or waste heat is generally available at lower temperatures compared to conventional district 
heating and can in many cases be characterised as not adjustable (Table 1).  
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Table 1. Characterization of heat sources according to achievable temperature levels and controllability. 
 

Generating plant Attainable temperature level  Adjustability 

CHP < 100 °C Adjustable 

Gas-fired boilers   < 100 °C Adjustable 

Solar thermal energy  < 100 °C Not adjustable 

Heating pumps   
Outside air, soil, groundwater 
Exhaust air, sewage water 

< 60 °C 
< 60 °C 

Adjustable 
Not adjustable 

Bakery  > 100 °C Not adjustable 
 

For climate policy reasons, in most cases heat from non-adjustable sources should be prioritised for feeding-in, 
since it often has a lower primary energy factor than heat from adjustable generators (e.g. solar thermal energy, 
waste water heat). However, in order to guarantee supply reliability in a heating network, it is necessary to maintain 
a sufficiently high adjustable heating power at the corresponding temperature levels.  
In order for a LowEx multi-conductor heat network to react flexibly with regard to the supply and removal of heat, a 
new hydraulic network concept is required and has been developed. The temperature and pressure level in the 
network is highest in conductor L1 and lowest in the lowermost conductor (see Figure 1 for a three-conductor DH 
system). Consumers and producers are connected between two adjacent conductors. In addition, by using at least 
one tank per conductor, the individual conductors are hydraulically decoupled from one another. The aim of using 
the tanks is to decouple consumption and generation over time. This makes it possible to operate adjustable 
generator plants according to demand. The tanks have been modelled using a customized version of the expansion 
vessel provided by the buildings library developed by the Lawrence Berkeley National Laboratory. This model was 
extended by a signal output for the tank volume. The pressure inside the tank is set to be constant. The hydraulic 
separator has been modelled using a discretized pipe model and a mass flow sensor between each grid level. 
 

 
 
Figure 1. Sketch of multi-conductor heating network with three conductor (L = line, P = producer, C = consumer) 
 

The respective load condition of the individual conductors in the heating network can be determined at the filling 
level of the tanks. If the consumption of conductor L1 to conductor L2 is greater than generation, the fluid level of 
tank 1 decreases, but if generation is greater than the consumption, the fluid level of tank 1 rises. This information 
can be used to determine the load situation in the heating network at a central point and is therefore important for 
regulating the adjustable generators. Adjustable generators can be regulated in their entire power spectrum, whereas 
non-adjustable generators can only be prevented from feeding into the grid. The primary aim of this grid control is 
to adapt generation to consumption without determining the exact consumption of each consumer on a decentralised 
basis. Generation that is not adapted to consumption can lead to an under- or over-supply of the heating network; 
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this means that central generator control is also absolutely essential in a LowEx multi-conductor heat network. 
Furthermore, a centrally controlled producer regulation control makes it possible to prioritise efficient producers 
allowing for making the best possible use of the energy potential of a production park, for reducing CO2 emissions, 
and for improving the overall efficiency of the production plants. Further information on the hydraulic concepts and 
the control concept can be found in [14]. 

4. Feasibility of a multi-conductor heat network from an economic perspective 

The economic analyses refer to a four-conductor DH-system and various producer scenarios. While a centralised 
scenario called Grid-Central includes only a few large heat generation plants, a scenario called Grid-Decentral 
represents a producer structure with many small system installations (mainly heat pumps). At last, a scenario called 
Grid-RE-Ambitious incorporates the highest amounts of renewable heat and waste heat by integrating several small 
heat pumps, two big wastewater heat pumps and a solar thermal plant with 1,200 m2 of collector area. The total 
annual costs and heat generation costs were calculated on the basis of the investment costs, operating and 
consumption costs for the heat generation plants, the grid itself and the transfer stations (cf. Table 2 and 3).  

 
Table 2. Type and number of heat generation plants in the LowEx scenarios  
 

System type/output Grid- 
Central 

Grid-De-
central 

Grid - RE  
Ambitious 

Solar thermal energy 300 m²  3  
Solar thermal energy 600 m²   2 
Solar thermal energy 900 m² 1   
Solar thermal energy 1800 m²   1 
Air-heat pumps – Apartment buildings 1960-1990, 101 kW   9 
Air-heat pumps - One/two family houses  <1960, 34 kW   3 
Geothermal heat pumps - Apartment buildings 1960-1990, 101 kW  5  
Geothermal heat pumps - Apartment buildings  <1960, 123 kW  4  
Geothermal heat pumps - One/two family houses <1960, 34 kW  14  
Bakery, 9,9 MWh MWh/a  2 2 
Wastewater heat, 2.000 MWh/a 2  2 
Natural gas CHP, 600 kWel 1 1 2 
Gas-fired boilers, 2.600 kW 1   
Gas-fired boilers, 2.050 kW 2 2 1 
Gas-fired boilers, 1.000 kW  2 2 
Gas-fired boilers, 750 kW 1 1 2 
Storage facility, 1650 m³   1 

 
Table 3. Costs of heat generation plants and the grid 
 

System type/output Investment 
costs [€] 

Subsidies 
[€] 

Operating costs 
per year [€] 

Consumption 
costs [ct/kWh] 

Solar thermal energy 300 m² 179.200 42.500 863 0 
Solar thermal energy 600 m² 323.400 84.500 1.550 0 
Solar thermal energy 900 m² 453.000 126.500 2.175 0 
Solar thermal energy 1800 m² 892.000 252.500 4.275 0 
Air-heat pumps, 101 kW 70.980 4.500 773 6,7 
Air-heat pumps, 34 kW 35.240 2.000 225 7,1 
Geothermal heat pumps, 101 kW 76.220 10.500 1.817 5,0 
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System type/output Investment 
costs [€] 

Subsidies 
[€] 

Operating costs 
per year [€] 

Consumption 
costs [ct/kWh] 

Geothermal heat pumps, 123 kW 127.870 10.500 2.531 5,0 
Geothermal heat pumps, 34 kW 41.980 5.000 615 5,4 
Bakery, 9,9 MWh MWh/a 10.850 750 225 0 
Wastewater heat, 2.000 MWh/a 666.606  200.000 16.581 3,9 
Natural gas- CHP unit, 600 kWel 423.720   22.537 5,1 
Gas-fired boilers, 2.600 kW 159.350   3.120 5,0 
Gas-fired boilers, 2.050 kW 126.350   2.460 5,0 
Gas-fired boilers, 1.000 kW 63.350   1.200 5,0 
Gas-fired boilers, 750 kW 48.350  900 5,1 
Storage facility, 1650 m³ 27.833    
Grid, 3.166 m 1.785.855 190.000 63.117 0,2 

 
The heat supply system must be economically viable from the perspective of all actors involved in the heat 

supply, i.e. for the network operators, the heat producers, and the heat consumers. From the point of view of energy 
suppliers, it makes sense to design the generation park in such a way that the total costs of the generation park and 
the grid, including investment costs and running costs, are as low as possible. In order to attract heat consumers, the 
heat price, which can be derived from the heat generation costs, should also be of a similar magnitude such as 
options for individual building supply (e.g. a decentralised gas boiler or a heat pump).  

In the case of solar thermal systems, the heat generation costs for larger systems are significantly lower than for 
small systems. Solar thermal systems should also be dimensioned to suit the heat requirements in the district, so that 
as much of the generated heat as possible can be used. In the case of an installation without seasonal storage, the 
dimensioning depends on the summer load of the quarter. Heat generation costs of solar systems vary strongly 
depending on the dimension, type of collector, roof orientation and inclination. The solar thermal plants considered 
here result in heat generation costs of about 9 to 11 ct/kWh, only a combination with a seasonal storage allows the 
heat generation costs to be reduced to less than 6 ct/kWh. Relatively low heat generation costs of about 7 to 9 ct/kWh 
can be achieved with commercial waste heat, for example from bakeries or waste water heat, so that the integration 
of such heat sources makes economic sense. With heat pumps, the achieved heat generation costs depend less on the 
size of the systems than on the annual performance factor and the annual service life of the systems. However, due to 
the relatively high investment costs for heat pumps, the running times should be as long as possible. Since the annual 
operating hours for connecting heat pumps to the grid are generally higher than for purely object-related operation, 
the heat generation costs for heat pumps that are connected to the grid are lower: 7 to 10 ct/kWh with a grid connection 
and 10 to 13 ct/kWh without a grid connection, depending on the system type. However, due to the heat quantity of 
certain temperatures determined by the consumer structure, it is not possible to integrate any amount of heat from heat 
pumps into the LowEx-multi-conductor heating network. The overall costs and average heat generation costs of the 
system therefore increase if there is so much heat pump power in the system that its heat can only be absorbed by the 
grid in small quantities.  

Economic analyses for the entire heat supply system show that producer structures with many small system 
installations (decentralised scenario) lead to comparable total costs as those with a few large installations 
(centralised scenario), provided the heat quantities from the various heat sources are of a similar size (see Figure 2). 
Total costs and average heat generation costs are significantly higher if an ambitious concept is to be implemented 
that maximises the share of renewable heat and waste heat on the basis of existing potential and consumer structure. 
The ambitious scenario has a 40% share of renewable heat and waste heat. The higher total costs are mainly due to 
the significantly higher installed capacity of heat pumps (incl. waste water heat pump) compared to the other 
scenarios. As a result, the annual full load hours of the heat pumps in this scenario are much lower. In order to 
achieve a cost-efficient overall system, a central player is therefore required to decide on the integration and feeding 
volume of the heat generation plants.  
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Figure 2. Total annuity costs and average heat generation costs for three generator structures with LowEx multi-conductor heat grid. 

 
The average heat generation costs of 9 to 10 ct/kWh (over 20 years) achieved in the centralised and decentralised 

scenarios for the entire heat supply system are, under favourable conditions, competitive compared to scenarios with 
a comparatively high share of renewable energies for individual buildings. Favourable framework conditions relate 
to technical aspects such as low network losses but also an increase in gas prices. However, for some consumer 
groups, especially older, unrenovated apartment buildings, the heat generation costs of the LowEx multi-conductor 
heating network are higher than those of individual gas or oil boilers in the building. Since the share of 
consumption-related costs in the supply of gas and oil boilers to individual buildings is significantly higher than in 
the scenarios with the LowEx multi-conductor heating network, a gas-based supply to individual buildings however 
reacts much more sensitively to higher gas price increases. A heat supply concept with a LowEx multi-conductor 
network can therefore be described as more stable in the face of price increases of fossil fuels. 

Several aspects have to be considered from an economic perspective regarding the technical design of the 
network. The heat losses in the grid are a highly relevant influencing factor for the efficiency and competitiveness of 
the LowEx multi-conductor heating network. The technical simulations showed a network loss of 3 % of the 
generated heat for the area under study. Under these circumstances, the total costs for the area under study with grid-
connected heat supply can be reduced compared to individual building supply with a comparable share of renewable 
energies. However, if the grid loss increases by a few percent, under the assumed economic boundary conditions the 
grid-connected heat supply loses its advantage in terms of total costs compared to a building-specific heat supply. 
From a technical point of view, an increase in the number of conductors in the grid can lead to an optimum supply 
of consumer groups from individual heat sources. However, the number of conductors is limited due to economic 
reasons, as the investment costs increase as the number of conductors increases. If the number of conductors 
doubles, network operators estimate that grid investment costs will increase by about 30 to 50 %. In relation to the 
total costs of heat supply, the consumption-related costs outweigh the others, so that the annuities of the total costs 
increase by only about 2 to 3 % if the number of conductors is doubled. Under certain circumstances, however, these 
additional costs can lead to the grid-connected supply being more expensive than a building-specific heat supply. A 
detailed description of the economic analyses from the perspective of the different actors involved (producers, grid 
operators, customers) can be found in [15]. 

5. Conclusion 

The examined multi-conductor district heat supply system can cost-effectively integrate renewable energies and 
waste heat and is therefore in line with the climate and energy policy objectives at the German and EU level, which 
foresee extensive decarbonisation of the heating sector by 2050. The results of the technical and economic analyses 



434 Elisa Dunkelberg et al. / Energy Procedia 149 (2018) 427–434
8 Dunkelberg et al. / Energy Procedia 00 (2018) 000–000 

show that multi-conductor networks are feasible and can be implemented with an adjusted network and control 
concept and that existing potentials for renewable heat and waste heat can be utilised by integrating different heat 
sources. The multi-conductor concept is particularly suitable for urban areas with a heterogeneous consumer 
structure and a large number of available heat sources. In order to hydraulically decouple the individual conductors 
from one another, there must at least be one tank per conductor. Investments costs of a four-conductor network are 
about 30 % higher compared to a conventional grid with two pipelines. Consumption costs however are comparably 
low and a heat supply concept with a LowEx multi-conductor network can be described as more economical 
sustainable in the face of possible price increases of fossil fuels. 

In order for innovative heating concepts to play a significant role, timely adjustments to the European and 
German regulatory framework are necessary. Since gas boilers are for many households still the most cost-efficient 
technology to provide heat, the political framework has to be adjusted in order to increase the competitiveness of the 
presented multi-conductor network. The continuous lack of internalisation of environmental costs associated with 
low fossil fuel prices represents a major obstacle to the transformation towards a climate-friendly heat supply and 
specifically to the feasibility of LowEx multi-conductor networks. Higher costs of gas or oil-fired heat supply 
systems, for example through a CO2 tax, would directly improve the competitiveness of various climate-friendly 
heat supply options, and thus also a LowEx multi-conductor heating network with a high share of renewable energy. 
In addition, possible instruments for increasing the competitiveness of heat from a LowEx multi-conductor network 
in comparison with individual fossil boilers could also include targeted financial support programmes for grid 
solutions with a high proportion of renewable energies and waste heat [16].  
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1. Introduction 

Nowadays, an efficient handling of resources is of special importance for our society. In consequence, the energy 
from former unused industrial waste heat gets increasingly utilized. Through combined heat and power, the heat 
waste gets transported by district heating networks to public buildings or private households. For transportation, 
preinsulated pipelines are predominantly used. They consist of three components that serve different purposes: the 
steel medium pipe transports the hot water and bears the primary portion of the load, while the outer layer (HDPE) 
protects the insulation material from water, harmful solids, and mechanical influences. The primary function of the 
polyurethane rigid foam is the insulation of the pipeline. As a side-effect, it also transfers loads between the medium 
and the casing pipe. Traditionally, a feed and a return line are installed at the same depth. The pipeline and the 
filling zone are usually filled with sand, that gets compacted in several layers. 

During the operation of district heating networks, changes of the media temperature lead to periodic varying 
loading conditions. Hereby, the free movement of the pipe, which tends to elongate and shorten under temperature 
load, is hindered by the adjacent soil. The resistance of the soil can be divided into axial friction resistance and 
lateral bedding resistance. While both components have already been investigated independently of each other by 
several authors, the knowledge concerning interaction effects is limited. However, it is evident from figure 1, that 
near curves or elbow segments both bedding and friction resistances get mobilized and may affect each other.  

 

Figure 1: Displacement of temperature loaded, buried district heating system [1] 

2. State of the art 

2.1. Axial friction resistance 

In common design practice in Germany [2], the maximum friction resistance is estimated from: 

 ''=, GNuR FFF  .   (1) 

Herein  denotes the maximum resistance force per meter length,  is the friction coefficient and ′ and ′ 
are the integrated normal stresses around the pipes circumference and the sum weight force of the filled pipeline, 
respectively. To incorporate the effects resulting from changes of operating temperature, the coefficient of contact 
friction is taken to  for increasing temperature conditions. During unloading (decrease of temperature), a 
value of  shall be applied [2]. However, the coefficient of contact friction is a material specific constant.  

In general, the estimation of the maximum resistance force is based on Coulomb’s friction law [3]. Following 
Coulomb, the maximum shear stress that can be mobilized between the pipe’s mantle and the surrounding soil is 
proportional to the current normal stress. The constant of proportionality is the coefficient of contact friction . 
Neglecting the shear stresses in circumferential direction, the maximum resistance force that soil can exert on the 
pipeline due to axial relative displacement can be calculated from equation 1, wherein 

 Author name / EnergyProcedia 00 (2018) 000–000 3 

 

2
1' 0***0

kDF aN


  . (2) 

Herein  denotes the outer diameter of the pipeline and  is the coefficient of earth pressure at rest. Assuming 
the groundwater level to be beneath the bottom of the pipeline, the overburden stress at the centre of the pipeline is 
considered as the average normal stress : 

H*0   . (3) 

The coefficient of earth pressure at rest can be estimated by the use of Jaky’s formula [4]: 

)'sin(10 k . (4) 

Gramm [5] recommended an increased coefficient of earth pressure at rest, resulting from the densification 
process during the installation of the pipeline. Values between  are proposed, dependent on the 
intensity of densification. 

The second term in brackets of equation 1 denotes the sum weight force of the pipeline: 

wmG is rsrF  ****** ²2'  , (5) 

where  and  are the mean and the inner radius of the medium pipe, respectively. The wall thickness is denoted 
with  and  and  are the steel and water unit weights. 

2.2. Radial pipe expansion 

A change of media temperature leads to thermal strains within the pipeline. They evolve in both axial and radial 
pipe direction, while for the design, solely the axial strains are directly considered. As mentioned before, effects 
from radial expansion are only accounted for by using different coefficients of contact friction. Actually, the 
coefficient of contact friction is a constant and the increased friction, observed for pipelines subjected to a rise of 
temperature, results from higher contact normal stresses.  

An increase of friction resistance was experimentally observed by several authors. Within full scale field tests by 
HEW (1987) [6], two DN700 pipelines of 19.65m length were installed and tested under different thermal 
conditions. Overburden heights of 0.8m and 1.15m were realized. Within 57 tests a dependency on medium 
temperature as well as on ambient temperature was observed. The maximum friction force at T=136°C medium 
temperature was about four times greater compared to T=18°C. Further experimental investigations were made by 
Gietzelt et al. (1991) [7]. Pipelines of different diameter were tested in a 25m long trench with concrete walls. For 
an increase of temperature of ΔT=100K a two times greater resistance force was measured. Huber and 
Wijewickreme (2014) [8] presented results from experimental tests using a pipeline with an outer diameter of 
D=520mm. Inside a chamber 3.8m*2.5m*2.5m, pipelines with different medium temperatures were axially 
displaced until failure. For ΔT=50K an increase of maximum resistance force could be observed. An about 10% 
higher value was measured, which is only a small increase compared to the aforementioned investigations. 

Within the investigations on radial pipeline extension by Achmus (1995) [9], first the ratio between changes of 
media temperature to mantle temperature was evaluated. Assuming rotational symmetry of heat flux, the mantle 
temperature was calculated using the method of fictive heat sources and sinks. In a next step, the radial displacement 
was evaluated. For the steel pipe and the mantle, the theory of thin-walled shells and for the insulation the shell 
theory in plain strain conditions was considered. The same methodology was also used by Beilke (1993) [10]. 
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HEW (1987) [6], two DN700 pipelines of 19.65m length were installed and tested under different thermal 
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temperature was about four times greater compared to T=18°C. Further experimental investigations were made by 
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an increase of temperature of ΔT=100K a two times greater resistance force was measured. Huber and 
Wijewickreme (2014) [8] presented results from experimental tests using a pipeline with an outer diameter of 
D=520mm. Inside a chamber 3.8m*2.5m*2.5m, pipelines with different medium temperatures were axially 
displaced until failure. For ΔT=50K an increase of maximum resistance force could be observed. An about 10% 
higher value was measured, which is only a small increase compared to the aforementioned investigations. 

Within the investigations on radial pipeline extension by Achmus (1995) [9], first the ratio between changes of 
media temperature to mantle temperature was evaluated. Assuming rotational symmetry of heat flux, the mantle 
temperature was calculated using the method of fictive heat sources and sinks. In a next step, the radial displacement 
was evaluated. For the steel pipe and the mantle, the theory of thin-walled shells and for the insulation the shell 
theory in plain strain conditions was considered. The same methodology was also used by Beilke (1993) [10]. 
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Figure 2: Normalized radial extension dependent on diameter for ΔT=120K [9]. 

For an increase of medium temperature ΔT=120K, the radial displacements normalized on diameter are depicted 
in Figure 2 for different pipeline diameters. Due to the high stiffness of the steel pipe compared to the other 
materials involved, changes of inner pressure and initial soil stress state were found to have only minor influence on 
the radial expansion.  

Based on this work, an improved numerical model was presented by Gerlach & Achmus (2016) [11] using the 
sophisticated HSsmall model to describe the complex stress-strain behavior of the bedding material. The HSsmall 
accounts for an increased stiffness of soil in the small strain region, which leads to slightly higher increase factors . 
Based on comprehensive parametric studies, a corrective term was established to describe the changes of maximum 
friction force for arbitrary geometric conditions and soil properties. Due to the incorporation of small strain stiffness, 
the relation between media temperature and increase of resistance was found to be nonlinear.  

2.3. Bedding resistance 

The second main reaction component of the subsoil is the lateral resistance force FB, or the average bedding 
pressure pm, dependent on the lateral deflection y.  

The first publication on this subject was presented by Audibert & Nyman (1977). They carried out a laboratory 
test series where the influence of soil density, pipe diameter and embedment ratio was investigated. A detailed 
description of the test setup can be found in [12]. The scope of laboratory investigations included three different 
diameters, the distinction between loose and dense sand and the variation of cover ratio. Additionally, one field test 
was carried out. As a schematic result, Audibert & Nyman pointed out two kinds of failure mechanisms dependent 
on the embedment depth. This was possible due to a transparent plexiglas window, which made the inspection of the 
soil movement possible. It was found that for shallow burials, less than three times of the pipe's diameter, two 
wedges are formed. A passive wedge can by observed in front of the pipe (in direction of displacement). Behind the 
pipe, a smaller, nearly vertical wedge is forming an active zone. With increasing burial depth, the lower bounds of 
the wedges become steeper and a separating zone forms between the two wedges, in which no vertical movement of 
the soil is observed. 

Another goal was to find an analytical representation for the soil resistance-displacement relationship. A 
nonlinear curve which represents the relation of bedding resistance p over displacement  from the initial state to the 
maximal displacement was found. At , the soil reaction force reaches its maximum value . According to 
Audibert & Nyman, the normalized bedding resistance  over the normalized displacement  can be approximated 
by:  

yAA
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latlat
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���� denotes the form factor that defines the initial stiffness and was found to be in the range of ����� � ���. The 
two normalized parameters are defined as: 

up
pp ~         and        

uy
yy ~

. (7) 

So, to predict the bedding resistance for any state of displacement the maximum bedding resistance �� and the 
maximum displacement �� are needed. The maximum of bedding resistance can be obtained from:  

uu NHp   . (8) 

Herein, N� is a bearing capacity factor found by Brinch Hansen (1961) [13]. This factor can be taken from a 
chart, depending on the angle of internal friction and the cover ratio. Audibert & Nyman found a good agreement 
between their experimental laboratory and field tests carried out by Brinch Hansen.  

Many design recommendations refer to their work, e.g. the most comprehensive code for district heating 
networks by AGFW [2]. Distinction is made between dense and loose sand. For loose sand holds: 
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Further experimental work was carried out by Trautmann & O' Rourke (1985) [14]. A total of 30 lateral loading 
tests were performed. The relation between normalized bedding resistance �� over normalized displacement �� was 
found similar to Audibert & Nyman, while the bearing capacity factors are much lower.  

This could be identified by Achmus [9] as an effect of diameter. Within his finite element modelling in plane 
strain conditions, the influences of cover ratio, distance to the border of the trench, and pipe diameter were 
investigated. It is pointed out that the diameter of the pipe obeys a functional relation of the bearing capacity factor. 
This gives an explanation for the differing values of the bearing capacity factor as determined by Audibert &Nyman, 
who mainly investigated pipes with diameters of � � ���� and � � ����, and Trautmann & O' Rourke, who 
used pipes with � � ����� and � � �����.  

2.4. Interaction 

In the previous subsections we presented the descriptions of resistance components, holding if both of them are 
treated independently. Briefly, if solely pure axial or pure lateral pipe displacements are considered. As depicted in 
figure 1, this assumption does not match the real displacement paths of several pipeline segments, especially at and 
near curved sections. Here, the displacement is a combination of both local directions and thus, the occurring 
bedding and friction resistances may affect each other.  

This interaction was investigated experimentally and numerically by a few authors. Thereby, the simplification 
was made that only a bidirectional movement of a rigid pipeline was taken into account and a possible rotation or 
bending was neglected. The angle of attack � defines the angle between the pipelines displacement vector norm and 
the axial direction, e.g. � � �° describes pure axial movement. Hsu et al. (2001, 2006) presented results from 
experimental investigations in loose [15] and dense [16] sand. Within their scope of work, pipelines with different 
diameters were subjected to oblique displacement in a testing box. Regardless of deposit density, diameter and 
embedment ratio, it was found that the maximum bedding resistance is lowered by a simultaneous occurrence of 
axial displacement, while the maximum friction resistance is increased by the bedding reaction in lateral direction. 
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Figure 2: Normalized radial extension dependent on diameter for ΔT=120K [9]. 

For an increase of medium temperature ΔT=120K, the radial displacements normalized on diameter are depicted 
in Figure 2 for different pipeline diameters. Due to the high stiffness of the steel pipe compared to the other 
materials involved, changes of inner pressure and initial soil stress state were found to have only minor influence on 
the radial expansion.  

Based on this work, an improved numerical model was presented by Gerlach & Achmus (2016) [11] using the 
sophisticated HSsmall model to describe the complex stress-strain behavior of the bedding material. The HSsmall 
accounts for an increased stiffness of soil in the small strain region, which leads to slightly higher increase factors . 
Based on comprehensive parametric studies, a corrective term was established to describe the changes of maximum 
friction force for arbitrary geometric conditions and soil properties. Due to the incorporation of small strain stiffness, 
the relation between media temperature and increase of resistance was found to be nonlinear.  
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The second main reaction component of the subsoil is the lateral resistance force FB, or the average bedding 
pressure pm, dependent on the lateral deflection y.  
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Another goal was to find an analytical representation for the soil resistance-displacement relationship. A 
nonlinear curve which represents the relation of bedding resistance p over displacement  from the initial state to the 
maximal displacement was found. At , the soil reaction force reaches its maximum value . According to 
Audibert & Nyman, the normalized bedding resistance  over the normalized displacement  can be approximated 
by:  
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���� denotes the form factor that defines the initial stiffness and was found to be in the range of ����� � ���. The 
two normalized parameters are defined as: 
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So, to predict the bedding resistance for any state of displacement the maximum bedding resistance �� and the 
maximum displacement �� are needed. The maximum of bedding resistance can be obtained from:  

uu NHp   . (8) 

Herein, N� is a bearing capacity factor found by Brinch Hansen (1961) [13]. This factor can be taken from a 
chart, depending on the angle of internal friction and the cover ratio. Audibert & Nyman found a good agreement 
between their experimental laboratory and field tests carried out by Brinch Hansen.  

Many design recommendations refer to their work, e.g. the most comprehensive code for district heating 
networks by AGFW [2]. Distinction is made between dense and loose sand. For loose sand holds: 
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Further experimental work was carried out by Trautmann & O' Rourke (1985) [14]. A total of 30 lateral loading 
tests were performed. The relation between normalized bedding resistance �� over normalized displacement �� was 
found similar to Audibert & Nyman, while the bearing capacity factors are much lower.  

This could be identified by Achmus [9] as an effect of diameter. Within his finite element modelling in plane 
strain conditions, the influences of cover ratio, distance to the border of the trench, and pipe diameter were 
investigated. It is pointed out that the diameter of the pipe obeys a functional relation of the bearing capacity factor. 
This gives an explanation for the differing values of the bearing capacity factor as determined by Audibert &Nyman, 
who mainly investigated pipes with diameters of � � ���� and � � ����, and Trautmann & O' Rourke, who 
used pipes with � � ����� and � � �����.  

2.4. Interaction 

In the previous subsections we presented the descriptions of resistance components, holding if both of them are 
treated independently. Briefly, if solely pure axial or pure lateral pipe displacements are considered. As depicted in 
figure 1, this assumption does not match the real displacement paths of several pipeline segments, especially at and 
near curved sections. Here, the displacement is a combination of both local directions and thus, the occurring 
bedding and friction resistances may affect each other.  

This interaction was investigated experimentally and numerically by a few authors. Thereby, the simplification 
was made that only a bidirectional movement of a rigid pipeline was taken into account and a possible rotation or 
bending was neglected. The angle of attack � defines the angle between the pipelines displacement vector norm and 
the axial direction, e.g. � � �° describes pure axial movement. Hsu et al. (2001, 2006) presented results from 
experimental investigations in loose [15] and dense [16] sand. Within their scope of work, pipelines with different 
diameters were subjected to oblique displacement in a testing box. Regardless of deposit density, diameter and 
embedment ratio, it was found that the maximum bedding resistance is lowered by a simultaneous occurrence of 
axial displacement, while the maximum friction resistance is increased by the bedding reaction in lateral direction. 
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Further investigations were carried out by Daiyan et al. (2011) [17], who considered a small scale model in 
combination with a centrifuge and finite element modeling. They found the maximum bedding resistance to be up to 
30% reduced in comparison with pure lateral loading. A more significant influence was observed for the axial 
component: For an oblique angle of � � ��°, the friction resistance was about 2.5 times higher compared to pure 
axial displacement. In addition, a two part failure mechanism was proposed. While for small oblique angles the 
failure occurs in circumference of the pipeline, with greater angles it turns into bearing failure through the subsoil. 

3. Numerical modeling 

3.1. Model 

The presented investigations give a first insight into the impact of interaction effects due to bidirectional loading. 
However, for the development of an approach of practical usability, more comprehensive studies are necessary. 
Therefore, a three dimensional finite element model using the commercial software package ABAQUS [18] was 
established. The reference model consists of a rigid pipeline with an outer diameter of � � ���5� (DN150), the 
overburden height is � � ����. The adjacent soil is assumed to be a homogenous loose sand ��� � ����, so that no 
layering or influences of the trench walls are considered. For the soil domain, continuum elements with linear shape 
functions come into use. Within the soil layer a size bias is used so that the size of the elements is increasing with 
the distance from the pipe. Hence, the region near the pipe can be discretized finer than the elements at a larger 
distance where the mesh density can usually be reduced because of lower stress gradients. The resulting finite 
element model is depicted in figure 3. 

 

Figure 3: Finite element mesh used for the calculations 

The constitutive law of hypoplasticity is used to describe the soil stress-strain behaviour. An implementation of 
hypoplasticity as an ABAQUS compatible user material (umat) is employed [19]. The hypoplastic material law is a 
rate-type model which accounts for the complex non-linear soil behaviour by just one (rather sophisticated) tensorial 
equation. In its form by von Wolffersdorff, the hypoplastic material law needs eight parameters [20]. It uses the 
stress state and the void ratio of a non-cohesive material as state variables and accounts for stress-dependence of soil 
stiffness and soil strength, thereby reflecting contractancy or dilatancy of soils under shearing in a realistic manner. 
For further description of the hypoplastic material model [20] is recommended while the considered set of material 
constants can be found in [21]. For a mean effective stress of �� � �����, the angle of internal friction is �′ �
35°. 

A relative displacement between the pipe and the surrounding soil occurs under oblique pipe movement. To 
enable the possibility of relative slipping within the finite element model, a contact condition is defined. The 
frictional contact is established using the simple friction law according to Coulomb. Following the guideline 
recommendations, the coefficient of contact friction is set to � � ���. 

The calculation consists of three phases. In the first phase solely the soil domain is present in order to establish 
the geostatic stress state. In the following step, the pipeline as well as the contact condition are activated. During the 
final phase, the pipeline gets displaced with a predefined oblique angle by a reference node. The resulting contact 
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forces are extracted only from the middle third of the model to exclude possible boundary effects from the solution.  

3.2. Results 

Within a parametric study, 13 different oblique angles were considered. The results gained from the finite 
element model are depicted in figure 4 (grey lines) in terms of force-displacement curves. The left diagram shows 
the evolution of friction force over axial pipeline displacement. It is obvious that the coincident occurrence of both 
resistance components has a significant influence on the axial friction resistance. Due to the mobilization of bedding 
pressures, the average normal stress acting on the pipeline gets increased. This increased average normal stress, 
multiplied with the coefficient of friction, results in higher friction forces compared to the case of pure axial 
displacement. For small oblique angles, the increase of friction resistance is almost linearly related to the increase of 
bedding pressure. If the oblique angle becomes larger, the failure mechanism changes, as also observed by Daiyan et 
al., and the shear failure through the subsoil leads to a complex state of stress and soil disturbance. Then, the 
formulation of interdependency between bedding and friction resistance becomes more complex. This can be 
explained by the fact that, besides the (horizontal) bedding pressure, also the vertical stress state in the pipelines 
circumference changes and affect the average normal stress. 

 

 

Figure 4: Force-displacement curves for different oblique angles 

In contrast to the friction resistance, the impact of interaction on the bedding pressure is less pronounced. Figure 
4 (right) shows the relation of bedding reaction force over lateral pipeline displacement. For small oblique angles, a 
reduction of maximum bedding force of about 20% can be observed. However, to reach these magnitudes of lateral 
displacement under small oblique angles, axial displacements are needed that are far beyond practical order. 
Nevertheless, the effects on bedding pressure are also considered in the following derivation of an improved 
description of spring stiffnesses.  

3.3. Design approach 

To incorporate the effects of interaction and radial pipeline expansion to the formulation of bedding and friction 
stiffness, we firstly refer to the procedure of Audibert & Nyman to describe the evolution of bedding resistance (cf. 
equations 6-10). Additionally, we take the oblique angle dependent reduction of maximum bedding force into 
account: 

)()()(, DNHF uuB   , (11) 

with: 
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enable the possibility of relative slipping within the finite element model, a contact condition is defined. The 
frictional contact is established using the simple friction law according to Coulomb. Following the guideline 
recommendations, the coefficient of contact friction is set to � � ���. 

The calculation consists of three phases. In the first phase solely the soil domain is present in order to establish 
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reduction of maximum bedding force of about 20% can be observed. However, to reach these magnitudes of lateral 
displacement under small oblique angles, axial displacements are needed that are far beyond practical order. 
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Herein,  is was calibrated against the results from the numerical model and reflects also the transition between 
the two failure mechanisms. As depicted in figure 5, a good agreement between the numerical results and the 
predicted maximum bedding force could be achieved.  

 

Figure 5: Maximum bedding force in dependency of oblique angle 

The formulation of frictional spring stiffness needs to account for both interaction effects and radial pipe 
expansion. Therefore, we substitute ′, the integrated normal stresses around the pipes circumference, by its 
oblique angle and media temperature dependent counterpart. Equation 1 can then be rewritten: 
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The substituted term can be decomposed in two parts:  
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To account for interaction effects,  denotes the amount of actual, oblique angle dependent bedding force , that 
increases the average radial stress state. For the reference system, a value of  was found to be an good 
agreement with the finite element results (cf. figure 4). ′ in the second term refers to unmodified equation 2, 
multiplied with , denoting the ratio of initial average radial stress to the average radial stress dependent on the 
actual temperature : 
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For the derivation of the change of radial stress , we adopt the elastic solution of a plate with hole: 
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Herein,  is the Poisson's ratio and  the stress dependent Young's modulus: 
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 and  are material dependent constants to account for stress dependent stiffness of soil and can be determined 
by oedometric tests. Finally, the change of pipeline diameter (here: radius) can be estimated from the temperature 
increment and mantle displacement for a temperature rise of , as proposed by Achmus (cf. figure 2): 
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For simplification, we assume that the interaction independent part of friction resistance increases linearly up to 
. 

4. Holistic simulation using IGtH-Heat 

The presented design approach was implemented into the academic district heating network design tool IGtH-
Heat, which adopts the temperature-loaded pipeline as beams according to Bernoulli's theory and the soil reaction as 
nonlinear springs. Due to this nonlinearity, Newton-Raphson method is used to solve the set of equations. For 
validation, data from a full scale field testing network were provided by our research partner AGFW. The test site is 
located in Chemnitz (Germany) and consists of four geometrically identical pipeline systems. Its geometry is 
depicted in figure 6. 

 

Figure 6: Geometry of the testing pipeline in Chemnitz (Germany) 

The pipeline is a DN150 ( ) embedded in medium-fine sand ( ; ; ). The 
overburden height is . Geotechnical investigations were carried out in field and laboratory and resulted in 
a coefficient of earth pressure of , a soil unit weight of , stress dependent constants of 

 and  as well as an a peak friction angle of . The coefficient of contact friction was 
evaluated by direct shear tests to be . The remaining inputs are based on (2). 

To compare the IGtH-Heat prediction with field data, the initial heating phase is considered. Therein, the media 
temperature rises from  to . In consequence, the same loading was adopted for the design 
calculation. The axial displacements are compared at . In the test side, an axial movement of  
was measured. In IGtH-Heat, firstly a calculation was carried out under neglection of interaction effects or 
influences from radial expansion. Thereby, a displacement of  resulted, which is a deviation of 
approximately 13%. Subsequently, the media temperature dependent formulation of frictional spring stiffness was 
taken into account, leading to a calculated displacement of , which represents a deviation of 8%. In the 
final validation step, interaction effects were accounted for in addition. The resulting displacement was 

 or in terms of deviation: 5.5%. Thus, the deviation could be more than halved based on the proposed 
design approach for lateral and axial spring stiffness. 
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by oedometric tests. Finally, the change of pipeline diameter (here: radius) can be estimated from the temperature 
increment and mantle displacement for a temperature rise of , as proposed by Achmus (cf. figure 2): 
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For simplification, we assume that the interaction independent part of friction resistance increases linearly up to 
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4. Holistic simulation using IGtH-Heat 

The presented design approach was implemented into the academic district heating network design tool IGtH-
Heat, which adopts the temperature-loaded pipeline as beams according to Bernoulli's theory and the soil reaction as 
nonlinear springs. Due to this nonlinearity, Newton-Raphson method is used to solve the set of equations. For 
validation, data from a full scale field testing network were provided by our research partner AGFW. The test site is 
located in Chemnitz (Germany) and consists of four geometrically identical pipeline systems. Its geometry is 
depicted in figure 6. 
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The pipeline is a DN150 ( ) embedded in medium-fine sand ( ; ; ). The 
overburden height is . Geotechnical investigations were carried out in field and laboratory and resulted in 
a coefficient of earth pressure of , a soil unit weight of , stress dependent constants of 

 and  as well as an a peak friction angle of . The coefficient of contact friction was 
evaluated by direct shear tests to be . The remaining inputs are based on (2). 

To compare the IGtH-Heat prediction with field data, the initial heating phase is considered. Therein, the media 
temperature rises from  to . In consequence, the same loading was adopted for the design 
calculation. The axial displacements are compared at . In the test side, an axial movement of  
was measured. In IGtH-Heat, firstly a calculation was carried out under neglection of interaction effects or 
influences from radial expansion. Thereby, a displacement of  resulted, which is a deviation of 
approximately 13%. Subsequently, the media temperature dependent formulation of frictional spring stiffness was 
taken into account, leading to a calculated displacement of , which represents a deviation of 8%. In the 
final validation step, interaction effects were accounted for in addition. The resulting displacement was 

 or in terms of deviation: 5.5%. Thus, the deviation could be more than halved based on the proposed 
design approach for lateral and axial spring stiffness. 
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4. Conclusion and perspective 

Within the paper at hand, the interaction of the soils reaction components bedding pressure and friction resistance 
was investigated. Therefore, after a brief introduction, the state of knowledge was summarized. In the following, a 
three dimensional finite element was introduced, using the sophisticated hypoplastic material model to describe the 
stress-strain behavior of the soil. For a reference system, the oblique angle was varied in a wide range. Based on 
these results, new formulations for both reaction components were proposed. In addition, the temperature dependent 
radial pipeline extension and the resulting stress changes within the soil were incorporated.  

Finally, these design approaches were implemented into the academic design code IGtH-Heat. Therewith, 
calculations were carried out in order to compare them to field data. It was shown, that by the use of the new 
formulations, the deviation between prediction and measurement could be more than halved (13% -> 5.5%).  

In future work we intend to extend the numerical modeling to different geometric properties in terms of diameter 
and embedment depth as well as a variation of soils deposit density. 
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1. Introduction 

District energy is the nominator for district heating, which has been utilized since 1880, and district cooling, which has 
been gaining ground in the last two decades. As district energy systems are by nature infrastructure for energy transfer 
they are fuel independent, meaning that if the heat or cool are at the right temperature levels it is irrelevant how it was 
produced. This fact puts district energy systems in an advantageous place in the green and renewable energy system of the 
future as it can integrate the various energy sectors and significantly increase their overall energy efficiencies. The 
commonly mentioned heat sources for district heating are combined heat and power (CHP) together with the utilization of 
heat from waste incinerations and various industrial surplus heat sources as well as the inclusion of geothermal and solar 
thermal heat.  

As district heating is the focus of this article it is worth to note that the history of district heating (DH) goes quite some 
years back. During the years it has developed to fulfil the demands as they came up, typically driven by the demand for 
reduced investment and heat costs, but also lower equipment space demands, concerns of energy efficiency, environment, 
longer life-time, and lower fire risks. The development has been categorized in 4 generations which each indicate major 
changes in the technology [1]. Currently most DH schemes being operated are categorized as being at the stage of 3rd 
generation DH technology starting its transition to the 4th generation DH [1] to address the challenge of the future non-
fossil and renewable based energy system and integrating the different energy sectors. The major improvements with the 
4GDH are the lower operational temperature, smart system control and focus on energy efficiency and incorporating more 
renewable and surplus heat sources in the local surroundings, either by direct usage or through temperature boosting using 
large scale heat pumps. 

The synergy between the energy sectors is further one key point of the 4GDH as district heating provides the means to 
store large amounts of energy for long time periods in an environmental friendly way at a very low cost. The synergies 
district heating has with the other energy sectors can be on various forms such as utilizing excess power production during 
periods of high wind and solar intensity and utilizing excess heat from industrial processes of converting solid biomass 
into biogas and/or liquid biofuels for the transportation sector or long-term energy storage for power generation through 
fuel displacement. 

When talking about synergies between the energy using sectors it will inevitably be focused on the power sector, due 
to the highest energy quality and difficulties to store large amounts of power. 
 
Nomenclature 

DH district heating 
CHP  combined heat and power 
P2P power-to-power 

2. Comparison of the energy sectors yearly demand profiles 

When considering the energy demands it is important to note the difference in the consumption profile between the 
different forms of energy demand, see Figure 1. If excluding power consumption for space conditioning the power demand 
is essentially instantaneous demand, independent at the period of the year. Electric appliances are either turned on or off, 
which lead to clear system daily variations but only moderate variations between months, see top figure in Figure 1. The 
transport sector behaves similar as the power sector, with clear daily variations and moderate monthly variations, see 
middle figure in Figure 1. The heating and cooling sector which is compromised by two general use cases, space 
conditioning and domestic hot water (DHW) demands, has a completely different behavior. The demand from space 
conditioning has seasonal behavior as the energy demand for space conditioning is dependent on the outdoor temperature. 
The DHW demand on the other hand has clear daily variations but limited monthly variations. The bottom figure in Figure 
1 shows the combined DHW and space heating behavior across a year.  
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Figure 1 shows that the power and transportation sector energy demand has monthly variations by 20-30% over the 
year, the energy demand of the heating sector is varying by factor 10. 

 

 

Figure 1. Top: Monthly power consumption in Denmark for the years 2015-2016, normalized for January [2]. 
Middle: Traffic per month in Denmark. Both the personal and truck traffic is normalized to January respectively [3]. 

Bottom: Heat demand per month in Denmark 2015, normalized to January. 

3. Power sector 

The main challenge of the power sector is expected to be increased share of renewable power, mainly wind power, see 
Figure 2 to the right. According to Energynet’s projections the traditional power demand in Denmark is projected to be 
stable around 32.000 GWh/year for the coming decades, when considering both increase in traditional loads as well as 
expected energy efficiency measures [4]. On top of increase in traditional loads it is expected that new loads will be data 
centers, in the short run, and the electrification of the transport sector in the long run. The power demand from data centers 



448 Oddgeir Gudmundsson et al. / Energy Procedia 149 (2018) 445–454
4 Author name / Energy Procedia 00 (2018) 000–000 

will inevitably be part of the base load but the electrified transport sector will add new variable demands. To some extent 
the electrified transport sector has been suggest to be used as electric sinks or even electric storages in periods of high 
share of renewable power.  

 

Figure 2. Left: Projected power demand in the Denmark. Right: Projected development of power capacity from wind turbines, yellow dotted line 
indicates projections made in 2016 [4]. 

In relation to synergies with the heating sector it has historically been in relation to combined heat and power plants, 
where the waste heat from the power generation was supplied to the district heating system. In the future renewable based 
power sector the role of district heating is expected to expand significantly. Firstly, in the role of energy storage provider 
and secondly in the role of grid balancing user. 

3.1. Maximizing renewable power in the power sector 

With the ambition of a green energy system the share of intermittent energy sources, wind and solar, will increase. The 
challenge with intermittent sources is that they do not have constant and reliable supply, as an example in 2015 the 5.070 
MW installed wind capacity in Denmark had yearly utilization factor of only 32%, for solar power the utilization factor 
was approximately 14%. This fact clearly implies that to achieve a dominant share of renewables in the overall demand a 
significant over capacity is needed, which can cause problems by itself during periods of excessive renewable power 
generation. As an example, in 2015 there were multiple periods where the power generation from wind turbines exceeded 
the total power demand, the most severe excess power generation in 2015 occurred between 7:00-8:00 26th of July with 
power generated by wind exceeding the demand by 985 MW, see the top figure in Figure 3. In the period from 03:00-
17:00 26th of July the cumulative excess wind power amounted to staggering 10.098 MWh [5]. During the period the 
price of electricity dropped significantly on the Nordic electric spot market and the average spot price over the period was 
around 17% of the average price of the excess power in 2015 [6]. Which clearly signals that the law of supply and demand 
is working well, leading to low prices at periods of excessive supply. 

The impact of the projected installed wind power capacity can be analyzed by looking in the condition in 2015, which 
had wind capacity of 5.070 MW and oversupply of 148 GWh, and scaling up the wind power according to the projections 
in Figure 2. In 2025 the installed wind power capacity is expected to be 7.400 MW with an estimated oversupply of 1.960 
GWh, more than 13-fold compared to 2015. As shown in the bottom figure in Figure 3 the amount and periods with excess 
power will grow significantly compared to 2015, top figure. 
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Figure 3. Top: Power demand and wind power generated in 2015. Bottom: 2015 power demand and projected 2025 wind power generated. 

In addition to the wind power there is expected an increased power generation from photovoltaics, see Figure 4. 
However, as the solar power is not expected to have significant growth until after 2025 it is not considered in this study, 
but the general impact will be increased oversupply at certain periods. 

 

Figure 4. Peak power generation capacity in Denmark in 2017 and projection to 2040 [4]. 
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4. Exploiting synergies between sectors 

In a smart energy system, the optimum solution is achieved by exploiting synergies between the energy sectors. 
However, to be able to take advantages of the synergies it is important to identify the circumstances within each sector 
and the means that can be used for that purpose. 

4.1. Exporting of excess power 

Although the amount of excess power is unlikely to surpass the capacity of interconnectors between Denmark and its 
neighboring countries power export may not be the most economical way of utilizing the excess power. If it possible to 
generate higher value domestically than is achieved through export it should be done. In this respect it is important to keep 
in mind that the selling price of electricity in the Nordpool spot market is determined by the market, i.e. it is determined 
by the supply and demand, see Figure 5. In 2015 the selling price at periods of excess power generation was on average 
60-70% of the yearly average price per MWh on the Nordpool power exchange spot market, at the period of maximum 
oversupply the export price was less than 10% of the average price [6]. Considering similar trends with buildup of 
renewable power industries, wind and solar, in the neighboring countries, Germany and Sweden, the trend of significant 
lower than average prices for renewable power will likely increase, which will put focus on local usage of excess power. 
Local usage could be power storage through batteries, power for the transportation sector, manufacturing of synthetic fuels 
or heat generation in district heating systems. 

 

Figure 5. Excess wind power and daily average Nordpool spot prices. 

4.2. Batteries 

In this paper the term battery is defined as any technology that is storing a power in a medium for the purpose of 
generating power at later stages. The energy storing method can for example be based on a chemical, compressed medium 
and elevated medium potentials and virtual batteries. Figure 6 gives an overview of traditional battery technologies in 
terms of the power rating and discharging time. By viewing the figure in respect to the expected amounts of hourly excess 
power generation in the future renewable energy systems only few technologies are really applicable. 
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Figure 6. Typical power rating and discharge periods of typical power storage systems [7]. 

Chemical based batteries in a utility size are very capital expensive per capacity and hence require intense 
charging/discharging cycles to achieve cost efficient usage. Due to the high cost and environmental concerns chemical 
batteries might not be a sustainable solution for systems with immense over generation for short period of time followed 
by no excess supply for longer periods. The biggest batteries today have charging/dispensing rate of around 50 MW and 
300 MWh capacity [8], which is not even close to the Danish oversupply peak of 985 MW and 10.098 MWh 26th of July 
in 2015. 

Batteries like compressed air energy storage (CAES), advanced rail energy storage (ARES) and pumped-storage 
hydroelectricity (PSH) required certain geographical features to be applicable. Assuming the right conditions are available 
the potential capacity can be couple of factors greater than is achieved in todays chemical batteries. The round-trip 
efficiency of CAES is in the range of 60% and ARES and PSH in the range of 70%-85%.  

4.3. Decentralized batteries – transport sector 

With the high reliability of modern electricity grids, 99,99% uptime in case of the Danish power system [9] It can be 
stated that the only decentralized batteries that will make sense are batteries that would be needed anyhow due to non-
connected units, like batteries in the transport industry. In that respect there have been ongoing discussions about the role 
of electric cars in enabling renewable energy and balancing the supply and the demand. The challenge with this approach 
is that first of all it will add to base demand, which will inevitably increase the base power generation capacity to 
compensate for the increase demand, secondly it is not logical to expect that the cars will always be plugged in and 
available for participating in the power market, thirdly the available battery capacity to be manipulated per car will likely 
be at max 60% at the time it is connected. To get an idea on the impact electric cars can have to absorb excess power in 
the power grid in 2025 the assumptions in Figure 7 are used. 
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Figure 7. Assumptions used to access the impact of electric cars in DK. 

The following results are based on that the electric cars are only charged above 40% in case there is excess power 
available in the system, if there is no excess power available they are only charged to 40%. For this assumption to hold a 
smart charger that is communicating with the power system would be required. By taking the assumptions above and run 
them over a year in correlation with estimated excess wind power from renewables in Denmark in 2025 it was estimated 
the electric cars could absorb 798 GWh of the 1.956 GWh of expected excess power in the grid in 2025. This would be a 
best-case scenario considering that 1st of January 2017 there were only 8.930 electric cars [9] in the fleet of 2.465.000 
personal cars in Denmark [11] and new registered cars in 2016 and 2017 were 222.000 per year [12]. In respect to the rest 
of Europe the average share of electric cars of new car registrations in 2017 was <1% [13].  

As the ambition of the world is to become fossil free only the load shifting potential of electric vehicles is considered. 
For the sake the curios reader the power-to-power (P2P) round efficiency from displacing fuels in the transport sector is 
estimated to be in the range of 105%-155% given an oil power plant with 45% efficiency. The efficiency might be 
somewhat higher if additional energy savings could be achieved at the refinery plants. 

Although fuel displacement is not considered relevant for the transport sector the electrification of the transport sector 
brings in another opportunity, which is load shifting through utility management of the batteries. Assuming it would be 
acceptable to discharge the batteries down to a minimum of 40% at periods of no excess renewable power and recharge at 
periods of excess power higher share of excess power could be absorbed. In this study the additional potential was 
estimated to be 148 GWh. In reality it would be less, as not all car owners might want to participate in such market and 
the capacity available at any given time would generally be lower than the best-case scenario considered here, due not all 
cars being connected to the grid as systematically as assumed in this study. 

4.4. Virtual batteries - fuel displacement in the heating sector 

There are two options when it comes to fuel displacement a) by using the excess power for manufacturing hydrogen 
through electrolysis and feed the hydrogen into an existing gas pipeline and b) by displacing fuels in industries that are 
currently burning fuels for heat or power generation. For fuel displacement the district heating industry is an obvious case 
example. At periods of excess power supply heat can be generating using heat pumps and electric boilers and used either 
directly to displace the applied fuel and in case of excess heat generation the heat can be stored in short term to seasonal 
thermal storages. Through fuel displacement via heat pumps and virtual batteries it is possible to get very high P2P 
efficiencies.  

Case example – Wood chips: 
A biomass CHP plant has 28% power efficiency and 55% heat efficiency in cogeneration mode, in a heat only mode it 

is assumed the heat efficiency is 85%. In the event of excess power supply 100 power units are used in a heat pump with 
COP of 3,5. The heat pump would in this case displace fuels in the biomass plant operating in a heat only mode, resulting 
in displacement of 350 units / 84% =  417 units of input fuels. At later stage those 417 displaced fuel units could be burned 
with power generation efficiency of 28%, resulting in the 117 units of power being generated. The P2P efficiency in this 
case would be 117%. 

Case example – Natural gas: 
Another example could be where natural gas is displaced from a heat only boiler and then burned at later stage at a 

large high efficient combined cycle gas turbine plant with power generating efficiency of 60%. Assuming that the gas heat 
only boiler has efficiency of 105% the heat pump the 100 power units could displace 333 units of input fuels. When those 
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displaced fuel units are burned in the efficient power plant 200 power units could be generated. The P2P efficiency in this 
case would be 200%. 

From the two cases above it is clear that if there is a possibility to displace fuels by renewable power in existing systems 
very high P2P round efficiencies can be achieved. 

5. Synthetic fuels for storing power 

Alternative to storing power in batteries, real and virtual, would be to go for synthetic fuel production. Synthetic fuels 
produced at periods of excess power can be used for long term energy storage and converted back to power when there is 
a lack of renewable power in the power system. The main challenges with this approach are high plant investment costs 
and conversion losses, both during synthetic fuel production and when converting them back to power. The most likely 
synthetic fuel to be produced with excess power is hydrogen through electrolysis. The expected efficiency of electrolysis 
can be in the range of 60-70% [13]. The efficiency when the hydrogen would be used for power generation could be 50-
60%, similar as combined cycle power plants [15], leading to P2P efficiencies in the range of 30-42%. It should be noted 
that both in the electrolysis and the following power generating process excess heat could be captured and used for district 
heating purposes, this would although lead to lower P2P efficiencies. In addition of being a clean heat the avoided fuel 
consumption in the district heating systems could be used for power generation purposes when there is a lack of wind 
power in the system, hence effectively taking over the functionality of synthetic fuels for power generation. 

6. Conclusions 

The share of intermittent renewables is increasing fast in the energy sector. The nature of the renewables will both bring 
opportunities as well as challenges to the energy systems. The main foreseeable challenge, as well as opportunity, will be 
the excess power generation in the power sector, which this paper focuses on. In relation to the excess power that is 
expected to be generated at periods of high winds and sunny days a luxury challenge/question rises, which is what should 
be done with the excess power? The answer to the question will depend on the system boundaries. The choice of system 
boundary in this paper was the country the energy is generated in. The following bullets present the main results from the 
study.  

• Although the power export should in principle be the obvious solution to utilize excess power generated it has the 
draw back that the value of the power is dependent on the market conditions, supply and demand. When looking on 
the Nordpool electric spot prices it is clear that the value of the electricity is lower at periods of high share of 
renewable power than when there is limited or no renewable power in the system. Due to this fact it may be of higher 
value to store the power within the system boundaries for later usage. 

• Under the assumption that the political aim is to make the transport industry fossil free the possibility of fuel 
displacement in the transport industry is irrelevant. The assumed 20% share of electric cars in the Danish 2025 car 
fleet is estimated to hold 148 GWh power load shifting capabilities. In respect to the yearly traditional power demand 
of 33.5 TWh it can be considered insignificant. 

• With utilization of virtual batteries, which is basically fuel displacement in the heating sector, it would be possible to 
achieve loss less storage of large amount of power for long periods. In combination with heat pumps and thermal 
storages the power storage potential could be up to 200% of the excess power, or up to 11,6% of the yearly traditional 
power demand. The feasible storage potential will although be lower and dependent on the required investment in 
heat pumps, electric boilers and thermal storages. 

• The last considered option was synthetic fuel production. From the expected P2P round efficiency of only 30-42% it 
should be considered the least attractive method for utilization of excess power. 

The indications from this study is that the most sensible usage of the excess power in the Danish 2025 power system is 
to use it to displace fuels in the district heating systems. However, before a definite conclusion can be drawn it will be 
needed to make an investment analysis for the different alternatives. 

Although the power sector has been the main focus in the paper there are interesting synergy potentials between the 
heating and transport sector in the coming renewable transport sector era. The synergy will be through utilization of waste 
heat when producing biomass based fuels or other synthetic fuels. 
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Recommended future studies will be to expand this analysis to take into account the investment costs required to achieve 
fuel displacements in the heating sector as well as in the synthetic fuel production scenario. 
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preferred. This dynamic is set to change, if the market price of electricity in the Nordic countries (Finland, Sweden, 
Denmark, and Norway) remains at a low level. The current price level is not sufficient for long-term investments in a 
large share of existing CHP plants [1]. We expect this to lead to a trend of replacing ageing DH CHP plants with 
HOBs in the Nordic countries, and this has already been noted in Finland [1] and Denmark [2]. 

As the relative profitability of CHP in DH production is decreasing due to a low market price of electricity, the 
same reason is increasing the relative profitability of large-scale heat pumps (LHPs), which produce heat with 
electricity. Although they are already in use in Nordic DH networks [3], their operational environment is greatly 
improved with a low price level of electricity. Moreover, even if the price of electricity on average does increase (as 
expected by many authorities (see e.g. [4–6])), the ongoing rapid growth in the share of variable renewable energy 
(VRE) based electricity production is expected to bring about more volatility and seasonality into electricity prices, 
accentuating price peaks and valleys [7]. This will open the possibility for DH producers with LHP capacity to 
benefit not only from price highs with CHP electricity production, but also from price lows that make heat 
production from LHPs more economical than from HOBs.  

Electricity production in the Nordic countries has notably low carbon emissions. This is due to the technology 
mix utilized: in 2015, most of electricity production was divided between hydro (58%), nuclear (19%), CHP (11%), 
and wind power (9%) [8–12]. Due to the marginal cost based pricing system in the Nordic electricity market, the 
hourly emissions of electricity production (per megawatt-hour) are tied to the amount of hourly production.  

Production of DH, in contrast with electricity production, is mostly based on burning fuels, fossil or renewable. In 
2015, main technologies utilized were CHP (54% of production), and HOB (estimated at 30% of production) [9], 
[11], [13–15]. Because there is necessarily only limited trade between DH networks, the networks are limited to the 
same set of fuels at all times. On the national level, the fossil fuel share in DH production is around 55%, 15%, 40%, 
and 5% in Finland, Sweden, Denmark, and Norway, respectively, as collected in [16]. Corresponding total DH 
productions were 35, 52, 35, and 7 TWh, respectively [8], [9], [11], [15]. 

In the future, an increasing number of DH networks could utilize LHPs in DH production. These LHPs can have a 
coefficient of performance (COP) of over 3 [17], meaning they can provide thermal energy three times as much as 
they consume as electricity. In this vision, DH networks would become linked to the electricity market, and they 
would be able to utilize low-CO2 and low-priced electricity for heat production when it is available [18].  

While the addition of a single LHP to a DH network is a pure investment consideration, the addition of a large 
total capacity of LHPs to DH networks may affect the whole electricity market. Due to marginal pricing in the 
Nordic electricity market, the price of electricity (theoretically) increases with each additional megawatt-hour of 
demand. For example, 500–1000 MWe of LHP capacity operating simultaneously will increase the total electricity 
demand corresponding to the total production of a medium-to-large power plant, necessarily affecting the hourly 
market price. Implications of this dynamic are discussed in depth in [19]. It is important to model the electricity 
market, along with DH production, in order to understand the system level effects of a large increase in DH LHP 
utilization. 

In this work, we focus on the electricity market perspective of increasing LHP capacity in Nordic DH networks. 
Our goal is to quantify how a sizeable increase in LHP electricity consumption in the cheapest hours of the year 
would affect the overall operation of the electricity market and the operation of DH networks. We assess the effects 
of LHP capacity additions in scenarios with differing electricity production capacities and yearly electricity 
demands. Our results show that LHPs have the potential to decrease the cost of DH production, to decrease fuel use 
in the whole Nordic electricity and DH system, and counteract the low price level in the Nordic electricity market.  

 
Nomenclature 

CHP Combined heat and power  
COP Coefficient of performance (heat pumps) 
DH District heating 
HOB Heat-only boiler 
LHP Large-scale heat pump 
VRE Variable renewable energy 



 Kristo Helin et al. / Energy Procedia 149 (2018) 455–464 457
 Author name / Energy Procedia 00 (2018) 000–000  3 

2. Literature review 

District heat became a part of the energy systems of Nordic countries aided by a wide range of possibilities, 
including efficient CHP heat and electricity production, utilization of communal waste, and a reduction of 
dependency on foreign fuels [16]. With these and other standpoints in mind, all Nordic countries support DH 
utilization with political and/or economic measures. 

With a start (historically) as more of an electricity and oil saving heating device than a large-scale heating option, 
heat pumps had a harder time becoming widespread in the Nordic heating market than DH (see e.g. [20]). Especially 
the utilization of LHPs in DH systems is quite rare (currently about 1300 MWth [21], a total of 600 MWth of units 
listed in [22]), even though at least one such operation has existed in Sweden already since the 1970s [17].  

Heat pump utilization for heating is different in nature from heat production with thermal processes in more 
conventional ways. Instead of direct heat production (as in an electric boiler), an LHP transfers heat from a heat 
source to a higher temperature, consuming electricity in the process. An LHPs COP, which describes the heat 
transferred per electricity consumed, is highest with the smallest temperature differences between the heated and 
cooled streams. For this reason, LHPs are installed near a heat source of sufficient size, stability and temperature. 
The availability of such heat sources is a requirement for investment in LHPs. Lund and Persson [23] have studied 
the sizes and locations of potential DH LHP heat sources in Denmark, showing that there are potential heat sources 
nearby almost all DH networks. However, local potentials relative to heat demand favor smaller networks. Lund and 
Persson have considered such LHP heat sources as industrial excess heat, supermarkets, waste water, ground water 
and water in rivers, lakes, and seas. Corresponding heat sources can be expected to be suitable also in other Nordic 
countries due to similar climates. 

The potential of LHP heat production in the DH system of Greater Copenhagen has been assessed by Bach et 
al. [24] using the Balmorel modeling tool. Their results indicate clear potential for LHP usage with the LHP capacity 
of 260 MWth, corresponding to around 10% of current yearly heat demand in the network with ca. 3500 full load 
hours. According to the authors’ 2025 scenario, the LHPs will have ca. 4000 full load hours. The authors 
additionally make tests to determine whether the COP of heat pumps needs to be modeled seasonally, or whether a 
constant value may be used. Based on the results, a constant COP value is sufficient for high level modeling, such as 
this work. 

