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14:00	–	18:00			 Conference	Registration	

19:30	–	23:00		  Welcome	cocktail	(Holiday	house	Sozopol) 

9:00	–	12:00			 Conference	Registration	

10:00	–	10:30		  Opening	Ceremony	
Prof. Totyo Totev, Conference Chairman 

10:30	–	12:00			 A	Word	from	the	Sponsors	

12:00	–	13:30			 Lunch	break	(on	your	own)	

Saturday,	September	18	

Conference	flow			
Friday,	September	17	
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	 Session	Chairman:	Prof.	Dr.	Totyo	Totev	

13:30	–	13:40			 ID	34:	Optimization	of	the	distance	between	the	rows	in	
solar	collectors’	arrays	
Merima Zlateva	

13:40	–	13:50		  ID	36: An	approach	for	reducing	the	air	conditioning	costs	
in	office	buildings	in	Vietnam	
Momchil Vassilev; Van Hung Tran; Thanh Nhan Phan; Nikola Kaloyanov 

13:50	–	14:00			 ID	15: Verification	and	validation	of	a	new	CFD	model	of	
fixed	regenerator	for	heat	recovery	from	air	
Angel Penev; Lyubomir P. Tsokov; Momchil Vassilev 	

14:00	–	14:10			 ID	33: Mathematical	models	of	the	energy	characteristics	
of	 a	backpressure	 steam	 turbine	based	 on	 a	 simulation	
study	
Kaloyan Hr Hristov	

14:10	–	14:20			 ID	38: Thermal‐hydraulic	analysis	of	a	VVER‐1000	core	in	
MSLB	conditions	
Ivan G Spasov	

14:20	–	14:30			 ID	…:	Modeling	of	unbalanced	regenerators	for	recovery	
of	waste	heat	from	air:	a	modern	overview	
Angel Penev	

14:30	–	14:40			 ID	…:	Influence	of	the	return	network	water	temperature	
on	 the	 production	 of	 heat	 and	 electricity	 from	 an	
backpressure	steam	turbine	installation	
Ivan Genovski, Kaloyan Hristov	

14:40	–	15:00			 Coffee Break 	

15:00	–	15:10			
ID	29:	Modelling	indoor	pollutant	distribution	via	
passive	scalar	and	virtual	box	approach	
Georgi Pitchurov; Detelin  Markov; Iskra S. Simova; Rositsa Velichkova; 
Peter Stankov; Radostina A. Angelova 

Saturday,	September	18	Attendance	session	(Conference	Hall)	
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15:10	–	15:20			 ID	 31:  Design	 and	 constructive	 –	 technological	
development	for	children’s	art	clothing	
Radka Atanasova; Magdalena Pavlova; Monika Merkova	

15:20	–	15:30		  ID	 46:  Application	 of	 ICT	 in	 the	 Online	 Education	 of	
Apparel	Design	and	Production	within	the	framework	of	
ICT‐TEX	project	
Hassan Saeed; Yordan Kyosev; Radka Atanasova; Angel K Terziev; Carla 
Hertleer  

15:30	–	15:40			 Session	discussions	
	

19:30	–	23:00					 Gala dinner (Hotel Selena)	
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	 Session	Chairman:	Prof.	Dr.	Gabriel	Negreanu	

	 Topic:	Thermal	Equipment	

10:00	–	10:15			 ID	 7:	 Comparative	 analysis	 between	 methane	 and	
hydrogen	regarding	ignition	and	combustion	in	diffusive	
mode	
Gabriel P Negreanu; Lucian Mihăescu; STANCIU Dorin; Gheorghe Lazaroiu; 
Ionel Pisa 	

10:15	–	10:30		  ID	20: Energy	and	economic	analysis	of	an	ORC	combined	
to	steam	boiler	
Mocanu Gabriel; Ion V. Ion; Cristian C Iosifescu; Florin Popescu  

10:30	–	10:45			 ID	 22:  Air‐to‐water	 heat	 pump	 assessment:	 Part	 1	 –	
Experimental	setup	
Nadezhda Doseva, Daniela Chakyrova, Svetoslav Stoianov, and Ilia 
Hadhidimov	

10:45	–	11:00			 ID	 28:  Air‐to‐water	 heat	 pump	 assessment:	 Part	 2	 –	
Exergetic	and	exergoeconomic	analyses	
Nadezhda Doseva, Daniela Chakyrova	

11:00	–	11:15			 ID	37:   Comparative	 technical	and	economic	analysis	of	
innovative	methods	 for	 waste	 heat	 recovery	 from	 flue	
gases	for	boiler	type	BKZ	220‐100	
Hristo Beloev, Iliya Iliev, Angel Terziev, Andrey Kibarin, Madina Aliyarova 

11:15	–	11:30			 ID	35:	An	experimental	study	for	drying	Pisum	sativum	on	
an	electric	dryer	and	a	heat	pump	dryer	
Merima Zlateva; Thanh Nhan Phan; Van Hung Tran; Nikola Kaloyanov	

11:30	–	11:45			 ID	40:	Influence	evaluation	of	the	ship	propulsion	system	
on	 the	 energy	 efficiency	 for	 small,	 medium	 and	 large	
container	vessels	
Viktor Kr. Nikiforov	

Sunday,	September	19	Online	session	(Virtual	session	1)	
Web	link:	Joint	the	Virtual	session	1	here	
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	 Session	Chairman:	Assoc.	Prof.	Dr.	Martin	Ivanov	

Topic:	 Thermodynamics,	 Heat	 and	 Mass	 Transfer,	 Building	 Efficiency	
Improvements	and	HVAC	systems 

11:45	–	12:00			 ID	41:	 Impact	study	of	 the	 fuel	 type	used	on	 the	energy	
costs	values	and	harmful	emissions	generation	
Viktor Kr. Nikiforov	

12:00	–	12:15			 Session	discussions	
 

12:15	–	13:30			 Lunch (on your own)	

13:30	–	13:45			 ID	8:	Modelling	and	numerical	simulation	of	fire	in	a	coffee	
storage	hall	
Nina Penkova; Kalin S Krumov; Boian M Mladenov; Yordan Stoyanov	

13:45	–	14:00		  ID	42: The	influence	of	the	structure	of	laminar	flows		on	
the	characteristics	of	equipment	
Vasyl Arsirii; Oleg V Kravchenko; Bohdan SAVCHUK; Olena ARSIRII 

14:00	–	14:15			 ID	11: Heat	transfer	in	outer	walls	with	layers	of	different	
density	
Andrey Rymarov; Dmitriy Titkov 	

14:15	–	14:30			 ID	 43:  Modelling	 and	 numerical	 simulation	 of	 the	
transport	 phenomena	 in	water	 thermal	 energy	 storage	
tanks	
Nikola Kaloyanov; Rosen Tsekov; Nina Penkova 	

14:30	–	14:45			 ID	1:   Possibilities	 for	obtaining	pellets	by	 single‐screw	
extrusion	of	biomass	from	black	pine	(pinus	nigra	arn.)	
Apostol Simitchiev 

Sunday,	September	19	Online	session	(Virtual	session	2)	
Web	link:	Joint	the	Virtual	session	2	here	
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Topic:	Fundamental	and	Applied	Fluid	Mechanics,	Hydraulic	and	Pneumatic	
Drive	and	Control	Systems	

 

14:45	–	15:00			 ID	2:	Thermodynamic	and	kinetic	parameters	of	biomass		
from	black	pine	(pinus	nigra	arn.)	
Stanislava Tz. Tasheva	

15:00	–	15:15			 ID	 3:	 Investigating	 the	 kinetics	 at	 low	 temperature	
heatpump	 drying	 and	 conventional	 drying	 of	 osmotic	
dehydrated	blueberries	
Hristo Hristov	

15:15	–	15:30			 Session	discussions	and	Coffee	brake	
	

15:30	–	15:45		  ID	32:	 Parameters	influencing	the	droplet	formation	in	a	
focusing	microfluidic	channel	
Grigorov, Jordan A. Denev, Boris Kirov and Vassil Galabov  

15:45	–	16:00			 ID	 13:	 GA‐tuning	 of	 Multivariable	 PID	 Controller	 for	
Electrohydraulic	Load‐Sensing	Servo	System	
Alexander St. Mitov; Tsonyo Slavov; Jordan Kralev; Ilcho  Angelov	

16:00	–	16:15		  ID	18: Reduction	of	the	Battery	Capacity	of	Hybrid	Electric	
Vehicle	 with	 the	 Help	 of	 Electrically	 Assisted	
Turbocharger	
Ivaylo Stoyanov; Milen Mihaylov; Teodor B. Iliev (University of Ruse) 

16:15	–	16:30			 ID	 24: Modularity	 Design	 of	 the	 Bamboo	 Plastic	 Fiber	
Forming	Machine	
Nguyen  Thanh Nam ; Nguyen Hoang Hiep, Vinh Long 	

16:30	–	16:45			 ID	 27:  Modularity	 design	 of	 instant	 coffee	 powder	
packaging	machine	
Svetlin Antonov; L. K. Dien	

16:45	–	17:00			 Session	discussions.	Closing	of	panel	
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	 Session	Chairman:	Assoc.	Prof.	Dr.	Angel	Terziev 

Topic:	Renewable	 energy	 technologies;	Hydraulic	and	 pneumatic	machines	
and	equipment 

13:30	–	13:45			 ID	9:	Assessing	the	diversification	of	energy	mix	with	the	
methods	of	entropy	and	hierarchy	of	information	
Iliyan I Petrov	

13:45	–	14:00		  ID	 12:  Renewable	 energies	 projects	 selection:	 block	
criteria	 systematization	with	 AHP	 and	 Entropy‐MOORA	
methods	in	MCDM	
Iliyan I Petrov 

14:00	–	14:15			 ID	 26:  A	 design	 of	 solar	 battery	 cleaning	 system	 by	
modularity	method	
Svetlin Antonov; L. K. Dien	

14:15	–	14:30			 ID	10: Investigations	of	a	vertical	axis	wind	turbine	with	
frontal	cylindrical	guide	vane	unit	
Rossen Sashov Iliev	

14:30	–	14:45			 ID	 25:  A	 research	 on	 the	 formability	 and	 springback	
phenomena	 of	 pvc	 sheet	 in	 single	 point	 incremental	
forming	(spif)	technology	
Nguyen  Thanh Nam; Nguyen Hoang Hiep, Vinh Long; Nguyen Tan Hung; 
Tran Trong Hy 	

14:45	–	15:00			 ID	17:  Design	of	direct	acting	differential	pressure	control	
valve	test	bench.	
Ognyan Bekriev ; Radoslav Asenov  

15:00	–	15:15			 ID	19:	Experimental	study	of	the	accuracy	of	measuring	of	
a	central	water	meter	
Aleksandar Stanilov	

Sunday,	September	19	Online	session	(Virtual	session	3)	
Web	link:	Joint	the	Virtual	session	3	here	



9 
 

Topic:	Design	and	Technologies	for	Clothing	and	Textiles 

 

15:15	–	15:30			 ID	 21:	 CFD	 analysis	 of	 the	 behavior	 of	 a	 submersible	
vehicle	 in	 multiple	 flow	 directions	 and	 elevator	 and	
rudder	fin	configurations	
Georgi Todorov; Konstantin Kamberov; Blagovest N.  Zlatev 	

15:30	–	15:45		  ID	4:	Operating	stress	of	photovoltaic	panels	
Ivaylo Stoyanov; Teodor B. Iliev	

15:45	–	16:00			 ID	 47:	 On	 the	 Development	 of	 a	 Real	 Time	 Water	
Monitoring	System	
Sandel Zaharia, Gabriel Iana, Cristian Monea and Mihnea Sandu	

16:00	–	16:10			 Session	discussions	and	Coffee	brake	

	

16:00	–	16:15			
ID	46:	Application	of	ICT	in	the	Online	Education	of	
Apparel	Design	and	Production	within	the	framework	of	
ICT‐TEX	project 
Hassan Saeed, Yordan Kyosev, Radka Atanasova, Angel Terziev, Carla 
Hertleer 

	

16:15	–	16:30		  ID	 30:    Modification	 of	 Leather	 Surface	 Using	 Low‐
Pressure	Plasma	and	Antimicrobial	Reagent	
Sanja Ercegovic; Jadranka Akalović; Tomislav Ivanković; Anja Ludaš; 
Katarina Ištef  

16:30	–	16:45			 ID	16:  Tangram	based	technology	for	clothing	design	
Boryana G Georgieva-Gushtanova	

16:45	–	17:00			 ID	23:  Methods	for	personal	cooling	in	hot	environment	
used	in	clothing	and	wearables	
Atanas Vasilev; Radostina A. Angelova; Rositsa Velichkova	

17:00	–	17:15			 ID	39:   Development	of	boutique	denim	 clothing	by	 the	
"upcycling"	method	
Magdalena Pavlova	

17:15–	17:30			 Session	discussions.	Closing	of	panel	
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	 Session	Chairman:	Assoc.	Prof.	Dr.	Merima	Zlateva 

Topic:	Renewable	energy	technologies 

 

10:00	–	17:30			
ID	45:	 Determination	of	the	optimal	air‐fuel	ratio	for	
upgraded	biogas	engine	operation 
Radostin Dimitrov, Penka Zlateva	

10:00	–	17:30			
ID	44: Electronic	measuring	system	design	for	
photovoltaic	panels	analysis 
Krastin Yordanov; Iliya Hadzhidimov; Penka Zlateva 

	

Poster	session,	September	19	Hall	conference	
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26th Scientific Conference on Power Engineering and Power 
Machines (PEPM’2021) 

18 – 21 September 2021 
Sozopol, Bulgaria and parallel online sessions 

www.copepm.eu  

 
The conference is organized by the Faculty of Power Engineering and Power Machines 
at  the  Technical  University  –  Sofia.  It  is  held  annually  during  the  global  "Days  of 
Science" forum at the university, since 1995. For the past 26 years the conference has 
become  a  traditional  annual  scientific  event,  for meeting  of  Bulgarian  and  foreign 
scientists,  experts  and  industry  representatives  in  the  field  of  energetics,  energy 
efficiency,  renewable  energy,  heat  engineering,  hydraulics  and  pneumatics, 
environmental protection, textile and sewing production. 
 
The PEPM  conference provides  the opportunity  for  the young  researchers  (PhD and 
MSc  students,  and  Post  Docs),  involved  in  these  scientific  areas,  to  present  their 
research activities and disseminate their work, as well as to meet and discuss with well‐
known  and  recognized  scientists  and  experts  from  all  over  the  world.  Academic, 
industry  and  business  members  are  also  welcomed  and  appreciated  as  key‐note 
speakers and sponsors. 
 
The PEPM’ 2021 edition has established agreement with E3S Web of Conferences,  for 
open  access  proceedings  indexed  by  Scopus,  Google  Scholar,  CAS,  DOAJ,  EBSCO, 
ProQuest  and  others.  The  best  accepted  peer‐reviewed  papers will  be  published  as 
special  conference  edition  issue.  During  the  article  review  process,  a  double‐blind 
review  is  followed, with minimum  of  two  reviewers  for  each  paper  submitted.  The 
accepted papers should  justify the conference topics, comply with the general ethics, 
be  innovative and  represent high  level of  research quality. Each paper  is verified  for 
plagiarism, with  the  PlagScan  Tool,  set  to  less  than  20%  plagiarism.  The Microsoft 
CMT platform  (Conference Management Toolkit)  is used  for  the event management 
and paper submissions and reviewing process.    
 
The main topics of the Conference are: 

Renewable Energy Technologies 
Thermodynamics, Heat and Mass Transfer 
Building Efficiency Improvements and HVAC systems 
Fundamental and Applied Fluid Mechanics 
Thermal Comfort, Indoor Air Quality 
Hydraulic and pneumatic machines and equipment 

PEPM'2021
E3S Web of Conferences 327, 00001 (2021) https://doi.org/10.1051/e3sconf/202132700001

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



Hydraulic and Pneumatic Drive and Control Systems 
Energy and Environment Protection 
Nuclear Technologies 
Thermal Equipment 
Control and Automation of energy processes 
Design and Technologies for Clothing and Textiles 
Advanced Fibres and Materials, Innovative Textiles 
Comfort Science, Ecological and Environmental Textiles 
 
 
For  the  PEPM  2021  edition  are  received  60  papers,  distributed  to  39  reviewers.  43 
papers were accepted for presentation and further editing, and 17 papers were rejected 
or withdrawn by the authors after revision process. 
Thus, the PEPM 2021 edition conference was organized in 5 tracks: 
 
 15 papers in section Thermal equipment, heat and mass transfer processes 
 11 papers in section Renewable Energy and Environmental protection 
 6 papers in the section Design and Technologies for Clothing and Textiles 
 5 papers in the section Hydraulic and Pneumatic Fluid Power Systems and Machinery 
 6 papers in the section Miscellaneous 

 
 
Among  the  participants,  and  aside  from  the  local  organization  representatives,  the 
conference was attended from scientists from following foreign universities:  
 
Karlsruhe Institute of Technology 
High Performance Computing Center Stuttgart 
Moscow State University of Civil Engineering;  
University "Politehnica" Bucharest;    
"Dunarea de Jos" University of Galati 
Tashkent State Technical University; 
Tashkent Institute of Irrigation and Agricultural Mechanization Engineers; 
Almaty University of Energy and Telecommunications; 
Kazakh National Agrarian University; 
HCMC University of Technology and Education; 
PetroVietnam University; 
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Abstract. The hydrogen is expected to become the energy vector of the 
future.  If for environmental protection this concept it is obvious, the data 
for the design of hydrogen combustion facilities are still insufficient. This 
paper discusses the fundamental actions related to the design of a hydrogen 
burner. Numerical modelling researches using the Ansys-Fluent software 
has shown the link between the flow velocity in combustible gas jets 
together with the required air and the combustion rates. Combustion 
models (both analytical and numerical) allowed finding the optimal ratios 
between the two specified velocities (combustion and flow) compared to 
those for methane combustion, correlated also with the classical directions 
and recommendations for the burner design. 

1 Introduction  

Hydrogen is a valuable solution for the future of energy but its combustion applications still 
need a lot of theoretical and experimental data. Gaseous hydrogen is characterized by low 
calorific value, very low density, extremely high combustion rate. These three 
characteristics must be incorporated in combustion technologies. Very high burning speed 
requires first of all a very high speed at the exit of the fuel from the burner embrasure (or its 
channels) in order to comply with the general stability condition: the equality between the 
flow velocity and the combustion rate. These characteristics make hydrogen totally 
different from fuels in the category of hydrocarbons. High flow rates will impose a high 
degree of turbulence that decisively influences the entire combustion process [1-2]. 

Due to the increased performance of current CAD-CAE software designated to complex 
kinetics of combustion reactions, but also of the computing power, the numerical 
simulations contribute today significantly together with experiments to develop new 
evolved combustion technique for hydrogen. 

                                                 
* Corresponding author: gabriel.negreanu@upb.ro  
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In this case the flame represents the interaction between the chemical reactions and the 
turbulent flow structure, being characterized by significant oscillations of all species 
variables. During combustion there is a strong variation in gas density and viscosity as a 
consequence of temperature variations with a significant influence on the velocities field. 

The process is mirrored (in opposition) to the influence of turbulence on combustion 
(that improves the processes of convective mixing and diffusion). According to the data 
presented in paper [3] it turned out that the ignition is faster in the turbulent flow regime 
than in the laminar one. The research was carried out for a methane-air blend. 

2 Methodology  

2.1 Hypotheses regarding the combustion conditions for the studied model 

The research deals with the study of hydrogen burning in comparison compared to methane 
for a diffusive combustion model comprising a central fuel inlet (i) and a peripheral air inlet 
(e) as shown in Figure 1. For an isothermal accompanied jet, the flow velocity has a 
hyperbolic decrease along its length 

 

 
Fig. 1. Hyperbolic dependence of axial velocity U on axial distance x 
 

From the point of view of aerodynamics the model includes the flow theory of an 
isothermal fuel jet accompanied by a parallel air jet, without swirl. 

Combustion occurs under the influence of two important factors:  
 the ratio between the flow velocity and the combustion rate;  
 the diffusion of air in the fuel jet. 

Considering the hypothesis that the turbulent flame represent a zone of disperse 
reactions, in order to apply the comparison between the flow velocity and the combustion 
rate, the propagation of the turbulent flame can be assimilated that of the laminar flame. 

 
The combustion stability is achieved when the following condition is met: 

𝑈 𝑆  [m/s]                                                                   (1) 

where: U – jet flow velocity; ST – combustion rate in turbulent flow. 
 

This condition must take into account the decrease in the flow velocity in the 
combustion jet so that the velocity in the output section u0 should be high enough in order 
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to respect the equality of stability (2) to be observed in the end zone (similar to the laminar 
flame). 

For an isothermal accompanied jet, the variation of the velocity u in the jet axis is 
expressed by the equation: 

𝑈 𝑈 ∙
̅
∙   ,  [m/s]                                                           (2) 

where: �̅� ; x – axial distance; R – radius of output section; ρi – density of fuel jet 

[kg/m3
N]; ρe – density of accompanied jet [kg/m3

N]; A- experimental constant. 
 

From the point of view of diffusion, the gaseous hydrogen differs from methane by the 
ratio between thermal and mass diffusion (Lewis criterion).  For hydrogen, this criterion is 
equal to 0.3 while for methane its value is 1. This implies strong changes in air diffusion 
mode in flame, moving the stoichiometry section closer to the jet fuel central axis (Fig. 2). 

 

 
Fig. 2. Air diffusion in the fuel jet for the model studied 
 

The turbulent combustion rate depends on the following parameters: 
 

𝑆 𝑆 ∙ ∙  ,   [m/s]                                                        (3) 

 
where: δL, δT – depth of the laminar, respectively turbulent flame [m]; ε – turbulent 

diffusion coefficient [m/s2]; ν – kinematic viscosity [m/s2]. 
 
The combustion rate on the turbulent flow regime for hydrogen requires the increase of 

its velocity jet Ui in the burner exit section over those of methane (where usually can be 
found available burner designs and operational data) with the ratio between the two 
combustion rates. 

Table 1 shows the values of normal combustion rates for methane and hydrogen. 
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Table 1. Usual rates of combustion for methane and hydrogen. 

Fuel SL [m/s] ST [m/s] 

CH4 0.95 3.7 

H2 16 26.7 

 
With this values the combustion rates ratios can be computed: 

 𝑅 16.8 for laminar flow; 

 𝑅 7.2 for turbulent flow. 

 
According to these ratios, input velocities have been imposed as boundary conditions 

for the physical and numerical models to be further developed: 

2.2 Physical model and boundary conditions 

The computing domain is shown in Fig. 3.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Scheme of computing domain 

 
The fuel is entering the combustion region through the inner pipe of diameter D1, while 

the air is flowing to it through the ring space formed between the D2 and D3 diameters. This 
is a classical coaxial jets configuration, which here is completed by a co-flow air stream, 
entrained by the air external jet through a ring boundary formed between the diameters D3 
and D4.  

D1 
D2 

D3 
D4 

Pressure outlet, p = p0 

Pressure inlet,  
       p* = p0 

  

L

Velocity inlet  
        Air 

Velocity inlet  
        Fuel 
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For comparing the behavior of the two diffusion flames, one must keep as much as 
possible flow parameters at the same values. According to van Hoot et al. [6], in the case of 
coaxial jets, the main flow parameters are:  

 the density ratio, 𝑆 𝜌 /𝜌 ;  
 the bulk velocity ratio, 𝑟 𝑈 /𝑈 ;  
 the momentum ratio, 𝑀 𝜌 𝑈 /𝜌 𝑈 .  

In the above definitions, subscripts “e” and “i” were explained above. Obviously, 

𝑀 𝑆𝑟                                                           (4) 

Besides, the Reynolds numbers of the jets feeding the combustion domain should be 
considered as parameters since their values influence the flame length.  

Since the density ratio is different for the two fuel-air combinations considered in this 
paper, it cannot find the fuel-air velocities pairs to obtain the same values of ru and M. As a 
result, we have chosen to perform our analysis at the same momentum ratio value (4).  

Further, all the D1 and D2 diameters, the Reynolds number of fuels flowing inside the 
inner duct, and the air excess ratio l are kept at the same values for both CH4-air and H2-air 
flames. The geometry and the boundary conditions for the CH4-air and H2-air numerical 
simulated flames are presented in Table 2. Note that there the mean bulk air and flow 
velocities are revealed. Based on these values, one has generated the fully developed 
velocity and turbulence profiles, which were used as boundary conditions for the inlet 
sections of air and fuel feeding pipes, placed at 5 cm below the combustion region. 

 

Table 2. Geometry dimensions and boundary conditions for CH4-air and H2-air diffusion flames 

Data 
D1 

[mm] 
D2 

[mm] 
D3 

[mm] 
D4 

[mm] 
λ 

[-] 
Refuel 

[-] 
Reair 

[-] 
S 
[-] 

ru 

[-] 
M 
[-] 

Ufuel 
[m/s] 

Uair 
[m/s] 

CH4-
air 

3 4 21.3 500 1.05 7450 10000 1.91 0.2 0.07 45.0 9.0 

H2-
air 

3 4 9.2 500 1.05 7450 17470 14.36 0.071 0.07 274.7 19.16 

2.3 Numerical model 

The reacting flows is modeled by Favre averaging Navies-Stokes system of equations. The 
chemistry model relies on the mixture fraction based steady flamelet approach. By using it, 
the fast, but finite time chemical reactions are considered. To generate the flamelet tables, 
one has used the GRI 1.2 reaction mechanism for CH4-air flame [7-8] and the Li et. al 
reaction mechanism [9-10] for H2-air flame. The NOx formation chemical mechanisms 
were not considered in this study. For the turbulence chemistry interaction, the k-w SST 
model was selected. The computations were performed under the ANSYS-FLUENT v14.0 
Academic software package [4]. The pressure-based solver using the incompressible ideal 
gas method for density was set for the calculation. The spatial numerical discretization was 
second order up-wind for all properties involved in computation. After the hybrid 
initialization, the first 1000 iterations were performed with the aid of the SIMPLE pressure-
velocity coupling algorithm, and the next ones, by using the COUPLED pseudo transient 
algorithm. The computations were stopped when the residuals of all computing properties 
were dropped at least eight order of magnitude. 
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2.4 Mesh details 

In the case of CH4-air flame, the mesh contains about 40000 cells and 80000 faces. For the 
H2-air flame, the mesh consists of about 45000 cells and 90000 faces.  In both cases the 
mesh was one time adapt using the gradient criterion of the fuel mixture fraction. As a 
result, inside the flame domain and near around it, the cell Reynolds number lies between 
0.12 and 2.5. Outside these regions (i.e., near the outer wall and outflow boundary, the cell 
Reynolds number is around 120.   

3 Results and discussions 

3.1 Temperature maps 

Fig. 4 shows the temperature maps of CH4-Air (up) and H2-Air (down) flames. It is noted 
that in the case of the hydrogen flame, the higher combustion rate and turbulence of the jet 
compared to methane led to a 10% shorter flame shorter. The temperature in the core of the 
hydrogen flame is higher than in the case of methane. 
 

 
Fig. 4. Temperature maps of CH4-Air (up) and H2-Air (down) flames 

3.2 Axial temperature profiles 

Fig. 5 shows the axial variation of temperature for the two investigated flames. In absolute 
terms, the maximum temperature is closer to the burner embrasure for the hydrogen 
combustion than the methane one. The maximum temperature of the hydrogen flame is 
about 250 degrees higher than the homologous value of the methane flame. 
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Fig. 5. Dimensional axial temperature profiles for CH4-Air and H2-Air flames 

However, to compare the two flames behavior, one should find the dimensionless measure 
of axial length and axial flame temperature. Thus, one has chosen as dimensionless length 
and temperature the ratios x/Lst, and T/Tad, respectively, where Lst is the stoichiometric 
length of the flame and Tad is the adiabatic flame temperature. The stoichiometric length of 
the flame represents the axial length measured from the burner head at which the mixture 
fraction reaches the stoichiometric value. Based on the numerical simulation one found that 
Lst = 0.362 m, for methane-air flame (where the stoichiometric mixture fraction is 0.55), 
and Lst = 0.278 m, in the case of hydrogen-air flame (where the stoichiometric mixture 
fraction is 0.028). The adiabatic flame temperatures, as they are defined in chemical 
thermodynamics are Tad = 2226 K for CH4-Air flame and Tad = 2483 K for H2-Air flame, 
respectively. Fig. 6 shows the numerical simulated dimensionless axial temperature 
profiles.  

Fig. 6. Dimensionless axial temperature profiles for CH4-Air and H2-Air flames 

In the dimensionless coordinates used, there is a high coincidence of the temperature 
profiles of the flames, along their relative length. 
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3.3 Radial temperature profiles 

The radial profiles were drawn for axial lengths fractions of 1/8, 4/8 and 8/8 of Lst. Fig. 6 
shows the radial temperature profiles for both flames.  

Fig. 6. Dimensional radial temperature profiles for CH4-Air and H2-Air flames 

The dimensionless radial profiles are presented in Fig. 7. There the dimensionless radial 
coordinate is r/Rcb, where Rcb = 1.5 mm is the radius of fuel feed tube, and the 
dimensionless temperature is expressed by T/Tad, as previous defined.  

Fig. 7. Dimensionless radial temperature profiles for CH4-Air and H2-Air flames 
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Between the conventional and the dimensionless approach there are no significant 
differences between the radial temperature profiles between various dimensionless axial 
positions except for the final section of the flame, where the maximum deviation is 10%. 

4 Conclusions 

The paper analysed by mathematical modeling and numerical simulation the flame 
developed during the combustion of methane and hydrogen, respectively.  