Schweiger et al. [18] estimate the technical and economic potential of power-to-heat in Swedish district heating 
to 2 TWh/a in their (year 2050) scenario with 70 TWh/a wind power. They analyze the potential with electric 
boilers, and state that with LHPs the potential would be lower by a factor of 2–4, because DH demand is a notable 
limiting factor. A thermal storage with a capacity corresponding to 25% of daily demand is found to improve the 
potential by 9%. Hast et al. [25] also report that total DH production costs can be reduced with heat storage in a 
network with a large LHP (20 MWth) relative to network peak demand (ca. 115 MWth). Lund et al. [2] find clear 
socio-economic benefits from adding an LHP capacity between 2 and 4 GWth to the Danish energy system. They 
state that LHPs for DH are not currently a feasible investment due to the Danish tax structure, and call for regulatory 
changes to encourage investment. The investment cost of for a small LHP unit is estimated in [26] to 
be 0.7 M€/MWth. The corresponding estimates are 0.15 M€/MWth for a small electric boiler, and 0.7 M€/MWth for a 
small wood chip boiler. 

Levihn [17] offers practical insight into the DH network in Stockholm, where heat pumps have long been in use, 
integrated to CHP plants. The insights include that the combination of LHPs and CHP allows wide heat production 
optimization based on electricity price, and that a COP of 3.3–3.5 can be achieved in the DH network that has a 65–
115 °C supply interval.   

3. Modeling method 

We model the Nordic electricity market using the Enerallt electricity and DH model, which has been discussed in 
detail in [27]. New implementations to the model regarding the modeling of hydro power production and the pricing 
of CHP electricity production were presented in [28]. In the following, we present briefly the key operating 
principles of the Enerallt model. 
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Enerallt simulates the electricity market and DH production in the Nordic area on an hourly level. The simulation 
considers price areas or countries set up by the user and the electric interconnection capacities between them. In the 
version of Enerallt used in this work, the exchange of electricity between the Nordic countries and the external 
power markets is modeled as a set of fixed profiles from the reference year (here 2014). Enerallt is an especially 
capable model for modeling the hydro-dominated Nordic power market. With it, we can assess the effects of 
specific power production and consumption changes to the overall Nordic market. 

3.1. District heating modeling 

The DH demand of each modeled area is divided for different fuels and technologies based on plant capacities 
(for technologies) and historical fuel shares (for fuels). This is done because each area may contain numerous 
separate DH networks, which are tied to specific fuels and technologies. The division of DH demand is meant to 
capture this inflexibility as accurately as possible. 

After the division, DH production is planned hourly for the whole year. Heating demand divided for HOBs is 
produced with HOBs, and the demand divided for CHP is produced by CHP plants and compensated with HOBs 
where necessary. Before these technologies are used, there is the possibility to produce heat from variable sources, 
here LHPs.  

For CHP, it is not known at the time of DH planning if the electricity produced will be cleared in the market (if 
the area price is sufficiently high). The marginal cost of CHP electricity is additionally fuel (and area) dependent. 
Thus, the actual CHP production (cleared in the market) differs from the planned one both in amount and fuel 
distribution.  

The share of CHP heat that is planned in the DH modeling, but is not purchased in the market, is replaced with 
HOB heat. On the other hand, if CHP electricity production is not planned (i.e. not all CHP heating capacity is 
needed), large CHP plants will offer their electricity production capacity to the electricity market as condensing 
power. It should be noted that without heat storage implemented (which is the case in this work), this methodology 
is electricity market focused, and the fuel mix changes resulting from the inflexibility of CHP production are not 
always realistic. However, this minor issue is mostly relevant in emission comparisons between DH technology 
scenarios.  

3.2. Electricity market modeling 

The electricity market simulation is made in a way that closely resembles the operation of the Nordpool Spot 
market. The simulation is carried out in three main steps, consecutively for each hour. First, the electricity demand is 
determined for each area. This includes LHP electricity demand from the DH modeling step. The electricity demand 
is not dependent on the price of electricity. Next, electricity supply (i.e. sell bids to the market) is determined. This 
happens by consolidating the marginal price and capacity combinations of the power production technologies. Third, 
the electricity market is simulated by determining first the system price of electricity, followed by the area price 
determination that considers the interconnection capacities between countries or price areas. As a result of this last 
calculation, also the production technologies, transmission line use, and other market outcome features become 
clear. 

The method of hydro power modeling has a large impact on simulations of the Nordic electricity market. In this 
work, hydro power capacity is categorized based on country and storage capacity. Each category of capacity follows 
the reference year (here 2014) system price profile, which has been scaled first for each storage capacity category to 
reflect possibility to delay production, and then for each country to reflect the potential for profit with the available 
inflow. The latter scaling is done by running the model iteratively to find price levels that lead to the expected hydro 
power total yearly production in each country. A detailed description of the method used is available in [28].  

4. Scenarios 

We show the impact of LHPs on the electricity market and DH production in three different scenarios, which are 
projections of the electricity production and consumption developments in the Nordic area from year 2014 to 2030. 
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The base scenarios (without LHP capacity) have been presented in an earlier work [28]. From here on, we will use 
the word “scenario” for describing all “cases” (simulations with a specific LHP capacity) that are based on the same 
base scenario. Because LHP operation is very dependent on the price level on the electricity market, we assess the 
impact of LHPs in three scenarios with different qualities. The first is Scenario 2014, modeled with available data 
from that year. The second is Scenario 2030A, where wind power capacity has more than doubled from 2014, and 
nuclear capacity has increased, among other changes. Electricity and heating demands are unchanged. The third 
scenario is Scenario 2030B, which is identical to 2030A, except that electricity demand has increased from 2014 
by 43 TWh (from national forecasts [4], [29–31]). The demand of DH is kept constant between the scenarios in 
order to show the effects of the LHPs clearly. In reality, according to the IEA Nordic Energy Technology 
Perspectives 2016 report [6], DH demand will fall in 2013–2050 about 1% annually, on average. Because of the 
tight connection between DH and CHP, we keep also CHP capacities constant over the scenarios. Nordic-level 
information about the scenarios is shown in Table 1. Detailed descriptions of the scenarios can be found in [28]. 

The LHP capacity to the base scenario is added identically in all cases. The capacity is set for a number of 
periods of 12+ hours so that the capacity is available for a total of 4000 hours with the lowest possible average 
system price, with the system prices of the appropriate base scenario with no LHP capacity. The purpose of this is to 
simulate LHP utilization in hours in which CHP production would be the least profitable or feasible. The LHPs are 
set to produce heat in connection with (and with priority over) existing CHP plants. 

     Table 1. Key attributes of the modeled scenarios. 

 2014 2030 

Hydro power 50,317 MWe 51,843 MWe 

Nuclear power 11,200 MWe 12,300 MWe 

CHP 15,280 MWe 15,280 MWe 

        –Of which large plants 9,484 MWe 9,484 MWe 

Condensing power 9,146 MWe 0 MWe 

Wind power 10,600 MWe 28,800 MWe 

Solar power 627 MWe 985 MWe 

Electricity demand 377 TWh 377 TWh (in 2030A) 

420 TWh (in 2030B)  

Carbon emission price 5 €/tCO2 20 €/tCO2 

 

4. Results and discussion 

In this section, we present results from adding 0–2000 MWe of LHP capacity into the scenarios described in the 
previous section. We analyze the effects of LHP capacity increases in a logical manner, starting from effects on 
electricity production, moving on to effects on the electricity market, and to discussing the effects on the 
technologies and costs of heat production in the three scenarios. Finally, we analyze the sustainability of LHPs in the 
Nordic area. 

In Figure 1, we show electricity production in CHP and condensing power plants in the Nordic countries in each 
scenario with a range of added LHP capacity. Clearly, total electricity production will increase by the consumption 
of the LHPs. This increase is approximately 3 TWh with 1000 MWe of HP capacity, and 5 TWh with 2000 MWe of 
HP capacity in all scenarios. 

The increase in electricity production happens in condensing and CHP electricity production in Scenarios 2014 
and 2030B. In Scenario 2030A, there is unused nuclear power capacity in the low electricity price hours because of 
the high share of VRE electricity production with low marginal costs. Thus, the increase in electricity consumption 
leads to an increase in nuclear power production specifically, due to its low marginal cost of production. 

The total CHP power production decreases in each scenario with increasing LHP capacities. An exception to this 
observation is Scenario 2030B with 0–1000 MWe of LHP capacity. There, CHP power production does decrease in 
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the hours when LHPs are running (like in the other scenarios), but this increases the average yearly electricity price 
so much that CHP production increases in other hours. These opposing changes in production approximately cancel 
each other out. The electricity price increase is not limited to the hours in which LHPs are running due to the myopic 
hydro production modeling method.  

Regarding the changes in condensing and CHP power production shown in Figure 1, it should be noted that we 
do not consider DH heat storage or thermal inertia in this paper. Thus, CHP electricity production is restricted to 
satisfying the DH demand on each single hour. Compared to reality, this causes the model to overestimate the share 
of condensing power at the expense of CHP electricity production. 

The system price of electricity is important in an effort to understand the dynamics of the Nordic electricity 
market concerning LHP capacity increases. In Figure 2, the system price is shown for each scenario with a set of 
LHP electric capacities. In the figure, the median system price and the range from the 25th to the 75th percentiles of 
hourly electricity prices during the modeled year are shown for each case. The implications of Figure 2 are tightly 
linked to those of Figure 1. For Scenario 2014, the system price increases steadily with increasing LHP capacities. 
This steadiness of change is interestingly visible also in Figure 1. For Scenario 2030B, the price increase is steeper, 
and perhaps surprisingly not linear. For Scenario 2030A, the price increase is practically nonexistent, with nuclear 
power remaining as the typical marginal price setting technology. It should be noted that in practice Scenario 2030A 
is discussed here as a scenario that is indicative of a more general oversupply situation. The authors of this paper do 
not believe such a low price level would be in practice possible without subsequent corrective adjustments in the 
market. However, modeling these adjustments is outside the scope of this work, and the scenario is included due to 
its value as an indicative scenario.  

As is visible from the above discussion, the analyzed changes in heat and electricity production have 
interrelations that are not trivial. As examples, LHP capacity addition may cause an average price increase that 
causes the amount of CHP electricity production to increase. At the same time, this price increase would make LHP 
heat production less profitable. The consequences of these types of interrelations depend on the proportions of the 
studied system: the capacity of LHPs vs CHP, the share of CHP of total yearly heat production, the fuel mix of the 
CHP and condensing power plants, the fuels’ relative prices, and other similar relationships. The issue of LHP 
operation affecting the electricity price (and hence, the profitability of the LHPs) is handled in a simple manner here, 
as LHP operation hours in all cases are chosen from the lowest price hours in the scenario without LHPs.  

Figure 1. Production of CHP and condensing mode electricity in the three 
scenarios with different amounts of large-scale heat pump capacity. The base 
scenario is indicated at the top of each group of bars. 
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In Figure 3, the total cost of heat production in the whole Nordic area is calculated for each scenario and case. In 
the calculation, variable heat production costs are considered for all plants. For LHPs, these are the cost of 
electricity plus an additional cost of 2 €/MWhth for DH production (see [26]). For CHP, revenue from electricity 
sales is calculated separately from costs. For both CHP and LHP, the price of electricity is the area price of the hour 
of consumption or production. The total cost of heat production with CHP electricity revenue subtracted is shown 
with a white circle. Investment costs are not considered in the calculations. 

It is seen from Figure 3 that the effects of LHPs on heat production costs are not decidedly linear. The only 
linearity in the figure that is common to all scenarios is the fact that the net cost of heat production decreases in each 
scenario with the addition of LHP capacity. The mechanism for the decreasing total cost varies in the scenarios. In 
Scenario 2014, the cost of CHP heat production decreases (due to the decrease in production), but it decreases more 
than the reduction of revenues from CHP electricity (due to the increasing system price). In Scenario 2030A, a 
straightforward cost decrease is seen due to the low cost of LHP heat production, which in turn is caused by the low 
price of electricity. In Scenario 2030B, the cost of heat production (not considering revenues) stays relatively 
unchanged compared to Scenario 2014 with different LHP capacities. However, revenue from CHP electricity 
increases with the LHP capacity (as the system price increases), causing the decline in the total heat production cost.  

Next, we discuss the results regarding the sustainability of DH from two viewpoints: i) fuel consumption and 
CO2 emissions, and ii) the long-term viability of the technology and fuel mix. The latter viewpoint is related to 
economic and system infrastructure issues, of which the economic side has been discussed above.  

Our results indicate CO2 emission reductions, if the fuel mix does not change. The total fuel consumption in DH 
and electricity production in the Nordic area is decreased by the addition of 2000 MWe of LHP capacity by 5, 18, 
and 7 TWh (2%, 10%, and 3%) for Scenarios 2014, 2030A, and 2030B, respectively. This implies a significant 
potential for CO2 emission reductions. The overall emission reductions in electricity and DH production depend on 
how the marginal power production fuels change because of LHP operation. The main fuels are coal, peat, natural 
gas, and biomass. As biomass is supported with financial mechanisms in all countries considered, we can assume 
that the fuel use reductions will be largely targeted at fossil fuels, such as coal. Because we have not modeled 
thermal inertia or heat storage of DH networks in this work, the current results do not realistically represent the 
dynamic of fuel mix changes from the LHP capacity additions. 

Figure 2. The median system price in the scenarios with different large-scale 
heat pump capacities. The vertical bars represent price variation during the year, 
specifically the 25th and 75th percentiles of the hourly system price. 



462 Kristo Helin et al. / Energy Procedia 149 (2018) 455–464
8 Author name / Energy Procedia 00 (2018) 000–000 

The utilization of LHPs can be argued to increase the robustness of DH as a part of a low-CO2 energy system. 
The diversification of heat production to power-to-heat technologies will improve flexibility of production in DH 
networks. This creates robustness against fuel and electricity price fluctuations in the future. From the perspective of 
the electricity and DH system, the interconnection of the two sectors is a vital early step in progressing towards a 
“smart energy system” as visioned in [32]. The interconnection of the sectors may in the future add flexibility to 
electricity demand (e.g. through utilizing heat storages) and help in integrating a higher share of VRE in energy 
production than would be possible without its flexible use in the DH sector.  

5. Conclusions 

In this work, we analyzed three heat and electricity production scenarios for the Nordic area. We simulated the 
addition of varying amounts of DH LHP capacity to each scenario to investigate the effects this has on the electricity 
market and DH production. In our analysis, the LHPs were added to networks with existing CHP plants. Heat 
production by LHP was prioritized over CHP in 4000 hours with low electricity prices, where CHP production was 
less profitable or infeasible in the scenario without LHPs.  

According to our results, the addition of LHPs into the DH systems decreases DH production operating costs in 
all examined scenarios by 8–12%, with taxes on LHP excluded. However, the market price of electricity increases at 
the same time by 0–40%, with the highest increase occurring in our high electricity demand scenario 2030B. As a 
result, the revenues of CHP plants increase relative to a unit of heat production. The electricity price increase is a 
positive impact for the Nordic electricity market that is currently experiencing a period of low electricity prices, 
which hinders investment in new electricity production capacity.  

When LHP heat production is added to a base scenario, CHP heat and electricity production typically decreases. 
This is not the case in Scenario 2030B, where with low LHP capacities the decrease is compensated by higher 
production in hours without LHP heat production. This is due to an overall increase in the price of electricity. 
Because we did not consider thermal inertia and heat storage in this work, condensing production is overall higher 
than it would be in reality, at the expense of CHP electricity production. Regardless of the decrease of CHP energy 

Figure 3. Costs of heat production from CHP, heat-only boiler, and large-scale 
heat pump units in the scenarios with different large-scale heat pump capacities. 
The revenue from CHP electricity production is shown separately from CHP 
heat production costs as a negative cost. The total net cost of heat production is 
marked with a white circle. The base scenario is indicated at the top of each 
group of bars. 
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production, the total fuel consumption in the Nordic electricity and DH system decreases in all examined scenarios 
due to the addition of LHP capacity. This is made possible by the high COP (3.0) of the LHPs. The decrease in total 
fuel consumption (7–18 TWh in 2030) indicates significant potential for emission reductions.  

In addition to the described benefits, LHPs strengthen the interconnection between the electricity and DH 
markets. This is seen as an important development in research into future energy systems (e.g. [32]). The 
interconnection allows the usage of VRE and other inflexible electricity production for heating, increasing the 
potential for low-CO2 DH production beyond biomass utilization. The diversification of technologies also has 
benefits for DH networks through added robustness against future energy market trends. For example, periods of 
low electricity price will become increasingly common with the growing share of VRE in total electricity 
production. Networks with LHP capacity can benefit from such periods. There is also potential for additional 
revenues from LHP operation from intra-day or balancing electricity markets, which are not analyzed in this work. 

As next steps for future research, heat inertia and storage should be included in the model used in this work. 
Additionally, LHP operating hours should be set incrementally and iteratively to the scenarios to improve the 
representation of the production planning done in DH networks.  

In this paper, we have shown that LHP utilization has a selection of potential benefits to the future Nordic energy 
system, from economic and environmental benefits in DH production to the improvement of electricity system 
flexibility. Based on this, we suggest that policymakers should ensure that taxation or political barriers do not impair 
the feasibility of new LHP projects.  

Acknowledgements 

This work has been completed with funding by the RenewFIN project of the Academy of Finland. The 
contribution by Behnam Zakeri has been partly supported by the RE-INVEST project “Renewable Energy 
Investment Strategies – A two-dimensional interconnectivity approach” funded by Innovation Fund Denmark. 

References 

[1] Pöyry Management Consulting Oy. Suomen sähkotehon riittävyys ja kapasiteettirakenteen kehitys vuoteen 2030 (The adequacy of 
electric power in Finland and the development of the capacity structure until year 2030), 2015. 

[2] Lund, Rasmus, Danica Djuric Ilic, and Louise Trygg. “Socioeconomic potential for introducing large-scale heat pumps in district heating 
in Denmark.” Journal of Cleaner Production 139 (2016): 219–229, doi:10.1016/j.jclepro.2016.07.135. 

[3] Averfalk, Helge, Paul Ingvarsson, Urban Persson, Mei Gong, and Sven Werner. “Large heat pumps in Swedish district heating systems.” 
Renewable and Sustainable Energy Reviews 79 (2017): 1275–1284, doi:10.1016/j.rser.2017.05.135. 

[4] Finnish Ministry of Economic Affairs and Employment. Government report on the national energy and climate strategy for 2030. 
[5] Statnett. Long-term market analysis – The nordic region and europe 2016–2040 (2016). 
[6] International Energy Agency. Nordic energy technology perspectives 2016 (IEA Publications, 2016). 
[7] Martin de Lagarde, Cyril, and Frédéric Lantz. “How renewable production depresses electricity prices: Evidence from the German 

market.” Energy Policy 117 (2018): 263–277, doi:10.1016/j.enpol.2018.02.048. 
[8] Statistics Finland. Official Statistics of Finland. 
[9] Danish Energy Agency. Energy Statistics 2015. 
[10] Statistics Norway. Statistics Norway – Electricity. 
[11] Statistics Norway. Production and consumption of energy, energy balance, 2014-2015, final figures. 
[12] Statistics Sweden. Annual energy statistics. 
[13] Statistics Finland. Production of electricity and heat. 
[14] Finnish Energy. Kaukolämpötilasto 2015 (District heat statistic 2015), 2016. 
[15] Statistics Sweden. Sveriges officiella statistik: Statistiska meddelanden (Official statistics of Sweden: Statistical communication) (2016). 
[16] Sandberg, Eli, Daniel Møller Sneum, and Erik Trømborg. “Framework conditions for Nordic district heating - Similarities and 

differences, and why Norway sticks out.” Energy 149 (2018): 105–119, doi:10.1016/j.energy.2018.01.148. 
[17] Levihn, Fabian. “CHP and heat pumps to balance renewable power production: Lessons from the district heating network in Stockholm.” 

Energy 137 (2017): 670–678, doi:10.1016/j.energy.2017.01.118. 
[18] Schweiger, Gerald, Jonatan Rantzer, Karin Ericsson, and Patrick Lauenburg. “The potential of power-to-heat in Swedish district heating 

systems.” Energy 137 (2017): 661–669, doi:10.1016/j.energy.2017.02.075. 
[19] Arango, Santiago, and Erik Larsen. “Cycles in deregulated electricity markets: Empirical evidence from two decades.” Energy Policy 

39(5) (2011): 2457–2466, doi:10.1016/j.enpol.2011.02.010. 
[20] Nyborg, Sophie, and Inge Røpke. “Heat pumps in Denmark—From ugly duckling to white swan.” Energy Research & Social Science 9 

(2015): 166–177, doi:10.1016/j.erss.2015.08.021. 
[21] David, Andrei. Large heat pumps in European district heating systems, 2016. 
[22] Valor Partners Oy. Large heat pumps in district heating systems, 2016. 



464 Kristo Helin et al. / Energy Procedia 149 (2018) 455–464
10 Author name / Energy Procedia 00 (2018) 000–000 

[23] Lund, Rasmus, and Urban Persson. “Mapping of potential heat sources for heat pumps for district heating in Denmark.” Energy 110 
(2016): 129–138, doi:10.1016/j.energy.2015.12.127. 

[24] Bach, Bjarne, Jesper Werling, Torben Ommen, Marie Münster, Juan M. Morales, and Brian Elmegaard. “Integration of large-scale heat 
pumps in the district heating systems of Greater Copenhagen.” Energy 107 (2016): 321–334, doi:10.1016/j.energy.2016.04.029. 

[25] Hast, Aira, Samuli Rinne, Sanna Syri, and Juha Kiviluoma. “The role of heat storages in facilitating the adaptation of district heating 
systems to large amount of variable renewable electricity.” Energy 137 (2017): 775–788, doi:10.1016/j.energy.2017.05.113. 

[26] Danish Energy Agency. Technology Data for Energy Plants for electricity and District heating generation, 2018. 
[27] Zakeri, Behnam, Vilma Virasjoki, Sanna Syri, David Connolly, Brian V. Mathiesen, and Manuel Welsch. “Impact of Germany’s energy 

transition on the Nordic power market – A market-based multi-region energy system model.” Energy 115, Part 3 (2016): 1640–1662, 
doi:https://doi.org/10.1016/j.energy.2016.07.083. 

[28] Helin, Kristo, Behnam Zakeri, and Sanna Syri. “Is District Heating Combined Heat and Power at Risk in the Nordic Area?—An 
Electricity Market Perspective.” Energies 11(5) (2018): 1256, doi:10.3390/en11051256. 

[29] Danish Energy Agency. Basisfremskrivning 2017 (Basic projection 2017) (2017). 
[30] Norwegian Ministry of Petroleum and Energy. Kraft til endring – Energipolitikken mot 2030 (Power for change – Energy policy towards 

2030) (2016). 
[31] Swedish Energy Agency. Scenarier över Sveriges energisystem 2016 (Scenarios of the energy system of Sweden 2016) (2017). 
[32] Mathiesen, B. V., H. Lund, D. Connolly, H. Wenzel, P. A. Østergaard, et al. “Smart Energy Systems for coherent 100% renewable energy 

and transport solutions.” Applied Energy 145 (2015): 139–154, doi:https://doi.org/10.1016/j.apenergy.2015.01.075. 
 



ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The 22-hectare area of the former freight station is currently Stuttgart's largest urban development project. In 
addition to commercial and service areas, around 850 residential units are to be built on a net floor area totaling 
220,000 m². The energy concept includes heat recovery from wastewater with a capacity of 2.1 megawatts, which is 
extracted from a nearby sewer. The energy concept is supplemented by cogeneration units. In the NeckarPark 
district a low-temperature four-pipe heating grid, which is built by the state capital Stuttgart and operated by the 
city-owned energy supplier (Stadtwerke Stuttgart), provides heat to the buildings. 
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1. Introduction  

Following a Swiss study [1], 15% of the thermal energy supplied to buildings is lost through the sewer system. In 
new and well-insulated buildings distinguished by low energy consumption this value can even rise to 30%, which 
makes the sewer one of the largest sources of heat loss in energy-efficient buildings [1]. After use, the domestic hot 

 

 
* Corresponding author. Phone: +49 711 970-3471; fax: +49 711 970-3399. 

E-mail address: Micha.Illner@ibp.fraunhofer.de 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 
DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

“NeckarPark Stuttgart": District heat from wastewater 
H. Erhorna, J. Görresb, M. Illnera*, J.-P. Bruhnb, A. Bergmanna 

aFraunhofer Institute for Building Physics IBP, Nobelstr. 12, Stuttgart, 70569, Germany 
bLandeshauptstadt Stuttgart Amt für Umweltschutz, Gaisburgstr. 4, Stuttgart, 70182, Germany  

Abstract 

The 22-hectare area of the former freight station is currently Stuttgart's largest urban development project. In 
addition to commercial and service areas, around 850 residential units are to be built on a net floor area totaling 
220,000 m². The energy concept includes heat recovery from wastewater with a capacity of 2.1 megawatts, which is 
extracted from a nearby sewer. The energy concept is supplemented by cogeneration units. In the NeckarPark 
district a low-temperature four-pipe heating grid, which is built by the state capital Stuttgart and operated by the 
city-owned energy supplier (Stadtwerke Stuttgart), provides heat to the buildings. 
 
© 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District 
Heating and Cooling, DHC2018. 

Keywords: Urban district heating, wastewater heat recovery, heat pumps, cogeneration units 

1. Introduction  

Following a Swiss study [1], 15% of the thermal energy supplied to buildings is lost through the sewer system. In 
new and well-insulated buildings distinguished by low energy consumption this value can even rise to 30%, which 
makes the sewer one of the largest sources of heat loss in energy-efficient buildings [1]. After use, the domestic hot 

 

 
* Corresponding author. Phone: +49 711 970-3471; fax: +49 711 970-3399. 

E-mail address: Micha.Illner@ibp.fraunhofer.de 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.211&domain=pdf


466 H. Erhorn et al. / Energy Procedia 149 (2018) 465–472
2 Author name / Energy Procedia 00 (2018) 000–000 

 

water is discharged into the sewer system, thus turning domestic wastewater into a carrier of heat [2] with a huge 
potential. 

According to data published by the IEE project ‘Stratego’ [3] 5% of the heat demand of towns and cities with 
more than 10,000 inhabitants can be covered through heat that is extracted from sewage water by means of large 
heat pumps. In Fig. 1 the heat potential of urban sewage systems that can be exploited by means of heat pumps is 
shown for nine European countries, indicating its international relevance. 

 

 
Fig. 1. Heat extractable from urban sewage systems by means of heat pumps (Source: Fraunhofer IBP, using data from [3] and [4]) 

 
For extracting heat or cold from a sewage system, three different technological solutions are currently used. 

When applying the first technology, sewer-integrated heat exchangers are placed directly inside the sewer tunnel. 
The heat-exchanger system consists of heat-exchanging surfaces through which an intermediate medium flows. 
Pipes transport the intermediate medium to the heat pump. Depending on heating or cooling requirements, the 
elements can extract heat from or supply heat to the wastewater. The second commonly used technology is heat 
recovery from sieved wastewater. In this system, the raw wastewater flowing in the sewer is first fed to a sieving 
stage in which solids are separated. This is necessary in order to protect the downstream heat exchanger from 
blockages and to make it as compact and cost-effective as possible. Subsequently, the wastewater is passed through 
the heat exchanger and then returned to the sewage system. As a third technology to use wastewater heat recovery, 
collecting shaft heat exchangers can be installed. In a specially constructed shaft the wastewater is filtered and 
collected. The heat exchanger installed inside the shaft is then able to extract heat from or supply heat to the 
wastewater. After that the wastewater is fed back into the sewer system. The shaft itself is always filled with 
wastewater up to a certain limit to ensure continuous heat transfer, even if only small quantities of wastewater are 
available. The present paper focuses on sewer-integrated heat exchangers.  

 

2. Main text  

As a member of the European Covenant of Mayors and with the energy concept “Urbanization of energy 
transition in Stuttgart”, the city has set itself the goal of reducing Stuttgart's energy consumption by 20% by 2020 
(compared to 1990), and improving the renewable share of energy use in the city area to 20%. 

Stricter energy requirements are contractually agreed when awarding city property to new construction projects 
planned by private builders. Private renovation projects are promoted through an urban energy-saving program and 
builders are advised neutrally and inexpensively by the Energieberatungszentrum Stuttgart (EBZ), a center for 
energy consulting, which was founded in 1999. In the 1990s, the city gained experience with the Burgholzhof 
residential area in terms of urban development and the progressive energy design of larger conversion areas towards 
new, forward-looking urban districts. Building owners were obliged to build low-energy houses and connect them to 
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a solar supported local heating supply. This procedure is now also being applied to the new NeckarPark district, but 
wastewater is being used as a heat source instead. 

 

2.1. Wastewater heat potential in Stuttgart 

As an alternative heat source to the substitution of fossil energy sources, wastewater heat is an interesting option, 
especially for municipalities - after all, any wastewater must be supplied to the municipality for disposal. The 
municipalities thus have the sole right to use the wastewater produced in their territory. In order to be able to 
evaluate the possibilities of using wastewater for heating and cooling in Stuttgart, the city commissioned a 
wastewater heat potential study. 

The analysis of the temperature in the aeration tank of the Stuttgart main sewage treatment plant shows that even 
during cold periods the temperature level does not drop below 12 °C. Only short-term meltwater runoffs lead to 
temporary drops in temperature. However, these drops are acceptable for wastewater heat utilization, since the 
temperature of the outside air is above freezing point during this period (usually in spring) and thus the full output of 
the heating systems is not required. 

In winter, the temperatures in the aeration tank of Stuttgart's main sewage treatment plant are about 2 degrees 
warmer than in comparable sewage treatment plants in Baden-Württemberg. This phenomenon can be explained by 
the fact that the wastewater flows into a canal upstream of the wastewater treatment plant, which passes under a 
vineyard over a length of 2,750 meters. The surrounding rock can function as a seasonal heat store. If the wastewater 
that flows into Stuttgart's main sewage treatment plant (1,300 l/s dry weather discharge) was cooled by 2 degrees, 
almost 11 MW of heating capacity and around 17 GWh/a of heat could be generated. 

 
Suitable sewers for wastewater heat recovery should have an average dry weather discharge of at least 15 l/s and 

a diameter of DN 800 or larger. To ensure economical wastewater heat utilization, the distance between the property 
to be supplied and the sewer should not exceed 300 m (preferably, 150 m). A wastewater heat potential map for 
Stuttgart was prepared on the basis of these wastewater, energy and economic limit criteria (Fig. 2.). In addition to 
suitable sewers, the municipal buildings are also listed as heat demand points. In relation to the total length of the 
sewer network, 7% of Stuttgart's wastewater collectors are suitable for heat and cold utilization. The majority of 
these (88%) can be used without restrictions.  
 

 
Fig. 2. Wastewater heat potential map (Source: Landeshauptstadt Stuttgart, Tiefbauamt, Stadtentwässerung) 
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2.2. Development area NeckarPark 

One of Stuttgart's most important development areas at present is the 22-hectare wasteland area of the former Bad 
Cannstatt freight terminal (Fig.3.(a)). Deutsche Bahn used the site until the late 1980s. The city of Stuttgart bought 
the site in 2001. According to the urban development framework plan "NeckarPark", 850 apartments are to be built 
on the area; service providers, commercial enterprises and hotels are also to be established (Fig.3.(b)). In total, the 
development will comprise 220,000 m² of net floor area, of which approx. 70,000 m² for residential buildings. 

 

  
Fig. 3. (a) Development area NeckarPark; (b) Construction site sign of the NeckarPark (Source: Landeshauptstadt Stuttgart) 

 
As specified in the NeckarPark development plan, the building owners are obliged to construct residential buildings 
as KfW efficiency houses 55, which is under discussion as the probably nearly zero-energy building standard in 
Germany from 2021 onwards. For non-residential buildings, corresponding energy-efficient requirements are also 
set out in the contracts covering the sale of municipal property. Even with high building concentration, this concept 
will result in a low heat density. Traditional district heating involving high supply temperatures and corresponding 
pipe losses often proves to be inefficient and uneconomical for supplying heat to such low-energy areas. The 
maximum heat demand of the NeckarPark is estimated at 12 MW and 13 GWh/a, based on a detailed type-building 
calculation performed with the ‘District Energy Concept Advisor’[5] (Fig. 4) within the scope of the research 
project. 
 

 
Fig. 4. Detailed type-building calculation using the ‘District Energy Concept Advisor’ 

2.3. Energy concept NeckarPark 

The development of the NeckarPark as a nearly zero energy district allows the predominant use of surface heating 
elements like concrete core activation, underfloor and wall heating. This makes it possible to significantly reduce the 
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flow temperatures of the heating supply (35 °C) while keeping the heat losses of an upstream local heating network 
low, thus making extensive use of the low-temperature heat source of wastewater heat. The required heat is extracted 
from a nearby sewer. In order to assess its performance, a two-year measuring phase was carried out. The maximum 
flow rate of the channel is 2,500 l/s, in dry weather 200 l/s. This results in a calculated extraction capacity of 
838 kW/K for dry weather flow. For instance, the analysis of the temperature distribution shows that the 
waste¬water in the sewer never gets colder than 6 °C and never falls below 8 °C for longer than 12 hours [6]. 
Throughout the whole year, the wastewater temperature is between 6 °C and 8 °C only during 29 hours, in total. 
Thus, in addition to the higher thermal conductivity, the thermal use of wastewater offers far better temperature 
conditions than the use of near-surface geothermal energy. 

A further boundary condition for the design of wastewater heat utilization is to determine the temperature up to 
which the wastewater may be cooled or heated. Here, the biochemical processes of wastewater treatment in the 
sewage treatment plant are of particular importance. The minimum setpoint temperature for wastewater treatment is 
10°C. The main sewage treatment plant discharges 6.5 times more wastewater than the sewer at NeckarPark. In the 
NeckarPark, wastewater heat exchangers (Fig. 5.(a)) with a total extraction capacity of 2.1 MW were installed in the 
sewer to recover the wastewater heat. This requires a heat exchanger of about 1 km in length in relation to a 
wastewater collector with standard dimensions. This means that the use of wastewater heat in the Neckar Park is ten 
times greater than in existing plants in Germany. The sewer at the NeckarPark with a diameter of DN 2400 was 
dimensioned so large that a heat exchanger can be laid in two parallel, wide bands at the sewer bottom, which 
shortens the installation length of the heat exchanger to 280 m. A flushing shield (Fig. 5.(b)) is operated periodically 
to flush away any deposits that might reduce the efficiency of the wastewater heat exchanger. The installation of the 
heat exchanger and the flushing shield was finalized in June 2018. 

 

  
Fig. 5. (a) Sewer-integrated wastewater heat exchanger; (b) Flushing shield in the duct (Source: Landeshauptstadt Stuttgart) 

 
The local heating network in the NeckarPark is designed as a 4-wire network: two wires are responsible for the 

high-temperature heat supply (75 °C supply, 50 °C return) for domestic hot water, the other two wires cover the low-
temperature supply (43 °C supply, 28 °C return) for space heating purposes.  

Low-temperature heat generation is mainly provided by the three heat pumps, with a total thermal output of 2.6 
MW, connected to the wastewater heat exchanger (Fig. 6.) High-temperature heat can be coupled into the low-
temperature network to cover peak loads. The cogeneration plants with 0.4 MWth and 0.2 MWel as well as the peak-
load gas condensing boilers (5.5 MW) will generate high-temperature heat.  
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Fig. 6. Scheme of heat generation in the NeckarPark (Source: Fraunhofer IBP, Stuttgart) 

 
In order to keep the high-temperature heat demand as low as possible and thus make maximum use of wastewater 

heat recovery, the domestic hot water in the buildings is preheated via the low-temperature network. Starting from a 
cold water temperature of 10 °C, this reduces the need for high-temperature heat by around 50%.  

 
Based on the current state of knowledge, a rough simulation of energy generation in the NeckarPark has shown 

that 67% of the predicted total heat demand (13 GWh/yr) of the NeckarPark is covered by the heat pumps, while the 
CHPs contribute 19% and the gas condensing boilers 14%. The monthly distribution of the heat generation is shown 
in Fig. 7. 

 
Fig. 7. Results of the rough simulation of energy generation in the NeckarPark (Source: IBS Ingenieurgesellschaft mbH, Bietigheim-Biss.) 
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The electricity yield of PV systems is used to compensate for the auxiliary energy required for the local heating 
grid. To ensure the realization of the PV-systems, the property buyers had to contractually commit themselves to 
equip all roof surfaces with PV systems. This does not apply to roof surfaces: 

• that are either shaded between 9-16 o'clock in the time from April to October  
• that use solar radiation in another way to generate energy (e.g. through solar thermal systems) 
• whose basic functions prevent the use of solar systems (e.g. roof terraces and roof gardens) 
• on which no continuous module area of at least 50 m² in total can be achieved. 

According to the calculations performed by the City of Stuttgart, the heat is provided by a price of 12 cents/kWh. 
This calculation takes all capital, operating and energy costs into account. The project in the NeckarPark district 
shows that the predominant supply of heat from wastewater to a highly efficient urban district is possible on 
economic terms. With its size, the district provides a practical example for other cities. 
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Various concepts for reduction of grid losses and innovative heat supply concepts are compared. Line-wise intra-year 
variation is highly economical in networks with low domestic hot water demand. Intra-day variation to charge 
decentral storages once a day requires higher flow temperatures, which in the considered network even increases 
overall losses. The two considered heat generation concepts are a low temperature network with decentral heat pumps 
and a Heat Dispatch Centre, where heat pump, biomass-gasification with combined heat and power and supply from 
primary network are connected in series. Running costs, specific emissions and Primary Energy Factor are 
considerably lower for the Heat Dispatch Centre, but due to lower investments and maintenance costs for the low 
temperature network it results in 2 €ct lower heat generation price of 11.5 €ct/kWh (incl. 20 % investment funding). 
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1. Introduction 

In the following subsections the general concept of fourth generation district heating is shortly described. After that 
from the limitations of renewable energies, the importance of temperature levels when investigating thermal energy 
supply is deduced. In section 2 the characteristics of single lines of an exemplary district heating network (DHN) are 
described to derive possible adaptations of supply temperature (section 3) in order to limit losses and to assess different 
heat supply concepts (4). In section 5 the overall results are discussed towards giving an outlook on the relevance and 
limitations of the preliminary findings. Further research questions are derived in section 6. 

 
Nomenclature 

4GDH  Fourth Generation District Heating 
CHP   Combined Heat and Power 
DHN  District Heating Network  
DHW  Domestic Hot Water 
PN  Primary Network 

1.1. Fourth Generation District Heating  

A fourth generation district heating (4GDH) network is a network that distributes heat at temperatures of 20 – 95 °C 
in a highly efficient way. Moreover, the heat is primarily supplied from renewable energy sources and waste heat. In 
addition, adequate network monitoring enables the identification of losses and intelligent sector coupling with the 
electricity supply network. The term "fourth generation district heating" expresses that from the first generation the 
temperature levels of heat supply as well as its efficiency and the share of renewable heat sources have changed in 
several development steps. [1], [2], [3]. 

1.2. Limitations of renewable heating sources and the importance of temperature 

As stated before the main heating sources for 4GDH are waste heat and renewable energies. All of these energy 
sources have their own limitations when focusing on a reliable thermal energy supply.  

 Solarthermal energy: Generated heat load and reached temperature level are entirely dependent on environmental 
conditions and therefore underlie strong variations. Especially in winter heat generation is low. 

 Heat pump: For the usage of heat pumps an adequate environmental or waste heat source has to be available in 
the area of heat demand. Furthermore, the efficiency of heat pumps is mainly dependent on the temperature 
difference between heat source and heat sink temperature [4]. In order to reach high supply temperatures with heat 
pumps these are usually connected in series [5]. 

 Waste heat: It is estimated that in Germany the potential for useable waste heat at a temperature level above 60 °C 
is 476 PJ [6]. Still, especially high temperature waste heat generally results from industrial processes, which are 
far away from domestic consumers. Also the availability underlies seasonal and daily fluctuations.  

 Biomass heat: As biomass can be burned in different heat generation units such as combined heat and power 
(CHP) or thermal power stations, no limitations regarding the provision of heat in 4GDH systems apply. However, 
due to its applicability for material use and conversion to syngas/ methane connected to usage in high temperature 
processes (especially industrial applications), biomass resources available for low-temperature heat provision are 
highly limited.  

Summarized, biomass is the only regenerative thermal energy source which can constantly supply heat at high 
temperatures. Nevertheless, its limited resources make the usage of other renewable energy sources or a combination 
of several sources mandatory.  
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2. Description of the considered district heating network 

The results given are an excerpt of the project “Fourth Generation District Heating” [7]. Several possible 
improvements of the existing network-based heat supply of a district are investigated. As a new public building will 
be built closely to the existing network, a concept for heat supply for the overall area is considered in this study leading 
to an overall heating demand of about 4 GWh. 

Because the existing district consists of areas with three different types of usage, the overall area can be 
differentiated into four sub-areas, which are provided by different lines from the heating central. Most relevant 
characteristics of the different lines, namely a southern, a northern, a centrally placed kitchen and a public building 
line, are described in Table 1. It becomes clear that heat demand and especially domestic hot water (DHW) demand 
highly differ between the buildings by line.  

Table 1: Overview on characteristics of consumers in the DHN by line 

 Usage Heating demand and profile Domestic Hot Water Demand 

Southern line 
(800 m, 8 buildings) 

Housing and working 
buildings 

High demand in winter Continuous all year round demand, concentrated 
in the morning and the evening 

Kitchen line   
(130 m, 1 building) 

Kitchen and cafeteria Medium demand in winter (waste 
heat from open kitchen) 

Continuous all year round demand, concentrated 
around midday for cooking and cleaning 

Northern line               
(1050 m, 
7 buildings) 

Several workshops 
and garages 

Medium heat demand, only frost 
protection heating in several 
garages 

Low demand, main demand in the afternoon for 
several showers in one of the garages  

Public building line  
(500 m, 1 building ) 

Mainly seminar rooms Expected low demand due to 
current energy efficiency building 
construction obligations 

Low demand, therefore decentral provision by 
instantaneous water heaters or low-temperature 
circulation line with decentral DHW stations 

 

3. Evaluation of measures to decrease thermal losses  

For this study the aim was to decrease the required temperature by line in order to decrease thermal losses and 
increase the potential for the integration of renewable heating sources. In section 3.1 energetic and economic effects 
of an overall decrease in supply temperature is assessed. Afterwards possible energy and cost savings resulting from 
an intra-day variation of supply temperatures in summer are determined (section 3.2). 

3.1. Variation of supply temperature per network line 

When determining temperatures for heat supply systems the most important factors are technical and regulative 
limitations. Usually heating curves are implemented in heating systems, so that a decrease in outside temperatures 
leads to an increase in heating system temperatures. The set flow and return temperatures by line and season are stated 
in Table 2. These temperatures are based on the following assumptions: 

 General assumptions: 
○ In winter (here: days with outside temperatures below 0°C) the supplied temperatures have to be increased in 

order to limit flow rates and resulting pressure losses.  
○ For network-based DHW provision a flow temperature of 70 °C has to be maintained in order to fulfil hygienic 

requirements.  
○ In summer the return temperature increases, because only DHW from the building circulation line is heated.  

 Assumptions for individual lines: 
○ For the garages in one branch of the northern line, lower target temperatures are required. Therefore, these 

buildings are connected to the return of the northern line and allow a decrease in return temperature of the line.  
○ Due to low DHW demand in summer in northern and public building line, these are uncoupled from the DHN. 
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○ In order to increase the temperature difference between flow and return in the heat central, the public building 
line is connected to the return of the other lines. This is enabled by the low-energy standard of the public building 
and the assumed DHW provision either by DHW stations or by decentral boiler systems. 

Table 2: Overview on set temperature levels depending on weather conditions differentiated by line (occurrence of seasonal 
heating derived from 2017 weather data) 

  Set temperatures in °C 

 Losses 
coefficient 

Winter (Toutside < 0 °C)            
about 1.300 hours 

Transition period (Toutside > 0 °C 
and < 16 °C) about 5.400 hours 

Summer (no heating demand) 
about 2.060 hours 

  Flow Return Flow Return Flow Return 

Southern and kitchen line 185 W/K 75 50 70 50 70 55 

Northern line 240 W/K 75 40 70 40 12* 12* 

Public building line 115 W/K 50 30 50 30 12* 12* 

*equal to outside temperature 

In order to calculate the reduction in thermal losses, the new scenarios are compared to a reference scenario, which 
is a constant flow temperature in all lines of 75 °C and a return of 50 °C in the heating period or 55 °C in the non-
heating period. Generally, losses of a DHN (Qlosses) can be calculated from the difference in temperature between 
DHN and surrounding (∆TDHN−outside temperature), the heat transmission coefficient (U) and the length of the DHN (l) 
according to formulae (1). Because only the temperature difference between system and surrounding temperature is 
changed, the relative change in system temperatures (flow and return) is equal to the change in losses. Relative 
reductions in thermal losses by line are stated in Table 3. 

 
�̇�𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ∆𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷−𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙 𝑜𝑜𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡𝑙𝑙 𝑈𝑈 𝑙𝑙 (1) 

Table 3: Relative decrease in losses due to variation of flow and return temperature 

Line Winter Transition period Summer 

Southern and kitchen line 0  % 4 % 4 % 

Northern line 8 % 12 % 100 % 

Public building line 32 % 36 % 100 % 

 
Due to constantly required high temperatures for hygienic DHW provision in southern and kitchen line, the only 

relevant savings can be reached in northern and university line. While the reduction in losses in the heating and 
transition period directly leads to cost savings (CS) according to formulae (2), the decrease in costs for energy 
provision in the northern line in summer has to be compared to the additional costs caused by DHW provision from 
decentral boiler systems according to formulae (3). In the calculations an efficiency of the heat exchangers 
(ηℎ𝑙𝑙𝑡𝑡𝑜𝑜 𝑙𝑙𝑒𝑒𝑒𝑒ℎ𝑡𝑡𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡) of 99 %, an average district heating price (Cheat prov) of 7.34 €ct/kWh [8], an efficiency of an electric 
boiler (ηBoiler) of 97 % [9] and an electricity price (Celectr) of 29.28 €ct/kWh (2017 [10]) are used. In both cases it is 
assumed that the specific electricity or respectively heat cost is not dependent on the overall electricity respectively 
heat demand and that the average outside temperature is at 12°C.  

Because the actual DHW demand (𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷) in the northern line is unknown, a sensitivity analysis of the cost savings 
depending on the actual DHW demand was executed. The resulting savings are presented in Table 4. 
 

𝐶𝐶𝐶𝐶ℎ𝑙𝑙𝑡𝑡𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎 𝑡𝑡𝑙𝑙𝑡𝑡𝑜𝑜𝑙𝑙𝑜𝑜 = (
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡𝑙𝑙𝑟𝑟 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑎𝑎𝑙𝑙𝑛𝑛

ηℎ𝑙𝑙𝑡𝑡𝑜𝑜 𝑙𝑙𝑒𝑒𝑒𝑒ℎ𝑡𝑡𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡 
)  ∙ 𝐶𝐶ℎ𝑙𝑙𝑡𝑡𝑜𝑜 𝑡𝑡𝑡𝑡𝑙𝑙𝑝𝑝 

(2) 
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𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛−ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒 𝑝𝑝𝑒𝑒𝑝𝑝𝑒𝑒𝑛𝑛𝑝𝑝 = (𝑄𝑄𝑙𝑙𝑛𝑛𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙,𝑝𝑝𝑒𝑒𝑟𝑟 + 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 −  𝑄𝑄𝑙𝑙𝑛𝑛𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙,𝑛𝑛𝑒𝑒𝑛𝑛)  ∙ 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝 − 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷
η𝑏𝑏𝑛𝑛𝑒𝑒𝑙𝑙𝑒𝑒𝑝𝑝

∙  𝐶𝐶𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝 
(3) 

Table 4: Cost savings due to temperature adaptation – in northern and public building line in summer compared to decentral 
DHW provision (1according to [11]) 

Line DHW demand Winter Transition period Summer 

Southern and kitchen line 50 kW 0 € 372 € 142 € 

Northern line 
5 kW 

229 € 1,429 € 
2,310 € 

10 kW -763 € 

Public building line 6.371 kW 444 € 2,076 € - 1,075 € 

 
Generally, savings in the southern and kitchen line are low but easy to achieve. While in the transition period 

relative savings in the public building line are three times higher than in the northern building line, absolute cost 
savings are only 45 % higher. This is caused by the higher thermal loss coefficient of the northern line. In summer the 
usage of decentral boiler systems is only economical in the northern line in case of a low DHW demand of about 
5 kW. The higher variable cost of DHW generation from electric boilers overcompensates the cost related to thermal 
losses in the network. This equally applies to the university line, where lower system temperatures lead to lower losses 
and therefore even higher additional costs when electric heating is applied. The cost-wise break-even point between 
thermal energy provisions from the grid and from decentral boiler systems in non-heating period in the northern line 
is at a DHW demand of 8,35 kW. 

3.2. Decrease of thermal losses due to intra-day temperature variation 

Especially in summer high losses occur in DHN, because the provision of DHW requires high flow temperatures 
for hygienic reasons, while the overall thermal energy demand is low. In residential buildings the DHW demand is 
highly concentrated in the morning and the evening [12], while in DHN the heat is supplied evenly all-day long. 
Currently, three measures to decrease thermal losses of DHN are considered in research: 

 Usage of chemical or organic substances in order to prevent growing of legionella 
 Decreasing necessary temperatures by usage of DHW stations per flat or per tapping point 
 Intra-day variation of DHN supply temperatures for selective charging of decentral storage tanks  

 
In contrast to the first option, which is currently still in the research state, the other two are already implemented. 

For the considered existing network, the implementation of decentral DHW stations would require extensive 
construction works and costs. Additionally, the existing heating infrastructure needs system temperatures of over 
70 °C about half year round, making the investment only useable at summer time. Therefore, the concept is considered 
as non-viable in the existing network but applicable to the public building heating system.  

For the determination of economic benefits of intra-day variations of supply temperatures in the southern and 
kitchen line, an exemplary day for an average building is investigated. From the available data an average daily DHW 
demand (including circulation losses) per southern-line building of 170 kWh can be derived.  

The suitable storage size is derived from formulae (4) an allowed temperature variation the storages of 
𝑇𝑇𝑙𝑙𝑒𝑒𝑛𝑛𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑒𝑒𝑚𝑚= 90°C and 𝑇𝑇𝑙𝑙𝑒𝑒𝑛𝑛𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑒𝑒𝑛𝑛 = 60°C, for specific heat capacity (cp) and density of water of (𝜌𝜌𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝) values of 
water at 75°C are used.  

 

𝑉𝑉𝑆𝑆𝑒𝑒𝑛𝑛𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷
(𝑇𝑇𝑙𝑙𝑒𝑒𝑛𝑛𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑒𝑒𝑚𝑚 − 𝑇𝑇𝑙𝑙𝑒𝑒𝑛𝑛𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑒𝑒𝑛𝑛) ∙  𝑐𝑐𝑝𝑝  ∙ 𝜌𝜌𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝

 
(4) 
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For the calculation of cost savings resulting from an intra-day variation formulae (5) is seen as appropriate, where 
Qlosses,new includes the network losses as well as decentral storage losses, tlive time storage is the livetime of the storage 
tanks (20 years [13]) and CStorage is the cost of all storage tanks. The decrease in electricity demand for pumps caused 
by intra-day variation in supply is neglected. 

 
𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (𝑄𝑄𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑠𝑠𝑟𝑟 − 𝑄𝑄𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛𝑠𝑠𝑛𝑛) ∙ 𝐶𝐶ℎ𝑠𝑠𝑒𝑒𝑒𝑒 𝑝𝑝𝑠𝑠𝑙𝑙𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑙𝑙𝑛𝑛 ∙ 𝑡𝑡𝑙𝑙𝑝𝑝𝑝𝑝𝑠𝑠𝑒𝑒𝑝𝑝𝑠𝑠𝑠𝑠 𝑠𝑠𝑒𝑒𝑙𝑙𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑆𝑆𝑒𝑒𝑙𝑙𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 (5) 

Compared to the heat demand in winter, the DHW demand is low, therefore it can be estimated that a flow rate 
charging the decentral storages within one hour is achievable. Because decentral storages must be heated up to 90 °C 
to provide storage capacity for DHW thermal losses in the network need to be newly calculated. It is assumed that the 
network is heated up to 90°C once a day and then cools out over the rest of the day. In Table 5 required storage sizes 
and characteristics depending on the set loading frequency are stated as well as estimated losses. 

Table 5: Losses of the system with decentral storage tank and resulting costs difference depending on loading frequency  

Line Daily Daily twice 

Storage volume 5,000 l 2,500 l 

Storage loss coefficient 12,2 kWh/day 8,6 kWh/d 

Storage costs 3.700 € 2.300 € 

Network losses 351 kWh/day 398 kWh/day 

Overall losses network and decentral storages 484 kWh/day 459 kWh/day 

 

In the reference case of continuous heat provision at 75°C thermal losses per day of 376 kWh occur. These are 
lower than the losses calculated for intra-day variations in supply temperatures. Therefore, the usage of intra-day 
variation in supply temperatures cannot be economically viable for these set parameters. It is possible to decrease the 
maximum temperature of the storage tank and by this limit thermal network losses. Still, in this case the storage 
volume increases as well as storage costs and storage losses.  

4. Description and evaluation of different heat supply concepts 

After an overview on project requirements and available renewable energy sources is given (section 4.1), the two 
considered supply systems low-temperature DHN connected to decentral heat pumps (4.2) and Heat Dispatch Center 
(section 4.3) are described and resulting heat supply costs are evaluated (section 0). A more detailed analysis regarding 
dependencies on boundary conditions such as electricity prices and development of heat demand in the area will be 
available on the project homepage [7] from November 2018. 

4.1. Boundary conditions  

The project conditions require that 50 % of the heat shall be supplied by renewable energies or waste heat, with a 
maximum of half of it supplied from biomass. Generated electricity from renewable generation units may not be 
marketed according to the Renewable Energy Sources Act (EEG). [14] 

Investigations in the surrounding of the considered network show that there is no waste heat available. Neither is 
the ground water quality suitable nor the available free surface area large enough to use close-to-the-surface 
geothermal energy. In 2020 a sewer pipe will be laid centered through the considered area. From the expected flow 
rate of 25 l/s a thermal energy supply of about 300 kW can be derived. 

Measurements of heat demand in the individual buildings over the past winter serve as a basis to derive adequate 
load profiles per building for the weather year 2017. The thermal load of the public building is predicted with the 
simulation tool Sophena [11]. Employing a regression analysis of the data generated from Sophena the load curve for 
the weather year 2017 is generated. 
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The specific CO2 emissions (excluding upstream chain) and Primary Energy Factors of the different energy supply 
sources is stated in Table 6. 

Table 6: Set specific CO2-emissions and primary energy factor for different heat supply technologies [15]1, 2 calculated from 
primary grid supply composition, 3 with CHP allocation according to electricity benefit method (further information see [16]), 
[17]4, [18]5, [19]6 

 Specific CO2 emissions Primary energy factors (non-renewable) 

Natural gas 202 g/kWh 1 1.15 

Primary grid 77 g/kWh 1,2 06 

Wood 0 g/kWh 0.25 

Electricity from gasifier + CHP 0 g/kWh 0.23 

Electricity from grid 489 g/kWh 4 1.85 

 
In order to connect the buildings to either of the innovative supply concepts several network adaptations have to 

be implemented. The costs for these are kept constant for both supply concepts and add up to about 1,310,000 €. 
Funding is expected to lie at 20 % for all investments.   

4.2. Low temperature DHN with decentral heat pumps 

With the aim of reducing thermal supply losses and increasing the integration of low heat energy sources, the 
research on and construction of low temperature networks has increased. In order to supply the existing building stock 
or to provide DHW, in those buildings the low temperature heat serves as heat source for a heat pump. A well-known 
example is the DHN in Dollnstein [20]. 

In this case study the central heat pump is expected to lift the return temperature from 30 to 50 °C at a COP of 4 in 
order to directly supply the temperatures for the public building. Overall costs for the sewage water heat pump 
(machine, construction) are 270,000 €/t with maintenance costs at 6,200 €/a. The COPs of all individual heat pumps 
is expected to be at 7.7 [21], costs for these by individual buildings [22] are expected as the following:  

 
 All buildings in the southern line are assumed to have the same maximum load. This leads to 8 heat pumps with 

individual heat load of 75 kW, each with a cost of 20,950 €. 
 The kitchen line consists of one building with 1 heat pump with a heat load of 95 kW and a cost of 22,142 €. 
 The garages in the northern line, which are only heated for frost protection, are supplied directly by the flow, 

while the buildings with heat demand are expected to have the same maximum load curve. This leads to 7 heat 
pumps with an individual heat load of 75 kW and a cost of 20,950 €. 
 
Including an installation cost per heat pump of 3.000 € the initial invest sums up to 389,291 €. Maintenance costs 

per heat pump can be expected to lie at 2.5% per year [13], resulting in yearly costs of 8,530 €/year. As stated in 
section 4.1 heat from the waste water stream is limited to 300 kW, which would not be sufficient to supply the whole 
area with heat. The remaining thermal energy demand at 50 °C for the local heat network is directly provided by the 
primary heating network. 

4.3. Heat Dispatch Center  

The concept Heat Dispatch Centre is based on the idea that every energy source provides heat at the temperature 
where it is efficient. High temperature heat sources (e.g. CHP) are used to upgrade the temperature level of low-
temperature components (e.g. heat pumps). By this the energy supply from the high temperature sources is decreased 
and low temperature sources are integrated into the heat supply. Here a brief description of the Heat Dispatch Center 
and the generated simulation tool is provided. A more detailed description will be available at the project homepage 
[7] from November 2018. 
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In the considered network the combination of the sewage water heat pump with the gasifier + CHP and primary 
grid is investigated (see Figure 1). In order to allow an efficient use of the heat pump it is used to increase the 
temperature level of the return from all lines to about 60 °C. The energy demand for increasing the temperature further 
up to the required flow temperatures of 75 °C/ 70 °C is provided by gasifier + CHP and primary network. Additionally, 
the primary network serves as back-up for heat supply at times of high demand and as main heat source in summer. 
This series interconnection is enabled by one medium temperature storage (about 30 – 60 °C) and a high temperature 
storage (about 75 °C). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

The electricity demand of the heat pump is covered by the CHP as the opportunity cost for selling the electricity is 
lower than the achievable electricity price, additional generation is sold at the electricity market. Economic parameters 
of the heat pump are the same as for the first concept. A biomass gasifier connected to a CHP unit with a thermal load 
of 380 kW and an electric load of 120 kW was considered. The overall cost of the Heat Dispatch Center including 
gasifier, CHP and auxiliaries, connection to primary grid, monitoring and control units including installation costs is 
expected to lie at 1,150,000 €. Preliminary evaluations show that storage volumes of 20 m3 for high and 50 m3 for 
medium temperature storage are suitable, leading to overall costs of 51,000 €. Costs for domestic transfer stations are 
about 340,000 € including installation costs.  

Further relevant specific prices are wood including transport at 305 €/t (heat capacity 4.3 MWh/t), waste disposal 
1,300 €/t and nitrogen costs 270 €/bundle.  
 
Developed simulation tool 

Several simulation tools for district heating systems exist. These do not allow evaluations, such as the 
interconnection of different heat supply units on subsequent temperature levels. In order to determine capacities and 
economic efficiency depending on overall system configuration and generation prioritization, a Microsoft® Excel 
based simplified DHN simulation tool was developed. For every hour of the reference year 2017 the state of the two 
storage tanks and the provision of heat from the different supply units is calculated. 

4.4. Preliminary results for heat supply concepts  

Energetic, economic and ecologic results for the two innovative supply concepts are stated in Table 7. As a 
reference a gas boiler system can be expected to generate heat at a cost of 8,5 €ct/kWh, when investments are neglected 
(efficiency 90 %, gas price 6.86 €ct/kWh [23]). This gas system would lead to specific emissions of 224 g CO2/kWh. 

Figure 1:  Interconnection of heat generation and storage units in the Heat Dispatch Center and connected consumers considering 
energy flows and temperature levels 
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Table 7: Energetic, economic and ecologic results for the different thermal energy supply systems  

Energy supply concept Low temperature network connected to building 
individual heat pumps 

Heat Dispatch Centre 

Heat generation costs 11.5 ct/kWh with and 12 ct/kWh without funding of 
20 % on invest 

13.5 ct/kWh with and 14 ct/kWh without funding of    
20 % on invest 

Specific CO2-Emissions 162 g/kWh 19 g/kWh 

Primary Energy Factor 0.5 0.12 
 

A cost analysis shows that the cost for heat generation in the Heat Dispatch Center is dominated by the cost for the 
biomass gasification + CHP unit. This includes the investment as well as the maintenance and variable costs. About 
48 % of the heat is provided by the CHP unit, 28 % by the heat pump and 24 % by the primary heating network.  

The annual costs of the low temperatures district heating network are highly dominated by electricity costs, the 
high electricity demand also leads to the comparatively high specific CO2 emissions and primary energy factor. Heat 
from the primary grid provides about 40 % of the energy is provided from the primary grid, 35 % from the environment 
and 25 % is based on electricity.   

5. Discussion of the results 

Here firstly the results from the evaluation of concepts to decrease thermal losses are discussed (section 5.1), then 
the findings for the two different heat supply concepts is contrasted (section 5.2). 

5.1. Methodology and results to decrease thermal losses 

In this study intra-year and intra-day variations in supply temperatures are assessed, for this simplifications were 
made. Here some of them are discussed regarding their effect on the results and ideas for improvements are given. 

With the heat loss coefficients from supplied data yearly losses of 12 % relative to the overall heat generation can 
be calculated. This value is comparatively low, which indicates that the network is well insulated or the values are not 
correct. Hence, for the derivation of realistic savings the loss coefficients need to be verified. Higher thermal loss 
coefficients would make variations in supply temperatures more economical. In contrast to this intra-day variation 
could become even less viable. Costs and savings for temperature variation in the public building line need to be 
recalculated when the actual amount of tapping points in the building is known and the savings can be compared to 
the additional cost for decentral water stations. 

The change to electric boilers was only calculated considering a building-central boiler system. Due to the age and 
insulation standard of the circulation lines in the buildings a cost-comparison with decentral boilers would be adequate.  

When investigating the existing network more in detail, it shows that the southern as well as the northern supply 
line include branches in which none of the buildings generate DHW from the DHN. Therefore, these buildings could 
be integrated into the return of the other buildings, which would be beneficial to a further decrease in an overall return 
temperature. In two buildings connected to the southern line instantaneous water heaters are installed for the provision 
of heat. Accordingly, this branches could be disconnected to the southern network in summer. 

5.2. Innovative thermal energy provision 

Although preliminary results indicate that the low-temperature heating network is more economical, further 
investigations regarding the actual generation costs are required. While the prices for storages were neglected for the 
low-temperature system, these might be necessary for actual implementation of the concept. Vast potential to increase 
the economic viability of the Heat Dispatch Centre exist. One step to improve economic viability is to increase the 
share of heat from the primary heating network and decrease the share of heat supply from comparatively expensive 
biomass. This analysis and further in-detail investigations will be published at [7]. 
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6. Conclusion and Outlook 

In the feasibility study the aim was to approximately assess the economic viability of innovative heat supply 
systems. Up to now in industrial and residential applications the focus was less on required temperature levels and 
more on thermal loads. Also often the actual temperature demand of consumers connected to grid based thermal 
energy supply is unknown. Caused by this, high temperatures are used although they are not required. In order to 
enable an efficient thermal energy supply based on renewable energies the actual energy demands per network line 
have to be carefully assessed and compared to alternative supply concepts. Moreover, the implementation of concepts 
employing heat supply units connected in series instead of in parallel should be further investigated. 