The physical model considered comprised a central jet of gaseous fuel, framed by a 
parallel jet of air. Jet dynamics have developed with a lower peripheral air velocity than 
that of fuel. 

The similitude of the combustion required the choice of a common criterion, 
represented by the ratio of the momentum, which resulted in the input velocity of the 
hydrogen jet. 

Excess air coefficient was chosen to the minimum possible, in correlation with current 
techniques for burning gaseous fuels in order to obtain maximum combustion efficiencies. 

The interpretation of the resulting data showed a great similarity of the combustion of 
hydrogen with that of methane, both in terms of flame length and in terms of temperatures 
recorded in them. 

The results obtained in this research can be a basis for their continuation, which will 
ultimately lead to the design and construction of high-performance hydrogen burners. 

Future research will consider higher speeds for the air circuit and more efficient control 
of its diffusion. 
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Abstract. Energy and economic performance of an organic Rankine cycle 
(ORC) system designed to recycle waste heat of a steam boiler was 
analysed. Optimisation of ORC system was performed by using the Cycle-
Tempo software and the REFPROP program. The selected working fluid 
was R245fa. For the exhaust gases temperature of 163°C and mass flow 
rate of 11.83 kg/s, cooling water temperature of 20°C resulted a gross 
efficiency of 21.02% and a cost of 2987 €/kW, an electricity levelised cost 
of 102 €/kWh and a payback period of 5.5 years.  

1 Introduction 

Reducing fossil fuel consumption and environmental pollution can be achieved by using 
renewable energy sources and by recovering waste heat from energy conversion processes. 
Waste heat can be recovered by using various technologies, such as: ORC, Kalina cycle, 
Goswami cycle, absorption refrigeration and heat pumps. 

Since it was invented, in the 19th century, the steam boiler has known a continuous 
development, being found in all industries (food processing, chemicals, petroleum refining, 
pulp and paper, etc.). In the USA, steam boilers are responsible for burning about 37% of 
the fossil fuel consumed in industry [1]. Given the widespread use and appreciable 
consumption of fuels, the attention of specialists has been drawn to the increasing energy 
efficiency of steam boilers [2 - 6]. The thermal efficiency of steam boiler is greatly affected 
by the heat loss with the exhausted gases (probably the greatest heat loss). The exhaust 
gases from steam boilers have quite high temperatures, between 170°C and 120°C, 
depending on the fuel burnt, in order to minimize the risk of corrosion and to ensure the 
dispersion of the flue gas at a height as high as possible. For heat recovery from exhaust 
gases from boilers are used ORC [7] and Kalina cycle [8, 9] to generate electrical energy, 
absorption refrigeration [10] for cooling and heat pumps to generate heat energy [11-13]. 

In [7] is reported a thermal efficiency of 14.82% of an ORC system with R123 as 
working fluid that recovers heat from the exhaust gases from a boiler by cooling them from 
135°C to 110°C (29.26 MW), the condensation temperature being 30°C. 

Paper [8] presents the study on an ORC system used to recover the heat from exhaust 
gases from a steam boiler with a maximum gross efficiency of 18.8%, by cooling them 
from 180°C to 130°C (2.3 MW) and by using cooling water with temperature of 5°C. 

* Corresponding author: iion@ugal.ro
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Heat recovery from exhaust gases from a boiler to generate electricity can be performed 
also by using Kalina cycle which can reach an efficiency of 14.78% by cooling them from 
160°C to 105°C [10]. 

To generate electricity from low-temperature energy sources available at temperatures 
of (80-150)°C, the ORC systems are recommended [14]. Although ORC systems are a 
mature technology, their use is limited, mainly due to the fact that potential investors and 
users do not recognise the ability of these systems to conserve energy [15]. The efficiency, 
size and cost of an ORC system depend primarily on the working fluid, which is chosen 
according to the temperature of the heat source, and then on the evaporation temperature, 
condensation temperature and system configuration. There are many studies on 
working fluid selection for a particular application [14, 16-18]. In addition to the 
type of application and the temperature of the heat source, the selection of working fluid 
also takes into account the following: the auto-ignition temperature, which must be much 
higher than the maximum working temperature of the fluid; the enthalpy drop in the 
expander must be as large as possible to minimize fluid flow to the pump; in the T-s 
diagram, the inclination of the saturation curve must be as close as possible to the 
isentropic curves in order to avoid overheating; ODP and GWP to be minimal; fluid 
cost to be reduced; the critical temperature should be reduced because the vapour 
density is higher at lower temperatures. There is no fluid that meets all the criteria 
(environmental: ODP, GWP, flammability, toxicity; safety; physical and chemical 
properties; economic). The selection is finally made taking into account the international 
protocols that recommend fluids that are not harmful to the environment and the thermal 
efficiency of the cycle. In [19], working fluids are classified into six categories 
according to the heat source temperature. For heat source temperatures between 445 K 
and 465 K, the following working fluids are recommended: R600, R245fa, neopentane 
and R245ca. Also, in paper [20], for temperature ranges 100 – 150°C, are recommended 
the following fluids: butane, neopentane and R245fa.  

For  ORC systems  with  a  capacity  of  more  than  100  kW,  the  most  suitable 
expansion machines are turbines [21]. 

When using low heat sources, it is recommended the direct heat exchange between 
the heat source fluid and the ORC working fluid, without using an intermediate loop, 
thus avoiding the reduction of the evaporation temperature and the complication of the 
plant.  

The specific cost of ORC units is difficult to be estimated due the lack of 
information provided by the manufactures, but in literature can be found some 
indicative costs and models to calculate them. The low temperature ORC systems can 
have an average specific cost from about 1350 €/kW for a 250 kW-unit to 2200 €/kW for 50 
kW-unit, and the high temperature ORC systems from 1000 €/kW for a 2 MW-unit, to 
2000€/kW for a 500 kW-unit and up to 3000€/kW for a 150 kW-unit [22]. To the total 
acquisition cost (Ztot) are added the following costs: 30% from the Ztot for piping 
and accessories, 20% for installation; 10% for instrumentation and 11% for materials 
necessary to build the system. Operating and maintenance costs can reach 45% from the Ztot 
[18]. 

This paper aims to analyse energetically and economically the coupling of ORC to a 
steam boiler for heat recovery from exhaust gases.  

2 Energy model 

The steam boiler considered in this study is of type CR 12C and generates 50 t/h steam 
with a pressure of 36 bar and a temperature of 450°C with an efficiency of 90.5%. The 
boiler runs on natural gas. The properties of the exhaust gases from the boiler are given in 
Tab. 1.  
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Table 1. Flue gas properties. 

Temperature, °C Mass flow rate, kg/s Enthalpy, kJ/kg  

163 11.83 242.25 

100 11.83 148.00 

The ORC model was developed by using the Cycle-Tempo simulation tool. The 
working fluid properties were calculated by using the REFPROP program. Of the 
recommended working fluids for the heat source temperature of 163°C, the R245fa was 
chosen as it need not superheating, has low ODP, is nearly non-toxic and it does not 
degrade at the maximum working temperature of the cycle. The chosen expansion machine 
was axial turbine. 

Several ORC simulations were performed with different vaporization and condensation 
pressures with simple cycle and with internal heat recovery cycle aiming at obtaining the 
maximum net power. These led to the ORC configuration shown in Fig. 1 and the 
representation in the T-s diagram in Fig. 2. The maximum net power was obtained for the 
evaporation pressure of 17 bar, condensation pressure of 2.6 bar and simple configuration. 
The pinch point temperature in evaporator and condenser was set at 10°C. The evaporator 
is a shell-and-tube heat exchanger and the condenser is a flat plate heat exchanger. 

The ORC operation parameters of the system components are given in Table 2. The heat 
loss and pressure drop in pipes were neglected. 

 

 

P =     -4.71 kW

Pel =    184.37 kW

Heat source
(exhaust gases)

Cooling water

Condenser

Pump

Turbine

Electric 
Generator

Evaporator

    3.950     30.00

   126.10    15.149

88

    4.000     20.00

    84.29    15.149

77

66

    1.300    163.00

 -2868.97    11.830

55

    3.000     40.00

  -173.28     3.373

    3.000     40.00

  -165.76     3.373

11

    17.05     40.81

  -171.95     3.373

22

    3.000     55.00

    22.02     3.373

44

    17.00    130.00

    78.37     3.373
    17.00    130.00

    78.37     3.373

33

9

8

7

6

5

4

2
1

H

Waste heat recovery with ORC system (R245fa)

p T

h m

m = Massflow [kg/s]

p = Pressure [bar]
T = Temperature [°C]
h = Enthalpy [kJ/kg]
P = Power [kW]
Pel = Electrical Power [kW]

 

Fig. 1. ORC schematic (R245fa) (Cycle-Tempo). 

The thermodynamic model is described by the following equations: 
- pump power consumption: 

 ( )1 2 1 , ,/ η ηP i p m pW m h h= − , kW (1) 
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Fig. 2. T-s diagram of ORC (R245fa).  

Table 2. Characteristics of system apparatuses. 

Parameter Value 

Turbine isentropic efficiency, ηi,T 0.87 

Turbine mechanical efficiency, ηm,T 0.95 

Pump isentropic efficiency, ηi,P 0.80 

Pump mechanical efficiency, ηm,P 0.95 

Electrical generator efficiency, ηG 0.97 

Pressure loss in evaporator and condenser 0.05 bar 

Evaporator overall heat transfer coefficient, Uev 0.3 kW/m2/K 

Condenser overall heat transfer coefficient, Uc 4 kW/m2/K 

- heat transferred in evaporator: 

 ( ) ( )5 6 2 3 2ev fgQ m h h m h h= − = −   , kW (2) 

 Δev ev ev evQ U A t= ⋅ ⋅ , kW (3) 

where: Aev is evaporator heat exchange area, m2; Uev is overall heat transfer coefficient, 
kW/m2/K; Δtev is logarithmic mean temperature difference of evaporator, K; 

- electric generator power output: 

 ( )1 3 4 , ,η η ηG m T i T GW m h h= − , kW (4) 

- heat transferred in condenser: 

 ( ) ( )1 4 1 8 7c cwQ m h h m h h= − = −   , kW (5)
 

 Δc c c cQ U A t= ⋅ ⋅ , kW (6) 

 
 

Exhaust gases

Cooling water 
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where: Ac is evaporator heat exchange area, m2; Uc is overall heat transfer coefficient, 
kW/m2/K; Δtc is logarithmic mean temperature difference of evaporator, K; mcw is mass 
flow rate of cooling water, kg/s; 

- ORC net power output: 

 net G PW W W= − , kW (7) 

- ORC gross energy efficiency: 

  
η net

ev

W

Q
=   (8) 

3 Economic model 

The economic model includes calculation of capital cost, levelised cost of energy and the 
payback period. 

The purchase cost corresponding to year 2001 of the ORC system components can be 
calculated by using the following equations [23]: 

- turbine cost as function of power output, WT: 

 
2

10 10(2.2476 1.49658 log 0.1618 (log )3.5 10 T TW W
TZ + ⋅ − ⋅= ⋅ , € (9) 

- cost of heat exchangers as function of heat exchange area, A: 

 
0.9110000 324HEZ A= + ⋅ , € (10)

 

- pump cost as function of power capacity, WP and operation pressure p: 

 
2 2

10 10 10 10(3.3892 0.0536 log 0.1538 (log ) ( 0.3935 0.3957 log 0.0023 (log )10 10P PW W p p
PZ + ⋅ − ⋅ − + ⋅ − ⋅= ⋅ , € (11) 

- electrical generator cost as function of power output, WG: 

 

0.94

2775000
11800

G
G

W
Z

⎛ ⎞
= ⎜ ⎟⎜ ⎟⎝ ⎠

, € (12) 

- total capital cost corresponding to year 2021: 

  ( ) 2021

2001
tot T C P EV

CEPCI
Z Z Z Z Z

CEPCI
= + + + , € (13) 

where CEPCI2001 and CEPCI2021 are the Chemical Engineering Plant Cost Index values 
required to convert the purchase cost from 2001 to 2021 (CEPCI2001 = 397; CEPCI2021 = 
637.8) [24]; 

- capital recovery cost: 

 
( )

( )
1

1 1

n

n

i i
CRF

i

+
=

+ −
 (14) 

where i is annual interest rate (i=0.1) and n is plant lifetime (n=25 years); 
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- levelised cost of electricity: 

 
tot OM

net

Z CRF C
LCOE

N W

⋅ +=
⋅

, €/kWh (15) 

where COM is the annual cost of plant operation and maintenance, € (COM = 0.3ꞏZtot), N is 
annual hours of operation (N = 7400 hours); 
- payback period: 

  tot

net el OM

Z
PP

N W C C
=

⋅ ⋅ −
, years (16) 

4 Results and discussions 

The developed model was verified and validated by simulating the experimental ORC 
system working with R245fa presented in [25] and comparing the simulation results. The 
results of the simulation were very close to those presented in the paper. 

Following the simulations performed with Cycle-Tempo, the optimal operating 
parameters of the system corresponding to the maximum net power generated by the ORC 
were obtained. These are given in Fig. 1. The ORC system recovers 844.29 kWth from the 
exhaust flue gases from the boiler and generates 177.48 kWel, which means a gross 
efficiency of 21.02%. 

In paper [10] is presented a system with Kalina cycle that recovers 2538 kWth from the 
exhaust gases from a steam boiler. The power generated by the system is 375.21 kWel 
which means an efficiency of 14.78%. If the same amount of heat with the same thermal 
level were recovered with the developed ORC system, 520.7 kWel would be generated, 
which means a system efficiency of 20.5%. It can be seen that the ORC is more efficient 
than the Kalina cycle for using the same heat source and the same cooling water. On the 
other hand the Kalina cycle has an important advantage of reacting to the heat source 
temperature variation by adjusting the amount of ammonia in the working fluid. 

For the implementation of the ORC system, a financial effort at the level of year 2021 
of 531770 € is required, which means a specific cost of 2987 €/kWel. For the annual 
operation and maintenance cost of € 93300, lifetime of 25 years and 7400 operating hours 
per year resulted in a Levelised cost of electricity of 0.115 €/kWh and a payback of 5.5 
years.  

Comparing the results of energy analysis as well as of the economic analysis obtained in 
this study with those reported in the literature, insignificant differences can be observed. 

5 Conclusions 

One way to increase the steam boiler efficiency is to recover the heat from exhaust gasses. 
So, the exhaust gases should be cooled down as much as it is allowed and to reintroduce it 
to the cycle or to convert it into electricity as efficient as possible. The ORC systems are 
gaining attention for waste heat recovery. There are currently a wide variety of ORC 
systems that differ in working fluid, expansion machine type and heat exchangers type. The 
correct choice of system for a particular application depends primarily on the temperature 
of the heat source. Cycle-Tempo is one of the tools used to simulate ORC systems. It has 
the advantage of allowing operation optimisation of simulated systems. 

The analysis performed in this paper shows that by cooling the exhaust gases from a 
steam boiler into the evaporator of an ORC system allows to generate electricity with an 
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efficiency of 21.02%. Heat recovery for electricity generation allows an annual reduction of 
GHG emissions of 360 tons and an annual gain of 190436 €, obtained by selling electricity 
(by 0.145 €/kWh) or by reducing the electricity consumption. The generated electricity can 
be used to supply electric motors to drive the flue gas fan or air fan or other consumers, 
thus increasing the efficiency of using the energy introduced with the fuel in steam boiler. 
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Abstract. Two alternative schemes for waste heat recovery from flue 
gases of boiler type BKZ 220-100 in the Stepnogorsk TPP (Kazakhstan) 
are presented. The technical solutions are innovative because they create 
conditions for deep heat recovery even when using battery emulsifiers to 
purify the gas flow. A characteristic feature of the schemes is the 
purification of a small part (10-15%) of the stream by means of a bag filter 
and the mixing of the stream with the main gas flow consisting of moist 
gases after a battery emulsifier. An analysis and assessment of the 
technical and economic feasibility of the implementation of the two 
alternatives has been carried out. 

1 Introduction  

Waste heat recovery from flue gases of industrial and steam boilers is always a topical issue 
for industry and energy [10,14]. Each decrease in the flue gas temperature increases the rate 
of fuel use, reduces heat losses with the exhaust gases q2 and directly affects the efficiency 
of the boilers [3,5,9,10, 19]. In addition to the direct benefits of fuel economy through heat 
recovery both the amount  of harmful components and CO2 emissions are reduced. 

However, it should be noted that despite the undeniable advantages of waste heat 
recovery methods, there are sometimes insurmountable obstacles to the implementation of 
such projects. For example, the sulphur content of the fuel is essential [4] to the process – it 
determines the permissible limit temperature to which the gases can be cooled without 
causing condensation and low-temperature corrosion on the heating surfaces of the disposal 
facilities [3]. Sometimes there are energy schemes where it is difficult at first glance to 
assess the technical and economic feasibility of implementing a waste heat recovery 
system, especially when more than one technical solution is offered [5]. 
In the present work, a technical and economic analysis of two proposals for the utilization 
of waste heat from the exhaust gases of the steam generator BKZ 220-100F [7] in 
Stepnogorskaya TPP – Kazakhstan [4] is carried out. 
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2 Problem description  

At the Stepnogorskaya CHP, three steam generators of the BKZ 220-100F type are in 
operation. No. 5, 6 and 7), burning Ekibastuz coal [4, 7]. The average temperature of flue 
gases for the boiler No. 5 under consideration is very high, 183 °C, which leads to 
significant heat losses with the flue gases of up to 9  9.5%. The average efficiency of 
boiler No. 5 does not exceed 84%, which gives grounds to look for opportunities to reduce 
the temperature of flue gases and thus increase boiler efficiency. It is also important to note 
that the existing emulsifier second generation [8] cleans the flue gases to a satisfactory 
degree and there is no reason at this stage to recommend a transition to another ash 
collection system. A significant disadvantage of wet ash collectors is their high-energy 
consumption for the circulation of flushing water. Due to the fact that humid gases after 
emulsifiers have a high relative humidity (in practice, 100%) heating of these is required 
before entering the pipe to prevent secondary condensation and subsequent sulfuric 
corrosion in the stack [3,6]. 

 
Fig. 1. Schematic diagram of the gas path after the steam generator with a battery emulsifier 

A disadvantage of the presented scheme is the non-utilisation of the heat of the exhaust 
gases. With a high temperature of 183 °C, the gases after passing through an air preheater 
second stage enter a battery emulsifier which purifies the solid particles they contain. Thus, 
the potential from 183 to 125 °C is lost due to the wet method of gas purification used. 
Moreover, given that the gases purified in the emulsifier are wet (in practice their relative 
humidity is 100%), they should be heated additionally from 50 to 75 °C before entering the 
stack by mixing the flow of wet gases with part of the hot air after the air preheater 1 stage 
(air temperature is 380 °C). The diagram shows that the incoming air from the atmosphere 
is not heated by a steam heater, but this is done by mixing the outside air with part of the 
heated air after an air heater of the 1st stage (air temperature is 380 °C). 

The preliminary assessment shows a high degree of heat loss, both with the heating air 
after the air heater 1st stage and with the unused potential of the flue gases before they enter 
the emulsifier. 
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3 The essence of the innovative method for waste heat recovery  

There are two schemes for waste heat recovery from the exhaust gases, which create 
conditions for the elimination of the heating of the exhaust gases after the battery emulsifier 
[1], without using preheated air from a second stage air heater. These schemes will be 
analysed in detail to assess their technical and economic feasibility. 

3.1. Description of the proposed method for heat waste recovery (variant 1) 

The proposed method to improve energy efficiency provides for a more complete use of 
thermal energy of flue gases and the elimination of the need for additional heating in front 
of the stack. This can be achieved by directing a portion of the gas stream (11.5%) into a 
bag filter, keeping the same temperature, and then mixing this portion with the main stream 
(88,5% from the flue gas flow) in the existing mixing chamber to achieve the desired 
overall temperature.  

The main flow of flue gases (88.5%) after the air heater at stage 1 enters an additional 
air heater-utilizer, with a heat output of 3019 kW. In it the temperature of the flue gases is 
reduced from 183 to 150 °C, while the captured heat is used to heat the outside air from 5 to 
67 °C, which should enter the stage 1 air heater. The produced heat power is able to 
completely eliminate the old inefficient scheme of heating the air before the air heater. 
However, it should be noted that the additional air heater-utilizer should be made of 
thermosyphons to ensure a corrosion-free regime of its heating surfaces in the winter season 
[6]. After the air heater-utilizer the gases enter the existing battery emulsifier for wet 
purification of the gases. At the outlet of the emulsifier, the temperature of the gases is 
reduced to 55 °C at high relative humidity (100%). Therefore, before entering the stack, the 
gases are mixed in a mixing chamber, with the hot stream of purified gases coming from 
the bag filter. The temperature of the mixture (75 °C) is normatively determined by the 
condition to avoid secondary condensation of the gases in the stack. 

The aerodynamic resistance of the bag filter, which will be connected in parallel with 
the emulsifier, does not differ from the resistance of the battery emulsifier, which will allow 
for the use of the existing exhauster without any changes. 

Thus, several positive effects are simultaneously achieved: 
• Energy consumption for heating flue gases with hot air is eliminated; 
• Part of the heat energy of flue gases is recovered; 
• Significant cleaning of gases from ash is carried out; 
• Emulsifiers are unloaded, the volume of flush water directed to the ash dump is 

reduced, which reduces the load on the emulsifier and flush water pumps and theoretically 
makes it possible to reduce their power consumption (for example, by installing a 
frequency control when it is economically justified by the current prices and tariffs); 

• If there is market demand and economically viable transportation opportunities, 
baghouse ash can be sold for use in construction, agriculture or other industries. 
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Fig. 2. Diagram of the gas path after installation of an additional air heater before battery emulsifier, 
including bag filter. 

3.2. Description of the proposed method for heat waste recovery (variant 2) 

The second option uses two energy-saving units: a water economizer and an additional air 
heater. 

Some of the hot gases (11.5%) after the 1st stage economizer at a temperature of 289 °C 
are fed to an additional economizer with a heat output of 1307 kW, in which the gases are 
cooled down to about 180 °C and then enter a bag filter for gas purification. The 
economizer is supplied with network water with an initial temperature of 55 °С and a flow 
rate of 35 m3 / h and is heated to 87 °С and is again fed to the district heating network. In 
order to comply with the permissible operating temperatures (t<200°С) of the gases before 
they enter the bag filter, the water flow in the economizer acts as a regulating factor in the 
various operating modes. The purified gases after the bag filter at a temperature of 178 °C 
enter a mixing chamber, where they are mixed with the wet and cooled to 55 °C gases after 
the battery emulsifier. The mixing temperature should be in the range of 72-75 °C to avoid 
secondary condensation in the chimney. 

Due to the reduction of the gas flow (up to 88.5%) before the air heater 1st stage, the 
velocity of the gases in the tubular heat exchanger decreases and as a consequence the gas 
temperature increases from 183 to 190.5 °С. Under these conditions, the main gas flow will 
enter an additional thermosyphon-type air heater with a heat output of 4355 kW, where the 
gases will be cooled down to 150 °C before entering the battery emulsifier for purification. 
In this case, the air heater will heat the outside air from 5 to 87 °C and will replace the 
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existing inefficient method for heating the outside air with hot air after a second stage air 
heater. 

 
In Fig. 3 is a diagram illustrating the operation of the method for utilization of waste 

heat from gases. 
 

Fig. 3. Diagram of the gas path after installation of economizer and a bag filter and additional air 
heater before battery emulsifier 

4. Analysis of results 
Numerical calculations have been performed with specialized software for calculation of 
energy steam generators in accordance with the widely used Normative method for 
calculation of boilers [18]. 

Table 1 presents data on the technical parameters for baseline, variant 1 and variant 2 
of waste heat recovery. 

 
Table 1. General technical parameters 

Parameter/TPP BKZ-220-
100F 

baseline 

BKZ-220-
100F First 

variant 

BKZ-220-
100F Second 

variant 

Average steam production, , t/h (or 
water flow) 

210 210 210 

Average flue gas outlet temperature after 
economizer second stage, , °C 

289 289 289 

Average flue gas inlet temperature after 

air heater first stage , °C 

183 183 190.6 
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Temperature of heated network water: 

Inlet, , °C 

Outlet, , °C 

 

- 

 

 

- 

 

 

55 

87.1 

Network water flow,  m3/h - - 35.0 

Estimated heating capacity of the 
additional economizer, , kW 

  1 307 

Recovered heat of gases in additional 
economizer, , MWh/yr. 

- - 6 928 

Recovered heat of gases in additional 
airheater, , MWh/yr. 

- 16 004 23 090 

Heat loss with flue gases after units 

implementation, , % 

10.38 8.44 7.02 

Flue gas temperature after Heat recovery 
and emulsifier, , °C 

55 55 55 

Standard temperature of gases before 
entering the stack, , °C 

72-75 72-75 72-75 

Required heat output for heating gases 
after the emulsifier, , kW 

9 998 9 998 9 998 

Flue gas flow via bag filter, m3/h - 52 903 53 943 

Flue gas flow via additional economizer, 
nm3/h 

- - 32 120 

Flue gas flow via additional airheater, 
nm3/h 

- 226 788 248 248 

Boiler operation time, hours/year 5 302 5 302 5 302 

 
The technical parameters are determined under real conditions, as the values are 

accepted as average for all boilers in 2020.  
Full thermal calculations of the waste heat recovery units [11,12] (air preheater in 

combination with a bag filter and economizer) have been made, and the production, 
installation and commissioning costs have been estimated at European prices. The data 
from the calculations are presented in Table 2. The ecological payments that can be avoided 
as a result of the realised savings from coal are also estimated. 

 
Table 2. Investments and fuel savings for different variants. 

Parameters Variant 1 Variant 2 

Investment for the additional economizer, EUR - 53 474 

Investment for the back filter, EUR 61281 61281 

Investment for the additional airheater, EUR 191250 255000 
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Total investment, EUR 252 531 369 755 

Annual coal saving, t/year 6 981 10 662 

Annual water savings, m3/year 37 361 37 467 

Price of coal, EUR/t 7.35 7.35 

Price of technical water, EUR/m3 0.134 0.134 

Total savings, EUR/year 56 330 83 409 

Savings due to harmful emissions reduction  (based on the 
emission charge), EUR/year 

5 092 7 776 

Total cost savings and revenue, EUR/year   61 421 91 185 

Specific savings, EUR/MWh 9.71 9.04 

 

4.1. Comparative analysis of economizers for different schemes of waste 
heat recovery 

The benchmarks for selection between both variants include [16]: 
• Fuel savings; 
• Payback period; 
• Net present value; 
• Internal Rate of Return; 
• Specific savings; 
 
One of the most important criteria for assessing the feasibility of an investment related 

to energy efficiency is the minimum investment per unit of energy saved (EUR / MWh) 
min. This criterion is characterized by a high degree of objectivity, especially in countries 
where the price of fuels is many times lower than those on the global market. According to 
the data in Table 1, it can be seen that Option 1 is superior in this criterion. 

The analysis shows that the most economically viable is variant 1 in which the 
investment for 1 MWh of saved energy is 9.71 EUR. This assessment is complex and 
includes a complex dependence on several criteria: fuel price, operating time of the steam 
generator, exhaust gas temperature, average boiler load, etc. 

4.2. Financial analysis  

The results from the performed technical economic analysis are used to prioritize the two 
options proposed in Table 3. 

 
Table 3. Estimated investments, savings, IRR, NPV, NPVQ and payback period 

Variant of waste heat 
recovery method 

Investment, 
EUR 

Savings,      
EUR 

IRR,     
% 

NPV, 
EUR 

NPVQ PB, 
years 

Variant 1 (see Fig.2) 252 531 61 421 20.6 274 089 1.09 4.11 

Variant 2 (See fig.3) 369 755 91 185 21.0 412 060 1.11 4.05 
 
This set of energy efficiency measures represents a CAPEX module, which can be used 

successfully by the company’s management in making investment decisions [13,15,16].  
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In Table 2 the proposed measures (options) are prioritized based on their Internal Rate 
of Return (IRR) share. The following parameters are compared in the table:     

• Annual net savings for the entire operational life of the project; 
• Evaluation of the investment required for project implementation;  
• Internal Rate of Return (IRR); 
• Net Present Value (NPV); 
• Net Present Value coefficient (NPVQ); 

• Payback period. 
The economic life has been set at 10 years for both options; 
Real interest rate - set at 10% based on the conditions of bank financing in Kazakhstan; 

the inflation coefficient for 2020 according to data from the State Statistics Service of 
Kazakhstan is 6.9% [14];  
The calculations have been obtained using the ‘ENSI economy’ v6 software product, with 
the results presented in Table 3. 

The proposed prioritization scheme is strictly informative offering decision-makers a 
possibility to compare and select the most attractive option.     

4.3. Environmental and other project benefits/impacts 

The main environmental effect of installing waste heat recovery units (economizer with 
back filter and airheater) are the reduced CO2 and NOx emissions [17]. The different 
options with included economizer, air heater and back filter are estimated to reduce coal 
consumption by 6981 to 10662 tons/year, CO2 emissions from 10113 to 15445 t CO2/year 
and NOx emissions from 44.9 to 68.5 t NOx/year, depending on the selected technology 
and equipment. 

The project’s environmental impacts for three investment options are summarized in 
Table 4. 