References 

[1] District energy in cities - Unlocking the Potential of Energy Efficiency and Renewable Energy. Paris, Frankreich: United Nations 
Environmental Programm - Division of Technology, Industry and Economics, 2015 

[2] Pehnt, Martin et al.: Wärmenetzsysteme 4.0 - Endbericht - Kurzstudie zur Umsetzung der Maßnahme "Modellvorhaben erneuerbare Energien 
in hocheffizienten Niedertemperaturwärmenetzen". Heidelberg, Berlin, Düsseldorf, Köln: Adelphi, 2017. 

[3] Lund, Henrik et al.: 4th Generation District Heating (4GDH) - Integrating smart thermal grids into future sustainable energy systems. In: 
Energy 68 (2014) 1-11; Amsterdam, Netherlands: Elsevier, 2014. 

[4] Braungardt, Simon et al.: Elektrisch angetriebene Wärmepumpen - Aktuelle Ergebnisse aus Forschung und Feldtests. Eggenstein-
Leopoldshafen: BINE Informationsdienst, 2013. 

[5] Arpagaus, Cordin: Multi-temperature heat pumps: A literature review. Buchs, Schweiz: Institute for Energy Systems, NTB University of 
Applied Sciences of Technology Buchs, 2016. 

[6] IFEU; GEF: Transformationsstrategien Fernwärme - TRAFO - Ein Gemeinschaftsprojekt von ifeu-Institut, GEF Ingenieur AG und AGFW. 
Frankfurt am Main: Der Energieeffizienzverband für Wärme, Kälte und KWK e.V. (AGFW), 2013 

[7] Kleinertz, Britta; Brühl, Götz et al 2018: Project “Fourth generation district heating – Feasibility study for a district heating network 4.0 in 
Rosenheim” Forschungsgesellschaft für Energiewirtschaft mbH (FfE), 2017 – sponsored by Bundesamt für Wirtschaft und Ausfuhrkontrolle  
https://www.ffegmbh.de/kompetenzen/energiekonzepte/746-waermenetze-4-0-machbarkeitsstudie-fuer-ein-innovatives-waermenetz-der-
vierten-generation-in-rosenheim 

[8] Preis für Fernwärme nach Anschlusswert in Deutschland in den Jahren 1992 bis 2017: https://de.statista.com/statistik/daten/ 
studie/250114/umfrage/preis-fuer-fernwaerme-nach-anschlusswert-in-deutschland/; Hamburg: Statista GmbH, 2018. 

[9] Durchlauferhitzer - Schock für Warmduscher in: Stiftung Warentest 01/2015. Berlin: Stiftung Warentest, 2015 
[10] BDEW - Strompreisanalyse Mai 2018 - Haushalt und Industrie. Berlin: BDEW - Bundesverband der Energie- und Wasserwirtschaft, 2018. 
[11] C.A.R.M.E.N. e.V.:(2017). Sophena (1.1) [Software]. Abgerufen von https://www.carmen-ev.de/infothek/downloads/sophena/2008-

download-von-sophena. Straubing: 2017 
[12] DIN Deutsches Institut für Normung e.V. (DIN): DIN EN 15450 - Heizungsanlagen in Gebäuden - Planung von Heizungsanlagen mit 

Wärmepumpen. Berlin: Beuth Verlag GmbH, 2007 
[13] VDI 2067 - Blatt 1 - Wirtschaftlichkeit gebäudetechnischer Anlagen - Grundlagen und Kostenberechnung. Ausgefertigt am 2000, Version vom 

2012-09; Düsseldorf: Verein Deutscher Ingenieure (VDI), 2012. 
[14] Merkblatt zu den technischen Anforderungen an ein Wärmenetzsystem 4.0 - Modellvorhaben Wärmenetzsysteme 4.0. Eschborn: Bundesamt 

für Wirtschaft und Ausfuhrkontrolle, 2018. 
[15] 2006 IPCC Guidelines for National Greenhouse Gas Inventories - Energy - Stationary Combustion. Kamiyamaguchi Hayama, Kanagawa: 

Institute for Global Environmental Strategies, 2006. 
[16] Wiesemeyer, Karin; Schwentzek, Marco; Corradini, Roger; Mauch, Wolfgang: Allokationsmethoden für spezifische CO2-Emissionen von 

Strom und Wärme aus KWK-Anlagen in: Energiewirtschaftliche Tagesfragen 60. Jg. (2010) Heft 9. Essen: etv Energieverlag GmbH, 2010 
[17] Entwicklung des CO2-Emissionsfaktors für den Strommix in Deutschland in den Jahren 1990 bis 2017 (in Gramm pro Kilowattstunde): 

https://de.statista.com/statistik/daten/studie/38897/umfrage/co2-emissionsfaktor-fuer-den-strommix-in-deutschland-seit-1990/; Hamburg: 
Statista GmbH, 2018 (überarbeitet: 2018). 

[18] DIN V 18599-1:2011-12 - Energy efficiency of buildings - Calculation of the net, final and primary energy demand for heating, cooling, 
ventilation, domestic hot water and lighting - Part 1: General balancing procedures, terms and definitions, zoning and evaluation of energy 
sources. Berlin: DIN Deutsches Institut für Normung e.V. (DIN), 2011 

[19] Broschüre - Fernwärme für Rosenheim. Rosenheim: Stadtwerke Rosenheim GmbH & Co. KG, 2016. 
[20] Ramm, Tobias et al.: Energy storage and integrated energy approach for district heating systems. Amsterdam: Elsevier B.V., 2017. 
[21] Fricke, Manfred: Großwärmepumpen: ein wichtiges Bauteil für Fernwärmenetze. Berliner Energietage: OCHSNER Energie Technik, 2016. 
[22] Wolf, S.; Fahl, U.; Blesl, M.; Voß, A.: Analyse des Potenzials von Industriewärmepumpen in Deutschland - Forschungsbericht. Stuttgart: 

Institut für Energiewirtschaft und Rationelle Energieanwendung (IER), 2014 
[23] Energiedaten - Nationale und Internationale Entwicklungen - Stand 05.05.2017. Berlin: Bundesministerium für Wirtschaft und Technologie 

(BMWi), 2017 
 



ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

District heating (DH) is an energy service, which moves the heat from available heat sources to customers. The 
fundamental idea of DH is to use local fuel or heat resources, which would otherwise be wasted, to satisfy local 
customer heat demands, by using heat distribution networks [1].  
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In historical development of DH, three generations of DH developed successively. The 1st generation DH systems 
used steam as the heat carrier. Typical components were steam pipes in concrete ducts, steam traps, and compensators. 
Almost all DH systems established until 1930 used this technology. The 2nd generation DH systems used pressurized 
hot water as the heat carrier, with supply temperatures mostly higher than 100℃. Typical components were water 
pipes in concrete ducts, large tube-and-shell heat exchangers, and material-intensive, large, and heavy valves. These 
systems emerged in the 1930s and dominated all new systems until the 1970s. The 3rd generation DH systems still use 
pressurized water as the heat carrier, but the supply temperatures are often below 100 ℃. Typical components are 
prefabricated, pre-insulated pipes directly buried into the ground, compact substations using plate stainless steel heat 
exchangers, and material lean components. The systems was introduced in the 1970s and took a major share of all 
extensions in the 1980s and beyond [2].  

The direction of development for these three generations has been in favor of lower distribution temperature, 
material-lean components, and prefabrication. On the basis of the trends identified above, the future DH technology 
should include lower distribution temperatures, assembly-oriented components, and more flexible materials [1]. The 
revolutionary temperature level, with supply temperature below 50~60℃, will become the most important feature of 
the 4th generation DH. The energy supply system, end users, and occupants will benefit from the low temperature 
level. A brief summary of those benefits are shown in Table 1.  

Table 1. Major advantages with lower distribution temperatures. 

Objects Advantages References 

Flue gas condensation from combustion 
of biomass and waste 

Higher output capacity (25~40%) from direct condensation of the fuel 
moisture in biomass fuels and waste  

[1] 

Geothermal energy and industrial 
residual heat with medium temperature 

Higher output capacity (50~100%) from available medium-temperature 
(70~100℃) water flow  

[1] 

Solar energy Higher output capacity from connected solar heat collectors  [1] 

Steam based combined heat and power 
(CHP) plant 

Higher power-to-heat ratios in the same CHP plant design, results more 
electricity generation at the same heat demand   

[1] 

Heat pump (HP) Higher coefficient of performance, since both pressure and temperature can 
be lower in the HP condenser 

[3] 

Heat storage Increased capacities in water-based heat storages managing both supply 
and demand variations, reduce heat losses from thermal storage units   

[1, 3] 

Network  Higher distribution efficiency due to less heat loss from the network [3] 

Network Lower risk of pipe leakages due to thermal stress, and the corresponding 
maintenance costs are reduced as well 

[3] 

Network Possibility to use plastic pipes in distribution areas with low pressures [3] 

Network Lower risk of water boiling in the network, which means lower risk of two-
phase-flow in pumps and fast moving water walls 

[3] 

Building Better match the future building heat demand and heat temperature 
requirement  

[3] 

Occupant Eliminate the potential risk of scalding human skin due to water leakages  [3] 

In addition, the 4th generation DH will take advantage of various heat sources, different level thermal storages, 
modern measuring equipment, and advanced information technology, to make itself more flexible, reliable, intelligent, 
and competitive.  

This article reviews the technical issues associated with transition to the future DH. The studies on transition to the 
low temperature DH (LTDH) systems are summarized in Section 2.1. The knowledge of integrating various heat 
sources and thermal storages are presented in Section 2.2 and Section 2.3, respectively. The idea of smart DH system 
is shown in Section 2.4. Further, some facing challenges and possible solutions for the future DH are discussed in 
Section 3. Finally, the conclusions for transition to the future DH are proposed in Section 4.  
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2. Transition to the future district heating  

Characterized by low temperature, various heat sources, thermal energy storage (TES), intelligent management, 
and integration with smart energy system, the 4th generation DH will be available in the coming years. However, the 
transition from the current 2nd or 3rd generation DH to the future 4th generation DH is a challenging task. This section 
reviews the following technical issues associated with transition to the 4th generation DH: suppling low temperature 
to new and existing buildings, integrating various heat sources including renewable sources and recycled sources, 
different TES technologies, and smart DH systems. In addition, the bottlenecks and challenges of the transition are 
presented together with potentials solutions. 

2.1. Transition to the low temperature district heating system 

2.1.1. Temperature level of the current system  

For the DH system using pressurized hot water as the heat carrier, the water is heated up to the supply temperature 
at the heat supply units, and cooled down to the return temperature at the customer substations. The supply temperature 
is decided by the heat provider, while the return temperature is the aggregated result from all cooling processes at the 
customer substations. The supply and return network temperatures are not standardized, they will depend on the local 
conditions [1].   

An overview of annual average temperature level of 142 Swedish and 207 Danish DH systems is provided in Fig. 
1 [4]. Fig. 1 shows that Swedish and Danish DH systems can be regarded as the 3rd generation DH system with respect 
to their temperature levels. The average network temperatures in Sweden and Denmark are compared with six other 
European DH systems in Fig. 2. Fig. 2 shows that the temperature levels of Riga, Warsaw, and Poznan DH systems 
are similar to the Swedish and Danish systems and they can be also classified as the 3rd generation DH system. 
However, for Geneva and Brescia systems, the temperature level are relative high, with annual average supply 
temperatures close to or above 100°C, and with return temperatures range from around 60°C to 80°C. Therefore, these 
systems may be regarded as the 2nd generation DH system [5]. 

 

 

Fig. 1. Overview of heat distribution temperatures in different DH systems. (a) 142 Swedish DH systems, (b) 207 Danish DH systems [4] 
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Fig. 2. Typical distribution temperatures for various systems 

2.1.2. Transition to the low temperature district heating system 

The possibilities to achieve lower temperature level are summarized in the final report of International Energy 
Agency Technology Collaboration on District Heating and Cooling including Combined Heat and Power (IEA DHC) 
Annex XI - Transformation Roadmap from High to Low Temperature District Heating Systems [5] . In this report, 
the transition processes to the low temperature DH are explained in two steps. In the first step, the temperature potential 
of the current DH system will be fulfilled, with the measures of eliminating system errors and improving system 
control. In the second step, the temperature level will be further reduced, by the means of enhancing the heat transfer 
performance of heat exchangers, and improving the design of substations. The renovation of buildings will be 
conducted along the two steps when it is necessary. These necessary actions for the transition are explained in the text 
below. 

Eliminating system errors and improving system control is a highly important task to reduce the temperature in a 
DH system. The green bar at the left of Fig. 1 (a) shows the theoretical annual supply and return temperatures of 69 
and 34°C for a typical error-free substation with the current substation technology [1]. During 2009, the Marstal DH 
system in Denmark had an annual average supply and return temperature of 74 and 36°C, very near to the theoretical 
temperature level. The Marstal DH management has thus proved that it is possible to operate a DH system very near 
to the theoretical supply and return temperatures [1]. However, Most Swedish DH systems have substantially higher 
return temperature than their potentials, especially the systems located to the right of Fig. 1 (a). The causes and possible 
solutions for the difference between actual and theoretical return temperature are summarized in Table 2.    

Table 2. Causes and possible solutions for the difference between actual and theatrical return temperature. 

Causes  Possible solutions References 

Short-circuit 
flows  

Intentional short-circuit flows to maintain a 
minimum supply temperature, or to avoid network 
work freezing 

Unintentional short-circuit flows from remnants of 
construction, or from the connection mistake 

Suitable controlled by thermostatic valves, 
or introduce innovative systems to avoid 
bypass flow 

Improve the construction quality 

[1, 6] 

 

 

Low supply 
temperature  

Substation control with high flows to compensate the 
low supply temperature  

Apply intentional short-circuit flows, or use 
three pipe system with two supply pipes 
and one return pipe   

[1, 5] 

Errors in 
customer heating 
systems 

Missing thermostatic valves in space heating (SH) 
system, missing hot water circulation in domestic hot 
water (DHW) system, and using three-way diverting 
valves in the SH system  

Add thermostatic valves in SH system, put 
the temperature sensor of DHW near or in 
the heat exchanger, and replace three-way 
diverting valves with two-way valves 

 

[1, 5] 
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Causes  Possible solutions References 

Too small heat emitting surfaces in SH, ventilation 
and DHW system, which results in a large flow and 
low cooling 

Choose suitable heat emitting surfaces  

Errors in 
customer 
substations 

Set point errors, sometimes the secondary set point 
temperature is higher than the primary supply 
temperature, giving full primary flow 

Intelligent control which can ignore 
impossible control situations 

[1, 4, 7] 

 Malfunction errors, such as leaking valves, defective 
valve motors, and malfunctioning temperature 
transmitters, fouled heat transfer areas for heat 
exchangers   

Use high quality equipment, apply fault 
detection technology, and regular 
maintenance 

 

 Design errors, such as too large valves, wrongly 
assembled temperature transmitters, and wrong valve 
motors chosen, parallel flow installations for heat 
exchangers,  and wrong heat exchanger size chosen, 
deviations from recommended substation 
configurations 

Improve the design quality, apply the 
prefabricated equipment 

 

Domestic hot water (DHW) preparation requires certain temperature levels and thereby influence the substation 
layout and component sizes. The Number of Thermal Units (NTU) indicates the heat transfer ability of heat 
exchangers. With a fixed heat exchange capacity, larger NTU allows a heat exchanger to operate with lower 
temperature difference. Meanwhile, larger NTU implies an increased heat exchanger area, which leads to an increased 
investment cost. For a heat exchanger for DHW preparation, the NTU value is 3.2, with the primary and secondary 
inlet/outlet temperature as 60°C/25°C and 10°C/50°C, which are recommended by Euroheat and Power [8]. For the 
low temperature systems with the primary and secondary inlet/outlet temperature as 50°C/20°C and 14°C /47°C, the 
NTU value should be doubled to 7.6 [5].  

For the ultra-low-temperature DH systems, whose supply temperature can be 46°C most of the year, supplementary 
heating devices are recommended to guarantee comfortable and hygienic DHW [9-11]. Some examples for such 
application are shown in Fig. 3. In Fig. 3 (a), the DHW is stored in the storage tank and used directly. The DHW is 
preheated by the DH and further heated by the electric heater. The layout difference between Fig. 3 (a) and Fig. 3 (b) 
is that Fig. 3 (b) has a heat exchanger after the storage tank, and the DH water is stored in the tank. In Fig. 3 (c), the 
DHW is preheated by DH through a heat exchanger. The temperature could be comfortable for taking a shower, but 
considering the requirement for hotter DHW for washing purposes in the kitchen, an instantaneous electric heater is 
installed on the DHW pipe to the kitchen taps. Fig. 3 (d) has the same layout as Fig. 3 (c), except that an electric heater 
is used to heat up the total DHW flow. In Fig. 3 (e), a micro HP and a storage tank are installed before the heat 
exchanger, and one stream of the DH supply is used as the heat source for the HP.  
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Fig. 3. Different layouts of substations for DHW with supplementary heating devices. (a) substation with tank, (b) substation with tank and heat 
exchanger, (c) substation with heat exchanger and supplementary heater for kitchen use, (d) substation with heat exchanger and supplementary 

heater for the total DHW flow, (e) substation with HP, tank and heat exchanger [10]. 

Building space heat (SH) demand will change in the future and thereby the temperature requirements will change. 
For newly built buildings and future buildings, 50°C supply temperature to the SH system is enough, with floor heating 
or low-temperature radiators, and there is still the option to boost the supply temperature during the coldest periods. 
In fact, the DH supply temperature can be even lower, but it needs supplementary heating system to heat up DHW as 
explained previously [12]. 

Low-energy buildings comprise only a small share of the building stock, while the majority are older buildings 
with considerably higher heat demand. The older buildings will continue to make up a large share of the building 
stock for many years (for Denmark and Norway, the share will be about 85-90% [13] and 50% [14] in 2030, 
respectively). Existing buildings are usually equipped with SH systems designed with supply temperatures around 
70°C or higher and thereby a reduction of the supply temperature would be expected to cause discomfort for the 
occupants [12]. However, studies show that houses from the 70s or 80s without any renovation are possible to be 
heated with the low supply temperature of 50°C most of the year, and only limited time the supply temperature has to 
be above 60°C. If original windows of the houses are replaced, it is possible to decrease the supply temperature below 
60°C for almost the entire year. Further, when the renovated houses replace their SH systems with low-temperature 
radiators, they may be supplied year around with the supply temperature of 50°C [12, 15].  
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2.2. Integrating various heat sources into district heating system 

There is a huge potential to supply DH systems with heat from various renewable sources, such as industrial waste 
heat (IWH), solar thermal energy, and geothermal energy. The main advantage of LTDH system is its easier 
integration and higher efficiency when utilize renewable energy and waste heat (REWH). When the temperature of 
REWH is higher than the return temperature of a DH system, the resource can be used directly, otherwise the 
temperature must be upgraded with a HP [16].  

Availability is one critical aspect of REWH. Some resources, such as solar and wind, are intermittent and not 
dispatchable. The hourly and seasonal distribution of those resources may be counter to the distribution of heat 
demands. In addition, some resources, such as IWH, may be subject to interruptions due to the operating hours of 
industrial facilities [16]. One common solution is to combine REWH with TES and dispatchable heat sources [1, 17-
19].  

2.2.1. Methods for heat sources feed-in  

There are mainly three ways to feed-in heat sources into DH grids: 1) extraction from the return line and feed-in 
into the supply line, 2) extraction from the return line and feed-in into the return line, and 3) extraction from the supply 
line and feed-in into the supply line. The features, advantages, and disadvantages of those variants are summarized in 
Table 3 [14]. 

Table 3. The features, advantages and disadvantages of various connection variants. 

Connection variants Features Advantages Disadvantages 

Extraction from the 
return line and feed-
in into the supply line 

The temperature difference is 
dependent on operating conditions and 
grid operator. The pressure difference 
is high, and depends on the actual 
location in the grid 

The return temperature is unchanged, 
which avoids temperature the strain 
on return pipes, and the influence of 
heat extraction efficiency of other 
heat sources 

High energy demand for the 
mandatory feed-in pumps 

Extraction from the 
return line and feed-
in into the return line 

The temperature rise is commonly set 
by the DH operator, the pressure 
difference is relatively low 

It is preferable for heat sources with 
high efficiencies for lower 
temperatures 

The return temperature is raised, 
which increases the grid heat 
loss, and influence the efficiency 
of other heat sources 

Extraction from the 
supply line and feed-
in into the supply line 

The temperature increase is prescribed 
by the grid operator, the pressure 
difference is relatively low 

⸺ 

 

The supply temperature is raised, 
which increases the grid heat 
loss, and influence the efficiency 
of  other heat sources 

2.2.2. Heat recycling from industrial processes 

Recycling heat from industrial processes represents one of the main strategic opportunity for DH, in line with the 
basic idea of using heat that would otherwise be wasted. In Sweden, recycling of IWH makes up around 6% of the 
total energy supply to DH networks in 2010. For Danish DH systems, the proportion is about 2%~3%. The DH system 
in Gothenburg, Sweden, obtains 1112 GWh waste heat from two oil refineries. This gave approximately 27% of 
heating demand in 2010 [1].  

The IWHs are heterogeneous and of various grades. The high-grade IWHs, such as steam and combustible gas, 
mostly be exploited within the factory, for power generation. However, the low-grade IWHs, with the temperature 
mostly between 30°C and 200°C, are likely discarded into the environment. There are several technical issues for 
recycling IWH for DH use: the long distance delivery of IWH to end users, and peak load-shaving of DH system [20]. 

Long distance delivery for waste heat: Industrial plants are usually far away from DH users, the recommended 
radius for IWH based DH is 5~10 km for a small-scale town and 20~30 km for a large-or-medium-scale city, due to 
the investment of transmission network and heat loss during the transmission. However, such a radius might vary with 
different economic conditions [21]. 
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To decrease the energy use of distribution pumps and thereby the distribution losses, the temperature difference 
between the supply and return temperature should be increased. As the advantages of LTDH, the reasonable solution 
is to reduce the return temperature. Several potential techniques to obtain higher temperature difference are shown in 
Fig. 4, which includes cascade heating technology, absorption heat pump (AHP) technology, and HP technology.  

 

 

Fig. 4. Scheme of different IWH transition techniques. (a) typical cascade heating system, (b) substation/building entrance AHP system, (c) 
substation/building entrance electrically driven HP system [20]. 

In Fig. 4 (a), cascade heating technology supplies heat to the indirectly connected radiators, directly connected 
radiators, and directly connected low-temperature heating terminals (e.g. floor heating), in sequence. Commonly, the 
return temperature can be reduced to 30°C or even less by this technology. In Fig. 4 (b), water on the primary side 
firstly flows into AHP to drive the machine, AHP extracts heat from return water of heat exchanger. After AHP, the 
water go through the heat exchanger and AHP successively. The final return water can be 25°C. The limitation of this 
technology is the supply temperature should be high enough to drive AHP. In Fig. 4 (c), supply water firstly transfers 
heat to heating radiators through a heat exchanger, afterword, the water provides heat to several low-temperature 
heating terminals by HPs, until the final return temperature become 20°C or even lower [21]. 

Peak load-shaving in DH systems: An IWH based DH system is complex with respect to the coordination between 
IWH productions and DH heat demands. Waste heat from industrial processes is constantly fluctuating, and may even 
come to a temporary stop, depending on the production schedules [21]. However, the heat demand of a DH system 
changes continuously and smoothly according to the weather conditions [21] and the occupant behaviors [22].  

For the above reason, IWH can never serve as the sole heat source, specific control and peak load-shaving strategies 
should be applied, as shown in In Fig. 5. In Fig. 5 (a), IWH is able to serve the maximum heat load, and cooling towers 
(CTs) have to operate all the time except the coldest days to release heat to the environment. Opposite, in Fig. 5 (c), 
IWH serves as the base load. Thus, the peak load-shaving strategies have to be implemented to make up the difference 
between the total load and the base load. Fig. 5 (b) illustrates a case between these extremes, in which both the CTs 
and peak-shaving strategies are necessary. To achieve a high IWH recovery ratio, it is appropriate for the IWH to 
serve as the base load as in Fig. 5 (c). Fig. 5 (d) shows an ideal operation strategy, which takes the fluctuation of IWH 
into consideration. In this case, IWH together with other heat sources provide the base load, and the peak load-shaving 
strategy works at the coldest time in winter [21].  
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Fig. 5. Regulation and peak load-shaving of IWH based DH system. (a) IWH is able to serve the maximum heat load, (b)  a moderate operation 
strategy with both the peak load-shaving equipment and CTs, (c) IWH serves as the base load, (d) an ideal operation strategy taking the 

fluctuation of IWH into consideration [20]. 

2.2.3. Solar district heating 

In an international context, solar DH is still in development stage, and it is difficult to ascertain its long-term 
prospects. There have been interesting developments in a number of countries in Europe, especially in Austria, 
Denmark, Germany, and Sweden. Recently, companies from these countries have succeeded in contracting for large 
plants in Asia [1].  

The contribution of solar heat to the total heat load can be various from system to system. A large solar thermal 
plant can be used as a preheater with solar fraction up to 5%. A 100%-coverage of the summer heat load is usually 
reached with a solar fraction of about 15% on an annual basis. Solar fraction of up to 50% of the annual heat load 
have been demonstrated for systems using large seasonal heat storages, charging the summer solar heat for the heating 
period in winter [23]. 

Solar DH can be provided in a centralized manner with a large array of ground-based collectors, or in a 
decentralized manner with rooftop-mounted collectors on the buildings that are connected to a DH network, mixed 
alternatives are also possible, depend on the situation of the projects [1, 19]. Several typical applications of solar DH 
are presented in Table 4. 

Table 4. Typical applications of solar DH. 

Location Solar fraction/   
Solar capacity 
(%/MWth) 

Other heat sources DH supply/return 
temperature       
(°C)           

Thermal storage Type of 
integration 

Reference 

Vallda Heberg 
(Sweden) 

10~20/         
0.2~2 

Wood-pellet boiler ⸺ 

 

Buffer storage tank Centralized [23] 

Crailsheim 
(Germany) 

20~50/            
2~20 

Main DH system 65/40 Inter-seasonal borehole 
heat storage  

Centralized [23] 

Gothenburg 
(Sweden) 

100/             
0.2~2 

Main DH system 65~100/-   No heat storage Decentralized [23] 

Büsingen 
(Germany) 

15~20/          
0.5~50 

Biomass boiler 75~80/50 ⸺ 

 

Centralized [23] 

Braedstrup 
(Denmark) 

10~50/         
0.5~50 

CHP, HP and electro-
boiler 

70~75/30 Multifunctional heat 
storage 

Centralized [23] 

Wels     
(Austria) 

10/               
0.5~10 

Main DH system 70~120/-        No heat storage Decentralized [23] 

Marstal 
(Denmark) 

30/                  
13                            

Oil boiler  ⸺ 

 

Two small and one large 
buffer storages  

Centralized [1] 
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Location Solar fraction/   
Solar capacity 
(%/MWth) 

Other heat sources DH supply/return 
temperature       
(°C)           

Thermal storage Type of 
integration 

Reference 

Lyckebo 
(Sweden) 

-/                       
3 

Biomass boiler ⸺ Rock cavern hot water 
storage  

Centralized [1] 

The major technical limitation for solar DH is the low energy production density, which means the large areas for 
placing the solar collectors. In the future, solar thermal energy will continue to be a complementary option [23]. 
However, the developing technology will bring some possibilities for DH. In the decentralized solar DH systems, 
there is a possibility that buildings can be either ‘importers’ or ‘exporters’ of solar heat energy, or both, depending on 
the time of the year. Flexibility in this respect offers a prospect for maximizing the use of solar energy, but makes its 
management difficult. There is another possibility that a large, inter-seasonal storage can be combined with the 
decentralized solar energy, so that in the summer season all (or most) connected buildings act as ‘exporters’. 

2.2.4. Geothermal district heating 

Geothermal energy has enormous potentials; meanwhile, utilization of geothermal energy produces minimal 
environmental impact. To varying degrees, exploitable geothermal energy is available all around the world. In spite 
of the impressive size of this energy source, it currently accounts for only a small fraction of the word energy supply. 
Intensive initial cost, exploration risk, and human-induced earthquakes are the major obstacle to utilize geothermal 
energy. In addition, there is also the resource problem- once a geothermal well is set up at a given location, the amount 
of extracted heat tends to decay gradually, makes it felt to a significant degree after one or few decades, while the DH 
network is still functioning [1]. 

Deep geothermal systems use heat from 500~5000 m depth; shallow geothermal systems provide heat from less 
than 300 m depth. High temperature geothermal energy can be used in conventional ways for electricity generation 
and for direct heat utilization. Ambient heat stored at shallow depths, and aquifer thermal energy stores in ground 
water layers can be extracted with ground source heat pump (GSHP) and applied for SH and DHW [24].  

Several typical applications of geothermal DH are presented in Table 5. 

Table 5. Typical applications of geothermal DH. 

Location Type of  system Geothermal fraction 
/Geothermal capacity 
(%/MWth) 

Other heat sources Geothermal or 
DH temperature          
(°C)       

Reference 

Paris      
(France) 

1.5~1.8 km depth wells -/                            
250 

Fossil fuel boilers Geo: 70 [25] 

Ferrara 
(Italy) 

1 km depth wells 80/                            
14 

Waste-to-energy plant, backup stations, solar 
heating station, thermal storage, and organic 
rankine cycle electricity generation 

Geo: 100~105 [25] 

Beijing 
(China) 

3 km depth wells 100/                            
- 

No other heat source  Geo: 75 [25] 

Ontario 
(Canada) 

213 m depth boreholes ⸺ ⸺ ⸺ [26] 

Malmö 
(Sweden) 

90 m depth wells -/                             
1.3 

GSHP, boiler ⸺ [26] 

Bucharest 
(Romani) 

70 and 170 m depth 
wells 

100/                       
0.39 

GSHP DH: 40/35 [26] 

2.3. Thermal energy storages in district heating system 

TES can be divided into inter-seasonal storage and short-term storage. Inter-seasonal storage is still in a 
development phase, while, short-term storage can be made with well-proven technology. However, the dividing line 
is not sharp; the largest facilities used for short-term storage in large networks could provide inter-seasonal storage in 
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small systems [1]. In addition, as the end users of DH systems- buildings can also function as TES, due to their thermal 
inertia. Sometimes, building inertia TES is able to moderate short-term daily net load variations to the same degree 
compared with hot water tank, while, with much lower investment cost [27].  

One purpose of short-term storage is to shift loads away from peak demand hours to lower demand hours. Another 
purpose is to provide rapid heat or cold supply to meet sudden load changes, which is not capable for heat generating 
equipment, or to avoid losses associated with quick starts and stops of the generating equipment. A further function 
of short-term heat storage is to allow for boosted electric power output from some type of CHP plants, which are 
characterized by a reduced output at increased heat extraction [1, 28].  

The objective of inter-seasonal storage is usually either to store collected solar heat for winter heating, or to act as 
the heating and cooling source as well as thermal storage for GSHP [29].  

There are three available technologies for TES: sensible heat storage, latent heat storage, and chemical storage. 
Sensible heat storage is a comparatively mature technology that has been implemented and evaluated in many large-
scale demonstration projects. Latent heat and chemical storage have much higher energy storage densities than 
sensible storage, and seldom suffer from heat loss problems. However, the latter two technologies are currently still 
in the stages of material investigations and lab-scale experiments [30]. The detail comparison of those three 
technologies are shown in Table 6. 

Table 6. Comparison of the three available technologies for TES [30]. 

 Sensible           Latent Chemical 
Storage medium Water, gravel, pebble, soil... Organics, inorganics Metal chlorides, metal hydrides...  

Type Water, rock, and ground based system Active and passive storage Thermal sorption and chemical reaction 

Advantage Environmentally friendly, cheap 
material, relative simple system, easily 
control, and reliable 

Higher energy density than sensible heat 
storage, and provide thermal energy at 
constant temperature 

Highest energy density, compact 
system, and negligible heat losses 

Disadvantage Low energy density, huge volumes 
required, self-discharge and heat losses 
problem, high cost of site construction, 
and geological requirements 

Lack of thermal stability, crystallization 
corrosion, and high cost of storage material 

Poor heat and mass transfer property 
under high density condition, uncertain 
cyclability, and high cost of storage 
material 

Present status Large-scale demonstration projects Laboratory-scale prototypes Laboratory-scale prototypes 

Future work Optimization of control strategy to 
advance the solar fraction and reduce 
the power consumption, optimization of 
storage temperature to reduce heat 
losses, and simulation of ground based 
system with the consideration of 
affecting factors  

Screening for better suited phase change 
material materials with higher heat of 
fusion, optimal study on store process and 
concept, and further thermodynamic and 
kinetic study, noble reaction cycle 

Optimization of the particle size and 
reaction bed structure to get constant 
heat output, optimization of 
temperature level during 
charging/discharging process, screening 
for more suitable and economical 
materials, and further thermodynamic 
and kinetic study, noble reaction cycle 

2.4. Smart district heating system 

The transformation toward the future renewable energy system poses challenge for all the sub-systems. Facing the 
challenge, all the sub-systems should benefit from the use of modern information and communication technologies, 
and uprated themselves to become smart systems [31].  

The smart DH system consists of three essential parts: physical network (PN), internet of things (IoT), and 
intelligent decision system (IDS). PN includes pipes, heating equipment, local meters, and control devices. IoT is the 
network of sensors, data collecting and transmission devices, and other items, which enables these objects to be 
connected and exchange data. IDS makes the optimal decisions based on collected data, heat demands, and system 
responds [32]. One example for the smart DH concept is shown in Fig. 6.  
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Fig. 6. Concept of smart DH system [33]. 

The final goal of the smart DH system is to become an essential part of the future smart and renewable energy 
system. In the future energy system, the focus is on the integration of the electricity, heating, cooling, and transport 
sectors, and on the use of flexibility in demands and various storages of different sectors. To enable this, the smart 
DH system must be able to coordinate with other sectors in the energy system [2, 34].  

3. Facing challenges for the future district heating system  

3.1. Heat losses through distribution network 

Reducing heat losses in DH networks is one of the main challenges for the future DH system, because it will reduce 
the primary energy use and infrastructure investments. Heat loss in DH networks accounts for a relatively high share 
of heat supply [35], and it will become more significant for the future DH with decreased heat demand.  

Real measurement data for heat losses for several DH systems are organized in Table 7. Except the three Swedish 
cases, all the cases are LTDH demonstration projects. From Table 7, it is obviously that the heat loss in DH networks 
should not be underestimated, even for the systems with the low temperature and newly upgraded networks. Ten of 
thirteen systems have a heat losses over 15%, and seven systems have a heat losess over 20%. For the system in 
Rotskär, the heat losses are up to 32%. 

Table 7. Heat losses and detail information of several DH systems. 

Location           Construction or 
upgrade year 

Linear heat density 
MWh/(m·a) 

Supply/Return temperature          
(°C)            

Heat loss share 
(%) 

Reference 

Slough (UK) 2009~2010 0.319 52/32 28 [14] 

Taastrup (Denmark) 2012 ⸺ 55/40 13~14 [14] 

Lystrup (Denmark) 2008~2009 0.31 55/25 17 [36] 

Samsø island (Denmark) 2005 ⸺ ⸺ 20~24 [36] 

Spjald (Denmark) 1998 0.57 65/32~39 26 [5] 

Tarm (Denmark) 1995 0.66 65 /36 17 [5] 
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Location           Construction or 
upgrade year 

Linear heat density 
MWh/(m·a) 

Supply/Return temperature          
(°C)            

Heat loss share 
(%) 

Reference 

Bramminge (Denmark) ⸺ ⸺ 68/- 20 [5] 

Middelfart (Denmark) ⸺ 0.72 68/44 19 [5] 

Munich (Germany) 2006 1.43 55/30 3 [3] 

Okotok (Canada) 2005~2007 0.7 40/35 5~13 [3] 

Prästmarken (Sweden) 1995~2004 0.5 75/50 24 [37] 

Munksundet (Sweden) 1997 0.84 70/40 22 [37] 

Rotskär (Sweden) 2002 0.49 80/- 32 [37] 

Some potential solutions to reduce the distribution heat loss are summarized in Table 8.  

Table 8. Potential solutions to reduce the distribution heat loss. 

Object  Solutions           Limitation Project applications Reference 
Network Install pipes inside buildings, to decrease the 

length of network and utilize heat loss for SH    
Not welcomed by DH companies 
and customers 

Peter Freuchenvej [37] 

Network House-to-house connection, to decrease the length 
of service pipes 

Not welcomed by DH companies 
and customers 

Cederborg, Nordgren, 
Gudmundsson  

[37] 

Network Three or four media pipes, to shut down one or 
two pipes in summer 

⸺ Experiment in 
Nykøbing Falster 

[37] 

Network Use booster pumps, to reduce the dimension of 
pipes 

⸺ Widely used [37, 38] 

Network Apply branched network with bypass units instead 
of looped network 

Results in high return 
temperature  

Widely used [38] 

Pipe Improve the insulation of pipes ⸺ Widely used [37] 

Pipe Pre-insulated twin pipes or triple pipes ⸺ Widely used  [1, 37, 39] 

Pipe Prevent over dimensioning of pipes ⸺ Widely used [38] 

Pipe Use buffer tanks for DHW production, to reduce 
the dimension of pipes 

Legionella problem with LTDH 
system 

Widely used [38] 

DH system Leakage detection to avoid hot water loss ⸺ Widely used [40] 

Substation Fault detection to avoid any malfunction  ⸺ Widely used [1, 4, 7] 

3.2. Decreased heat demands in the future district heating  

The competitiveness of DH systems may be decreased when heat demands are expected to decrease in the future. 
One study, based on 83 DH systems in European cities shows that there is a lower risk for reduced competitiveness 
for large cities and inner city areas, however, the areas with low heat density will lose competitiveness in the future 
[41]. 

The experiences gained from different projects show that DH systems with low heat demand density require careful 
plan and design to achieve good economy. In some cases, innovative solutions have been applied and gained extra 
rewards. With those solutions, it is believed that DH may supply the areas with heat density of 10 kWh/(m2·a), or 
linear heat density of 0.3 MWh/(m·a) [37]. Some potential measures to apply DH in low heat density areas are shown 
in Table 9. 

Table 9. Potential measures to apply DH to low heat density areas. 

Classification  Solutions           Limitation Reference 
Heat source Use IWH, waste incineration and other cheap heat sources ⸺ [41] 

System design Optimized network layout with less pipeline length, to get 
higher linear heat density  

⸺ [42] 
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Classification  Solutions           Limitation Reference 
System design Low pressure and low temperature systems with direct 

connection of SH system 
Hydraulic interaction between DH system 
and SH system  

[1, 37] 

System design Reduce pipe dimensions by applying DHW tanks Legionella problem with LTDH system [37] 

System design Reduce pipe dimensions by applying booster pumps ⸺ [37] 

System design House-to-house connection to decrease the length of service 
pipes 

Not welcomed by DH companies and 
customers 

[37] 

System design Three or four media pipes, to shut down one or two pipes in 
summer 

⸺ [37] 

System design Install pipes inside the buildings, to decrease the length of 
network and utilize heat loss for SH    

Not welcomed by DH companies and 
customers 

[37] 

System design Increase the degree of connection  [37] 

Pipe Improve the insulation of pipes  [37] 

Pipe Pre-insulated twin pipes or triple pipes  [37] 

Pipe Prevent over dimensioning of pipes  [38] 

DH system Leakage detection to avoid hot water loss  [40] 

Substation Fault detection to avoid any malfunction   [1, 4, 7] 

Civil works Reduce the ground cover   [37] 

New loads Supply household equipment previously supplied by 
electricity 

Conflict with traditional practices [37] 

4. Conclusion  

Transition to the 4th generation DH is a challenge issue. The process requires the upgrades of DH system and the 
collaboration with other energy systems. In addition, buildings may also need some refurbishment to coordinate the 
changes of those systems. The final goal of the transition is to make the future DH system more flexible, reliable, 
intelligent, and competitive, and become an essential part of the future smart and renewable energy system.  

The upgrades of DH system involve the physical system as well as the virtual system. For the physical system, the 
transition will focus on lowering the system temperature levels, and integrating various heat sources and thermal 
storages. Two steps will be conducted to lower the temperature level. The first step is to achieve the temperature 
potentials of the current DH system by the means of eliminating system errors and improving system control. The 
second step is to further reduce the temperature levels through enhancing heat transfer performance of heat exchangers 
and improving system design. The renovation of buildings may also be conducted through those two steps when it is 
necessary. Various heat sources and different level TESs will be integrated into the future DH system. Transition to 
4th generation DH should take into consideration all the consisting issues such as way of heat feed-in, type of heat 
sources and TESs, distribution heat losses, the design of DH system, and operation strategies. Finally, the decisions 
should be made depending on the local natural and economic conditions.  

For the virtual system, transition to 4th generation DH will be based on the intelligent physical system, which is 
able to measure, transmit information, collect data, and control. In addition, IDS will become more powerful with 
advanced functions in the future DH system, such as the reliability assessment, accident analysis, accident alarm, 
operation evaluation, operation supervision, and operation optimization.  

The large share of distribution heat loss and the decreasing heat demand are two challenges the future DH systems 
are going to face. The potential solutions involve innovating system design, upgrading physical and virtual system, 
integrating cheap heat sources, and introducing new heat loads.  

The conclusion of this study is that even enjoying the developing trend of the 4th generation DH, transition to 4th 
generation DH should be conducted carefully and gradually. Comprehensive consideration must be took into, focus 
on the energy status, condition of existing systems, and the operation custom in different areas or countries. In addition, 
the technologies for the future system need further development, and the operation as well as management strategies 
should be innovated. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

European [1] as well as German [2] climate goals aim to significantly reduce primary energy consumption in the 
heating sector. Figure 1 shows the goals of the German “Energiewende” concerning electricity and heat. The primary 
goal for heating—reduction of the primary energy demand by 80 %—must be achieved in three different areas: 
Generation (efficient, renewable and integrated), distribution (efficient) and demand side (reduced). In the electricity 
sector, 80 % generation from renewable sources should be accomplished. Using wind and photovoltaics causes high 
fluctuations in electrical generation. This volatility can be compensated by flexible operated combined heat and power 
(CHP) units or heat pumps in combination with heat storages. As a result, the heating sector is required to provide an 
increasing share of flexibility and efficiency. 

 

Fig. 1. Goals of the German “Energiewende” until 2050. 

Modern district heating systems (DHS) are considered a key component to achieve the reduction of primary energy 
[3], while they must be transformed to fit the features of newer generations. As described in [4] with every new DHS 
generation temperature levels decrease while the number of different generators increases. Latest DHS, grids of the 
4th generation, integrate a variety of renewable generation, see figure 2. This leads to decentralization, fluctuation and 
complexity on the generation side.  

 

Fig. 2. State of the art technologies for renewable heat generation. 

In order to achieve a flexible operation in future energy systems, it is necessary to utilize heat storage and make 
consumption as flexible as possible to use the energy when it is available. Since DHS are circulatory systems, it is 
crucial at which temperature the thermal energy is returned. Considering a constant mass flow: the lower the return 
temperature of this residual heat, the more heat was used by the customer [5]. All in all, comprehensive solutions 
considering all sectors seem to be promising. For heat, these are addressed by smart thermal grids (STGs) [6]. An 
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STG is the counterpart to electrical smart grids. Their challenge is to balance generation and demand extremely fast. 
Additionally, a second key in the inertial DHS is handling low and varying temperatures. STGs provide technical 
approaches based on information and communication technologies as well as new hydraulic concepts to overcome 
these challenges. The following sections showcase STG concepts and their realization in an existing DHS in 
Wilhelmsburg. 

2. A smart thermal grid in the Wilhelmsburg district of Hamburg 

In the course of the research project “Smart Heat Grid Hamburg” (SHGH), the transformation of a 3rd generation 
DHS into an STG in Wilhelmsburg is developed and evaluated including the lifecycle process from customer 
acquisition over implementation up to operation. 

2.1. History of the district heating system in Wilhelmsburg 

The starting point for the implementation of the STG are the district heating systems “Energieverbund” and 
“Energiebunker” of Hamburg Energie GmbH. Both systems have been developed in the context of the International 
Building Exhibition as innovative prototypes for district heating. The Energieverbund was designed as an open heating 
grid. Customers can feed in surplus heat from regenerative sources into the flow-pipe of the heating grid. The grid 
operator is buying the surplus heat for a variable feed-in price. All other heat comes from a power house with a biogas 
CHP unit and gas-fired boilers for peak load. As part of the Energiebunker project an ancient anti-aircraft bunker from 
the Second World War was transferred into an energy bunker. Core idea of the system is to use a 2000 m³ thermal 
storage for peak shaving. Heat is produced by one solar thermal unit on the roof, biogas and natural gas CHP units 
and by industrial waste heat. Gas-fired boilers are used for peak load and redundancy. The grid supplies a residential 
area built at the turn of the nineteenth century. Due to competition with conventional single house supply and no 
compulsory connection, the biggest challenge was customer acquisition. Nevertheless, both grids are growing 
continuously. Their interconnection is planned.  

2.2. Research objectives of Smart Heat Grid Hamburg 

As described above, system efficiency and flexibility can be raised with communication technologies connecting 
relevant actors and processes of the district heating system. The needed infrastructure (plant and information 
technology and hydraulics) will be determined. The project is dedicated to six main goals [7]:  

 In the first step, hydraulic concepts are developed. Fields of application will be analyzed for several renewable 
and current-fed generators. During this step, the entire network infrastructure will be used to increase efficiency 
and flexibility. One possibility to achieve higher flexibility is given by an active integration of the secondary side 
(thermal load management).  

 These concepts can only be realized in a cost-effective way by combination with highly standardized 
measurement and control concepts.  

 An existing simulation environment shall be expanded to provide a platform for the development and testing of 
algorithms on the one hand. On the other hand, it can be used as a planning tool to develop constructive concepts. 
In addition, a link between simulation and the control system will enable an actual usage in operation. 

 The developed operating concepts shall enable a competitive generation market under ecological conditions. In 
addition to the generator coordination, the secondary side should be integrated as well to provide more flexibility 
by e.g. thermal load management. In the generator scheduling phase, monitoring of the heat grid stress and, if 
necessary, an adjustment of the existing generators (redispatch) is carried out. The main objective of the 
operation concepts is to optimize the overall operation, meaning ecological, economic und thermodynamic 
measures. 

 Concepts of real-time operations monitoring shall ensure that all processes are performing as planned. Therefore, 
the state must be detected and key figures for real time evaluation of the system have to be formed. A central 
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monitoring will detect errors by aggregating data (operations analytics). A concept will be designed on how 
automatic optimization measures can be derived from real time data and historical data. Defects and 
manipulations will also be tracked and reported.  

 To implement the aspects mentioned above, concepts for a proper market integration have to be developed. 
Overlapping interests with external shareholders or other third parties have to be identified. Therefore, concepts 
offering incentives for efficient and flexible thermal consumption or production have to be developed. 
Additionally, the legal and economic framework has to be considered. Finally, all results and methods should be 
generalized and as a result become transferable to other DHC systems.  

3. Concepts for smart thermal grid elements 

Hydraulic as well as control concepts are split into generation integration, grid design and customer integration. 
Each has to achieve two main goals: increase flexibility and efficiency. The former divides up into temperature level 
and energetic flexibility. Efficiency could be increased by minimizing operation temperatures as well as by 
implementing improved comprehensive control strategies. 

3.1. Generation integration 

Power from renewable energies is highly dependent from site and time, e.g. at geothermal plants, solar thermal 
plants or heat pumps. Applying a decentralized prosumer approach allows the integration of several smaller renewable 
sources, especially in urban environments. Since the prosumer’s role is shifted from consumer to producer during 
operation, bidirectional substations are needed. These require a higher grade of communication technology which 
further creates a higher level of transparency in system operation and efficiency in real time. These integration 
concepts are presented in the subchapter grid concepts. 

Since a decentralized approach is not suited for all generation units, e.g. CHP plants or gas boilers, these can be 
placed in central power houses. Figure 3.a shows a concept using a parallel generator-storage set-up [8]. In this concept 
all generation units must reach the same supply temperature. No temperature flexibility is available. Therefore, this 
concept fits mostly for generators based on combustion processes and limits the use of renewable generation. 
Nevertheless, the energy flexibility is maximized because the storage is accessible from every generator. The only 
temperature influencer is a motorized valve lowering the generation temperature to the grid supply temperature. The 
latter is controlled on ambient temperature basis. 

  

Fig. 3. (a) Generation with high temperature level; (b) Generation with different temperature levels 

If generation units can’t reach the grid supply temperature, e.g. solar thermal plant or industrial waste heat, another 
hydraulic concept, shown in Figure 3.b, is needed. The power house supports generation on different, variable flow 
temperature levels. It is an advancement of [9]. In this scheme a short-term and a long(er)-term storage is used. The 
former uncouples load and generation. The latter uncouples the generation unit’s temperature levels supporting a mean 
variable temperature level (magenta). As a result, renewable generators can supply the high flow temperature level 
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(valves R1 & R2) as well as the medium temperature level depended on their momentary capabilities. Pump S1 
controls the unloading of the long-term storage. Depending on the return temperature, valve R1 can switch between 
the low and the medium temperature level. Pump S2 controls storage loading. Loading by renewables should use the 
lowest expected temperature level as medium temperature level. The long-term storage is one element in the merit 
order of all generators. Some generators are controlled by schedules. Some generators react on the state of charge of 
the short term storage. The short term storage is used as an indicator, for the current ratio of demand and generation. 
If the temperature of the long term storage or the generators is not adequate, the boilers are used for temperature 
boosting using valves B1 and B2. It is also possible to load the long-term storage top with the boiler by switching 
valve B2 to the medium temperature level and B1 into the storage-boiler position. In conclusion, the highest energy 
and temperature flexibility is provided because all generated energy—even on low temperature levels—is used and 
different, useful temperature levels can be realized. Furthermore, the concept is easily expandable with additional 
temperature levels at the long-term storage. 

3.2. Grid concepts 

As part of the evolution to more renewable generation, low temperatures on both flow and return side are needed. 
In addition, temperature levels depend on consumer requirements. Especially building stock requires high supply 
temperatures and will also return high temperatures, whereas newer buildings can be supplied with lower 
temperatures. Urban districts are often very heterogeneous in their structure. But on a more detailed level are 
homogenous accommodations. In that case, an interaction of accommodations with new buildings and 
accommodations with building stock can achieve an additional benefit. One example is a cascade of those areas. To 
guarantee the needed temperature level, controllable grid coupling points are needed. 

From a grids perspective, the connection types consumer (supply), producer (feed in) and prosumer (supply and 
feed-in changes during operation) are possible. Their general grid connection concepts are shown in Figure 4.a. More 
advanced concepts with an additional medium temperature pipe are possible. Since this depends on the customer’s 
hydraulics, they are explained in the next section. A single point of feed-in is the most basic approach and described 
by the “Power house 1” standard scheme. Pump P1 is controlled by the differential pressure between flow and return. 
The needed temperature is realized with a motorized 3-way valve. If there are additional feed-in points, the differential 
pressure control must be changed to a fixed volume flow control (“Power house 2”). In a bidirectional coupling point 
between two or more grids both concepts have to be combined (“Prosumer / DH subsystem”). 

The connection of several grids, with different temperature and pressure levels can be done using the coupling 
point concepts shown in Figure 4.b. The storage integration realizes a flexible and independent grid operation and 
increases the inertia. The concept allows grid cascades and the integration of additional temperature levels. 

  

Fig. 4. (a) General connection concepts; (b) Grid coupling point.  
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3.3. Customer integration 

A reduction of either return or flow temperatures requires an integrated customer substation design. In general, 
their hydraulic design allows variations as direct or indirect system approach. The latter uses a heat exchanger for 
decoupling the grid’s and the consumer’s water circuit. In residential areas indirect systems are frequently used. But 
today’s implementations are mostly operated in an inefficient and inflexible way. Mandatory for the development of 
a flexible customer is the access to the customer’s flexibility. Both, the quantification of the existing amount of 
flexibility as well as the later use of it are crucial. Therefore, the creation of transparency meaning measureable and 
controllable consumer substations is intended. SHGH identified the most promising approach as a shift of ownership 
in DHS substations: The grid operator installs and operates all central elements, mainly heat storages, decentralized 
at the customer’s site. On this basis a concept for a smart substation is developed. Since its overall hydraulic concept 
is state of the art, the innovation arises by additional temperature, flow and pressure sensors as well as new controllers. 
By connecting the controllers to the grid control software, new, comprehensive control strategies are available. These 
allow not only remote substation control, but also new hydraulic concepts for a flexible customer, shown in Figure 5. 

 

Fig. 5. Flexible customers: (a) flexible domestic hot water heating; (b) additional flexible space heating; (c) three pipe connection.  

In relation to the common DHS consumer, who operates his heat storage on his own, a flexible customer is actively 
controlled by the grid operator which increases energy and temperature flexibility within the grid. The basic, state of 
the art hydraulic concept is shown in Figure 5.a. A new variant which will be analyzed and tested is shown in figure 
5.b. It is only usable in buildings requiring heating circuit temperatures around 55 °C, e.g. for floor heating. This 
temperature can partly be provided by the domestic hot water circulation, which must exceed 65 °C as required by 
regulations. If the temperature or the amount of energy are too low, it is possible to add the grid flow (valve V4). 

At some points in the district heating system it is possible to implement a three pipe connection, shown in Figure 
5.c. This concept is a cascade from at least two or more buildings. The installation point depends on the return 
temperature from building one. It must exceed 50 °C, better up to 65 °C. Similar to the domestic hot water heating 
circuit cascade, the high return temperature can be used for supplying newer buildings that only require lower 
temperatures. By adding a medium temperature level (third pipe) to the storage, it is similar to the power house concept 
with different temperature levels. The third pipe is connected to a high return temperature pipe from any other building. 
Pump P3 allows to store the medium temperature in the middle of the storage. The high temperature is controlled by 
a valve. It uses the flow grid pressure for supply. The high temperature level is either used for the hot domestic water 
or for the heating circuit. Pump P1 controls the temperature of the hot domestic water. If the return temperature exceeds 
55 °C (in case of circulation) valve V3 loads the storage. If the return temperature is below 55 °C it is fed to the grid. 
The supply for the heating circuit uses mostly the medium or higher temperatures. Pump P2 is controlled by the 
heating circuits flow temperature. If the medium temperature is not high enough for space heating, valve V4 increases 
it, using the grid flow. 
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With these concepts, a more efficient and flexible storage operation is realizable. The flexible customer deployment 
will be done in two different test buildings in the DHS of Wilhelmsburg. SHGH will adjust, optimize these and will 
share the experience within operation. 

4. Proof of technical concepts 

All described concepts will be proofed either in laboratory and/or by simulation before realization of prototypes. 

4.1. Testing station 

The Hamburg University for Applied Sciences has a substation testing laboratory divided into generation, 
substation and thermal load module. The generation module consists of two electrical heating units with 9 kW thermal 
power each, a hydraulic compensator and a hydraulic temperature control, realizing the target temperature by mixing 
flow and return. The heat load module uses a fan cooling system to simulate a scheduled heat demand with a total 
power of up to 25 kW. Both are connected with the substation module. The commonly used heating circuit controller 
will be replaced by a custom solution, allowing parameter variation and evaluation of the measurement results. Since 
the test bed offers more constant conditions and defined parameters without needing to deliver thermal energy to real 
customers, it is used for model validation and control strategy development. 

4.2. Simulation 

To investigate and evaluate future thermal grid scenarios a numerical simulation should be used. To accurately 
represent STGs and to be able to simulate grids with a high number of interlinked hardware and software components, 
a distributed simulation platform is being developed. Evaluation shall be possible by simulation of whole grids 
implementing STG concepts as well as plugging simulated components or plants into the real grid topology. During 
runtime of real and simulated components as well as part of post simulation processing, the platform shall be able to 
perform operation analysis, implement algorithms for optimization and operation management and lastly simulate and 
evaluate the concept of a district heating market place trading supply and demand of participants present on the grid. 
As result of a precedent tools analysis, present high-level simulation platforms could not fit these preliminaries 
because they are mostly designed to compute simulations sequentially. Low-level platforms and tools as well as high-
level programming languages in combination with suitable libraries to build a distributed simulator were investigated 
to match a defined set of requirements including and beyond the above mentioned were contrasted. As a results, the 
platform is designed as a distributed back end architecture with a centralized coordination service as well as relational 
and time series databases and a flexible number of services that perform computation. A web front end is developed 
to provide client independent and concurrent accessibility. 

For energy system and grid models, which are both large and highly detailed technical models, simulation speed is 
crucial and can be aimed by computational efficiency of the simulating routines themselves on the one hand or by 
parallelization and distribution on multiple computers and processors on the other. At the same time technical 
components in energy grids can be distributed in a computational meaning. Based on this, the platform implements 
grid components in multiple processes. Their model computation is parallelized by means of multi-threading. This 
makes it possible to parallelize a computational step by both computing independent parts of the system and compute 
independent physical regimes of those systems (e.g. hydraulics and temperature) concurrently. 

4.3. Realization 

After a concept is simulated or tested at the testing station, it will be realized. Two of the presented generation 
concepts are implemented in existing power houses. The realization at the Energieverbund is already finished. Since 
the adjustments planned for the Energiebunker require more planning and simulation, the concept is currently being 
proofed. The implementation will start in summer 2018. The coupling point planning process begins in June 2018. 
The initial operation is planned for 2019. Customer concepts such as a smart substation and the flexible customer are 
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already implemented. The flexible customer using the introduced three pipe concept will be realized in 2019. After 
single plant operation evaluation and optimization, their system impacts will be evaluated and optimized, too. Besides 
this, developments for a roll out must be made. These are discussed in the next section.  

5. Interconnections 

To achieve the research goals mentioned above, technical concepts were developed. These represent modules in 
an overall complex STG, linked to other, non-hydraulic or non-thermodynamic sectors. On the one hand they have to 
be technically combined with the right operation system using communication technology. On the other hand, they 
must be included in each customer’s contracts. Since a wide rollout requires economic profitability, the current section 
discusses some possible measures to achieve this goal.  

5.1. Information technology and operation system 

In the DHS in Wilhelmsburg all substations are hard wired to the nearest power house. All data is observable and 
controllable with an over-all operational platform called “hype”. Data evaluation detects issues lowering the system 
efficiency. In addition, the data is used for continuous optimization and planning processes. The system is controlled 
using specific operational states and generation schedules. To realize upcoming developments as a dynamic heat 
market, algorithms have to be developed, that detect the system’s overall state and increase the system’s efficiency as 
well as the system’s flexibility. 

5.2. Customer contracts 

Besides the development of new technical concepts for DHSs, revised contract standards must be defined. 
Therefore, new prototype contract models are under development. Finally these will be modularly incorporated into 
existing heat supply contracts and their technical connection conditions. By means of predefined processes, contract 
negotiations get much simpler and quicker. Exemplary contract modules are: Shift of delivery-limit, performance-
limit and line of ownership. These modules incentivize investments into efficiency by customers. Furthermore, the 
shift of ownership aims on operating customer’s buffer tanks which can be used in a grid-serving and intelligent 
manner, e.g. increasing flexibility. This is emphasized since more and more housing associations also tend to ask for 
"all-round packages within DHS" with additional complete customer-side construction and operation up to the risers 
of the heating circuit. Such contracts pass operational management responsibility to the DHS supplier. They offer 
opportunities for the DHS supplier to maximize influence on the overall efficiency and flexibility and to enhance the 
customer satisfaction. Furthermore, contract modules providing boiler operation service enable a transition period 
which allows boiler operation by a DHS supplier until the DHS connection can be realized. This is key for customer 
acquisition since DHS expansion is a years-taking process. This strategy enables potential of stock buildings in 
advance. As a result district heating expansion becomes more predictable, reliable and cost-efficient. 

5.3. Economics 

In general, the implementation of all actions mentioned above has to be economically profitable. Nevertheless, 
STGs face tough market conditions in Germany due to several reasons. Two of these are mentioned in the following 
section. First, in most cases decentralized heat generation units in the building stock using fossil fuels (especially 
natural gas boilers) offer very competitive pricing conditions, focusing on operating and investment costs. A 
predefined share of renewable energy is compulsory just for newly constructed buildings, while renovating heat 
generation systems are not affected. As a DHS connection often requires high investment costs, compared to gas boiler 
installation, building owners tend to invest in the latter benefitting from shorter amortization periods. These barriers 
could be lowered e.g. by higher taxes on fossil fuels for heating purposes or, vice versa, lower taxes on electricity 
consumed by heat pumps. Furthermore, some regions established a compulsory connection for all buildings in a certain 
area. Despite this leads to reliable and cost-effective planning process, it is criticized by some consumers due to its 
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monopoly-like structure. Second, current DHS market conditions have not undergone a liberalization yet. Thus, a 
liberalized grid structure with competing heat products (e.g. renewable or standard heat) from different generation 
companies is not established yet. The liberalized market design might lead to a cost effective integration of renewable 
energies into the German heat supply. Summing up, DHS and/or STG should form a vital part of the German heat 
supply in the following years, although higher economic incentives are required. 

6. Discussion 

The main challenge in transitioning an existing into a 4th Generation DHS is raising efficiency and flexibility. First 
means lowering temperatures and optimizing consumer system operation. Both enable more renewable heat generators 
to feed-in since these operate much more decentralized than their fossil fuel competitors, while generating thermal 
energy at lower temperatures. To integrate these distributed generators hydraulic concepts were presented. Currently, 
implementation, testing and evaluation of these are ongoing. For example, to connect DHS subsystems operating on 
different temperatures a coupling point was developed. Yet, the customer side remains to be the key success factor in 
the transition to lower temperature grids. First results show that the comprehensive rollout of the concepts mentioned 
above mainly depends on economic and legal reasons.  

First outcomes concerning profitability analysis and customer models show that efficiency in general is not 
incentivized in the current market framework with divergent interests of building owners, residents and suppliers. For 
example, there are no explicit legal requirements with reference to temperature levels of newly built houses connected 
to a DHS. Under these circumstances optimizing and operating substations and in-house heating systems in a way that 
supports flexible and efficient grid operation in DHS remains unrewarding. Nevertheless, measures like economic 
incentives, penalties or a shift of ownership are possible to lower this barrier.  

Economic incentives and penalties lead to additional revenues and costs, which result from the reduction of the 
return temperature, and must be allocated according to cause and effect. Thus, the increased current efficiency due to 
the reduction of the return temperature must also be reflected in lower heat production costs. The prospect of a lower 
performance and working price gives the customer the decisive investment incentive.  

The shift of ownership implies the operation of customer substations and his heating circuits by the grid operator. 
Since buildings in Hamburg are mainly multifamily houses which are not owner-occupied the grid operator must 
implement a higher service level for the tenants, which could be compensated by an elevated level of standardization 
and automation. As a result, the operation of the in-house distribution system as well as the domestic hot water heating 
can be monitored and controlled remotely. Failures can be detected before the tenants are affected. In combination 
with an intelligent storage management, the short-term flexibility of the system can be increased.  

On the technical side the prototypes for these concepts exist. The main challenge is not given by the implementation 
of a single concept but their interaction and their comprehensive integration. Standardized modules concerning 
generation, distribution and supply have to be connected via communication technology. Control, planning and 
evaluation algorithms have to be developed and implemented. 

A general challenge is given by the expansion of DHSs to building stock. Due to different regulatory conditions, 
natural gas boilers are highly competitive compared with DHSs. The building stock has no incentive to achieve low 
primary energy factors, but in contrast to that benefits from a low gas price. The customers’ interests are mainly driven 
by low prices and simple management in contrast to climate protection goals. These barriers could be conquered e.g. 
by higher taxes on fossil fuel consumption for heating purposes or inversely by a lower tax burden on electricity 
consumed by heat pumps. DHSs require a long-term financial commitment that fits poorly with a focus on short-term 
returns on investment, as district heating pipes, substations and generation plants require high initial capital 
expenditure and financing. For reasons of climate protection municipalities are in general able to legally impose a 
compulsory connection and mandatory supply contract concerning the use of DHSs for all properties in the given area.  
A decisive factor is the particular state law, since the legal authorization usually lies in the municipal regulations of 
the federal states.  In general, compulsory connections are seen negative due to the danger of monopoly structures 
with one single supplier company. To tackle this concern and raise the competition for innovative concepts, a 
separation of grid operator and supplier could be advisable. While the grid operator is responsible to construct the grid 
infrastructure—including peak generation and metering as well as a market place for different suppliers—the suppliers 
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could close deals for several years. Within this timespan, they are responsible for the efficiency of customer sites and 
their flexibility. Flexibility in the system could be financed by dynamic prices in long term, day ahead or intraday 
trading. The described market design will be simulated in the next steps of the Smart Heat Grid Hamburg project. 

7. Conclusion 

The paper presents the challenges of the transition to 4th generation of district heating systems in Hamburg, 
Germany. Technical concepts to raise efficiency and flexibility at the generation, distribution and customer side were 
shown. Some of these are in the process of implementation, e.g. a three-pipe-connection, flexible customers and a 
smart substation prototype. Currently, the biggest technical challenge is given by implementing the interconnection 
of these different concepts using information infrastructure including general standardization. Nevertheless, the main 
barriers are not given by technical issues, since all concepts add nearly no economic value. As a result, statutory 
changes have to be undergone. These can be compulsory connections, taxes on fossil fuels for heating or the 
introduction of liberalized DHS markets. 
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operation. One major flexibility option is found in sector coupling. District heating networks (DHN), which will play 
a dominant role in the future energy system [2], bring relevant storage capacities [3] and by using demand-side 
management, thermal inertia of buildings can be used as well [4]. To profit from these flexibility options it is necessary 
to operate the electric power network and the district heating networks in a coordinated way. However, these networks 
are operated separately at the moment. A second important development is the digitalization which brings up new 
devices in the energy system as home energy management systems and smart meters. These devices bring the 
possibility to let flexible consumers and producers automatically trade energy as it is done e.g. in a local community 
in Brooklyn [5]. Further projects [6] have proven that flexibility provision between multiple energy domains can be 
handled by software agents of flexible consumers. Case studies demonstrated that marginal temperature differences 
in buildings, which are hardly realized by the owners, can in sum lead to relevant shifting of electrical demand in the 
range of several hours [6]. 

 
Nomenclature 

 𝕂𝕂        Set of all time steps k within the prediction horizon np                  
 𝕊𝕊I        Set of all nodes i 
 𝕊𝕊I,el/ht            Set of all nodes i of the electric power / district heating network 
 𝕊𝕊L        Set of all pipes l    
 𝕊𝕊Li,ht,out/in          Set of all pipes l with water (mass flow) flowing into / out of the node i 
 𝕊𝕊N          Set of all grid participants n    
 𝕊𝕊Ni            Set of all grid participants n at node i  
 𝕊𝕊Ni,el/ht           Set of all grid participants n at node i in the electric power / district heating network  
 𝕊𝕊Ni,ht,out/in          Set of all grid participants n in the DHN with water entering from / flowing to node i    
 𝕊𝕊N,conv                 Set of all energy converting grid participants n connected to both energy domains 
 𝕊𝕊N,prod,el/ht      Set of all producers n in the electric power / district heating network  
 𝕊𝕊N,cons,el/ht      Set of all flexible consumers n in the electric power / district heating network  
 
  i,q              Index of nodes 
  l              Index of pipelines 
  s              Index of the supply network of the district heating network 
  r              Index of the return network of the district heating network 
  in/out              Index of temperatures of water masses entering/leaving a pipeline/grid participant 
  n              Index of grid participants 
  el/ht              Index describing the electric power/district heating network 

 
Thus, a new approach is presented in this paper which enables combined optimization of district heating and electric 

power networks based on social welfare optimization. Thereby the bids of flexible consumers and producers in both 
energy domains are taken into account and optimized simultaneously. This leads to a form of transactive control [7] 
for coupled electrical and district heating systems. In [7] transactive control is described as the implementation of 
transactive energy, where transactive energy itself is defined as: “a set of economic and control mechanisms that 
allows the dynamic balance of supply and demand across the entire electrical infrastructure using value as a key 
operational parameter”. Until now the term transactive energy has mainly been used in connection with the electrical 
infrastructure. One of the main ideas behind this work, also expressed in [8], is to expand this approach to coupled 
electrical and district heating systems. A further discussion of the state of the art literature is found on the following 
page. The basic idea of the transactive control approach used in this work is depicted in Fig. 1, which consist of images 
from [9], and comprises the following steps: 

1) At time step k0 flexible consumers and producers send their bids for the next k0+1,…, k0+np time steps to 
the coordinator. Herein np describes the number of future time steps taken into account, also described as 
the prediction horizon in the context of model predictive control (MPC). The bids are functions of benefit 
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per power demand b(P(k)),b(Φ(k)) for flexible consumers and price per power infeed c(P(k)),c(Φ(k))  for 
producers. Herein P describes the electric power and Φ the heat power.  

2) The coordinator solves an optimization problem based on social welfare optimization, taking into account 
the network models and restrictions as well as predicted values of the power infeed of RES and the power 
demand of conventional consumers. These passive grid participants (RES and consumers) whose behavior 
is only modeled by predictions of the grid operator are colored blue in Fig. 1. The results of this 
optimization are the prices the producers should be paid and the benefits/prices the flexible consumers are 
willing to pay in the following time steps k0+1,…, k0+np. 

3) The prices and benefits calculated in 2) are then send to flexible consumers and producers by the 
coordinator. 

4) Now the producers/flexible consumers will adapt their power demand/power infeed during the next time 
step   k0+1   based on the power that results from matching the price/benefit with their previous bid.  

5) Then producers and flexible consumers will adapt their bids for the next time steps k0+2,…, k0+1+np and 
send them to the coordinator.  

Steps 2) until 5) are permanently repeated over a moving horizon. Therefore, this form of control equals a form of 
model predictive control with dynamic subsystems. Thereby producers and flexible consumers in both networks can 
adopt their bids to the power needed in the system. As already implemented today, it is required to have a form of unit 
commitment and primary frequency control in the power grid and a form of pump control in the district heating 
networks. This new approach can then be seen as a form of market-based flexibility provision which optimizes 
network operation and guarantees a stable network operation at the same time.  
     The state of research comprises some approaches for the combined dispatch of electric power and district heating 
networks. Some papers focus on solving the optimal power flow for a single time step [10], [11]. Most of the 
approaches which optimize a sequence of time steps use simple models for the electric power or district heating 
networks, where the networks are modeled as a single node [12], [13], [14], [15] and [16]. Others neglect the dynamics 
as time delays induced by transport [17]. The papers which can be compared the best with this work are presented in 
the following. In [18], an approach for combined heat and power dispatch for combined heat and power plants (CHP), 
conventional power plants and wind farm curtailment is presented. It is based on a dynamic district heating model and 
DC power flow constraints leading to a mixed integer nonlinear optimization problem. The authors of [19] use the 
optimality condition decomposition approach to split up the combined dispatch of electric power and district heating 
networks. A DC power flow model is used to represent the electric power grid and a dynamic model of the district 
heating network is implemented. Both works presented neglect the possibility of demand-side management through 
flexible consumers and use DC power flow models for the power network. As the AC power flow serves a higher 
accuracy of the relevant physics in the distribution grid, where most of the RES are installed, it is used here.  
The main contribution of this work is the development of a new form of coordinated optimal operation of coupled 
electric power and district heating networks based on social welfare optimization between flexible consumers and 
producers. In other words, economic dispatch and demand-side management are obtained in an integrated way for 
both energy networks based on transactive control. This comes along with a high detailed modeling of the energy 
networks and the transactive grid participants of the integrated energy system. Additionally an extension of the node 
method is presented which is used for the modeling of the district heating network.  
     The rest of this paper is structured as follows. First, the modeling of the energy networks, the consumers, flexible 
consumers, energy converters and producers is presented. Then, in chapter 3 the resulting control problem is 
formulated. Finally the conclusion of this work is presented in chapter 4. 
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Fig. 1: Overview of the information flow between the different entities in this approach      

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. Modeling 

In this section, the modeling of the electric power network, the DHN, the network participants and the energy 
converters is presented. The modeling is done in time-discrete form as there are discrete market offers and measured 
data. 

2.1. Electric Power Network 

The electric power system model is based on the power flow equations. In this work the power flow on all phases 
is assumed to be symmetrical, thus a single-phase standard π transmission line model is used. It comes in series with 
an optional ideal phase shifting transformer model, as described in [20]. The complex powers flowing between bus i 
and all its neighbors q must be equal to the apparent power Si injected or withdrawn from bus i. This leads to the 
following power flow equation [21]: 

 * *

, ,

( ) ( ) ( ( ) ( )) ( ) ( ) ( ).iq i i i i iq q

I el I elq q
S k S k P k jQ k U k Y k U k

 
       (1) 

The power flows between the node i and its neighbors q can be expressed by the voltages Ui  at bus i and Uq at the 
neighboring buses and the corresponding branch admittances Yiq. Equation (1) is formulated for all buses, which 
results in a set of nonlinear, algebraic equations. Herein every node brings four variables. The first two are the real 
and reactive power Pi or Qi which are injected or withdrawn at node i. The second two represent the voltage amplitude 
|Ui| and phase θi at that node. Logically the set of nonlinear equations can be solved when two of the four variables 
of each node are known. For the optimization problem, described in detail in section 3, all buses except one are 
modeled as PQ buses which means the power infeed or output is given. One bus is modeled as a slack bus where the 
voltage amplitude and phase are known. The generator connected to this bus is used to compensate the difference 
between the power infeed into the network and the sum of the power demand and the network losses.  

2.2. District Heating Network 

The DHN model is based on hydraulic and thermal equations, which are described in the following paragraphs. 
Besides the mathematical network description is based on the graph theory. 

 



 Jona Maurer et al. / Energy Procedia 149 (2018) 509–518 513
 Jona Maurer / Energy Procedia 00 (2018) 000–000  5 

2.2.1. Hydraulic Model 
 
The relevant variables are pressure and mass flow for the hydraulic model. Pressure changes travel with the velocity 

of sound [22], so transient effects can be neglected as their time constants are much smaller than the time steps used 
for the optimization. Therefore, a stationary model is used. Additionally, the fluid flow is assumed to be an ideal plug 
flow. In every node the continuity of flow is applied, which is expressed as  

 ( ) () ) ( l nkk kA m m  (2) 

where A is the network incidence matrix, ml̇  is the vector of the mass flows in the pipes and ṁn is the vector of the 
mass flows injected or extracted by the network participants. The continuity of flow postulates that the mass flow 
which enters a node must be equal to the mass flow that leaves the node.  
The mass flows rejected from the network are defined by the flexible consumers and consumers, see section 3 and can 
be calculated from 
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where Φn describes the power demand of the flexible consumer or consumer, cp defines the specific heat capacity of 
water, Tn,in describes the input temperature at the consumer or flexible consumer and Tn,out its output temperature. The 
injected mass flows are determined by the operation points of the pumps, which are usually located near the producers. 
These operation points can be assumed given as they are determined by the network operators.  

Additionally, a loop pressure equation is applied which describes head losses in a network loop. Head loss Δp is 
the pressure change due to pipe friction. It is stated that the sum of head losses around a closed loop must be equal to 
zero. Using the loop incidence matrix B the loop pressure equation for a network is expressed, as in [23], by 

 2(( ) ) ( ) ( )lk k kk   B p B Km 0   (4) 

where the head loss is  Δp and K is the vector of the resistance coefficient of each pipe. These resistance coefficients 
of the different pipelines Kl depend on pipe parameters and the friction factor λ.  

2.2.2. Thermal Model 
  
The thermal model is used to determine the temperatures in the network. It is dependent on the mass flows which 

have to be calculated before by the hydraulic model described in the previous section. The thermal dynamics are 
considered due to the low flow velocities between 0.8 m/s and 3 m/s in the pipes [24]. The temperatures, which are 
calculated by the thermal model, are the participant outlet temperature, the node temperature and the pipe outlet 
temperature. The former is depending on the participant type and is calculated by a family of characteristics for 
consumers and flexible consumers 

 , ,( ) ( ( ), ( ), ( )).n out i s a nT k f T k T k k    (5) 

Here the ambient temperature is defined by Ta. Besides the outlet temperature of a producer is calculated by 
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The node temperature Ti is determined in (7) by a mixing of the incoming mass flows and its temperatures as in [11]. 
Note that the incoming mass flows at node i are the mass flows leaving the respective pipelines and gird participants.  
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In (7) 𝕊𝕊Li  is the set of either incoming or outgoing pipe mass flows, 𝕊𝕊Ni the set of either incoming or outgoing 
participant mass flows, Tl the pipe mass flow temperature and Tn the participant mass flow temperature. The mixing 
is assumed to be ideal. The thermal dynamics in the network is determined by the node method [25]. The node method 
obtains the outlet temperature of a pipe by approximating the pipe as a dead-time element embedded between an inlet 
and outlet node. Thereby the output temperature Tl,out is calculated in three steps, marked with the indices 1 to 3. In a 
first step the lossless output temperature of a pipeline Tl,out,1 is determined, see (8). The lossless output temperature is 
calculated as the weighted sum of the outflowing plugs in every time step, see also Fig. 2. Thereby (9) - (12) serve the 
necessary constants R, S, γ and ϵ. The second step, described in (13), is used to calculate the output temperature 
Tl,out,2 dependent on the temperature change due to heat exchange of the water with the steel core of the pipeline. 
Finally, in a third step the output temperature Tl,out,3  is calculated by (14). Herein the losses due to heat loss through 
the pipe walls are taken into account. The lossless outlet temperature Tl,out,1 is expressed as 
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Therein ρAlιl describes the total mass of water in the pipeline l, where the density of water is described by ρ, the cross 
section of the pipeline and its length are defined by Al and ιl.  The constant γl serves to describe the plug which just 
left the pipe in this time step while ϵl describes the plug which has first left the pipe in this time step. They are 
calculated by finding the following integer minima: 
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The constants R and S describe water masses as depicted in Fig. 2: 
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In a second step, the outlet temperature is calculated resulting from the temperature exchange of the water with the 
steel core of the pipeline. Thereby it is assumed that the heat exchange will lead to an equal temperature of the water 
temperature at the output Tl,out,2 and the steel mass Tc: 
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  (13) 

Herein Cl describes the heat capacity of the steel core of the pipe and Tc describes the temperature of the lumped steel 
core of the pipeline. The last step of the node method calculates the resulting outlet temperature after taking into 
account the losses through the pipeline isolation Tl,out,3. The heat losses are dependent on the thermal loss coefficient 
hl of a pipe, the ambient temperature Ta and the time the water stays in the pipe which is dependent on the constants 
derived from (9) and (11): 
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In this equation the time the water stays in the pipeline tl is calculated by the weighted sum of all the different times 
the different plugs have been in the pipeline before they leave it. This time can be calculated from: 
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This equation is different from the approach in [25] and newly presented here. It has strong analogies to the ideas 
which lead to (8). This form of calculation also calculates tl exact in the case of non-constant mass flows.    

2.3. Active Grid Participants 

Active grid participants are flexible consumers and producers. Storages can also be taken into account by this 
approach. As the time steps regarded here are much smaller than the charging or discharging time of these, they can 
be taken into account as producers or flexible consumers for every time step. The same concept is used to model 
prosumers. The flexible consumers are described with the following benefit per power demand functions. The benefit, 
also understandable as the price a consumer is willing to pay, of a flexible consumer in the electric power network is 
expressed as 

 2
, , ,( ) ( ) ( ) ( ) ( )n el n el n n el nb k k P k k P k     (16) 

while the benefit of a flexible consumer in the DHN is  

 2
, , ,( ) ( ) ( ) ( ) ( )n ht n ht n n ht nb k k k k k       (17) 

where Pn  is the active power demand, Φn is the heat power demand and ζn and δn define positive cost parameters. In 
contrast a producer is described by its price per power infeed c(P). The price per power infeed are stated in (18) and 
(19) for producers of the electric power or the district heating network, where αn, βn  and ψn  are positive cost 
parameters.  

 2
, , , ,( )( ) ( ) ( ) ( ) ( ) ( )n el n n el n el n n el nc P k k k P k k P k       (18) 

 2
, , , ,( )( ) ( ) ( ) ( ) ( ) ( )n ht n n ht n ht n n ht nc k k k k k k          (19) 

Fig. 2: Scheme of a pipeline and the relevant variables in the node method 

 

Fig. 3: Online and offline computations in the 
control problem 
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The cost parameters used in (16) - (19) result from the bids the flexible consumers or producers send to the coordinator 
in every time step, see step 1) in the introduction.  

2.4. Passive Grid Participants 

Passive grid participants are consumers and RES which are defined by given load or generator profiles. Unlike 
active grid participants their behavior is not adaptable. In the electric power network, the passive grid participants are 
modeled as PQ nodes.   

2.5. Energy Converters 

Energy converters between the electric power and heat networks are modeled with a constant power-to-heat ratio 
ηn. The full equation used to describe a CHP or a heat pump (HP) is stated in (30). Different energy converters are 
described by different values of ηn. 

3. Control Problem  

In this work, the control approach is an MPC approach which can also be described as a transactive control approach 
in this context. MPC is a very powerful approach in using predictions, equality and inequality constraints. In this 
context, the predicted values are the consumed power of the consumers and the power infeed of the RES, provided by 
the grid operator, as well as the power infeed of the producers and the power demand of the flexible consumers in 
both energy networks, which come to the coordinator in the form of bids. These predictions come from different 
sources as depicted in Fig. 1. During every time step k0 the following nonlinear programming problem (20) - (37) is 
solved by the coordinator to determine the optimal prices and benefits of the next time steps k0+1,…, k0+np which are 
then sent to the active grid participants. The objective function (20) is defined by the social welfare of all active grid 
participants in the electric and district heating networks for all time steps over the prediction horizon np. Hence, the 
global minimum is equal to the operation point in which flexible consumers and producers are most likely to be content 
with in regard of the market situation. The network models and the models of the energy converters are represented 
by the equality constraints (21) - (30). The output temperatures of the grid participants in the district heating network 
are defined by (28) and (29). The inequality constraints (31) - (36) ensure that the operational restrictions, which 
ensure safe network operation of the power grid are respected. The optimization problem is given by 
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As visualized in Fig. 3 the thermal model is not fully integrated in the optimization to prevent the long computation 
times of a mixed integer optimization. Instead, after the optimization in every time step, the constants Rl, Sl, γl and ϵl 
used in the thermal model and the limits of mass flows of all pipes ṁl,min and ṁl,max are calculated offline. These new 
values are then used in the optimization during the next time step. Thereby the latest mass flows in the pipelines ṁl 
resulting from the optimization are considered to assure high accuracy. The constants Rl, Sl, γl and ϵl are calculated 
from (9) - (12) while the limits of mass flows of the pipes ṁl,min and ṁl,max are calculated by adding or subtracting the 
boundary value Δṁl to the actual values. If the mass flows in the pipes ṁl would be kept constant and not variable as 
implemented by (37), then the mass flows of the grid participants and thereby their power consumption or infeed 
would also be determined mainly by (22), even if (23) and (24) would be neglected. 

4. Conclusion 

An approach is presented which enables demand-side management and economic dispatch of flexible consumers 
and producers in the electric power and district heating network at the same time. This is done by optimizing the social 
welfare of all market participants. As this is done over a moving horizon, bringing together control and market 
mechanisms, this approach describes a form of transactive control for coupled electric power and district heating 
networks. The electric power network is modeled by the AC power flow equations while the heating network is 
modeled by the node method. For the node method a new formula is introduced which enables an accurate calculation 
of the time the water plugs stay in the pipeline in the case of varying mass flows. To prevent the high computational 
effort of the resulting mixed integer nonlinear programming problem an iterative approach is introduced, leading to a 
nonlinear programming problem and a very fast computable offline calculation. The presented approach optimizes the 
social welfare while maintaining network restrictions for stable operation of the entire multi-carrier energy system. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The introduction of a heat source water network system using heat from hot spring and drainage water for hot water supply in 
accommodation facilities in hot spring areas is expected to contribute to increased energy efficiency. In this study, the relationship 
between the temperature of the heat source water and the energy efficiency of heat pump water heaters introduced in hot spring 
facilities connected to a single-loop heat source water network was analyzed. The primary energy consumption of the heat source 
water network system was compared with that of a centralized heat supply system by conducting a dynamic simulation using 
Modelica in the Dymola environment. The yearly average coefficients of performance of the proposed heat source water network 
and centralized heat supply systems were estimated to be is 4.56 and 3.24, respectively. The seasonal performance of the proposed 
system was also investigated based on measurement data. In December, it was estimated that the heat source water network system 
would achieve a 17.6% reduction in primary energy consumption in comparison with the centralized heat supply system. However, 
in August, it was estimated that the primary energy consumption of the heat source water network system would be 8.9% higher 
than that of the centralized system. 
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1. Introduction 

1.1. Background and motivation 

In Japan, more than 27,000 hot spring wells are distributed throughout the country, approximately 52% of which 
have temperatures exceeding 42 °C. The potential for hot spring heat to be used as thermal energy is considered to be 
high. However, some accommodation facilities containing high-temperature hot spring wells often adjust the 
temperature of the hot spring water to within a usable range of approximately 40 °C by discharging heat into the air 
or adding water and thus do not use the hot spring heat effectively. This means that there is unused heat in the hot 
spring area that could be utilized to improve the energy efficiency of accommodation facilities in the area. 

In accommodation facilities in hot spring areas, water from the hot springs is supplied to the hot spring baths, 
and the tap water supplied to faucets in the facility is heated through heat exchange with the hot spring water 
or using other water heating methods. At present, many facilities use hot water boilers that run on fossil fuel 
for their hot tap water supply. In an area where the use of hot spring water to supply a hot spring bath is limited, 
another heat source is necessary to maintain the water temperature in the bath because the spring water is recycled in 
a loop with a filtration device. Surprisingly, the demand for hot tap and spring water heating in facilities in hot spring 
areas is high. In hot spring districts in Japan, some facilities have their own hot spring wells with plenty of hot spring 
water, whereas others purchase hot spring water; notably, heat interchange among facilities is seldom implemented in 
these regions. 

The heat of hot spring and drainage water at temperatures of less than 100 °C can be utilized as a heat source for 
water source heat pumps (HPs). This paper discusses how to utilize the unused heat from hot springs to supply hot 
spring and tap water to the entire community with lower power consumption than in conventional methods. As stated 
previously, many accommodation facilities in hot spring districts use fossil fuels for hot water supply, though some 
have turned to high-efficiency HP systems that utilize hot spring heat as a heat source by using heat exchangers (HEXs). 
An HP system that has a high coefficient of performance (COP) can emit less CO2 than a conventional boiler system. 
In the future, HP systems are expected to gradually become more popular, despite their higher initial costs. Therefore, 
research on the effective utilization of hot spring heat based on the assumption that facilities are already equipped with 
HP water heaters is needed. 

Nomenclature 

HP Heat Pump 
COP Coefficient of Performance 
HEX Heat Exchanger 

1.2. Concept for the utilization of the heat of hot spring and waste water 

This study focused on the unused heat of hot springs, that is, the heat of the hot spring and drainage water. This 
paper suggests a method of implementing a multiple-heat source network system with unidirectional single-loop 
piping to promote overall improved energy efficiency in the hot spring area. The proposed system was evaluated 
through dynamic one-dimensional (1D) simulation using Modelica. The purpose of this study was to verify the energy 
saving effect of implementing a multiple-heat source water network that can exchange unutilized hot spring heat 
among different facilities in the network in comparison with a conventional centralized heat supply system. 

The proposed system recovers heat from drainage and hot spring water within each facility, and the recovered heat 
is used as the heat source for water source HPs used to supply hot water to the facility. Then the facility discharges 
surplus heat to the network piping or charges heat from the network if their heat supply is otherwise insufficient. It 
was assumed in this study that each facility connected to the unidirectional network uses a water source HP for hot 
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water supply and that heat charged from this network is used as a heat source of the HPs. From the viewpoint of 
temperature, the network is a type of unidirectional low-temperature network (LTN) for district hot water supply but 
with only a single pipe, which differs from the fourth-generation district heating and cooling (DHC) system with two 
pipes: a warm line for heating and a cold line for cooling [1]. 

One important feature of the heat source water network proposed in this study is that it uses not only heat recovery 
from each hot spring source but also a mechanism of drainage water heat recovery. Because the hot water discharged 
from a hot spring bath has a stable temperature of approximately 38 °C, even in a hot spring area containing few hot 
spring sources with low water temperatures, the improvement of the overall system COP can be expected.

In areas where the excavation of new hot spring wells is restricted for the sake of resource management, a 
centralized hot spring management method is often adopted. In such areas, a number of facilities do not have their 
own hot spring wells, and these facilities must purchase hot tap and spring water from management associations, 
which transport the water to the facilities via tank trucks or underground piping. There are approximately 90 locations 
that have introduced such a centralized supply system for hot tap and spring water; these include Tohyako in Hokkaido 
and Kusatsu in Gunma Prefecture. At Yunohama Onsen in Yamagata Prefecture, hot spring water is distributed to 50 
facilities from a centralized plant. Additionally, centralized hot water supply equipment was introduced in 2017 with 
the aim of utilizing unused heat from hot springs by employing HP water heaters [2]. In the Yunohama Onsen system, 
hot water with a temperature of 65 °C is produced by exhaust heat recovery-type HPs using hot spring water with a 
temperature of 60 °C, and this hot water is distributed to 13 facilities. The total piping length in this system is about 
3.5 km. The reductions in the energy cost and CO2 emissions achieved since implementing this system are currently 
being investigated. This previous work demonstrates the steps being taken toward the utilization of unused hot spring 
heat in the hot spring area for a more sustainable community. 

In hot spring areas containing high concentrations of high-temperature hot spring wells with abundant hot spring 
water, centralized control systems have often been adopted to supply hot tap and spring water to each facility. For this 
type of system, the initial cost of the piping and heat insulation work is relatively high. However, because the water 
temperature of the heat source water sent to each facility is close to the temperature of the soil surrounding the 
underground piping, heat loss is not expected to be a serious problem, even in non-insulated piping. Thus, this system 
can be applied even in areas where hot spring wells are distributed among multiple facilities. Hot water supply 
systems using multiple hot spring heat sources are expected to use less energy than conventional methods; 
however, there have been few cases of domestic introduction, and the effects in these cases have not been 
examined.

1.3. Previous works 

Recently, the LTN system has been studied for DHC. Hai Wang et al. [3] proposed a general district energy 
planning method that can achieve mutual interconnection and interchange among thermal grids. In their paper, multi-
source and multi-user were connected together with a warm line and a cold line, which is a two-pipe system. A novel 
bidirectional LTN system, which uses a single circuit for DHC, defined as a fifth-generation DHC has been studied 
in terms of its thermodynamic performance and operation optimization by Wetter’s research group at Lawrence 
Berkeley National Laboratory [4, 5]. In [4], the control concept based on a temperature set point optimization and 
agent-based control was proposed. In [5], a diversity criterion was developed to understand when the bidirectional 
system may be a more energy-efficient alternative to modern individual building systems. They targeted only DHC 
excluding hot water supply. 

Nakagawa and Koizumi [6] have proposed a hybrid HP system for the utilization of hot spring heat and have 
studied the effects of the system in Idaho Spring, Colorado. The hybrid system coupled with water from mines and 
hot springs can be used to cool buildings and melt snow. Nakagawa and Koizumi [6] also estimated the heat loss from 
the piping due to the traveled distance and the thickness of the pipe, but they did not describe the behavior or energy 
efficiency of the HP. 

In our previous study [7], the effect of introducing a heat source water network connecting several facilities in the 
hot spring area was verified. This is a bidirectional LTN system, depicted in Fig. 1-a, which uses a single-loop of 
combined tow pipes, one acting as a warm line and the other as a cold line. The ends of the pipes are connected, and 
the heat source water circulates. Each facility charges its HP with heat from the warm line and returns the water to the 
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1. Introduction 

1.1. Background and motivation 

In Japan, more than 27,000 hot spring wells are distributed throughout the country, approximately 52% of which 
have temperatures exceeding 42 °C. The potential for hot spring heat to be used as thermal energy is considered to be 
high. However, some accommodation facilities containing high-temperature hot spring wells often adjust the 
temperature of the hot spring water to within a usable range of approximately 40 °C by discharging heat into the air 
or adding water and thus do not use the hot spring heat effectively. This means that there is unused heat in the hot 
spring area that could be utilized to improve the energy efficiency of accommodation facilities in the area. 

In accommodation facilities in hot spring areas, water from the hot springs is supplied to the hot spring baths, 
and the tap water supplied to faucets in the facility is heated through heat exchange with the hot spring water 
or using other water heating methods. At present, many facilities use hot water boilers that run on fossil fuel 
for their hot tap water supply. In an area where the use of hot spring water to supply a hot spring bath is limited, 
another heat source is necessary to maintain the water temperature in the bath because the spring water is recycled in 
a loop with a filtration device. Surprisingly, the demand for hot tap and spring water heating in facilities in hot spring 
areas is high. In hot spring districts in Japan, some facilities have their own hot spring wells with plenty of hot spring 
water, whereas others purchase hot spring water; notably, heat interchange among facilities is seldom implemented in 
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The heat of hot spring and drainage water at temperatures of less than 100 °C can be utilized as a heat source for 
water source heat pumps (HPs). This paper discusses how to utilize the unused heat from hot springs to supply hot 
spring and tap water to the entire community with lower power consumption than in conventional methods. As stated 
previously, many accommodation facilities in hot spring districts use fossil fuels for hot water supply, though some 
have turned to high-efficiency HP systems that utilize hot spring heat as a heat source by using heat exchangers (HEXs). 
An HP system that has a high coefficient of performance (COP) can emit less CO2 than a conventional boiler system. 
In the future, HP systems are expected to gradually become more popular, despite their higher initial costs. Therefore, 
research on the effective utilization of hot spring heat based on the assumption that facilities are already equipped with 
HP water heaters is needed. 

Nomenclature 

HP Heat Pump 
COP Coefficient of Performance 
HEX Heat Exchanger 

1.2. Concept for the utilization of the heat of hot spring and waste water 

This study focused on the unused heat of hot springs, that is, the heat of the hot spring and drainage water. This 
paper suggests a method of implementing a multiple-heat source network system with unidirectional single-loop 
piping to promote overall improved energy efficiency in the hot spring area. The proposed system was evaluated 
through dynamic one-dimensional (1D) simulation using Modelica. The purpose of this study was to verify the energy 
saving effect of implementing a multiple-heat source water network that can exchange unutilized hot spring heat 
among different facilities in the network in comparison with a conventional centralized heat supply system. 

The proposed system recovers heat from drainage and hot spring water within each facility, and the recovered heat 
is used as the heat source for water source HPs used to supply hot water to the facility. Then the facility discharges 
surplus heat to the network piping or charges heat from the network if their heat supply is otherwise insufficient. It 
was assumed in this study that each facility connected to the unidirectional network uses a water source HP for hot 
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water supply and that heat charged from this network is used as a heat source of the HPs. From the viewpoint of 
temperature, the network is a type of unidirectional low-temperature network (LTN) for district hot water supply but 
with only a single pipe, which differs from the fourth-generation district heating and cooling (DHC) system with two 
pipes: a warm line for heating and a cold line for cooling [1]. 

One important feature of the heat source water network proposed in this study is that it uses not only heat recovery 
from each hot spring source but also a mechanism of drainage water heat recovery. Because the hot water discharged 
from a hot spring bath has a stable temperature of approximately 38 °C, even in a hot spring area containing few hot 
spring sources with low water temperatures, the improvement of the overall system COP can be expected.

In areas where the excavation of new hot spring wells is restricted for the sake of resource management, a 
centralized hot spring management method is often adopted. In such areas, a number of facilities do not have their 
own hot spring wells, and these facilities must purchase hot tap and spring water from management associations, 
which transport the water to the facilities via tank trucks or underground piping. There are approximately 90 locations 
that have introduced such a centralized supply system for hot tap and spring water; these include Tohyako in Hokkaido 
and Kusatsu in Gunma Prefecture. At Yunohama Onsen in Yamagata Prefecture, hot spring water is distributed to 50 
facilities from a centralized plant. Additionally, centralized hot water supply equipment was introduced in 2017 with 
the aim of utilizing unused heat from hot springs by employing HP water heaters [2]. In the Yunohama Onsen system, 
hot water with a temperature of 65 °C is produced by exhaust heat recovery-type HPs using hot spring water with a 
temperature of 60 °C, and this hot water is distributed to 13 facilities. The total piping length in this system is about 
3.5 km. The reductions in the energy cost and CO2 emissions achieved since implementing this system are currently 
being investigated. This previous work demonstrates the steps being taken toward the utilization of unused hot spring 
heat in the hot spring area for a more sustainable community. 

In hot spring areas containing high concentrations of high-temperature hot spring wells with abundant hot spring 
water, centralized control systems have often been adopted to supply hot tap and spring water to each facility. For this 
type of system, the initial cost of the piping and heat insulation work is relatively high. However, because the water 
temperature of the heat source water sent to each facility is close to the temperature of the soil surrounding the 
underground piping, heat loss is not expected to be a serious problem, even in non-insulated piping. Thus, this system 
can be applied even in areas where hot spring wells are distributed among multiple facilities. Hot water supply 
systems using multiple hot spring heat sources are expected to use less energy than conventional methods; 
however, there have been few cases of domestic introduction, and the effects in these cases have not been 
examined.

1.3. Previous works 

Recently, the LTN system has been studied for DHC. Hai Wang et al. [3] proposed a general district energy 
planning method that can achieve mutual interconnection and interchange among thermal grids. In their paper, multi-
source and multi-user were connected together with a warm line and a cold line, which is a two-pipe system. A novel 
bidirectional LTN system, which uses a single circuit for DHC, defined as a fifth-generation DHC has been studied 
in terms of its thermodynamic performance and operation optimization by Wetter’s research group at Lawrence 
Berkeley National Laboratory [4, 5]. In [4], the control concept based on a temperature set point optimization and 
agent-based control was proposed. In [5], a diversity criterion was developed to understand when the bidirectional 
system may be a more energy-efficient alternative to modern individual building systems. They targeted only DHC 
excluding hot water supply. 

Nakagawa and Koizumi [6] have proposed a hybrid HP system for the utilization of hot spring heat and have 
studied the effects of the system in Idaho Spring, Colorado. The hybrid system coupled with water from mines and 
hot springs can be used to cool buildings and melt snow. Nakagawa and Koizumi [6] also estimated the heat loss from 
the piping due to the traveled distance and the thickness of the pipe, but they did not describe the behavior or energy 
efficiency of the HP. 

In our previous study [7], the effect of introducing a heat source water network connecting several facilities in the 
hot spring area was verified. This is a bidirectional LTN system, depicted in Fig. 1-a, which uses a single-loop of 
combined tow pipes, one acting as a warm line and the other as a cold line. The ends of the pipes are connected, and 
the heat source water circulates. Each facility charges its HP with heat from the warm line and returns the water to the 
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cold line; heat from the hot spring is then discharged to the cold line, and the reheated water is returned to the warm 
line. In this previous work, the energy efficiency effect of a single-loop bidirectional water source heat network 
composed of six facilities was determined by 1D dynamic simulation. The hot water supply load of each facility was 
defined based on actual measurement data. The simulation results confirmed that using such a single-loop water source 
heat network can reduce the primary energy consumption by 16.9 GJ/day in comparison with using a hot water boiler 
supply system and 8.9 GJ/day in comparison with using a centralized heat supply system. In this previous study, 
although the simulation results demonstrate the good energy saving performance of the single-loop heat source water 
network, this system still has the following problems: (1) the system prioritizes inputs to the network rather than use 
at each facility, and (2) the cost of introducing the new piping and pumps required for this bidirectional system is high. 

 Therefore, this paper proposes a unidirectional single-loop heat source water network (Fig. 1-b). In this system, 
heat from a hot spring is used preferentially at each facility as heat source water for the HP water heaters and to preheat 
makeup water. Surplus heat is then charged to the network. The heat source water is used in multiple stages among 
the facilities in the network. The use of a single pipe means that the heat source water temperature in the network is 
lower than that in the two-pipe system, but it has some advantages, including the relatively low cost of introducing 
the required piping and connections between each facility and the network. 

a. Single-loop bidirectional system b. Single-loop unidirectional system 
Fig. 1. Comparison of piping system 

2. Methodology 

2.1. Details of the system 

As a case study, a network of six facilities connected by a single-loop heat source water system (Fig. 2-a) was 
considered. Two of the six facilities, Nos. 1 and 2 in Fig. 2-a, have their own hot spring wells, and the others buy hot 
spring water from the management association. Fig. 3 shows an outline of the onsite heat source water piping within 
a facility containing a hot spring well. The concept of the onsite heat source water piping within these facilities is a 
cascading heat utilization, which works as follows. First, heat source water flowing through the pipe transfers heat to 
drainage water from bathrooms in the facility and raises the temperature before the water reaches the HP water heater. 
As a result, the temperature of the heat source water supplied to the HP water heater rises, which improves the COP; 
thus, a reduction in power consumption can be expected. Regarding fluctuations in the demand for hot water, the hot 
water storage tank is able to make the appropriate adjustments. After the HP water heater, the heat source water 
decreases in temperature, which can exchange heat with hot spring water. Because the temperature of the heat source 
water at this time is higher than the temperature of the tap water, it can be used to preheat the makeup water. 
Additionally, sending the preheated tap water to the HP water heater enables the reduction of the energy consumption 
required to heat the hot water supply. In this way, the onsite heat source water piping within a facility is built to utilize 
hot spring heat to reduce the power consumption of the HP water heater. The surplus heat produced by the HP in the 
facility is charged to the heat source water in the network piping, which is exchanged with other facilities by the grid 
pump. 

Fig. 2-b shows the centralized heat supply system used to distribute hot water and hot spring water to each facility 
as a basis of comparison. In the centralized heat supply system, a heat source plant is set up in one location in a hot 
spring area with hot spring accommodation facilities. Concentrating the heat source plant has some merits, such as 
the effective use and stable supply of energy, the economic improvement of equipment, and the prevention of air 
pollution. The centralized heat supply system is thought to be suitable for areas containing hot spring source wells 
with abundant upwelling high-temperature waters, such as Kusatsu Onsen in Japan.
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a. Exchange of heat by the heat source network b. Centralized heat supply
Fig. 2. Example of the proposed heat supply system for six users and the conventional system used as a basis for comparison 

Fig. 3. Onsite heat source piping system used in facilities containing hot spring wells in the proposed heat source network 

2.2. Models for simulation 

In environment of the physical modeling tool Dymola, models of the water source HP, heat exchanger (HEX), 
piping, constant flow pump, and controller from Buildings Library 3.0 [8] developed by Lawrence Berkeley National 
Laboratory, University of California were used to develop models of the hot spring heat utilization heat source water 
network system and the centralized heat supply system. For details of each physical model, see the Buildings Library 
[9]. An overview of each of the models is given below. 

• HP water heater 
The COP of the HP was calculated using the following model: 
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cold line; heat from the hot spring is then discharged to the cold line, and the reheated water is returned to the warm 
line. In this previous work, the energy efficiency effect of a single-loop bidirectional water source heat network 
composed of six facilities was determined by 1D dynamic simulation. The hot water supply load of each facility was 
defined based on actual measurement data. The simulation results confirmed that using such a single-loop water source 
heat network can reduce the primary energy consumption by 16.9 GJ/day in comparison with using a hot water boiler 
supply system and 8.9 GJ/day in comparison with using a centralized heat supply system. In this previous study, 
although the simulation results demonstrate the good energy saving performance of the single-loop heat source water 
network, this system still has the following problems: (1) the system prioritizes inputs to the network rather than use 
at each facility, and (2) the cost of introducing the new piping and pumps required for this bidirectional system is high. 

 Therefore, this paper proposes a unidirectional single-loop heat source water network (Fig. 1-b). In this system, 
heat from a hot spring is used preferentially at each facility as heat source water for the HP water heaters and to preheat 
makeup water. Surplus heat is then charged to the network. The heat source water is used in multiple stages among 
the facilities in the network. The use of a single pipe means that the heat source water temperature in the network is 
lower than that in the two-pipe system, but it has some advantages, including the relatively low cost of introducing 
the required piping and connections between each facility and the network. 

a. Single-loop bidirectional system b. Single-loop unidirectional system 
Fig. 1. Comparison of piping system 

2. Methodology 

2.1. Details of the system 

As a case study, a network of six facilities connected by a single-loop heat source water system (Fig. 2-a) was 
considered. Two of the six facilities, Nos. 1 and 2 in Fig. 2-a, have their own hot spring wells, and the others buy hot 
spring water from the management association. Fig. 3 shows an outline of the onsite heat source water piping within 
a facility containing a hot spring well. The concept of the onsite heat source water piping within these facilities is a 
cascading heat utilization, which works as follows. First, heat source water flowing through the pipe transfers heat to 
drainage water from bathrooms in the facility and raises the temperature before the water reaches the HP water heater. 
As a result, the temperature of the heat source water supplied to the HP water heater rises, which improves the COP; 
thus, a reduction in power consumption can be expected. Regarding fluctuations in the demand for hot water, the hot 
water storage tank is able to make the appropriate adjustments. After the HP water heater, the heat source water 
decreases in temperature, which can exchange heat with hot spring water. Because the temperature of the heat source 
water at this time is higher than the temperature of the tap water, it can be used to preheat the makeup water. 
Additionally, sending the preheated tap water to the HP water heater enables the reduction of the energy consumption 
required to heat the hot water supply. In this way, the onsite heat source water piping within a facility is built to utilize 
hot spring heat to reduce the power consumption of the HP water heater. The surplus heat produced by the HP in the 
facility is charged to the heat source water in the network piping, which is exchanged with other facilities by the grid 
pump. 

Fig. 2-b shows the centralized heat supply system used to distribute hot water and hot spring water to each facility 
as a basis of comparison. In the centralized heat supply system, a heat source plant is set up in one location in a hot 
spring area with hot spring accommodation facilities. Concentrating the heat source plant has some merits, such as 
the effective use and stable supply of energy, the economic improvement of equipment, and the prevention of air 
pollution. The centralized heat supply system is thought to be suitable for areas containing hot spring source wells 
with abundant upwelling high-temperature waters, such as Kusatsu Onsen in Japan.
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Fig. 3. Onsite heat source piping system used in facilities containing hot spring wells in the proposed heat source network 

2.2. Models for simulation 

In environment of the physical modeling tool Dymola, models of the water source HP, heat exchanger (HEX), 
piping, constant flow pump, and controller from Buildings Library 3.0 [8] developed by Lawrence Berkeley National 
Laboratory, University of California were used to develop models of the hot spring heat utilization heat source water 
network system and the centralized heat supply system. For details of each physical model, see the Buildings Library 
[9]. An overview of each of the models is given below. 

• HP water heater 
The COP of the HP was calculated using the following model: 
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The parameter values are given in the table below. This model describes the partial load characteristics of an actual 
HP water heater with a rated power of 109.8 kW and a rated COP of 4.7 under hot water inlet and outlet temperatures 
if 30 and 70 °C respectively. The regression coefficient aj of the model was determined based on manufacturer data. 
The model does not consider the heat capacity of the equipment.  

Parameter Definition Unit 
Ratio of the COP at a partial load to the Carnot COP - 
Ratio of the rated COP to the Carnot COP - 

COP, COP0 COPs at a partial load and the rated load - 
COPcarnot COP of the Carnot cycle - 
yPL Partial load ratio - 
aj Regression parameters - 
Teva_out Temperature of evaporator outlet, approximate heat source water temperature of HP outlet °C 
Tcon_out Temperature of condenser outlet, approximate hot water temperature of HP outlet °C 

Subscripted 0 indicates parameters under rated power conditions - 

• Pipe 
For the pipe model, the 1D thermal conduction equation was solved. Because spatial differentiation is not 

necessary to solve the 1D heat conduction equation when using a lumped parameter model, it was assumed in this 
model that the temperature varies linearly over the discretized elements representing the pipe. The pipe model was 
customized to consider heat loss due to convective heat transfer inside the piping, the heat capacity of the fluid, and 
the pipe heat capacity. The centralized heat supply system must be able to insulate the piping to supply high-
temperature hot springs and hot water. Additionally, it was assumed that the underground piping of the heat source 
water network is not insulated and the piping inside facility is completely insulated. The burial depth of the heat source 
water network piping is 600 mm, and the heat capacity of the soil was not considered. To calculate the heat loss of the 
buried piping, the soil temperature was represented using the thermal boundary condition at a position 600 mm outside 
of a 100A pipe. 

• Pump 
The pump model does not consider equipment pressure loss or discharges at a constant flow rate. The daily 

cumulative power consumption of the network circulation pump and each pump inside the facilities were 
calculated from the operating time and the power consumption at the rated operation. Regarding the network 
circulation pump capacity, the pressure loss in the piping was defined as twice the pressure loss of the straight 
pipe portion calculated based on the rated flow rate. 

• Control 
The temperature measurement points labeled T1, T2, and T3 in Fig. 3 were used to control the on/off state of the 

pull-in pump P1 by Control C in Fig. 3. When the temperature differences between T1 and T2 and between T1 and 
T3 are both at least 3 °C, P1 is operated to withdraw heat source water for heat exchange. 

3. Case Study 

3.1. Baseline data of hot water demand and given conditions 

Conditions such as the source temperature, hot water temperature, and hot water demand were set based on actual 
measurements conducted for two types of accommodation facilities in the Shima Onsen area of Gunma Prefecture 
from 2014 to 2015 [10]. One is a mid-sized facility with 80 rooms and its own hot spring source wells. The other has 
15 rooms and does not possess its own hot spring source well but buys hot spring water from the hot spring 
management association. 

In this study, the seasonal primary energy saving effect was investigated by comparing the results obtained using 
data representative of typical days in each season to set the conditions of six facilities connected to the heat source 
water network. Table 1 gives the hot water heat demand and hot spring water demand of each facility in December as 
an illustrative example. In this case study, the six facilities numbered Nos. 1–6 are connected to the heat source 

PLη

carnotη

0

Author name / Energy Procedia 00 (2018) 000–000 7

network, and the conditions set for Nos. 1 and 3 correspond to the hourly demand obtained from the actual 
measurement of the abovementioned medium- and small-scale facilities, respectively. Regarding the other facilities, 
the hot water heat demand, hot spring water demand, and drainage quantity were set to multiples of those for No. 1 or 
3 according to the number of rooms in each facility. 

The temperature of the hot spring water was set to 52.5 °C in the facilities that possess their own source wells (Nos. 
1 and 2), and hot spring water is available for heat exchange for temperatures of up to 45 °C. The other facilities (Nos. 
3–6) do not have their own hot spring source wells and purchase hot spring water at 35 °C from hot spring associations, 
so it is necessary to heat this water to 45 °C. 

Nos. 1 and 2 were assumed to have only one HP water heater each, whereas the other facilities were given two 
types of HP water heaters: one for hot water supply and the other for heating hot spring water. The hot water outlet 
temperature was set to 65 °C. Regarding heat recovery from the drainage water, the waste water temperature was set 
to a constant value of 38 °C. For the centralized heat supply system considered as a basis of comparison, the hot water 
heat supply of the system was set to the total hot water heat demand of the six facilities in the heat source water 
network system, and the hot spring water supply was set to the sum of the total hot water heat demand and hot spring 
water demand of the six facilities in the heat source water network system. For example, in December, the hot water 
heat supply was set to 49.5 GJ/day, and the hot spring water supply was set to 951 t/day (= 240 t/day + 711 t/day). 
Table 2 gives the seasonal values of the total hot water heat demand of the six facilities. There was no seasonal change 
in the hot spring water demand. 

Table 1. Demand settings for each facility in December 

Hotel ID 
number 

Number of 
rooms 

Hot water heat 
demand 

Purchased hot spring 
water (35 °C) 

Own hot spring water 
(52.5 °C) 

Waste water (38 °C) 
for heat recovery 

GJ/day t/day t/day t/day 
1 80 12.0 0 237 296 
2 160 24.0 0 474 593 
3 15 2.25 40.0 0 74 
4 15 2.25 40.0 0 74 
5 15 2.25 40.0 0 74 
6 45 6.75 120.0 0 222 

Sum 330 49.5 240 711 1,333 

Table 2. Total daily hot water demand of six facilities in each season [GJ/day] 
Apr. Aug. Oct. Dec. 
45.8 31.9 38.9 49.5 

Table 3. Soil and clean water temperatures based on measurement data [°C] 
Daily averaged value Apr. Aug. Oct. Dec. 

Soil temp. 12.2 24.7 17.7 11.6 
Makeup water temp. of HP inlet  11.3 19.5 14.9 10.1

Table 4. Given characteristics of piping (100A polyvinyl chloride pipe) 
Parameter Value Unit 

Heat capacity of pipe 1.17 × 103 J/(kgK) 
Density of pipe 1.43 × 103 kg/m3

Diameter of pipe Outside: 114, Inside: 100 mm 
Insulation for pipe: glass wool 0.033 W/(mK) 

Thickness of insulation 0.1 m 

Thermal conductivity of soil 0.2558 W/(mK) 

Table 3 shows the soil temperature and the HP makeup water temperature under the given conditions. All the 
conditions were measured every hour, and the data between the measurements were linearly interpolated. Table 4 
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The parameter values are given in the table below. This model describes the partial load characteristics of an actual 
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if 30 and 70 °C respectively. The regression coefficient aj of the model was determined based on manufacturer data. 
The model does not consider the heat capacity of the equipment.  

Parameter Definition Unit 
Ratio of the COP at a partial load to the Carnot COP - 
Ratio of the rated COP to the Carnot COP - 

COP, COP0 COPs at a partial load and the rated load - 
COPcarnot COP of the Carnot cycle - 
yPL Partial load ratio - 
aj Regression parameters - 
Teva_out Temperature of evaporator outlet, approximate heat source water temperature of HP outlet °C 
Tcon_out Temperature of condenser outlet, approximate hot water temperature of HP outlet °C 

Subscripted 0 indicates parameters under rated power conditions - 

• Pipe 
For the pipe model, the 1D thermal conduction equation was solved. Because spatial differentiation is not 

necessary to solve the 1D heat conduction equation when using a lumped parameter model, it was assumed in this 
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network, and the conditions set for Nos. 1 and 3 correspond to the hourly demand obtained from the actual 
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Hotel ID 
number 

Number of 
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Hot water heat 
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Purchased hot spring 
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(52.5 °C) 
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for heat recovery 

GJ/day t/day t/day t/day 
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Sum 330 49.5 240 711 1,333 

Table 2. Total daily hot water demand of six facilities in each season [GJ/day] 
Apr. Aug. Oct. Dec. 
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Soil temp. 12.2 24.7 17.7 11.6 
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Density of pipe 1.43 × 103 kg/m3

Diameter of pipe Outside: 114, Inside: 100 mm 
Insulation for pipe: glass wool 0.033 W/(mK) 

Thickness of insulation 0.1 m 

Thermal conductivity of soil 0.2558 W/(mK) 

Table 3 shows the soil temperature and the HP makeup water temperature under the given conditions. All the 
conditions were measured every hour, and the data between the measurements were linearly interpolated. Table 4 
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gives the parameters for the piping used in the heat source water network and the centralized heat supply system. The 
heat source water network piping is a unidirectional single loop with a total length of 1000 m buried at a soil depth of 
0.6 m. In the case of the centralized heat supply system, the piping for the hot spring water distributed over the six 
facilities is 500 m in length, and the facilities are arranged at intervals along this piping. The distance between Nos. 1 
and 2 is 90 m, and the distance between the remaining facilities is 80 m. Circulation piping for the hot water supply 
was set to 1000 m in length. 

4. Results 

Numerical simulation was conducted in the Dymola environment with the Modelica Buildings library. Fig. 4 shows 
the heat balance between the hot water demand and the HP production heat at Nos. 1 and 3. The hot water demand 
schedule was determined based on the original unit for the design of the accommodation facilities. With the hot water 
tank at each facility utilized, the HP for hot water was set to operate at the rated power for 22 h/day. The rated power 
of the HP heating capability was determined so as to satisfy the hot water demand each day. 

a. Hotel No. 1 b. Hotel No. 3 
Fig. 4. Behavior of HP and heat balance in each facility 

The temperature results for the heat source network in December are shown in Fig. 5. Fig. 5-a shows the estimated 
temperature of the heat source water inside each facility just before exchanging heat with the heat source water 
network. Fig. 5-b shows the heat source water temperature in the network piping just before exchanging heat with the 
heat source water inside each facility. The highest daily average value of the heat source water temperature was 
30.4 °C, which was recorded inside No. 2, one of the facilities with a hot spring source well. The lowest daily average 
value of the heat source water temperature was 21.2 °C, which was recorded inside No. 6, a facility without a source 
well. There is a 9.2 °C difference between Nos. 2 and 6, which leads to a difference in the COPs of the corresponding 
HP water heaters. The highest daily average COP of the HP water heaters was 4.85 at No. 2, and the lowest was 4.39 
at No. 6. The heat source water temperature inside each facility rises over the 2 h during which the HP is not operated. 
Fig. 5-b shows the results for the heat source water temperature of the network, which demonstrate that this 
temperature is kept stable in the range of 25–35 °C throughout the day. Because the temperatures of the heat source 
water inside Nos. 1 and 2 are higher than that inside the network, these hotels mainly discharge heat to the network. 
In contrast, Nos. 3–6 mainly draw heat from the network.  

Fig. 6-a shows the heat source temperature at the HP inlet for the two considered systems. The yearly average heat 
source water temperatures of the network and centralized systems were estimated to be 24.4 and 15.1 °C, respectively. 
Fig. 6-b shows the average COP of the HP water heaters for the two systems, the yearly averages of which were 
estimated to be 4.56 and 3.24, respectively. The reason the COP of the centralized system was lower than that of the 
network system is that heat source water in the centralized system is heated by only exchanging heat with the hot 
spring source water whereas that in the network system is heated by exchanging heat with both hot spring water and 
waste water at each facility. 

Fig. 7 shows the primary energy consumption of the two considered systems. The primary energy consumption of 
the heat source water network reached a peak of 41 GJ/day in December when the hot water demand was the largest, 
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and the reduction in energy consumption was estimated to be 17.6% relative to that of the centralized heat supply 
system, which was 50 GJ/day. In contrast, in August, when the hot water demand was the smallest, the primary energy 
consumption of the heat source water network was estimated to be 8.9% higher than that of the centralized system. 
Although the power consumption of the HPs in August was estimated to be 9.4% lower for the network than for the 
centralized system, that of the circulation pump for the heat source water in the network was estimated be 1.6 times 
that of the centralized plant, offsetting the benefit achieved by reducing the HP consumption. This demonstrates that 
the total energy consumption of the network may be higher than that of the centralized system in summer when the 
hot water demand is low. In April and October, the network achieved a power consumption reduction of 13.5% and 
4%, respectively, relative to the centralized system. 

 
a. Average heat source water temperatures inside the facilities

 
b. Average heat source water temperatures of the network

Fig. 5. Temperature of the heat source water of the network and inside each facility in December 

a. Average heat source water temperature of HP inlet b. Average COP of HP water heater 
Fig. 6. HP performances of the system, CNT: centralized heat supply system, NTW: heat source water network, each season 

 
Fig. 7. Primary energy consumption 

BLR: individual boiler system, CNT: centralized heat supply system, NTW: heat source water network 

In comparison with the individual boiler system, the centralized heat supply and heat source water network systems 
achieve power consumption reductions of 25.5% and 30.6%, respectively. The COPs of the boiler, centralized, and 
network systems including auxiliary machineries based on the primary energy consumption in December were 
estimated to be 0.77, 0.99, and 1.20, respectively. It was thus demonstrated that the energy saving performance of the 
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and the reduction in energy consumption was estimated to be 17.6% relative to that of the centralized heat supply 
system, which was 50 GJ/day. In contrast, in August, when the hot water demand was the smallest, the primary energy 
consumption of the heat source water network was estimated to be 8.9% higher than that of the centralized system. 
Although the power consumption of the HPs in August was estimated to be 9.4% lower for the network than for the 
centralized system, that of the circulation pump for the heat source water in the network was estimated be 1.6 times 
that of the centralized plant, offsetting the benefit achieved by reducing the HP consumption. This demonstrates that 
the total energy consumption of the network may be higher than that of the centralized system in summer when the 
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proposed hot spring heat utilization networked system is superior to the other system from the perspective of primary 
energy consumption performance. 

5. Conclusions 

In this study, a heat source water network system for utilizing hot spring heat was proposed, and a feasibility study 
on the heat source water network system was conducted using a model network of six facilities simulated in Modelica 
to estimate the energy saving effect of the network relative to conventional hot water supply systems. The results of 
this study demonstrate that the proposed heat source water network system comprising multiple connected HP hot 
water heaters can utilize the heat from multiple hot springs to supply each facility in the network and optimize the 
primary energy consumption of the entire community.  

The main results can be summarized as follows. 
(1) The yearly average COP of the heat source water network and centralized heat supply systems when applied 

to the considered community of facilities were estimated to be is 4.56 and 3.24, respectively. 
(2) In comparison with the centralized heat supply system, the proposed network system was confirmed to 

conserve energy except in August. The reduction in energy consumption was particularly high at 17.6% in 
December. However, in August, the use of the network system was estimated to increase the primary energy 
consumption by 8.9% in comparison with the centralized system. 

(3) The system COPs including auxiliary machineries based on the primary energy consumption in December 
were estimated to be 0.77 for the boiler system, 0.99 for the centralized heat supply system, and 1.20 for the 
heat source water network system. 

Finally, comparing the initial costs of the two systems, the proposed network system and the centralized system, 
we found that there is a cost benefit for the former because the heat source water network system assumes piping 
without insulation, owing to the similar temperature of the heat source water and the temperature underground.  
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The design of future district heating network will focus on two major aspects: The first of which is boosting the share of 
renewable heat in overall energy mix, and the second of which is to achieve lower network operating temperatures, thus 
increasing the potential for integrating new alternative heat sources. Renewable heat sources by their nature are highly fluctuating 
and require thermal storage and sophisticated control strategies to be utilized efficiently. Static modelling and simulation tools 
are incapable of capturing the dynamic effects and necessary control strategies that come with such complex systems. The work 
in this paper will outline how Dymola, a Modelica based simulation tool is capable of handling such complexity. The first section 
will outline an automated workflow to translate CAD drawings into functioning Dymola models. The next sections will upgrade 
a small heating network model to a future system with the addition of a large thermal storage tank, solar collectors and 
prosumers. The last section will demonstrate a concept to achieve lower network operating temperatures by simulating the 
network with a branch supplied by the return pipeline. The addition of the storage tank and solar showed an increase of the 
combined biomass and solar from 82% to 93% over the reference time frame. The second use case demonstrated a 12% reduction 
in network heat losses for a given week by implementing the lower temperature branch.  
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combined biomass and solar from 82% to 93% over the reference time frame. The second use case demonstrated a 12% reduction 
in network heat losses for a given week by implementing the lower temperature branch.  
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1. Main text  

1.1 Introduction 

 Until recent times, the classic district heating networks could be characterized by high temperature, pressurized water 
or steam driven heat, produced almost exclusively by coal, oil or gas based fuels. The associated network operating 
control strategies were relatively simple, with typically one or two centralized heating plants covering the entire 
network heating demand. Supply temperatures and heat production rates were regulated based on heuristic methods 
based on long term weather forecasting and “rule of thumb” approximations.  As a consequence, production plants 
spend a large amount of time operating in an inefficient way with unnecessary plant start-ups and shut downs occurring 
to match the network demand.  
 
 The design and operation of district heating networks has since seen a major overhaul, with a focus on large scale 
integration of fluctuating renewable heat sources with the aim of achieving a fully decarbonised, flexible heat supply. 
Future district heating systems also strive towards lowering network temperatures in order maximise potential of 
alternative heat sources in the network such as solar, geothermal and industrial waste heat as well as to reduce heat 
losses in the distribution lines and increase the coefficient of performance of any heat pumps integrated into the 
network [1]. 
 
 Previous research has shown that district heating and cooling infrastructure has the potential to play a key role in the 
transition towards fully decarbonised, flexible, sustainable energy systems [2, 3]. Multiple options exist for increasing 
energy system flexibility, including combining the heating grid with other energy domains such as electrical and gas 
networks , increasing supply and demand flexibility through integrating of large thermal energy storage technologies 
and increasing the transmission capacity of the national grid as well as interconnections to other countries.  
 
 The integration of all of these technologies and flexibility measures leads to an inevitable increase in network 
complexity. Future district heating networks will see a large number of additional decentralised heat sources, many 
of which will need to be coupled with storage for short or long term periods to match the instantaneous heating 
demand. Despite the rapidly growing list of opportunities, the planning and efficient operation of such networks 
presents an immense challenge. 
 
  Many of the standard simulation tools and methods for analysing heating networks are unsuitable for addressing such 
complexity, because they often rely on simplified models, static relationships and single-domain approaches [4]. One 
consequence of this among others, is that they are frequently unable to capture the dynamic behaviour of such complex 
systems and the interaction between included components. It is therefore necessary to adapt to sophisticated, dynamic 
simulation tools and control strategies.  
 
 Recent advances in object-oriented, physical modelling of energy systems has led to potential for developing novel 
tools for system planning and operation control that focus specifically on these new challenges. The modelling 
language Modelica is a promising candidate to become standard for industry and academia in the field of dynamic 
modelling, and in particular, modelling of multi-domain systems [5]. Modelica is a well-established modelling 
language in industry (7% of German power production is based on Modelica models [6] and academia). A general 
distinction can be drawn between block diagram modelling (also known as causal modelling) using imperative 
programming languages and equation-based modelling (also known as acausal modelling). Equation-based languages 
are most advantageous for: 

• representing the physical structure of systems as it enables the modeller to model the system directly by 
means of physical equations. The causality of how to solve the equations is not decided during the modelling 
stage, which means that the usual need for manual conversion of equations to a block diagram is removed. 

• reusability, extensibility, adaptability of models and  

• being simple to code and read.  

• are preferable for optimization tasks [7] 
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In the first section of this paper, we describe a framework for modelling and simulating such networks using Dymola 
as a simulation environment with an example focusing on converting an existing network to a 4th generation district 
heating system. The impacts of thermal energy storage, large scale solar thermal collector fields and prosumers will 
be demonstrated. The second use case will outline a method to convert a branch of the chosen network to a low 
temperature branch by supplying its consumers with heat from the return pipeline. 
 
We will thus highlight the differences between standard tools for planning and design of the systems with our approach 
and show the added value in terms of accuracy and representation of dynamics, which will become a vital feature of 
future DH systems.  

 

1.1. Network Modelling and Simulation Workflow 

To manually build a district heating network simulation model of any significant level of detail would be an arduous 
and time consuming task, not to mention highly prone to human error. A better approach is to implement an 
automated work flow to go from a CAD drawing of the network plan all the way to executable Modelica code. This 
is done in a number of steps: 

1. Assuming the network representation has embedded GIS data, one can export main pipeline, producer and 
consumer coordinates from the CAD using Python scripts.  