Table 4. Environmental impacts 

Option Units Variant 1 Variant 2 

Coal savings t/year 6 981 10 662 

Emission factor for coal tCO2/t coal 1.4486 1.4486 

Decrease of CO2 from saved coal tCO2/year 10 113 15 445 

Decrease of SO2 from saved coal tSO2/year 43.8 66.9 

Decrease of NOx from saved coal tNOx/year 44.9 68.5 

5 Conclusion  

1. The proposed innovative waste heat recovery methods, comprising a combination 
of an additional air preheater and a bag filter or alternatively an additional 
economizer, air heater and a bag filter, is a topical option for steam generators and 
boilers using "wet methods" for flue gas purification (scrubbers, emulsifiers of the 
first and the second generation). Both options presented create excellent conditions 
for deep utilization of waste heat from the flue gases. 

2. The conducted technical and economic analysis shows the expediency of the 
implementation of both options. There is a slight advantage of the second option in 
terms of simple payback period, NPV and NPVQ, but the difference is 
insignificant. 
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3. The realisation of the waste heat recovery units has high environmental impact and 
is estimated to reduce coal use from 6981 to 10662 tons/year, CO2 emissions from 
10113 to 15445 t CO2/year and NOx emissions from 44.9 to 68.5 t NOx/year, 
depending on the selected boilers. 

4. The conclusions drawn can be used by experts in the field when making an 
investment decision regarding the introduction of the relevant technologies in TPP 
and CHP. 
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Abstract. The need to protect external walls from excess moisture to 
improve heat-shielding properties is an urgent task. If the outer wall is 
created from expanded clay concrete blocks, then the most interesting are 
the blocks created by layer-by-layer moulding, in which each layer can have 
its own given density. In such blocks, each layer has its own coefficients of 
thermal conductivity and vapor permeability, which allows you to select the 
required heat transfer resistance and vapor permeability of the outer wall for 
a specific region, taking into account the characteristics of the climate. The 
ability to have external walls with different material densities inside makes 
it possible to implement energy saving tasks in the building. The article 
discusses options for external walls made of expanded clay concrete blocks 
with layers with different densities and coefficients of thermal conductivity 
and vapor permeability. Changing the location of layers with different 
densities inside the blocks changes the local values of the vapor permeability 
resistance, which leads to a different nature of the movement of water vapor 
inside the wall in winter. It is good when water vapor does not accumulate 
in the wall; it does not condense and freely goes into the external 
environment. A dry wall is more durable, it loses less heat in winter. Changes 
in partial pressures at full saturation and with existing humidity inside the 
expanded clay concrete block for layers of different densities in winter are 
considered to determine the possible condensation from water vapor inside 
the wall. Layer-by-layer moulding of building materials improves their 
properties to increase resistance to heat transfer and to form a dry and more 
durable outer wall. 

1 Introduction 

Cellular concretes, which were well studied earlier, are now used less often due to the 
growing requirements for the thermal protection of buildings to solve energy-saving 
problems. New properties of expanded clay concrete blocks appear during layer-by-layer 
moulding [1], when the layers of the material have different densities and, accordingly, 
different values of the coefficients of thermal conductivity and vapour permeability. 
Reducing the flow of moisture through expanded clay concrete blocks with layers of different 
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densities during operation increases the resistance to heat transfer and allows you to save heat 
energy by reducing heat losses of the building in the winter season. As well as monitoring 
the resistance to vapour penetration, it will allow the outer wall to be kept in a dry state, 
which will increase its durability. 

2 Problem statement 

In the cold season, moisture moves from the room through the outer wall to the outside air, 
so when forming expanded clay concrete blocks in layers, it is useful to have denser layers 
closer to the inner surface of the wall. This approach will allow the water vapor located in 
the internal air not to enter the wall, which becomes dry in the winter season and more 
durable. And also at the same time, the resistance to moisture transfer and heat transfer of the 
wall increases, which reduces heat losses in the winter time by the premises of the building. 

 
Fig. 1. Change in the coefficients of thermal conductivity and vapor permeability depending on the 
density of expanded clay concrete. 

The dependence of the thermal conductivity coefficient and the vapor permeability 
coefficient of aerated concrete with a material moisture content of about 10% of the density 
is nonlinear (Fig. 1), which is associated with the presence of solid elements of expanded 
clay concrete and air between them [2]. Studies of changes in temperature, partial pressures 
at full saturation and at the existing humidity inside the expanded clay concrete block on 
expanded clay sand in the outer wall at an outdoor air temperature of -8.7 °C and a relative 
humidity of 83% and an indoor air temperature of +20 °C and a relative humidity of 55%. 
The calculations were carried out for the climatic conditions of the city of Moscow. Moisture 
transfer through building materials takes about a month, so the estimated outside air 
temperature is taken as the average for the coldest month, and for the city of Moscow it is 
January. The number of layers with which the blocks are formed is 7, each layer has a 
thickness of 0.07 m. If necessary, the thickness of the layers can be formed differently. The 
total thickness of the block is 0.49 m. The ability of expanded clay concrete to absorb 
moisture depends on its density [3]. 6 variants of expanded clay concrete blocks with 
different layering of layers with different material density inside are considered. The first 
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version of the wall consists of seven layers with a density of 1000 kg / m3, 600 kg / m3, 500 
kg / m3, 500 kg / m3, 600 kg / m3, 800 kg / m3, 1000 kg / m3. The second version of the wall 
consists of seven layers with a density of 500 kg / m3, 500 kg / m3, 500 kg / m3, 600 kg / m3, 
800 kg / m3, 800 kg / m3, 1000 kg / m3. The third version of the wall consists of seven layers 
with a density of 1000 kg / m3, 800 kg / m3, 600 kg / m3, 500 kg / m3, 500 kg / m3, 500 kg / 
m3, 500 kg / m3. The fourth version of the wall consists of seven layers with a density of 500 
kg / m3, 500 kg / m3, 800 kg / m3, 1000 kg / m3, 800 kg / m3, 600 kg / m3, 600 kg / m3. The 
fifth version of the wall consists of seven layers with the same density of 1000 kg / m3. The 
sixth version of the wall consists of seven layers with the same density of 500 kg / m3. 

The data on the coefficients of thermal conductivity and vapor permeability are taken in 
accordance with the current regulatory document SP 50.13330.2012 "Thermal protection of 
buildings. Updated edition of regulatory document 23-02-2003". Calculations of the 
temperature distribution inside the outer wall were carried out according to the method based 
on one-dimensional stationary thermal conductivity in a homogeneous material of each layer, 
which is described by the Fourier equation known in engineering practice. Calculations of 
the partial pressure of water vapor are carried out based on the total resistance to vapor 
penetration of the outer wall. This resistance consists of the resistance to vapor penetration 
of all layers of the outer wall and the resistance to moisture exchange on its surfaces. 

There is no need to prevent the penetration of rain moisture into the layers of the wall 
close to the outer surface [4, 5] and, therefore, forming them more dense. 

3 Result of research 

The results of calculations of changes in partial pressures at full saturation and at the existing 
humidity inside the expanded clay concrete block for all 6 variants of the density of the outer 
wall layers are shown in the graphs (Fig. 2-7). 

 
Fig. 2. Change in partial pressures at full saturation (E) and with existing humidity (e) inside the outer 
wall for option 1. 
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Fig. 3. Change in partial pressures at full saturation (E) and at existing humidity (e) inside the outer 
wall for option 2. 

 

Fig. 4. Change in partial pressures at full saturation (E) and at existing humidity (e) inside the outer 
wall for option 3.  

The figures show the intersection or non-intersection of the curves of the partial pressure 
lines at full saturation and at the existing humidity, which allows us to draw conclusions 
about the quality of the decisions made on the formation of layers of expanded clay concrete 
with different densities inside the wall. 

In fig. 2, 4 (options 1 and 3), it can be seen that the lines of partial pressures at full 
saturation and at the existing humidity intersect twice, which indicates the condensation of 
moisture inside the wall in winter, which will freeze and then thaw, destroying the material 
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and reducing the durability of the outer walls, which is not acceptable. Such wall options 
require the use of additional vapor barrier on the inner surfaces of the outer walls. 

 

Fig. 5. Change in partial pressures at full saturation (E) and at existing humidity (e) inside the outer 
wall for option 4. 

 

Fig. 6. Change in partial pressures at full saturation (E) and with existing humidity (e) inside the outer 
wall for option 5.  

With options 2 and 4 (Fig. 3 and 5), the curves of the partial pressure lines at full saturation 
and at the existing humidity do not intersect, which means that the wall is dry and there is no 
moisture condensation in it, such a wall can be suitable for use in building. 

In fig. 6 and 7 (options 5 and 6), the curves of the partial pressure lines at full saturation 
and at the existing humidity for a number of layers inside the wall merged together into a 
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single line. Which indicates a possible condensation inside the wall and these wall options 
are also not suitable without additional vapor barrier for the inner surface of the outer walls.  

Fig. 7. Change in partial pressures at full saturation (E) and at existing humidity (e) inside the outer 
wall for option 6.  

In fig. 8 shows, the temperature change inside the wall for options 1, 2 and 3; on the 
horizontal axis 3-9 - 7 layers inside the wall, 1, 2 - the temperature on the outer surface and 
in the outdoor air, 10, 11 - the temperature on the inner surface and in the indoor air.  

Fig. 8. Change temperature inside the wall for options 1, 2 and 3, where 3-9 - 7 layers inside the wall, 
1, 2 - the temperature on the outer surface and in the outdoor air, 10, 11 - the temperature on the inner 
surface and in the indoor air. 
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In fig. 9 shows, the temperature change inside the wall for options 4, 5 and 6; on the 
horizontal axis 3-9 - 7 layers inside the wall, 1, 2 - the temperature on the outer surface and 
in the outdoor air, 10, 11 - the temperature on the inner surface and in the indoor air. 

Fig. 9. Change temperature inside the wall for options 4, 5 and 6, where 3-9 - 7 layers inside the wall, 
1, 2 - the temperature on the outer surface and in the outdoor air, 10, 11 - the temperature on the inner 
surface and in the indoor air. 

In fig. 10 shows, the resistance to heat transfer of the outer wall with 6 considered options 
for the density of layers inside the wall. 

Fig. 10. Change in the resistance to heat transfer of the outer wall with the considered 6 options for 
the thickness and density of layers in the thickness of the wall, 7 - the standard value of the resistance 
to heat transfer for the city of Moscow. 
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The low moisture content in the layers of blocks increases the resistance to heat transfer 
of the outer wall, which is useful for solving the problems of energy saving in buildings [6, 
7]. The obtained values of the resistance to heat transfer for options 2 and 4 satisfy the 
requirements of the norms for thermal protection and protection against excessive moisture 
of the outer walls of buildings [8]. 

4 Conclusions  

Layer-by-layer moulding of expanded clay foam concrete blocks allows obtaining blocks for 
external walls with new properties. 

When forming expanded clay concrete blocks in layers, layers can be made with a given 
density and coefficients of thermal conductivity and vapour permeability. 

Of course, you can create an outer wall from layers of different materials, but a single 
block with a single moulding concept is still better for installing and maintaining the outer 
walls, since dealing with fewer materials on the construction site is better for increasing 
construction speed. The durability of a single building material is also higher. 

It is possible that it would be possible to form blocks or bricks from other materials also 
layer by layer, using the layers necessary for the construction of a particular building. 

With the right combination of thermal conductivity and vapor permeability coefficients, 
as well as density and strength properties, it is possible to obtain an outer wall capable of 
saving energy with low heat loss, capable of being dry in winter, to increase the durability of 
the building. 
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Abstract. A study of drying parameters on the drying process of Pisum 
Sativum bean was carried out. The effects of drying temperature of 
moisture air from 40°C to 80°C on the drying time and on the drying 
kinetics were demonstrated not only on conventional electric dryers but 
also on heat pump dryers. Besides, checking the steady operation of the 
heat pump dryer was also considered. The results show that, when 
temperature rises, the shorter time and the faster removal of moisture 
content can be obtained for both dryer systems. Drying in an electric heater 
at 80°C took only 1 hour 45 minutes, but the broken skin of pea seeds 
happened. The comparison of heat pump dryer and electric dryer was 
presented with the shorter drying time on heat pump than electric dryer as 
a result of removing water vapor from moisture air at the evaporator of 
heat pump, it led to the reduction of specific humidity of air entering the 
drying chamber. And the last impressive result which can be seen is that 
the drying rate of a heat pump is higher than an electric dryer at the same 
drying temperatures beside the energy consumption of electric dryer is 
2.76 times as much as that of heat pump dryer. 

1 Introduction  

The scientific name of Pea seeds is Pisum sativum with very rich nutrient contents around 
25% protein and also rich of vitamins A, B and D. It is hard to store safety for long time 
due to the germination of seed with very high moisture content on the fresh seeds, with 
experimental test to store the fresh sativum seed for this research, just only 4 days after 
harvest in the environment while 5 days stored in refrigerator, the pea seeds would be 
germinated. So, drying is the best method to preserve products. 

Many Drying technologies have been investigated and developed from the past to now, 
which were suitable for every product such as hot air dryer, heat pump dryer, freeze dryer, 
vacuum dryer. The influence of drying parameters on the drying process is one of the most 
important and interesting topics [1-5]. With the Pisum sativum, the research considered 
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about the drying kinetics and colour of dried product had been done by Kayisoglu [1], the 
group of Siddique et al [2] was approached by the influence of drying time and temperature 
on the moisture percentage and quality of seeds. Also, some other group researchers keep 
working in this method for some other products such as pepper and so on. The effect of 
drying temperature on the quality of red bell pepper has been done by Vega-Galves et al 
[4], and studies about the drying characteristics and quality of difference maturity stages of 
pepper products were presented by Getahun et al [5]. 

Some researchers determined that at low temperature, the quality of dried products 
would be improved so they presented the new technology as a promised and new 
generations for drying technique, heat pump. Liu et al [6] presented the design and thermal 
analysis for heat pump dryer which is suitable for food products while Strommen et al [7] 
introduced the new drying method at low dryer temperature and they stated that drying at 
low temperature on heat pumps is the new generations to get the dried product with very 
high quality. 

The purpose of this paper is to investigate the drying behaviour of thin layer drying of 
pea seeds, especially the drying curve and drying rate curve.  Besides, the comparison of 
the efficiency of the drying process between an electric dryer and a heat pump dryer is 
considered, and the analysis of the comparison of water removal and energy performances 
of conventional dryer (electric dryer) and heat pump dryer is presented. 

2 Methodology  

2.1 Sample preparation 

The Pea seeds (Pisum sativum) (Fig. 1) used for this test are a special product planted in 
Dalat City, Lamdong Province, the central highland in the middle of Vietnam. After 
harvesting, they are separated from the seed-pod by hand and stored in a refrigerator at 5°C 
until applied in experiments. 

 

 
 

Fig. 1. Pea seeds (Pisum sativum). Fig. 2. Sample analysis dryer - MX-50 WinCT – Moisture. 

The initial moisture content of pea seeds is analysed by repeated drying of the samples 
in sample analysis dryer AND MX-50 with 0.1% accuracy as in Fig. 2. After 7 times 
repeated with around 5 grams of random samples, the initial moisture content of pea seeds 
is found to be Wo = (54.12 ± 0.95) %. The dried moisture content of pea seeds material is 
We = 14 %. 

2.2 Experimental apparatus 

The two dryer machines that have been used in this study are electric dryer and heat pump 
dryer. The electric dryer (Fig.3) was purchased with a power of 2 kW, volume 108 litters 
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and dimensions 560x480x400 mm. The control temperature of the machine can remain the 
temperature in the drying chamber with the accuracy is ± 0.5°C. The Heat pump dryer is 
designed, and manufactured by our research group with 0.746 kW power of compressor, 
R407a refrigerant, 3 kW evaporator, 3.746 kW of condenser as shown in Fig. 4. 

  

Fig. 3. Electric dryer. 

1-fan, 2-inlet air, 3- electric heater, 4-
damper, 5-outlet air 

 

Fig. 4. Heat pump dryers. 

1- exhaust air fan, 2-compressor, 3- drying trolley, 4-
drying chamber, 5-drying tray, 6-wheels, 7- entrance air 
fan, 8-electric heater, 9-condenser, 10- drain water, 11-
evaporator, 12-control temperature, 13-timer, 14- switch 
on/off-, 15-lamp alert. 

Humid ambient air flows through the evaporator (10) to reduce the temperature and due 
to the lower dew point temperature, condensed water would be removed so as to influence 
the specific humidity of air. After that, the air stream keeps moving to the condenser (9), 
the temperature of air increases to the drying temperature, if the heat released from the 
condenser is not enough to raise the air temperature, a sub-electric heater is used. The air at 
drying temperature with lower specific humidity flows to the drying chamber (4) and takes 
moisture from the drying material as a drying process and absorbs moisture from the 
material for drying. 

Instruments: the instruments used to measure the experimental parameters during the 
test are presented in Table 1 with their accuracy.  

Table 1. The list of instruments. 

Measure  Instrument Accuracy  

Air velocity Testo 425  0.3 m/s 

Temperature  Datalogger TC type K  0.1°C 

Humidity of air  
(dry-wet bulk temperatures)  

PH721  3% 

Mass of material  Weight   10gam 

Moisture of material  AND MX-50  ± 0.1% 
 

Experimental test: The test focuses on the kinetic drying due to the effect of 
temperature and the efficiency of a heat pump dryer compared to an electric dryer. Then the 
working range of experiment is shown in table 2 below: 
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Table 2. Experimental working conditions. 

Velocity 2m/s 

Temperature 40, 45, 50, 55, 60, 70, 80°C 

Type of dryers electric dryer, heat pump dryer 

2.3 Moisture content and drying rate of Pea seeds 

In order to determine data reduction, experiment parameters of pea seeds were used in each 
experiment as below: 

Mo = 2 kg: mass of fresh product; 
Wo = 54.12%: initial moisture content of fresh product; 
We = 14%: moisture content of dried product; 

Data reduction: 

𝑊𝑎𝑡𝑒𝑟 𝑀 𝑀  (1) 

𝑊𝑎𝑡𝑒𝑟 𝑀 .
𝑊 𝑊

100 𝑊
 (2) 

𝑊 𝑊 𝑊𝑎𝑡𝑒𝑟.
100 𝑊

𝑀
 (3) 

Wt: Moisture content of product at a drying time t 

𝑊 𝑊 𝑊𝑎𝑡𝑒𝑟.
100 𝑊

𝑀
 (4) 

Drying rate (DR) of pea seeds was determined: 

𝐷𝑅
𝑀 ∆ 𝑀

∆𝑡
 (5) 

Where: Mt: mass of product after drying period time t; 
t: time interval; 
DR: drying rate. 

3 Result and discussion 

3.1 Drying pea seeds on electric dryer 

Experimental tests have been done on electric dryers with a vary of temperature from 40°C 
to 80°C with the fresh pea seeds from 54.12% initial moisture content to 14%. The Data 
results show in Fig. 5, at drying temperature of 40°C a very long period of time was spent 
to dry pea seeds product, while at 80°C a very short time was used. More detail, it took 6 
hours to dry pea seeds at 40°C, at 55°C it did take 3.5 hours and at 80°C it took only 1 hour 
and 45 minutes. But one important thing to get from data results is that the phenomenon of 
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breaking the skin seed cover around the seed happened at a drying temperature of 80°C. It 
could be explained that due to the fast removal of moisture from the surface of seed in the 
short period of time, the skin layer is dried so fast. 

Fig. 5. Drying curves of Pea seeds on an electric dryer. 

3.2 Drying pea seeds on heat pump dryer 

The experiments have been performed at three different temperatures as follows:  45°C, 
50°C and 55°C. As could be seen in Fig. 6, the reducing of moisture content during drying 
time follow by difference temperature. At the end of the series of 55°C temperature, the 
time is 2h45min and the product is dried to 14% moisture content, but at that time if drying 
temperature is 45°C the moisture content will remain 20% and needs one more hour to get 
the dried product. And at the last period of time at 45°C drying temperature, it can be seen 
that the remaining moisture in the seed is very hard to remove, that is why the reduction of 
the moisture content from 20% to 14% at 45°C takes one more hour and around 30 minutes 
at 50°C. 

Fig. 6. Drying curves of Pea seeds on Heat pump dryer. 
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3.3 Comparison of the processes of drying pea seeds by electric dryer  and 
heat pump dryer 

3.3.1 Comparison of drying curves and energy consumption 

Fig. 7 represents the comparison of drying pea seeds on electric dryer and heat pump dryer 
at the same drying temperatures. It is clear to see that drying in a heat pump is faster than in 
an electric dryer at all comparing temperatures. 

Fig. 7. Comparison of drying curves of Pea seeds on electric and Heat pump dryers. 

At 50°C, drying in the electric dryer took 4 hours and 15 minutes while the heat pump 
took 3 hours and 15 minutes. It could be seen in Fig 8, about the steady of running heat 
pump system, the humid ambient air at 29.5±0.4°C, around 77% humidity flows through 
evaporator, moisture air moves out of evaporator at 22±0.4°C then moves to condenser to 
rise temperature again to 51.1±0.9°C (take as working drying temperature 50°C) before 
flows to drying chamber. So that the drying air flows to the drying chamber at 51.1°C, 
specific humidity d = 0.015 kgw/kga instead of at specific humidity d = 0.020 kgw/kga if 
working with an electric dryer in the same environment. 

Fig. 8. The steady heat pump system. 
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Consider about energy consumption: The comparison of water removal and energy 
performances of conventional dryer (electric dryer) and heat pump dryer, a specific 
moisture extraction ratio (SMER) would be applied as a standard comparison to determine 
the performances of the electric dryer and heat pump dryer 

𝑆𝑀𝐸𝑅  
𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
. (6) 

Electric consumption of each experiment was recorded by using power instrument ATA 
AT-NL01, it presented total energy consumption of each experiment (kWh). 

Water removal could be determined with the mass of fresh product and the mass of dry 
product at the end of experiment. 

Table 3. The comparison of the performance of the electric dryer and heat pump dryer 

Performance Unit Electric dryer Heat pump dryer 
Heating capacity kW 2 3.746 
Cooling capacity kW - 3 

Shaft work kW - 0.746 
COP - - 4.02 

Mass of fresh product kg 2 2 
Drying temperature oC 50 50 

Water removal kgw 0.933 0.933 
Working time hours 4.25 3.5 

Electric consumption kWh 7.86 2.84 
SMER Kgw/kWh 0.12 0.33 

The comparison of the performance in table 3 present at the same drying temperature at 
50oC, for an input of 1kWh, the electric dryer removes 0.12 kg water, while the heat pump 
dryer removes 0.33 kg water. In addition, the amount of energy consumption of a heat 
pump is only 2.84 kWh, whereas the electric dryer uses 7.86 kWh. 

3.3.2 Comparison of drying rate curves: 

About the drying rate, the comparison between drying in an electric dryer and heat pump at 
45°C and 50°C could be observed in Fig. 9 and Fig. 10. It could take the drying at 45°C as 
an example, at the first drying time, when the moisture content of pea seeds is still high (at 
54%) the drying rate of heat pump is greater than 0.4 and decreases gradually, while with 
electric dryer it is only about 0.2 to 0.3 at the same moisture content. It could be observed 
that during the drying process, the drying rate on the heat pump is always larger than on an 
electric heater. 

In Fig. 11, the dried products from the experiments were collected with very good 
results and will be stored in the environment and in a refrigerator for a long time to check 
the stored time of products. 
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Fig. 9. Drying rate curves at 45°C. 

Fig. 10. Drying rate curves at 50°C. 

Fig. 11. Dried Pea seeds products. 
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4 Conclusion 

Experimental research for drying of pea seeds has been done with the consideration of 
drying temperature affected on the drying time and quality of products for both systems: 
electric dryer and heat pump dryer. The steady working operation of the heat pump also 
checked during the drying process and confirmed that the system works well. The 
comparisons between electric dryer and heat pump dryer were considered under the drying 
curve and drying rate of the drying process of pea seeds at the same temperature conditions. 
The result shows that the efficiency of the heat pump is better than the electric dryer.  

We would like to thank The Ho Chi Minh City University of Technology (HCMUT), VNU-HCM for 
the support of time and facilities for this study. 

Nomenclature  

Mo [kg]: mass of fresh product; 
Me [kg]: mass of dry product; 
Mt [kg]: mass of product after drying period time t; 
t [s]: time interval; 
Wo [%]: initial moisture content of fresh product; 
Wt [%]:  moisture content of product at the drying time t; 
We [%]: moisture content of dried product; 
DR: drying rate; 
SMER: specific moisture extraction ratio 
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Modelling and numerical simulation of fire in a 
coffee storage hall  

Kalin Krumov1, Nina Penkova1*, Boian Mladenov1, and Yordan Stoyanov 1

1University of Chemical Technology and Metallurgy, Department of Silicate Technology, Blvd. Sv. 
Kliment Ohridski 8, 1756 Sofia, Bulgaria 

Abstract. An approach for modelling of fire in halls at solid materials 
burning, based on gas phase combustion models in ANSYS/CFX, is 
proposed. The models are suitable for quick prediction of the flue gases 
distribution and thermal loads on the building envelopes at a design stage. 
They was applied for numerical simulation of such processes in a coffee 
storage hall at different fire positions and forced anti-smoke ventilation. The 
thermal, fluid flow and concentration field were obtained at the modelled 
scenarios. Maximal thermal loads on the building envelopes are established 
at the case of fire near their non-streamlined parts. 

1 Introduction  

The prediction of smoke and heat distribution at the cases of fire is important for the sizing 
and mounting of the building components and materials, smoke vents, sprinkler and 
ventilation systems [1]. The modeling and computer simulation are convenient ways for 
analysis of possible burning processes in the buildings [2, 3, 4]. Different CFD techniques 
are used for fire modeling: Direct Numerical Simulation (DNS), Large Eddy Simulation 
(LES) and Reynolds-Averaged Navier-Stokes (RANS) [2].  
DNS requires very fine spatial and temporal resolutions (about 1 mm or less). It is convenient 
for low Reynolds number flows and simple geometries and is not practical for large-scale 
fire simulations. LES is suitable for “large eddies” modeling at relatively coarse space 
meshes. It is the base of the computational code Fire Dynamics Simulator (FDS), widely used 
for fire analysis at large-scale buildings [1, 5 -7]. The software allows numerical simulations 
of low-Mach flows, driven by the released combustion heat and the buoyancy via the coupled 
LES, combustion and radiation models [8].  
The CFD techniques, based on RANS also allow solutions of combustion models by finite 
volumes method. Such models for gaseous and liquid fuels are well developed and proved 
[9]. However, the computational models of solid material burning at fire are still in the 
process of development, validation and verification. 

The aim of the present study is to develop and test a model for quick numerical simulation 
of fires in buildings at burning of solid materials, based on RANS and gas phase combustion 
models, available in ANSYS. An idea for such modeling is mention in [10]. Here it is 

* Corresponding author: nina@uctm.edu
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developed in details for numerical simulation of released smoke and heat at burning of coffee 
in a storage hall. 

2 Modeling of fire in buildings at burning of solid materials 

The models bellow allow numerical simulation of quasi-stationary fire at moments of 
the unsteady burning. They are based on the idea for a modeling of the burning of solid 
materials by gas fuel combustion at the same released heat and smoke flows. The possible 
fire locations are modeled as sources of gas mixture, containing combustible and 
noncombustible components: methane, carbon monoxide, hydrogen sulfide and water 
vapor. The mass fractions of these components and the gas mass flow are computed in 
order to release equal emissions as at the solid burning: 

- heat flows and heat release rate;
- mass flows of the products of the reactions CO2, SO2 and H2O.

The first acceptance is not new. It is the base of the so-called Pyrolysis model of FDS: the 
mass flow of a chosen in advance hydrocarbon gas fuel is computed and applied on the 
“burning area” at known heat release rate of the burning solid materials [8].  
That approach allows numerical simulation of fire at solid material burning with RANS based 
software as CFX (ANSYS), using the available gas phase combustion models for the 
computations of the correspondent mixing and chemical reactions. The radiation heat transfer 
at solid materials burning can be modeled via calibration of the radiation model in order to 
ensure equal flame emissivity for the both types of fuels. The formation, moving and 
dissipations of the eddies are represented by the turbulent viscosity, kinetic energy and energy 
dissipation rate, computed by turbulence models. The finer meshes and the smaller real and 
physical time steps allow obtaining of sufficiently accurate information for the distribution 
of the released flue gases and heat in the building space at a case of fire. 
A three-dimensional geometrical model of the internal space of the hall is generated. The 
doors, windows, smoke vents and the possible fire locations present in the model as merged 
surfaces on the walls. Different scenario of fire can be simulated moving the fire locations in 
the geometrical model. The internal building space is discretized by a mesh of finite volumes 
in order to solve numerically the system of partial differential equations: 
- continuity equation;
- momentum equations at non zero gravity to model the buoyancy;
- thermal energy equation;
- k-ε or k-ω turbulence model;
- gas phase combustion model;
- radiation model.
The air, gas fuel mixture and the product of the reactions are accepted as ideal gases: their
density are computed by the corresponding equations of the state. Possible boundary
conditions are summarized in Table 1.

Table 1. Boundary conditions. 

Boundary Variable 

Fire locations (inlets) 
Gas mixture mass flow, mass fractions of the 

components, gas temperature.  

Vertical opened windows and doors 
(opening boundaries) 

Wind pressures with positive values at the windward 
facades and negative on the leeward ones, the ambient 

temperature.  
Openings for forced air supply in a 

case of fire (inlets) 
Average velocity or mass flow of the airflow, 

temperature.  

PEPM'2021
E3S Web of Conferences 327, 01007 (2021) https://doi.org/10.1051/e3sconf/202132701007

2



Smoke vents on the roofs (opening 
boundaries) 

Local atmospheric pressure, computed according to the 
altitude, ambient temperature. 