2. Using the Python Package, NetworkX, pipes and consumers can be represented as a collection of connected 
“edges” and nodes” respectively. Both have a dictionary format which stores data and parameters such as 
coordinates, loads, temperatures, pipe diameters, and insulation thickness’ etc. 

3. Another Python script translates this plan to executable Modelica code which can be interpreted by Dymola 
which allocates the models to each consumer, producer and pipe.  

 
 

 

 

 

Dymola is supported a by wide array of open source and commercial libraries containing detailed components for 

heating network building and simulation. A dynamic pipe model developed by van der Heijde et al. [8] will be 

incorporated in the use cases here to accurately capture heat wave propagation throughout the network.  

 

 

 

 

Fig 1: Left: Network Plan in CAD format; Middle: NetworkX representation in Python; Right: Network Translated to Dymola Model 
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Any additional data relating to network operating temperature or demand profiles are read typically from txt files 

directly from Dymola. Dymola’s intuitive block diagram layout and wide range of logical operator allow for relative 

ease in implementing simple control strategies in the model environment. A very useful step to aid in the interpretation 

of the obtained results would be to produce a visualization. This can be done as a post processing step outside of 

Dymola by importing the results back into the Python representation of the network. Color coding can be applied to 

each element in the network at a given time step, to represent any result variable of interest, for example – pressure 

and temperature distributions in the pipeline, instantaneous consumers loads, heat loss distributions and more. By 

compiling the images at every time step in the simulation, an animation can be created to see the propagation of 

temperature and pressure waves throughout the network. A similar study on network visualization methodology using 

Dymola has previously been carried out here [9]. 

 

 

The entire workflow including pre and post processing steps are outlined in the flow chart in Fig 2 below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Network Modelling Workflow 
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1.2. Case Study 1: Upgrading an Existing Heating Network to a 4th Generation Network: 

 The following example demonstrates the capabilities of Modelica in modelling and simulating a DHN by taking an 
existing network and upgrading it to a typical 3-4th generation network with the addition of small and large scale 
solar collectors. The results aim to demonstrate the capability of Dymola of capturing a number of complex dynamic 
effects. 

Base Case 

The base case represents one supplying a small town in Austria with some future planned network extensions 
already in place. The specifications for this base case do not reflect exactly those of the network, but serve rather as 
a potential future situation. The simulated network consists of: 

• 116 consumers – nominal load 8.5MW 

• Mean supply return temperatures 88/55oC 

• Three production sites: 
o Base load supplied by Biomass plant – capacity 3.5MW 
o Peak load supplied by a gas boiler of capacity 2MW 
o Constant 300kWth from CHP in the south east. 

• Approx. 7km of pipeline. 
Consumer load profiles were used from existing load data from the year 2015. The main pressure control is 
implemented at the Biomass plant in the south east which provides a pressure drop such that the minimum pressure 
drop in the network at some critical consumer (usually the furthest away) is at least 0.5bar. The required mass flow 
is then computed indirectly as a function of the pressure drop. 

Upgraded Network 

The upgraded case was kept like above with the addition of: 

• Three large consumers converted to prosumers with a total area of 150m2 of solar thermal collectors.  

• Large solar thermal collector field 1350m2 added and coupled to storage. 

• 750 m3 thermal storage tank next to the Biomass plant. 
 

 The purpose of the storage tank is to allow for increased hours of the biomass plant, thus increasing its operating 
efficiency. Excess heat from the Biomass plant is stored in the tank during periods of low demand and discharged 
during times of high demand. Aside from increasing the output of the biomass, the additional heat from the tank will 
help reduce the dependency of the gas boiler during periods of high demand, thus reducing the overall CO2 emission 
levels. 

 A stratified tank model developed by Modelica Buildings Library (Berkley), is used for the simulation. A control 
strategy is implemented to assess when to charge and discharge the tank based on current network demand levels 
and minimum and maximum permissible tank temperatures.  The biomass plant was configured to run at a constant 
output of 3MW with any surplus heat used to charge the tank during times of low demand. At times of higher 
demand, the tank is then discharged into the network cover the remaining load. Only when the tank is fully 
discharged and total net load is above 3MW is the gas boiler switched on. The idea is reduce the dependency on the 
gas boiler while also operating the biomass boiler at a more efficient output level. The tank is considered to be fully 
charged when the temperature of the storage medium reaches that of the network supply right through. The tank is 
considered to be fully discharged when the temperature of the storage medium reaches that of the network return 
temperature right through. 
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   For the solar facilities, a weather data file is read at every simulation time step with the global irradiance, G, angle 

of incidence, θ and ambient air temperature Tamb serving as inputs to the collector model.  

 
 The collector model itself   assumes a flat plat collector with a collector area, A, in a horizontal configuration. An 
average collector temperature of 70 degrees is specified and the collected heat can therefore be calculated from Eq. 
(1). 
  =                                      (1) 
 

Where 	is the collector efficiency calculated from Eq. (2) 
 

 =   − ,
,. − ,

,.             (2) 

 

 Where F is a function of the angle of incidence θ,  
 ,  and  are constants and properties of the collector itself. The mass flow is achieved via a circulation pump 
which only switches on once the irradiance exceeds a specified minimum value Gmin. The prosumers consume the 
solar heat instantaneously to meet their total heating demand. During periods of net demand, the deficit is taken 
from the network while during periods of negative net demand, the excess solar heat is fed directly into the grid.  

 

Results 

 
 A detailed simulation was ran over a four month period from late winter into spring (Jan 1st to April 30th). Spring 
time was chosen to observe a period with significant heating demand with growing solar thermal potential 
throughout the period. To observe the daily heat flows in and out of the storage as well as the heat production at the 
additional solar collector sites, a two week period of the results are presented below in simulated plots in Figure 3. 
The top graph illustrates the total network load over a one week period with clear times of tank charging and 
discharging shaded. The corresponding state of charge of the stratified tank can be overserved in the lower plot with 
the temperature distribution shown throughout.  
 

 

Figure 3: Top: Two week of simulation with total production with indicated energy to and from the storage component; Bottom: Temperature 

distribution in the tank 

The plot below illustrates the hourly solar production at one of the prosumers with regions of net negative load 
being fed back into the net: 
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Figure 4: 12 days result plot of 300kW prosumer with 150m2 Collector: Output vs Consumption 

 
The bar chart in Figure 5 gives a breakdown of the energy mix over the given period for three different scenarios:  

i. Base case with no solar or buffer storage 
ii. Upgraded case with only solar installations present 

iii. Upgraded case with buffer storage and solar installations present  

 

Figure 5: Total Energy Consumption Jan-April Period for Base case and upgraded scenarios 

The dependency of the gas boiler is significantly reduced with the addition of the storage tank, with its output being 
reduced from 671MWh down to 291MWh over the four month period. With the addition of the solar collectors, its 
output is further reduced to just 48MWh over the given period. The heat output from the CHP is fixed and not 
affected by the implementation of storage or solar components. The corresponding percentage breakdown for the 
period for the three different scenarios is given in Figure 6. 
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Figure 6: Energy Mix for Base Case and Upgraded scenarios 

 
The solar energy produced here was fed directly into the grid which is favourable over such a Winter/Spring period 
with a reasonably high heat demand. The 1,500m2 of solar collector surface added here accounted for approximately 
20% of the overall heat demand of the network over the given period. For a summer period simulation, further 
control strategies will need to be implemented to store as much excess solar heat as possible, which can be 
discharged at times of higher demand in autumn and Winter. 
 

1.3. Case Study 2: Low temperature supply concept – Supplying from the Return Pipeline. 

 This case study will demonstrate an innovative method to lower the network operating temperatures in a small 
branch of the network by connecting a number of consumers via the return pipeline of the network, thus lowering 
the overall network heat losses while allowing for additional network capacity without the need to increase the 
pressure level. The branch to be supplied by the return pipe line consists of 20 consumers, approx. 1.2km of supply 
pipeline and a total nominal load of 1.5MW. The set condition imposed on the network is to achieve a minimum 
temperature of 60 degrees at each consumer substation. The actual network return temperature is varying about 50-
60 degrees depending on location and time of year. In order to meet the required supply temperature, an additional 
pipeline is connected to enable partial mixing with fluid from the main supply pipeline when necessary. The mixing 
and subsequent temperature at the substation is regulated by a PID controlled valve. To ensure adequate circulation, 
pumps are implemented to the return side of the consumers to raise the fluid pressure back to that at the connection 
points back into the main return pipeline. The associated pumping costs will be examined. The working principal is 
illustrated below. 
 

 

Figure 7: Supplying a consumer connected to the return pipeline - working principal 

 

 Author name / Energy Procedia 00 (2018) 000–000  9 

 
 
Results 
A week long simulation study was carried out during a typical winter week to compare the differences with and 
without the branch being supplied from the return pipeline. In Figure 8, the top plot shows a significant reduction in 
total network distribution heat losses with the branch being supplied from the return. The total energy savings from 
heat losses over the week period amounted to 3.75MWh which is approximately 12% for the given week. 
The bottom plot shows a reduction in mean return temperature as it returns back to the biomass plant with a drop 
from approx. 58˚C to 42˚C degrees over the simulation period.  
 

 

Figure 8: Supply from return result comparison. Top: total network distribution losses. Bottom: Comparison of return temperatures at Biomass 

production plant 

The associated additional pumping energy was also accounted for which amounted to 0.27MWh to maintain the 
imposed minimum pressure drop of 0.5bar across all consumers while retaining adequate flow circulation 
throughout the whole network.  
 
The outlined approach above can be used to achieve at least partially lower temperature conditions in existing 
networks where the targeted consumers are adequately equipped to operate at low temperature conditions.  
 
Conclusions: 
 
We have shown that dynamic modelling in combination with suitable additional scripting tools offers great 
flexibility and potential to address challenges in the modelling and later control of 4th generation district heating 
system. We have demonstrated how the impacts of thermal energy storage, large scale solar thermal collector fields 
and prosumers can be included and how low-temperature branches supplied by the heat from the return pipeline can 
be evaluated. The next steps in this line of development will be the inclusion of MPC strategies and the reduction of 
complexity by aggregation to reduce computing time. 
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without the branch being supplied from the return pipeline. In Figure 8, the top plot shows a significant reduction in 
total network distribution heat losses with the branch being supplied from the return. The total energy savings from 
heat losses over the week period amounted to 3.75MWh which is approximately 12% for the given week. 
The bottom plot shows a reduction in mean return temperature as it returns back to the biomass plant with a drop 
from approx. 58˚C to 42˚C degrees over the simulation period.  
 

 

Figure 8: Supply from return result comparison. Top: total network distribution losses. Bottom: Comparison of return temperatures at Biomass 

production plant 

The associated additional pumping energy was also accounted for which amounted to 0.27MWh to maintain the 
imposed minimum pressure drop of 0.5bar across all consumers while retaining adequate flow circulation 
throughout the whole network.  
 
The outlined approach above can be used to achieve at least partially lower temperature conditions in existing 
networks where the targeted consumers are adequately equipped to operate at low temperature conditions.  
 
Conclusions: 
 
We have shown that dynamic modelling in combination with suitable additional scripting tools offers great 
flexibility and potential to address challenges in the modelling and later control of 4th generation district heating 
system. We have demonstrated how the impacts of thermal energy storage, large scale solar thermal collector fields 
and prosumers can be included and how low-temperature branches supplied by the heat from the return pipeline can 
be evaluated. The next steps in this line of development will be the inclusion of MPC strategies and the reduction of 
complexity by aggregation to reduce computing time. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Ongoing research activities at TU Darmstadt aim at improving the energy efficiency of its Campus “Lichtwiese”. In accordance 

with the national climate protection goals, CO2 emissions shall be reduced by 80 percent until 2050 compared to the level of 1990. 

The district heating and cooling networks and the combined heat and power (CHP) generation play a key role in the university’s 

energy efficiency strategy. The following components for future development are represented in a thermal model of the campus: 

(1) The cooling supply is switched from compression to absorption chillers supplied with CHP heat, in order to increase the 

operating time of the CHP plants, especially in the summer. (2) Thermal energy storage along with a predictive control algorithm 

for the operation of the energy system is implemented to increase the flexibility of the energy supply. This approach also allows to 

increase the operating time of the CHP plants. (3) The district heating network temperatures, currently depending solely on ambient 

temperatures, can be reduced considering the heat supply temperature inside the buildings. Thereby, the efficiency of the heat 

distribution is increased and alternative heat sources can be integrated more easily in the future. 
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These components are combined in four different scenarios in order to understand their impact on possible CO2 emissions and 

primary energy savings compared to the reference scenario. The components can generate significant efficiency gains at reasonable 

cost and make a contribution to reach the university’s climate protection goals. 
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Nomenclature 

Symbols 
𝑓𝑓𝐶𝐶𝑂𝑂2 Total CO2 emissions in optimization 

scenario in tCO2 
𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔   CO2 emission factor gas in tCO2/MWh 
𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 CO2 emission factor grid electric power 

in tCO2/MWh 
�̇�𝑄𝑁𝑁𝑁𝑁  Thermal network losses in kW 
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇  Storage heat content in MWh 
�̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑔𝑔𝑖𝑖  Heat flow charging storage in kW 
�̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑜𝑜𝑜𝑜𝑜𝑜  Heat flow discharging storage in kW 
�̇�𝑄𝑜𝑜ℎ,𝐶𝐶𝐶𝐶𝐶𝐶  Heat generation CHP in kW 
�̇�𝑄𝑜𝑜ℎ,𝑏𝑏𝑜𝑜𝑔𝑔𝑏𝑏𝑏𝑏𝑔𝑔   Heat generation boilers in kW 
�̇�𝑄𝑜𝑜ℎ,𝑀𝑀𝑇𝑇 Heat demand mechanical 
 engineering in kW 
�̇�𝑄𝑜𝑜ℎ,𝑜𝑜𝑜𝑜𝑜𝑜  Total heat demand in kW 
 
 

 
𝑃𝑃𝑏𝑏𝑏𝑏,𝐶𝐶𝐶𝐶𝐶𝐶  Electric power generation CHP in kW 
𝑃𝑃𝑏𝑏𝑏𝑏,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  Grid electric power demand in kW 
𝑃𝑃𝑏𝑏𝑏𝑏,𝑜𝑜𝑜𝑜𝑜𝑜  Total electric power demand in kW 
𝑡𝑡  Point in time in hours 
Δ𝑡𝑡  Time step for simulation (1 hour) 
𝑇𝑇𝑔𝑔  Ground temperature in °C 
𝑇𝑇𝑔𝑔𝑎𝑎𝑏𝑏,𝑜𝑜ℎ𝑔𝑔 Heating threshold ambient temperature 

in °C 
𝑇𝑇𝑇𝑇  Network supply temperature in °C 
𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇  Storage efficiency 
𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶𝐶𝐶  Total efficiency CHP 
𝜎𝜎𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶  CHP coefficient 
 
Abbreviations 
4GDH  4th Generation District Heating 
CHP  Combined Heat and Power 
HPS  Heat and Power Station 
TRY  Test Reference Year

1. Introduction 

In order to reach climate protection goals, energy transition and efficiency must not only be tackled on a national, 
but also on a local level, especially for building heating and cooling purposes. District heating and cooling will play 
a major role in local energy efficiency strategies in the future, because they are able to connect heat sources and sinks 
over greater distances, e.g. industrial plants emitting waste heat and residential buildings with heat demand [1]. In 
order to prepare district energy systems for future changes in energy supply as well as demand, the networks have to 
be transformed to 4th Generation District Heating (4GDH) as defined in [2]. The idea of 4GDH is to improve the 
possibility to integrate fluctuating, decentralized and low-temperature heat sources into a district heating system, such 
as renewable sources or waste heat from industry or data centers. Therefore, network temperatures have to be lowered 
[3], thermal storage has to be implemented [4] and intelligent control strategies have to be developed [5]. In this paper, 
we use the case of TU Darmstadt’s Campus “Lichtwiese” to evaluate components that make it possible to transform 
an existing district energy system to 4GDH. We set up four scenarios to compare the impact of the different 
components in terms of CO2 emissions and primary energy input to the reference scenario of the 2016 state of the 
system. 
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These components are combined in four different scenarios in order to understand their impact on possible CO2 emissions and 

primary energy savings compared to the reference scenario. The components can generate significant efficiency gains at reasonable 

cost and make a contribution to reach the university’s climate protection goals. 
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1. Introduction 

In order to reach climate protection goals, energy transition and efficiency must not only be tackled on a national, 
but also on a local level, especially for building heating and cooling purposes. District heating and cooling will play 
a major role in local energy efficiency strategies in the future, because they are able to connect heat sources and sinks 
over greater distances, e.g. industrial plants emitting waste heat and residential buildings with heat demand [1]. In 
order to prepare district energy systems for future changes in energy supply as well as demand, the networks have to 
be transformed to 4th Generation District Heating (4GDH) as defined in [2]. The idea of 4GDH is to improve the 
possibility to integrate fluctuating, decentralized and low-temperature heat sources into a district heating system, such 
as renewable sources or waste heat from industry or data centers. Therefore, network temperatures have to be lowered 
[3], thermal storage has to be implemented [4] and intelligent control strategies have to be developed [5]. In this paper, 
we use the case of TU Darmstadt’s Campus “Lichtwiese” to evaluate components that make it possible to transform 
an existing district energy system to 4GDH. We set up four scenarios to compare the impact of the different 
components in terms of CO2 emissions and primary energy input to the reference scenario of the 2016 state of the 
system. 
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2. The TU Darmstadt Campus Lichtwiese district heating and district cooling networks 

TU Darmstadt’s Campus Lichtwiese is a typical university campus erected on the outskirts of Darmstadt in the 
1960s and expanded repeatedly. In 2016, it comprised 40 buildings with a total net internal area of more than 
200000 m² for lecture halls, offices, laboratories, workshops and auxiliary buildings, such as a dining hall and the 
university heat and power station (HPS). Most buildings were constructed in the 1960s and 1970s, but in recent years, 
construction activity has increased again and several modern buildings with low energy and temperature demand were 
added. As of 2016, heat for the campus is supplied using three gas engine combined heat and power (CHP) plants 
(2 MWth each) as well as six gas boilers (9.3 MWth each). The CHP plants also provide electric power (1.9 MWel each) 
and generate about 60 % of the electric energy needed at the university. In 2017, the campus energy system was 
expanded by the construction of a district cooling network.  

Currently, an absorption chiller (1 MW) and an additional CHP plant (3.3 MWel / 3.0 MWth) as well as thermal 
storage are under construction. The campus heat demand is about 23 GWh/a, its electric energy demand 32 GWh/a 
and its cooling demand 18.5 GWh/a. 

TU Darmstadt owns a district heating system with a total length of 28 km, 6.5 km of which connect Campus 
Lichtwiese (Fig. 1). The district heating supply temperature varies between 65 °C and 110 °C, the return temperature 
between 45 °C and 75 °C. The new district cooling network operates with a supply temperature of 6 °C and a return 
temperature of 12 °C. The HPS situated on Campus Lichtwiese does not only supply the campus itself with heat and 
power, but also other university sites and additional public buildings in the city center of Darmstadt. District cooling 
on the other hand is only available on campus.  

3. Modeling approach and energy demand profiles  

To quantify the impact of possible future adaptations in the energy system, we develop a model of Campus Lichtwiese 
including heating and cooling generation as well as networks. For modeling purposes, we use MATLAB/Simulink 
including the CARNOT Toolbox [6].  

3.1. District heating model input data 

On the heating side, the model serves to calculate network heat losses, temperature distribution across the network, 
and primary energy input as well as CO2 emissions to supply the necessary heat and power. Since we focus on the 

Fig. 1: Campus Lichtwiese District Heating and District Cooling network (adapted from Google Maps) 
network 
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generation and distribution side of the system, we do not include physical representations of the buildings but rather 
use hourly heat demand and return flow temperature profiles of each building as model input. Additionally, we use 
the network supply temperature at the HPS. We calculate the hydraulic losses within the network. The losses in the 
network itself are small compared to the losses inside the buildings where heat exchangers and room heaters generate 
the main part of the hydraulic losses. Therefore, we use the literature value of 0.5 % of the building heat demand [7] 
to account for the electric power demand of the network pump that results from hydraulic losses. 

3.2. Standardized profiles for building heat demand and return flow temperatures 

Heat demand and return flow temperatures depend on weather conditions, therefore simulation results from different 
years cannot easily be compared to each other. Accordingly, we transform single year heat demand and temperature 
profiles to standardized profiles using the test reference year (TRY) weather data [8]. This makes the results of the 
study independent from weather influences of one specific year. We develop regression models for each building to 
explain daily heat demand and daily average return temperatures depending on average ambient temperatures. To 
account for the building heat storage capacity, we consider a weighted ambient temperature including the influence 
of the three previous days. The regression model we selected is a piecewise function separated at the heating threshold 
ambient temperature 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑡𝑡ℎ𝑟𝑟 = 15 °C  (Fig. 2). Above this temperature, heat demand only serves for hot water 
preparation and does not depend on the ambient temperature anymore. We create different regression models for 
weekdays and weekends since heat demand patterns slightly differ between these cases. We validate the profiles using 
them to predict heat demand and temperature profiles for real ambient temperatures and comparing them to the 
measured data (Fig. 3). The annual average deviation between measurement and model in 2017 is about 2-3 %, 
depending on the building. 

3.3. District cooling model input data 

Along with the model for the district heating system, we dispose of a model for the district cooling system. We do not 
yet have detailed information on the cooling demand of individual buildings but rely on one aggregated load profile 
for the whole campus. The main cooling demand originates from the data center and from experiments in chemical or 
material research. For the data center, the cooling demand is approximately �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 500 kW. For the other main users, 
we calculate the cooling demand using supply and return temperatures which are available in the university’s building 
control system. For all remaining buildings, we estimate the cooling demand calculating the impact of internal and 
external heat sources according to VDI 2078 [9]. We combine all sources available to generate an overall annual load 
profile for the campus. Considering the fact that detailed cooling load profiles are not available for all buildings, it 
does not make sense to establish a detailed model of the cooling network representing the physical setup in detail. 
Instead, we opted for an aggregated modeling approach and do not calculate temperature and mass flow distribution 
in the network but only cooling energy. We also neglect thermal losses in district cooling as network temperatures are 
in the range of the ground temperature (𝑇𝑇𝑔𝑔 = 10 °C for Darmstadt) and losses due to heat input into the network are 
very small. On the other hand, hydraulic losses play a more important role in district cooling than they do in district 

Fig. 2: Regression model for mechanical engineering building Fig. 3: Regression model validation for mechanical engineering building 
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heating. Due to the same reasons as mentioned for the heating case, also here we consider a literature value of 2 % of 
the cooling demand [7] as the electric power demand for the district cooling network pump.  

3.4. Electric power input data 

To account for the overall electric power demand, we rely on measurement data recorded at the transformers on 
Campus Lichtwiese in 2016. TU Darmstadt electric power bills show that this campus represents about half the 
university’s electric power demand, so we double the measurement data available to account for the total electric 
power demand we feed into our model. 

3.5. Cost calculation 

Along with primary energy input and CO2 emissions, our model is also able to calculate the operational costs of the 
energy generation. Because costs depend highly on the specific regulatory framework in Germany, we will not present 
cost related results in this paper. 

4. Modeling future network components 

We now want to introduce the future network components we investigate to improve the campus energy system. Some 
of these components are already in the course of implementation; others serve as ideas for future adaptations of the 
system. In this context, we concentrate on the potential savings of CO2 emissions and primary energy input in 
operation. CO2 emissions and primary energy input to produce new equipment are not considered. 

4.1. Summer use of CHP heat via absorption chillers 

Centralized cooling via absorption chillers is already in the course of implementation. TU Darmstadt is currently 
installing a 1 MW absorption chiller that connects heating and cooling generation using CHP heat as its input. This 
makes it possible to increase CHP heat and power generation, especially in the summer, when formerly heat demand 
was too low to operate the CHP plants and electric power had to be supplied by the grid. To reflect the system 
integration, we merge the models for heating and cooling into one combined simulation model. Although absorption 
cooling provides a significant part of the cooling demand in the future system, compression cooling will keep on 
playing an important role during wintertime, when the CHP plants are running at full load. Using the absorption 
cooling machines would mean to use boiler heat for cooling purposes, which is not favorable in terms of primary 
energy input or CO2 emissions. Therefore, we consider absorption cooling only when excess CHP capacity is available 
after supplying the heating demand. 

4.2. Integration of a central heat storage 

Integrating a central heat storage serves to increase the share of CHP heat and power generation and control the 
maximum peak in the heat and power plant’s gas demand. The storage technology we consider is a stratified sensible 
water storage, which can store heat at temperatures up to about 150 °C at the network’s pressure level (5.3 bar) and at 
very low cost. In order to investigate the potential of improved operating strategies, we consider a storage volume of 
2,200 m³, which allows storing heat for about 12-24 hours in spring and fall, depending on the heat load demand and 
the required temperatures. The storage is used to store CHP heat exclusively due to the high efficiency of the combined 
generation compared to the alternative of grid electric power and boiler heat.  
We integrate the heat storage into our system using an intelligent prediction and optimization algorithm. The goal of 
the optimization is to supply the necessary heat load using the available generation and storage units in a way that 
minimizes CO2 emissions. Before we can optimize the system operation, we first need to predict the overall heat load 
over the time horizon for which we want to create flexibility, in our case 24 hours. A longer horizon would only make 
sense if we considered a much bigger storage in order to not only disconnect heat supply and demand on a daily basis 
but also account for differences between weekdays and weekends or even seasonal patterns. If we did not predict the 
heat demand for our time horizon and were to optimize the system’s operation for each point in time individually, the 
storage would be discharged whenever possible. This would be the optimal solution for each individual step but not 
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the global optimum for a whole day. We carry out the heat load prediction in a separate, simplified and linearized 
model calculating only heat generation instead of the detailed temperature and mass flow calculation of the main 
model. Additionally, the prediction model uses a multiple polynomial regression model to account for the network 
heat losses instead of a detailed simulation of these losses. 
In order to be able to find global optima and to reduce simulation time, we apply a linear optimization algorithm. Our 
objective function states:  

𝑓𝑓𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔 ⋅ 𝑄𝑄𝑡𝑡ℎ,𝐶𝐶𝐶𝐶𝐶𝐶+𝑊𝑊𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶
𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡,𝐶𝐶𝐶𝐶𝐶𝐶

+  𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔 ⋅ 𝑄𝑄𝑏𝑏𝑡𝑡𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏
𝜂𝜂𝑏𝑏𝑡𝑡𝑏𝑏𝑒𝑒𝑒𝑒𝑏𝑏

+ 𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ⋅ 𝑊𝑊𝑒𝑒𝑒𝑒,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔   [t𝐶𝐶𝐶𝐶2] (1) 

We have to obey the following constraints:  
 �̇�𝑄𝑡𝑡ℎ,𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) +  �̇�𝑄𝑡𝑡ℎ,𝑏𝑏𝑏𝑏𝑔𝑔𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡) −  �̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑔𝑔𝑖𝑖(𝑡𝑡) + �̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑏𝑏𝑜𝑜𝑡𝑡(𝑡𝑡) =  �̇�𝑄𝑡𝑡ℎ,𝑡𝑡𝑏𝑏𝑡𝑡(𝑡𝑡) + �̇�𝑄𝑁𝑁𝑁𝑁(𝑡𝑡) [kW] (2) 
 𝑃𝑃𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) +  𝑃𝑃𝑒𝑒𝑒𝑒,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡) =  𝑃𝑃𝑒𝑒𝑒𝑒,𝑡𝑡𝑏𝑏𝑡𝑡(𝑡𝑡) [kW] (3) 
 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡 − Δ𝑡𝑡) ⋅ 𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇 + �̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑔𝑔𝑖𝑖(𝑡𝑡 − Δ𝑡𝑡) ⋅ Δ𝑡𝑡 − �̇�𝑄𝑇𝑇𝑇𝑇𝑇𝑇,𝑏𝑏𝑜𝑜𝑡𝑡(𝑡𝑡 − Δ𝑡𝑡) ⋅ Δ𝑡𝑡 = 𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) [MWh] (4) 
 �̇�𝑄𝑡𝑡ℎ,𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) ⋅  𝜎𝜎𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑃𝑃𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)  [kW] (5) 
 𝑃𝑃𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶 ≤  𝑃𝑃𝑒𝑒𝑒𝑒,𝑡𝑡𝑏𝑏𝑡𝑡  [kW] (6) 

For each hourly time step, we predict and optimize the operation for the next 24 hours, but only use the result for one 
step and return to do the same exercise again after simulating one step in the main model using the optimization result 
(receding horizon). 

4.3. Decrease of network temperatures 

Lowering the district heating network temperatures is the last approach we investigate to improve the Campus 
Lichtwiese energy system. As stated in numerous publications on 4th Generation District Heating [2,3,10,11], lower 
network temperatures are the key factor to prepare district heating for a sustainable future. Lower temperatures 
decrease heat losses in the network itself and, very importantly, make it possible to integrate low temperature 
renewable heat sources such as solar, geothermal, or waste heat. Waste heat integration from industrial processes or 
data centers is especially interesting because it saves energy twice, for heating as well as for cooling of the processes 
considered [12]. Nowadays, such concepts often fail due to a lack of adequate sinks for waste heat with suitable heat 
and temperature demand. The lower the network temperatures get, the easier it becomes to use a district heating 
network to distribute heat from alternative energy sources.On the supply side, temperature depends on the temperature 
demand of the most critical building and can be controlled centrally in the heat and power station. To determine 
necessary temperatures at Campus Lichtwiese, we compare primary side supply temperatures to secondary side supply 
temperatures increased by 4 K to account for the necessary temperature difference at the heat exchangers. This 
comparison reveals that throughout the year, primary side supply temperatures are 5-20 K higher than secondary side 
supply temperatures at the most critical building even after considering heat exchanger losses and are decreased before 
reaching the room heaters via a return flow addition. Therefore, even without energetic renovation of the buildings or 
the installation of new heaters, network supply temperatures could be decreased considerably (Fig. 4). On the return 
side, preliminary investigations for representative buildings have revealed that building return temperatures could be 
decreased by 10-15 K with only small adaptations on the heat transfer system inside the buildings. In the context of 
this study, we consider a return temperature reduction of 10 K for all buildings. 
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5. System adaptation scenarios 

To compare the impact of the different future components, we set up five different scenarios: 

 Reference scenario: The reference scenario is based on the 2016 campus energy system setup without absorption 
cooling, thermal storage, unrefurbished CHP plants and high network temperatures (𝑟𝑟𝑟𝑟𝑟𝑟) 

 Absorption chiller scenario: Fully connected system with new CHP plants and cooling generation based on CHP 
heat via absorption chillers (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎) 

 Temperature reduction: New CHP plants, decreased supply temperatures and exploitation of return flow 
temperature reduction potential (Δ𝑇𝑇) 

 TES scenario: New CHP plants and integration of a heat storage as well as application of a predictive optimization 
algorithm for the operation of the energy system (𝑇𝑇𝑇𝑇𝑇𝑇) 

 Combination scenario: Combination of all proposed components (𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎) 
Table 1 shows which ones of the future network components are integrated in which scenario: 

Table 1. Investigated scenarios 

 Old CHP New CHP High Temp. Low Temp. Absorp. Chiller TES 

𝑟𝑟𝑟𝑟𝑟𝑟 X  X    

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎  X X  X  

Δ 𝑇𝑇  X  X   

𝑇𝑇𝑇𝑇𝑇𝑇  X X   X 

𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎  X  X X X 

For the calculation of primary energy input and CO2 emissions, we use the factors listed in Table 2: 

Table 2. Primary energy and CO2 emission factors 

Factor Value Source 

Primary energy factor grid electric power 1.8 [13] 

Primary energy factor gas 1.1 [14] 

CO2 emissions factor grid electric power 0.527 tCO2/MWh [15] 

CO2 emissions factor gas 0.202 tCO2/MWh [16] 

Fig. 4: Comparison of primary and secondary side supply temperatures 
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6. Results and Discussion 

As we explained in chapter 1, the HPS supplies heat and power not only to Campus Lichtwiese itself, but also to other 
sites around the city. In order to model the supply side, we need to consider the entire thermal and electric energy 
demand of all buildings connected to the district heating system. However, to show the impact of our future 
components correctly, it makes sense to concentrate on the results for Campus Lichtwiese where they are applied. 
Therefore, based on simulation results, we calculate the share for Lichtwiese in primary energy input and CO2 
emissions based on the distribution of heat, cooling and electric energy demand between Lichtwiese and the rest of 
the university energy system. Fig. 5 shows the primary energy savings and Fig. 6 the CO2 emissions savings for 
Campus Lichtwiese in the four scenarios we considered compared to the 2016 reference case.  
 

 
Uncertainties in the results arise from uncertainties in the input data. We dispose of data on heat demand with a 
resolution of 100 kWh/h, but we are not able to validate our data appropriately since generation data from our heat 
and power station is not available. Although data availability on cooling demand is also still limited, this will soon 
become easier because along with the district cooling ring a more detailed building-wise metering of cooling demand 
was installed.  
The results show that all improvement scenarios allow cutting primary energy input by about 5 % and CO2 emissions 
by up to 8 % compared to the 2016 reference case. We now want to take a closer look at the differences between the 
scenarios. Load profiles presented in this section represent TU Darmstadt as a whole but conclusions drawn from them 
apply to Campus Lichtwiese equally.  
Although reduction potential is quite similar across all scenarios, the strategies applied to improve the system differ, 
especially between the absorption chiller (𝑎𝑎𝑎𝑎𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜) and the temperature reduction (Δ𝑇𝑇) scenario. The absorption chiller 
scenario focuses on the integration of new equipment on the generation side to increase the efficiency of the energy 
supply, while the temperature reduction scenario decreases the heat demand by lowering network temperatures. The 

Fig. 5: Comparison of the yearly primary energy input Fig. 6: Comparison of the yearly CO2 emissions 

Fig. 7: TU Darmstadt total heat generation July-September 
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effects of these different approaches become clear when looking at the summer period of the total heat generation 
(Fig. 7). 
In the absorption chiller scenario, heat generation increases compared to the reference scenario due to the additional 
heat demand for absorption cooling. On the other hand, in the temperature reduction scenario, network losses are 
decreased and therefore heat generation is lower than in the reference case. We reveal the major disadvantage of the 
decrease in heat demand due to lower network temperatures in Fig. 8: it leads to a major increase in summer grid 
electric power demand. 

 
In terms of primary energy input, the temperature reduction scenario is favorable, because the primary energy factor 
for grid electric power is only 60 % higher than the one for gas (Fig. 5). The CO2 emissions factor for grid electric 
power is 160 % higher than the one for gas, so on the CO2 emissions side, the increased grid electric power demand 
in the temperature reduction scenario has a lot more of a negative impact (Fig. 6).  
In wintertime, the differences are a lot smaller. Absorption cooling is not running because the entire CHP capacity is 
necessary to supply the district heating demand and network losses represent a much smaller share in the overall heat 
generation. Therefore, in the winter months, differences between the scenarios in terms of heat generation are almost 
negligible (Fig. 9). 
Storage integration and operation optimization (TES scenario) only have an impact in short periods in the spring and 
in the fall (Fig. 10). In wintertime, the CHP plants run at full load and no extra capacity is available to store heat. In 
the summer, heat demand is always lower than the CHP capacity, so the storage remains fully charged.  
 

 
Fig. 9: Total heat generation TU Darmstadt February-March Fig. 10: Total heat generation TU Darmstadt October-November 

Fig. 8: Grid electric power demand TU Darmstadt July-September 
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The results show that we cannot lower yearly gas demand peaks in the current setup of the system. The maximum 
peak appears in February when the CHP plants already operate at full capacity (Fig. 9). In order to have an impact on 
the yearly maximum peak, it would be necessary to accept to store boiler heat as well. The results also show that a 
combination of all future components (combination scenario 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) does not lead to the best solution in terms of 
primary energy input and CO2 emissions, but rather represents a tradeoff between the previously discussed scenarios 
due to the effects we just explained (Fig. 5 and Fig. 6). 

7. Conclusion and Outlook 

The goal of this study was to compare different scenarios to improve the operation of the district heating and district 
cooling at TU Darmstadt. All scenarios create reductions compared to the reference scenario in terms of the indicators 
we investigated. Comparing the scenarios among each other, a district heating network temperature reduction leads to 
lower primary energy input and higher CO2 emissions while the integration of absorption cooling has the opposite 
effect. This is due to the major bottleneck in the system: the electric power demand. As long as the electric power 
demand remains the same, decreases in heat demand will always lead to higher grid electric power demand that 
generates high primary energy demand and CO2 emissions. This will only change if the share of renewables in the 
electric power mix is increased considerably or if electric power demand is decreased on the local level, especially in 
the summer. We shall also not forget that a network temperature reduction does not only affect heat generation but is 
a prerequisite for the integration of waste heat and renewables into the system. Future improvements in the system are 
therefore strongly connected to further reductions in network temperatures. 
The model and the simulation results we presented in this paper give us a good understanding of the Campus 
Lichtwiese energy system. In the future, we will build upon these results and perform sensitivity analyses on key 
parameters considered as predetermined in this context, such as the heat storage size or the prediction horizon for the 
optimization. This will make it possible for us to understand if more flexibility through extended storage periods of 
weeks or even seasonal storage could generate additional benefits. In addition to this, we want use our model to 
determine the impact of an integration of decentralized heat sources on the system as a whole, such as waste heat from 
the university’s data center located on campus. 
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District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
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Abstract 

In nowadays, increased energy efficiency in buildings and reduced thermal energy consumption requires innovative solutions and 
appropriate district heating system development planning process. 4th generation district heating system is one of the key 
solutions for improved overall system efficiency by decreased heat losses, improved heat generation efficiency, more efficient 
use of renewable energy sources and other advantages. The article describes the approach and the methodology for development 
of strategy to transform the existing DH system to 4GDH system particularly in cases with low DH systems loads. Two factors 
(low heat load and low temperatures) are becoming more and more actual.  
The article analyses the transformation process of the particular small-scale DH system in a parish located in the East part of 
Latvia. As a result, several transformation scenarios are identified. The technical solutions include replacement of a boiler, 
heating network reconstruction, heat supply temperature lowering and solar panel installation. Further technical analyses is 
carried out for system development evaluation and strategy implementation.  Results shows that it is essential to evaluate the 
future energy efficiency measures in buildings when such small scale system is evaluated as it results in lower heat density and 
higher specific heat losses. 
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Nomenclature 

DH- district heating 
4GDH – 4th Generation District Heating 
PEF –Primary Energy Factor 
PEF solar – Primary Energy Factor for system with integrated PV panels; 
Ej – the amount of the primary energy for heat production consumed;  
Eel – the amount of primary energy for power consumption coverage;  
ƒp,j - the primary energy factor related to an energy source;  
ƒp,el - the primary energy factor for the power plants;  

Edel - the amount of energy delivered to the consumers. 
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solutions for improved overall system efficiency by decreased heat losses, improved heat generation efficiency, more efficient 
use of renewable energy sources and other advantages. The article describes the approach and the methodology for development 
of strategy to transform the existing DH system to 4GDH system particularly in cases with low DH systems loads. Two factors 
(low heat load and low temperatures) are becoming more and more actual.  
The article analyses the transformation process of the particular small-scale DH system in a parish located in the East part of 
Latvia. As a result, several transformation scenarios are identified. The technical solutions include replacement of a boiler, 
heating network reconstruction, heat supply temperature lowering and solar panel installation. Further technical analyses is 
carried out for system development evaluation and strategy implementation.  Results shows that it is essential to evaluate the 
future energy efficiency measures in buildings when such small scale system is evaluated as it results in lower heat density and 
higher specific heat losses. 
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Nomenclature 

DH- district heating 
4GDH – 4th Generation District Heating 
PEF –Primary Energy Factor 
PEF solar – Primary Energy Factor for system with integrated PV panels; 
Ej – the amount of the primary energy for heat production consumed;  
Eel – the amount of primary energy for power consumption coverage;  
ƒp,j - the primary energy factor related to an energy source;  
ƒp,el - the primary energy factor for the power plants;  

Edel - the amount of energy delivered to the consumers. 
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1. Introduction 

Introduction of 4th Generation District Heating (4GDH) System with lower heat transfer media temperature and integrated 
renewable energy sources is one of the key solutions for sustainable development of existing district heating (DH) systems. In 
nowadays, increased energy efficiency in buildings and reduced thermal energy consumption requires innovative solutions and 
appropriate system development planning process [1]. Therefore, there is several other reasons for decreased heating loads such 
as shrinking municipalities and prosumers approach. This requires searching for economically and environmentally beneficial 
solutions for development of such changing DH systems. Lowered heating network temperature is one of the key aspects for 
improved overall efficiency by decreased heat losses, improved heat generation efficiency, more efficient use of renewable 
energy sources and other advantages [2, 3].  

When planning lowered heat transfer temperature in the new housing areas it is relatively simple to adjust the internal space 
heating and domestic hot water preparation system according the required temperature levels in design phase. However, when 
implementing LTDH in existing buildings it requires innovative technical solutions to ensure the necessary thermal comfort [4].  

Jengsten et.all [5] has studied the actual supply temperatures and heat transfer areas of radiators in Gotheburg. Those are the 
key parameter, which should be taken into account when lowering the supply temperature in buildings with a radiator space 
heating. Authors conclude that buildings in the particular district require energy efficiency measures for the heat demand 
reduction as well as an increase of the radiators' heat transfer surfaces to enable lower operating temperatures. Nevertheless, 
another study by Tunzi et.all. [6] proposes the method for the optimal regulation of the existing radiator system according the 
optimal temperature level which can allow reducing the space heating supply temperature without any other particular system 
adjustments. 

Kofingher et.all. [7] offer to implement the energy-cascades between different types of buildings in order to lower the return 
water temperature. This is possible when aligning the DH return flow from high-temperature consumers with the supply flow for 
low-temperature consumers. Authors conclude that energy cascades can ensure the return flow reduction up to 10K and improve 
the overall system efficiency. 

As system approach is essential to develop smart DH system, several authors have studied the transition process from 
traditional DH system to more efficient 4GDH system [8,9]. Ziemele et.al [10] has developed the multi-perspective methodology 
to compare different DH system development scenarios to move toward 4GDH. The methodology allows evaluating the 
development perspectives from the different interested parties’ point of view. The methodology of transition process dynamic 
analyses evaluation has been proposed by Volkova et.all [11]. Authors focuses on transition process monitoring in past and 
present in order to identify the weak links in the system.  

Municipalities are one of stakeholders who has important role in DH transformation course. Therefore, the DH system 
development strategy can be a significant changing point to create the energy efficient energy supply system [12-13]. 

The article describes the methodology for development of strategy to transform the existing DH system to 4GDH system. The 
main focus group is municipality who has the opportunities to support innovative solutions. The methodology includes several 
modules, which allows identifying most suitable development scenarios.  The particular scenarios are compared with the existing 
DH system scenario (Base scenario) in order to evaluate the technical feasibility.  

2. Methodology 

The transformation of the existing DH system to 4GDH requires careful planning process from the involved stakeholders. The 
municipalities are one of main interested parties of this system development. Therefore, local authorities should follow the 
methodology to achieve effective heat supply in accordance with specific local conditions.  

As a first step, it is important to analyse the overall heat supply system of the municipality to obtain the information about 
main networks, building structures, heat densities, heat production plants etc. Such analyses can also include the building age, 
depreciation periods and the upcoming investments. Therefore, it is important to identify the main stakeholders and key actors 
that have an impact on the overall DH system development.  

When the general overview of the particular urban or rural area is obtained, the next step is to search for the most suitable 
long-term development path of heat supply. When comparing different technological solutions it is necessary to consider if the 
framework conditions will change in future, what are the economical, ecological, and social implications involved.  

When the common guiding principles for DH transformation are designed, the particular district as a pilot case study can be 
chose. There are several selection criteria such as high energy efficiency and renewable energy implementation potential, suitable 
framework conditions, need for reconstructions etc.  

Further, more detailed analyses needs to be carried out for the particular pilot case in order to set the goals, develop strategies 
and evaluate technical alternatives. The onsite measures, input data analyses and mathematical model development are the main 
methods used for such investigation. Figure 1 shows the methodology for pilot case analyses. The main input data for this stage 
are building state of modernisation, total and specific heat and power consumption. In addition, the heat production data is 
required (CO2 emissions, type of heat supply, production efficiency etc. technical information). The energy balance sheet is one 
of the main outputs that should include both heat demand and CO2 emissions.  
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Fig.1. Pilot case investigation methodology 

 
The transformation potential and different development alternatives can be determined after the technological calculations of 

the particular pilot case. In order to compare those alternatives, different indicators can be used. For particular pilot case 
analyses, primary energy factor has been calculated. Primary energy factor (PEF) is an energy indicator used for quantifying the 
primary energy use of a system [14]. PEF is defined as follows: 

PEF = ∑ 𝐸𝐸ℎ,𝑗𝑗∙𝑓𝑓𝑝𝑝,ℎ+𝐸𝐸𝑒𝑒𝑒𝑒∙ƒ𝑝𝑝,𝑒𝑒𝑒𝑒𝑗𝑗
𝐸𝐸𝑑𝑑𝑒𝑒𝑒𝑒

      (1) 

where  
Ej – the amount of the primary energy for heat production consumed, MWh;  
Eel – the amount of primary energy for power consumption coverage, MWh;  
ƒp,j - the primary energy factor related to an energy source;  
ƒp,el - the primary energy factor for the power plants;  
Edel - the amount of energy delivered to the consumers MWh. 
 

Table 1. Primary energy factors used for scenario evaluation 
Energy source Primary energy factor 

Biomass 0.2 
Power from grid 1.5 

Power from solar energy 0 
 
 

Table 2 shows the primary energy factors used for calculations. PEF are compared and those are further justified in order to 
find the most feasible technical solution, which can be then implemented, into the particular district.  

3. Results 

The methodology is applied and tested on the particular DH system in Latvia. The chosen case study is a parish located in the 
East part of country. Due to decreasing number of inhabitants and recently accomplished energy efficiency measures in building 
it was necessary to redesign the existing inefficient DH system. Detailed analyses according methodology described above has 
been applied for the particular parish. As a result, several transformation scenarios are identified. The technical solutions include 
replacement of boiler, heating network reconstruction, heat supply temperature lowering and solar panel installation. Further 
technical analyses is carried out for system development evaluation and strategy implementation.   

The DH network scheme of the parish can be seen in Fig.2. The DH network has been redesign completely in order to 
increase the heat density and reduce heat loses. In order to optimize the heat pipe length, four private houses has been switched 
from the DH network to individual heating system. In addition, the location of boiler house has been changed and new pellet 
boiler house is integrated into the system.  
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Fig.2. Pilot case DH network before and after reconstruction 

 
After the DH network reconstruction only five buildings will be connected to the system. The heat density increases from 1.1 

MWh/m to 2.8 MWh/m after reconstruction. Table 2 shows the overview of the building types, area and specific heat 
consumption for space heating. Most of buildings experienced energy efficiency measures recently, therefore only apartment 
building has high specific heat consumption compared to standard in new buildings in Latvia that is 80 kWh/m2 per year. 
Therefore, two different scenarios are analyzed for further development of scenarios. In Base scenario the heat consumptions 
remains constant. In energy efficient (EEF) scenario it is assumed that heat losses from apartment building will be reduced due to 
insulation works and the specific heat consumption will decrease by 60% to 80 kWh/m2.  

 
Table 2. Overview of buildings connected to DH system after reconstruction 

Nr. Address Type Insulated Area, m2 Specific heat 
consumption, kWh/m2 

1 
Avotu street 2 

Kindergarten 
Yes 1614 75 Mail 

Local authority 
2 Vienibas street 2 Shop Yes 229 88 
3 Vienibas street 1 Recreational, utility room No 277 65 
4 Vienibas street 3 Cultural house Yes 723 125 
5 Vienibas street 5 Apartment building No 1224 192 

 
Figure 3 shows the heat load duration curves for both scenarios. It can be seen that heat capacity in EEF scenario reduces to 

150 kW by comparing to 200 kW in Base scenario. In the particular parish heat is provided only for space heating and there is no 
heat load in summer period. 

 

 
Fig.3. Heat load duration curve 

 

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000 7000 8000

H
ea

t c
ap

ac
ity

, k
W

Base scenario Energy efficient scenario



 Ieva Pakere et al. / Energy Procedia 149 (2018) 549–554 553
 Author name / Energy Procedia 00 (2018) 000–000   5 

An essential aspect to aproach 4GDH is to lower heating network temperature. Therefore, it is considered to reduce supply 
and return water temperature from 90oC/60 oC to 60oC/35oC.The heating network temperature curve is shown in Figure 4. It has 
been considered that heating system in renovated buildings remains the same as before the renovation. Therefore, the surface 
area of installed heating elements would allow to reduce the supply water temperature without any other additional change of 
operational parameters [6]. In case of appartment building in BS when no energy efficiency measures are considered, it would 
require to consider energy cascade [7] or other solutions for supply temperature lowering to be possible. 

 

 
Fig.4. Heat carrier temperature curves for standard and low temperature system 

 
Therefore, four different technical alternatives regarding building heat consumption and temperature levels in DH network 

have been identified for the further development of particular parish. In order to compare and evaluate those alternatives, the heat 
losses and heat density have been used as technical indicators.  

In addition, it has been considered to install the PV panels for power production and building power consumption coverage. 
The total power consumption in buildings and boiler house is 33 MWh per year. It would require 9 kW of PV panel to cover such 
consumption in summer period (see Figure 5). The assumed PV efficiency is 15% and annual solar radiation is 973 kWh/m2.  

 

 
Fig.5. Power consumption and solar power production duration 

 
Table 3 shows the results of technical calculations. It can be seen that in EEF scenario, when energy efficiency measures are 

considered, the heat consumption and heat density decreases, therefore specific heat losses in heating network increases. 
Reduced heating network temperature is a solution for optimal operation of DH system in such conditions.  

 
Table 3. Technical calculation for different scenarios 

Scenario 

Heat 
consumption, 

MWh per 
year 

Heat 
density, 
MWh/m 

Heat 
losses, 
MWh 

Heat 
losses, 

% 

Power 
consumption, 

MWh 

Solar 
power, 
MWh 

PEF PEF 
Solar 

BS (90/60) 491 2.8 41.3 8% 

33 8.7 

0.322 0.347 
BS (60/35) 491 2.8 34.5 7% 0.319 0.344 

EEF (90/60) 347 2 41.3 12% 0.350 0.384 
EEF (60/35) 347 2 34.5 10% 0.345 0.380 

 
In order to compare the scenarios when PV are installed for power production, the primary energy factor is calculated for all 

scenarios (PEF –without solar power and PEF solar – with solar power considered). Results shows that lowest value is for base 
scenario with lowered temperature regime and solar panel installation as primary energy is low and delivered energy remains 
high. Therefore, PEF for EEF scenarios is higher than for BS scenarios as heat consumption decreases and the specific heat 
losses are higher. 
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4. Conclusions 

The article provides the methodology for municipalities to transform the existing DH system to 4GDH system with lower heat 
supply temperature and integrated alternative energy sources. Therefore, the main steps of the transformation process is to 
evaluate the overall DH system of particular region/city, identify the most suitable transformation path and further select the 
relevant district/area for pilot case study which needs to be analyzed more detailed. The example of such analyses has been 
provided in the article with the comparison of different technological alternatives for particular parish. The analyzed example is a 
small-scale DH system with few buildings connected in order to achieve optimal heat density and operational conditions. 

The calculation of technical indicators allows evaluating the possible development scenarios, which includes the energy 
efficiency measures, reduction of heat supply temperature and installation of solar PV panels for power production for self-
consumption coverage. The heat losses, heat density and primary energy factor have been calculated for all scenarios.  

The results shows that when energy efficiency measures are considered, the overall heat consumption reduces by around 30%. 
This effect the heat density of network and it decreases from 2.8 to 2 MWh/m. Therefore, in considered EEF scenario, the 
specific heat losses increases from 8% to 12%, but reducing the heat supply temperature from 90oC to 60oC allows decreasing 
the specific heat losses to 10% level.  

For the particular parish it is considered to install the 9kW PV panel power station for self-consumptions coverage of 
buildings and boiler house. Therefore, such power station can cover around 27% of total power consumption. The calculated 
primary energy factor allows comparing the primary energy consumption with and without integrated solar panels. Integration of 
solar panels reduces the PEF by around 7% in BS scenarios and by 9% in EEF scenarios.  

Therefore, the methodology allows identifying and evaluating potential technical solutions for particular district to approach 
4GDH concept. The municipality should than ensure the suitable conditions for the implementation of desirable solution in pilot 
case district. However, afterword it requires monitoring the results of particular pilot case to evaluate the achievement or identify 
improvements for the further transformation process and application to larger scale (region or district). 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The integration of waste heat from industrial processes has been identified as a major research area in the 
European Union strategy on heating and cooling. In fact, the waste heat potential of combined cycle gas 
turbine power stations or energy-from-waste plants is well known. Plenty of district heating networks, in 
markets of different maturity across the world, make use of this technology. This work contributes to the wider 
integration of low-grade waste heat from sewage water systems by providing an open data methodology that can be 
easily adapted to various types of cities and district heating systems under changing boundary conditions. The 
methodology provides an easy calculation of waste heat potential for a city using population density and geographic 
information system data. The methodology identifies suitable sites for the integration of heat sources into district 
heating systems or building heating. It is based upon open-source technology and open data that helps to map waste 
heat sources spatially. Graph theory is key to generating a generic sewage network needed to carry out the 
methodology. The methodology will be applied and validated at an example city in Germany. 
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1. Introduction 

The potential of district heating systems to reduce greenhouse gas emissions through more efficient use of 
primary energy is considerable. Increasing fossil fuel prices, the need to reduce greenhouse gas emissions, and 
partly decreasing heat demand of buildings due to improved building insulation envelopes put alternative and 
renewable ways of supplying district-heating systems with energy into focus in current research. Besides these 
aspects, district heating systems also contain great potential to give flexibility to electricity systems that are marked 
by the increasing fluctuations of renewable energy sources. 

Decentralized, flexible combined heat and power (CHP) stations as well as power-to-heat (PtH) technologies 
support the interaction between district-heating systems and the electricity market. Characterized by their highly 
flexible operation mode, they can increase the available control energy of electricity grids. Regarding PtH, heat 
pumps (HPs) combined with environmental or waste heat sources have been discovered to be the most efficient 
technology from an economic and ecological perspective [4–6]. Heat pumps promise a wide range of uses through 
their exploitation of waste heat. 

The technology to recover waste heat from sewage networks or even low-grade heat sources is simple and 
proven. [7] speaks of 500 wastewater heat pumps in operation world-wide. They are utilizing thermal ratings from 
10 kW to 20 MW with a source temperature between 10 °C and 25 °C all year round. 

Wastewater carries a lot of low-grade heat with it and does not vary its temperature level within seasons 
significantly as several measuring points in the sewer of Bologna show. It was found that the daily temperature 
fluctuations vary in the order of 2-3 °C. The yearly level of temperature varies between 10 °C and 22 °C for the city 
of Bologna. [8] Practical experiences show that a minimum dry weather flow rate from 0.01 m³/s must be given to 
recover waste heat from sewage [9, 10]. A range between 0.015 m³/s and 0.03 m³/s is mentioned by [11]. A 
minimum of 0.03 m³/s is also supported by [12]. 

There has been much research on the potential and usage of waste heat via HP. Methodologies exist that help to 
quantify the spatial distribution of waste heat from industrial processes [13–17]. Technologies to exploit the 
potential of low- to high-level temperature sources for heat recovery are available and their operational mode well-
known [18–20]. By contrast, there is little research determining the potential of utilizing waste heat from sewage 
networks quantitative, qualitative and spatial [21]. One paper could be found that analyses the spatial congruence 
between heat demand and waste heat sources to determine locations for heat-recovery in Tokyo based on geographic 
information system (GIS) data from the Tokyo Metropolitan Government [22]. 

There is a lack of methodologies for spatial analysis of waste heat potential from sewage systems. The research 
question that arises from the current state of the art is the following: how can a methodology quantify the highly 
distributed potential of waste heat from sewage systems, qualify it and allocate it to its sources? 

This paper introduces a novel methodology that accesses the waste heat potential of sewage systems on a local 
highly resolved level. The primary focus of this work is the mapping of the very likely route of wastewater to the 
wastewater treatment plant by using open data and open-source technology. It provides an algorithm that is able to 
quantify, qualify and spatially allocate the waste heat potential of sewage systems on an urban district level, in all 
cases where real data from the sewage system does not exist or is not publicly available. The methodology is applied 
on an example city in Germany, where GIS data from the sewage network is provided to quantify and verify the 
accuracy of the presented methodology. 
 
Nomenclature 

CHP Combined heat and power 
EU European Union 
GEB Göttinger Entsorgungsbetriebe 
GIS Geographic information system 
IEA International Energy Agency 
HP Heat pump 
N Node 
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PtH Power to heat 
UK United Kingdom 
WWTP Wastewater treatment plant 
WWV Wastewater volume 
WU Water usage 
PD Population density 

2. Methodology 

The methodology combines different open data sources and generates a generic network by open-source 
technology [23]. The generic network designed by algorithm matches the real sewage network to a certain extent. 
Therefore, the generic network makes it possible to spot suitable locations for exploitation of waste heat from 
sewers without having the original GIS data of the sewer. Overall, the methodology allocates population density to 
street networks and calculates the wastewater volume flow (WWV) for each street. WWV results from the product 
of population density (PD) and the country-specific water usage (WU) (2.1). Finally, an algorithm determines the 
shortest paths from each street to the wastewater treatment plant and accumulates the wastewater volume flows 
along these paths. The paths form a graph with edges and nodes. 

The methodology assumes the following: 
 Water consumption is equivalent to the amount of wastewater. 
 Specific water consumption is the statistical average at national level. 
 Rainwater accumulates discontinuously and is therefore neglected. 
 The path of the sewage system is said to be the shortest path along the street network from wastewater 

occurrences to the wastewater treatment plant. Obstacles (e.g. rivers, bridges, train tracks), pumps, 
geodesic heights are not taken into account in the first step. 

To determine the maximum wastewater flow 𝑊𝑊𝑊𝑊𝑊𝑊𝑛𝑛 has to be adjusted either by a flow coefficient used for the 
construction of the sewer system or by a load profile. According to [24], the water consumption can be calculated 
with the general flow formula f(h). The f(h) differs by the size of the city. It is said that the smaller the city, the more 
water is tapped simultaneously [24, 164 et. seq., 25, p. 30]. Figure 1 shows the load factor for urban areas from 
different literature [1–3]. Load factor 1 and load factor 3 proceed the same way and are in the range between 0.20 
[1] and 1.66 [1]. For the calculation the figures from [1] are taken. Compared to [8, 26] a maximum load factor of 
1.60 seems to be reasonable for maximum flow. 𝑊𝑊𝑊𝑊𝑊𝑊𝑛𝑛 is then evenly distributed to all nodes of the graph that are 
spatial within 𝑊𝑊𝑊𝑊𝑊𝑊𝑛𝑛 occurrences.  

Figure 1 The load factor determines the hourly average water consumption using the 
average water usage per day [1–3]. 
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Figure 2 Overview of water consumption by country 

3. Data sources 

With this research project, a newly created database contains relevant information, needed to quantify the waste 
heat potential from wastewater in versatile developed cities in different countries. The database shows exclusively 
figures from countries within IEA DHC member states, which are in the focus of the research project. The database 
shows quantitatively the water consumption per inhabitant specific to each IEA DHC member state, as well as 
quantitative data about the amount of wastewater from different building types (e.g. schools, offices, public 
buildings). To obtain the water consumption per inhabitant several sources were used (see Table 1). The year of 
origin of the collected data from the different sources varies between 1997 and 2014. 

Table 1 Sources for the key figure “water consumption per inhabitants” for different countries. Countries marked by * show the sum of water 
consumption by households and services. Key figures marked by ** show the sum of households and small businesses. 

Country Source 
Australia, Japan, South Korea, USA  [27] 
Canada [28] 
Belgium, Czech Republic, Denmark, Great Britain*, Greece*, Hungary*, Netherlands*, Norway, Poland*, Portugal, Spain, Sweden, 
Switzerland 

[29] 

New Zealand, Austria [30] 
Austria, Finland, France, Luxemburg [31] 
Turkey [32] 
Italy* [33] 
Slovakia [34] 
Ireland* [35] 
Germany** [36] 
Estonia [37] 

 
Figure 2 shows the water consumption of the considered states. In most countries, only the household’s water 

consumption entered into the data, but not rainwater. The numbers of water consumption were gathered many years 
ago (1997 – 2014), and this may lead to deviations from the real value. In particular, water saving campaigns within 
the countries and usage of improved technology towards water saving can influence the average water consumption. 



 Pelda J. et al. / Energy Procedia 149 (2018) 555–564 559
 Johannes Pelda / Energy Procedia 00 (2018) 000–000   

 

 

Figure 3 Water consumption by different building types. The 
amount of water usage depends on the reference value x. (1 x = bed, 2 
x = person, 3 x =guest, 4 n.a., 5 x = patient + personell, 6 x = child, 7 x = 
employee, 8 x = pupil, 9 x = seat) 

Figure 4 Water consumption by different building types (* used 
during daytime) 

[25, 38, 39] give key figures of the amount of water consumption by different building types. Figure 3 shows the 
data related to various reference values, such as water consumption per bed, per guest, per person and so forth. 
These numbers must be adapted at local level. Figure 4 points out the water consumption per square meter. To ease 
the process of estimating the wastewater flow, the methodology focusses on building types with known water 
consumption per square meter and year. Their water consumption can then be counted up with the area of the 
buildings given in the GIS data and finally allocated to the nearest node of the graph. 

Since 2011, the European Union (EU) requires all member states to carry out population, building and housing 
censuses every ten years. This means that existing administrative registers are used as data sources, supplemented in 
certain areas by a combination of complete surveys and sample surveys [40]. For Germany, the resolution of these 
data is inhabitants per 10,000 m². In this dataset areas are marked with -1 when no data exist or no information is 
available due to restricted areas. 

The geographic information system provides the spatial data needed to build up the artificial sewage network and 
to estimate the amount of wastewater at building level. GIS data were taken from [41, 42]. 

4. Application of the methodology to an example city in Germany 

To test the methodology for accuracy and applicability the results of the algorithm are compared to the sewage 
network of the city of Göttingen. 

Göttingen is a city with approximately 120,000 inhabitants. It is located in the centre of Germany and belongs to 
the Federal State of Lower Saxony. The sewage network covers the whole city as well as some outlying districts. 
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The sewage network is altogether 1,320 km long and is divided into 360 km of sewer and 360 km rainwater channel. 
The pipe diameter differs between 0.15 m and 2.00 m. Five pumps in the sewer and one pump in the rainwater 
channel are installed. The average water consumption between 2015 and 2017 was approximately 0.42 m³/s. [43] 

GEB Göttinger Entsorgungsbetriebe (GEB) provided GIS data of the real sewage network for verifying the 
results of the calculation based on the methodology. The GIS data hold information about the pipes’ length, nominal 
diameter, start height and end height. With Equation 4.1 the maximal water flow rate of the pipes is estimated 
through their nominal diameter. 