 Heat exchanging boundaries: closed 
doors, windows walls, roofs and 
floors 

Coefficients of heat transfer from the internal surface to 

the outdoor environment:  𝑈
∑

, Wm-2K-1; 

emissivity of the internal surfaces and ambient 
temperature. 

The variables Rse and Ri in the equation in Table 1 are the thermal resistances of the 
external boundary layer and solid layers of the wall/roof/floor, m2KW-1. The overall 
coefficient of thermal transmittance of the windows and transparent doors U can be used in 
the last boundary condition with a sufficient accuracy for the engineering purposes. 

The mass fractions of the components of the gas fuel and its mass flow are computed at 
the common solution of the equations (1-5). 

𝑄 𝑚 . 𝐿𝐻𝑉 . 𝑉 . 𝐿𝐻𝑉 . , kW  (1) 

𝑉  𝑚 . 𝑉 . 𝑉 . 𝑉 . , m3s-1 (2) 

𝑉 𝑚 . 𝑉 . 𝑉 . 𝑉 . , m3s-1 (3) 

𝑉 𝑚 . 𝑉 . 𝑉 . 𝑉 . , m3s-1 (4) 

𝐶𝐻 𝐶𝑂 𝐻 𝑆 𝐻 𝑂 100 , % (5) 

where 𝑄 = heat flow, released at the combustion, kW; 𝑚 . =solid material mass, burned per 
unit time, kgs-1;  𝑉 . =volumetric flow of the gas fuel at normal physical conditions, m3s-1; 

𝑉 , 𝑉  and  𝑉  = volumetric flows of the components of the flue gases at normal 
physical conditions, m3s-1; LHVs.m=lower heating value of the burning solid material, kJkg-

3; 𝑉 . , 𝑉 .  and 𝑉 .  = specific volumes of the component of the flue gases at solid 

materials burning, m3kg-1; LHVg.f =lower heating value of the gas fuel, kJm-3; 𝑉 . , 𝑉 .  and

𝑉 .  = specific volumes of the component of the flue gases at the combustion of fuel gas,
m3m-3 (Table 2). 

Table 2. Lower heating values and flue gases components [11] 

Solid material Gas fuel mixture 

Components (mass percentages): 
C, H, O, N, S, A (ash), W (water content), % 

Components (volumetric percentages): 
CH4, CO, H2S, H2O, % 

𝐿𝐻𝑉 . 4.187 81𝐶 246𝐻 26 𝑂 𝑆 6𝑊 , 
kJkg-1 

𝐿𝐻𝑉 . 358.17𝐶𝐻 126.35𝐶𝑂 235.52𝐻 𝑆 , 
kJm-3 

𝑉 . 0.01855𝐶, m3kg-1 𝑉 . 0.01 𝐶𝑂 𝐶𝐻 , m3m-3 

𝑉 . 0.112𝐻 0.0124𝑊, m3kg-1 𝑉 . 0.01 2𝐶𝐻 𝐻 𝑆 𝐻 𝑂 , m3m-3 

𝑉 . 0.000685𝑆, m3kg-1 𝑉 . 0.01𝐻 𝑆, m3m-3 

The parameters of the solid material burning process in Table 2 are computed at a known 
material composition. The unknown variables CH4, CO, H2S, H2O and 𝑉 .  can be obtained at 
the use of the expressions for the parameters of the gas mixture combustion (Table 2) in 
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equations (1-5). Then the mass flow of the gas fuel 
𝑚 .  and the mass fractions g of the components can be computed: 

𝑚 . 𝑚𝐶𝐻4
𝑚𝐶𝑂 𝑚𝐻2𝑆 𝑚𝐻2𝑂

𝐶𝐻4

100
𝑉 . 𝜌𝐶𝐻4

𝐶𝑂

100
𝑉 . 𝜌𝐶𝑂

𝐻2𝑆

100
𝑉 . 𝜌𝐻2𝑆

𝐻2𝑂

100
𝑉 . 𝜌𝐻2𝑂,  kgs-1  (6) 

𝑔𝐶𝐻4

𝐶𝐻4

.
,   𝑔𝐶𝑂

𝐶𝑂

.
,  𝑔𝐻2𝑆

𝐻2𝑆

.
,   𝑔𝐻2𝑂

𝐻2𝑂

.
(7) 

where ρCH4, ρCO  and ρH2O are the densities of the correspondent gases at normal physical 
conditions. 

3 Numerical simulation of fires in a coffee storage hall  

The models above are solved numerically to simulate fire at a design stage of a coffee 
storage hall at a case of forced ventilation for evacuation of the smoke and the heat. The 
sizes of the building are width=9.85m, length=42.1m and average height = 8.24 m (fig. 1). 
There are not windows on the facades. The higher long wall borders with another building. 
It is accepted as adiabatic boundary in the model. The coffee is stored in bags arranged 
near the floor. Three locations of burning are accepted on the floor in order to simulate 3 
scenario of fire.  
 The finite volumes mesh is consisted of 1253580 elements, sharing 222856 nodes. 
The average size of the elements is 0.3m. The mesh is finer near the door, vents and fire 
locations. An air flow with volumetric flow of 27.5 m3s-1 and ambient temperature of 30 °C 
is supplied through the open door on fig. 1 in order to dilute and evacuate the smoke 
through the vents. The air exchange rate per hour (ARCH) is 29h-1. It is obtained according 
to [12] at a thermal load of 840 kWhm-2 at burning of coffee and an accepted height of the 
smokeless space lower than 50% of the average height of the hall. The vents on the 
roof are sized at  the  same  conditions.  

Fig. 1. Common view of the hall. 
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 The coffee composition is accepted according to [13], assuming that the spent coffee 
ground and the coffee have approximately the same compositions. The equilibrium moisture 
content of the coffee is accepted as 8%. Details about the combustion process are given in 
Table 3. The computed flow of SO2, released at the combustion is relatively small and its 
concentration in the hall can be neglected at the high ARCH. So a zero concentration of H2S 
is accepted and the volumetric flow 𝑉  is added to 𝑉 at the computing of the fuel gas 
composition. This step simplify the combustion modelling and enables using a two step 
model of combustion Methane Air WD2 NO PDF, available in CFX. The gas mixture of the 
model contains all possible component of the gases in the hall. The model also allows 
computing of nitrogen oxide if there are suitable conditions for its formation. 
k-ɛ model is used to simulate the turbulence effects. The buoyancy is modelled at density
differences between the local and the reference density of the ambient air.  The radiation heat
transfer is neglected due to the negligible concentration and subsequent emissivity of the
radiating gases (CO2, H2O and CH4) in the hall space.

Table 3. Components of the fuels, lower heating values and flows  

Coffee Gas fuel mixture 

Components (mass percentages): 
C=39.43%, H=7.89%, S=1.47%; O=41.63%, 

N=1.28%, A =0.30%, W =8.00% 

Components (volumetric percentages): 
CH4=30%, CO=40%, H2S=0%, H2O=30 % 

𝑄 258 kW 

𝐿𝐻𝑉 . 16916  kJkg-1 𝐿𝐻𝑉 . 15799  kJm-3 

𝑚 . 0.0167 kgs-1  
(corresponding to 1 kg coffee burning per 

minute) 
𝑉 . 0.0178 m3s-1;   𝑚 . 0.0170 kgs-1 

𝑔 0.224; 𝑔 0.523; 𝑔 0.252 

𝑉 0.024 m3s-1;   𝑉 0.013 m3s-1;  

𝑉 0.0002 m3s-1 
𝑉 0.025 m3s-1;   𝑉 0.013 m3s-1;   

Table 4. Boundary conditions for numerical simulation of fires in a coffee storage hall 

Boundary Variable 

Fire locations (inlets) 
𝑚 . 0.0170 kgs-1; 

 𝑔 0.224; 𝑔 0.523; 𝑔 0.252; 
tgas=20°C 

Opened door (inlet) 
Velocity, normal to the boundary Vn=4.3 m/s (at the 

supplied air flow through the door);  
ambient temperature of 30°C. 

Smoke vents on the roofs (opening 
boundaries) 

Average gauge pressure 0 Pa; ambient temperature of 30°C. 

Heat exchanging boundaries: walls, 
roof and floor 

Heat exchange at U=0.3 Wm-2K-1 for all building 
envelopes (floor, roof, floor); 

walls and roof: ambient temperature of 30°C;  
floor: ambient temperature of 10°C 

Wall, bordering with an adjacent 
building 

Adiabatic boundary 

 The models were solved numerically at the conditions above for the chosen fire locations 
and are validated by mass and energy balances on the base of the obtained results. The 
differences between the mass flows, entering and leaving the hall are less than 1 %. The 
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differences between the input heat flow (released at the combustion) and sum output heat 
flows, including the thermal loses through the building envelopes and the heat flow of the 
exhaust gas mixture, are below 2 %. So the obtained results can be accepted as reliable in 
order to estimate the processes at the modelled variants.    
 The computed temperatures, mass fractions of CO2 and fluid flow fields are visualised on 
the figures below. The space orientations of the building are chosen in order to ensure good 
view of the fires.  
 The established concentration of CO and CH4 at the openings are negligible at all 
modelled scenarios. Therefore, the combustion processes proceeded completely. The CO2 
distribution is similar to the temperature one (fig. 2 and 3). 
 Higher thermal loads on the building walls are established at the fire location 1 (fig. 2). 
In this case, the main airflow distorts the flame and the mixing of the ventilation air and the 
flue gases is straitened (fig. 5). The temperature on the vertical wall near the fire reaches 190 
°C. The temperature gradients on the hot zones are relatively high. That will cause thermal 
stresses and damages if the wall is not fire resistant.  
At the other fire locations, the fresh airflows dilute well the flue gases (fig. 7 and 9) and the 
concentration of CO2 is negligible in the overall internal space. The temperature fields on the 
building envelopes are more even and the temperatures and their gradients on the internal 
wall surfaces are smaller (fig. 6 and 8).  

Fig. 2. Temperature field of the internal surfaces of the walls at fire location 1. 

Fig. 3. Mass fraction of CO2 near the internal surfaces of the walls at fire location 1. 
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Fig. 4. Isothermal surfaces (40, 60, 80, 100, 120 and 150 °C) and vectors, belonging on them at fire 
location 1. 

Fig. 5. Streamlines at fire location 1. 

Fig. 6. Temperature field of the internal surfaces of the walls at fire location 2. 
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Fig. 7.  Streamlines, starting from fire location 2, coloured by the mass fraction of CO2. 

In the all analyzed cases, the smoke is collected and retained due to the buoyancy in the zones 
above the smoke vents. Therefore, the chosen positions of the smoke openings are not 
suitable -they must be located in the highest parts of the roof and have to be evenly distributed 
along the length of the building. 

Fig. 8.  Temperature field of the internal surfaces of the walls at fire location 3. 

Fig. 9.  Streamlines, starting from fire location 3, coloured by the mass fraction of CO2. 
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4 Conclusions 

The proposed concepts for modeling and numerical simulations allow analyses of different 
fire scenarios in buildings, changing the fire locations, solid material quantity and 
compositions, and organization of forced ventilations. For proper analyses, the simulations 
must be done at a pre-estimated maximal burning rate of the materials.  
The results allow assessments of the efficiency of the vents position and ventilation mode, 
and determinations of suitable arrangements of the combustible solids in the storage halls.  
The thermal load analyses of the building envelope at different fire scenarios enable proper 
choice of the materials for the internal layers of the walls.  

This study has been financially supported by the project BG05M2OP001-1.001-0008: National Centre 
of Mechatronics and Clean Technologies, funded by Operational Programme for Science and Education 
for Smart Growth at EU Funds.
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Verification and validation of a CFD model of a 
fixed regenerator for heat recovery from air  

Angel Penev1,*, Lyubomir Tsokov1, and Momchil Vassilev1 

1Technical University of Sofia, Thermal and Refrigeration Engineering Department, Sofia, Bulgaria 

Abstract. The article presents verification and validation of a numerical 
model of conjugated heat and mass transfer processes and aerodynamics in 
a fixed "honeycomb" type regenerator with square channels for heat 
recovery from the exhaust air of a local ventilation system. The processes in 
the regenerator are simulated by the CFD method. The influence of the 
processes of condensation and evaporation of moisture in the humid air on 
the efficiency of the regenerator has been investigated through these 
simulations and is shown in the article. The calculations of the fixed 
regenerator's thermal efficiency and pressure losses are made by known 
analytical models and the results are compared with those of the numerical 
model. The article compares the model simulation results with experimental 
data and data from reference sources.  

1 Introduction  

Regenerative heat exchangers are often used to recover heat from the exhaust air to the supply 
air in ventilation and air conditioning systems. A wide range of regenerators is available on 
the market in terms of operating mode, geometry, and heat storage material. Standardized 
tests are used to determine the parameters of the air flows and the thermal efficiency of the 
regenerators. These tests use stationary conditions - constant temperatures, humidity, and 
flows. Usually, the duration of the regeneration cycle is chosen by the manufacturers. The 
regenerative heat exchangers, built into the air conditioning units, operate under not constant 
conditions. In such devices, the parameters of hot and cold airflow vary depending on the 
climate and conditions in the room. This unbalances the operation of the heat exchanger and 
affects its efficiency, which is evidenced by measurements performed on-site and published 
in various articles, [1-3]. Mathematical modeling and numerical simulation under different 
conditions and durations of the regenerator cycle can be used to study and analyze the 
operation of such regenerators. The tasks that can be solved by using sufficiently accurate 
and flexible models of such heat exchangers are important for the optimization of the devices 
in which these regenerators are mounted. 

The article presents the verification and validation of a new CFD model of a fixed bed 
regenerator, [4]. The accuracy of the model is shown and a comparison is made with the 
results of well-known methods for calculating such regenerative heat exchangers. The 
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comparison allows evaluating the possibilities of these methods to be used in the design of 
regenerators operating in similar conditions. 

2 Methods statement 

2.1 Analytical method   

The paper uses the well-known analytical method to determine the efficiency of the 
regenerator – the “Λ-Π” method developed by Hausen, [5, 6]. The “Λ-Π” method is 
specifically aimed at fixed regenerators with periodic mode, which correspond to the 
dimensionless variables "Λ" for reduced length and "Π" for the reduced period. This method 
allows the evaluation of the efficiency of the regenerator with engineering accuracy in the 
operation of the regenerator with dry air. It is obtained on the basis of solutions of simplified 
one-dimensional differential models of the processes, with constant average thermophysical 
properties of the air and the matrix. The average values of the heat transfer coefficient 
between the matrix and the hot and cold air flows participate as parameters in the equations 
of the analytical model. They are calculated by appropriate criterion equations for the Nusselt 
number, [7-9]. 

2.2 Numerical method  

For the computer simulations, a physical-mathematical model of a fixed regenerator with a 
counterflow arrangement was used. The model describes a complex transient conjugate 
process of heat and mass transfer. It can be used for moist air with and without processes of 
condensation and evaporation on the surface of the wall of the matrix channel, but without 
fog formation in the flow, [10, 11]. To solve the system of differential equations, the CFD 
method was used,  namely the Finite Volume Method, [12]. The numerical procedure was 
implemented through the ANSYS - Fluent software, [13].  

2.2.1 Geometry and mesh 

The adiabatic symmetry of the matrix allows being reduced to a single channel with the half-
thickness of its walls, Fig.1. The front surfaces of the solid walls are also assumed to be 
adiabatic. The fine mesh contains 1 880 855 nodes and 439 560 elements, recommended for 
the correct Courant number. The setup for meshing is “inflation” with connections between 
solid domain and fluid domain. This mesh is recommended for Eulerian wall film model. 
The number of time steps is 0.01. 

 
Fig. 1. The matrix, computational domains and mesh. 

2.2.2 Algorithm of the model 

PEPM'2021
E3S Web of Conferences 327, 01008 (2021) https://doi.org/10.1051/e3sconf/202132701008

2



The algorithm of the computerized model provides automatic switching of the heating and 
cooling periods to reach a quasi-steady-state solution, Fig.2. The flow is laminar. 

 

Fig. 2. Algorithm of the new CFD model. 

The descriptions of the variables from the system equations are given in Table 1. 

Table 1.Nomenclature of the numerical model. 

Variable Descriptions and dimensions, [unit] 
V, u, v, w vector of the velocity of the airflow and its orthogonal projections,[m/s] 

ρ, λ, cp, μ, d 
density, [kg/m3], thermal conductivity, [W/m.K], heat capacity at p=const, 
[J/kgK], and dynamic viscosity, [N.s/m2], specific humidity, [g/kg] 

ρr, λr, cr 
density of the regenerator matrix, [kg/m3], thermal conductivity of the 
regenerator, [W/m.K], and heat capacity of the regenerator,  [J/kgK] 

Yi mass fraction for i-th species, [kgi/kgmixture] 
Ji mass diffusion flux for laminar flow, [kg/m2s] 

D, Di,m, DT,i 
mass diffusion coefficient, mass diffusion coefficient for i-th species and 
thermal mass diffusion coefficient, [m2/s] 

Psat, P saturation pressure and absolute pressure, [Pa] 

T, Tr, Ts, Tf 
temperature of the flow, temperature of the regenerator, temperature of the 
film, average temperature of the film, [K] or [°C] 

δ, δf distance from the grid cell center to the wall and the film height, [m] 
Mi, M molecular weight of the vapour species and the mixture, [kg/kmol] 

mphase,ms,mv rate of phase change, rate of mass source per unit wall area due to droplet 
collection, mass rate of the evaporation and the condensation, [kg/m2s] 

h, hr specific enthalpy of the species mixture and the regenerator, [J/kg] 
Cphase, Ccon, Cvap phase change constant, condensation constant and evaporation constant 

qim source term due to liquid impingement from the bulk flow to the surface 
r, q latent heat associated with the phase change, [J/kg], heat flux, [W/m2] 
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2.2.3 Initial and boundary conditions 

The boundary conditions of the heat transfer between the airflow and the regenerator’s 
matrix are as follow: 

Tw=Tr,w                                                               (1) 
where: Tw ,Tr,w are the temperatures of the air and the matrix on the surface of the channel. 

The simulation starts from the state of heat-mass equilibrium: 
Tr(x,y,z,0)=T(x,y,z,0)= To,     Ywv(x,y,z,0)= Ywv,o        0≤x≤L             (2) 

For each flow switching, the temperature field in the regenerator and the air at the end of 
the heating or cooling half-cycle period are saved and set as the initial condition for the next 
half-period. The process of periodic heating and cooling of the matrix continues until 
reaching a quasi-steady-state solution. The time required to switch is negligibly small. 

Tr,h(x, y, z, τh)= Tr,c(x, y, z, τh,0=0)       Tr,h(x, y, z, τh,0=0)= Tr,c(x, y, z, τc)            (3) 
The boundary conditions have periodic-flow conditions with constant inlet parameters 

during the heating/cooling period. 
Th(0,y,z, τh,τ)= Th,i            Ywv,h(0,y,z, τh,τ)= Ywv,h,i         ui,h(0,y,z, τh,τ)= ui,h        0≤τ≤ τh   (4) 
Tc(L,y,z, τc,τ)= Tc,i            Ywv,c(L,y,z, τc,τ)= Ywv,c,i        ui,c(L,y,z, τc,τ)= -u,i,c       0≤τ≤ τc   (5) 

where: u is the velocity of the flow x=0 and x=L, m/s; subscripts “i” and “о”–inlet and outlet; 
subscript “m” indicates the average value for the flow and “τ” indicates the current moment 
of the period; subscripts ‘‘c” and ‘‘h” indicate cold and hot flow and „wv” indicates water 
vapour of mass fraction; “i” – sequence number of the cycle.  

2.2.4 Values of the initial and boundary conditions 

Equal initial temperatures of the regenerator and the air in the channel Tо=Tr=T=0°C are set 
zero, Tо=TR=T=0°C. The outlet gauge pressure during the heating and cooling period is zero, 
p=0 Pa. Constant inlet temperatures during the heating and cooling period are Th,i=20°C and 
Tc,i=0°C. Constant inlet mass fractions of water vapour during the heating and cooling period 
are Yh,i=0.00321 and Yc,i=0.00213, which simulate dry conditions with approximately indoor 
relative humidity 25% and outdoor relative humidity 53%. The equal durations of the two 
half-periods are τh= τc=90s. 

2.2.5 Physical properties of air and honeycomb matrix 

The average physical properties of the humid air at absolute pressure p=94659 Pa for the 
temperature range of 0.0≤ Т °C ≤20.0 and the inlet humidity range of 2.14≤ d g/kg ≤11,7 and 
the thermal properties of ceramic materials are shown below in Table 2. 

Table 2.Thermal properties of the air and matrix materials. 

Name / Unit ρ, kg/m3 cp, J/kgK λ, W/mK μ, Pa.s 
Humid Air ρ= p/RT cp=1010 λ=0.02517 μ=1.676e-5 

Water Vapour ρ= p/RT cp=1896 λ=0.01721 μ=9.461e-6 
Water Liquid ρ=999 cp=4196 λ=0.5803 μ=1.306e-3 

Dense Cordierite ρr=2100 cr=900 λr=1.5 - 
Ceramic – NiCrBSi ρr=2107 cr=495 λr=5.7 - 

2.3 Experimental equipment  

2.3.1 Aerodynamic characteristics test bench 
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A test bench complying with the requirements of the AMCA 210 standard (ISO 5801) is used 
to measure the aerodynamic characteristics of the regenerator - flow rate and pressure drop, 
[14]. A drawing of the test bench is presented in Fig.3. 

 
Fig. 3. The test bench for regenerator pressure drop measurement. 

The airflow through the channel of the test bench is induced by fan 1. The value of the 
airflow can be set by the control valve 2 and after passing the airflow rectifier 3 is measured 
with an anemometer 4, with an accuracy of ± 3%. The pressure drop through the regenerator 
9 is measured at position 8 with a differential pressure gauge to within ± 1%. 

2.3.2 Thermal efficiency test equipment  

The air handling unit for heat recovery from the exhaust air is shown in Fig.4. The ventilation 
device consists of two fans, position 3 for the exhaust fan and position 7 for the supply fan, 
and the ceramic matrix of the regenerator, position 5. The dimensions of the matrix are 
diameter Ø93 mm, length 99 mm, and square channels 2.4mm х 2.4mm with wall thickness 
around 1 mm. 

 

Fig. 4. The regenerative device for heat recovery from air: 1 – outdoor grid, 2 - thermally insulated air 
duct, 3 – exhaust fan, 4 – filters, 5 – matrix, 6 –– ionizer, 7-supply fan, 8 – indoor grid. 

In order to experimentally determine the thermal efficiency of the regenerator, the device 
was mounted in a wall separating two spaces with different air temperatures, [15]. The air 
temperature in the low-temperature volume is not kept constant. For this reason, in the 
process of the experiment, the inlet temperature of the cold flow increases very smoothly due 
to the exchange of air between the two spaces. Temperatures are measured with low inertia 
temperature sensors. The time step in the temperature measurement is 0.5s.   

3 Results 

3.1 Assessment of the aerodynamic 

This section compares the aerodynamic characteristics of the regenerator, obtained in three 
different ways - known analytical equations [16, 17], numerical results from computer 
simulations, and experimental measurements described above. The results for the pressure 
drop in the regenerator depending on the airflow rate, obtained in the three ways, are 
presented in the graph in Fig.5. 
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Fig. 5. Correlations of the pressure drop vs the flow rate of the regenerator  

The error of the analytical correlations with respect to the result of the experiment reaches 
50% for the low flow rates. The difference between the results of the CFD calculations and 
the experimental data at the same flow rate is minus 9%, but the CFD solution does not 
include local pressure losses at the inlet and outlet of the matrix. The analytical solutions 
include all pressure losses in the channel. 

3.2 Assessment of the thermal efficiency 

In this section, a comparison is made of the values of thermal efficiency of the regenerator, 
obtained by three different methods - analytical, numerical, and experimental. The evaluation 
of the thermal efficiency by all three methods refers to the operation of the regenerator with 
humid air, but without the occurrence of phase transition processes in the channels of the 
matrix.  

The physical properties of the regenerative matrix were selected from reference data by 
the measured value of the dense cordierite density (Table 2). 

Experimental thermal efficiency data were obtained for an unbalanced regenerator. The 
velocities of unbalanced airflows in the matrix during the half-periods are: 

ui,h(0,y,z, τh,τ)= ui,h=0.6       0≤τ≤ 90                                          (6) 
         ui,c(L,y,z, τc,τ)= -u,i,c =-0.5     0≤τ≤ 90                                                              (7) 

The inlet and outlet temperatures on both sides of the regenerator, obtained as a result of 
the numerical simulations and the experiment, are compared in Figure 6. 

 
Fig. 6. Flow temperature curves on both sides of the regenerator 

The visual comparison of the temperature curves shows a very good match. It can be seen 
that the difference between the amplitudes of the temperature curves is due to the slow 
increase in the inlet temperature of the cold flow, as noted in section 2.3.2. The discrepancy 
of the curves over time is due to the fact that the switching of the flows in the experiment is 
not instantaneous. 
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 The calculated values of thermal efficiency by the three methods (analytical, numerical, 
and experimental) are shown on the bar chart in Fig.7.  

 
Fig. 7. Bar diagram of thermal efficiency 

The bar chart shows three different values of thermal efficiency, calculated by "Λ-Π"  
method for three different values of the Nusselt number, obtained from three equations for 
laminar flow in a channel, of Hausen (Nu = 3.76), Perkins (Nu = 3.61), Shah and London 
(Nu = 3.19), where the values of Nu are averaged over the two heating and cooling half-
periods. 

3.3 Influence of phase change on the thermal efficiency 

The influence of the phase transition processes in the matrix channels on the regenerator 
efficiency was evaluated approximately by upgrading the validated model and under the same 
boundary conditions as in section 2.2.3 with several differences. The differences are in the 
thermal properties of ceramic NiCrBSi (Table 2), the inlet velocities (ui,h= ui,c=0,7), and the 
mass fraction of the water vapor of the exhaust air, which corresponds to a relative humidity 
of the air in the room 73%. 

        Ywv,h(0,y,z, τh,τ)= Ywv,h,i =0.0116         0≤τ≤ 90                         (8) 
               Ywv,c(L,y,z, τc,τ)= Ywv,c,i =0.00213        0≤τ≤ 90                         (9) 

Under these conditions, there is no water accumulation in the periods and the condensate 
was completely evaporated during the cooling period.  

The inlet and outlet temperatures on both sides of the regenerator, obtained as a result of 
the numerical simulations with and without phase change of the moisture in the matrix 
channel, are compared in Figure 8. 

 

Fig. 8. Flow temperature curves on both sides of the matrix for air with and without phase change. 

Condensation and evaporation processes under these conditions reduce the thermal 
efficiency of the regenerator from 67.8% to 58.2%. This decrease is due to the complex heat 
and mass transfer in the matrix channels and the different heat transfer coefficients, which 
the existing analytical methods cannot take into account. It should be noted that the validation 
of the simulation results with the presence of a phase transition has not been performed. The 
differential mathematical model used does not include the formation of fog in the airflow, 
but allows an increase in relative humidity above 100%, simulating supersaturated vapour. 
The used computational model was verified by comparing the results of simulations with 
similar ones from the article, [18].  
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4 Conclusion 

A CFD model of fixed matrix regenerative heat exchanger for decentralized ventilation for 
humid air with and without water vapour condensation on the wall of the channels is 
presented. The article shows that the CFD model of the processes in the regenerator 
significantly surpasses the analytical models not only in terms of the range of boundary 
conditions, but also in terms of accuracy. The computational model was tested by analytical 
solutions and validated by experimental data and it was found that the results of the 
simulation for humid air without condensation and evaporation are quite accurate and 
reliable. The results of simulations with the phase change in the channels are not validated 
but the model is verified with similar solutions. They are indicative and show that the 
reduction in thermal efficiency under the boundary conditions used is about 10% and depends 
on the thermal properties of the regenerator's material, [19].   
 
This article is subject of the study of the author's PhD dissertation. 
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Air-to-water heat pump assessment: Part 1 – 
Experimental setup 
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Abstract. This paper is part 1 of the investigation on the exergetic and 
exergoeconomic parameters of an existing system with an air-to-water heat 
pump unit as a heat source. Part 1 presents the used experimental setup. 
The main aim of the conducted experimental tests is to develop a model of 
produced heat transfer rate and energetic COP at different ambient 
conditions. The obtained data is used in Part 2 of the study where the 
exergetic and exergoeconomic assessment is carried out. The performance 
of the considered system is evaluated using Seasonal Exergy Efficiency. 
Moreover, Part 2 of the study has presented the formulation of the cost of 
the product, and cost allocation within the heat pump unit based on exergy. 

1 Introduction  

In the reference literature, there is a wide discussion about the performance parameters of 
air-to-water heat pumps (AWHP). In many studies is conducted experimental and 
theoretical research on the factors that affected the coefficient of performance (COP) of an 
aerothermal heat pump and consumed electrical energy. For example, Zhao et al. [1] 
conduct the experimental study of an aerothermal heat pump and they establish the 
influence of the water temperature in the tank on the observed COP of the heat pump when 
the external air temperature remains almost constant.  

Morrison et al. [2] determined experimentally the consumed electrical energy and 
instantaneous heat capacity for the considered in cited investigation types of the heat pump 
system. The experiment is carried out for a range of ambient temperature and relative 
humidity conditions and the aim of the study is to demonstrate the procedure for seasonal 
performance rating of air-source heat pump water heaters. Ji et al. [3] conduct a laboratory 
test of an AWHP with the utilization of the rejected heat in cooling mode. The experiment 
is conducted to validate the developed model of the system’s performance. Another part of 
studies in reference literature deals with experimental and theoretical research of novel air-
to-water heat pump systems [4-6].  

While many authors are conducting experiments to establish specific dependencies, 
which characterized air-to-water heat pumps, little is known about necessary output data for 
the conduction of dynamic exergy and exergoeconomic analysis of a real aerothermal heat 
pump system. Ozturk et al. [7] investigated experimentally an AWHP from the exergy 
point of view. The objective of the experimental test is to collect the data for the 
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thermodynamic properties of the working fluids of the system at specific states and to 
evaluate the exergy destruction of the system’s components at varying ambient conditions.  

In this regard, the current paper suggests the simplified method for experimental 
research of an existing AWHP system, considering the system as a black-box with defined 
inputs and outputs. Thus, the used equipment, instruments, and realized measurements are 
minimized, because the parameters at the internal state of the refrigerant are not necessary 
to know. The study aims to establish the dependencies between specific system 
performance parameters (produced heat transfer rate and energetic COP) and dynamic 
changing ambient conditions. The obtained data is used in Part 2 of the study where the 
exergetinc and exergoeconomic assessment is carried out.   

2 Air-to-water heat pump experimental setup  

To determine the electrical energy input to the AWHP unit and produced heat transfer rate 
at different ambient conditions, an air-to-water heat pump experimental platform is 
developed. The experimental setup consists of instruments for the AWHP operating 
parameters data acquisition and displaying in real-time. The measurements were 
implemented in the period 09.02-22.02.2020. The general view of the system and schemes 
of the AWHP experimental setup are shown in Figure 1, 2 and 3, respectively. 

2.1 Description of the equipment and instruments for the AWHP operating 
parameters data acquisition and displaying in real-time 

The AWHP system (Figure 2) is an existing system located in Varna Technical University, 
Bulgaria – at the laboratory of the Heat Technology Department. The AWHP unit is split 
type, model PUHZ-SW75VHA(-BS)\ERSC-MEC (Mitsubishi). The heat pump unit is the 
inverter-driven, reversible type and with a variable outlet (according to the classification of 
EN 14825:2019). The outdoor (OU) and the ERSC-MEC indoor (IU)  units are mounted on 
both sides of the laboratory's eastern facade. The refrigerant is R410A. Тhe heat transfer 
medium is a 30% water solution of propylene glycol.  

 
Fig. 1. Scheme of the AWHP experimental platform: DAD+IE –instruments for data acquisition and 
displaying in real-time + static single-phase electric meter; BT – buffer tank with 80 litres volume; 
OU – outdoor heat pump unit; IU - indoor heat pump unit; IF – water flow meter with Hall effect 
sensor; T1, T2, …, T8 – digital thermometers; H4 – relative humidity sensor. 

T8OU 

IU 

BT 

DAD 
+ IE  

IF 
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Fig. 2. General view of the AWHP system. 
 

In addition, the AWHP system consists of four fan coil units with a nominal heat 
transfer rate of 5.7 kW (i.e., at the nominal value of logarithmic meant temperature 
difference ΔTnom = 50 K or at 75ºC/65ºC/20ºC). 

Figure 2 presented the location of the all of the used digital thermometers and 
equipment. The wire digital thermometers provide from 9-bit to 12-bit Celsius temperature 
measurements. T1 and T2 measure the temperature of the glycol solution inlet and outlet to 
the indoor unit (i.e., they measure the temperatures tw,e and tw,i, respectively). The digital 
thermometers Т1 and Т2 and are mounted on the supply and return pipe - before the buffer 
tank (BT). The digital thermometers T6 and T7 quantify the temperature of refrigerant flows. 
The scheme of the observed AWHP unit and location of the digital thermometers T1, T2, T6, 
and T7 is presented in Figure 3.  

 
Fig. 3. Scheme of the observed AWHP unit [8]: HEX - heat exchanger; Comp - compressor; LEV-A 
and LEV-B - linear expansion valve; REV/V - reversible valve; T1 and T2 - digital thermometers 
measured water-glycol solution temperature; T6 and T7  - digital thermometers measured refrigerant 
temperature 
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The indoor air temperature is measured in two points: near to the wall (T5) and into the 
room – through combined humidity and temperature sensor (T4, H4). The outdoor air digital 
thermometer (T8 = te) is located on the eastern facade of the room, and it is protected from 
direct solar radiation and wind. 

The flow rate of the glycol solution is measured by a single jet, dry dial liquids flow 
meter with a Hall effect sensor. The flow meter is velocity type, with the impeller mounted 
in radial position within the body of the flowmeter, whereas the incidence of the liquid flow 
is tangential. The liquids flow meter is mounted in the circuit of the indoor unit and buffer 
tank, on the supply water pipe of the system – in a horizontal position. The maximum 
pressure loss of the liquids flow meter is 0.63 bar (i.e., Δp 63) at volumetric flow rate with 
value within the interval of the minimal (Q1 =40 l/h) and permanent flow rate (Q3 =4 m3/h). 
Therefore, the measuring range of the liquids flow meter is Q3 / Q1 = 100 (R100-H). The 
declared maximum permissible error (MPE) on volumes between the minimum flow rate 
(Q1) and the transitional flow rate (Q2 = 64 l/h) is ±5%, whereas on volumes between the 
transitional flow rate (Q2 =64 l/h) and the overload flow rate (Q4 = 5 m3/h) the declared 
MPE is ±3%. The temperature range of the flow meter is 30÷90ºC.  

The consumed electrical energy from the AWHP unit and the auxiliary elements is 
measured through the static electric meter. It is designed for the measurement and 
registration of active energy in single-phase two-wire networks for direct connection.  The 
rated voltage of the electric meter is 230V and the basic (reference) current is Ib = 10 A. 
The electric meter has a built-in LED indicator, reproduces a pulse with a width of 40ms 
when it read 1Wh electrical energy. The electrical pulse enters the instruments for data 
acquisition and displays in real-time.  

The accuracy and tolerance of the used types of equipment are summarized in Table 1. 

Table 1. The accuracy and tolerance of the used equipment. 

Equipment Symbol Declared accuracy Full scale Model 

Digital 
thermometers  

T1, T2 T3, 
T5, T6, 
and T7 

± 0.1 ºC -10 ºC ÷ 85 ºC DS18B20 

Combined digital 
thermometer and 
humidity sensor 

T4, H4 
Humidity: ±2 %; 

Temperature: ±0.5°C  

Humidity: 
0%÷100% 

Temperature:  
-10ºC÷85 ºC 

DHT22 

Liquids flow 
meter with Hall 

effect sensor  
IF 

±3% at 64 l/h < Q < 5 m3/h 
±5% at 40 l/h < Q < 64 l/h 

40 l/h ÷ 4 m3/h 
B-METERS 
GSD8-RFM 

Static single 
phase electric 

meter 
IE ±2% at 0.1Ib < I < Imax 

0.5 A ÷ 85 A 
0.8Un÷1.25Un  

ISKRA 
ME161 

 
The system for data acquisition and displaying in real-time is based on the Arduino 

UNO platform, consisting of an 8-bit AVR microcontroller. A schematic diagram of the 
system is shown in Figure 4.  The system consists of the following additional elements: 

- SD and Real-Time Clock – this module can record data on an SD card, while the clock 
acquisition data about time and date; 

- 16x2 LCD display and keyboard - the module is used for displaying the data in real-
time. It allows the selection of visualization of another operation parameter using the keys 
on the keyboard. 
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Fig. 4. Scheme of the system for data acquisition and displaying in real-time. 
 
The measured parameters were recorded every 1 minute. The ultimate operating 

parameters are the average statistics for the 30 minutes. 

2.2 Identifying the outliers 

In the current paper, for outliers filtering is used Chauvenet's criterion. To identifying the 
outliers, first, the data is grouped according to the outside air temperature, te. Within the i-th 
external air temperature bin, te±0.5ᵒC, it is observed n measurements of xi (i = 1, 2,..., n) 
that have a mean, x , and sample standard deviation, S. From point of view of Chauvenet's 
criterion, the measurements that should be rejected are those that have the probability of 
obtaining their deviation from the mean is less than 1/(2n). This statement is expressed by 
the equation [9]: 

           i f   
max

ix x

S


 , then reject xi              (1) 

 The maximum acceptable normalized deviation, τmax, for various values of the number 
of measurements (n) is determined according to the look-up table [10]. 
 In equation (1), the terms mean, x , and sample standard deviation, S, are determined 
as follow [10]: 

      1 2

1

... n
n i

i

x x x x
x

n n

  
            (2) 

               
 

2

1 1

n
i

i

x x
S

n


 


                       (3) 

2.3 Uncertainty analysis 

After the outliers were identified and rejected, the uncertainty analysis of the obtained mean 
values was conducted.  The current experimental measurements aim to establish the 
mathematical models of the produced heat power and energetic COP of the observed 
AWHP. Consequently, the objective of this analysis is to assess the translation of the 
uncertainties from the individual measurement into the uncertainty in the final results for Q 
and COP at an external air temperature bin, te±0.5ᵒC.  

DS18B20 

DTH22 

Static single-phase 
electric meter 

Liquids flow meter with 
Hall effect sensor Arduino Uno 

SD and Real-Time 
Clock 

LCD display 
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In the current paper, the data from individual measured variables x1, x2, …, xn are 
combined to determine the final results for Q and COP. Therefore, the systematic 
uncertainty of the mean values of the parameter R is determined through the conceptual 
basis of the root of the sum of the squares [10]: 

            

1/22

1

N

R i
i i

R
B B

x

         

                                        (4) 

According to the equation (4), the systematic uncertainty of the mean values of the Q 
and COP is:                     
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           (5b) 

In equations (5a) and (5b) the partial derivatives / pQ c  and / pCOP c  are 

involved because they are not considered as a constant when the temperature of the water-
glycol solution vary. The similar approach is used in [11]. It is important to note, that the 
volumetric flow rate, V, temperatures of the heat transfer medium, Twe and Twi, and 
electrical power, Wel, were determined from the measurements. The physical properties of 
the water-glycol solution, such as density, ρ, and specific heat capacity, cp, were taken from 
a table. Moreover, each partial derivative / iR x  was calculated by using the average 

values of the measured parameters. The systematic uncertainties of the measurements of the 
volumetric flow rate (BV), temperature (BTwi and BTwe), and electrical power (BWel) are 
presented in Table 1. The accuracies of the readings of the cp and ρ are ±1 kJ/(kgK) and 
±0.01 kg/m3, respectively [11].  

The results from the systematic uncertainty estimation of the results for Q and COP are 
presented in Table 2. The BCOP decreases with the outdoor temperature increasing. 
Moreover, the consumed electrical power decreasing gives rise to a decline in the 
systematic uncertainty of COP. A similar result is reported in [11]. Therefore, the partial 
derivative / elCOP W   and accuracy of the electrical energy measurements have a major 

contribution to the results for BCOP. Contrarily, there is no clear tendency in the variation of 
BQ. It can be concluded that the systematic uncertainty in the Q is around 12% when the 
external air temperature is in the range of 2.03ºC to 11.13ºC. The noticeable slight increases 
in BQ can be explained by the fact that at certain values of the outside air temperatures (for 
example, te =3.07ºC, te =5.06ºC, te =5.99ºC, and te =7.9ºC) the difference in the 
temperature of the heat transfer medium in the supply and return pipe decreases due to the 
slight increase in the flow rate. 

Table 2. Results from systematic uncertainty estimation of the mean values of the Q and COP. 

Average external 
air temperature  

Systematic 
uncertainty of 

COP 

Systematic 
uncertainty 

of Q Mean COP 
Mean Q, 
kW±% 

te [ºC] BCOP BQ 
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2.03 0.0708 0.1208 2.421±7.1% 4.58±12.1 

3.07 0.0849 0.1241 2.475±8.5% 4.42±12.4 

4.03 0.0924 0.1198 2.727±9.2% 4.30±11.98 

5.06 0.0889 0.1238 2.858±8.9% 4.07±12.4 

5.99 0.1041 0.1247 3.237±10.4% 3.90±12.5 

7.00 0.1183 0.1241 3.461±11.8% 3.68±12.4 

7.90 0.1292 0.1242 3.477±12.9% 3.35±12.4 

8.99 0.1507 0.1222 3.548±15.1% 2.90±12.2 

9.92 0.1548 0.1217 3.505±15.5% 2.73±12.2 

11.13 0.1487 0.1168 3.406±14.9% 2.65±11.7 

11.78 0.1636 0.1098 2.804±16.4% 2.10±10.98 

3 MATHEMATICAL MODELS OF THE PRODUCED HEAT POWER 
AND ENERGETIC COP   

As a result of collecting experimental data of the AWHP system, the experimental 
modeling of the produced heat transfer rate and energetic COP was carried out. These 
models are used as input data in Part 2 of the current investigation where the exergy and 
exergoeconomic assessment of the system is conducted.  
 The prediction of the produced heat transfer rate by the AWHP was implemented using 
linear regression of the experimental data. The measured mean values of the heat output 
rate were plotted as a function of external air temperature (Figure 5) and the obtained linear 
relationship is: 
                0.2495 5.2602i eQ t    , kW             (6) 

 To define the operating modes of the considered AWHP system, it is assumed that up 
to a certain external air temperature, the heat pump unit produces heat output that fully 
satisfies the requirements for the heating of the building. At this external air temperature 
(called bivalent temperature), the partial load ratio, PLR = Q/Qmax, of the AWHP unit is 
equal to 1. Otherwise, at outdoor air temperature equal to the balance temperature, PLR is 
zero. Then, at PLR = 0 the heat loss of the building is equal to the internal and external heat 
gains.  

 
Fig. 5. Produced heat power by the AWHP as a function of external air temperature. 

PEPM'2021
E3S Web of Conferences 327, 01009 (2021) https://doi.org/10.1051/e3sconf/202132701009

7



 
 Conducting a two-dimensional linear regression of the data for produced heat transfer 
rate at maximum inverter frequency, Qmax,i, is obtained the equation: 
       max, ,14.781 0.18175 0.15908i e w eQ t t     , kW                 (7) 

 During the period of the experimental measurements, it was not observed conditions 
lead to the operation of the AWHP at maximum inverter frequency. As a result, the data for 
Qmax is according to the technical documentation of the unit [8].  
According to the equations (6) and (7), the partial load ratio can be expressed as : 

    max
,

0.2495 5.2602
/

14.781 0.18175 0.15908
e

i
e w e

t
PLR Q Q

t t

  
 

   
                 (8) 

 Therefore, from equation (7) can be state that the current AWHP system is 
characterized by the bivalent temperature tbiv = -5.73ºC (at PLR =1) and the balance 
temperature is around tbalance = 21.08 ºC (at PLR =0). The analysis of the technical data 
suggests that the AWHP will operate in on-off cycles when the PLR is less than 0.29 or at 
an external air temperature higher than 8.99ºC.   
 From Table 2 it can be seen that at external air temperatures higher than ton-off = 8.99ºC, 
the mean values of COP slightly decrease. A significant drop is designated at te= 11.78ºC 
(Table 2). These results can be explained by the on-off cycling energy losses.  Moreover, in 
a previous study [12] was established that the electrical consumption during the on-off 
operation mode might exceed 12% of the overall electric energy consumed by the system 
due to the on-off cycling losses. The authors [12] supplement that these results are observed 
when an AWHP is sized to cover a large fraction of the design building peak load and the 
volume of the thermal storage is small. These prerequisites are present in the current case. 
 As a result of a limited number of measurements at outdoor external air temperatures 
higher than 8.99ºC, the on-off operation mode of the AWHP unit is not considered in the 
current paper and the followed exergetic and exergoeconomic analyses. 
 In conclusion, within the interval of values of the external air temperature te = -5ºC ÷ 
8ºC, the AWHP will operate in partial load, and it will fully satisfy the requirements for the 
heating of the building, i.e. Qi = Qbuilding,i. At external air temperature equals -5.73ºC, the 
AWHP will operate at maximum inverter frequency.  
 The heat output rate of the considered AWHP unit is a function of the external air 
temperature, and the temperature of the produced heat transfer medium, tw,e. Therefore, it is 
necessary to establish a procedure for analytical determination of tw,e as a function both of 
the required heat transfer rate for the heating of the building, ,bulding iQ , and external air 

temperature, te,i. This study suggests the using of the following expression [13, 14]:   

                    

1

,
, int,

, 2

n
bulding i

w e nom des
FC FC nom

Q
t T

N Q

 
 

      
                   (9) 

where: 

, 5.7FC nomQ  kW - nominal heat transfer rate of fan coil units;  

,bulding iQ  - required heat transfer rate for the heating of the building at i-th external air 

temperature, kW; 
4FCN  - count of the fan coil units ; 

50nomT  K - logarithmic meant temperature difference at standard conditions 

(75ºC/65ºC/20ºC); 
5  K – design temperature difference between the temperature of the heat transfer 

medium in supply and return pipe; 
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int, 21des C    - design temperature of the indoor air; 
1.4n  - exponent to characterize the type of heat emission system (radiators, convectors, 

floor heating, etc.) [13]. 
 Figure 6 illustrates the difference between the measured mean values of the 
temperature of the produced heat transfer medium and the calculated by equation (9) data 
for tw,e. It was observed 11 test points were defined by the mean value of the external air 
temperature within a temperature bin te±0.5ᵒC. The average difference between the 
measured tw,e and the predicted values is around 3.6%. The larger deviations can be noticed 
at lower outdoor air temperatures. 

 
Fig. 6. Comparison of the measured and predicted outlet temperatures of the heat transfer medium. 
 
   In order to predict accurately energetic COP of the AWHP at partial load operating 
mode, the following mathematical model is used: 

       max,
i

i i
i

PLR
COP COP

Z
           (10) 

where: 
PLRi = Qi / Qmax,i – partial load ratio at i-th external temperature bin;  
Z = Wel,i / Wel,max,i – the ratio of the consumed electrical power at part load operating mode 
and at full load (at the same outlet temperatures of the heat transfer medium, tw,e); 
COPmax,i  - energetic coefficient of performance at i-th external temperature bin and j-th 
temperature of outlet heat transfer medium.    
The conducted experimental measurements indicate a linear relationship between PLRi = Qi 
/ Qmax,i and Z = Wel,i / Wel,max,i. The Z was correlated in terms of PLR as shown in equation 
(11): 
       0.8332 0.1086Z PLR            (11) 
A graphical representation of relationship from equation (11) is presented in Figure 7.  
 
According to the equation (10) and (11), for energetic COP at partial operation mode can be 
formulate the expression: 

      max,0.8332 0.1086
i

i i
PLR

COP COP
PLR

 
 

       (12) 
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Fig. 7. Z = We,il / Wel,max,i as a function of the partial load ratio (PLR). 
 

3 Validation and verification of the obtained mathematical 
models    

The assessment of the adequacy and accuracy of all presented models was performed 
according to the rules of regression analysis. 

First, the validity of the obtained regression model proved the high value of the 
coefficient of determination, R2 (R2 = 0.97 for the linear regression of Q and R2 = 0.98 for 
Z). On the other hand, the adjusted R2 values are 96.7% and 97.8% in the case of the 
relationships of Q and Z, respectively.  Therefore, over 96% of the variance of Q and Z can 
be explained by the variance of the te and PLR, respectively. In conclusion, the obtained 
mathematical models can be considered statistically significant.  

In addition, using the tools of MS Excel is analyzed the variance of the suggested 
models. The obtained results are presented in Table 3 and Table 4.  

Table 3. Results from analysis of variance of linear regression of Q. 

Parameter Coefficients 
Standard 

Error 
t- Stat P-value 

Lower 
95% 

Upper 
95% 

Intercept 5.2601 0.1063 49.48 2.8.10-12 5.01968 5.500 
te -0.2495 0.0139 -17.97 2.3.10-8 -0.2809 -0.218 

Table 4. Results from analysis of variance of linear regression of Z = Wel,i / Wel,max,i. 

Parameter Coefficients 
Standard 

Error 
t- Stat P-value 

Lower 
95% 

Upper 
95% 

Intercept 0.1086 0.01458 7.448 3.9.10-5 0.07562 0.142 
PLR 0.8332 0.03907 21.33 5.15.10-9 0.74477 0.922 

 
The results from Tables 3 and 4 designate that the intercepts in equations (6) and (11) 

are statistically significant at a 95% confidence level. This is evidenced by the results of P-
values. In both cases, they are significantly lower than the assumed level of significance 
(2.8.10-12 <<0.05 and 3.9.10-5 <<0.05). Moreover, the slopes of the equations (6) and (11) 
are also statistically significant at a 0.05 level of significance.  

As verification of the obtained models, a comparison of the calculated values for the Q 
and COP through the measured data with those published by the manufacturer [8] is carried 

PEPM'2021
E3S Web of Conferences 327, 01009 (2021) https://doi.org/10.1051/e3sconf/202132701009

10



out. The results are shown in Figures 8 and 9. There is a little difference between the values 
of Q obtained by the experiment and those declared by the manufacturer. These differences 
can be explained in part by the distinction in conditions at which the heat power was 
measured by the manufacturer [8]. Another possible explanation for this result is 
differences in the physical properties of the used heat transfer medium. 

 
Fig. 8. Comparison of heat power determined using the measurement data, Qm, and the values 
declared in [8], Qd. 

 
In [8] manufacturer presents the COP values characterized only by the AWHP, whereas 

in the current paper are presented the values for COP describe the whole system. Due to the 
lack of exact information about consumed electricity power by auxiliary equipment (fans, 
pumps, etc.) in the various operation modes of the system, in Figure 9 the values of COP 
obtained by the experiment are compared the data for COP of the unit at an outlet 
temperature of heat transfer medium equal to 45ºC and minimum inverter frequency (15 
Hz). Thus, it is possible to assess the convergence of the obtained results. The experimental 
and declared data are approximated by a linear function. It can be concluded that the COP 
values determined using the measurement data have good convergence with declared in [8] 
values of the COP.  

 
Fig. 9. Comparison of the COP values determined using the measurement data and the values 
declared in [8]. 
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4 Conclusions    

In Part 1 of the current investigation, an AWHP system was modeled and the obtained 
experimental results were evaluated. The objective of the paper was to establish the 
dependencies between produced power and energetic COP and dynamic changing ambient 
conditions. The developed mathematical models of Q and COP are used are Part 2 of the 
investigation. 
  This study has identified that the system uncertainty value of COP is in interval ± 
(7.1÷16.4) %, whereas the system uncertainty of Q varying in interval ± (10.98÷12.5) %. 
However, the conducted regression analyses confirmed the statistical significance of the 
regression models and their coefficients. In this case, it is not necessary to consider a larger 
number of measurements. It is proved that it is not necessary to add other parameters to the 
obtained models. 
 Moreover, an analytical procedure for the determination of the outlet temperature of the 
produced heat transfer medium is presented. It has proved that the obtained results about tw,e 
describe with high accuracy the actual behavior of the AWHP units with variable outlet. 
Therefore, the COP and tw,e models obtained in the current study for a particular application 
of the analyzed model AWHP unit can be used again in different applications of the same 
model heat pump.  
 The question raised by this study is how to achieve the maximum exergy content of the 
product of the AWHP system and is there a significant difference in the exergetic and 
exergoeconomic performance parameters of the AWHP system in different operations 
modes of the AWHP unit and backup heater. An attempt at a comprehensive answer to 
these questions is presented in Part 2 of the current investigation. 
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Air-to-water heat pump assessment: Part 2 – 
Exergetic and exergoeconomic analyses 

Nadezhda Doseva1,*, and Daniela Chakyrova1 

1Varna Technical University, Heat Technology Department, 9000 Varna, Bulgaria 

Abstract. This study is part 2 of the investigation on the exergetic and 
exergoeconomic parameters of an existing system with an air-to-water heat 
pump unit as a heat source. Part 1 presents the used experimental setup. 
The main aim of the conducted experimental tests is to develop models of 
produced heat rate and energetic COP at different ambient conditions. The 
obtained data is used in Part 2 of the study where the exergetinc and 
exergoeconomic assessment is carried out. The exergetic and 
exergoeconomic analysis was performed at dynamically changing ambient 
parameters. The considered operation modes of the air-to-water heat pump 
(AWHP) unit and backup heater (BUH) were evaluated based on Seasonal 
Exergetic Efficiency. For the exergoeconomic analysis, the SPECO 
method is used. Thus, this paper provides an exhaustive understanding of 
the exergy and exergoeconomic performance of the considered air-to-water 
heat pump system. 

1 Introduction  

To perform an objective thermo-economical assessment of an energy conversion system, 
for example, in addition to the quantity of the energy flows, it is necessary to consider and 
their quality. The main reason for such an approach to the problem lies in the fundamental 
consequence from the Second Law of Thermodynamics: the different energy forms do not 
have the same value; they differ in the part that can be converted into another energy form 
able to do work. Then, the main goal in the design and operation of heating systems should 
be achieving the maximum exergy content of the product of the analyzed system. On the 
other hand, in the case of the air to water heat pump (AWHP) system, the higher energy 
content of the product suggests а higher exergy cost of heating. Therefore, it is necessary to 
use a method that involves a comprehensive evaluation accounting for the quantities of 
energy, exergy, and monetary cost.  Such an approach is an exergoeconomic method for 
assessment. 

Previous researches [1-6] has established solutions for many problems in the field of the 
energy performance of AWHP and they provide good practices for the optimal design of 
air-to-water heat pump systems. However, these investigations provide valuable insights 
about the rational use of the whole energy flows in the AWHP systems, but, at the same 
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time, they cannot give an accurate description of how this energy is being used and what 
are the monetary cost of the irreversibility of the conducted real processes.  

The application of the exergetic and exergoeconomic methods to the heat pump systems 
is not a novelty in the reference literature. For example, many studies consider geothermal 
and solar-assisted heat pumps [7-10]. Suleman et al. [9] conduct comprehensive energy and 
exergy analyses of the integrated solar and heat pump system. The obtained results show 
that the coefficient of performance on an energy basis (COP) of the heat pump cycle is 3.54 
whereas the exergy efficiency is 42.5%. Dong, X. et al. [10] prove the statement that the 
exergy efficiency of the considered in their study solar integrated air source heat pump is 
7.9% higher than the exergy efficiency of the same type of conventional air source heat 
pump.  

The application of the exergoeconomic method is a rarity in the case of the AWHP 
systems. Bingjie et al. [11] adopt the conventional exergy analysis to the air source heat 
pump water heater and demonstrate that from an exergetic point of view, the most major 
component of the system is the compressor because its exergy loss coefficient is the largest 
in the system (26.12%). The object of the exergetic analysis in [12] is an air source 
transcritical carbon dioxide heat pump. The authors of this paper consider the exergy 
efficiency as a function of the refrigerant charge, and they conduct classical economic and 
environmental analyses. Although the main aim of these studies is different, they are 
similar in one thing: the calculated values of the exergy efficiency of the considered AWHP 
systems are moment's values because they were determined at specified conditions of the 
reference environment. In this regard, Ozturk et al. [13] perceive a quite different approach: 
the authors consider the exergy destruction of the AWHP unit components at dynamic 
change ambient conditions in the heating period. The results in [13] show the variation of 
exergy destruction through the entire heating period and thus, it can determine the operating 
conditions of every component for minimizing the irreversibilities. 

The idea for the seasonal exergy efficiency of the heat pump unit was introduced by 
Lizarraga et al. [14]. However, there is a need to apply this concept to the concrete AWHP 
system and thereby investigate the usefulness of this method for exergy assessment. 
Therefore, the objective of the current paper is to provide the methodology combining the 
concept for the seasonal exergetic efficiency of the AWHP systems with the 
exergoeconomic method. For this purpose, first, in Part 1 of the investigation, the basic 
energy characteristics of the observed AWHP system (such as energetic COP and produced 
heat transfer rate) were examined experimentally under dynamically changing parameters 
of the environment. Then, the method for calculation of the seasonal exergetic efficiency of 
the AWHP systems is proposed. This method involves the basic insights from previous 
publications [14-16]. Finally, the method for the determination of the seasonal exergy 
efficiency of the AWHP systems is supplemented with an approach for exergoeconomic 
evaluation. 

2 Method  

2.1 Seasonal Exergetic Efficiency of the AWHP 

In the process of conduction of the exergy analysis, the AWHP unit is considered as a 
Grassman’s thermodynamic box shown in Figure 1 with n input and m output exergy rate 
flows. In this analysis, the environment is no meaning to the corresponding concept of 
thermodynamics, because its parameters (temperature, pressure, humidity) are variable.  

PEPM'2021
E3S Web of Conferences 327, 01010 (2021) https://doi.org/10.1051/e3sconf/202132701010

2



 
Fig. 1. Grassman’s thermodynamic box. 
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where: DEx  - exergy destruction rate within the AWHP unit, W;  
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where:    0 1 1/N N el N effQ Q Q W Q COP         ; 

effCOP  - effective coefficient of performance on the energy basis.  

 The value of the COPeff depends on the operating mode of the heat pump mode (i.e., 
full load, partial load, or on-off cycles) and the method of its calculation is detailed 
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discussed in a previous study [17]. The used approach for the determination of energetic 
COP and QN of currently considered AWHP is presented in Part 1 of the study. Here, the 
developed mathematical models are used to perform the calculations by equations (3) and 
(4).  
 In eq. (2), the term  0N NT T T  is nothing but the coefficient of performance of the 

ideal heat pump cycle. Therefore: 

          , ,
,

,

1eff D AWHP i
ex i

CARNOT el i

COP Ex

COP W
                         (3) 

where : ExD,AWHP,i – exergy destruction within the system at i-th ambient temperature, W. 
 Equation (3) gives the moment's value of the exergetic efficiency of the considered 
AWHP system because it is calculated at specified conditions of the environment. In the 
current investigation, this moment’s values are used to determine the seasonal exergetic 
efficiency of the AWHP system.  
 Based on the views of other authors [14], the seasonal exergetic efficiency of the 
AWHP unit can be written: 
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    - electrical energy input to the AWHP unit in the heating 

period, kWh; 
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      - the exergy of the produced heat rate in the heating period 

or heating exergy demand of the building, kWh; 

i - the duration of the i-th outdoor temperature bin, h. 