 

𝑄𝑄 = 𝜋𝜋⋅𝑑𝑑2
4 ⋅ (−2 ⋅ 𝑙𝑙𝑙𝑙 [ 2,51⋅ν

𝑑𝑑⋅√2𝑔𝑔⋅𝑑𝑑⋅𝐽𝐽𝐸𝐸
+ 𝑘𝑘𝑏𝑏

3,71⋅𝑑𝑑] ⋅ √2𝑙𝑙 ⋅ 𝑑𝑑 ⋅ 𝐽𝐽𝐸𝐸)      (4.1) 

 
Q Flow rate [m³/s] 
d Nominal diameter [m] 
ν Kinematic viscosity of waste water: 1,31 * 10-6 m²/s 
g Acceleration of gravity: 9,81 m/s² 
JE Energy line gradient (corresponds to bottom gradient JSO with full filling and stationary uniform 

discharge) 
JSO Sole slope: Difference in height of two points of the river bed in relation to the length of the river 

between the points 

5. Results 

The overlay of the GIS data on the sewer of the city of Göttingen with the generic designed network shows that 
within the area of Göttingen the novel methodology has the potential to match the route of the sewage system to the 
wastewater treatment plant to a certain extent. 

A closer look at the system is given in Figure 5, which magnifies the area of the city of Göttingen with sewage 
network pipes’ nominal diameter between 0.80 m and 2.00 m and a wastewater flow of the generic network between 
0.01 m³/s and 0.28 m³/s. As mentioned above these flow rates are considered to be economic and ecological feasible 

Figure 5 Partial map of the city of Göttingen filtered by a nominal diameter from 0.80 m to 2.00 m of the sewage network and a 
wastewater flow of 0.01 m³/s to 0.28 m³/s of the generic network. 
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for waste heat exploitation of sewer. Preliminary studies of GEB confirm the minimum dry weather flow rate by 
0.01 m³/s or a nominal diameter of 0.80 m. The map demonstrates largely the same course for the pipes in the 
selected range. By evaluating the results visually by compass direction the map shows a high correlation of the 
generic network to the sewer. At a closer look, some generic routes are identical to the sewer; exceptions also occur 
which mostly run parallel to the sewer. The red line in the top left corner runs along a highway feeder road, which 
was built long after the sewage channel had been constructed elsewhere. However, the algorithm laid the generic 
sewage pipe on the shortest path to the wastewater treatment plant, in this case the highway feeder road. On the 
contrary, the routing of the sewage network is parallel to the y axis and turns to the right in the middle of the map. 
This pipe is not displayed, as its nominal diameter is out of range. The map also shows differences in the length of 
both networks within the displayed range, which can be explained by the historical growth of the sewage network 
and therefore its alternate routing to the wastewater treatment plant. Historically the shortest path to the wastewater 
treatment plant was not the optimal solution connecting new districts to the sewer. Compounding the problem, the 
generation of the generic network does not take pumps and geodetic height into account. 

Figure 6 shows a partial map of the city of Göttingen to get a closer look on heavily developed urban areas. It 
turns out that with increasing density of population and denser street network the generic network becomes more 

accurate. This is because every building is connected to the sewer, which normally runs in front of the building. This 
can be approved by getting a better insight into the overall accuracy between the generic network and the sewer with 
the following analysis. 

Figure 7 shows the match of the routing of both networks. Therefore, the edges of both networks are transformed 
into points, whereas each edge consists of two points: the start point and the end point. Finally, the rasters of 
inhabitants cluster the two point clouds along the scale of its amount of inhabitants. The congruity between both 
networks is calculated as follows: 

Figure 6 Partial map of the city of Göttingen, showing all existing pipes within. 
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Figure 7 Matching of all points of the generic sewage network to the points of the 
sewage network over the population density. The frequency gives significance to the 
scale of the population density. 

Figure 7 shows that the amount of nodes of the generic network within a raster field have high congruity 
compared to the amount of nodes of the sewage system, as a match of one indicates a match to 100 %. It is obvious 
that at raster fields with inhabitants around the average and thus a high distribution within the area of Göttingen, the 
congruity between the generic network and the real network is high, whereas in raster fields with no information (-
1 inhabitants/10,000 m²) or great numbers of inhabitants (> 150 inhabitants/10,000 m²), the deviation increases. One 
has to keep in mind that the occurrences of rasters with values of inhabitants higher than 150 inhabitants/10,000m² is 
little. 

6. Conclusion 

The results at the example city show that the methodology effectively calculates the path from wastewater sources 
to the wastewater treatment plant as well as the wastewater volumetric flow. It was found that the sewage system 
overlays the road network more accurately within areas that have a population density close to the average, and thus 
the methodology is more accurate in this range. The volumetric flows calculated via the methodology could not be 
verified directly with the volumetric flow of the sewage network due to lack of measurement points in the sewage 
system. Nevertheless, deducing the volumetric flow from the nominal diameter using Equation 4.1, the maximal 
flow rates of the sewage network can be compared to the flow rate of the generic networks. The comparison with the 
nominal diameter of the sewage network showed that the calculated volumetric flow seems to be highly 
underestimated. Reasons for this are in particular the missing allocation of building types to their specific water 
consumption and the differences in calculating flow rates of sewage networks. The generic system calculates the 
maximum average flow rate at daily peak, neglecting rainwater. The sewage network, however, is designed for a 
90 % full load considering rainwater and its flow rate is deduced from its nominal diameter. The mapping of the 
results also shows major differences in the routing of pipes with higher volumetric flow and pipes that are in areas of 
low population density. Nevertheless, the methodology is accurate in relation to the length of pipes with least 
deviation in volumetric flow rate compared to the sewage system. Consequently, the methodology is capable of 
determining the length and usually the location of pipes. 

For further research, these discrepancies should be categorized by the reason of their origin. With measured data 
of water consumption in the example city, the underestimated flow rates can be adjusted to the real water 
consumption. Considering local conditions will improve the assumption concerning the water demand of specific 
building types. In particular, multi-storey buildings tend to be underestimated as the algorithm uses key figures 
depending on square meters. GIS data provide property areas which do not mention storey levels. The use of further 
attributes of the GIS data such as street types, tunnels and maximum allowed speed can help to improve the 
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algorithm and enhance the accuracy of routing. The development of a probability of routing along these street types 
improves the algorithm’s ability to find the most accurate route. 

Despite small inaccuracies, the methodology is capable of presenting a good estimation of spatially distributed 
wastewater flows of the sewage system in the example city; it helps to assess the potential of waste heat sources of 
sewages quantitatively, qualitatively and spatially. As a result, the methodology can show not only the wastewater 
flows and their spatial distribution in cities but also the potential of utilizing waste heat from sewers. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

Solar energy has received extensive study and numerous applications throughout the world for producing heat 
and/or electricity in residential and commercial sectors. With the trend of decreasing specific investment cost for 
solar systems and the increasing price of conventional fuels, solar energy may become cost-competitive even in 
small-scale or micro-scale District Heating (DH) networks [1]. One of the longstanding barriers to solar energy 
technology lies in the noticeable misalignment between energy supply and consumption; long-term storage allows 
for thermal energy storage over weeks and months, with it being a challenging key technology for solving the time-
discrepancy problem of solar energy utilization. Based on a comprehensive literature review, Rad and Fung [2] 
concluded that Borehole Thermal Energy Storage (BTES) has the most favorable condition for long-term energy 
storage thanks to the large amounts of energy involvement and relatively low cost of storage media. 

However, difficulties emerge with the increasing penetration of intermittent energy sources characterized by a 
stochastic behavior; when such sources are not available, in fact, other generation units have to compensate the lack 
of energy and, consequently, sufficient reserve margins must be ensured. Several technologies can be integrated into 
a solar district heating network; in particular, the integration of cogenerated heat is one of the key point of the 
2012/27/EU Energy Efficiency Directive issued by the European Union (EU) [3-5]. However, selecting the 
technology and capacity of back-up unit in an optimal district heat production system is a dynamic issue to be solved 
based on the scale and variation of heat demand, the local availability and costs of energy sources, the investment 
cost of each technology, etc. Therefore the best solution is not always straightforward, leading to the need of 
simulation tools to select the optimal design according to specific criteria.  

Few papers are available in literature focusing on micro-scale renewable hybrid district heating systems. Buoro et 
al. [6] investigated the integration between distributed energy supply system, solar thermal plant and heat storage for 
a district composed of 9 industrial facilities located in the north-east of Italy. The work of Kallert et al. [7] focused 
on modeling, simulation and exergetic analysis of a low temperature DH network including short- and long-term 
storages as well as different heat generation units (solar thermal collectors, ground source heat pumps and natural 
gas-fired cogeneration devices); the plant was investigated while serving a small building group of 10 residential low 
energy residences characterized by an energy demand for new buildings according to German regulation EnEV 2009 
[8]. Marguerite et al. [9] presented the results of a multi-criteria evaluation of different design scenarios for a micro-
DH network in Vienna (Austria) serving two energy efficient office buildings (supplied by solar thermal collectors 
and heat pumps) and one standard office building (equipped with gas boilers). To our knowledge, there is not a 
single scientific paper which specifically addresses the potential of the joint use of micro-scale solar district heating 
networks and micro-cogeneration units under the climatic conditions of Italy. 

In this paper a micro-scale solar district heating system based on the utilization of a seasonal borehole thermal 
energy storage is modeled, simulated and analyzed by means of the TRaNsient SYStems (TRNSYS) software 
platform (version 17) [10] over a 5-year period. The system is devoted to satisfying the heating demand and 
domestic hot water requirements of a district consisting of 6 typical single-family houses and 3 typical schools under 
the climatic conditions of Naples (south of Italy). The plant is mainly composed of a flat-plate solar collectors field, 
a short-term thermal energy storage, a seasonal double U-pipe vertical borehole thermal energy storage and a heat 
distribution network. A back-up system is also included in the plant layout in order to take into account the 
intermittent nature of the solar source; in particular, three different technologies are investigated as back-up devices: 
(i) a 26.6 kWth natural gas-fired boiler, (ii) a 11.7 kWth natural gas-fuelled internal combustion engine-based micro-
cogeneration unit combined operating together with a 26.6 kWth natural gas-fired boiler and (iii) a vapor-
compression electric heat pump with a nominal output of 24.4 kWth combined with a 26.6 kWth natural gas-fired 
boiler. The primary energy consumption and operating costs of the proposed system have been evaluated based on 
the simulation results and compared with those associated to a conventional heating system consisting of a number 
of individual natural gas-fired boilers installed inside the single buildings. The main aim of the paper is assessing the 
potential energy and economic benefits associated to the utilization of different back-up technologies and, therefore, 
the potential improvements that can be achieved by optimizing the design of the proposed solar district heating 
system. 



 A. Rosato et al. / Energy Procedia 149 (2018) 565–574 567
 Author name / Energy Procedia 00 (2018) 000–000  3 

 

2. Description of the district 

The district served by the proposed plant is composed of 6 typical Italian single-family residences and 3 typical 
schools located in Naples (latitude = 40° 51’ 46” 80 N; longitude = 14° 16’ 36” 12 E). Three different typologies of 
residential buildings (A, B and C) and three different schools (Nursery (N), Nursery School (NS) and Elementary 
School (ES)) have been considered. In particular, the district is composed of 2 residential buildings for each 
typology. Table 1 summarizes the main characteristics of end-users composing the district.  

Table 1. Geometrical characteristics of buildings. 

 Residential building typology School building typology 
 A B C N NS ES 

Number of buildings (-) 2 2 2 1 1 1 
Floor area (m2) 60 78 114 780 670 1340 

Windows’ area (m2) 84 102 230 387 743 670 
Volume (m3) 230 370 448 2480 2203 4470 

Maximum number of simultaneous occupants (-) 3 4 5 98 115 145 
 
In order to be compliant with Italian legislation requirements [11], the thermal transmittance of the building 

envelopes has been equated to the given threshold values (2.40 W/m2K for windows, 0.36 W/m2K for roofs, 0.40 
W/m2K for floors, 0.38 W/m2K for external vertical walls), whatever the building typology is. For each residential 
building typology, a specific annual stochastic profile (composed of 365 different daily stochastic profiles) at one-
minute time resolution has been considered for defining both the number of active occupants as well as the electric 
power demand as a function of the time; these profiles have been obtained by using the models developed by 
Richardson and Thomson [12]; the total electric energy demand for the 6 residential buildings is equal to 14.98 
MWh/y due to the operation of lighting systems as well as domestic appliances (a fridge, a freezer, a cordless phone, 
an iron, a vacuum, a PC, a printer, two TVs, a microwave, a dish washer, a washing machine for each residential 
building). The annual electric demand profile at one-minute time resolution for schools has been derived by 
considering the operation of lighting systems, 3 printers as well as 3 PCs for each school building from Monday to 
Friday (according to the schools’ timetable) between September 15th and June 30th (except dates and periods of 
school holidays); a total electric energy demand of 12.46 MWh/y is obtained for the 3 school buildings. Several sets 
of yearly load profiles for the domestic hot water demand have been specified within the IEA-SHC Task 26 [13]. In 
this study, a demand profile with an average basic load of 100 l/day in the time scale of 1 minute has been used for 
both building typologies A and B, while a demand profile with an average basic load of 200 l/day in the time scale of 
1 min has been used for building typology C. The total energy demand for the production of DHW at 45 °C 
associated to the 6 residential buildings is equal to 8.97 MWh/y. The DHW demand has been neglected for the 
school buildings. 

3. Description of the proposed district heating system 

The schematic of the proposed plant is reported in Figure 1. In this figure, the following main components of the 
system can be identified: end-users (6 residential buildings and 3 school buildings), solar collectors (SC), heat 
dissipator (HD), short-term thermal energy storage (STTES), borehole thermal energy storage (BTES) with vertical 
double-U-pipes borehole heat exchangers, back-up system (BS), heat exchangers (HE1 and HE2), local individual 
boilers (B), fan-coils (FC), pumps (P), 3-way valves and pipes. In the figure, the following three main circuits are 
highlighted: SC circuit (light blue); BTES circuit (orange); heat distribution network (red). 

The solar energy captured by the solar thermal collectors is first transferred, through a heat exchanger (HE1), into 
the short-term thermal energy storage; dissipation of solar thermal energy surplus is obtained by blowing air across a 
finned coil heat exchanger when the solar collectors outlet temperature is higher than 95°C. From the STTES, if 
there is a heating demand, the solar energy is transferred through another heat exchanger (HE2) into the distribution 
network, and then to the end-users for space heating. Each building is equipped with a group of fan-coils, supplied 
by the STTES. If the solar energy is not immediately required for heating purposes, it can be moved from short-term 
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Fig. 1. Schematic of the proposed central solar heating plant with seasonal thermal energy storage. 

During the charging, the flow direction is from the center to the boundaries of the BTES to obtain high 
temperatures in the center and lower ones at the boundaries of the storage; the flow direction is reversed during the 
discharging phase. The set-point for the DH supply temperature is 55°C. In order to supplement the space heating 
demand when the solar energy recovered and stored in the short- and long-term storages cannot meet the energy 
requirements, a back-up system is used. In particular, the following three different alternative cases involving 
different technologies have been investigated in this paper: 

case 1)  26.6 kWth Main natural gas-fired Boiler (MB); 
case 2)  11.7 kWth natural gas-fuelled internal combustion engine-based micro-cogeneration (MCHP) unit (nominal 

electric output of 6.0 kW) series-connected with the Main natural gas-fired Boiler (also used in the case 1); 
case 3)  vapor compression Electric Heat Pump (EHP), with a nominal thermal output of 24.4 kWth, series-

connected with the Main natural gas-fired Boiler (also utilized in the case 1). 
The MCHP unit as well as the electric heat pump have been combined with the boiler (case 2 and 3, respectively) 

in order to guarantee the capability of the system in maintaining the desired temperature level (55 °C) at the inlet of 
the distribution network at any case. Figure 2 describes in more detail the configurations of back-up system 
investigated in this paper. 
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Fig. 2. Configurations of the back-up system (BS). 

BTES charging pump 
(PBTES-charg)

Short-Term Thermal 
Energy Storage (STTES)

Solar pump 
(PSC)

Heat Exchanger 1 
(HE1)

Solar Field Collectors 
(SC)

Heat Dissipator 
(HD)

HE1 pump 
(PHE1)

DH network pump (PDH)

Back-up 
System (BS)

Borehole Thermal Energy 
Storage (BTES)

To/From other end-
users A2, B1, B2, 
C1, C2, N, NS, ES

Fan-coils 
(FC)

End-user A1

Heat Exchanger 2 (HE2)

SC circuit

BTES circuit

DH network

Individual pump for 
end-user A1 (PA1)

Individual 
Boiler (B) Domestic Hot 

Water (DHW)

V5

V1

HE2 pump 
(PHE2)

BTES discharging pump 
(PBTES-disch)V2

V3

V4

V6

BTES charging pump 
(PBTES-charg)

Short-Term Thermal 
Energy Storage (STTES)

Solar pump 
(PSFC)

Heat Exchanger 1 
(HE1)

Solar Field Collectors 
(SFC)

Heat Dissipator 
(HD)

HE1 pump 
(PHE1)

MB

Borehole Thermal Energy 
Storage (BTES)

To/From other end-
users A2, B1, B2, 
C1, C2, N, NS, ES

Fan-coils 
(FC)

End-user A1

HE2

SFC circuit

BTES circuit

DH network

Individual pump for 
end-user A1 (PA1)

Individual 
Boiler (B) Domestic Hot 

Water (DHW)

V5

V1

HE2 pump 
(PHE2)

BTES discharging pump 
(PBTES-disch)V2

V3

V4

MCHP

A1
BTES charging pump 

(PBTES-charg)

Short-Term Thermal 
Energy Storage (STTES)

Solar pump 
(PSFC)

Heat Exchanger 1 
(HE1)

Solar Field Collectors 
(SFC)

Heat Dissipator 
(HD)

HE1 pump 
(PHE1)

MB

Borehole Thermal Energy 
Storage (BTES)

To/From other end-
users A2, B1, B2, 
C1, C2, N, NS, ES

Fan-coils 
(FC)

End-user A1

HE2

SFC circuit

BTES circuit

DH network

Individual pump for 
end-user A1 (PA1)

Individual 
Boiler (B) Domestic Hot 

Water (DHW)

V5

V1

HE2 pump 
(PHE2)

BTES discharging pump 
(PBTES-disch)V2

V3

V4

EHP

A1



 A. Rosato et al. / Energy Procedia 149 (2018) 565–574 569
 Author name / Energy Procedia 00 (2018) 000–000  5 

 

An additional individual natural gas-fired boiler has also been installed inside each single building specifically 
devoted to the domestic hot water production. All the electric requirements are satisfied with the electric energy 
supplied by the central national grid. In Table 2 the main characteristics of each component of the proposed plant are 
indicated. The area of solar collectors, the volume of both the STTES and BTES, the number of BTES boreholes, the 
thermal conductivity of both grout and soil as well as the U-pipe spacing have been determined by the authors based 
on the results of a sensitivity analysis performed in previous studies [14] focused on the same urban district. 

Table 2. Main characteristics of plant components. 

Solar Collector (SC) [15] 
Collector 

typology/model 
Number of 
collectors 

Aperture area of a 
single collector (m2) Tilted angle Azimuth Orientation 

Flat plate/ FSK 2.5 39 2.31 30° 0° South 
Short-term Thermal Energy Storage (STTES) 

Typology Volume (m3) 
Vertical cylindrical storage tank 9.0 

Boreholes Thermal Energy Storage (BTES) 

Borehole radius 
(m) 

Inner/outer 
radius of U-

tube pipe (m) 

Thermal 
conductivity of 

soil (W/mK) 

Thermal 
conductivity of 
grout (W/mK) 

Volume (m3) 
Number/depth 

of boreholes     
(-)/(m) 

U-pipe/borehole 
spacing (m) 

0.15 0.01372/0.01669 3.0 5.0 352.4 4/20.1 0.050/2.25 
Main back-up Boiler (MB) [16] and individual Boiler (B) [16] 

Fuel Maximum thermal output (kW) Efficiency at rated capacity (-) 
Natural gas 26.6 0.9213 

Micro-cogeneration unit (MCHP) [17] 

Engine type Displacement 
(cm3) Fuel Rated electric 

output (kW) 

Rated 
thermal 

output (kW) 

Electric 
efficiency el at 
maximum load 

(%) 

Thermal 
efficiency th at 
maximum load 

(%) 
Reciprocating internal 

combustion engine 952 Natural 
gas 6.0 kW 11.7 28.8 56.2 

Vapor compression Electric Heat Pump (EHP) [18] 
Nominal thermal output (kW) COefficient of Performance at nominal conditions (-) 

24.4 3.05 

3.1. Simulation models 

The TRaNsient SYStems (TRNSYS) software platform [10] has been used to model and simulate the proposed 
plant. Table 3 highlights the component modules (called “Types”) selected for this project. 

Table 3. “Types” used in the TRNSYS project. 

Buildings Solar 
collectors STTES BTES MB MCHP EHP B FC P Climatic 

data 
3-way 
valves Pipes 

Type 
56 

Type 
1b 

Type 
534 

Type 
557a 

Type 
700 

Type 
907 

Type 
941 

Type 
659a 

Type 
753e 

Type 
656 

Type 
15 

Type 
647 

Type 
31 

 
The simulation models have been calibrated and enhanced by manufactures performance data or information 

available in current scientific literature according to the common characteristics of the components used in practice 
prior to performing the simulations. The Type 534 used to model the STTES is based on the assumption that the 
tanks can be divided into N fully-mixed equal sub-volumes; for each sub-volume, the mass and energy balances are 
considered transient state, making it possible to calculate the thermal stratification in the component. In this paper, 
the STTES has been modelled with 10 isothermal temperature layers to better represent the stratification in the tank, 
where the top layer is 1 and the bottom layer is 10. The Type 557a, adopted to model the BTES, is considered to be 
the state-of- the-art in dynamic simulation of ground heat exchanger that interacts thermally with the ground and has 
been used by several researchers for simulating energy systems with BTES [19]. The model assumes that the 
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boreholes are placed uniformly within a cylindrical storage volume of ground; there is a convective heat transfer 
within the pipes, and a conductive heat transfer to the storage volume.  

The Main natural gas-fired Boiler (MB) can regulate its thermal output between 5.32 kW and 26.6 kW. This 
component has been modelled by using the Type 700 and calculating its thermal efficiency MB through the 
following equation (according to the manufacturer performance data [16]) as a function of its thermal output 
PMB.th,out: 

MB MB,th,outη = 0.0015 P + 0.8814     (1) 

The individual boilers installed inside the buildings for DHW production have been modelled with the Type 659a 
by assuming a constant thermal efficiency of 90%, whatever their thermal output is.  

The micro-cogeneration device under investigation [17] can operate under both thermal and electric load 
following control strategies. In case of electric load following operation, the cogeneration system produces 
electricity by varying the power supplied through the inverter on the basis of the user’s power demand in that 
instant. In case of thermal load following logic, the device operates according to an external temperature signal 
coming from a specific thermostat: when this temperature is lower than the set-point value, the unit operates 
providing its maximum electric and thermal outputs; when the temperature from the thermostat exceeds the set-point 
value, the unit switches in stand-by mode operation; any unused excess of current that is not self-used is sent to the 
power line on the basis of the net metering contract. In this paper the MCHP unit is operated under the thermal load 
following logic and it is modelled by means of the Type 907. In particular, a simplified state-state model has been 
used by assuming that the device provides its nominal thermal (11.7 kW) and electric (6.0 kW) outputs at nominal 
efficiencies (th = 56.6%, el = 28.8%) while in operation. 

The Type 941 is used to simulate the vapor-compression electric heat pump. In particular, the performance of the 
EHP has been modelled based on manufacturer data [18] by assuming the values of COP as a function of ambient 
temperature as well as temperature of the fluid at the condenser inlet as indicated in the Figure 3.  

 

 

Fig. 3. Values COP as a function of the ambient temperature as well as the condenser inlet temperature [18]. 

3.2. Control logics 

The duration of the heating period has been assumed from 15th November up to 31st March. The DH network 
pump operates continuously with a flow rate varying between 497.7 kg/h and 18,015.7 kg/h (depending on the 
number of buildings requiring thermal energy for space heating) during the heating season. When there is no heat 
demand, the DH network pump operates with the minimum flow rate to avoid a significant temperature drop in the 
district heating network. The flow rate on the source side of the heat exchanger HE2 is set to the same value of the 
load side. The heat carrier fluid flows through the air handlers only in cases when there is a call for heat triggered by 
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a thermostat installed in each building. The room temperature is targeted to be kept at 20°C (deadband = 1°C) only 
in case of at least one occupant being inside the building, otherwise the indoor air temperature is not controlled; 
when the room temperature is lower than 19.5°C, it calls for heat from the STTES; the call for heat signal will be 
disabled when the room temperature reaches 20.5°C.  

The solar energy recover is mainly based on the comparison between the current values of temperature at node 10 
(lower part) of STTES and the temperature of the fluid exiting the solar collectors field. The BTES 
charging/discharging is controlled based on the current values of the temperature at nodes 1 (upper part) and 10 
(lower part) of STTES, the temperature in the center of BTES field as well as the room target temperature (20°C).  

The DHW temperature is assumed to be produced at 45°C. 
The set-point for the DH supply temperature is 55°C; therefore the control logic of the back-up systems under 

investigation has been defined accordingly as reported in Table 4 (where Tin,MB is the temperature at the inlet of the 
MB, Tout,MB is the temperature at the outlet of the MB, ṁFC is the mass flow rate of heat carrier fluid entering the 
fan-coils, Tout,HE2,cold is the inlet temperature at the HE2 load side, Tout,MCHP and Tout,EHP are the outlet temperature of 
the MCHP device and the outlet temperature of the EHP unit, respectively). 

Table 4. Control logic of the back-up systems. 

 Main Boiler MCHP/EHP 
 ON OFF ON OFF 

Case 1 Heating period 
AND 

ṁFC ≠ 0 AND 
Tin,MB < 50°C 

ṁFC = 0 OR 
Tout,MB ≥ 55°C 

- - 
Case 2 Heating period AND ṁFC ≠ 0 AND Tout,HE2,cold < 50°C ṁFC = 0 OR Tout,MCHP ≥ 55°C 

Case 3 Heating period AND ṁFC ≠ 0 AND Tout,HE2,cold < 50°C ṁFC = 0 OR Tout,EHP ≥ 55°C 

4. Description of the reference heating system 

A typical/simple conventional heating system has been considered to be compared with the proposed plant. In the 
reference system, each building is equipped only with a natural gas-fired boiler (characterized by a constant 
efficiency of 90%) used for both space heating and domestic hot water production (without using solar collectors). 
All the electric requirements are satisfied with the electric energy supplied by the central national grid. 

5. Methods of analysis 

In this paper the performance of the proposed plant has been investigated upon varying the back-up technologies 
by means of the software TRNSYS over a 5-year period. The simulation results have been analyzed and compared 
with those associated to the conventional heating system assumed as reference. The comparison has been performed 
from energy and economic points of view as detailed below. 

The energy comparison between the proposed and conventional systems has been performed in terms of primary 
energy consumption by means of the index named Primary Energy Saving (PES):  

 CS CSHPSS CS
p,TOT p,TOT p,TOT = PES E  - E E     (2) 

where CSHPSS
p,TOTE  is the primary energy associated to the proposed system and CS

p,TOTE  is the primary energy 

associated to the conventional system. The power plant average efficiency PP is assumed equal to 0.42, including 
transmission losses, according to the Italian scenario [20]. 

The economic analysis has been performed in terms of both capital and operating costs. 
The capital cost of the proposed plant has been evaluated according to the following formula: 
 

6

CSHPSS SC STTES BTES DH Pumps BS B
1

 = CC CC CC CC + CC CC +CC CC     (3) 
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where CCSC is the capital cost of the solar collectors, CCSTTES is the capital cost of the short-term thermal energy 
storage, CCBTES is the capital cost of the long-term thermal energy storage, CCDH is the capital cost of the 
distribution network, CCPumps is the capital cost of the pumps of the plant, CCBS is the capital cost of the back-up 
system, CCB is the capital cost of a single individual boiler. CCSC has been assumed equal to 169.00 €/m2 according 
to the values suggested by Ramos et al [21]. The capital cost associated to the distribution network has been 
considered equal to 10.55 €/m according to the Italian price list of public works for Naples [22]. The capital costs 
associated to the pumps of the plant have been considered equal to 4000 €/pump [23]. The values of CCSTTES and 
CCBTES have been evaluated by using the specific cost functions suggested by Pahud [24] based on which CCSTTES 
depends on the volume of the thermal energy storage, while CCBTES is affected by the number of boreholes, the 
depth of boreholes, the borehole spacing, the depth of the top soil layer covering the thermal storage, the ground area 
as well as the length of the connection between the boreholes. CCB and CCMB have been assumed equal to 759.0 € 
according to manufacturer data [16]. The capital costs for the MCHP unit and the EHP unit are assumed equal to 
18,000.0 € [17] and 2,700.0 € [18], respectively. The maintenance costs have been neglected in this study. 

The operating costs of the proposed system have been compared with those of the conventional system by means 
of the following parameter: 

 

 CS CSHPSS CSΔOC= OC - OC OC  (4) 

 
where CSHPSSOC are the operating costs associated to the proposed system and CSOC are the operating costs 

associated to the conventional system.  
The tariffs of both the electric energy as well as the natural gas have been kept up-to-date according to the Italian 

scenario [25]. The unit cost of natural gas ranges from 0.466 €/Sm3 to 0.848 €/Sm3 in Naples. The unit cost of 
electric energy purchased from the Italian grid is a function of the hour of the day, the day of the week, the level of 
cumulated electric energy consumption as well as the region where the plant is located; it ranges from 0.121 €/kWh 
to 0.301 €/kWh in Naples [25]. The unit cost of natural gas for cogenerative use is cheaper than other applications; 
in particular a tax rebate on natural gas consumption is adopted by the Italian Government in case of MCHP units 
[26]. The price of the electric energy sold to the Italian grid is a function of the hour of the day, the day of the week, 
the level of cumulated electric energy consumption as well as the region where the plant is located [27]. In order to 
evaluate the feasibility of the proposed system, the Simple Pay-Back (SPB) period has been evaluated according to 
[20]. This economic parameter represents the amount of time required to recover the extra cost of the proposed 
system (thanks to the reduction of operating costs) in comparison to the reference system. In calculating the values 
of SPB periods, the Italian economic incentives for promoting the use of renewable energy-based technologies 
associated to thermal energy production have been taken into account [28] as well as the Government Capital Grants 
(GCG) on the purchase of the cogeneration units (equal to the 40% of the capital cost of the MCHP device [29]).  

6. Results and discussion 

The simulation results highlighted that the yearly thermal energy demand for heating purposes is 13.54 
MWh/year for the 6 residential buildings and 11.11 MWh/year for the 3 school buildings.  

With respect to the operation of the proposed plant, firstly it should be noticed that the values of PES and OC 
increase with the time assuming the maximum values during the 5th year of operation, whatever the back-up solution 
is; in particular, they mainly increase from the 1st to the 2nd year of operation and then become substantially 
constant. This is thanks to the fact that the average temperature of the long-term thermal energy storage becomes 
higher and higher, allowing for a more effective exploitation of solar energy.  

Figures 4a and 4b describe the main simulation results associated to the three different plant configurations under 
investigation in this paper. In particular, figure 4a reports the values of PES5th-year and OC5th-year referring to the 5th 
year of simulation together with the capital costs and the values of SPB, while figure 4b is highlighting the main 
energy flows associated to the plant components during the 5th year of operation. Figure 4a shows that the values of 
PES5th-year and OC5th-year are always positive, whatever the plant configuration is; this means that all the proposed 
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configurations are able to reduce the primary energy consumption as well as the operating costs in comparison to the 
reference heating system. In particular, the values of PES5th-year vary between 5.4% and 8.5%, while OC5th-year is in 
the range 14.0-24.3%. The maximum values of both PES5th-year (8.5%) is obtained in the case of the EHP is used as 
back-up unit; the largest value of OC5th-year (24.3%) is achieved when the MCHP device is included in the plant 
configuration mainly thanks to the facts that (i) the overall electric energy demand is covered for a significant 
percentage (around 17%) by the electric output of micro-cogeneration unit (a small amount is also exported to the 
central grid), thus allowing to reduce the electricity import from the central grid (Figure 4b), and (ii) the unit cost of 
natural gas for cogenerative uses in Italy is lower than that one associated to other applications. The configuration 
including only the natural gas-fired boiler as back-up system is that one characterized by the lowest values of both 
PES5th-year (5.4%) and OC5th-year (14%): this is related to the facts that (i) the entire electric load is satisfied by the 
electric energy imported form the central grid and (ii) the EHP is able to satisfy the same thermal energy demand of 
end-users more efficiently than the boiler. Figure 4a shows that the configuration including the micro-cogeneration 
device is that one characterized by the largest capital cost (even if the government capital grants associated to the 
purchase of the MCHP unit are taken into account), but it is able to guarantee the minimum SPB (26.9 years) thanks 
to the reduced operating costs (also related to the economic incentives adopted by the Italian Government). 
However, it should be highlighted that the simple pay-back period is relevant at any case and it would not be 
economically acceptable for the configuration with the MCHP without the support mechanisms of Italian 
government. Figure 4b also shows that the during the 5th year the efficiency of BTES (ratio between the energy 
extracted and energy injected) is around 26%, while the solar fraction (ratio between the thermal energy demand of 
end-users and solar energy recovered from solar collectors) is around 34%, whatever the back-up system is. 
 

  

Fig. 4. (a) PES5th-year, OC5th-year, capital costs and SPB; (b) Energy flows during the 5th year of simulation. 

7. Conclusion 

In this paper the performance of a micro-scale solar district heating system located in Naples (south of Italy) has 
been simulated and analyzed by considering three different plant configurations in terms of back-up system to be 
used to supplement the intermittent nature of solar source: 1) natural gas-fired boiler only; 2) natural gas-fuelled 
MCHP unit combined with natural gas-fired boiler; 3) vapor-compression electric heat pump combined with natural 
gas-fired boiler. The simulation results highlighted that: (a) the proposed solar district heating network is always 
able to reduce both the primary energy consumption as well as the operating costs with respect to a conventional 
heating plant assumed as reference, whatever the back-up system is; (b) the configuration with the EHP as back-up 
unit is characterized by the largest reduction of primary energy consumption (8.5%) thanks to its high energy 
conversion efficiency; (c) the configuration including the MCHP device as back-up unit is potentially able to obtain 
the maximum reduction in terms of operating costs (24.3%) allowing to achieve the minimum SPB (26.9 years), 
mainly thanks to the economic incentives adopted by the Italian government to support the diffusion of micro-
cogeneration technology. 

5.
4 6.
0 8.

5

14
.0

24
.3

19
.0

56
.3

67
.1

59
.0

36
.7

26
.9 28

.9

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

BOILER MCHP+ BOILER EHP + BOILER

PE
S5t

h 
ye

ar
, 

O
C

5t
h 

ye
ar

(%
), 

C
ap

ita
l c

os
ts

 (k
€)

 a
nd

 S
PB

 (y
ea

rs
) 

BACK-UP TECHNOLOGY

PES DOC Capital costs SPBOC a)

0.
0

2.
9

0.
0

0.
0 1.

0

0.
0

29
.1

27
.2

32
.0

23
.3

23
.3

23
.2

13
.9

13
.9

13
.9

3.
6

3.
7

3.
6

16
.1

10
.0

7.
0

0.
0

6.
0

0.
0

0.
0

0.
0

9.
2

0

4

8

12

16

20

24

28

32

36

40

44

48

52

BOILER MCHP + BOILER EHP + BOILER

E
ne

rg
y 

flo
w

s d
ur

in
g 

th
e 

5th
ye

ar
 o

f o
pe

ra
tio

n 
(M

W
h) Electric energy supplied by the MCHP Electric energy exported to the grid

Electric energy imported from the grid Net solar energy recovered from SC
Thermal energy injected into the BTES Thermal energy extracted from the BTES
Thermal energy supplied by the main BOILER Thermal energy supplied by the MCHP
Thermal energy supplied by the EHP

b)



574 A. Rosato et al. / Energy Procedia 149 (2018) 565–574
10 Author name / Energy Procedia 00 (2018) 000–000 

 

References 

[1] Le Truong, N., Dodoo, A., Gustavsson, L. “Effects of energy efficiency measures in district-heated buildings on energy supply”, Energy 142 
(2018): 1114-1127. 

[2] Rad, F. M., Fung, A. S. “Solar community heating and cooling system with borehole thermal energy storage – Review of systems”, 
Renewable Sustainable Energy Reviews 60 (2016): 1550-1561. 

[3] Directive 2012/27/EU on Energy Efficiency, Amending Directives 2009/125/EC and 2010/30/EU and Repealing Directives 2004/8/EC and 
2006/32/EC. OJ L315, 14 November 2012. 

[4] Rosato, A., Sibilio, S., Angrisani, G., Canelli, M., Roselli, C., Sasso, M., Tariello, F. “The micro-cogeneration and emission control and 
related utilization field”, Lecture Notes in Energy 33 (2017): 795-834. 

[5] Sibilio, S., Rosato, A. “Energy technologies for building supply systems: MCHP”, Energy Performance of Buildings: Energy Efficiency and 
Built Environment in Temperate Climates (2015): 291-318. 

[6] Buoro, D., Pinamonti, P., Rein, M., “Optimization of a Distributed Cogeneration System with solar district heating”, Applied Energy 124 
(2014): 298-308. 

[7] Kallert, A., Schmidt, D., Bläse, T. “Exergy-based analysis of renewable multi-generation units for small scale low temperature district heating 
supply”, Energy Procedia 116 (2017): 13-25. 

[8] German regulation EnEV 2009, http://www.buildup.eu/en/practices/publications/german-energy-saving-ordinance-2009-enev-2009. 
[9] Marguerite, C., Schmidt, R.R., Pardo-Garcia, N., Abdurafikov, R. “Simulation based multi-criteria evaluation of design scenarios for an 

industrial waste heat based micro district heating network supplying standard and low-energy buildings”, Energy Procedia 116 (2017): 128-
137. 

[10] TRNSYS. The transient energy system simulation tool. Available from http://www.trnsys.com. 
[11] Italian Decree, DM 26/06/2015, 

http://www.gazzettaufficiale.it/do/atto/serie_generale/caricaPdf?cdimg=15A0519800100010110002&dgu=2015-07-
15&art.dataPubblicazioneGazzetta=2015-07-15&art.codiceRedazionale=15A05198&art.num=1&art.tiposerie=SG. 

[12] Richardson, I., Thomson, M., Infield, D., Clifford, C. “Domestic electricity use: a high-resolution energy demand model”, Energy Buildings 
42(10) (2012): 1878-1887. 

[13] Jordan, U. and Vajen. K. Realistic Domestic Hot-Water Profiles in Different Time Scales (2001). http://sel.me.wisc.edu/trnsys/trnlib/iea-shc-
task26/iea-shc-task26-load-profiles-description-jordan.pdf. 

[14] Ciampi, G., Ciervo, A., Rosato, A., Sibilio, S., Di Nardo, A. “Parametric Simulation Analysis of a Centralized Solar Heating System with 
Long-term Thermal Energy Storage Serving a District of Residential and School Buildings in Italy”, 3rd AIGE/IIETA International 
Conference and 12th AIGE 2018, Reggio Calabria-Messina, June 14-16, 2018, 1-8. 

[15] Kloben, http://www.kloben.it/products/view/3. 
[16] Vaillant, https://www.vaillant.it/home/prodotti/atmotec-exclusive-vmw-9664.html. 
[17] AISIN SEIKI, TECNOCASA CLIMATIZZAZIONE, www.tecno-casa.com/EN/Default.aspx?level0¼prodotti&level1¼mchp 
[18] CLINT, http://www.clint.it/index.php?m¼00&m2¼01&lang¼en. 
[19] Yang, L., Entchev, E., Rosato, A., Sibilio, S. “Smart thermal grid with integration of distributed and centralized solar energy systems”, 

Energy 122 (2017): 471-481. 
[20] Angrisani, G., Canelli, M., Roselli, C., Russo, A., Sasso, M., Tariello, F. A small scale polygeneration system based on 

compression/absorption heat pump, Applied Thermal Engineering 114 (2017): 1393-1402. 
[21] Ramos, A., Chatzopoulou, M.A., Guarracino, I., Freeman, J., Markides, C. M. “Hybrid photovoltaic-thermal solar systems for combined 

heating, cooling and power provision in the urban environment”, Energy Conversion and Management 150 (2017): 838-850. 
[22] Price list of public works for the Campania region, 

http://www.lavoripubblici.regione.campania.it/joomla/index.php?option=com_jdownloads&Itemid=105&view=viewcategory&catid=111. 
[23] Wilo, https://wilo.com/en/index.html. 
[24] Pahud, D. “Central solar heating plants with seasonal duct storage and short-term water storage: design guidelines obtained by dynamic 

system simulations”, Solar Energy 69(6) (2000): 495-509. 
[25] Italian Regulatory Authority for Energy, Networks and Environment, https://www.arera.it/it/inglese/index.htm. 
[26] Sibilio, S., Rosato, A., Ciampi, G., Scorpio, M., Akisawa, A. “Building-integrated trigeneration system: Energy, environmental and 

economic dynamic performance assessment for Italian residential applications”, Renewable and Sustainable Energy Reviews 68 (2017): 920-
933. 

[27] GSE, https://www.gse.it/servizi-per-te/fotovoltaico/scambio-sul-posto. 
[28] Ciampi, G., Rosato, A., Sergio, S. “Thermo-economic sensitivity analysis by dynamic simulations of a small Italian solar district heating 

system with a seasonal borehole thermal energy storage”, Energy 143 (2018): 757-771. 
[29] Arteconi, A., Brandoni, C., Polonara, F. “Distributed generation and trigeneration: energy saving opportunities in Italian supermarket sector”, 

Applied Thermal Engineering 29 (2009): 1735-1743. 



ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Localisation of leakages within district heating networks is a challenging but highly essential task. In case of a leakage, especially 
in sudden cases, there occur miscellaneous adverse effects. In any case, the lost medium must be fed back to the network. If the 
amount of lost medium is too large, it is inevitable to shut down the network. This can be prevented by the use of exclusion areas 
if these can separate the damaged parts of the network. However, in order to effectively use these exclusion areas, the leakage 
must be attributed to one or more exclusion areas as quickly as possible. 
One possible approach is based on the propagation of the pressure wave, which may arise as an initial reaction to the occurrence 
of a leakage. The first step of the prototype presented here is to recognise the leakage entry based on the measurement data. 
Subsequently, all pressure measurement data are evaluated to find the point in time at which these pressures dropped due to 
leakage. It is not possible to deduct the leakage position on the basis of these times directly as the data quality meets the 
operational requirements but is far too low. The prototype can use these time points despite their big errors. For all possible 
leakage positions the theoretical wave propagation is calculated taking into account the valve states. The leakage is attributed to 
the exclusion area where the theoretical wave propagation fits best. 
Leakages within a real district heating network were simulated to test and evaluate the prototype. For example, about five percent 
of the transport medium of the network was replenished within a time span of one and a half hours. We present the results of the 
prototype based on these real data. 
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if these can separate the damaged parts of the network. However, in order to effectively use these exclusion areas, the leakage 
must be attributed to one or more exclusion areas as quickly as possible. 
One possible approach is based on the propagation of the pressure wave, which may arise as an initial reaction to the occurrence 
of a leakage. The first step of the prototype presented here is to recognise the leakage entry based on the measurement data. 
Subsequently, all pressure measurement data are evaluated to find the point in time at which these pressures dropped due to 
leakage. It is not possible to deduct the leakage position on the basis of these times directly as the data quality meets the 
operational requirements but is far too low. The prototype can use these time points despite their big errors. For all possible 
leakage positions the theoretical wave propagation is calculated taking into account the valve states. The leakage is attributed to 
the exclusion area where the theoretical wave propagation fits best. 
Leakages within a real district heating network were simulated to test and evaluate the prototype. For example, about five percent 
of the transport medium of the network was replenished within a time span of one and a half hours. We present the results of the 
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1. Introduction 

For the detection and the localisation of leakages within hydraulic networks or in district heating networks in 
particular a large variety of methods exists. Some of these methods require at least a rough pre-localisation like 
thermography or measuring of structure-borne noise which is emitted by the fluid flowing through the breach in case 
of a leakage. In order to apply these methods, additional measurement equipment is necessary to be able to measure 
the physical effects resulting from a leakage. Another approach would be the usage of already existent measurement 
equipment which is needed for operational purposes of the network. Usually, there exist various measurement 
devices for pressure as well as for flow distributed within a district heating network. As a leakage will always 
influence and change both, the pressures and the flow state within the pipes, the usage of these available 
measurement values is plausible. 

District heating networks are normally closed systems consisting of two network parts, the supply and the return 
network. Within the supply network the hot transport medium, mostly water or in some cases steam, is flowing from 
a supply (here a thermal power plant) towards the consumers. The purpose of the return network is to bring the 
medium back to the thermal power plant. This is the most common structure of district heating networks. All 
medium entering the supply network is fed back through the return network in case of standard operation. From this 
it follows that the law of conservation of mass holds for such district heating networks. If a leakage occurs, medium 
is leaving the network which will result in a difference between to supply and the return mass flow. Because of the 
change in the flow state through the pipeline system the pressures within the network will change as well. Especially 
in case of a large and fast change in the flow state transient effects like the formation of pressure waves may occur. 
These pressure waves travel through the network with the speed of sound specific for the transport medium and, if 
recognisable by the pressure measurement devices, may be used for the estimation of the damaged spot in the pipe. 
This method was already proposed and tested in [1]. Furthermore, pressure wave-based as well as other 
measurement data driven leakage detection systems for hydraulic networks and systems in general have already 
been part of research such as in [2], [3] or [4]. 

Within this work a combination of a flow monitoring system, which interprets the flow measurement signals for 
supply and return network at the thermal power plant for leakage occurrence detection, and a pressure wave-based 
localisation algorithm, which estimates the exclusion area in which the damaged spot is situated, is presented. 

2. Fundamentals 

Media circulation in a district heating network is separated by heat exchangers from the thermal power plant and 
the customers. The recirculation pump moves the medium in the network and ensures a minimum differential 
pressure between the supply and the return network at the customers. In this network a minimum pressure is kept by 
a pressure maintenance pump. In case of a leakage this pump maintains the pressure in the network at a given value 
as long as enough medium from an equalizing tank can be refilled to the network. 

Supply, return and consumption mass flow are equal in an undamaged network. If a leakage occurs, there are 
dynamic transitions at first. Normally, these transitions decay and a new steady state is established. Medium is lost 
in damaged district heating networks all the time, which must be refilled. Assuming heat demand of the consumers 
to be independent from leakages, consumption mass flows are the same before a leakage occurrence and after 
reaching a new steady state. However, supply and return mass flow will change as follows: 
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 Leakage in supply network – Supply mass flow rises to the sum of the consumption and the refill mass flow. 
Return mass flow stays equal to consumption mass flow. 

 Leakage in return network – Supply mass flow stays equal to the consumption mass flow. Return mass flow 
drops to consumption mass flow minus refill mass flow. 
If this  holds true for real measurement data, it can be useful to narrow down the position of a leakage or to 

attribute it e.g. to an exclusion area because only half of the network has to be considered. 
An exclusion area is a network part which may have intersections but can be separated from the rest of the 

network easily. Exclusion areas border on each other in manholes where remote controllable motor driven valves are 
installed in the supply and the return network. All valves bordering an exclusion area can be operated at the same 
time by a single command. These valves may only be opened if the differential pressure across them is small 
enough. Hence, there is at least one pressure measurement in the supply network and one in the return network of 
each exclusion area installed. The measured values are transmitted to the dispatcher to allow remote control. 
Normally there is more than one measurement in the supply or return network of an exclusion area as further parts 
may be separated inside exclusion areas manually. 

The topology of the exclusion areas of a real district heating network of the company Stadtwerke München is 
shown in Fig. 5 (upper left). It is not to scale and does not show correct lengths or areas. Nevertheless, all exclusion 
areas and possible connections between them are displayed correctly. The network is supplied from one single point 
and shows three lines. Two of the lines are connected to each other directly or via exclusion areas of linking lines, 
respectively. Compared to other networks only a few meshes are present. Each line consists of several exclusion 
areas which are numbered for each line separately starting at the supply. Including the supply there are 28 exclusion 
areas in total. The network has a total length of 95.7 km and a volume of 7709 m³. The length of the pipes in 
exclusion areas differs significantly and ranges between 4 m and 15.6 km. Likewise, the volumes range from 1 to 
917 m³. The exclusion areas number 3 and 10 in line 2 are extraordinarily small because they are both located inside 
a manhole. These exclusion areas are not used in operation very often. 

3. Measurement data description 

Real measurement data is most important for the development of procedures for narrowing down the localisation 
of leakages or for their attribution to exclusion areas. Technical infrastructure was installed during a project funded 
by the Bundesministerium für Wirtschaft und Energie (BMWi). It allows recording all data of the given district 
heating network in parallel to normal operation in the best possible quality. This was realized with standard systems 
and no changes were made with respect to the hardware of measurements or the transmission technology. 

Unfortunately, no real leakages occurred within the network since infrastructure installation. However 
operational tasks like preservation and maintenance works have been conducted at pipes of this network. These 
pipes were separated from the network and emptied during these tasks. Thereafter the pipes were refilled after 
completion of the maintenance works. Generally, the return network is employed for refilling. Hereby the filling 
cycle appears similar to a leakage to the residual network. Therefore corresponding data is named artificial leakage 
or simply leakage. Two measurement data sets are available: 
 27.07.2017 – Exclusion area 6 of line 1 was separated from the residual network and a larger pipe of that 

exclusion area was emptied (290 m³, 3.8 % net volume). Refilling after maintenance work took place via the 
return network in exclusion area 5 of line 1. All connections between exclusion area 6 of line 1 and exclusion 
area 2 of the linking line were closed the whole time. 

 01.08.2017 – Four refill events were conducted. In the first, second and fourth event the supply network was 
employed for refilling. This is only possible as a network part after a mixing station was refilled. A mixing 
station reduces pressure and temperature in the supply network after the station by mixing medium of return 
network and supply network before the station. This enables direct feed of network parts with lower maximum 
pressure and/or temperature. If the temperature in the supply network is low enough, it can be employed for 
refilling. The first and the second event took place in exclusion area 6 of line 1. The fourth event took place in 
exclusion area 4 of line 2. 
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4. Leakage detection based on refill mass flow 

The pressure value at a damaged spot drops if a leakage occurs. This pressure drop spreads from that spot into the 
network by the speed of sound. With a given maximum distance to the supply of e.g. 10 km the pressure wave needs 
less than 10 seconds to arrive there. The pressure maintenance pump reacts directly to this and refills medium to 
hold the pressure. Leakage entry leads to a rise of refill mass flow within a matter of a few seconds after leakage 
occurrence which can be used to detect the leakage (see Fig. 1). To recognize a leakage based on pressure 
measurement values is much more complicated as these values change with different operating conditions. 

Fig. 1 (upper part) shows the refill mass flow over time on the 27.07.2017. It has been calculated as sum of the 
supply mass flows of the three lines minus the sum of their return mass flows. At that point in time these 
measurements were operated since quite a long time and were not especially calibrated. The refill mass flow is in a 
range between 0 and 75 t/h during normal operation (green area) and is superimposed by large noise. If calibrated 
the refill mass flow should be close to 0 t/h on average. The refill mass flow is much higher in the time period 
between 17:45 and 19:30 h (yellow area). At begin and end of the filling cycle the refill mass flow rises and drops 
fast respectively. A maximum value of about 250 t/h is reached and kept for about one hour. In total about 290 m³ 
are refilled. 

Fig. 1 (lower part) shows the refill mass flow between 17:35 and 17:59 h. It is not rising continuously. Four steps 
can be identified (blue areas). The reason for this is that the valve is opened in four steps to avoid a too big pressure 
drop. A real leakage would not do this but as it is an operational task shutting down of the thermal power plant due 
to pressure falling below a minimum value should be avoided. A pressure wave can occur at each of the four steps. 

Refill mass flow on the 01.08.2017 is evaluated in the same manner. At that day there were four events. Three of 
these can be detected by an increased refill mass flow. The third event cannot be identified as it is too small 
compared to noise. 

Table 1 allows the comparison of the values for key parameters of the four steps and the four events. Refill mass 
flow rises by about 17 t/h in the minimum and 75 t/h in the maximum case. It is not rising abruptly but rather with a 
gradient between 9 t/h/min and 100 t/h/min. The pressure wave triggered by leakage entry is expected to be more 
distinct if the rise in refill mass flow is large and occurs with a steep gradient. 

 

Fig. 1. Total refill mass flow calculated from flow measurements over time on the 27.07.2017. 
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Table 1. Key parameters and values of the artificial leakages (four steps on the 27.07.2017; four events on the 01.08.2017) 

Date Event Begin 
Refill 
in t/h End 

Refill 
in t/h 

∆Refill 
in t/h 

Gradient 
in t/h/min 

27
.0

7.
20

17
 step 1 17:38:00 23.54 17:39:30 77.96 54.42 36.28 

step 2 17:42:45 77.96 17:44:30 146.11 68.15 38.94 

step 3 17:51:30 146.11 17:52:15 221.35 75.24 100.32 

step 4 17:54:30 221.35 17:55:15 251.94 30.59 40.79 

01
.0

8.
20

17
 event 1 08:22:30 45.33 08:24:30 62.77 17.44 8.72 

event 2 09:02:00 46.13 09:09:30 113.50 67.37 8.98 

event 3 N/A N/A N/A N/A N/A N/A 

event 4 13:48:00 36.28 13:50:30 71.86 35.58 14.23 

5. Attribution to supply or return network 

Earlier in this paper changes of supply and return mass flows during leakages were considered. Hence Fig. 2 
shows these mass flows over time on the 27.07.2017. The return mass flow drops clearly during the filling cycle 
(yellow area) whereas the supply mass flow stays unchanged. This matches perfectly to the considerations as the 
pipe was refilled via return network. If this is observed it can be used to reduce search space for leakage position to 
return network only. 

Fig. 3 shows the mass flows over time on the 01.08.2017. During events 2 and 4 (yellow areas) supply mass 
flows rise and return mass flows stay unchanged. This is not easy to decide due to the constant and synchronic 
changes of both mass flow values and because these leakages have much smaller refill mass flow values compared 
to the one on the 27.07.2017. Most important is the change at the end of filling cycle when the refill mass flow drops 
abrupt. This again matches perfectly to the considerations at the beginning of the paper as in both events medium 
was taken out from supply network. If this is observed it can be used to reduce search space for leakage position to 
supply network only. Event 1 cannot be evaluated as refill mass flow change is too small compared to noise. 

Correlation between changes in mass flows and leakage position in supply and return network respectively 
cannot be used shortly after leakage occurrence if only a small refill mass flow is present. Refill mass flow often 
rises in a time span of several minutes. Hence supply and return mass flow drift away from each other. But it cannot 
be decided if supply mass flow rises or return mass flow drops due to the constant and synchronic changes of both 
mass flows values. This can only be decided after the end of the events with the abrupt drop of the refill mass flows. 
But maybe more sophisticated algorithms can be developed to support this decision. 

 

Fig. 2. Total supply, return and refill mass flow over time on the 27.07.2017 (whole day). 
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Fig. 3. Total supply, return and refill mass flow over time on the 01.08.2017 (whole day). 

6. Attribution to exclusion areas based on negative pressure wave 

If a leakage is large and develops fast enough a distinct and abrupt drop of measured pressure values will occur. 
This pressure drop spreads from the damaged spot into the network by the speed of sound and results in a negative 
pressure wave. Due to different distances the pressure wave arrives at different points in time at different 
measurement locations. In [1] leakage position is determined based on those points in time. Like in [1] a direct 
localisation of the leakage based on the points in time when the pressure wave reaches measurement devices was 
considered. Fig. 5 (lower left) shows the results for step 3 on the 27.07.2017 [5]. Only measurements in return 
network of good quality were examined as pressure wave is more distinct there. Points in time where the pressure 
wave reaches the measurements were identified automatically by different algorithms. The best results are shown 
here. Fig. 5 (lower left) shows the results in relation to the topology. Colour of measurements correlates to time 
differences. No causal relationship between damage/filling spot and measurement location is visible. Furthermore 
measurements cannot be grouped and no systematic is visible. 

The question here is why it is that difficult to conduct a leakage attribution resp. a localisation based on the points 
in time. In [1] a special measurement technology was installed which records measurement values every 300 ms. 
The measurement technology installed in the district heating network at hand does not provide measurement data 
with a fixed time interval. Instead the transmission of data is performed spontaneously whenever the measured value 
changes by a given quantum compared to the value transmitted last. This quantum was changed to 1 bit, so with 
every change in the least significant bit a new measurement value will be transmitted. Because of the equipment 
used and the transmission chain with e.g. programmable logic controllers (PLC) the recorded data cannot be 
transferred at any rate and speed. PLC’s usually have cycle time of about 250 ms. And depending on the 
measurement device and the transmission path a varying maximum amount of data can be sent. 

The distance in time of the measurement values may vary. If the pressure does not change no new measurement 
value is transferred. If the pressure changes drastically within a longer period of time new measurement values are 
transferred as often as possible during this period. Therefore it could make a difference if recorded measurement 
data before, during or after the occurrence of a leakage is evaluated. Prior to as well as after a leakage the pressures 
in the network normally do not fluctuate too much. But in the event of a leakage there are large changes. 

A histogram of the distance in time between the single data points for all available measurement data of step 3 on 
the 27.07.2017 prior to, during and in the aftermath of the occurrence of the leakage was evaluated. The distribution 
differs marginally. A possible reason for this could be the fact that the pressures within the network change 
permanently thus measurement data is recorded und transferred at the maximum possible rate all the time. But this 
was not further investigated. Crucial is the fact that more than 60 % of the data points are more than 2 seconds apart 
from each other. Furthermore 40 % of the data points are more than 5 seconds apart. On the other hand data points 
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with less than 200 ms of distance in time barely exist. Only about 5 % of the data points are less than 400 ms apart 
from each other. Hence the quality of the available measurement data is significantly worse compared to the one in 
[1]. But from the point of view of the owner of a district heating network it would better if no new or additional 
measurement and transmission technology with significantly better properties is needed as this normally means 
higher costs. 

7. Improved leakage attribution to exclusion areas by pressure wave calculations 

One main question is if available measurement data in total maybe still hold sufficient information to generate a 
rating for the exclusion areas. This rating should depend on the probability for the exclusion area to contain the 
damaged spot. In the considered district heating network 119 pressure measurements in 28 exclusion areas are 
existent (whereby some measurements are omitted because of insufficient quality). 

Fig. 4 illustrates the concept of the rating algorithm. As first step the points in time at which all pressures drop are 
extracted from the real measurement data. If all points in time are plotted on a time axis this results in a specific 
leakage profile or leakage fingerprint (green time axes shown in Fig. 4). 

In a second step theoretical pressure waves for all possible leakage positions within the network are calculated. 
The points in time at which these pressure waves reach the measurement devices depend on distance between device 
and wave origin and speed of sound for the flowing fluid. For each possible leakage position these points in time are 
as well plotted on time axes respectively. This results in a large amount of calculated pressure wave profiles. In Fig. 
4 this is shown for 3 leakage positions exemplarily. Both the sequence and distance of the points in time at which 
the theoretical pressure waves reach the measurement devices vary. As example the point in time for measurement 
device 2 is exemplarily marked in all calculated pressure wave profiles. 

Third step is to compare leakage fingerprint with each single calculated pressure wave profile separately. For 
each measurement device the absolute deviation between measured and calculated point in time is determined and 
subsequently summed up. Hereby the two time axis compared to each other must be shifted so that the sum of the 
deviations becomes minimal. The smaller the value of the summed up deviations is the better leakage fingerprint fits 
to the calculated pressure wave profile. This approach was applied to all nodes of the network model of the 
considered district heating network. The computed sums of deviations for all nodes are assigned to their appropriate 
exclusion area. Based on this a condensed value for each exclusion area is computed. 

 

 

Fig. 4. Rating algorithm steps: 1) Extract fingerprint from measured data, 2) Calculate wave profiles and 3) match them. 
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Fig. 5. Network topology, visualisation of the determined points in time where the pressure drops for all measurements (direct) and result of the 
prototype for all steps on the 27.07.2017 (= colour coded probability for exclusion areas to contain the damaged spot) 

The final result can either be represented in the form a table sorted descending by the value of the sum of 
deviations or as a coloured map of the topology of the network. Fig. 5 (upper middle) shows the result for the 
evaluation of the most distinct pressure wave (step 3 on the 27.07.2017). Colour correlates to the probability that the 
exclusion area contains the damaged spot (red = highest; green = lowest). Indeed there is correlation between the 
exclusion area predicted by the algorithm and the location of the filling spot. Exclusion area 6 in line 1 was 
separated and is coloured in grey. The filling was performed via exclusion area 5 in line 1 which is ranked 1st by the 
algorithm. All neighbouring exclusion areas are ranked next and colour distribution in the topology shows a 
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plausible causal relationship. The further an exclusion area is situated with respect to the damaged spot the worse 
the calculated pressure waves match leakage fingerprint. 

Fig. 5 shows the results for the evaluation of all pressure waves (steps 3, 2, 1 and 4 on the 27.07.2017). The order 
is chosen according to the gradient and as steps 2, 1 and 4 show the same one additionally to the extent of the 
leakage. This order matches the quality of the results. The pressure wave shape was found to be less distinct in that 
order too. And as the algorithm uses leakage fingerprint results must be influenced by this. Steps 3, 2 and 1 deliver 
acceptable results whereas step 4 is pointing to a totally wrong network part. 

A rating was calculated by the algorithm described for all pressure waves (steps 3, 2, 1 and 4 on the 27.07.2017). 
The more distinct the pressure wave is, the smaller the summed up deviations become. E.g. smallest value for step 3 
is 65.11 and for step 4 it is 2882.91 which is a significant difference. This can be used as additional information on 
how reliable the coloured map is. For step 3 the correct exclusion area is ranked 1st with the lowest rating of 65.1. 
For step 2 it is ranked 3rd with a much higher rating of 1517.9. For step 1 it is ranked 5th with a similar rating. For 
step 4 it is ranked 25th with almost the highest rating of 3326.8. 

8. Conclusions 

 Within the scope of the project „EnEff:Wärme – Eingrenzung von Leckagen auf Basis eines analytischen 
Fernwärmenetzmodells“ funded by the BMWi a district heating network of the company Stadtwerke München 
was revised so that measurement data can be recorded at the best possible quality. But still the typical operational 
hardware is employed. 

 On the 27.07.2017 a filling cycle of a previously for maintenance work separated and emptied part of the network 
was performed. The share of this part of the network’s volume is about 3.8 %. The filling cycle took about 
1:15 h. The valve was opened in four steps at the start of the filling cycle. The whole process could be tracked on 
the basis of the refill mass flow. For all four steps a pressure wave occurred which was evaluated. On the 
01.08.2017 four single events took place. Three of these filling cycles could be recognised based on the refill 
mass flow. Only for events 2 and 4 the pressures drop over time was evaluated as event 1 has a very small 
leakage extent. The pressure drop is in both cases very slow and no distinct pressure wave is visible. 

 The assumptions on how supply and return mass flow behave for the new steady state after the occurrence of a 
leakage could be approved on the basis of measurement data. If supply mass flow rises while return mass flow 
stays constant leakage is located in supply network. If supply mass flow stays constant and return mass flow 
drops leakage is located in return network. Unfortunately it is not easy to use that relationship if there are only 
few data points after leakage occurrence available and if leakage gradient is small compared to normal changes of 
the mass flows. Information about leakage location in supply or return network may enable algorithms to work 
more precise and faster. 

 The attribution of the leakage to one exclusion area on the basis of the points in time at which the pressure wave 
reaches the pressure measurement devices is not possible directly. This is due to the measurement data quality. 
For more than 60 % of the data points the distance in time is greater than 2 seconds and for 40 % it is 5 seconds. 
This is independent of time: before, during or after a leakage. 

 For all nodes of the network theoretical pressure waves were calculated. The times these waves need to reach all 
pressure measurement devices can subsequently be compared to leakage fingerprint. The absolute deviation 
between them can be used to determine which theoretical pressure wave matches to leakage fingerprint best. The 
smaller the deviation the more probable it is that the real pressure wave’s origin is at that particular node of the 
network. The results for the single nodes are condensed for each exclusion areas. This results in a rating for all 
exclusion areas. 

 The applicability of the described method depends on how distinct the pressure wave is. This depends on both the 
extent and the gradient of the leakage. Suggested reference point: gradient should be at least 40 t/h/min and 
extent of the leakage should be at least 50 t/h. This is a limitation for practical use. However there are certain 
types of leakages where this method fits perfectly: e.g. if a fibre-glass reinforced plastic pipe breaks at a coupling. 

 For the data on the 27.07.2017 the actual affected exclusion area was rated on the first place for step 3, on third 
place for step 2, on fifth place for step 1 and 25th place for step 4. 
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 Until now the analysis of the measurement data was performed offline. The work on installing a prototype which 
performs the data analysis online without supervision of an operator is currently going on. For testing purposes 
the data on the 27.07.2017 is passed to the prototype as if it was actual data. The complete toolchain for 
evaluation already exists and a rating is generated and displayed. It is planned to deploy the prototype until June 
2018. In July 2018 another maintenance work is planned which can be used to test the prototype online. As this is 
a work in progress the applied algorithms and parameters may still change to achieve better results. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Large-scale seasonal thermal energy storage (TES) can help maximize renewable energy integration into district heating and 
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Nomenclature 
 
ATES Aquifer Thermal Energy Storage 
BTES Borehole Thermal Energy Storage 
CHP Combined Heat and Power 
DHC District Heating and Cooling 
HDPE  High-density Polyethylene 
IEA International Energy Agency 
PE Polyethylene 
PEX Cross-linked Polyethylene 

 
 
PP Polypropylene 
PTES Pit Thermal Energy Storage 
RES Renewable Energy Sources 
SDH Solar District Heating 
STES Seasonal Thermal Energy Storage 
TES Thermal Energy Storage 
TTES Tank Thermal Energy Storage 
UTES Underground Thermal Energy Storage 

 

1. Introduction 

Modern district heating and cooling (DHC) systems are a key technology for the energy transition to a green 
economy, because they enable at a large scale to couple the heat and electricity sector and hence to increase the 
flexibility of the overall energy system. In so-called smart DHC systems, large-scale thermal energy storages (TES) 
render possible the integration of high shares of renewable energy sources (RES), to integrate excess electricity from 
RES and to optimize combined heat and power plants (CHP). 

The research in the IEA project ‘Integrated Cost-effective Large-scale Thermal Energy Storage for Smart District 
Heating and Cooling’ (IEA DHC Annex XII Project 3, Contract No. XII-03) contributes towards the development of 
data, information and analysis tools to encourage the use of cost-effective large-scale underground thermal energy 
storage (UTES) in DHC systems. The TES technologies of interest for this international collaboration are aquifer and 
pit thermal energy storage (ATES and PTES), where ATES use naturally occurring self-contained layers of ground 
water, so called aquifers, for heat and cold storage and PTES are made of an artificial pool filled with storage material 
and closed by a lid. These TES types offer cost-effective solutions for large-scale applications. Where applicable, 
these TES types have a significant cost advantage compared to conventional heat stores. Cost levels of less than 
50 €/m³ have been reached and are in particular interesting for DHC applications with a low number of storage cycles 
(e.g. long-term or seasonal storage of cold or heat). 

Four main concepts for large-scale UTES have been developed and demonstrated in the last decades (see Figure 1).  
 

 

Fig. 1. Overview of available Underground Thermal Energy Storage (UTES) concepts [1]. 
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Each of these concepts has different capabilities with respect to storage capacity, storage efficiency, possible 
capacity rates for charging and discharging, requirements on local ground conditions and on system boundary 
conditions (e.g. temperature levels). The most suitable TES concept for a specific project has always to be found by a 
technical-economical assessment for the specific boundary conditions. The assessment has to consider all relevant 
boundary conditions like local (hydro-) geological situation, system integration, required storage capacity, temperature 
levels, power rates, number of storage cycles per year, legal restrictions, etc. For all concepts a geological investigation 
has to be made in the pre-design phase. The highest requirements with respect to this are made by ATES and BTES. 
Also legal requirements have to be checked. In most countries the usage of the ground for heat storage has to be 
approved by the local water authorities to make sure that no water protection areas are affected. This can also become 
necessary if only the ground surrounding a storage tank or pit is heated up by thermal losses.  

In the following ATES and PTES concepts are treated in more detail. More information on other storage concepts 
can be found in [1] or [2]. 

2. ATES design concepts 

An aquifer is a subsurface geologic feature that is capable of yielding large quantities of water (e.g. a layer of sand, 
gravel, sandstone or fractured rock). While aquifers are geographically limited in area around the world, they are 
typically located under large population areas such as the east coast of the US and river deltas such as the Netherlands. 

The IEA Implementing Agreement on Energy Conservation through Energy Storage (ECES) supported several 
research and development activities on ATES commencing in the early 1980s. Cold storage for cooling buildings with 
“cold” stored in the winter proved the most promising in temperate and northern climates: the natural underground 
temperature is typically only 0 to 10 oC warmer than the required storage temperature for cooling. This allows sizing 
an ATES system to meet (part of) the cooling demand with direct cooling, i.e. without running a chiller. High-
temperature aquifer storage of surplus heat from combined cycle power plants have also been demonstrated [3, 4, 5]. 

Figure 2 displays the basic principle of an ATES system that is used for both cooling and heating, the most 
common application of ATES. In summer, groundwater is extracted from the cold well(s) and used for cooling 
purposes, depleting the cold store over the cooling season. The warmed return water is injected in the warm well(s) to 
recharge the warm store. In winter the process is reversed: water is pumped from the warm well(s) and applied as a 
low temperature heat source for one or more heat pumps. After the heat transfer the chilled water from the heat pump(s) 
is injected into the cold well(s), recharging the cold store for use the following summer.  

All the water extracted from the cold store is re-injected into the warm store. There is no net extraction of 
groundwater, so although ATES systems operate at high flow rates, there is no consumptive use of groundwater. 

 
ATES systems require three primary site-

specific physical characteristics:  
 
 An aquifer capable of yielding high flow 

rates from wells.  
 Seasonally variable (and preferably, 

relatively balanced) heating and cooling 
requirements.  

 Relatively large thermal loads, typically 
greater than 250 kW heating and cooling 
load. 

 
Fig. 2. Principle of ATES in heating (winter) and cooling (summer) mode[6,7]

 
As of the end of 2017, an estimated 3,000 ATES projects were in operation in Europe. The number of ATES 

projects integrated in a local DHC network has exceeded 100. These are larger scale ATES projects (storage capacity 
1 MW or more) with a distribution network serving two or more buildings or industries. 
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Utility scale ATES projects consist of a well field with several groundwater production/recharge wells, 
groundwater transport/distribution piping, heat pumps as well as warm and chilled water distribution piping. These 
systems provide heating or cooling, or simultaneous heating and cooling to several buildings. The groundwater circuit 
is hydraulically separated from the heating and cooling circuits inside the buildings by plate heat exchangers. 

From the thermal energy distribution perspective, several system configurations can be distinguished (Table 1.). 

Table 1. Distribution system configurations 

Heat pump location Distribution groundwater Distribution chilled and warm water 
1. In centralized plant room for all buildings 
together. 

Between well field and central plant room. 
Single, uninsulated piping (water is flowing 
either from warm to cold wells or from cold 
to warm wells). 

Supply and return piping for warm and 
chilled water between central plant room 
and buildings, and inside buildings. 
Four-pipe system, insulated. 

2. In central plant room per building (also 
group of houses/apartment block). 
Remark: Best suited for ATES application. 

Between well field and buildings.  
Two- or four-pipe system, piping not 
insulated. 

Supply and return piping for warm and 
chilled water inside buildings. Four-pipe 
system, insulated. 
Remark: DHW make-up might be integrated 
in building plant room. 

3. Distributed heat pumps in the buildings. 
Remark: Central heat exchanger per 
building is recommended for hydraulic 
separation ATES and building circuit. 

Between well field and buildings.  
Two pipe system (supply and return), piping 
not insulated. 

Two-pipe system (supply and return) inside 
buildings between heat exchanger and 
distributed heat pumps. Piping insulated. 
Supply and return piping for warm and 
chilled water after heat pumps. Two- or 
four-pipe system.   

 
Figures 3 and 4 depict the conceptual design of an ATES integrated with a local DHC network. A two-pipe 

groundwater loop with active building connections is applied in this example. The principle of operation for a building 
in winter mode and the ATES system in winter mode (ATES system heating mode and charging operation for the cold 
ATES wells) is displayed in Figure 3. Note that with this winter mode configuration: 

 Some buildings can still be in cooling mode while the other buildings are in heating mode. In heating mode 
of the ATES system, the net flow in the groundwater loop will be from the warm wells to the cold wells.  

 The warm well discharge temperature indicated in Figure 3 is resulting from the summer operation. 

 

  
Fig. 3. ATES system in heating mode (winter operation)  Fig. 4. ATES system in cooling mode (summer operation) 
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The principle of operation for a building in summer mode and the ATES system in summer operation mode is 

displayed in Figure 4. In cooling mode (discharging operation for the cold ATES wells) groundwater is pumped from 
the cold wells to the warm wells. Direct cooling to a building in cooling mode is supplied by thermal energy exchange 
over a plate heat exchanger. At the start of the cooling season, when the cold wells are fully charged, the extraction 
temperature from the cold wells will be close to the charging temperature. As a result of the temperature drop over 
the plate heat exchanger (in this example 1.0 °C) both during charging and discharging, the temperature supplied to 
the building distribution loop will be 8.0 °C. During summer operation the extraction temperature from the ATES 
wells will gradually rise. The heat pump(s) in the building plant room are utilized in chiller mode for additional cooling 
in order to have a guaranteed cooling capacity and temperature. 

3. PTES design concepts 

The main driver in the development of PTES in Denmark has been the price for stored solar heat. In the 1990s the 
overall objective was to construct long-term thermal storages for a price below 200 DKK/m³ (27 €/m³) including in- 
and outlet, connection pipes, heat exchangers and pumps, valves etc. in the storage circle. 

To reach this objective the total construction and the different parts of the construction have to be economically 
optimized. 

The total construction for large pit storages (>50,000 m³ water equivalent) is cheapest if it is made from soil 
excavated with a soil balance such that no material has to be added or to be removed from the building site. 

 

Fig. 5. Principle sketch of a pit heat storage cross section. 

To make this possible, the excavated soil has to be of a quality that can be utilized as banks, see Figure 5. Too 
much silt in the soil can be a problem and a geotechnical investigation has to confirm that the excavated soil can be 
utilized as banks. 

Insulation is expensive and use of insulation material must be optimized. Calculations carried out by Danish 
Technical University in the 1990s for a 100,000 m³ PTES showed that insulation on the banks and on the bottom is 
not economically feasible. The lid insulation should be similar to 39 cm of mineral wool and it was not economical 
feasible to extend the lid insulation to cover the top of the banks. This result depends of course on the temperatures in 
the storage, cost of insulation and other boundary conditions and has in principle to be recalculated when conditions 
are changed. 

Storage medium is water since it is inexpensive, does not harm nature, has high thermal capacity and allows 
stratification pumping and high charge and discharge capacity. Since the thermal capacity for water is app. 
1.16 kWh/(m³*K) and for soil and rock 0.8-0.9 kWh/(m³*K) filling of gravel or stones in the storage will reduce the 
thermal capacity. However, water can be corrosive because of content of oxygen and bacteria. Therefore, the water in 
the Danish PTES storages is treated like water in the district heating network (pH 9.8, removal of lime and removal 
of salts). 

For tightening the storage polymer liners with high thermal resistance is used. Polymer liners as Polypropylene 
(PP) and polyethylene (PE) are relatively cheap and easy to install with well documented welding and testing 
techniques. Therefore, they are widely used for geo-membranes. The welding process is shown in Figure 6. 
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Fig. 6. Double welding of a HDPE liner. The welding can be tested by applying pressurized air to the air channel between the welding seams. 

The major issue regarding polymer liners is the temperature resistance, where 90 °C is the maximum. Another 
disadvantage compared to metal liners is the water vapor permeability. For polymer liners the water vapor 
permeability is strongly temperature dependent. HDPE liners have the lowest water vapor permeability compared to 
other geo-membranes. At 20 °C the water vapor permeability is around 0.03 g/(m²*day) for a 1 mm liner. For 
temperatures above 60 °C it is difficult to get data from the suppliers, but experiments have shown a water vapor 
permeability for a 2.5 mm liner of app. 1.5 g/(m²*day) at 80 °C.  

The lid is floating on the water. This is to avoid an expensive structural system and to avoid using steam or nitrogen 
as corrosion protection between lid and water. The lid construction has been continuously developed since the early 
1990s. Until now a solution with two alternative insulation materials (Nomalén and LECA) have been implemented 
in the Danish full-scale storages. 

Nomalén is a PE/PEX product sold in mats of for instance 200x600x10 cm. The floating lid is mounted with weight 
pipes making rain water flow to a pumping sump in the middle of the storage. The lid is constructed with layers of 
bottom liner, ventilation net, insulation, ventilation net and top liner with ventilation valves, see Figure 7. This design 
concept has been implemented in the Danish cities Marstal (75,000 m³) and Dronninglund (60,000 m³). 

LECA is expanded clay, and the solution with LECA is also mounted with weight pipes, but the layers in the lid 
construction is bottom liner, LECA and top liner including ventilation pipes. This design concept has been 
implemented in the Danish cities Gram (122,000 m³), Vojens (203,000 m³) and Toftlund (85,000 m³). 

 

 

Fig. 7. Cross section of the edge of the floating cover [8]. 

4. System integration 

A deliberated integration into the overall energy supply system is essential for an efficient operation of a large-
scale TES. This includes a suitable hydraulic system layout as well as a careful design of not only the storage but also 
other system components like additional heat or cold producers, DH network, heat transfer substations up to the point 
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of building installations. In particular the process control system has to make use of the storage services in the best 
possible way, depending on the specific objectives like e.g. maximization of renewable energy share or CHP electricity 
production. 

Temperatures levels, quality of stratification and return temperatures of the heating network do strongly influence 
the efficiency of a TES. Those parameters do not only depend on the storage, but also to a large extent on the connected 
energy system. Hence, during storage design an accurate prediction of the entire system characteristics is needed. 
Operation temperatures of the storage throughout the year and charging and discharging power rates have to be 
predicted, along with the DH network return temperatures, as they have a key role for the performances of the storage. 
Together with the maximum charging temperatures they define the usable temperature difference and accordingly the 
thermal capacity of a TES. For some storage concepts also additional components like short-term buffer tanks or heat 
pumps can be economically reasonable supplements. 

5. Application areas 

Today ATES, PTES and other UTES can be applied in all application areas where large thermal storage capacities 
are required at moderate or low temperature levels (< 90 °C). Large-scale TES can have different roles in energy 
supply systems. The major ones are  

 Buffer storage for short-term heat storage and / or peak shifting 
 Long-term or seasonal storage of e.g. solar thermal or surplus heat 
 Energy management of multiple heat producers like e.g. CHP, solar thermal, heat pumps, industrial surplus 

heat etc. 
 Cold storage of e.g. ambient cold (air, surface water) or evaporator cold from heat pumps 

 
In the following, some possible applications are described exemplarily. A number of realized project examples are 

described more detailed in [1]. 
In solar district heating (SDH) systems with seasonal thermal energy storage (STES), large solar thermal collector 

areas produce heat mostly in the summer period. Solar heat that is not used directly is charged into the seasonal storage 
for a heat supply in the following heating season. STES enables SDH systems to supply shares of 50 % and more of 
the yearly DH heat demand by solar energy. 

Large-scale TES in connection to CHP plants allow for a separation of the electricity from the heat production. 
The CHP units can operate when economic conditions in the electricity grid are favorable independently of the actual 
heat demand. Surplus heat can be charged into the TES for later use when electricity prices are low and the CHP is 
switched off. In these periods no expensive backup boilers have to be operated. 

In power-to-heat applications, surplus renewable electricity can be transferred into heat. In connection to large-
scale TES more heat than actually needed can be produced and stored. In larger applications, regulation services can 
be offered to the electricity market, which offers additional business opportunities. 

So-called smart district heating systems have been implemented in a number of Danish district heating systems 
in the past years. They often consist of the four main components: large-scale solar thermal system, CHP plant, 
electrical heat pump and / or direct electrical heater and large-scale TES. In the summer period solar heat is produced 
by the solar thermal collectors. Surplus solar heat is stored into the TES. In the winter period the solar heat is 
discharged. In addition, the heat pump produces heat in periods with low electricity prices and uses the colder parts 
of the TES as heat source. The CHP plant produces heat in periods with high electricity prices, independently from 
the actual heat demand. The Smart District Heating concept also allows for selling regulation services to the electricity 
market. 

Industrial waste heat is often available on a rather constant power level throughout the year, whereas heat demand 
usually follows the seasonal weather variations. TES can level out this discrepancy and offers the possibility for much 
higher amounts of waste heat to be used compared to a direct waste heat usage only. 

In cooling applications, e.g. ambient cold from ambient air or surface or sea water can be charged into a TES in 
the winter period for cold supply in the summer period. From the economical point of view these systems are often 
very interesting, as no cold has to be produced by a cooling machine but only freely available ambient cold is used. 
Besides the electricity for some circulation pumps, no further operational cost incur. Combined heating and cooling 
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applications work similarly for the cooling part, besides the fact that the cold source is the evaporator side of a heat 
pump in this case. The heat that is charged into the TES during the cooling season is used as a heat source for the heat 
pump in the following heating season. Because of the favorable economics, quite some local DHC systems with heat 
pumps and UTES are in operation already. 

6. Cost 

Construction costs of the four storage concepts vary significantly. Figure 8 presents the investment cost data of 
realized large-scale TES plants. For comparing different storage concepts and storage materials, the specific storage 
costs are related to the water equivalent storage volume. The listed storages are operated at maximum storage 
temperatures between 50 °C and 95 °C and are integrated into solar district heating plants as seasonal storages. 

 

 

Fig. 8. Specific investment cost for large-scale thermal energy storages (including design, without VAT). 

Figure 8 illustrates the cost decrease with increasing storage volumes. Appropriate sizes for large-scale UTES are 
above 2000 m³ water equivalent. Here the investment costs vary between 40 and 250 €/m³. Generally, TTES have 
higher specific investment costs than other UTES types. On the other hand, they offer advantages regarding the 
thermodynamic behavior and they can be built almost independently from the local ground conditions. The lowest 
costs can be reached with ATES and BTES. However, they often need additional equipment for operation like e.g. 
buffer storages or water treatment and they have the highest requirements on the local ground conditions. 

The economy of a storage system depends not only on the storage costs, but also on the thermal performance of 
the storage and the connected system. Hence each system has to be evaluated separately. To determine the economy 
of a storage system, the investment, maintenance and operational costs have to be related to its thermal performance 
in the overall system. 

7. Design tools 

With their high capital costs, transient storage temperature behavior, and possible long-term heat build-up impact 
in the surrounding soil, proposed TES solutions often require detailed modelling to assess the thermal and economic 
performance of the design over the anticipated lifetime of the equipment. But it is often not enough to just study the 
TES system individually without also considering its impact on the balance of the system. For example, in a design 
where the TES system is being charged by a combined heat and power plant, being able to accurately predict the 
storage temperatures can be critical when deciding when and how to operate the power producing components 
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(turbines, fuel cells etc.). A modelling platform that can accurately analyze the available TES technologies, as well as 
their interaction with power producing components, heat rejection devices, solar energy components, controllers and 
heat distribution networks, becomes a valuable tool to the designers, operators and investors. For this IEA task, the 
TRNSYS software package [9] was chosen for the simulation engine. 

TRNSYS is a transient system simulation package that has been developed and supported for over 40 years and 
features an extensive library of commercial and research grade component models covering a wide range of 
applications. TRNSYS is powerful modelling platform that has been used extensively in IEA projects due to its 
inherent flexible nature and ability for users to easily add content to the package. For this IEA project, TRNSYS was 
chosen because it contains state-of-the-art component models for many of the TES technologies under consideration 
and it has the balance of system models required to integrate the TES models into real-world applications. A quick 
discussion of the available TES technologies in TRNSYS follows. 

 
 TTES: There are storage tank models in TRNSYS for spherical, cylindrical, rectangular parallelepiped, conical 

and inverted pyramid storage geometries. These models typically rely on 1-dimensional finite difference 
approaches using horizontal isothermal temperature nodes within the storage to solve the inter-dependent set of 
coupled differential equations. The models are well validated and are extremely flexible with where insulation 
is placed, where fluid enters and exits the tanks, where auxiliary energy can be added to the fluid, etc. These 
models usually assume constant volume storage but there are several versions with variable volume. 

 PTES: There are several options in TRNSYS for the analysis of pit thermal energy systems. Most of the TTES 
models described above also have a soil “wrapper” model that can be used to effectively bury the tank in the 
ground. These soil wrappers are typically either 2-dimensional (radial and vertical direction) or 3-dimensional 
(x, y and z directions) finite-difference conduction solution models. These models are used iteratively with the 
storage tank models to pass temperature and energy flow information back and forth between the models. In 
addition, a highly detailed model of an inverted, truncated pit storage system (tank + soil) has been developed 
by the authors and is being validated against a measured data set with very promising results. 

 ATES: There are two approaches being used to study ATES systems in TRNSYS currently. The first relies on a 
model called TRNAST [10] that solves the case of two de-coupled wells (the wells do not interact thermally). 
This model has been used to study ATES systems for many years and usually does a nice job provided the 
injection and extraction wells are far enough apart that they do not interfere with each other. The second solution 
is relatively new and involves the pairing of the popular ModFlow groundwater modelling package [11] with 
TRNSYS. The user describes the detailed ATES sub-surface conditions and design using ModFlow and the 
balance of the system using TRNSYS (heat distribution system, heat generation equipment, controls etc.). 
Because the timescale for the balance of system components in TRNSYS can be on the order of minutes or 
seconds, and the timescale for the aquifer is often on the order of days, weeks, or even months, the solution 
methodology can be slightly de-coupled (if desired to help speed up the simulations) where the ModFlow 
program is only called every ‘n’ TRNSYS timesteps (where n is an integer ≥1). Between ModFlow calls, 
the TRNSYS balance of system components use the temperature of the aquifer from the previous ModFlow 
solution. This new approach using ModFlow/TRNSYS is currently being validated against two multi-year 
measured data sets from commercial ATES applications in Europe.  

 BTES: There are several BTES options in TRNSYS with the most popular being a modified version of the DST 
solution methodology from Lund University in Sweden [12]. This model is for U-tube and concentric tube 
borehole systems using a cylindrical approach and has been extensively validated over a wide range of 
commercial and residential applications. The DST model in TRNSYS has been recently updated to allow for 
fluid flow into different ‘rings’ of the stratified ground field. 

8. Summary 

As part of the IEA DHC Technology Collaboration Programme a research project to address general technical 
issues on large-scale seasonal thermal energy storage applications has been initiated. These issues include the lack of 
reliable up-to-date data and information, in particular proven concepts, cost data, technology suppliers and experiences 
from realized projects. Expertise and concrete projects in the field of seasonal thermal energy storage is limited 
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internationally and there is currently a lack of reliable and adequate analysis tools to assess the technical-economic 
potential of aquifer thermal energy storage (ATES) or pit thermal energy storage (PTES) integration in DHC systems. 
The first deliverable of this IEA-DHC funded project is the development of a review report for ATES and PTES 
technologies [1] including up-to-date cost data and cost functions showing the cost of larger scale ATES and PTES 
systems versus storage system size. In countries such as Denmark and the Netherlands, cost-effective concepts for 
ATES and PTES have been developed in the past decade and realized in numerous local DHC projects. These TES 
technologies have been demonstrated within the frame of national R&D programs and more recently as non-subsidized 
projects by industry. Excerpts from the review report, which will be published by the IEA-DHC and is introduced and 
presented in this paper, provide a summary of the report sections related to ATES and PTES design concepts, cost of 
UTES and potential application areas as well as an introduction of relevant design tools being used by the authors for 
completing technical economic feasibility studies for district heating and cooling systems with integrated ATES and 
PTES systems. The data, information and general knowledge summarized in the report and in this paper is directed to 
operators of DHC systems and other stakeholders interested in transforming their systems to smart DHC systems 
incorporating seasonal storage. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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A reduction of emissions in the energy sector is essential for meeting international goals for climate change mitigation. Here, 
district heating (DH) can contribute significantly to a more efficient use of energy resources as well as better integration of 
renewable energy into the heating sector (e.g. geothermal heat, solar heat, heat from biomass combustion or waste incineration), 
and surplus heat (e.g. industrial waste heat). The more efficient use of all energy resources and the use of renewable energy are 
measures which lead to a reduced utilization of fossil energy, and thereby a reduction of greenhouse gas (GHG) emissions. 
Within this context, it is mandatory to consider the entire energy chain to achieve a good overall system performance. In this 
perspective low temperature district heating offers suitable technology solutions.  
The paper presents and discusses the final output of the international co-operative work in the framework of the International 
Energy Agency (IEA), the District Heating and Cooling including Combined Heat and Power (DHC|CHP) Annex TS1. The 
material collected and summarized in the recently published guidebook [1] show that low temperature district heating is a key 
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heating is one of the most cost efficient technology solutions to achieve 100 % renewable and GHG emission-free energy 
systems on a community level. 
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1. Introduction 

The reduction of emissions within the energy sector is a mandatory to meet the set national and international 
goals for climate mitigation. Studies, as [2] pointing out that district heating could play an important role in a cost 
effective de-carbonization of the heating sector and will have a vital role in our future energy system. In turn, the 
IEA DHC Annex TS1 aims to identify holistic and innovative approaches to communal low temperature heat 
supply. It is a framework that promotes the discussion of future heating networks with an international group of 
experts. The goal is to obtain a common development direction for the wide application of low temperature district 
heating systems in the near future [3]. 

 
The Annex TS1 is intended to provide solutions for both expanding and rebuilding existing networks and new 

DH networks. It is strongly targeted at DH technologies and the economic boundary conditions of this field of 
technology. The area of application under consideration is the usage of low temperature district heating technology 
on a community level. This requires a comprehensive view of all process steps: From heat generation over 
distribution to consumption within the built environment. The approach includes taking energy (e.g. primary energy, 
delivered energy, etc.) and exergy into account. This allows an overall optimization of energy and exergy 
performance of new district heating systems and the assessment of conversion measures (from high temperature DH 
to low temperature DH) for existing DH systems. 

 
The main objective of the descripted research activity is to demonstrate and validate the potential of low 

temperature district heating as one of the most cost efficient technology solution to achieve 100 % renewable and 
GHG emission-free energy systems on a community level. This is reached by providing tools, guidelines, 
recommendations, best-practice examples and background material for designers and decision makers in the fields 
of building, energy production/supply and politics in the recently published guidebook [1]. 

 
During the course of the Annex activities, the aim was to develop and improve means for increasing the overall 

energy and exergy efficiency of communities through the use of low temperature district heating. Therefore, the 
compilation of existing know-how for developing new district heating concepts and for implementing the results in 
existing grids is necessary. In this way, low temperature DH can become the least expensive way of realizing the 
future of fossil free energy systems in the heating sector. In this context, new business cases and models could 
support the wider implementation of new and especially innovative low temperature DH systems. Next to this 
technology, developments for reduced DH network costs are necessary. It seems to be sensible to focus on the 
motivation for investments into new networks and the renovation of existing networks [3]. 

2. District Heating and Cooling Technologies 

As already stated above, low temperature district heating (LTDH) based on renewable energy can substantially 
reduce total greenhouse gas emissions and secure energy supply for future development of society [4]. It has the 
ability to supply heat for space heating (SH) and domestic hot water (DHW) for various types of buildings, to 
distribute heat with low heat losses and ability to recycle heat from low-temperature waste heat and renewable 
energy sources. From various research and development of LTDH projects, it has been shown that it is both 
technically feasible and economically sound to change current high/medium temperature district heating system to 
LTDH for both new and existing building areas [5]. During the course of the Annex TS1 project promising 
technologies for LTDH application have been collected and identified to meet the goals of future renewable based 
community energy systems. Innovative technologies and advanced system concepts in LTDH are reported for heat 
generation, distribution and end user utilization [1].  
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2.1. District Heating Pipes 

The heat loss in a DH system occurs in different places in the heat generation, distribution and utilization, 
appearing in different forms. The success of LTDH largely relies on substantially reduced distribution heat loss. DH 
network heat loss is determined by multiple factors: geometrical condition (network dimension, length and ground 
conditions/properties), DH pipes (type of pipes, insulation materials/conditions) and DH operation (heating load, 
temperature level, bypass operation and other factors such as leakages) [6]. There are different types of pipes used in 
DH. Some of them are in the commercial market like single pipe and twin pipe. To reduce network heat loss, small 
pipe diameters and high performance pipe insulation is recommended in the distribution network and service pipes 
and presented in [1]. 

2.2. Energy Efficient District Heating Network 

The pipes length between in plant and the consumer vary in traditional DH networks, which results in changing 
differential pressure. The consumers close to the plant has larger available differential pressure, whereas the 
consumers away from the plant have smaller available differential pressure. One solution to reduce the valve 
throttling and potential hydraulic imbalance when the valves were malfunctioned is to apply a ring shape network 
topology. Unlike the traditional network, a topology based on ring network equalizes the pressure differences 
between the supply and return pipes [3], [7], [8]. Other issues for an efficient network design are solutions for 
avoiding bypasses, both in the building systems and as street bypasses. One of those is the so-called comfortable 
bathroom concept, where the bypass water is directed to the bathroom and cooled down to 25°C in a floor heating 
system before it flows back to the return pipe [1], [3], [9].  

2.3. Domestic Hot Water Preparation in LTDH 

An important issue in LTDH schemes is the hygienic preparation of domestic hot water (DHW) and the 
Legionella treatment. There are several regulations and guideline for the DHW preparation, which have been 
analyzed and summarized in the guidebook [1]. Suitable DHW units and their connections into DH systems are 
presented [10] as well as the different treatment solutions for Legionella growth prevention [1], [11], [12]. 

2.4. Control of Space Heating 

It has been proven that LTDH can meet space heating (SH) demand for both low-energy buildings and existing 
buildings with floor heating [9]. For existing buildings with the existing radiators, LTDH can meet SH demand for a 
certain amount of time of the year, while the supply temperature needs to be increased during cold winter period. To 
ensure consumer thermal comfort while saving energy and reducing network return temperature, the hydronic 
system in the SH loop need to be properly designed and functioning via a direct or indirect connection and proper 
control [1]. Another control issue is the control of the mass flow. The mass flow control concept refers to a system 
where both the primary and secondary side flows are adjusted with inverter-controlled pumps instead of control 
valves in networks [7], [8]. 

3. Interfaces and Communities 

For a wider implementation of district heating schemes not only issues on the technology need to be solved. 
Especially the design of interfaces in the communities is regarded. The challenge of the improved interfaces in 
district heating systems may be explained via so-called hard and soft issues: 

• The hard issues cover the following topics: District heating network structures, requirements for consumer 
substations and buildings, and connection principles for distributed heat sources. 
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• The soft issues cover the following topics: Technical and economical modelling of the distribution system, 
optimization between demand and generation side, innovative control concepts and energy measurement, 
transition of the existing DH grid to the LTDH grid, and new pricing and business models. 

 
During the course of the project promising models, concepts, and technologies to meet the goals of future 

renewable based community energy systems have been collected and identified. The interfaces issue is highly 
relevant for a successful implementation of the LTDH and thereby enabling transition to the renewable energy 
society and secure energy supply for future development of society. By introducing better interfaces between the 
demand and supply, DH systems can be transformed into a smart grid energy system on a district level. Questions as 
the prediction of future DH demands, the successful integration of renewable or excess heat sources and pricing or 
business models are outlined in [1]. 

4. Calculation Tools or District Heating Systems 

During the course of the work within Annex TS1 a methodology for assessing and analyzing procedures for the 
optimization of local energy systems with focus on DH has been identified and adapted. Furthermore, a simplified 
planning tool for DH is developed and advanced tools for design and performance analysis of local energy systems, 
which are based on DH, are further developed. The presentation of tools is part of the full report [1], [13]. For the 
evaluation of existing local and DHC models, a classification form was created together with Annex TS1 
participants to conduct a survey on planning tools for DH.  

     Table 1. Classification categories for the evaluation of planning tools for district heating (based on [13]) 

Analytical Approach Demand Categories 

Energy System Model Households 

Thermodynamic Model Commercial 

 Industry 

Target Audience Transportation/mobility 

Municipal Authorities  

Professional Planners Final Energy Consumption 

Internal Use, R&D Electricity 

 Heat 

Level of Detail Transport/mobility 

Geographical Scope  

Time Horizon Variables 

 Costs 

Model Type Energy 

Simulation Model Exergy 

Optimization Model Temperature 

 
Input from Annex participants (in total twelve planning tools) could be gathered and evaluated to formulate 

requirements for the development of a simplified DH planning tool and to further develop an existing advanced tool 
(TIMES Local). Based on this, a new simplified planning for DH has been outlined and developed: Easy District 
Analysis (EDA). EDA is a simplified DH planning tool for urban planners for the energetic, ecological and 
economic analysis as well as the evaluation of urban districts. In the following the results of the survey on local and 
DHC models are described and evaluated. The developed Easy District Analysis (EDA) tool is then presented and 
applied to a case study of an urban district consisting of 140 multi-family houses. Based on the survey results on 
local and DHC models, twelve planning tools for DH are listed in the following.  
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     Table 2. Overview of planning tools from the survey on local and DH models (based on [13]) 

Energy System Models 

EnergyPLAN KOPTI LowEx-CAT 

SIMUL_E.NET TIMES Local  

Thermodynamic Models 

HeatNET LowEx-CAT NET Local 

SIMUL_E.NET spHeat Termis 

Others 

District ECA EME Forecast Exergy Pass Online 

 
Initially, a classification form for local and DHC models was developed and distributed to tool developers. After 

obtaining the completed classification forms from the Annex TS1 participants, the planning tools were assessed in 
seven categories: analytical approach (energy system model, thermodynamic model, other), target group of users 
(municipal authorities, professional planners, R&D), level of detail (geographical scope, time horizon), model type 
(simulation, optimization), demand categories (households, commercial, industry, transportation), final energy 
consumption (electricity, heat, transport) and used variables (costs, energy, exergy, temperature). 

 
The planning tools were divided according to their analytical approach into energy system and thermodynamic 

models. Energy system models cover the whole energy supply chain from primary energy sources to delivered 
energy. However, they usually do not consider the thermodynamics of district heating (e.g. interactions on 
thermodynamic level of processes with requirements of predefined temperature levels). Thermodynamic models are 
thus required. There are also planning tools that did not fit into the categories stated above. These were classified as 
‘others’ (e.g. EME Forecast) [1]. 

 
To conclude, the evaluation has shown some promising approaches for low temperature DH. However, there was 

none found to be appropriate for the objective of a simplified, holistic tool for low-ex DH. By evaluating the 
selected planning tools for DH schemes, requirements can be derived for the development of a simplified planning 
tool.  

4.1. Easy District Analysis (EDA) - A Simplified Tool 

Easy District Analysis (EDA) is a simplified tool for urban planners and utilities for the energetic, ecological and 
economic analysis as well as the evaluation of districts with regard to low temperature heating to enable 
comparisons with other heat supply options. EDA is a simplified tool rather in terms of the required amount of input 
data than in terms of the complexity of calculation. This means with little information on a district energy system 
that is being analyzed, an annual load profile is generated in hourly resolution (taking simultaneity of demand into 
account) to enable the integration of intermittent renewable energy (e.g. solar thermal) into the district heating 
system and to consider storage options [1], [13]. 

 
The focus of the EDA tool lies on the evaluation of the impact of different grid temperatures (e.g. standard DH 

vs. low temperature DH) and of different operation modes (technical vs. economic operation) on the use of DH 
technologies, primary energy consumption, carbon emissions and heat production costs. To enable the easy district 
analysis, a load curve of space heat and domestic hot water is generated. The design of the cogeneration plant and 
boiler is based on the load curve and preset full load hours. Solar collector surface can be designed on e.g. solar 
fraction. After the capacities of technologies are calculated, the use of different DH supply options can be compared 
in terms of technical and economic operation. Technical operation leads to minimum carbon emissions, whereas 
economic operation means the hourly cost-effective operation of DH technologies based on fuel costs and varying 



600 Dietrich Schmidt / Energy Procedia 149 (2018) 595–604
6 Dietrich Schmidt / Energy Procedia 00 (2018) 000–000 

 

revenues from electricity feed. Economic conditions, such as the development of the electricity baseload price, 
hinder the realization of the carbon mitigation potential of CHP DH supply to its full extent [13]. 

 

 

Fig. 1. Approach for a simplified tool to evaluate energy supply options for districts: Easy District Analysis (EDA) [1] 

5. Application of Low Temperature District Heating to Community Case Studies 

Core objective for the description of case studies was to identify and collect innovative demonstration concepts 
as examples of success stories for communities interested in developing low temperature district heating systems. 
Demonstrated cases include use of advanced technologies and interaction between different components within the 
systems. Based on these experiences, principles and lessons learned in designing these systems are given. 
Measurement data from community projects are also used in validation of the models and tools developed. 

 
There were a total of eight case studies from Germany, Denmark, Finland, Norway and Great Britain. The district 

heating systems were of very different sizes, from miniature to city wide systems. Network lengths were from 165 m 
to 140,000 m. The connected buildings were detached, terraced and block houses, and mostly low energy or passive 
houses. Sources of heat were solar collectors, heat pumps, CHP plants, excess heat from industry or the systems 
were connected to a larger network close by with heat exchangers. The temperature levels recorded were typical for 
low-temperature systems, varying from 40 to 60 °C in supply and 25 to 40 °C in return. Savings and increased 
efficiencies were observed in every case studied [1].  
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     Table 3. Summary of the case study systems of IEA DHC Annex TS1(based on [14]) 

Case system Heat demand  Temperatures 

Slough (UK) 49.6 MWh/year 52/32 °C 

Ludwigsburg (Germany) 825 MWh/year 40/25 °C 

Wüstenrot (Germany) 376 MWh/year 40/30 °C 

Kassel (Germany) 1,827 MWh/year 40/30 °C 

Hyvinkää (Finland) 630/1,371 MWh/year 65/35 °C 

Sønderby (Denmark) 975 MWh/year 55/40 °C 

Ulstein (Norway) 20,000 MWh/year 4-9 °C 

Middelfart (Denmark) 118,000 MWh/year 64.6/40 °C 

 
Greenwatt Way in Slough (UK) has a system of 10 dwellings with 845 m² heated floor area, supplied by a 

miniature district heating system with a trench length of 165 m. Heat supply consist of 20 m² solar thermal 
collectors, two 17 kW ground source heat pumps with 14 boreholes, two 20 kW air source heat pumps and a 30 kW 
biomass boiler as well as a 8 m³ thermal storage tank. The total capacity of the controllable heat sources is 105 kW 
with added capacity from solar thermal collectors and the storage unit. The heat pumps can work in series so that at 
first stage water is heated up to 45 °C and at the second stage up to 55 °C. Each house is fitted with a substation with 
direct connection for space heating and with a heat exchanger for domestic hot water. Radiators are dimensioned for 
55/35 °C temperatures. Domestic hot water is supplied at 43 °C. Relative monthly heat losses were 60 % at highest 
in summer and 20 % at lowest in winter. 

 
An energy efficient district heating system in Sonnenberg district of Ludwigsburg (Germany) was studied as a 

case system. Target of the project was to develop a simulation environment for studying integration of distributed 
renewable heat sources in existing and new systems. A new low temperature (40/25 °C) extension to the existing 
(70/40 °C) district heating network has been established. The heat supply consists of a 350 kW gas CHP plant and a 
200 kW geothermal heat pump. The project started in 1/2012 and ended in 3/2015. 

 
The Wüstenrot (Germany) case study represents a plus energy community. It consists of 24 mostly single family 

houses, built almost according to local passive house standard. All buildings have large solar panel systems on the 
roof-tops and battery storages. The heat demand of the buildings is supplied by decentralized heat pumps and heat 
storages, which in turn are connected to a centralized geothermal system. This system consists of a cold water 
district heating network delivering low temperature water from a novel agro-thermal collector to the heat pumps 
within the buildings. The concept includes activation of agricultural fields as geothermal collectors by ploughing 
tubes in 2 m depth, the distance between the tubes being 0.5 to 1.0 m. The cold water network can be also used for 
direct cooling of the buildings in summer time. Total duration of the monitoring activity was planned to be 3-4 
years. The heat pump COP was 4.8 in average with variation between 2.5 to 6.5. The project ran from 11/2012 to 
6/2016. 

 
The case study “Zum Feldlager” in Kassel (Germany) is a low temperature district heating system supplying heat 

for 127 buildings by utilizing solar collectors, a centralized ground heat pump with boreholes utilized also as 
seasonal heat storage. Heat storage is loaded by unglazed solar collectors (swimming pool absorbers as the low-cost 
option). The supply temperature in the district heating network is 40 °C. Connection for the space heating is 
implemented using heat exchangers, but for the preparation of domestic hot water there are different options; 
thermal solar collectors (e.g. flat-plate collectors) or an electric heating element complementing district heating. 
Aim is to find an optimal balance between the economy, use of electric heating, available solar output and 
distribution heat losses in the network. 
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A district heating system in Hyvinkää (Finland) building fair (2013) area was a case study for investigating low 
temperature district heating. The building fair area consists of 40 consumers within an area of 17 ha. In the 
implemented system, about half of them are connected to district heating system, the rest having a building specific 
heating system; e.g. combination of solar PV and collectors or a heat pump. Results of simulations showed that the 
majority of the solar energy is used for the domestic hot water, covering about half of its annual heating needs. Low 
temperature variation for distribution resulted in lower heat losses, but approximately doubled consumption of 
electricity in pumping. 

 
The demonstration project in Sønderby (Denmark) was a full scale renovation of a part of an existing district 

heating system enabling a change from traditional distribution temperatures to a low temperature system. The area 
included 75 single family houses with the living area of 110 to 212 m² each, built in 1997-1998 with underfloor 
heating systems. The houses originally had hot water tanks for domestic hot water supply (110 l or 150 l in volume). 
In the demonstration project, the old inefficient pipes within the network were replaced by better insulated pipes and 
the old water storage tank substations were replaced with heat exchanger substations. The low-temperature network 
in the area uses return pipeline in the medium-temperature network from the neighboring Taastrup district heating 
network as heat supply. The supply temperature averaged at 48 °C with heat from the return pipeline covering about 
80 % of the total heat supply. The remaining heat was supplied by warmer water from the feed pipeline in the 
neighboring network. The results showed that it is possible to provide consumers a supply temperature of 50 - 53 
°C, which is sufficient for space heating and domestic hot water supply. Heat losses in the old medium temperature 
system were approximately 41 % while in the new system reached heat losses of 13 – 14 %. One advantage of the 
concept is the increased available capacity for the existing district heating system without any investment on 
production. 

 
In Ulstein (Norway) fjord district heating is based on utilization of the “free” heat from the sea by using 

decentralized heat pumps. A common heat exchanger is utilized to take the heat from the sea. The sea heat with low 
temperature is then distributed to energy substations. Both heating and cooling are distributed by using the same 
pipe network without insulation. The local energy substation could be used for one or few buildings. This solution 
with utilization of sea heat and decentralized heat pumps is suitable for places located at coast. Including the reserve 
capacity, the plant should deliver about 20 GWh heating and 5 GWh cooling. 

 
Middelfart (Denmark) district heating company has succeeded in lowering supply and return temperatures in 

their system from an average of 80.6/47.6 °C to 64.6 /40.0 °C during 2015. The district heating network in question 
is 139 km long in pipe length and services approximately 5000 customers. The heat supply consists of surplus heat 
from an oil refinery, a CHP plant and a waste incineration plant. The annual heat consumption is approximately 
480,000 GJ. The district heating company has taken part in the development and testing of software tools that have 
helped in reducing the also return temperature in district heating network. Furthermore, the company has 
demonstrated a process that district heating companies can follow when aiming for a low temperature distribution. 
During the process the network heat losses in Middelfart have been reduced by 25 % and the economic benefits 
were estimated to be approximately 5.5 million DKK (0.7 million EUR). The economic savings obtained from the 
temperature reduction consist of savings due to lower heat loss and savings from a return temperature tariff that is 
paid to the local heat supplier.  

6. Summary 

DHC Annex TS1 was a three year international research project and aims to identify holistic and innovative 
approaches to communal low temperature heat supply by using district heating. It is a framework that promotes the 
discussion of future but also existing heating networks with an international group of experts. The goal is to obtain a 
common development direction for the wide application of low temperature district heating systems in the near 
future. The gathered research [1] which has been collected within this Annex should contribute to establishing DH 
as a significant factor for the development of 100% renewable energy based communal energy systems in 
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international research communities and in practice. The Annex TS1 project provided solutions for both expanding 
and rebuilding existing networks and new DH networks. It is strongly targeted at DH technologies and the economic 
boundary conditions of this field of technology. The area of application under consideration is the usage of low 
temperature district heating technology on a community level. In connecting the demand side (community/building 
stock) and the generation side (different energy sources which are suitable to be fed in the DH grids), this 
technology provides benefits and challenges at various levels. The scientific basis for the development of assessment 
methods provides the low exergy (LowEx) approach. This approach promotes the efficient and demand adapted 
supply (e.g. at different temperature levels) and the use of renewable energy sources. The Annex TS1 provides a 
framework for the exchange of research results from international initiatives and national research projects and 
allows, in a novel way, the gathering, compiling and presenting of information concerning low temperature district 
heating. 12 research institutions from 8 countries participated in this international research activity [1], [15]. 

 
As part of the project promising technologies for low temperature district heating application have been collected 

and identified to meet the goals of future renewable based community energy systems. Background materials and 
cutting edge knowledge on district heating pipe systems, network designs, hygienic domestic hot water preparation 
in low temperature supply schemes, space heating controls and the integration of small scale decentralized heat 
sources is provided in the report for designers as well as decision makers in the building and district energy sector. 

 
The analysis of the future heat demand showed that the district heating would still be needed for most of the 

buildings in 2050, inducing that the low temperature district heating is a promising heat supply for the future and for 
many buildings. Considering that there is enough available heat from renewables and waste heat sources at the low 
temperature level, the low temperature district heating will be of high relevance in the future. For future 
development of the district heating and a high reliability of the low temperature district heating, statistical data and 
knowledge on the heat losses and how operation or temperature levels may contribute to the distribution losses are 
highly necessary. 

 
For the identification of integral and innovative approaches to low temperature heat supply at municipal level, an 

overview of a number of existing evaluation methods is provided. The planning tools are assessed in seven 
categories: analytical approach, target group of users, level of detail, model type, demand categories, final energy 
consumption and used variables within the assessment. The evaluation of the collected tools has shown some 
promising approaches for low temperature district heating. However, none has been found to be fully appropriate for 
the objective of a simplified, holistic tool for the evaluation of low temperature district heating. By evaluating the 
selected planning tools for district heating schemes, requirements have been derived for the development of a 
simplified planning tool. The so-called Easy District Analysis tool has been developed, based on the identified 
requirements for a simplified district heating planning tool. The intended target groups of the tool are urban planners 
and planners in utility companies. The tool is intended to be used in the pre-planning phase of a district energy 
system. The focus of the tool is on the evaluation of the impact of different grid temperatures and of different 
operation modes of district heating schemes. The assessment is based on the parameters primary energy 
consumption, carbon emissions and heat production costs. 

 
In the description of different case studies innovative demonstration concepts as examples of success stories for 

communities interested in developing low temperature district heating systems are displayed. Demonstrated cases 
include the use of advanced technologies and the interaction between different components within the systems. 
Based on these experiences, principles and lessons learned in designing these systems are given. There were a total 
of eight case studies from Germany, Denmark, Finland, Norway and Great Britain. The district heating systems 
were of very different sizes, from smaller building groups to city wide systems. Taking into account the size of the 
supply area, the network lengths vary from 165 m to 140,000 m. The connected buildings were residential buildings 
of different sizes, and mostly low energy or passive houses. Sources of heat were solar collectors, heat pumps, 
combined-heat-and-power-plants, excess heat from industry or the systems were connected to a larger network close 
by with heat exchangers. The temperature levels recorded were typical for low-temperature systems, varying from 
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40 to 60 °C in supply and 25 to 40 °C in return. Savings and increased efficiencies were observed in every case 
studied. 

 
The material collected and summarized in the guidebook [1] show that low temperature district heating is a key 

enabling technology to increase the integration of renewable and waste energy for heating and cooling. More 
research and development work is needed to assess the practical and wider implementation of low temperature 
district heating schemes for various cases and locations. Especially ways to overcome the hindering reasons need to 
be identified. This supports more discussions to get low temperature heating systems built and in operation. 
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Nomenclature    
    
𝑎𝑎0 conversion factor, - FM flow meter 
𝑎𝑎1 linear heat loss coefficient, W/(K∙m2) g global radiation 
𝑎𝑎2 quadratic heat loss coefficient, W/(K2∙m2) in inlet 
𝑐𝑐 specific heat capacity, kJ/(kg∙K) m mean 
𝑓𝑓𝑂𝑂 safety factor for other uncertainties, - max maximum 
𝑓𝑓𝑃𝑃 safety factor taking into account heat loss from pipes, - meas measured value 
𝑓𝑓𝑈𝑈 safety factor taking into account measurement  min minimum 
 uncertainty, - N row in the north field 
𝐺𝐺 global radiation, W/m2 NF north field 
𝐻𝐻 daily global radiation, kWh/m2   nom nominal 
𝑝𝑝 pressure, Pa Pa sensor, ambient pressure 
𝑄𝑄 thermal energy, kWh r return 
�̇�𝑄 thermal power, kW rad radiation 
𝑇𝑇 temperature, °C, K s supply 
�̇�𝑣 specific flow rate, l/(m2∙h)   S row in the south field 
�̇�𝑉 flow rate, m3/h SF south field 
𝜂𝜂 efficiency, - SHCT45 Solar Heating and Cooling Task 45 
𝜌𝜌 density, kg/m3 Ta sensor, ambient temperature 
a ambient   TC thermocouple 
cm combining manifold Trad1 sensor, outside temperature with  
coll collector  influence of sky radiation 
diag diagonal  Trad2 sensor, outside temperature with  
dm dividing manifold  influence of ground radiation 
Ecoll sensor, solar radiation on collector surface w water 
Fa sensor, outside air humidity Ww sensor, wind velocity 

1. Introduction 

From 2011 to 2014, the Professorship Technical Thermodynamics at the Chemnitz University of Technology and 
the inetz company (district heating operator) developed a highly efficient district heating system with solar thermal 
system and combined heat and power for the urban quarter Brühl in Chemnitz (Germany) considering of complex 
urban development conditions [1], [2], [3]. The system was built between 2015 and 2016. In summer 2016, the solar 
plant was put into operation. The monitoring and analysis are carried out as part of the project “Solar district heating 
for the Brühl district in Chemnitz – accompanying research (SolFW)” which is located in the 6th energy research 
program of the German federal government [1].  

This article refers to the operation of large collector fields. The collector field operated with variable flow should 
provide heat at the desired supply temperature1. The heat can then be directly fed into the network or used for charging 
the storage. For reliable operation, it is necessary to know the thermal and hydraulic conditions. In the system 
presented here, the questions are not trivial, as there is an irregular structure of the fields (in contrast to [5]). Moreover, 
many large collectors are connected in parallel. From practice, there are only a few results available [5, 6]. In this 
article, the energy efficiency of the collector fields is also considered together with the thermal-hydraulic behavior 
(for e.g. collector’s efficiency, thermal power output).  

 

 
1 The first known large-scale plant is located in Marstal (Denmark) [4]. There, this type of operation mode has been practiced since 1996 using 
large-scale collectors with harp absorbers by Arcon (12.5 m²). 
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2. Collector fields layout  

The structure of the south and north solar collector field (ground-mounted) is shown in Fig. 1. Large-sized flat plate 
collectors from Wagner Solar [7] were used. The collector fields (Table 1) differ in number and length of the rows 
and in number and type of collectors installed. In order to ensure an optimal use of the field, two different sizes of 
collectors were installed in the system (WGK 80 and WGK 133 with three and five meander pipes, respectively). Each 
field is part of a collector circuit with independent operation. Each row (Fig. 2) consists of parallel-connected 
collectors, which have a common dividing and combining manifold. That means, each row forms an additional mesh 
system with the meanders in the collectors (Tichelmann circuit). Here is a difference to large-sized flat plate collectors 
which are internally fitted with harp absorbers. These collectors have been installed in the Danish large plants since 
the 1990s and each row consists of a series of harps. The sum of the pressure losses of all the collectors in the row 
gives the pressure loss of a row.  

The operation of the system with variable flow rates (Table 1) should ensure an adjustable supply temperature 
(70…80 °C). Therefore, the rows are hydraulically balanced with regulating valves. 

The special feature of the Brühl solar system [2], [3] is that water is used as heat transfer medium throughout the 
system. This means that no heat exchangers are used between the collector and the consumer. As a result, the following 
advantages can be achieved: improvement of the heat transfer in the collector and the venting, reduction of the 
temperature losses along the supply line, thereby increasing the collector output and yield, simplification of the safety 
technology. On the other hand, there are disadvantages of active frost protection, which are associated with low-
temperature heat consumption and complex operation. In order to be able to evaluate this concept, first of all the 
thermal-hydraulic behavior and the operating results must be analyzed. 

The measurement of the parameters of the plant is carried out by the project partner inetz through the conventional 
monitoring system. In addition, for the detailed measurement of the parameters to determine heat transfer and 
hydraulic behavior of the plant, mobile monitoring is installed in both fields (Fig. 2). Here, two rows (S6, S7, N5 and 
N6) with different numbers of collectors (Table 2) are fitted with the corresponding measuring equipment in both 
fields. The temperature sensors (Thermocouples, TC) were mounted at various positions on the dividing and 
combining manifolds2 as well as on the absorber plate. The flowmeters were installed in the return pipes. Furthermore, 
environmental sensors were installed. The recording of the measurement is done for every minute, ensuring a high 
resolution of dynamic processes.  

 

a)         b)  

Fig. 1. Layout of the Brühl solar collector fields (a) north field; (b) south field. 

 

 
2 The mean collector temperature (𝑇𝑇𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) is determined by averaging the temperature in the dividing and combining manifolds according 

to Fig. 2. Due to the surface temperature sensors, the heat transfer at the pipes influences the measurement of the heat transfer fluid’s temperature. 
If the flow distribution in all the meander pipes in row is equal, then the temperature differences also match. The determination of the mean collector 
temperature is then relatively accurate. In the case of non-uniform temperature distributions in the meanders, deviations occur and the mean 
temperature (𝑇𝑇𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) deviates from the actual mean value. 
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3. Analysis of the hydraulic behavior 

3.1. Flow distribution and pressure loss in row 

Fig. 3 shows the flow distribution in the meander pipes for the rows S6, S7, N5 and N6. The crosses represent the 
calculated flow rates in the meander pipes, respectively and the dashed line represents the desired flow rate with a 
uniform distribution. The maximum deviation occurs always in the last meander pipe. The flow distribution takes a 
parabolic form. The meander pipes in the center of the row have always the lowest flow rate. Despite the approximately 
parabolic distribution, the flow rate in the first meander do not reach the same values as those at the end of the row. 
This asymmetry results from the influences of the T-pieces. There are dividing and combining flows in the manifolds.  

In row S6 (Fig. 3, red), the meanders 14 to 34 have an almost identical flow rate. Due to the low flow rates, the 
flow regimes lie in the transition region from turbulent to laminar flow. Therefore, the pressure losses are low and 
such a plateau is formed. The series connection of the collectors and the flow rate in the row also provides different 
pressure losses (Table 3). The deviation of the pressure losses in the meander pipes is also shown in Table 3.         

         Table 1. Parameters of the collector fields and specification of the operating range of the fields (matched flow), specific flow rate. 

Parameter North field South field 
Aperture area [m2], fields 1086.08 1006.91 
Aperture area, [m2], total                        2092.99 
No. of  WGK 133AR/80AR [-] 86/3 79/4 
No. of rows [-] 17 10 
Interconnection of the rows                        Parallel 
 No further subdivision Additionally subdivided into two meshes 
Min. / max. number of meander pipes per 
row 

20/30 33/48 
Collector row distance [m]                           3.74 
Collector tilt angle [°]                            35 
Field azimuth [°] -30 0 
�̇�𝑣𝑛𝑛𝑛𝑛𝑛𝑛. [l/(m2∙h)]                          15.00 
�̇�𝑣𝑛𝑛𝑚𝑚𝑛𝑛. / �̇�𝑣𝑛𝑛𝑚𝑚𝑚𝑚. [l/(m2∙h)] 11.12/23.00 9.03/24.80 

           Table 2. Parameters of the investigated rows with mobile monitoring. 

Parameter N5 N6 S6 S7 
Aperture area [m2] 74.22 56.90 118.75 86.59 
Number of  collectors WGK 13 /WGK 80 6/0 4/1 9/1 7/0 
Number of meanders 30 23 48 35 

3.2. Temperature distribution in row 

A higher/lower flow rate means a lower/higher supply temperature during operation at nominal conditions. In the 
mobile monitoring, the temperatures in the combining manifolds 𝑇𝑇𝑐𝑐𝑛𝑛 and in the distributing manifolds 𝑇𝑇𝑑𝑑𝑛𝑛 (Fig. 2) 
are measured in the rows S6, S7, N5 and N6. The following diagrams in Fig. 4 depict the mean collector temperature 
and the mean temperature in row (line). The row S6 with the highest number of collectors (10 collectors, 48 meander 
pipes) shows approximately a parabolic shape. The collector temperature is in a range of 3 K (minimum measured 
value 62.75 °C, maximum measured value 65.78 °C). The temperature increase in the first four collectors is 
approximately linear. The seventh collector has the highest mean temperature. Then, temperature decreases again. 
The mirrored behavior of the temperatures in row (Fig. 4 a) indicates that the calculated flow distribution for the row 
S6 is correct at least qualitatively. 

Row S7 (Fig. 4 b) depicts a similar temperature distribution as of the row S6, whereby the difference between the 
minimum and maximum values being only 1.43 K. This effect can be attributed to a more uniform flow distribution 
(Fig. 3), which results from a lower number of meanders. 
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The rows N5 and N6 (Fig. 4 c, d) show a small temperature deviation over the row. The lowest value occurs in the 
first collector. However, in row N6, the mean collector temperature in collector 5 does not drop. It must be remembered 
that the number of five collectors or measuring points is not adequate for a statement about the temperature behavior 
over the entire row with 23 meander pipes. 

The tendency of the temperature curves nevertheless supports the calculation results of the flow rates, as the 
temperature is indirectly proportional to the flow rate. In addition, the deviation from the mean value increases both 
in the calculation of the flow rates and also in the observation of the mean collectors temperature. From this it can be 
concluded that the flow distribution is more uniform with a small number of meander pipes. However, the construction 
of large rows with up to 119 m2 area can also be approved from a technical point of view. 

 

a)        b)  

Fig. 2. Schematic representation of the mobile monitoring in the (a) north field and (b) south field.                                    

 

Fig. 3. Calculated flow rate per meander pipe for the rows S6, S7, N5 and N6 in comparison to a uniform flow distribution for nominal conditions 
with 15 l/(m2∙h). 

Table 3. Calculated pressure losses for the rows with nominal conditions of 15 (l/m2∙h), fluctuations of pressure losses in the meander pipes. 

 N5 N6 S6 S7 
Pressure loss [mbar] 103.65 77.86 226.04 129.30 
Min./max. deviation [%] -8.2/+17.0 -4.1/+8.6 -15.9/+43.5 -12.2/+24.9 

a) b) c) d)  

     Fig. 4. Mean collector temperature for a) S6, b) S7, c) N5 and d) N6, averaging in the time 12:00 – 13:00, test day 15.10.2017. 

3.3. Flow distribution and pressure loss in the field 

The calculation of the pressure losses is very crucial for the design of a field. The pressure loss of a row depends 
strongly on the row length and the flow distribution (Fig. 5). Due to this reason, the flow distributions and pressure 
losses for an increased and reduced flow rate are calculated (Fig. 5). The maximum flow rate in both collector fields 
is approx. 25 m3/h. During operation the flow rate is controlled accordingly within a range of 30 to 167 % of the 
nominal flow rate (15 l/(m2∙h)). As expected, the pressure losses increase with the increase of flow rates (Fig. 5). Also 
the deviations of the flow rates in the meander pipes increase (Fig. 6). However, the distribution of flow rates at  
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167 % is much more unfavorable than at 100 %3. In order to reach the desired supply temperature, the balancing valves 
are set for a flow distribution with 15 l/(m2∙h). Due to the effects above presented, the operation should be kept as far 
as possible within the design range. 

The flow distribution in the collector fields after hydronic balancing and with uniform flow distribution are shown 
in Fig. 7. The distribution in the north field shows a typical behavior, as described by Eismann [8]. The flow rate is 
higher than the average value in the rows which are close to the entrance of the return line in the field. Then the flow 
rate drops further. This explains the influence of the different row lengths and the associated pressure losses. In row 
N8, the calculated flow rate is higher than that of a uniform distribution. In row N9, both values are approximately 
the same. Subsequently, the calculated flow rates are below the values for a uniform distribution. In row N16, the 
difference between the two values is higher than in row N17. The distribution in the south field indicates a noticeable 
difference between the two sub-meshes of rows S1 to S6 with eight to ten collectors and S7 to S10 with seven 
collectors. Therefore, the flow rates of the rows S7 to S10 are above the desired values and rows S1 to S6 are below. 
Table 4 depicts the pressure loss in the fields and the maximum deviations of the pressure loss in a row to the respective 
uniform flow. 

 

Fig. 5. Pressure losses over the row’s length as a function of the specific flow rate and the number of meander pipes. 

 

Fig. 6. Calculated flow distribution through the meanders in row S6 at a flow rate of 30 % 4.5 l/(m2∙h), 100 % 15 l/(m2∙h) and 170 % 25.5 l/(m2∙h) 
as well as representation of the average values. 

Fig. 8 illustrates the trend of the specific flow rates for each field and both the investigated rows after the hydronic 
balancing. In this case the specific flow rate of the field should be the desired value (blue). The measured specific 
flow rate in row S7 (yellow) is significantly higher than that of the field (Fig. 8 b). In contrast, the specific flow rate 
in row S6 (orange) is very close to the desired value. In the north field (Fig. 8 a), the deviation is relatively small for 
both rows. Table 5 depicts the maximum deviations of the rows to the respective desired values.  

However, by evaluating the flow rate from the mobile monitoring, clear deviations were found in rows N5, N6 and 
S7 even at 15 l/(m2∙h) (Fig. 8). 