2.2 Methodology for exergoeconomic analysis of AWHP systems 

In this study, the exergoeconomic analysis consists of the conventional exergy analysis and 
economic analysis. The aim is to reveal the process of cost formation and evaluate the 
exergy cost of the produced useful heat. This calls for the formulation of cost rate balances 
for the considered AWHP system. For an AWHP unit operating during the heating period 
with duration τHP can be written: 
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where: ,AWHP HPZ  is levelized costs of the capital investment, operating and maintaining of 

the AWHP system per unit time (hour) during the heating period, €/h; 
cp,HP and cF – seasonal exergetic cost of the product of the system and of the fuel, 
respectively, €/kWh. 
 The levelized costs of the capital investment, operating and maintaining of the AWHP 
system per unit time (hour) during the heating period are determined as follow: 

      , /AWHP HP HP HPZ PEC CRF                      (6) 

where: PECHP  - the initial investment costs for the heat pump unit. It is defined according 
to the official price list of the manufacture [18], €; 
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– capital recovery factor [19]; 

i = 6% - the real discount rate; 
n - the economic life of the heat pump system. It is assumed to be n = 15 years; 
φ = 1.06 – maintenance factor [19]; 

HP  - duration of the heating period, h. 

 According to the previous investigation of the authors [20], it is proved that the 
duration of the heating period in Varna, Bulgaria is 4582HP  h. 

2.3 Climatic data 

Because the experiment in Part 1 of the investigation is carried out for a range of ambient 
temperature (te = 2.03ºC ÷11.78 ºC), to obtain a complete picture of the exergetic and 
exergoeconomic behavior of the AWHP system, it is necessary to be considered a wider 
external air temperature range.  

In the current paper, the heat exergy requirement of the building, ExQN, dependent on 
the temperature operating conditions is determined after by assessment of the ambient 
temperature. This evaluation consists of obtaining the cumulative frequency of the external 
air temperature within a typical heating period. For this purpose, the data for the frequency 
of the external air temperature within the heating period is used. The input data used (i.e., 
the frequency of the external air temperature) for Varna, Bulgaria is published in a previous 
study [20]. 

 The cumulative frequency for Varna, Bulgaria is obtained by summed-up bin-by-bin 
the frequency of the external air temperature within the heating period: 

         
1

k

k i
i

N n


                      (7) 

where : 
N – cumulated number of hours; 
k – number of the considered bin; 
ni – number of hours for the considered bin. 
 The cumulative frequency of the external air temperature is shown in Figure 2.   

 
Fig. 2. Cumulative frequency of the external air temperature in the heating period – Varna, Bulgaria 
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 In the context of the obtained in Part 1of the study results regarding PLR, the operation 
modes of the AWHP can be defined. In case it is assumed that the design temperature is the 
lowest of the observed values, i.e. -18ºС, from Figure 3 follows that 2676 h the AWHP unit 
will be operated at part load. At the same time, there is 89.2 h in which the heat capacity of 
the AWHP will be insufficient to meet the energy needs of the building. 

 
Fig. 3. Bin hours for alternate or partly parallel operation mode of the back-up heater (BUH) – Varna, 
Bulgaria  
 
 Moreover, according to the methodology for determination of outlet temperature of the 
heat transfer medium (presented in Part 1 of current investigation), it is predicted that at 
ambient temperatures te < -14ºC, the outlet temperature, tw,e, will be in the range 
49ºC÷51ºC. At these operating conditions (i.e., the values of te and tw,e), however, the 
operating limit temperature (TOL) of the AWHP unit is -15ºC. This allows the conduct of 
exergetic and exergoeconomic analyses for two different cases: partly parallel and alternate 
operation mode of the backup heater. 
  In the current paper is assumed that at alternate operation mode of the back-up heater 
(BUH), the AWHP unit is switched-off at bivalent temperature tbiv = -5.73 ºC, and only the 
BUH covers the full energy requirement of the building. At partly parallel operation mode 
of the BUH, the AWHP is not switched-off at tbiv = -5.73 ºC. The AWHP unit and the BUH 
operate in parallel mode up to TOL, and at an ambient temperature lower than -15ºC only 
the BUH operates.  
 It is important to note, that the AWHP on-off operation mode is not considered in the 
current investigation. The reason is the limited number of measurements within an interval 
te >9ºC. Therefore, the obtained model of energetic COP does not cover this operation 
mode. In addition, the previous part of the investigation established that the balance 
temperature is tbalance = 21.08 ºC. This is the ambient temperature at which PLR =0. 
However, in part 2 of the study is assumed that the upper outdoor temperature for heating is 
15 ºC. Thus, the performed analysis is closer to the real conditions under which the heating 
of buildings is realized. 

3 Results and discussion   

According to the concept of seasonal exergetic efficiency expressed by equation (4), the 
considered operation modes of the BUH and the AWHP were evaluated. The results are 
presented in Figure 4 using Grassman’s diagrams. From this data, it can see that the 
alternate operation mode of the BUH results in the lower value of the seasonal exergetic 
efficiency: SηEX = 30.6% in the case of the partly parallel operation mode of the BUH and 
SηEX = 29% for alternative operation mode, respectively.  

on-off 
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on-off 
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Fig. 4. Grassman’s diagram of exergy flows considering the heating season. 
 
 This leads to the conclusion that if the AWHP unit operated for a longer period in the 
heating season, this is more efficient from an exergetic point of view.  
 Figure 5 provides information about the cost rate associated with the exergy of the fuel 
(electrical energy) and the product (heat). As can be expected, due to the higher value of 
SηEX in Case №1 (the partly operation mode of the BUH), the cost rate associated with the 

product, pC , is lower than the one in Case №2 (the alternate operation mode of the BUH). 

The unit exergy cost of the product, cp, during the considered heating period is 1.11 €/kWh 
in Case №1 and 1.14 €/kWh in Case №2, respectively.  

 
Fig. 5. Cost flow diagram of the AWHP system operating during the heating season.  
 
 Overall, the presented results suggest the statement that the switch-off temperature of 
the AWHP unit plays a vital role in the seasonal efficiency of the system. The seasonal 
exergetic coefficient of performance rise around 5.16 % when the switched-off temperature 
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is decreased from te = -5.73 ºC to te = -15 ºC, whereas the cost rate associated with the 
product of the AWHP system realize a 3.1% drop.  
 A closer inspection of the moment’s values of the ηEX at partial operation mode of the 
AWHP as a function of the external air temperature (Figure 6) indicates an unexpected 
outcome: there is a maximum value of ηEX. The highest moment’s values of the ηEX at 
partial operation mode is equal to 34.1 % and it is observed at external air temperature te = 
-2.573ºC and temperature of the produced heat transfer medium tw,e = 42.54ºC.  

 
Fig. 6. Moment’s values of the exergetic efficiency at partial operation mode of the AWHP as a 
function of ambient temperature. 
 
 The maximum of ηEX can be explained considering the derivative of exergy efficiency. 
From the graph in Figure 7, it can be seen that the derivative of the exergy efficiency 
changes its sign, which indicates the presence of an extremum of the function. The value 
for the outside air temperature at which the extremum is obtained is calculated from the 
equation of the derivative. Physically, this phenomenon is explained by the fact that the 
rates of decreasing of the exergy used in the heated space and the external exergy inputted 
into the process are different. The input exergy has a significantly higher rate of decreasing 
than the produced exergy, which at some point changes the tendency of change of the 
exergy efficiency. On the contrary, the energetic COP gradually rises with the external air 
temperature increase. 

 
Fig. 7. Derivative of exergy performance coefficient (𝜕ηEX/𝜕tₑxt) as a function of the ambient 
temperature. 
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4 Conclusions    

The main objectives of Part 1 and Part 2 of the current investigation were to provide a 
methodology for seasonal exergetic and exergoeconomic assessment of air-to-water heat 
pump systems using the experimental data. Тhe obtained results demonstrate the usefulness 
of the exergy-based assessments. 
 Furthermore, this study is indicative that from a thermodynamic point of view, there is 
no heat transferred from a renewable energy source. The second law of thermodynamic said 
that all heat transferred processes are spontaneous or non-spontaneous. Therefore, the use 
of all so-called renewable energies becomes possible because of the realization of heat 
transfer in a spontaneous process between the environment and the considered 
thermodynamic system. A clear example of this statement is the use of solar energy in 
thermal engineering systems. However, the current paper can be considered as a 
demonstration of the exception to the rule described above. That exception is in the case of 
heat pumps: the utilizing of aerothermal energy by a heat pump is possible after occurring a 
non-spontaneous heat transfer process. At this non-spontaneous process between the 
environment and control volume (the AWHP unit), the exergy of the fuels (electrical 
energy) is consumed to produce the useful heat (exergy of the product) and to cover exergy 
destruction within the system. The produced heat power, on the other hand, consists of the 
exergy and anergy. The exergy content of the product is used to maintain the indoor air 
temperature, whereas the anergy (the irreversible part of the heat) taken from the ambiance 
is returned to the environment in form of heat loss through the building envelope. А 
consideration of the heat pump systems in similar aspect can bring additional insights into 
the thermodynamic description of their operating modes as well as into the aims in the 
process of their optimization. 
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Abstract. Mathematical model for numerical simulation of the transient 
heat transfer and fluid flows in water thermal energy storage tanks is 
developed. The model allows analysis of the thermal fields in the 
accumulators at different schemes and modes of charging and discharging. 
It was verified and validated based on experimentally obtained information 
about the temperature stratification at charging of a thermal accumulator at 
a laboratory solar system. The proposed approach for numerical study of the 
thermal energy storage is convenient for parametrical estimation and 
improvement of the efficiency of the thermal systems.  

1 Introduction  

The thermal energy storage (TES) in the form of sensible heat in insulated water tanks is the 
most widely used method at systems where the periods of energy production and 
consumption do not coincide. The water heat accumulators are key elements for the 
efficiency of the solar heating systems, thermal power generation and industrial systems [1]. 
The temperature stratification in the liquid domain due to the buoyancy can increase the 
performance of these technologies: 

- the upper water levels can be enough hot at lower accumulated amount of heat and the 
thermal loses through the tank walls are smaller in comparison to the unstratified 
accumulators; 

- the cooler water in the bottom of the tanks leads to a higher temperature difference in 
the heat exchangers at the energy source and to more efficient heat transfer in them. 

Many investigations aiming enhancement of the temperature stratification in water thermal 
accumulators are known from the literature. The first of them are based on experimental 
measurements, balance equations and one-dimensional analytical models of the temperature 
field [2, 3]. They allow relatively accurate prediction of the temperature variation along the 
axis of vertical cylindrical tanks. The advanced software for computational fluid dynamics 
(CFD) and heat transfer (CHT) allows numerical simulation of the three-dimensional 
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transient fields in the accumulating media in order to increase the efficiency of the thermal 
systems [4 - 6]. Such investigation are oriented to improvements of the accumulator shape 
[7], locations and geometries of the inlets and outlets [8], internal constructions for better 
temperature stratification [9] and charging and discharging flow parameters. The 
optimization of the design and the operation mode depends of the thermal systems where the 
thermal accumulator is integrated. These problems are not fully solved at the various 
technologies and applications of heat accumulators, obvious from the continuous research 
oriented on the topic.  

The aim of the investigations in the present paper is a precise model for numerical 
simulation of the 3D transient fields in water tanks for TES, allowing prediction and 
improvement of the efficiency of thermal systems for domestic applications. 

2 Conceptions for modeling of the transient fluid flow and heat 
transfer in water thermal accumulators  

A three-dimensional geometrical model of the accumulator is generated, including all inlet 
and outlet pipes. Different scenarios of charging and discharging of the tank can be simulated 
accepting them as open or closed (walls). The pipe walls do not influence significantly on 
the processes and can be modeled as boundary interfaces [6]. The walls of the tank are also 
excluded from the geometrical model. The heat transfer through them can be modeled 
according to the boundary conditions in Table 1. The water and pipe domains are discretized 
by a mesh of finite volumes in order to solve numerically the system of partial differential 
equations: 

- continuity equation; 
- momentum equations at non zero gravity to reflect the buoyancy;  
- thermal energy equation;  
- turbulence model. 

The initial numerical solutions of the model for the thermal accumulator, described in the 
next part of the paper, proved the advantage of Renormalization Group (RNG) k-epsilon 
turbulence model – it leads to a quicker convergence than the standard one. That is in 
accordance to the tips for the modeling of the turbulence in [10] and the conclusions of other 
research of turbulence flows with swirls [11]. The influence of the buoyancy on the 
turbulence is taken into account using Boussinesq buoyancy model in the production and 
dissipation terms in the RNG k-epsilon model. 
The boundary conditions are summarized in Table 1. 

Table 1. Boundary conditions. 

Boundary Variable 

Inlet of the hot flow at charging  
Velocity or mass flow and temperature variation with the 

time.  

Inlet of the cold flow at discharging Velocity or mass flow and temperature.  

Outlets Mass flow or gauge pressure. 

 Tank walls (heat exchanging 
boundaries)  

Coefficient of heat transfer from the internal surface to 

the ambient environment:  𝑈
∑

, Wm-2K-1; 

ambient temperature tamb. 
Pipe walls in the water domain 
(interfaces between the tank and pipe 
domains) 

Thermal resistance of the wall 𝑅 .  

𝑅 , m2KW-1 at  2 
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The variables in the equations in Table 1 are: Rse and Ri - thermal resistances of the external 
thermal boundary layer and solid layers of the tank envelopes, m2KW-1; dex and din – external 
and internal diameters of the walls, m; λ= thermal conductivity of the pipe wall, Wm-1K-1.  

The initial conditions include: 
- initial temperature field in the water domain. It can be uniform or obtained as result 

of previous numerical simulation of charging or discharging of the tank; 
- zero initial velocity and turbulence ratio; 
- initial pressure distribution pin taking into account hydrostatic pressure variation in 

the tank. For example at vertical tank parallel on z direction and z=0 at the bottom:   

𝑝 𝜌 𝑔 𝐻 𝑧 , Pa 

where H = the vessel height, m; ρw= water density, kgm-3; g=gravity acceleration, ms-2. 
For better convergence, the transient processes are simulated numerically at time steps at 
which the average Courant number is smaller than one at the correspondent mesh size. As 
finer is the mesh as smaller are time steps.  

3 Experimental tests and numerical study of transport 
phenomena in a water accumulator, integrated in solar system 

3.1 Object of investigation 

The thermal accumulator is a part of a laboratory solar installation situated on the territory of 
Technical University of Sofia (fig. 1). The water tank is thermally charging indirectly via 
heat exchanger. The internal diameter and height of the water tank (fig. 2) are 
correspondently 0.788 m and 2.114 m. The water volume is 1000 l. The tank envelopes, made 
by carbon style are insulated. 
Twelve thermocouples Platina 100 measure the temperatures in the tank at different levels. 
They are localized radially: six in the “right” side (PT100-1R – 6R) and six on the “left” side 
(PT100-1L - 6L). The temperatures, measured by them are written and averaged at each level. 
The temperatures on the inlet and the outlets are also measured by thermocouples T1, T2 and 
T3. The level of the inlet at the thermal charging of the accumulator can vary but it is always 
higher according to the outlet in order to ensure temperature stratification in the axial 
direction. 

Different regime of charging and discharging are implemented varying the mass flows 
and the charging level of the supplied water flow. Detail information of the measurements at 
variations of the daily solar irradiation and the regime parameters is given in [12]. A part of 
that information for three modes of thermal charging of the water tank (Scenario 1, 2 and 3) 
is used at the boundary conditions for the numerical simulation of the processes and for 
validation of the models. Figures 3-4 show the measured temperature variations at the inlets, 
outlets and the different levels of the accumulator space for these scenarios. The higher 
temperatures in Point 1 in comparison to the bottom and outlet temperatures are probably 
caused by insufficient calibrations or other problems at the upper sensors. The numerical 
simulations, discussed in the next section showed that the temperatures in Point 1 have to be 
higher according to the outlet temperature.  
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Fig. 1. Scheme of a solar thermal installation with water thermal energy storage tank 

a) b)

Fig. 2. Water tank for thermal energy storage (a) and its geometrical model (b) 
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Fig. 3. Temperatures in the water tank, inlet and outlet pipes at supplied flow rate of 1200 l/h 
(Scenario 1) 

Fig. 4. Temperatures in the water tank, inlet and outlet pipes at supplied flow rate of 250 l/h (Scenario 
2) 

Fig. 5. Temperatures in the water tank, inlet and outlet pipes at supplied flow rate of 490 l/h (Scenario 
3)
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3.2 CFD analysis and validations of the models  

The geometrical model contains all features of the real object although some of them are not 
used. It is discretized by a finite volumes mesh, consisted of 302613 nodes and 1522587 
elements (fig. 6). The nodes on the interfaces between the pipe and accumulator space are 
common for the two domains.  

Three scenarios of charging are simulated numerically by ANSYS 19/CFX. The maximal 
time steps, allowing sufficient convergence at the transient computations are 0.6 seconds. 
That led to a relatively long computational time. So parts of the processes on figures 3-5, 
enough for the model validations are simulated.  The heat transfer through the tank envelopes 
are not taken into account to check the possibility for its neglecting. Temperature fields and 
the streamlines in the water domain are shown on the next figures. Clear temperature 
stratification and relatively uniform temperatures at the horizontal cross sections are obvious 
at the case of low flow rate at the upper level of the inlet at Scenario 2 (fig. 7). In contrast the 
temperature stratification is almost absent at Scenario 3. Recirculating flows due to the 
buoyancy and the forced outflowing of the water at the bottom level are established at this 
case. They occupied the entire volume of the accumulator and cause unstratified temperature 
field in the water domain (fig. 8).  

Water motions in the unused external pipe spaces are not established at the modeled 
scenarios, excepting the space near the flange at the bottom of the tank. So the geometrical 
model can be simplified by ignoring its unnecessary components with a total volume less 
than 2% of the volume of the tank. This will decrease the computational time and will allow 
flexible analyses without reducing the accuracy of the results. 
 Comparisons between the average temperatures at the levels of the internal thermocouples 
PT 100 and the temperatures, obtained at the numerical simulations at the same places are 
shown on figures 9-11. The maximal differences between the experimentally obtained and 
the computed temperatures are about 3 % at Point 1 for all simulated scenarios. The possible 
reasons for these differences are the established errors at the upper sensors.  Therefore, the 
models for numerical simulations of the transient processes in the water accumulators are 
reliable and applicable for analysis of different modes of their thermal charging. 

a) b) 

Fig. 6. Finite elements mesh at vertical (a) and horizontal (b) cross-sections  
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a)   b)  c)

Fig. 7. Temperature fields in vertical and horizontal cross sections (a, b) and streamlines (c) at a 
moment of Scenario 2 (7200 s)  

 Other probable reasons for the deviation of the obtained at the simulations temperatures 
according to the experimental data are: 

- the lower turbulence in the model comparing to the real object – the platina
thermocouples are fixed by metal pins in the space of the laboratory accumulator that 
probably caused local turbulence eddies. These pins do not present in the geometrical models.   

- the neglecting of the thermal loses through the accumulator envelopes leads to higher
temperature stratification in the modelled object at the lower flow rates and velocities. 
 Despite the mentioned inaccuracy, CFD allows detail analyses of parameters about the 
transient thermal and fluid flow fields in the accumulator space that cannot be obtained 
experimentally: streamlines, turbulence characteristics, heat transfer coefficients and other.  

a)  b) 

Fig. 8. Temperature fields in vertical cross section (a) and streamlines (b) at a moment of Scenario 
3 (3200s) 
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Fig. 9. Comparisons between the obtained at the measurements and the numerical simulations 
temperatures along the axis of the tank at Scenario 1 
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Fig. 10. Comparisons between the obtained at the measurements and the numerical simulations 
temperatures along the axis of the tank at Scenario 2 

Fig. 11. Comparisons between the obtained at the measurements and the numerical simulations 
temperatures along the axis of the tank at Scenario 3 

4 Conclusions 

The numerical solution of the proposed mathematical model allows detailed information 
about the transient three-dimensional thermal and fluid flow fields in water accumulators at 
different configurations and charging schemes. This approach is suitable for prediction and 
control of the temperature stratification and the accumulated heat in order to achieve efficient 
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operation mode of the thermal systems according to the characteristics of the energy sources 
and consumers. 

Further testing and validation of the models at thermal discharging and simultaneous 
charging and discharging of the thermal accumulator are forthcoming. For better accuracy, 
it is necessary to take into account the heat transfer through the envelopes of the tank. 

This study has been financially supported by the project BG05M2OP001-1.001-0008: National Centre 
of Mechatronics and Clean Technologies, funded by Operational Programme for Science and Education 
for Smart Growth at EU Funds.
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Abstract. According to statistics from the Ho Chi Minh Energy Saving 

Center, the electricity costs of the air conditioning system for office 

buildings are about 70% of the electricity costs. There are many solutions 

that have been proposed to reduce the operating costs of the air 

conditioning systems, this article discusses a method of accumulating cold 

to reduce the cost of electricity for the air conditioning system of an office 

building. 

1 Introduction 

Nowadays, the consumption of electricity for an air conditioning system in an office 

building is one of the most important issues not only for the owners but also for the 

electricity suppliers. The cooling needs of the building are not constant, and the price of 

electricity at different times of the day also has a different value. There is a lot of research 

on saving electricity costs by different methods. One approach to reducing air conditioning 

costs is to reduce energy consumption by applying the active cooling method [1]. Another 

approach is the accumulation of cold. The accumulation of cold is used not only to save on 

electricity costs but is also used for other purposes. According to the research of D. 

Shlichkov [2], a chilling system with a storage tank, in which the ice freezes on the outer 

surface of the heat exchange tubes of the evaporator, leads to a significant reduction in 

electricity costs for air conditioning systems. The combined method between cold 

accumulators and cryocoolers has been considered by Arkhipov et al [3] in order to 

increase the life of the cryogenic cooling system. According to R. Sekret et al [4], the cold 

accumulator is applied by using the latent heat of a phase-change material in a layer of 

capsules with diameters of 80 mm, 70 mm, and 60 mm, the optimal working conditions 

according to the study are when using capsules with a diameter of 70 mm and a mass flow 

rate of 0.084 kg/s. In Vietnam, a study by Nguyen The Bao [5] also mentioned the melting 

of ice outside the pipes used in the cold storage battery in air conditioning systems. 
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In Vietnam, as in other countries, consumption in the national electricity grid for one 

day is not stable (Figure 1), so the Vietnamese Electricity Company (EVN) sets three prices 

to stimulate the reduction of electricity consumption during the main peak periods and to 

encourage the use of electricity in the low hours. 

 

Fig. 1. Electricity consumption in weekdays and holidays [6].  

According to EVN, the price of electricity at the peak hours is 4,586 VND/kWh (19.80 

$cent/kWh), in normal hours the price is 2,666 VND/kWh (11.51 $cent/kWh) and in the 

low hours the price is 1,662 VND/kWh (7.18 $cent/kWh). The peak hours are during the 

intervals 10:00 ÷ 12:00 and 17:00 ÷ 20:00. The normal hours are in the intervals 4:00 ÷ 

10:00, 12:00 ÷ 17:00 and 20:00 ÷ 22:00. The low hours are in 22:00 ÷ 4:00. 

An opportunity for savings arises if at night, when the price of electricity is lowest, the 

cooling system works and the produced cold accumulates, and in other periods, when the 

price is higher, this accumulated cold is used to cool a building. The accumulation of cold 

not only reduces the electricity costs of the air conditioning system but also stabilizes the 

national electricity grid. Ho Chi Minh City is an economic and commercial centre not only 

in Vietnam but also in Southeast Asia and is known for its large number of large office 

buildings. These buildings do not work at night (when the price of electricity is lowest), 

which is why an office building was chosen as the subject of this study.  

2 Modelling office building and conditioning system 

The pilot building is an office building, located in Ho Chi Minh City. It has 3 basements for 

parking, 22 floors for offices and total area of 19,800 m
2
. The mode of operation of the 

building is only on weekdays, from 7:00 to 17:00.  

The air conditioning system is designed according to Vietnamese norms. The designed 

indoor temperature and relative humidity are t = 26
o
C,  = 65%. 

The cooling load of the building is calculated by the Carrier method, according to which 

the total heat load is calculated by: 

11 21 22 23 31 32

4 4 5 5

o ht at

h a Nh Na h a

Q Q Q Q Q Q Q Q Q

Q Q Q Q Q Q

        

     

 
 ,

 
(1) 

where: 

•      :  Total sensible heat load of the building, kW; 

•      :  Total latent heat load of the building, kW; 

• Q11:  Heat from solar radiation through the transparent area, kW; 

• Q21, Q23:  Heat transfer through the roof and through the floor, kW; 
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• Q22:  Heat transfer through the walls, doors and windows, kW; 

• Q31, Q32:  Heat from lighting systems and from equipment, kW; 

• Q4h, Q4a:  Sensible and latent heat of people, kW; 

• QNh, QNa: Sensible and latent heat of fresh air, kW; 

• Q5h, Q5a:  Sensible and latent heat of infiltration air, kW. 

The cooling load of the building is Qo = 3128 kW (894 tons of refrigeration). The air 

conditioning system is designed with 3 chillers Model RTHD – D2G2G1 (RTHD 300 – 350 

Tons – built for Industrial and Commercial Application), with Refrigerant R134a. 

3 The cold accumulation systems 

Currently, there are many cold accumulation technologies and schemes, divided of two 

groups:  

- Sensible cold accumulation storage; 

- Latent cold accumulation storage (ice cold storage, eutectic salt cold storage and 

etc.). 

In this study, Christopia's technology was chosen to represent the second group. 

Cristopia technology offers the accumulation of cold in phase-change materials. The phase 

change temperature (-33°C → 27°C) can be selected according to the user's needs (Table 

1). 

Table 1. Properties of phase change materials according to Cristopia's technology [7, 8]. 

 

3.1 Cristopia's technology 

With this technology, the phase change material is contained in nodules with structure 

(Figure 2) as follows: 

- A sphere one millimetre thick, obtained by blow moldings of a blend of polyolefins. 

This material is neutral towards the heat transfer fluids; 

- Phase Change Material (PCM) [9]. It could be organic (paraffin and fatty acids for 

example) or inorganic (hydrated salts), depending on temperature; 

- Air pocket for expansion, the effect is a low stress on the nodule shell; 

- Plug. 
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Fig. 2. The structure of a nodule. 

The cold accumulation tank (STL – le stockage latent in French [10], or STorage of 

Latent heat) is made of steel or concrete and is well thermally insulated. The heat exchange 

between the spherical nodules and the system is by a liquid, in this case water. The tank can 

be horizontal or vertical (Figure 3). 

 

Fig. 3. A cold accumulator tank (storage of thermal latent - STL). 

3.2 Principle of operation of the cold accumulation system 

The principle of operation can be represented by five operating modes of the system. 

- STL charging: At hours when the price of electricity is the lowest and there is no 

cooling load, the chillers work and the produced cold accumulates as the energy of the 

phase change (from liquid to solid phase) of the substance in spherical nodules (Figure 4.a). 

- The chillers work for building’s cooling needs: In off-peak hours, the chillers work 

for air conditioning system and there is no flow through the STL (Figure 4.b). 

  

Fig. 4.  a) STL charging; b) Chillers work for cooling needs. 

- STL discharging: At peak hours, when the price of electricity is highest, the chillers 

do not work and the air conditioning system uses accumulated cold from STL (Figure 5.a). 

- In case of overload of the air conditioning system or some of chillers are 

damaged: STL can also be used when the air conditioning system is overloaded or some of 

chillers are damaged, to share cooling power (Figure 5.b).  
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Fig. 5. a) STL discharging; b) The chillers working and STL discharging. 

-The chillers work for cooling needs and charge the STL (Figure 6). 

 

Fig. 6. Chillers work for cooling needs and charge the STL. 

4 Analysis of the options for cold accumulation 

Principle of operation: The STL system accumulates a sufficient amount of cold in hours 

when the price of electricity is the lowest. This accumulated cold will satisfy 100% of the 

required cold at peak hours and part of the required cold at normal hours. 

Three steps to determine electricity costs: 

- Step 1: Calculation of the cooling load of the building for each hour according to the 

Carrier method with the climatic data of Ho Chi Minh City. The climatic data includes the 

hourly values of temperature, relative humidity and solar radiation on horizontal and 8 

vertical surfaces [11]. The temperature and relative humidity could be seen below (Figure 

7). 

 

Fig. 7. Hourly values of outdoor temperature and relative humidity of Ho Chi Minh City. 

- Step 2: Determination of electricity consumption for each hour, by a calculated EER: 

0 2 5 6

1 2 3 4 5 6

Q N N N
EER

N N N N N N

  


      ,
 

(2) 

where: 

• Q0 - Cooling capacity of chiller, kW; 

• N1 - Electric power of chiller, kW; 

• N2 - Electric power of the pump for the first circulation circuit, kW; 

• N3 - Electric power of the pump for the second circulation circuit, kW; 
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• N4 - Electric power of the cooling tower fans, kW; 

• N5 - Electric power of fans in AHU and FCU, kW; 

• N6 - Electric power of fresh air fans, kW. 

- Step 3: According to the calculated electricity consumption for each hour of a typical 

day of the month from January to December, the annual saved electricity costs can be 

calculated using the following options:  

 Option 1: The accumulated cold in STL is used only during the peak hours. In 

other periods, the cooling load is provided by the chiller system. 