Row S6 is the first row starting from the entry of the return flow into the field (Fig. 1). Despite the high length of 
the row, the flow rate is identical to the planning values. This is because of the good setting of the valves. Row S7 is 
in a sub-mesh including the short rows S7-S10. Row S7 has the shortest connection to the supply and return line  

 

 
3 In this case, there is also an asymmetrical distribution due to the pressure loss coefficient of the T-pieces. The form of the flow distribution 

changes from the parabolic shape (30 %) via the parabola with plateau (100 %) to reformation of the parabolic form (170 %). 
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(Fig. 1). The short row length and the proximity to the field inlet enable the increased flow rate of the row4. An 
insufficient setting of the balancing valve at the supply line of the row is also responsible for this higher flow rate.  

Rows N5 and N6 are connected directly one after the other. They differ significantly in their length. The pressure 
loss occurs mainly in the rows. This explains the marginal increase of flow in row N6.  

The measurements are by no means contradictory to the hydraulic calculation. It must be checked whether a fine-
adjustment of the balancing valves leads to an improvement of the flow distribution. If the field planning permits, the 
use of long rows near the field entrance is expected to be favorable. 

a)         b)  

Fig. 7. Flow distribution in pressure balance and with uniform distribution in (a) north field and (b) south field. 

Table 4. Pressure loss in the collector field and maximum deviation of the pressure loss in a row referred to a uniform flow distribution. 

 North field South field 
Pressure loss [mbar] 123.17 199.04 
Max. deviation [%], positive / row 7.54 / N1 8.85 / S10 
Max. deviation [%], negative / row 8.85 / N16 7.97 / S5 

        Table 5. Specific flow rate of the row, deviation referred to a uniform flow distribution. 

 N5 N6 S6 S7 
Max. deviation [l/(m2∙h)], absolute/relative value -0.58/-3.7 +0.43/+2.7 ±0.21/±1.2 +1.72/+10.2 

 

a)         b)  

Fig. 8. Specific flow rate, measured values for (a) the north field and rows N5 and N6, (b) the south field and rows S6 and S7, test day 15.10.17. 

4. Field thermal performance  

4.1. Basic principles 

The thermal power output of a collector is determined according to Eq. 1. Density and specific heat capacity of the 
water are characteristic properties and are dependent on the temperature.   

 

 
4 Other studies have shown that with the rows of equal length, the first row has a higher flow. 
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�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝜌𝜌𝑊𝑊 �̇�𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑊𝑊(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖)  (1) 

Capacitive effects of the collector and the heat transfer fluid (water) are neglected in this investigation. Therefore, 
quasi-stationary conditions are applied to all the analysis in this paper. Eq. 1 can also be applied to rows and fields 
[9]. So, additional heat losses for e.g. pipes are included. 

The collector efficiency function is given by Eq. 2. It incorporates the parameters from the collector test. Therefore, 
this value is to be understood as a desired value. This equation can also be applied to a field or the particular rows. 
Then the field or the row is assumed to behave like the collector under test. In the mobile monitoring, the temperatures 
in the rows (N5, N6, S6 and S7) and the global solar irradiation on collector plane are determined. These measurements 
give a second interesting possibility for calculating the desired value as defined by Eq. 3. The averaged collector 
efficiency is determined by Eq. 2. 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑎𝑎0 −  𝑎𝑎1
(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚−𝑇𝑇𝑎𝑎)

𝐺𝐺𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
− 𝑎𝑎2

(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚−𝑇𝑇𝑎𝑎)2

𝐺𝐺𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
    (2) 

�̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑆𝑆/𝑁𝑁 =  𝐺𝐺𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑁𝑁/𝑆𝑆𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑁𝑁/𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚,𝑁𝑁/𝑆𝑆)   (3) 

The thermal power output according to Eq. 1 (actual value) can be used for measuring efficiency5 (Eq. 4). The 
denominator represents available irradiation. 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚 =  �̇�𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
�̇�𝑄𝑟𝑟𝑎𝑎𝑟𝑟

=  𝜌𝜌𝑊𝑊 �̇�𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝,𝑊𝑊(𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑜𝑜𝑜𝑜−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖)
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  (4) 

Since the energy transport processes are very complex and fields are constructed differently, within the IEA SHC 
Task 45 [10], Nielson and Daniel have developed a method to calculate the guaranteed power output (Eq. 5) of large 
solar systems. Analogous to Eq. 4, the solar radiation and the temperature difference to the ambient are incorporated. 
In addition, however, there are various safety factors which take into account the real boundary conditions (e.g. heat 
losses of the pipes, measurement uncertainties). The determination of the power output (Eq. 5) is based on the 
definition of efficiency (Eq. 2). Analogous to Eq. 4, the efficiency of the field can be calculated by Eq. 6. 

�̇�𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇45 =  𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[𝑎𝑎0𝐺𝐺𝑔𝑔 − 𝑎𝑎1(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑐𝑐) − 𝑎𝑎2(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑐𝑐)2]𝑓𝑓𝑃𝑃𝑓𝑓𝑈𝑈𝑓𝑓𝑐𝑐  (5) 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇45 =  �̇�𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆45 
�̇�𝑄𝑟𝑟𝑎𝑎𝑟𝑟

   (6) 

The collector parameters required here were determined by TÜV Rheinland in accordance with EN 12975 and are 
listed in Table 6 [11]. Table 6 also contains the safety factors. 

Table 6. Collector parameter from the collector test and safety factors according to the calculation procedure, IEA SHC Task 45. 

𝑎𝑎0 [-] 𝑎𝑎1 [W/(m2∙K)] 𝑎𝑎2 [W/(m2∙K2)] 𝑓𝑓𝑃𝑃 [-] 𝑓𝑓𝑈𝑈 [-] 𝑓𝑓𝑂𝑂 [−] 
0.857 3.083 0.013 0.970 0.900 0.950 

4.2. Field thermal power output and collector efficiency 

Fig. 9 illustrates the thermal power output (red), the supply and return temperatures (green/blue) of the fields and 
the field flow rate (black). It can be seen that when the supply temperature reaches about 76 °C (adjustable value), the 

 

 
5 Also here, quasi-stationary conditions are required. Thus, the start-up and shut-down processes have been eliminated in the calculation. 

Furthermore, optical losses due to certain angular dependencies of the radiation should not occur. 
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flow rate is regulated (increased) to maintain the desired supply temperature provided by the planned operating 
concept. Due to the different irradiation conditions, the north field is connected earlier to the system. Despite 
maximum power output being approximately the same, the orientation of the fields results in different daily yields 
(Table 7). 

A comparison of the measured field efficiencies with the calculated desired values is presented in Fig. 10. These 
values are shown depending on the mean field temperature. With increasing operating temperature (Fig. 9) and 
radiation, the efficiency values rise in the morning. The plant is at first operated with minimum flow rate and after 
with adjusted flow rate (matched flow). During the adjustment of the flow rate, the measured efficiency for the south 
field increases from approx. 41 % to approx. 63 %. In the north field, an increase of approx. 47 % to approx. 64 % 
can be seen6. These increases are visible in Fig. 10 as surges. After that, the fields are operated with maximum flow 
rate. In Fig. 10, the profiles show a small increase. In these situations, a comparison between the desired and the actual 
values is suitable: 
 relative low changes of temperature and irradiation over time in the field and this is a prerequisite for the quasi-

stationary approach, 
 approximately perpendicular irradiation with a low angular dependence of the optical losses, 
 high flow rate of the field with a particular flow distribution in the meander pipes (see above), with a relatively 

high heat transfer in the absorber pipe and with a good venting. 
These statements support the comparison of the desired and actual values in Fig. 10 (north field from 11:10 to 

13:10, south field from 12:20 to 14:20, CEST). The measured values (point cloud) have a slightly steeper rise 
compared to the calculated values. Fig. 10 also shows that the calculated collector efficiency according to Eq. 2 (green) 
lies in the range above the measured efficiencies (blue). The inclusion of the safety factors in Eq. 5 corrects the 
calculation values. The measured values of both fields are above the desired values of task 45. Therefore, the 
guaranteed conditions are met. 

 

a)      b)  
Fig. 9. Measurement results for a) the north field and b) the south field, test day 18.04.2018 

a)   b)  
Fig. 10. Field efficiencies (Eq. 2, Eq. 6, Eq.4) depending on the mean field temperature, a) north field, b) south field, test day 18.04.2018 

 

 
6 The measured efficiencies are partly below the calculated values. The following effects are responsible for this tendency: limited capacitive 

effects, higher optical losses due to slanted solar radiation, relatively low flow rate with a poor heat transfer in the meander pipes. 
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                 Table 7. Overview of the investigated data for the test days 19.06.2017 and 18.04.2018 

 19.06.2017 18.04.2018 
 North field South field North field South field 
𝐺𝐺𝑔𝑔,𝑀𝑀𝑀𝑀𝑀𝑀 [W/m2] 995,80 994,60 1010,7 1029,7 

𝐻𝐻𝑔𝑔 [kWh/m2] 8,07 8,05 7,31 7,62 

𝑄𝑄𝑑𝑑 [kWh/m2] 4,15 4,20 3,63 3,80 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑀𝑀𝑚𝑚,𝑚𝑚 (actual value) [%] 64,11 64,33 63,69 63,63 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑀𝑀𝑐𝑐,𝑚𝑚 (desired value) [%] 68,45 69,15 68,31 68,93 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆45,𝑚𝑚 (desired value) [%] 56,84 57,35 56,65 57,16 

Mean temp. diff. to the ambient [%] 44,68 44,13 44,60 45,70 

5. Conclusions 

Two large collector fields were investigated in terms of thermal and hydraulic behavior. The fields consist of 
differently sized rows which are hydraulically balanced. A large number of collectors with a dividing manifold (below) 
and a combining manifold (above) were connected to relatively large rows.   

For large collector fields, a well-chosen number of meander pipes and good setting of the regulating valve in each 
collector row seems to be a reliable solution to achieve a uniform flow distribution. The results show that the desired 
values of the efficiencies, calculated according to the SHC Task 45, can be achieved.  

The operation with variable flow rate works as planned. In normal operation7, water is suitable excellently because 
various properties (e.g. viscosity, density) are significantly better compared to glycol-water mixtures. The results and 
interrelations shown here can be transferred to other solar district heating systems. The consistently positive results 
confirm the concept, i.e. the construction of large rows with the selected flat plate collector and the operation. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

The heat supply in Germany is tied to a very high primary energy demand. As a result, there is significant potential 
to reduce consumption, increase the energy efficiency of the supply and above all to use renewable energy sources in 
order to avoid future problems. In contrast to other sectors, technical implementation is initially relatively simple. For 
example, there are many local and district heating networks that can be used for the transport of heat to the consumer. 
Thermal energy storage systems play a key role in this context. By decoupling heat generation (e.g. solar thermal 
energy, combined heat and power, industrial waste heat) from the application (e. g. load in the district heating network), 
the above-mentioned points, the use of renewable energy sources and the increase in energy efficiency, can be 
achieved. 

The technology for the large-scale storage of hot water and its requirements are not new. In the joint project 
Overground Storage in Segmental Construction for Heat Supply Systems (OBSERW) [1], [2], the parties involved are 
taking a path that differs significantly from other technical developments. The starting point is formed by large 
segmented cold water storage tanks [3]. With the construction of the first large cold water storage tank, it was possible 
to prove that with overground construction technology and the use of enameled and sealed segments respectively with 
a low material usage, the production costs are lower than with other constructions. This is partly due to faster 
production and better logistics. Up to now, this design could not be transferred to heat storage systems. Until 2017, 
there were no findings as to whether sealed segments could withstand temperatures of up to 92 °C or alternating 
temperature stresses. Other problem areas identified were water vapor and oxygen diffusion as well as thermal bridges. 

The OBSERW project focused on overcoming the technical problems mentioned above. The planned construction 
should cover storage sizes of 500 to 6000 m³. The maximum charging and discharging capacity is 56 MW. The authors 
aim to achieve low heat losses and good thermal stratification behaviour as well as good integration into local and 
district heating systems. Furthermore, the store should provide system services (e.g. pressure maintenance). As 
expected, low investment and operating costs are important for market assertion. The store construction presented 
allows an unproblematic adjustment of the store size (capacity) for many applications, allowing short to long-term 
storage cycles to be operated. Within the project, among other tasks, the design was completely revised in comparison 
to existing flat-bottom tanks and cold water storage tanks. The focus of this article is on constructive development. 
The participants first had to test the materials on a small scale, then on a larger laboratory scale and finally with the 
demonstrator (three-stage process). The partial results were published according to the progress of the project [4] to 
[22]. This contribution is dedicated to the constructive development. The results presented here are intended to provide 
first proof of comprehensive functionality. 

2. Design and functionality of the demonstrator 

The OBSERW store (Figure 1 and 2) is a single-zone storage tank (see [9]). The overground tank stands on a 
foundation. The floor, wall and floating ceiling are insulated to prevent heat losses. The demonstrator can be charged 
and discharged with two radial diffusers according to the displacement principle. This typically corresponds to the use 
in cogeneration networks. In such cases, short-term storage is often of interest. The same design can also be used in 
solar thermal systems with variable or constant flow temperatures. The storage volume can then be increased to 
6000 m³. This also enables long-term storage. The thickness of the thermal insulation layer can be adjusted according 
to the application or requirements. The maximum storage tank temperature is determined by the boiling point of the 
water due to the ambient pressure at the surface of the water or at the floating ceiling. This means that the storage tank 
is not designed for classic primary networks with flow temperatures above 100 °C. Such systems are suitable for use 
in secondary and tertiary areas. By avoiding high temperatures, the following advantages can be achieved via the flat-
bottom tank design: 

• a fast production of large storage volumes on the basis of bolted segments, 
• a relatively good surface to volume ratio, 

o cost-effective design (minimization of the store surface), 
o reduction of heat losses, 
o minimization of piping, instrumentation, etc., 
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• avoidance of follow-up measures (see below, e. g. safety measures in the attic [9]). 
The following sections deal with the design details of the OBSERW storage tank. The new design (Figure 2) was 

first implemented with a demonstrator (Figure 1, Table 1). With this implementation and a special test program, the 
following points were to be investigated: 

• feasibility of the construction, 
• suitability of the materials and their combination on a technical scale respectively the temperature durability, 
• charging and discharging behaviour and thermal stratification quality, 
• heat losses, 
• improvements regarding the points mentioned above. 

       Table 1. Key properties of the demonstrator. 

Storage tank  
Overall height [m] 7.77 
Height of the wall [m] 7.29 
Inner diameter [m] 5.12 
Minimal height of the floating ceiling [m] 5.59 
Maximum height of the floating ceiling [m] 6.29 
Thermal insulation width of the foundation [m] 0.21 
Thermal insulation width of the wall structure [m] 0.29 
Thermal insulation width of the ceiling structure [m] 0.45 
Maximum store temperature (planned) [°C] 98 
Maximum store temperature (tested) [°C] 92 
Radial diffusor  
Maximum flow rate [m³/h] 19.44 
Shape, type Free form 
Stratification device  
Maximum flow rate [m³/h] 1.00 
Number of outlets [-] 5 

 

 
Fig. 1. Demonstrator in Nortorf (Germany). 



618 Thorsten Urbaneck et al. / Energy Procedia 149 (2018) 615–624
4 Author name / Energy Procedia 00 (2018) 000–000 

 

 
Fig. 2. Schematic structure of the OBSERW storage tank or the demonstrator. 

3. Wall construction 

The tank wall must fulfil the function of the sealing and structural framework and is manufactured from bolted 
segments. The steel segments are typically coated to ensure protection against corrosion and a sufficient water quality. 
Table 2 gives an overview of the coatings tested in the laboratory. In the first laboratory tests, the sealants were also 
examined with regard to their thermal and mechanical durability [5], [6]. The investigations correlated closely with 
the surface properties of the segments. The best results could be achieved with Sika sealant Sikasil AS-70. 

                 Table 2. Overview of the used segment coatings. 

Name of the surface coating Manufacturer Type of material 
Proguard CN 200 Ceramic Polymer Epoxy resin with ceramic particles 
Ecofusion® exterior coating Permastore® Enamel 
Ecofusion® interior coating Permastore® Enamel 
Fusion® V1100 exterior coating Permastore® Epoxy powder 
Fusion® V1100 interior coating  Permastore® Epoxy powder 
Painted Epoxy Permastore® Epoxy resin 
Tankguard Storage JOTUN® Epoxy resin 

 
The coatings tested in the laboratory were used on the demonstrator. In addition, segments with an Epoxy HR 

coating from JOTUN® were installed. All coatings, with the exception of Painted Epoxy, showed no visible changes 
after approximately one year of operation with temperature stresses of up to 92 °C in some cases. The other coatings 
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are therefore suitable for use as corrosion protection for the steel segments in hot water storage tanks. Figure 3 shows 
two exemplary comparisons to the above statements. It can clearly be seen that bubbles have formed on the entire 
surface of the inner wall of the Painted Epoxy coating. There are also bubbles under the sealant. The water-filled 
bubbles have partially burst open. The authors assess this as a failure of the coating with a significant effect on the 
sealing of the segments. The Proguard CN 200 coating, on the other hand, appears unchanged (except for a slight 
change of colour due to the deposition of rust from the plant). 

 

       
Fig. 3. Exemplary comparison between two coatings at the demonstrator before use and after one year of testing. 

At the same time, extensive investigations on thermal insulation materials were carried out. Table 3 shows 
shortlisted thermal insulation materials for the entire store structure. For technical, economic and ecological reasons, 
the authors selected a pourable recycling material for the ceiling and wall construction. Rathipur from the company 
Rathi is a polyurethane granulate (Figure 4a). The thermal insulation material has relatively low material costs. 

The screws on the outside of the segments as well as the spacers and other components make the installation of 
thermal insulation panels difficult. An adaptation to the surface would be very laborious. Intermediate grooves as they 
occur between the cladding sheet and the screwed wall (Figure 4b) can easily be filled with the bulk material. This 
means that assembly costs can also be reduced due to the filling technology. 

  Table 3. Thermal insulation materials, selection of the examined products. 

Thermal insulation material Area Price [€/m³] 
Polyurethan-recycling-granulate (Rathipur, GranuPUR) Wall, Ceiling 60…85 
Glass wool mats Wall, Ceiling 50…210 
Rock wool flakes (ProtectFill) Wall, Ceiling 96…144 
Foamglas panels (Floorboards T4+) Foundation 500 
Panels of extruded polystyrol (XPS, Styrodur 5000CS) Foundation 320 
Panels of polyisocyanurat (E 40, E 80, B2 145) Foundation 260…740 
Panels of phenolic resin (Kooltherm 1200) Foundation 480 
microporous insulation panels (WDS Ultra) Foundation 2500 

 

     
Fig. 4. (a) Rathipur; (b) Structure of the storage wall, cladding sheet, spacers, screwed segments. 

Painted Epoxy             Proguard CN 200 
 
 
 

 
before     after           before            after 

a              b 
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In the next stage of the project, practical tests were carried out on the planned wall construction with a newly built 
test rig for practical testing of multi-layered wall structures (TR-WS) [16], [20]. The results of the investigations were 
as follows: 

• Rathipur is subject to certain fluctuations due to the raw material and the processing, which are, however, 
not critical with regard to the intended use here. 

• Fillings over several meters of height (e.g. in the wall structure of the demonstrator) can be realised 
without significant changes of the properties. 

• The particles are hydrophobic. Long-term tests have shown that particles stored under water do not absorb 
water for months. Piles in contact with the ambient air dry quickly. According to current information, no 
significant degradation processes are known. 

• The effective thermal conductivity (Figure 5) increases with temperature, which can be observed with 
most thermal insulating materials. However, the increase is relatively low. The measured values in the test 
setup of the wall at the Chemnitz University of Technology (TUC) with the TR-WS are higher than in the 
material value tests of the Institute of Thermodynamics and Thermal Engineering in Stuttgart (ITW). In 
the vertical position of the structure, convection fluxes occur at the TR-WS which lead to an increase in 
the effective thermal conductivity. The Installation of two convection barriers (XPS Plates) effectively 
suppresses these transport processes. The convection barriers are installed horizontally and divide the 
vertical structure in three approximately 60 cm high sections. According to current knowledge, no 
significant convection occurs in the horizontal position (ceiling installation). A detailed description of the 
TR-WS and the carried out tests is given in [16] and [20]. 

• Despite the effects that lead to an increase in the effective thermal conductivity, the authors consider the 
thermal insulation material to be suitable. 

        Table 4. Material properties of Rathipur [16]. 

Property  
Particle diameter [mm] approx. 1…16 
Mean particle diameter[mm] 5.3 
Non-uniformity number [-] 2.7 
Mean density (shaken) [kg/m³] 29.0 
Outer porosity [%] 53 

   
Fig. 5. Effective thermal conductivity of Rathipur as a function of the mean temperature of the thermal insulation material, TUC-Sample ITW: 
measurement of a relatively small sample with a two-plate apparatus at the ITW (stage 1); TR-WS: Measurement with the test stand for practical 
tests of multi-layered wall structures at Chemnitz Technical University (stage 2); horizontal: horizontal position of the structure to examine the 
ceiling structure; vertical: vertical position of the structure to examine the wall structure; CB: Use of convection barriers to suppress natural 
convection in the wall structure. 

0.034

0.036

0.038

0.040

0.042

0.044

0.046

0.048

0.050

0.052

0.054

24 26 28 30 32 34 36 38 40 42 44 46 48 50

ef
fe

ct
iv

e 
th

er
m

al
 c

on
du

ct
iv

ity
 [W

/(m
 K

)]

mean temperature of the insulation material [ C]

TUC-Sample ITW TR-WS horizontal TR-WS vertical TR-WS horizontal CB TR-WS vertical CB



 Thorsten Urbaneck et al. / Energy Procedia 149 (2018) 615–624 621
 Author name / Energy Procedia 00 (2018) 000–000  7 

 

Another problem identified was the thermal bridges induced by the spacers for the outer sheet. A variant analysis 
(Figure 6a) shows that heat losses can be significantly reduced when plastics (e.g. glass fibre reinforced plastic (GRP) 
or polypropylene) are used. Thermal decoupled stainless steel bars (Figure 4b) are currently mounted on the 
demonstrator. The heat losses are measurable (Figure 6b). Further work on this topic is planned. 

 

  
Fig. 6. (a) Representative heat flux densities (heat losses) in the spacers of the wall structure, calculated with the Delphin program; 
(b) Image taken with a thermal imaging camera to verify the thermal bridges. 

4. Construction of the roof and floating ceiling 

The following conclusions can be drawn from theoretical considerations (without explanation) on the topic of an 
indoor floating ceiling: 

• A consistent pursuit of the segment design (wall structure) offers advantages with regard to lightweight 
construction, easy transport, sealing technology, etc. 

• The construction of a fixed panel allows the diffuser to be mounted directly underneath the ceiling and 
low mechanical loads to be absorbed when filled (e. g. when walked on). 

• More unusual approaches to edge connections require a longer development time and could not be 
implemented at the demonstrator during the project phase. 

• Therefore, the use of a foil for flexible sealing of the edge area seemed feasible and effective. Due to 
limited temperature resistance as well as the desired long-term stability, protective measures must be taken 
in particular for thermal protection: a distanced position, a gas cushion and the use of lips. 

The constructive concept [22] was implemented accordingly. The following points describe the implementation as 
well as the experiences and results: 

• The floating ceiling (Figure 2, 7a and 7b) consists of elongated segments that are screwed and sealed. 
• Various (temperature-resistant) foils are available for flexible sealing (Figure 7b). Several tests were 

carried out as short-term experiments in the laboratory. At the demonstrator the foil Alcryn was used. The 
tested construction allows a height compensation of approximately 70 to 100 cm. The height deflection is 
based on larger reservoirs. This enables the storage tank to compensate volume changes very well. For 
test reasons (investigation of the three-dimensional bending behaviour, determination of the height 
compensation, etc.), the examination regarding waterproofing was initially carried out without thermal 
insulation. This results in considerable heat losses over the circular space. Because the lip on the underside 
of the floating ceiling (Figure 7c) cannot completely seal the circular space, hot water enters the circular 
space. As a result, water vapour condenses on the relatively cold seal. The seal must be partially supported 
so that the condensate can flow back reliably into the circular space. The development of suitable 
insulation for this thermal bridge is not yet complete. 

• As with the wall structure (see above), Rathipur is used as thermal insulation. The filling process is quick 
and easy. In addition, XPS panels were laid on the webs of the floating ceiling. This makes the attic 
accessible and inspectable.  
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• The upper radial diffuser is located directly on the underside of the floating roof (Figure 7d). This position 
allows the use of the entire storage capacity compared to other single-zone store constructions. The density 
current, which is particularly important for high quality thermal stratification, forms very well [10], [11], 
[12], [15], [19], [21]. 

• The roof is made of folded sheets. For larger storage tanks, rafters are used. The design guaranteed reliable 
protection against environmental influences during test operation. The relatively high heat losses over the 
circular space also resulted in a more intensive absorption of water vapour in the air of the attic. A 
temporary condensate accumulation was eliminated with a fan. There were no negative effects on the 
thermal insulation. 

 

     
   

    
Fig. 7. Demonstrator: (a) Graphic representation of the roof area with floating roof and flexible sealing; (b) Attic, flexible sealing of the floating 
ceiling, before filling with Rathipur (thermal insulation material), 09.02.2017; (c) Support of the floating ceiling, sealing lip on the underside of 
the floating ceiling, 14.12.2016; (d) Inside the storage tank, floating ceiling with radial diffusor, 13.07.2017. 

5. Construction of the base 

Figure 8 shows the structure of the storage tank base. The store wall stands directly on the foundation and is fastened 
there with screws. The thermal insulation of the wall extends down to the ground. The thermal insulation of the floor 
is achieved by an internal thermal insulation layer (Figure 8a and 8b). This arrangement is nearly free of thermal 
bridges and the insulation layers are very close to the storage medium. This way the heat losses could be minimized. 
The load transfer of the store wall takes place directly at the foundation. The pressure- and temperature-resistant 
thermal insulation is not stressed three-dimensionally by the storage wall as in other storage constructions. The only 
mechanical load that the internal thermal insulation must absorb is the static load of the water head. This means that 
the use of more insulating materials in the future is possible. A stainless steel plate protects the internal insulation 
against the ingress of storage water. This plate is installed with the same sealing technology as the wall segments 
(Figure 8c). The entire wall structure continues to expand as the temperature increases and contracts again when the 
temperature drops. This is why this area is considered particularly demanding. No disadvantages could be determined 
after the test operation. The authors regard this area as largely resolved. 

a             b 
 
 
 
 
 
 
 
 
 
 
 

 
c             d 



 Thorsten Urbaneck et al. / Energy Procedia 149 (2018) 615–624 623 Author name / Energy Procedia 00 (2018) 000–000  9 

 

 
  

 
 

     
Fig. 8. (a) Construction of the storage tank floor; (b) Starter ring with internal thermal insulation (foam glass plates); (c) Storage tank floor and 
wall with sealing. 

6. Conclusion and outlook 

The use of heat storage tanks offers many advantages and key functions. Therefore, thermal energy storage systems 
must meet high technical requirements (e. g. very low heat losses, best possible stratification quality, very long 
technical lifespan). The design of the OBSERW storage tank is fundamentally suitable for operation in solar and 
district heating systems. This was proven in a three-step procedure. The procedure from the small laboratory test to 
the test with the demonstrator was necessary and purposeful. The main tasks (e. g. material testing, design, operation) 
were carried out in a network of scientific and industrial partners. This article presented the new constructive 
approaches in the ceiling, wall and bottom areas. Low construction costs are targeted through the design and 
construction technology. The fundamental potential for a later application in, for example, local solar heating systems 
or secondary network areas of classic district heating systems is given. However, the conversion to larger storage 
tanks is still pending. There are also detailed problems to be solved (e.g. the reduction of thermal bridges and further 
improvement of the stratification device for very great heights, etc.). This technology also offers a high potential for 
the export of large-scale storage systems. 
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1. Introduction 

District heating systems are characterized by temperature and velocity fluctuations, especially when unstable heat 
sources such as waste or solar heat are connected. Furthermore, in many DH systems, a temperature wave is 
deliberately produced to reduce the flow during peak consumption periods.  

In literature two types of models for the simulation of the transient thermal behaviour in district heating systems 
can be found, namely the element-method and the node-method [1]. The element method finds an explicit solution to 
the transient heat balance equation by means of different possible finite difference schemes. It was shown that low-
order schemes suffer of artificial numerical diffusion, thus resulting in abnormal smoothing of sharp temperature 
profiles [2] and that higher order schemes may instead bring to overshooting [3]. In the element method, the 
temperature at each time–step is determined only from the time–step before. The node method, instead, uses 
temperature values at different time–steps to determine the current temperature situation [2]. Pálsson et al. [1] 
implemented and tested two models based on the different two methods. The comparison revealed that, unless higher 
order schemes are used, the node method is superior to the element method at low Courant numbers, which 
corresponds to a situation with long district heating pipes and sharp temperature gradients which in turn require small 
time-steps. Furthermore, the computational effort seems to be also lower for the node-method. The application of the 
node method is however limited to tree-shaped networks [4].  

Later on, another experiment was carried out to measure the temperature in a district heating pipeline under transient 
conditions [5]; both models were used to simulate the propagation of the temperature front and then compared against 
measured data. The comparison showed that the element-method predicts better the amplitude of the wave when the 
temperature changes rapidly, whereas the node-method predicts better the delay of the temperature front. 

Nevertheless, to obtain acceptable results with the element-method, an adequate discretization in time and space 
must be done in the pre-processing phase [6].  

In this paper we aim at investigating to which extent the performance of the models can be improved by a correct 
discretization of the network in relationship with the Courant number, and the impact that this discretization has on 
the accuracy of the results and the computational time. 

 
Nomenclature      Subscripts 

𝑐𝑐𝑝𝑝 Specific heat capacity (J/(kg K))   adim dimensionless 
Co  Courant number     i i-th node 
e Error      j j-th node 
f Performance indicator    g Undisturbed ground 
G Mass flow rate (kg/s)    in Inlet 
K  Stiffness matrix     min Minimum 
L Length (m)     n Number of nodes 
M Mass matrix     out Outlet 
q Vector of known terms    s Wave start 
T Temperature (°C)     st Steady state 
TCPU CPU time (s)     Tr Transient 
U radial heat transmission coefficient (W/(m2 K)) w Wave width 
v Velocity (m/s)      
V Volume (m3)     Greek symbols 
z Depth (m)      
        Time (s) 
Abbreviations      Ω Pipe section perimeter (m) 
       ρ Density of the heat carrier fluid (kg/m3) 
FDM Finite difference method(s)   λ Thermal conductivity (W/(m K)) 
ODE Ordinary differential equation 
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2. Models 

Both models describe the topology of the network using graph theory. The network is represented by a set of nodes 
and oriented branches and an adjacency matrix determines their mutual connections. Once the geometry is established, 
the pressure and temperature profiles are calculated.  

When forced convection occurs, the velocity of the heat carrier fluid does not depend on the temperature 
distribution. Therefore, the hydraulic and thermal sub-models can be uncoupled. This allows the calculation of the 
mass flow rates and the pressures across the network in a first step; then, given the mass flow rates, the energy balance 
is performed to find out the temperature distribution. 

Both models rely on the following assumptions: 
 A slug flow is assumed, which implies that the velocity of the heat carrier fluid is uniform in the radial direction 

(one dimensional model) 
 The heat conduction through the wall pipe along the axial direction is neglected 
 The heat transfer in the radial direction considers the convection between the heat carrier fluid and the inner 

pipe surface, the thermal insulation of the pipe and the thermal resistance of the surrounding ground 
 The heat capacity of the surrounding ground is neglected 

2.1. NeMo 

Due to the uncompressible nature of the heat carrier fluid, the hydraulic problem can be described using only two 
equations: the continuity and the momentum equations. NeMo solves these equations using the SIMPLE method 
proposed by Patankar and Spalding [7]. The heat propagation in the network is then described by the energy balance 
performed on the volume of heat carrier fluid around the nodes of the network. The control volume of the i-th node 
corresponds to half of the heat carrier fluid volume of all the branches connected to it. 

 

Fig. 1. Control volume of the i-th node. 

Applying the energy balance to the node shown in Figure 1 leads to Equation (1):  

ρVicp
∂Ti
∂  =  𝐺𝐺𝑗𝑗−1𝑐𝑐𝑝𝑝𝑇𝑇𝑗𝑗−1 − 𝐺𝐺𝑗𝑗𝑐𝑐𝑝𝑝𝑇𝑇𝑗𝑗 −  1

2 (LjΩj𝑈𝑈𝑗𝑗  + Lj−1Ωj−1𝑈𝑈𝑗𝑗−1)(Ti − T∞) 
(1) 

Where G are the mass flow rates, V is the volume of heat carrier fluid enclosed in the control volume, Ω is the 
perimeter of the pipe section, U is the radial heat transmission coefficient from fluid to the ground and T∞ is the 
undisturbed ground temperature. The temperature of the branches is then associated to the temperature of the 
corresponding upwind nodes, according to the well-known upwind scheme. Therefore, Equation (1) becomes: 

ρVicp
𝑇𝑇𝑖𝑖

(𝜏𝜏) − 𝑇𝑇𝑖𝑖
(𝜏𝜏−𝛥𝛥𝜏𝜏)

𝛥𝛥𝛥𝛥 =  𝐺𝐺𝑗𝑗−1𝑐𝑐𝑝𝑝𝑇𝑇𝑖𝑖−1
(𝜏𝜏) − 𝐺𝐺𝑗𝑗𝑐𝑐𝑝𝑝𝑇𝑇𝑖𝑖

(𝜏𝜏) −   1
2 (LjΩj𝑈𝑈𝑗𝑗  + Lj−1Ωj−1𝑈𝑈𝑗𝑗−1) (𝑇𝑇𝑖𝑖

(𝜏𝜏) − Tg) 
(2) 

Equation (2) can be represented in matrix form as: 

M �̇�𝑇 = 𝑞𝑞 − 𝐾𝐾 𝑇𝑇 (3) 

Where M and  are the so-called mass matrix and stiffness matrix, respectively. The temperature at the inlet node 
is fixed (Dirichlet condition). The first-order ordinary differential equation (ODE) (3) is solved by the ODE solver 



628 J. Vivian et al. / Energy Procedia 149 (2018) 625–634
4 Jacopo Vivian et al. / Energy Procedia 00 (2018) 000–000 

ode15s of Matlab, that implements the Numerical Differentiation Formulas (NDF) [8]. The mass matrix is singular as 
the inlet node is massless according to the Dirichlet condition. The missing mass is attributed to the adjacent node. 

2.2. spHeat 

Also in spHeat model the hydraulic balance is solved before calculating the temperature distribution. Pressures at 
the nodes and mass flows along the edges are calculated assuming steady-state conditions using the electrical analogy 
to formulate the conservation of mass and the conservation of momentum. The pressure losses are calculated using 
the Darcy-Weisbach equation and the system of non-linear equations is solved by means of the Newton-Raphson 
method. The energy balance accounts for the transient behaviour of the heat carrier fluid using a finite difference 
method. Each pipe is discretized into a set of elements of length L. Equation (1) is applied to each of these elements. 
Then, the temperature at the node is calculated using an explicit formulation, as in Equation (4).  
 

ρVicp
𝑇𝑇𝑖𝑖

(𝜏𝜏) − 𝑇𝑇𝑖𝑖
(𝜏𝜏−𝛥𝛥𝜏𝜏)

𝛥𝛥𝛥𝛥 =  𝐺𝐺𝑗𝑗−1𝑐𝑐𝑝𝑝𝑇𝑇𝑗𝑗−1
(𝜏𝜏−𝛥𝛥𝜏𝜏)  − 𝐺𝐺𝑗𝑗1𝑐𝑐𝑝𝑝𝑇𝑇𝑗𝑗

(𝜏𝜏−𝛥𝛥𝜏𝜏) −  𝐿𝐿𝑖𝑖Ω𝑖𝑖𝑈𝑈𝑖𝑖 (𝑇𝑇𝑖𝑖
(𝜏𝜏−𝛥𝛥𝜏𝜏) − Tg) (4) 

While in NeMo the time step of the calculation is decided by MATLAB, in spHeat the time step is externally set by 
the user. Further explanations for the spHeat model can be found in [9]. 

3. Cases of study 

This Paragraph describes the two cases of study (Section 3.1 and 3.2) used to test the accuracy of the models 
presented above. 

3.1. Ideal square temperature wave 

The first case study consists of an ideal square wave that propagates through a single pipe. The inlet temperature 
is 30°C in the first 40 minutes, then it is 50°C for the next 40 minutes and finally drops to 30°C and remains constant 
for the last 80 minutes. The characteristics of the case study are summarized in Table 1. 

     Table 1. Parameters and boundary conditions of the pre-insulated pipe. 

Parameter Units Value 

Pipe length, L M 500 

Internal diameter of the pipe, 𝑑𝑑𝑖𝑖 mm 80.0 

External diameter of the pipe, 𝑑𝑑𝑒𝑒 mm 83.0 

Diameter of casing, D mm 150.0 

Thermal conductivity of insulation, λ W/(m K) 0.033 

Thermal conductivity of the ground, λ𝑔𝑔 W/(m K) 2.0 

Depth, z m 1.0 

Temperature of the undisturbed ground, 𝑇𝑇𝑔𝑔 °C 8.0 

Initial temperature at inlet node  °C 30.0 

Initial temperature at outlet node °C 30.0 

Mass flow rate (constant) kg/s 2.74 

3.2. Real case study: measured data  

In the second case study the propagation of the temperature front in a 470 m long pre-insulated pipe, as logged 
during an experiment that was carried out by Ciuprinskas et al. [10] in the district heating system of Vilnius (Lithuania) 
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during May 1997. This dataset was already used by other researchers for comparing and validating thermal networks 
models [5,11]. A schematic view of the experimental site is depicted in Figure 2.  

 
Fig. 2. Schematics of the experimental site (taken from [10]). 

The inlet temperature and the mass flow rate of the supply pipe are set as boundary conditions and the resulting 
outlet temperature profile is compared with the measured values. Due to the very low fluid velocity in the 
considered period (about 0.036 m/s), it takes hours for the temperature front to reach the outlet of the pipe. This 
unusual condition affects the accuracy of the models as discussed in Gabrielaitiene [5]. The parameters and the 
boundary conditions used in the simulations are reported in Table 2. The time-step of simulation is 5 minutes and 
the sample-time of the dataset is 10 minutes. Values at times between two consecutive loggings were linearly 
interpolated. 

     Table 2. Parameters and boundary conditions of the pre-insulated pipe. 

Parameter Units Value 

Pipe length, L m 470 

Internal diameter of the pipe, 𝑑𝑑𝑖𝑖 mm 312.7 

External diameter of the pipe, 𝑑𝑑𝑒𝑒 mm 323.9 

Diameter of casing, D mm 450.0 

Thermal conductivity of insulation, λ W/(m K) 0.033 

Thermal conductivity of the ground, λ𝑔𝑔 W/(m K) 2.0 

Depth, z M 1.0 

Temperature of the undisturbed ground, 𝑇𝑇∞ °C 8.0 

Initial temperature at inlet node  °C 67.7 

Initial temperature at outlet node °C 66.3 

Mass flow rate (constant) kg/s 2.65 

4. Methods 

The temperature profiles at pipe outlet obtained from the simulations were compared to the theoretical ones (see 
3.1) and then to the measured ones (3.2). In order to facilitate the analysis, the dimensionless temperature suggested 
by [5] was used: 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎 =  
(𝑇𝑇𝑜𝑜𝑡𝑡 − 𝑇𝑇𝑠𝑠𝑜𝑜)𝑜𝑜𝑜𝑜𝑜𝑜

(𝑇𝑇𝑜𝑜𝑡𝑡,𝑎𝑎𝑎𝑎𝑚𝑚 − 𝑇𝑇𝑠𝑠𝑜𝑜)𝑖𝑖𝑖𝑖
 (5) 
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where 𝑇𝑇𝑡𝑡𝑡𝑡  is the temperature output given by the model and 𝑇𝑇𝑠𝑠𝑡𝑡  is the temperature during steady-state conditions. 
The normalized temperature 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is equal to 1 when the wave peak reaches the pipe outlet if no heat loss occurs in 
between, and is equal to 0 during steady state conditions –i.e. before and after the temperature wave arrives at pipe 
outlet. The Courant number is a dimensionless number that expresses the ratio between the physical velocity v 
(velocity of the water stream in each pipe element) and the “velocity of calculation”, i.e. the ratio between the length 
of each element 𝛥𝛥𝛥𝛥 and the time step 𝛥𝛥𝛥𝛥 used by the numerical method to update the temperature distribution.  

𝐶𝐶𝐶𝐶 =  𝑣𝑣 𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥  

(6) 

The Courant number indicates how fast the temperature information travels on the computational grid; the latter is 
regarded as the most important parameter as far as the performance of numerical methods for convective flow is 
concerned [1]. In explicit numerical schemes, a necessary condition for stability is Co < 1: the step size must be 
smaller than the time interval it takes for the flow to cross the smallest distance between two adjacent points [12]. 

Two indicators are used to measure the difference between simulated and actual temperature wave: the time of 
wave start 𝑡𝑡𝑠𝑠 and the wave width 𝛥𝛥𝑡𝑡𝑤𝑤. As explained in Sections 3.1 and 3.2, a temperature profile was set at the inlet 
of a pipe and the resulting temperature profile at pipe outlet was then compared to a reference profile in order to assess 
the accuracy of the models. The reference temperature wave was represented in the first case study by the ideal 
temperature profile and in the second case study by the measured temperature profile.  

The time of wave start was determined as the moment when the increment of temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 between two 
consecutive steps was bigger than a certain value, set to 0 in the ideal case and to 0.0015 in the single-pipe case.  

The wave width was instead determined as the time interval with the outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 above a certain 
value, that was set to 0.05 in the ideal case study and to 0.20 in the second one. 

The error in the wave start 𝑒𝑒𝑠𝑠 is the difference between the times at which the temperature front arrives at the pipe 
outlet with the model and in ideal/measured conditions. Here, for a given time step Δτ used by the solver the error is 
expressed as a function of the number of nodes n  

𝑒𝑒𝑠𝑠
(𝑛𝑛) =  𝑡𝑡𝑠𝑠

(𝑛𝑛) − 𝑡𝑡𝑠𝑠
𝑎𝑎𝑎𝑎 (7) 

An analogous definition holds true for the error in the wave width, that is the difference between the length 
(duration) of the wave between modelled and ideal/measured conditions 

𝑒𝑒𝑤𝑤
(𝑛𝑛) =  𝛥𝛥𝑡𝑡𝑤𝑤

(𝑛𝑛) − 𝛥𝛥𝑡𝑡𝑤𝑤
𝑎𝑎𝑎𝑎 (8) 

In order to evaluate the improvement in accuracy brought by a higher spatial discretization of the pipe, the accuracy 
improvement 𝛥𝛥𝑒𝑒 was defined as the percent error between the model using n nodes and the error of the model using 
the minimum number of nodes considered (𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛). This indicator was used for both errors (𝑒𝑒𝑠𝑠 and 𝑒𝑒𝑤𝑤) as follows: 

𝛥𝛥𝑒𝑒𝑠𝑠
(𝑛𝑛) =  

|𝑒𝑒𝑠𝑠
(𝑛𝑛) − 𝑒𝑒𝑠𝑠

(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚)|

|𝑒𝑒𝑠𝑠
(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚)|

 (9) 

𝛥𝛥𝑒𝑒𝑤𝑤
(𝑛𝑛) =  

|𝑒𝑒𝑤𝑤
(𝑛𝑛) − 𝑒𝑒𝑤𝑤

(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚)|

|𝑒𝑒𝑤𝑤
(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚)|

 (10) 

Finally, the indicator f was defined as the ratio between the accuracy improvement and the logarithm of the 
computational time 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 needed by the processor to find the solution. This indicator represents the efficiency of the 
model for each discretization level considered. 

𝑓𝑓𝑤𝑤
(𝑛𝑛) =  𝛥𝛥𝑒𝑒𝑤𝑤

(𝑛𝑛)

log10 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶
(𝑛𝑛) (11) 



 J. Vivian et al. / Energy Procedia 149 (2018) 625–634 631 Jacopo Vivian et al. / Energy Procedia 00 (2018) 000–000  7 

𝑓𝑓𝑠𝑠
(𝑛𝑛) =  𝛥𝛥𝛥𝛥𝑠𝑠

(𝑛𝑛)

log10 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶
(𝑛𝑛) 

(12) 

 

5. Results and discussion 

5.1. Accuracy of the models: evaluation using an ideal square temperature wave 

Figure 3 shows the outlet temperature of the step wave for both models, NeMo and spHeat. In both cases it can be 
seen that increasing the number of nodes reduces the artificial diffusion and leads to a better approximations of the 
theoretical wave. By comparing Figure 4(a) and 4(b), it seems that spHeat obtains a better fit on the amplitude of the 
wave. 

  

Fig. 3. Normalized temperature profiles with different discretization levels obtained with (a) NeMo and (b) spHeat. 

Figure 4 plots the two errors (wave start and wave width) against the mean Courant number. Note that the 
MATLAB ODE Suite does not allow the user to set the time-step of the solver, but only to set an upper threshold. The 
solver used by NeMo is ode15s, that uses a variable step size. Therefore, the upper step size was fixed to the nominal 
values of Δτ = 3 s and Δτ = 30 s, and then after the simulation the average time-step Δτ was printed and used to 
calculate the mean Co a posteriori. In turn, spHeat does allow externally fixing the timestep, keeping it constant (and 
the Co number with it) during the complete period. On the flip side, spHeat does not support models with more than 
100 nodes. Figure 4(a) confirms that, since NeMo is based on an implicit differentiation method, using Co > 1 does 
not imply convergence problems, and both errors decrease asymptotically with increasing Co, i.e. with increasing 
number of nodes. Figure 4(b) show the results obtained with spHeat. Co > 1 is not allowed on this model due to the 
explicit solution methodology. Nevertheless, the tendencies in the errors are similar to those of NeMo but with the 
maximum limit. For a given Courant number, the temperature profiles obtained with Δτ = 3 s give a lower error than 
those obtained with Δτ = 30 s. This is reasonable because the same Co number with a 10-times lower time-step implies 
solving the equation 10 times more, i.e. having a finer mesh in space and time. 
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Fig. 4. Errors in wave start (es) and wave width (ew) for (a) NeMo and (b) spHeat. 

It must be noticed that spHeat provides a perfect match with the theoretical solution for Co = 1. This is specific for 
this case and is due to the fact that the output temperature in the theoretical solution is very similar to the input 
temperature. In spHeat when Co = 1, the same shape of the wave is propagated along the pipe, i.e. there is absence of 
diffusion. This is due to the fact that there is no mass or heat exchange between pipe elements. So, the only phenomena 
considered is the heat loss to the ground.  

It is interesting to calculate the accuracy improvement Δe defined in Equations (9-10) and to relate it to the 
computational time needed by the processor to find the solution. Figure 5 shows that, while the accuracy improvements 
Δes and Δew tend to 1, the CPU time grows exponentially. Therefore, choosing a discretization level that gives an 
acceptable accuracy at a reasonable computational cost seems to be an efficient criterion to determine the discretization 
level in the pre-processing phase. To which extent the accuracy is “acceptable” and the simulation time is “reasonable” 
depends on the scope of the simulation and on the time constraints of the user, and can not be generalized here. 
However, the performance indicator f plotted in Figure 5 demonstrates that a “region” of high efficiency arises from 
the compromise between accuracy and CPU time. 

 

  Fig. 5. Performance indicators of the first case study for NeMo simulations. 

5.2. Accuracy of the models: evaluation using measured data 

Figure 6 shows the temperature profiles measured at pipe outlet in the experiment described in Section 3.2 (dashed 
line) and those obtained by modelling the same pipe with the finite difference models. The effect of artificial diffusion, 
that is typical of FDM models based on first-order approximation, seems to drop significantly when a sufficiently high 
number of nodes is adopted. This consideration holds true for the wave start and for the wave width, whereas 
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overshoots seem to occur when the mesh gets too fine. In fact, NeMo seems to best approximate the amplitude of the 
wave with only 21 nodes, and to overestimate the peak for higher number of nodes. This result does not agree neither 
with the observations of the first case study nor with the theory, as overshoots are expected from models of higher 
order [3]. However, this overestimation of the peak might be caused by stratification effects that occurred during the 
experiment due to very low velocity of the flow, as discussed in a previous paper [11] and that are not considered 
within the models. Therefore, the wave amplitude cannot be used as an indicator of the models accuracy. 

 

  

Fig. 6. Normalized temperature profiles obtained by (a) NeMo and (b) spHeat using different discretization of the pipe. 

  

Fig. 7. Errors in wave start and wave width of (a) NeMo and (b) spHeat. 

Figure 7(a) shows that the accuracy of NeMo has a similar trend compared to that discussed above for the ideal 
case study. In particular, the error in wave start shows the same tendency: it drops with increasing Courant number, 
with the approximation error asymptotically reaching 0 for very dense meshes. For a given Courant number, the lag 
decreases with increasing number of time steps. The errors in wave width have a similar trend, but above a certain Co 
the width becomes smaller than the measured one. Accordingly, an optimal accuracy arises at Co = 0.1 when the 
solver uses a 30 s time-step, and at Co = 1 when the time-step is 300 s. The explicit solution, Figure 7(b), follows a 
similar tendency, the error is reduced when the Co number increases but finding an optimum after which the errors 
start increasing again. In this sense, the implicit solution has the advantage that the best solutions can be found in a 
range, so the model is more adaptable to changes in the water velocity. This optimum of the explicit solution seems 
to be dependent also on the time step. As well as in the case of the implicit solution, the smaller the time-step, the 
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smaller the optimum Co number. Nevertheless, the deviations from the “ideal” behaviour shown in Figures 6(a) and 
6(b) suggest that either some errors in the experiment might have occurred, or that the models don’t consider some 
physical effects that are occurring during the experiments. In fact, the tendency of the error in wave width seems to 
be in line with the one highlighted for the ideal temperature wave, but shifted downwards. 

6. Conclusions 

In the present work the effects of numerical diffusion obtained by two district heating network models based on 
two different first-order approximation schemes were analysed. The main difference between the models is that one 
(spHeat) uses an explicit method and the other (NeMo) is based on an implicit method. From the analysis of the results, 
the following conclusions can be drawn: 

 Both models show good agreement with the outputs of a theoretical square temperature wave that propagates 
along a pipe, if the right Courant number is chosen for pipe discretization. 

 When comparing the models with measurements of a real district heating pipe, some uncertainties appear and 
make the comparison less reliable. Nonetheless, both models show good agreement with the experimental data 
in crucial zones such us the moment when the temperature starts to rise and when it ends its drop. 

 The comparison with the experimental data suggests that there is an optimum range of Courant number and 
the relationship between this and the calculation time step must be further studied. 

 While the accuracy of the models increases linearly/asymptotically with the number of elements/nodes set by 
the user, the computational time has an exponential increase. 

A performance indicator such as the one shown in the paper could be used in the pre-processing phase to determine 
the best trade-off between expected accuracy and computational cost. 
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scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
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improve the accuracy of heat demand estimations.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
Cooling.

Keywords: Heat demand; Forecast; Climate change

Energy Procedia 149 (2018) 635–641

1876-6102 © 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.
10.1016/j.egypro.2018.08.228

10.1016/j.egypro.2018.08.228

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating 
and Cooling, DHC2018.

1876-6102

 

Available online at www.sciencedirect.com 

ScienceDirect 

Energy Procedia 00 (2018) 000–000  
www.elsevier.com/locate/procedia 

 

1876-6102 © 2018 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)  
Selection and peer-review under responsibility of the scientific committee of the 16th International Symposium on District Heating and Cooling, 
DHC2018.  

16th International Symposium on District Heating and Cooling, DHC2018,  
9–12 September 2018, Hamburg, Germany 

GIS-based optimisation for district heating network planning 

Stanislav Chicherina, Anna Volkovab*,Eduard Latõšovb 
aOmsk State Transport University, prospekt Karla Marksa 35, Omsk, 644046, Russian Federation 

bTallinn University of Technology, Deparment of Energy Technology, Ehitajate tee 5, Tallinn, 19086, Estonia   

Abstract 

Geographical features of district heating (DH) networks make geographic information system (GIS)-based tools attractive for the 
structural planning of local energy systems. Improving a DH network is a complex task, where many parameters should be taken 
into account, and it can only be achieved if sufficient data is available. An increase in data collection efficiency also contributes 
to the decision-making process. A GIS-based model of a DH network is proposed for the simultaneous improvement of both pipe 
routing and energy efficiency. A simple scenario-based formulation is used for combinations of heat investment decisions under 
uncertainty over specified planning horizons. One of the first steps of the methodology is the development by means of a cyclic 
decision support optimisation process. The optimisation is carried out within two types of constraints: the spatial (geographical) 
constraints and consumption profiles. The application of this method is demonstrated by the Omsk DH network analysis. It has 
been proven that it is possible to combine the DH network simulation with the optimization algorithm in order to illustrate 
several alternatives in real time. Through the evaluation of energy consumption and the optimisation of DH networks by means 
of a GIS-based model, the feedback was gathered and shared with the local DH company. Methods of analysis and visualisation 
for awareness building and decision support have also been demonstrated. The paper highlights the advantages of combining a 
GIS application with an energy demand forecasting model to create a tool aimed at supporting decision-making. 
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1. Introduction 

 At the moment, District Heating (DH) is a popular topic in the energy industry, as it deals with a sustainable and 
efficient means of delivering heat to buildings. DH challenges include introducing low temperatures, achieving low 
heat distribution loss, and using renewable and excess energy [1]. 

The development of DH systems enables the use of renewable heat energy, which may lead to the need for GIS-
based planning [2]. GIS-based decision-support tools are rather useful in network sizing in terms of energy [3] and 
urban planning [4]. They are also used in electric power infrastructure planning, in particular, when it comes to 
optimising the type of electricity generation or distribution assets, as in [5]. 

Delangle et al. have developed a methodology to identify the best DH network expansion strategy with the help 
of modelling and optimisation [6]. Schweiger et al. emphasised that using a certain tool (Modelica®, in this case) is 
the primary way to speed up the work process [7]. Modelica® library, Apros®, IDA-ICE® Software, and 
Simulink® are discussed in [8], even though none of the above involve a simple scenario-based formulation for 
combinations of heat investment decisions under uncertainty over a finite planning horizon. 

Ultimately, designing and evaluating DH networks introduces the idea of optimisation and decision-making 
methods into early stages of urban planning, using complicated multi-stage stochastic programming [9]. Bratoev et 
al. have studied urban design and planning, and decision-making processes by means of Collaborative Design 
Platform (CDP) [10]. In order to make it useful for decision-making, Wang et al. suggests optimising the network, 
prioritising sequence preparation for restoration of DH pipe segments [11]. 

 An increase in the number of buildings, connected to DH in Denmark, forced researchers to combine various 
energy planning strategies into a spatial decision-support tool, a so-called heat atlas [12]. This works pretty much 
like GIS mapping [13], monitoring the current state. The new tool, developed by Verrilli et al. is mostly aimed at 
dealing with operational (not design) strategies [14]. 

The authors have developed GIS-based methodology for network design optimisation that is suitable for DHN 
parameters in Russia.  

2. Methods 

The first network optimisation algorithm is a mixed integer linear programming model implementing the AMPL 
programming language and the Cplex solver. The algorithm minimises the costs associated only with piping 
investments, but with high accuracy. Objective function is an equation (1) that is the general equation for the 
investment costs. 

   



v

k

m

j
jjDD

inv CCVOMVLCCPOMPC
11

)(     (1) 

,where 
Cinv is investment costs (E per year); 
OMP is Operation & Maintenance costs of Pipework (euro per unit per year); 
OMV is Operation & Maintenance costs of Valve Vaults (euro per unit per year); 
CCP and CCV are Capital Costs of the Pipe and valve Vault respectively (euro per unit per year); 
δj is a binary variable, which equals one, only if two pipelines (supply and return) are assigned a single diameter 

value corresponding to the standard series; 
Lj is the length of the pipe j; 
D  -subscript means that a variable depends on a pipe dimension; 
m is a number of isolated lengths of a DH network; 
v - numbers of valve vaults. 
The yearly investment costs are calculated using (2) 

inv
m

inv
an CAnFC  )1(     (2) 

,where 
Fm is the maintenance factor; 
Cinv  - investment costs of a given device (euro per year); 
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,where   
r is the interest rate; 
N is the expected duration for a given investment (years). 
Equations (1-2) are applied to the entire piping network. The optimisation is performed within the spatial 

(geographical) constraints and consumption profile constraint.  
Constraints: 
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,where  
Qi is the heat demand by i-th node (MW); 
IN is the amount of thermal energy at the zero point of flow distribution per unit of time (mostly at the connection 

point with the DH transmission network) (MW): 
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The algorithm calculation steps are as follows: 
 Plot a temperature graph 
 Activate the “Find Path” mode 
 Calculate dimensions 
 Make adjustments 

In many cases, the DH system has to fit in an existing city block, village or small town. Therefore, constraints 
such as the location coordinates of the buildings, the layout of the roads, space constraints in the existing technical 
galleries, as well as constraints associated with soil quality must be taken into account during the design stage. An 
analysis of the existing soil’s condition should be conducted to determine the proper type of foundation for the 
pipes. Soil’s data should include the elevation of each boring, groundwater levels, description of soil strata, 
including the group symbol assigned in accordance with the local regulations, and penetration data. Geologic 
conditions must make it possible to install the DH network at a reasonable cost, with an extra focus on bedrock 
formations, unstable soils, and other faults. Excessive traffic on construction sites or after completion of 
construction can lead to the collapse of the pipeline system. This kind of information is generally not made readily 
available, and thus is not used by the network optimisation algorithm. A so-called routing algorithm would therefore 
take over the task of generating a structure with all the buildings, all possible connections and spatial restrictions 
that can be read by the network optimization algorithm. Typically a pipe, for example, cannot be laid along the 
shortest path between two buildings, as it could potentially pass right across another building. There are certain 
routes that have to be followed, as shown below. Finally, specific laws or regulations might ban certain solutions if 
these solutions do not correspond with the given parameters. 

The consumption profiles for the various energy services must be known in order to properly design the layout of 
the network, pipes, and other equipment. For heating and cooling, it is important to not only know the amount of 
energy required, but also the temperature level this energy needs to be provided at, and the required capacity. 
Usually, these profiles are not only difficult to obtain, they also contain major uncertainties due to their stochastic 
nature. 

 
3. Case Study 
 

The development of the aforementioned model was prompted by the opportunity to design a new DH system for 
the area chosen by the Municipality of Omsk in accordance with its Municipal Energy Plan. Fig. 1 shows the district 
with the buildings considered in the case study.  
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Fig. 1. An aerial image of the chosen area; 

A CHP plant located outside the city supplies the heat to a residential area comprised of multi-storey apartment 
buildings, shops, schools, etc. The primary network is supplied by the high-temperature DH with the temperature 
150 /70°C. In this case, the buildings are 3-4-storey high, and heat exchangers are used for domestic hot water 
(DHW) preparation in 5 buildings. Out of all possible measures to save energy, most have to do with the 
replacement of windows. After implementing the first energy-saving measures, the municipality decided to proceed 
with the thermal insulation of the roof and the floor below the building. Supply temperature is thermostatically 
modulated at 95, but return temperature stays at 70°C.  

The main input data is presented in Table 1. Capital and operation & maintenance costs for reference scenario 
have been provided by the Omsk District Heating Supply Company 

Table 1. Reference scenario. 

DH network operating parameters Actual 
characteristics 

Financial 
assumptions 

Energy generated (MW) 4.36  

Energy delivered (MW) 3.57  

Distribution heat losses (MW) 0.79  

Mass flow rate (kg/h) 38.4  

Average velocity (m/s) 1.1  

Supply pressure (bar) 7.1  

Return pressure (bar) 4.0  

Discount rate (%) 2-15 6 
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Interest rate (%) 7.25 8.25 

Electricity price (€/kWh) 0.1-0.5 0.2 

Developer connection costs (€/GJ) 5,700-8,000 6,000 

DN150 pipe cost (€/m)  4,500-12,000 7,000 

DN150 pipe maintenance (€/m) 0-100 40 

Capital costs of a valve vault (€) 5,000-1,000,000 350,000 

Operation costs of a valve vault (€) 0-10,000 2,000 

 
 Names of the objects (Fig. 1) correspond to the names in Fig. 2 and 3. For residential buildings the number of 

flats or the order number of a substation are given in brackets. The existing pipe sections are shown in yellow. 

3. Results 

The results are presented in Fig. 2 and 3. 

  

Fig. 2. Heat load characteristics (MW) of buildings in the area. 

Fig. 2 shows the heat load profiles for each building. A significant demand for heating characterises school 
No.19, and the building in the upper-left corner (Fig. 3). It should be noted, that office and public buildings have an 
insignificant DHW demand. The network calculated is represented by thick lines in Fig. 3. For the hydraulic 
calculations of the DH system, pressure losses were modelled for each pipe segment and so the path with the 
greatest pressure loss can be determined. In the example shown, the network optimisation algorithm could locate the 
central technologies on any existing node, given that there is already a building located at that node. Some nodes are 
depicted without any buildings; these nodes represent, for example, road crossings: pipes usually follow the roads 
[15] so they could take a turn at a crossing to connect the two buildings. The suggested route is based on the 
proposal of a centralised network with a connection located at the top of the Figure. It is assumed that the next 
network connection is made next to the buildings on the right- and left-hand side, and then going right, where a 
connection is be made with the court and building No. 6. A little lower, the route will connect to more than 1.2 MW.  
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Fig. 3. The proposed DH network. 

Using school no. 19 as the anchor site involves the installation of 561 m of isolated length. Therefore, the DH 
operator has to engage directly with the anchor-user and make sure the heating systems are controlled properly to 
minimise the risk of overflow in the network and consequent increase in return temperatures. After the optimisation 
is complete connecting all 11 buildings, including both extension and greenhouse (Fig. 2), it is determined that only 
7 valve vaults will be installed, which will lead to a capital investment reduction by 15.786 thousand euro, and a 
4.129 thousand euro decrease in operating costs for the case study. As a consequence, the total Cinv costs for the heat 
that must be transported from the DH transmission hub to the neighborhood decrease significantly, for instance, in 
the previous solution DN 150 is selected for the pipe length from I-З-TK-20/4-4 to I-З-TK-20/4-5 (now DN 100), 
while DN 50 is selected to connect apartment buildings #1..#3. In the optimised configuration, smaller diameters are 
installed, which leads to a significant reduction in investments necessary for the DH network, along with a small 
increase in pumping costs due to higher heat friction loss. A computerised maintenance management system, where 
pipes and components of the DH network are described and registered in a structured way, provides for more 
efficient maintenance work [3]. There are, however, some critical problems: this case study, in particular, has shown 
that the optimisation procedure can increase profits, while also leading to network configurations that are rather 
sensitive to changes in estimated heat demand patterns. In [10], some sections of the researched area may not be 
connected to a DN network due to low heat demand density. 
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4. Conclusions 

The models similar to the ones presented in the paper are indicative of scenario development and can be useful in 
comparing the primary network solutions. The advantage of using this model is that it allows to obtain reliable 
results using relatively low-quality input data. One of the conclusions of this study is that there are many 
opportunities for possible expansion of DH in areas with mixed building stock. However, the final results largely 
depend on the input data, especially the cost of technology and pipelines. Besides, the optimum has to be found for 
both the requested accuracy (especially for the network optimisation algorithm) and the available input accuracy 
(e.g., consumption profiles). Another way to use GIS in a DH network is for documentation. Once a network has 
been documented in a GIS, more features can be added to simplify and increase operational efficiency for several 
areas, such as maintenance, planning, pipe design and consumer management. 

In any case, the financial optimisation aimed at achieving the lowest costs possible vouches for the 
competitiveness and the advantages of the DH system expansion. 
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