 Option 2÷7: The total consumption of cold at peak hours and 10% to 60% of the 

cooling demand at normal hours are provided by STL. 

The calculation for Option 1 for January is shown below in Table 2, the same 

calculations are made for each month. Summarizing the results for all months leads to a 

result for the whole year. 

In option 1, the distribution of cooling power for a typical day in January is shown in 

Figure 8. At peak hours (10:00 ÷ 12:00), when the price is highest, the demand for cooling 

of the building is satisfied by the accumulated cold in the STL tank. This accumulated cold 

is produced in the low hours (22:00 ÷ 4:00) when the price is the lowest. 

 

Fig. 8. Distribution of the cooling power of January (Option 1). 

The saved electricity costs for a typical day of the month are calculated using the 

electricity costs for systems with and without STL as shown below.  

- Calculation of electricity costs for a chilling system without STL:  

Based on the hourly climate data, the required cooling capacity for each hour is 

calculated. Therefore, the electricity consumption and electricity costs of the 

chilling system for each hour can be calculated. 

- Calculation of electricity costs for the chilling system with STL: 

The required chiller capacity for each hour, electricity consumption, and electricity 

costs of the chilling system in normal hours (7:30÷10:00, 12:00÷17:00) are 

calculated as without STL. Electricity consumption from the chilling system and 

electricity costs in peak hours are calculated at the lowest price of electricity (Table 

2). 

The difference between the total amount of daily electricity costs without STL (717.73 

USD) and the total amount of electricity costs with STL (571.13 USD) is the savings for 

one day: 146.60 USD. 
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Table 2. Analysis of a typical day of January in Option 1. 

A day of January (22 workdays) 

Time  

Without STL With STL 

Required 

cooling 

capacity 

(kW) 

Hourly electricity 

consumption of 

the chiller system, 

(kWh) 

Electricity 

costs (USD) 

Accumulated 

cold in STL 

(kWh) 

Required 

cooling 

capacity 

(kW) 

Hourly electricity 

consumption of 

the chiller system 

(kWh) 

Electricity 

costs (USD) 

0h ÷ 1h       2,270.1 756.7 193.53 13.89 

1h ÷ 2h       3,026.8 756.7 193.53 13.89 

2h ÷ 3h       3,783.5 756.7 193.53 13.89 

3h ÷ 4h       4,540.2 756.7 193.53 13.89 

4h ÷ 5h       4,540.2       

5h ÷ 6h       4,540.2       

6h ÷ 7h       4,540.2       

7h ÷ 8h 872.2 223.07 25.68 4,540.2 872.2 223.07 25.68 

8h ÷ 9h 1,719.2 439.69 50.61 4,540.2 1,719.2 439.69 50.61 

9h ÷ 10h 2,086.0 533.50 61.41 4,540.2 2,086.0 533.50 61.41 

10h ÷ 11h 2,133.6 545.68 108.05 2,406.6       

11h ÷ 12h 2,406.6 615.50 121.88         

12h ÷ 13h 2,366.0 605.12 69.66   2,366.0 605.12 69.66 

13h ÷ 14h 2,521.4 644.86 74.23   2,521.4 644.86 74.23 

14h ÷ 15h 2,506.0 640.92 73.78   2,506.0 640.92 73.78 

15h ÷ 16h 2,356.2 602.61 69.37   2,356.2 602.61 69.37 

16h ÷ 17h 2,142.0 547.83 63.06   2,142.0 547.83 63.06 

17h ÷ 18h               

18h ÷ 19h               

19h ÷ 20h               

20h ÷ 21h               

21h ÷ 22h               

22h ÷ 23h       756.7 756.7 193.53 13.89 

23h ÷ 0h       1,513.4 756.7 193.53 13.89 

Total - 5,398.78 717.73 - - 5,398.78 571.14 

Based on the saved electricity costs for a typical day of January and the number of 

working days per month, the saved electricity costs for one month are calculated. The same 

calculations are made for other months. Summarizing the results for all months, the saved 

electricity costs for the whole year are calculated. 

To calculate the effectiveness of each option, it is necessary to calculate the investment. 

Based on the summary of the accumulated cold (kWh) each month for the option, the 

volume of the STL tank is calculated from the data in Table 1 (kWh/m
3
). So the investment 

for the option is also calculated. The result of option 1 is shown in Table 3. 

Table 3. Analysis of option 1. 

  Low hours Normal hours Peak hours 
Total for year 

Price of electricity ($cent/kWh) 7.18 11.51 19.8 

1. Air conditioning system without STL 

Power consumption of chiller system (kWh) 0 1,033,973 283,327 1,317,300 

Electricity costs (USD) 0 119,023 56,103 175,126 

2. Air conditioning system with STL 

Power consumption of chiller system (kWh) 283,327 1,033,973 0 1,317,300  

Electricity costs (USD) 20,332 119,023 0 139,355 

3. Result 

Annual saved electricity costs (USD/year) 35,771 

Investment costs for STL system (USD) 96,058 

Payback time (year)  2.7 
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Options 2 to 7 explore the greater potential for cold accumulation. This inevitably leads 

to larger investments, which must be assessed through technical and economic analysis. 

Figure 9 shows the distribution of cooling power in January for option 4 when the total 

cold consumption at peak hours and 30% of the cold consumption at normal hours are used 

by STL. Compared to option 1, the accumulated cold (kWh) is larger, so the volume of STL 

is larger and therefore the investment is also larger. 

 

Fig. 9. Distribution of the cooling power of January (Option 4, peak hours + 30% normal hours). 

Technical and economic analysis was made for all seven considered options. Nominal 

interest rate (8% for Vietnam) and inflation (3% last year) are taken into account. The 

economic life for all options is 15 years. The results of the analysis are shown in Table 4. 

Table 4. Summary results for all options (calculated using the software ENSI Economy). 

 

The analysis shows that option 1 has the best: Pay-off, Internal rate of return and Net 

present value quotient. Another advantage of this option is the lowest space required to 

install facilities. 
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5 Conclusion 

The use of a cold storage system can reduce the electricity costs of air conditioning systems 

for office buildings in Ho Chi Minh City. With the option to accumulate cold only at peak 

hours (Option 1), the annual savings are $ 35,771, while the investment costs are $ 96,058 

and the Pay-off period is 3.0 years. The Pay-off period for other options is from 3.2 to 5.7 

years. The pilot building works only 5 days/week, from 7:00 to 17:00 (working hours 

include only 1 peak period/day) and for buildings with more working days/week, as well as 

including the second peak period (17:00 ÷ 19:00), the Pay-off period will be even less.  

We would like to thank Ho Chi Minh City University of Technology (HCMUT), VNU-

HCM for the support of time and facilities for this study. 
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Abstract. The objective of this paper is to analyze the ability of a VVER-

1000 core and its control system to cope with a hypothetical main steam 

line break (MSLB) accident in case of multiple equipment failures. The 

study involves the use of advanced 3D core calculation models 

benchmarked and validated for reactivity accidents in preceding studies. A 

MSLB core boundary condition problem is solved on a coarse (nodal) 

mesh with the coupled COBAYA/CTF neutronic/thermal hydraulic codes. 

The core thermal-hydraulic boundary conditions are obtained from a 

preceding full-plant MSLB simulation. The assessment of the core safety 

parameters is supplemented by a fine-mesh (sub-channel) thermal-

hydraulic analysis of the hottest assemblies with the CTF code using 

information from the 3D nodal COBAYA/CTF calculations. Thirteen 

variants of a pessimistic MSLB scenario are considered, each of them 

assuming a number of equipment failures aggravated by eight control rods 

stuck out of the core after scram at different locations in the overcooled 

sector. The results (within the limitations of the adopted modeling 

assumptions) show that the core safety parameters do not exceed the safety 

limits in the simulated aggravated reactivity accidents. 

1. Introduction 

A major concern in a main steam line break (MSLB) reactivity accident is the risk of core 

overheating. In the computational analysis of such accidents the safety parameters of 

particular interest are the fuel centerline temperature, the departure from nucleate boiling 

ratio (DNBR) and the fuel rod cladding temperature. The fuel temperature should be kept 

well below the UO2 melting temperature which can significantly vary depending on the fuel 

burnup. As a VVER-1000 core can contain once, twice, three or four times burnt fuel 

assemblies, it is of practical interest to analyze the consequences of such an asymmetric 

reactivity accident at the end of core life and for various combinations of equipment failure. 

This paper presents results from the analysis of thirteen variants of a hypothetical 

MSLB scenario, each of them assuming a number of equipment failures plus eight control 

rods stuck out of the core after scram at different radial locations in the overcooled sector. 
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The main objective is to demonstrate the use of state-of-the-art 3D core calculation 

models which have been benchmarked and partly validated for VVER-1000 reactivity 

accidents in preceding studies. A specific objective is to make a step in the analysis of the 

ability of a VVER-1000 core and its control system to cope with such an accident without 

exceeding the safety limits. Uncertainty analysis is beyond the scope of this work. 

2. Methodology

2.1 Accident scenario 

The considered accident scenario is based on aggravated variants of the pessimistic 

scenario in the OECD/NEA VVER-1000 MSLB benchmark (V1000CT-2) [1]. The task is 

to solve a MSLB core boundary condition problem using coupled 3D neutronic/thermal 

hydraulic codes, given the core thermal-hydraulic (TH) boundary conditions as obtained 

from a full plant simulation. The core boundary conditions (BCs) are taken to be as 

specified in the V1000CT-2 benchmark [1, 2]. The plant transient is initiated at hot full 

power by a large guillotine type break of steam line #4 outside the containment, upstream 

of the steam intercept valve. The reference core is a real Kozloduy-6, Cycle 8 three-year 

batch core at 270.4 EFPD [1]. The core contains once, twice and three times burnt UO2 fuel 

of initial enrichment 4.23 w/o and 4.4 w/o. The steam generator feed-water valve in the 

faulted loop fails to close on MSLB signal and remains open. The main coolant pump 

(MCP) in the faulted loop fails to trip on MSLB signal and all MCP remain in operation. 

The steam generator in the faulted loop continues uncontrolled cooling till the complete 

evaporation of the secondary water. A cooler sector is formed at the core inlet, with 

overcooling of up to 80°C. During the transient eight peripheral control rod clusters (CR) 

are assumed to remain stuck out of the core after scram, all of them in the overcooled 

sector. Thirteen cases with different radial combinations of the stuck rods are to be 

analyzed to assess the values of the core safety parameters. 

2.2 Codes and methods 

2.2.1 Full-core nodal calculation 

Full-core coarse-mesh (nodal) simulations for each CR configuration were carried out with 

the coupled COBAYA4/CTF neutronic/thermal-hydraulic codes. 

COBAYA4 [3, 4] is a 3D multi-scale core physics code using transport-corrected multi-

group diffusion approximation. It is developed by the Universidad Politecnica de Madrid 

and benchmarked for VVER-1000 calculations [5, 6] in the frame of the EU NURISP [7] 

and NURESAFE [8] projects. At the nodal level the analytical coarse-mesh finite-

difference (CMFD) method [9] is used. The code has radial mesh refinement capability. 

COBRA-TF (CTF) [10, 11] is a recent version of the COBRA-TF thermal-hydraulic 

(TH) code which uses a two-fluid, three-field modeling approach and has sub-channel 

capabilities. 

The COBAYA4/CTF coupling method [12] for VVER-1000 is based on the MED 

Coupling libraries in the Salome platform [13]. The coupling and the coupled models have 

been tested for VVER MSLB in preceding studies [5, 14]. The modeling assumptions in the 

coupled COBAYA4/CTF VVER-1000 calculation models are briefly summarized below: 

� Coarse-mesh COBAYA 3D neutron kinetics with: 

- 30 axial nodes in the heated region;

- 2 nodes in each axial reflector;
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- 6 triangles per hexagon.

� Use of a realistic VVER-1000 multi-parameter two-group cross-section library

[15] for reactivity accident analysis which has been generated with the APOLLO2

code [16] and validated in the frame of the NURESAFE project [8];

� Use of time-dependent assembly-by-assembly MSLB thermal-hydraulic core

boundary conditions (inlet temperatures, inlet mass flow rates, and outlet

pressures) obtained from a full plant simulation involving a quasi-3D reactor

pressure vessel TH model [17];

� Coarse-mesh CTF thermal-hydraulic model with one channel per assembly and 30

axial nodes in the heated part;

� Fuel model with 9 radial rings in the fuel, one for the gas gap and one for the

cladding;

� Temperature-dependent fuel and cladding thermal-physical properties [18];

� The spacer grids are not explicitly modeled and are taken into account by the

vertical pressure loss coefficients;

� The gas gap conductance coefficient is taken constant, equal to 3070 W/m
2
K, as

estimated at average core burnup of 26.6 MWd/kgHM [1];

� Chen’s model of nucleate boiling [19] and the W-3 critical heat flux (CHF)

correlation [20] with non-uniform power distribution.

2.2.2 Sub-channel assembly calculations 

Two variants of the transient having the most risky values of the core safety parameters 

were selected for sub-channel TH calculations of the hottest assemblies. Such simulations 

were carried out for the hottest assemblies and assemblies next to them so that the analysis 

includes once, twice or three times burnt fuel. The main modeling assumptions were as 

follows: 

� Assembly thermal-hydraulic problems were solved with inlet/output TH BCs from 

the plant system simulation, and assembly powers and axial power profiles as 

obtained from the full-core nodal simulation with COBAYA4/CTF; 

� Radial pin-power distribution taken such as at hot full power for the hottest 

assemblies, and with artificially imposed 5% radial tilt for the considered adjacent 

assembly of higher burnup; 

� Coolant-centered radial spatial mesh with 660 sub-channels per assembly; 

� Axial mesh with 30 nodes in the heated region; 

� Fuel model with 9 radial rings in the fuel pellet, 1 for the gap and 1 for the 

cladding. The central hole is taken into account, and conduction in radial and axial 

direction is considered; 

� The bypass of 2.2% through the control rod guide tubes in the un-rodded 

assemblies is not explicitly modeled and is taken into account by decreasing the 

active coolant flow; 

� The spacer grids are not explicitly modeled and are taken into account by the 

vertical pressure loss coefficients; 

� User defined coolant mixing coefficient of 0.01 (and exploratory option of 0.03 to 

study the impact of higher coefficients); 

� Use of the W-3 CHF correlation with non-uniform power distribution; 

� Use of both Chen’s [19] and Thom’s [21] models of nucleate boiling, to compare 

the performance; 

� Constant fuel gap conductance coefficient equal to 3070 W/m
2
K as estimated at 

average core burnup of 26.6 MWd/kgHM [1]; 

� Temperature-dependent fuel and cladding thermal-physical properties [18]. 
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Details of the sub-channel input model for VVER assemblies can be found in ref. [22]. 

3. Results

3.1 Full-core nodal calculations 

Table 1 Summary of the coarse-mesh computed core configurations and safety parameters 

Case # Stuck CR, # 

Max 

return 

to 

power 

MW 

Hottest 

assembly 

# & 

Adjacent 

assembly 

# 

Assem-

bly 

burnup 

MWd/ 

kgHM 

Fxy 

Max 

Tfuel, 

ºC 

Tmelt 

UO2, 

ºC 

Max 

Тclad, 

ºC 

Min 

DNBR 

1 

90,91,105, 

106,117, 

118,130, 140 

1098 104 / 117 15.3/ 31.0 
7.694/ 
6.958 

2015/ 
2018 

2745/ 
2650 

335.5 
4.21/ 
4.27 

2 
82,90,91, 
105,106, 

117,118,130 

889.8 104 / 117 15.3 
8.927/ 

7.470 

1851/ 

1580 

313.2/ 

298.8 

4.69/ 

5.98 

3 
79,90,91, 
105,106, 

117,118, 130 

986.8 104 / 90 15.3 
8.303/ 

6.964 

1976/ 

1661 

319 / 

303 

4.23/ 

5.57 

4 

63,90,91, 

105,106, 
117,118, 130 

991.2 104 / 90 15.3 
8.421/ 

7.440 

1912 / 

1680 

319.2/ 

307.4 

4.31/ 

5.29 

5 

63,82,90, 

91,105, 
106,117, 118 

891.9 104 / 90 
15.3/ 

24.1 

8.986/ 

8.076 

1826 / 

1630 

313.4/ 

303.7 

4.72/ 

5.60 

6 

105,106, 

117,118, 
130,140, 

142,151 

1051 129 / 140 
15.45 / 

24.2 
8.013/ 
7.605 

1944 / 
1831 

2745/ 
2690 

320.2 / 
315.2 

4.31/ 
4.71 

7 

64,90,91, 

105,106, 
117,118, 130 

933.5 104 / 117 15.3 
8.703/ 

7.219 

1902 / 

1609 

316.3 / 

301 

4.46/ 

5.80 

8 

90,91,94, 

105,106, 
117,118,130 

957.3 104 / 117 15.3 
8.388/ 

7.036 

1912 / 

1642 

316 / 

302 

4.46/ 

5.69 

9 

90,91,105, 

106,117, 

118,120, 130 

984.4 104 / 90 15.3 
8.112/ 
6.704 

1926 / 
1584 

316./ 
299. 

4.43/ 
5.96 

10 

91,105, 

106,117, 

118,120, 
130,140 

1005 129 / 140 15.45 
8.141/ 

6.887 

1957/ 

1665 

318.8 / 

304 

4.27/ 

5.53 

11 

91,94,105, 

106,117, 

118,130, 140 

963.7 129 / 117 15.45 
8.301/ 
6.989 

1882 / 
1636 

315.4 / 
301.5 

4.54/ 
5.70 

12 

91,105, 

106,117, 

118,130, 
140,151 

1035 129 / 140 15.45 
8.115/ 

7.319 

1906 / 

1702 

320 / 

310. 

4.30 /  

5.11 

13 

91,105, 

106,117, 
118,130, 

140,142 

955.9 129 / 140 15.45 
8.503/ 
7.293 

1884/ 
1623 

316.4 / 
302.7 

4.48/ 
5.67 

Limiting values 0.0 2840 1200 1.45* 

of the safety parameters 49.0 2540 1200 1.45* 

* When using the W-3 DNB correlation
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Table 1 summarizes the suite of 13 variants of the MSLB scenario and the corresponding 

coarse-mesh computed core safety parameters. In each case, the parameters of the hottest 

assembly (which appears to be once burnt) and those of an adjacent assembly (twice or 

three times burnt) with high Fxy power peaking factor are shown. 

The nodal simulation results show that the highest return to power after scram and the 

highest radial peaking factors occur in Case 1 and Case 6.  

Figure 1 shows the time history of the total core power in Case 1 and Case 6 of the 

transient. The corresponding maximum return to power after scram is 1098 MW, 

respectively 1051 MW, at 67s from the onset of the transient. 

Figure 2 illustrates the computed relative assembly powers at time of max return to 

power (67s) in Case #1. The radial locations of the fully inserted control rod clusters are 

marked in blue and those of the stuck rods – in beige. The hottest assembly is the unrodded 

#104, marked in brick.  

Figure 3 illustrates the computed relative assembly powers at time of max return to 

power (67s) in Case #6. The core map format is as in Figure 2. The hottest assembly is the 

unrodded #129, marked in brick. 

The assembly-wise power distributions show that a big part of the core power is 

released in the region of stuck rods in the overcooled core sector. The peak of the 3D power 

distribution in the disturbed sector is near the core periphery. Correspondingly, Case 1, 

assembly #104 (15.3 MWd/kgHM) and the adjacent #117 (31.0 MWd/kgHM), as well as 

Case 6, assembly #129 (15.45 MWd/kgHM) and the adjacent #140 (24.1 MWd/kgHM) 

were selected for additional sub-channel thermal-hydraulic analysis. 

Figure 4 illustrates the coarse-mesh computed axial power distributions at time of max 

return to power - core-averaged and assembly-wise for the assemblies of interest for sub-

channel analysis. 
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Fig. 2 Case #1 : Computed relative assembly powers at time of max return to power (67s) 

Fig. 3 Case #6: Computed relative assembly powers at time of max return to power (67s) 
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Fig. 4 Computed axial power distribution at time of max return to power 

3.2 Sub-channel thermal-hydraulic calculations 

In Case 1, sub-channel TH analysis was carried out for the hottest assembly which is #104 

(15.3 MWd/kgHM) and for the adjacent #117 (31.0 MWd/kgHM). 

In Case 6, sub-channel calculation was performed for the hottest #129 assembly (15.45 

MWd/kgHM) and the assembly #140 (24.1 MWd/kgHM) next to it. 

In both cases the assembly inlet and outlet TH boundary conditions at time of max 

return to power are nearly the same. The inlet temperatures for Case 1, assembly #104 and 

#117 are 207.62 ºC, and for Case 6, assembly #129 and #140 are 207.7 ºC and 207.66 ºC 

respectively. The corresponding inlet mass flow rates are nearly the same. 

It should be noted that some preliminary sub-channel results for Case 1, hot assembly 

#104 have been reported in ref. [23], and this study extends the sub-channel analysis to 

more cases and various assemblies including such of higher burnup, where the UO2 

melting temperature is lower.  

The peak of the 3D power distribution in the disturbed sector is near the core periphery 

and corresponds to the radial location of the hottest assembly. For such a configuration and 

in the lack of full-core pin-by-pin calculation, it is reasonable to assume a hot full power-

like radial pin-power distribution for the hottest assembly (#104 in Case 1, and #129 in 

Case 6). An approximate tilt of ±5% across the assembly section is assumed for the 

adjacent assemblies. 

Figure 5 illustrates the adopted pin-power distribution at hot full power (HFP). 

Details of the computed distributions are illustrated in Figures 6 through 14. 

Table 2 summarizes the sub-channel results for the core safety parameters, obtained 

with the Chen and Thom options of the nucleate boiling model in CTF. The results in this 

table and the figures below (except for Figure 12) are obtained with user defined cross-

channel mixing coefficient of 0.01. A small value is specified because this coefficient is not 

yet validated. Thus, the cross-channel mixing is mainly gradient driven. See Figures 11 and 

12 for a parametric study of the impact of higher values of the user defined mixing 

coefficient on the vapor volume fraction. 
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0.000 

1.001  1.001 

1.000  1.000  1.000 

0.998  0.997  0.000  0.998 

0.992  0.984  0.993  0.994  0.992 

0.000   0.990   0.992   0.993   0.992 0.000 

0.982  0.986  0.988  0.000  0.988  0.987  0.983 

0.971  0.973  0.975  0.985  0.985  0.975  0.973  0.971 

0.985  0.978  0.976  0.979  0.979  0.979  0.976  0.978  0.985 

1.015  1.002  0.998  0.993  0.995  0.995  0.994  0.998  1.002  1.015 

1.078   1.057   1.046   1.041   1.040   1.038   1.040   1.054   1.046   1.057  1.078 

Fig. 5 PERMAK [24] computed radial pin power distribution in a fuel assembly at hot full power

Table 2 Sub-channel computed core safety parameters 

Case Assembly # 

/ Burnup, 

MWd/kgHM 

Fxy 5% tilt of 

the radial 

pin-power 

distribution 

Hot cell 

exit vapor 

volume 

fraction,% 

Max 

T 

fuel, 

ºC 

T 

melt 

UO2, 

ºC 

Max 

Тclad, 

ºC 

Min 

DNBR 

1 104 / 15.3 7.733 no 0.32 2506 2745 333.1 2.66 

1 117 / 31.0 6.996 yes 0.20 2367 2650 328.3 2.96 

6 129 / 15.45 8.013 no 0.30 2456 2744 332.7 2.69 

6 140 / 24.2 7.605 yes 0.31 2439 2690 332.4 2.71 

6 140 / 24.2 7.605 no 0.16 2341 2690 327 3.03 

6* 129 / 15.45 8.013 no 0.12 2456 2744 330.1 2.69 

6* 140 / 24.2 7.605 no 0.05 2341 2690 327 3.03 

*When using the Thom nucleate boiling correlation

In Table 2, the limiting values of the core safety parameters are as follows: 

� Tmelt UO2, ºC: 2840 ºC for fresh fuel and 2540 ºC for burnt fuel (at 50 EFPD for the 

considered VVER fuel); 

� Tclad: 1200 ºC; 

� Min DNBR: 1.45 (when using the W-3 DNB correlation). 

The predicted values of the core safety parameters (within the limitations of the 

modeling assumptions) do not exceed the safety limits. However, the impact of the 5% tilt 

of the radial assembly pin power distribution is considerable and indicates that this issue 

requires further attention using full-core pin-by-pin coupled calculations. 

Figures 6 and 7 show the sub-channel results for Case 1, assembly #104 obtained with 

HFP pin-power distribution and Chen’s nucleate boiling model. 

Figure 8 illustrates the results for Case 1, assembly #117, obtained with 5% tilt in the 

pin-power distribution across the hexagonal section and Chen’s nucleate boiling model. 

Figures 9 through 12 show the results for Case 6, hot assembly #129 (15.45 

MWd/kgHM). The results аrе obtained using HFP pin-power distribution. The comparison 

of the sub-channel liquid fraction maps in Figures 11 and 12 shows the impact of using 

higher values of the cross-channel mixing coefficient (0.03) – the sub-cooled boiling area 

shrinks toward the assembly center.  

Figures 13 and 14 show the results for Case 6, assembly #140 (24.2 MWd/kgHM), 

obtained with ±5% tilt in the pin-power distribution across the hexagon and Chen’s 

nucleate boiling model. 
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The results in Figures 6, 8, 9 and 13 show that despite the high power peaking factors in 

the hottest assemblies only subcooled boiling and small vapor volume fraction in the upper 

part of the assemblies is predicted, because of the low inlet temperatures. 

Figure 9 shows that the use of Chen’s nucleate boiling model predicts higher vapor void 

fraction in the subcooled region compared to that obtained with the Thom correlation. 

Both Chen’s and Thom’s correlations predict nearly the same axial profiles of the fuel 

centerline and cladding temperatures (see Figure 10). 
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Fig. 6 Case #1, Assembly #104: Computed hottest pin centerline temperature and hot cell 
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Tmax, fuel=2456,4 C , Tmax,clad-Chen = 332,7 ºC, Tmax,clad-Thom = 330,6 ºC 

Fig. 11 Case #6, Assembly #129 at max return to power: Computed exit liquid volume fraction, with 

user defined mixing coefficient of 0.01 and Thom’s’nucleate boiling model 
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Fig. 12 Case #6, Assembly #129 at max return to power: Computed exit liquid volume fraction, with 

user defined mixing coefficient of 0.03, and Thom’s nucleate boiling model 
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Fig. 13 Case #6, Assembly #140: Computed vapor volume fraction with pin-power distribution tilt 
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Fig. 14 Case #6, Assembly #140 : Computed hottest pin centerline and cladding temperatures using 

Chen’s nucleate boiling model and pin-power tilt. Tmax,fuel = 2439 ºC, Tmax,clad = 332.4 ºC 

4. Summary and conclusions

The safety parameters of a VVER-1000 core near the end of life were analyzed for a suite 

of pessimistic MSLB accident scenarios. For this purpose, coupled full-core 

COBAYA4/CTF neutronic/ thermal-hydraulic simulations at the nodal level were 

supplemented by CTF sub-channel calculations for the hottest assemblies of different 

burnup in the most risky cases. 

In the CTF sub-channel assembly simulations, modeling options in the modeling 

assumptions with the Chen and Thom nucleate boiling models and with different user-

specifies cross-channel mixing coefficients were compared. 

The results show that: 

� In all cases the predicted fuel cladding temperature at time of max return to power 

is far below the limiting value of 1200 ºC; 

� The predicted sub-cooled boiling in the upper part of the hottest sub-channels is 

insignificant, even in the worst cases. The Chen model of nucleate boiling predicts 

higher vapor volume fraction compared to that obtained with Thom’s model (as 

observed in other LWR assembly calculations); 

� The minimum DNBR value of 2.66 predicted in the worst Case 1, Assembly #104 

is well above the limiting value of 1.45 when using the W-3 CHF correlation; 

� The predicted fuel centerline temperature in the hottest assemblies has a moderate 

margin of about 237 – 251 ºC to the burnup dependent UO2 melting temperature. 

Because of its importance, and of its strong dependence on the local pin power 

distribution and on the gap conductance coefficient, the assessment of this safety 

parameter deserves further attention. 

� In case of boiling in the assembly, the user-defined cross-channel mixing 

coefficient in sub-channel CTF needs further validation on measured assembly 
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data because of its impact on the void fraction distribution. In the meantime, small 

values or not using this coefficient produce more conservative results. 

The results (within the limitations of the adopted modeling assumptions) show that the 

core safety parameters do not exceed the safety limits in the simulated aggravated reactivity 

accidents.  

Further improved analyses are expected to include a coupled pin-by-pin 

neutronic/thermal-hydraulic calculation, at least for a mini-core of seven assemblies around 

the hottest one, as well as a dynamic gap conductance coefficient, a DNBR from VVER-

specific CHF skeleton tables in CTF, and uncertainty quantification. 
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Abstract: The aim of the present study was to determine the 
thermodynamic and kinetic parameters of biomass obtained from black pine 
(Pinus nigra Arn.). The biomass, consisting of twigs with needles and 
needles alone of black pine, was used. Ultimate analysis with the elemental 
composition of the biomass with respect to the main components such as 
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) of the biomass before 
and after water distillation was made. The high heating value (HHV) and 
low heating value (LHV), energy density and fuel value index were 
determined. Thermodynamic (Gibbs energy, enthalpy, and entropy) and 
kinetic (activation energy, the rate constant of the process, and reaction 
order) parameters of the biomass were calculated. 

1 I	���������	 
Conventional energy sources are based on the earth's deposits of coal, peat, natural gas, and 
oil [1, 2]. Residues from these natural energy sources are increasingly declining due to 
increased consumption of fuels and electricity [1-4, 6]. Natural sources of energy formed 
nanocomposite tissue systems, which in different plant species have specific structural and 
functional properties [3, 4]. Improving the physical and chemical characteristics of 
coniferous biomass increased its energy density and positively affected its industrial 
application. 

According to the European Union's (2014) climate and energy targets, it was necessary 
to reduce conventional energy sources and use renewable energy sources to a greater extent 
by 2030. Using renewable energy sources will reduce CO2 emissions and reduce energy 
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consumption by 20% (through effective saving measures), and generate 20% of primary 
energy from renewable energy sources [4-5]. 

Renewable energy sources are solar energy, geothermal heat, wind energy, and biomass 
(plant and animal). Plant biomass is divided into primary (natural wood, straw, crop stems, 
etc.) and secondary (with mechanical treatment - compaction of pellets and briquettes or with 
chemical treatment - vegetable oil, alcohol, paper, etc.) [1, 6-9]. 

Wood is a renewable energy source; it is a product of photosynthesis, i.e., carbohydrates 
from solar energy [1, 3, 7]. The use of wood as fuel allows saving energy sources (oil, natural 
gas, coal, and uranium), whose reserves are limited and whose distribution is very uneven. 
The main advantage of energy from wood is that it does not contribute to the greenhouse 
effect. The amount of carbon dioxide produced by burning wood is comparable to what is 
naturally produced by its decomposition. This amount of CO2 corresponds to what was 
absorbed by photosynthesis while the tree was growing. In this way, equilibrium is achieved 
[1, 3, 7]. 

Based on certain kinetic parameters, the thermodynamic values of torrefaction of the 
isothermal biomass are calculated and analyzed. 
In applied thermodynamics, it has been found that geographical location can affect the energy 
characteristics of plant biomass [2, 6-7]. This can be useful in determining the 
thermodynamic and kinetic parameters and optimize pyrolytic processes in bioreactors. 
Therefore, the aim of the present study was to determine the thermodynamic and kinetic 
parameters of the biomass obtained from black pine (Pinus nigra Arn.). 

2 M
����
��
	�������� 

2.1 Materials 

The needles with thin twigs of black pine (P. nigra Arn.) growing in Bulgaria were used. The 
raw material was collected during the spring of 2020. The species has been identified in 
Agricultural University, Plovdiv. Before processing, the raw material was cut into particle 
size 1.5-2.5 cm. It was processed by hydrodistillation into a laboratory distillation. Ash, 
moisture and cellulose content were determined for the studied biomass [10].  

The infrared spectrum was recorded using a Nicolet iS 50 Thermo Scientific FT-IR 
spectrometer in the frequency region of 4000–400 �m–1, with the samples embedded in KBr 
matrixes.  

2.2 Elemental analysis 

Biomass was analyzed before and after hydrodistillation for the main components carbon 
(C), hydrogen (H), nitrogen (N) and sulfur (S) by elemental analysis using elemental analyzer 
Euro EA3000, Type (CHNSO). 

2.3 Calculations 

The upper heating value (HHV) was determined by the following equations [1, 11]: 

HHV � �33.5. C � 142.3. H � 15.4. O � 14.5. N�. 10��, 	
. ��� (1) 

and  

Q�� � Q�
� � ��.�

�

�� �
��

��� , KJ. kg
�� (2)
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where: � is the carbon content in the biomass, %; 
� is the hydrogen content in the biomass, %; 
� is the oxygen content in the biomass, %; 
N is the nitrogen content in the biomass, %, 
W is the moisture content in the biomass, %; 
��� is the lower operating heat of combustion, �J.kg-1 

��� is the upper operating heat of combustion, �J.kg-1 

and the low heating value (LHV) and the lower operating heat of combustion ���  are
calculated by the following equation [1-2]: 

LHV � HHV � 2.447. ��.���� . 9.011,MJ. kg
�       (3) 

and 

Q�
� � 339.39. C� � 1257. H� � 108.94�S� � O�� � 25. �9. H� �W��, KJ. kg� (4) 

The value of the fuel index is calculated, which is a parameter for classifying tree species 
as fuels. The value of the fuel index is calculated according to the following equation [2,12-
13]: 

 !" � ##$.%
&.�� , 	
. '(

�)       (5) 
where: ��V - upper heating value of the fuel (biomass), KJ.g-1; 

� is the biomass density, g.cm-3; 
A is the ash content in the fuel, %. 

The energy density of the fuel was calculated using black pine needles with a measured 
bulk density of 0.243 g.cm-3 and a mixture of black pine needles and branches with a 
measured bulk density of 0.297 g.cm-3, by the following equation [2, 12] :  

* � +-!. /,6
. '(�)     (6) 

or 

*� � 
):�� . +-!. /,6;<       (7) 

where: LHV lower heating value of fuel / biomass, KJ.g-1; 
� is the bulk density of the biomass, g.cm-3; 


):�� is the conversion factor from MJ to MWh. 
The thermodynamic parameters: Gibbs energy, enthalpy, and entropy are calculated 

according to the equations presented in [9, 14]: 

=> ��=- � =?. @      (8) 

A>� � ��BD	. E. @       (9) 

A- � �FG�– E. @         (10) 

FG� � �2,31. I�P. E. @      (11) 

where: �G is the  free energy of Gibbs, KJ.mol-1; 
�H is the enthalpy, KJ.mol-1; 
�S is the entropy, KJ.mol-1.K-1; 
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K is the equilibrium constant; 
R is the universal gas constant, KJ.mol-1.K-1; 
T is the absolute temperature, K; 
Ea is the activation energy, KJ.mol-1; 

	 is the slope determined from lnK vs 1/T . 
The kinetic parameters are also calculated - activation energy, process rate constant and 

biomass reaction order depending on moisture, ash and cellulose content, according to the 
Arrhenius equation from [9, 14]: 

� � R. T�
UX
Y.Z,�s  (12) 

where: k is the rate constant of the reaction, s; 
A is the Arrhenius constant. 

3 R��������	
�
�������	  

The infrared spectra of needles and twigs with needles are presented in Table. 1.�The analysis 
of FT-IR represented mainly strong vibrations of the components before and after treatment. 
The data demonstrated that all four samples had a characteristic absorption band for the H - 
bond in the OH group (bands 3421, 3432, 3420 and 3423 cm-1). It is also noteworthy that the 
fluctuation band of the conjugated double bond 
� = C for needles (1618 cm-1) and twigs 
with needles (1617 cm-1) before distillation was absent in the same samples after distillation. 
On the other hand, characteristic bands for cis - HRC = CR’H (alkene) appear in the samples 
after distillation for needles (1637 cm-1) and twigs with needles (1636 cm-1). These changes 
were probably due to the high temperature (100 °�), which influences the regrouping of the 
double bonds in the studied samples. 

Table 1. Infrared spectra 

Characteristic stripes (cm-1) Group type

Needles Twigs with 
needles 

Data from 
the directory 

before After before after 

3421 3432 3420 3423 3590 – 3420 
��  intramolecular � – bond 

2922 2924 2922 2925 2940 – 2915 
as –CH2– 

- 2361 2852 2362 3110 – 2362 
s –CH2– 

1735 - 1732 1735 1740 – 1720 R – CHO 
�=� characteristic band for 
aldehyde carbonyl group 

- - 1694 - 1740 – 1650 valence fluctuation of the 
�=� group 

- 1637 - 1636 1665 – 1635 characteristic band for cis - HRC = CR’H 

1618 - 1617 - 1625 – 1600 band of valence oscillation of the conjugated 
double bond 
�=�, flat with high intensity 
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1514 - 1514 1517 1525 – 1475 
a band with variable intensity characteristic 

of an aromatic nucleus, oscillations for 
 
�=� 

1450 - 1455 1458 1480 – 1450 linear –CH2– groups 

1377 1384 1384 1375 1385 – 1370 stripes corresponding to a structural fragment 
of type �(��3)2 

1264 - 1266 1262 1275 – 1200 
�–� type connection band (hydroxyl group) 

- - 1158 - 1175 – 1125 monosubstituted 1,3 �–� in the aromatic 
nucleus 

1035 1030 1035 1031 1070 – 1000 planar deformation oscillations 1,2,4 
substituted �–� in aromatic nucleus 

The data of the biomass content (before and after treatment) are presented in Fig. 1 and 
Fig. 2, as the biomass composition is recalculated to 100% of the total amount of raw material 
used. 
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Fig. 1. Ash, moisture and cellulose content in black pine needles 
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Fig 2. Content of ash, moisture and cellulose in needles and twigs of black pine 
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Table 2 shows the defined elemental composition of black pine biomass - needles and 
twigs with needles, before and after distillation. 

Table 2. Elemental composition of black pine biomass 

Sample C H N S O

Needles before distillation 51.44 ± 0.32 7.28 ± 0.24 1.55 ± 0.24 0.10 ± 0.02 27.17±0.72 

Needles after distillation 50.53 ± 0.30 7.58  ± 0.25 1.82 ± 0.29 0.10 ± 0.02 30.01±0.72 

Twigs with needles before 
distillation 53.21 ± 0.33 7.67 ± 0.27 1.35 ± 0.23 < 0.10 19.35±0.72 

Twigs with needles after 
distillation� 52.76± 0.38 7.48 ± 0.10 1.75 ± 0.20 < 0.10 27.29±071 

C - carbon content,%; H - hydrogen content,%; N - nitrogen content,%; S - sulfur content,%; O - oxygen 
content,%, The oxygen content is calculated based on the elemental analysis of the biomass, as the ash 
and moisture contents are predicted according to [11-12,15-17]. 

The oxygen content was calculated according to the presented studies for the elemental 
composition (in Table 2) and the basis of the elemental composition given up to 100% in [11-
12,15-17], taking into account the ash and moisture content. The obtained values of the 
elemental composition of biomass for black pine are approximately close to the composition 
of pinewood and sawdust reported by other authors [8, 18], stem, branches, needles, and tips 
of pine [6, 9-10]. Biomass contains cellulose, lignin and hemicellulose in different 
proportions depending on the type of plant parts (branches, tops, wood) and the plant age, as 
described in [15, 19]. The difference in the values of the tested components could be 
explained by the influence of the high temperature during distillation (100 °�), associated 
with the course of different chemical processes between the different functional groups of 
the compounds. 

The energy characteristics of black pine biomass for black pine needles and twigs were 
calculated before and after biomass distillation (Table 3). 

Table 3. Energy characteristics of black pine biomass 

Sample HHV, 
MJ.kg-1 

LHV, 
MJ.kg-

1 

[\
] , 

MJ.kg-1
[^
], 

MJ.kg-1 
E, 

MJ.cm-3 

FVI.10-3, 
kJ.cm-3 

Ed, 
kWh 

Needles before 
distillation 23.18 16.26 23.66 21.82 3.95 13.07 1.10 

Needles after 
distillation 22.82 18.04 23.42 21.54 4.38 19.39 1.22 

Twigs with needles 
before distillation 25.56 8.12 25.60 23.68 2.41 6.02 0.67 

Twigs with needles 
after distillation� 23.86 18.71 24.35 22.48 5.56 18.58 1.54 

HHV - upper heating value, MJ.kg-1; LHV - low heating value, MJ.kg-1; ����- upper operating heat of
combustion, MJ.kg-1; ��� - lower operating heat of combustion, MJ.kg-1; E - energy density, MJ.cm-3;
FVI - value of fuel index, kJ.cm-3; Ed - energy density, kWh.  

The data for the energy characteristics of the biomass from needles and twigs with black 
pine needles reported in a previous study were in the range of 16.75-16.88 kJ.kg-1 [10]. Many 
authors have studied the energy values of different types of pine and different parts of pine 
wood (needles, branches, bark, tree part, and cones) [2, 12-14, 16-17, 20]. The values for the 
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upper heat of combustion were in agreement with those reported in this study, regardless of 
the equation used for its calculation. There is a difference in calculating the lower heat of 
combustion, depending on the equation used.  

The energy density of wood is a characteristic that gives an indication of the biomass’ 
storage and transport. According to [15], high destiny and high LHV values have more energy 
per unit volume. Pelletizing significantly increases the energy density, which in turn reduces 
storage needs. The energy density with the other characteristics of the wood and the 
installation, in which it will be processes, will be influenced mainly by the equipment and its 
compaction, which therefore will determine the produced pellets’ bulk density [2]. 

The fuel index is a parameter for assessing the quality of wood biomass. The increasing 
of the fuel index leads to the better biomass's fuel quality [15]. The fuel index value is 
regarded as a standard parameter for identifying suitable tree species for firewood production 
[15, 21-22]. 

According to [9], as the ash content in the biomass increases, the value of the fuel index 
and its energy density decreases. Energy density is an indicator used in the storage and 
transport of biomass [15]. 

Table 4 presents the thermodynamic parameters of black pine biomass for needles and 
twigs after a distillation process. 

Table 4. Thermodynamic parameters of black pine biomass 

Sample Content, % t, s �G, 
kJ.mol-1

�S, 
kJ.mol-1.K-1

�H, 
kJ.mol-1 k.103, s

Black pine 
needles 

Moisture 7.17 10800 -5929.57 -35.04 7144.76 0.29 

Ash 2.86 10800 -2107.31 -24.80 7144.76 0.40 

Cellulose 29.24 10800 -5014.39 -32.59 7144.76 1.61 

Black pine 
twigs and 
needles 

Moisture 7.55 10800 -8339.94 -41.50 7144.76 0.14 

Ash 3.12 10800 2590.04 -12.21 7144.76 2.00 

Cellulose 26.16 10800 -8279.01 -41.33 7144.76 0.50 

 t - duration of process, s; �G - the free energy of Gibbs, kJ.mol-1; �S - the entropy, kJ.mol-1.K-1; �H - 
the enthalpy, kJ.mol-1; k - the rate constant, s. 

From the representation of values of thermodynamic parameters, it could be concluded 
that the distillation process was stable and proceeded irreversibly and spontaneously. The 
negative values of entropy confirmed that the process is irreversible and spontaneous. The 
enthalpy obtained in distillation from biomass of needles and twigs of black pine was equal 
in value to the activating energy with the opposite sign. The positive values obtained for 
enthalpy indicated an endothermic process, i.e., in order to carry out the process, introduction 
of heat was required. The value obtained for the activating energy is Ea = -7144.76 kJ.mol-1, 
which means that it is necessary to introduce heat during the distillation process in order to 
carry out this process. The order of the reaction was determined by the differential method; 
the reaction was of zero-order, the values of the calculated rate constants were given in the 
Table 4. 
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4 C�	������	 
The ash, moisture, and cellulose contents of black pine samples (needles and branches with 
needles) were determined in this study. Elemental analysis of the combustible elements has 
been made. The upper and lower combustion thickness, fuel index, and energy density of the 
considered samples were calculated. Thermodynamic parameters (gypsum energy, enthalpy, 
and entropy energy) and kinetic parameters (activating energy, rate constant, and reaction 
order) were also calculated. From the representation of values of thermodynamic parameters, 
it could be concluded that the distillation process was stable and proceeded irreversibly and 
spontaneously. The negative values of entropy confirmed that the process is irreversible and 
spontaneous. The enthalpy obtained in distillation from biomass of needles and twigs of black 
pine was equal in value to the activating energy with the opposite sign. The positive values 
obtained for enthalpy indicated an endothermic process, i.e., in order to carry out the process, 
introduction of heat was required. The value obtained for the activating energy is Ea = -
7144.76 kJ.mol-1, which means that it is necessary to introduce heat during the distillation 
process in order to carry out this process. The order of the reaction was determined by the 
differential method; the reaction was of zero-order. 

The authors acknowledge the support by the National Science Fund of Bulgaria, project No �P-06- 
H36/14. 
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Investigating the kinetics at low temperature heat 
pump drying and conventional drying of osmotic 
dehydrated blueberries 
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Abstract. The possibilities for low-temperature heat pump and 
conventional drying of blueberries during preliminary osmotic dehydration 
was studied. A full factor experiment of type 22+3 was performed. The 
kinetics of the process during variation of the main mode parameters: inlet 
temperature and thickness of the drying layer (load on the scaffolding) was 
studied. The curves of the drying process U = f (τ) and the curves of the 
drying speed dU / dτ = f (U) were constructed. The influence of the regime 
parameters on the drying time was established. Regression models of the 
drying coefficient during the second period of drying were presented. 

1 Introduction 
The fruits of the blueberry family (Vacciniaceae) which in Bulgaria are presented by bilberry 
(V. myrtillus L), blueberry (V. uliginosum), cranberry (V. Vitis - idaea) and Caucasian bilberry 
(V. Аrctostaphylos). Their dry substance content varies in the range from 12 to 18 %. 
Depending on the type and degrees of maturity, the amount of carbohydrates in blueberries 
is about 15 %, of which reducing sugars predominate (about 10 %), and the fiber content can 
reach 0,9 %. The detected concentration of total organic acids is from 0,5 to 1,7 mg/100 g. 
Polyunsaturated fats (0,15 g/100g) predominate. The ash content of blueberries varies from 
0,19 to 0,24 % [1]. 

Blueberries are a source of biologically active substances, such as phenolic compounds, 
tannins, stilbenes, flavonoids, anthocyanins, vitamin A and calcium, which have a positive 
effect on human health and have protective properties against diseases such as memory loss, 
cancer, heart disease, urinary tract infections, impaired vision and cell aging [2]. 
 
*corresponding author: h_geo@mail.bg 
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About 90 percent of the world’s blueberry production is in North America, with more 
than 42000 tons produced annually, according to the United Nations Food and Agricultural 
Organization. 

About 50 % of all blueberries produced are available on the market fresh, with a shelf life 
of 2 to 3 weeks. Based on research and implemented industrial practices, drying and osmotic 
dehydration have been found to be effective ways to ensure the consumption of blueberries 
out of season [3]. When using osmotic dehydration, a large part of the water is released 
without causing changes in the phases, including a cost-effective ingredient (sugar) in an 
expensive fruit, which increases the weight of the product. 
Various methods have been used to preserve freshly and osmotically dehydrated blueberries 
to a state of stable low moisture content. 

The drying of fresh, frozen or osmotically dried blueberries has been studied, but 
nevertheless the main task before preserving these fruits is to determine technological 
solutions, through which to preserve the most heat-sensitive biologically active substances 
and the color of the final product [4]. 

The main goal of the present investigation is to study the drying kinetics of low 
temperature heat pump and conventional drying of osmotically dehydrated blueberries. 

2 MATERIALS AND METHODS 

2.1. Materials 

Pre-osmotically dehydrated blueberries were used. 

2.2. Methods 

2.2.1. Determination of dry substance content 

A weighting method was used to determine the dry substance content. 

2.2.2. Investigation of drying kinetics of pre-osmotically dehydrated blueberries 

The curve of drying process is constructed - Uc=f(), after which the drying speed curve is 

derived from it - =f(Uc) and ln 𝑈 𝑈 𝑓 𝜏  [5], where:  U –moisture content, kg 

H2O/kg dry substance;  - drying time, min. 
The speed coefficient of the drying process is determined by the equation of the drying 
process curve: 

     ( )
cdU c cK U Uc pd

   ,                            (1) 

𝑈 – equilibrium moisture content, %; 
𝑈 - current moisture content, %; 
Кс – speed coefficient of the drying process, min-1. 

2.2.3. Planning of experiment 

A full factorial experiment (ANOVA) of the type 22 with three replicates in the center of 
experiment was used. The response surface method was applied to determine the influence 
of the independent variables [6,7]. 
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3 Results and discussion 

3.1. Matrix for conducting the experiment and results of the conducted 
researches 

After preliminary studies, the main independent variables influencing the kinetics of the 
drying process are determined: 

- The temperature of the drying agent – t, oC; 
- Thickness of the drying layer (load on the scaffolding) - σ, kg/m2. 

The levels of variation of the independent variables for the two types of drying are 
presented in table 1. 

Table 1. Variation levels and names of the independent variables in heat pump and conventional 
drying of osmotically dehydrated blueberries 

 heat pump conventional 
Variables t, 0C σ, kg/m2 t, 0C σ, kg/m2 

High level, zj
h
(xi

h
) 50 15 70 15 

Low level, zi 
h
(xi

l
) 40 5 50 5 

Center of the plan, zj
o

(хj
o) 45 10 60 10 

Interval of variation, zj 5 5 10 5 

 

Table 2. Plan of the experiment (Anova 22+3)     

Drying Heat pump  Conventional 

№ 
Х1 (t, 0C) Х2 (σ, kg/m2) t, 0C σ, kg/m2 t, 0C σ, kg/m2 

coded natural natural 

1. - - 40 5 50 5 

2. + - 50 5 70 5 

3. - + 40 15 50 15 
4. + + 50 15 70 15 
5. 0 0 45 10 60 10 
6. 0 0 45 10 60 10 
7. 0 0 45 10 60 10 

 

3.2. Kinetics of the drying process of osmotically dehydrated blueberries 
under different technological regimes of drying 

Figures 1 a and b show the drying curves – U=f () in two methods – low temperature heat 
pump and conventional drying of osmotically dehydrated blueberries. Depending on the 
temperature of the drying agent and the load on the scaffolding, the time for conventional 
drying varies from 8 to 15 hours, and for low-temperature heat pump drying from 4 to 6 
hours. It is noteworthy that the time to reach equilibrium humidity in conventional drying is 
about twice as long as the heat pump. 

When analyzing the graphs, the absence of the first period (period of constant drying 
speed) is noticed. For all curves obtained, a period of reduction of the drying speed is 
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reported. The nature of the drying curves during this period depends on the composition, 
structure and size of the product, as well as on the form of binding of the water in it. 

Figures 2 a and b show the drying rate curves (  = f(Uc)) by two methods – low 

temperature heat pump and conventional drying of osmotically dehydrated blueberries. They 
express the drying speed as a function of the moisture content of the product. Analysis of the 
drying speed curves shows that the above mentioned trends are observed. Impressive are the 
lack of a period of constant drying speed and the presence of a period of decreasing drying 
speed. The experimentally obtained results for heat and mass transfer, presented by drying 
speed curves, are comparable to those of [8] in convective drying of osmotically dehydrated 
pieces of papaya. 

а) conventional drying b) heat pump drying 
 
Fig. 1. Drying curves of osmotically dehydrated blueberries 
 

 
а) conventional drying 

 
b) heat pump drying 

 
Fig. 2 Drying curves of osmotic dehydrated blueberries 
  

In figures 2 a and b, the presence of a second critical point can be established in all 
variants of the experiment. This is characteristic of this part of the curves in capillary-porous 
colloidal bodies. In this case, two sub periods stand out: a sub period of uniform decelaration 
and a sub period of non-uniform deceleration. They can be used to judge the nature of 
evaporation of the bound water in material. The explanation for this fact can be found in the 
complex nature of the structure of the solid skeleton of the product, the ratio of different 
forms of bound moisture, the mechanism of its transfer, as well as the pretreatment of the 
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product (osmotic dehydration). Figure 3 show the response surfaces of the obtained 
regression equations of the speed drying coefficients. 

 
Fig. 3. Speed drying coefficients 

 
Kt.104 = -255.6 + 8.6*t + 18.5* σ  - 0.52*t* σ  , min-1     R2 = 97 %                (2) 
Kk.104 = 71.0 + 0.4*t - 4.4* σ + 0.02*t* σ        , min-1     R2 = 94%                (3) 

 
In both drying methods, the maximum values of the drying coefficients are obtained at 

variant №2 (table 2). The maximum value for heat pump drying  Kt=0,138, min-1 is about 
twice as high as the convective speed drying coefficient Kk=0,075, min-1. 

4 Conclusion 

A combined drying method with pre-osmotic treatment is applied, as a result of which the 
free moisture is released. As a result of the osmotic treatment dried blueberries in both 
methods have an increased sugar content. This allows the dried blueberries to have a higher 
moisture content with a water activity lower than 0,6. This guaranties the safety of the final 
product, as well as its better organoleptic properties. The time to reach equilibrium humidity 
in conventional drying of osmotically dehydrated blueberries is about twice as long (8 to 15 
hours) compared to the heat pump drying (4 to 6 hours). Absence of a constant drying speed 
and presence of a period of decreasing drying speed was reported. A second critical point 
was also found during this second drying period, and two sub periods were reported: a sub 
period of uniform deceleration and a sub period of non-uniform deceleration. 
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Optimization of the distance between the rows 
in solar collectors’ arrays 

Merima Zlateva�*

�Technical University ���Sofia, Department of Heating and Refrigeration Engineering, 1000 Sofia,�
Bulgaria 

Abstract. The article presents some results of the analysis of the influence 
of the distance between the collectors’ rows in thermal solar systems on the 
degree of self-shading. For the purposes of the study, the dimensionless 
ratio Ks between the required minimum distance between the rows, 
guaranteeing the absence of self-shading, and the height of the collectors, 
was used. A simulation study was performed for specific climatic 
conditions and the annual solar radiation incident on the collectors’ array at 
different degrees of self-shading was determined. Its annual financial 
equivalent for various alternative heat sources (electricity, natural gas, 
wood pellets, district heating and gas oil) was assessed, as well as the 
necessary investment costs for construction of the solar system. A 
regression relationship between the coefficient of net present value NPVQ 
and Ks was derived and its optimal values were established, which ensure 
the achievement of maximum economic efficiency of the system operation 
for the considered replaced heat sources.  

1 Introduction 
Solar energy is utilized via thermal [1] and photovoltaic solar systems. In solar systems 
designed to provide large capacities it is necessary to divide the collector’s array in more 
than one row. Often in such cases, the available surface on the building roof or the ground 
is limited and shading between the rows is inevitable. In such circumstances, determining 
the degree of self-shading of all rows behind the first one is a prerequisite for correct 
assessment of the solar radiation incident on the array. This applies to both thermal and 
photovoltaic solar systems [2]. 

In [3] is presented a mathematical optimization procedure for thermal solar systems, 
used to obtain the field and collectors’ design parameters (number of rows, distance 
between collector rows, collector height, and collector inclination angle). The aim of the 
optimisation procedure is to minimize the periodic cost of a solar plant, producing a given 
amount of annual energy, and the unit cost of energy. The optimal deployment of the 
collectors is presented as a function of daily energy demand, with the cost of land and 
collector efficiency as parameters. 

* Corresponding author: mzlat@tu-sofia.bg
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The degree of self-shading depends on the distance between the rows R , the height of 
the collectors L , their slope angle to the horizon � , the latitude �  and the position of the 
sun, defined by the solar altitude s�   and azimuth  s�  angles (Fig. 1). According to data
from various sources, e.g. [3, 4], the length of the rows does not have a noticeable effect on 
the solar radiation falling on the collectors’ array, which is confirmed by the author's 
research, carried out with the simulation software Transol [5]. 

2 Theoretical considerations 
The parameters characterizing the mutual position of two adjacent collectors’ rows and 
necessary for estimating the degree of self-shading for southern orientation are shown in 
Fig. 1. To ensure maximum irradiation of the surface at a certain solar attitude, the angle �  
between the horizon and the line connecting the upper and lower edges of two successive 
collectors’ rows have to meet the following condition: 

s�� �  (1) 

The solar altitude s�  is determined by the ratio of the lengths of the sides of the
triangles in Fig. 1 end expressed by (2): 

1
s bhtg �	
�  (2) 

Where b and h are the projections on the horizontal and vertical surfaces of the line 
connecting the upper and lower edges of the successive collectors’ rows. 

For distance between the rows R=a+b and collector height L, the following 
trigonometric dependences are valid: 

�� sinLh
L
hsin 	
�
  (3) 

��� cosLRbcosLbR
L

bR
L
acos 	�
�	
��

�


      (4) 

Fig 1. Shading of south-facing collectors’ rows. 

After substituting (3), (4) and (2) in (1), the condition of absence of self-shading of two 
consecutive rows can be presented with (5) and is reduced to determining the minimum 
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allowable value of R , expressed as a linear function of the height of the collectors L, the 
angle �   and the tangent of the angle  � sf �� 
 :

��
�

�
��
�

�
�	�

νtg
βsinβcosLR  (5) 

In [6] the dimensionless criterion � τKs  is defined as a function of time� :

�  �  1min
1s LRK �	
 ��  (6) 

The criterion � �sK  is interpreted as a coefficient of proportionality between the

required minimum distance between the rows of the collectors’ array � τRmin
1  , ensuring the 

absence of self-shading and the height of the collectors L. For � �sK  the author has derived
a generalized functional dependence on the type: 

� 
constm

cb
s a,K



		
 ����  (7) 

Where m is the month of the year; a, b and c are constants the monthly values of which 
depend on the latitude � and the angle � . 

The geographical location of Bulgaria, with a relatively small range of variation of � ,
does allow simplification of dependence (7) and its representation as a function only of the 

angle � . In Fig. 2 is shown the change of the parameter sK  for the months from
November to February, for values of the angle of inclination of the collectors in the 
range oo 4520 �
� . The graph is constructed using (7) for the medium latitude of 
Bulgaria with relative error %,51�

Fig. 2. Coefficient of proportionality � �sK .

The fulfillment of (8) for the month of December, during which the solar altitude angle 
has minimum values, is a condition for year-round prevention of self-shading of the 
collectors’ rows: 

� βKLR s
min 	�1 (8)
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The decrease in the ratio sK  causes an increase in the shading which has a significant
effect mainly on the direct solar radiation, as its maximum instantaneous values are in the 
hours immediately after sunrise and before sunset during the winter, when the intensity of 
the solar radiation is low. However, with a certain area available for the collectors’ array, 

the reduction of sK  allows the placement of a larger number of collectors’ rows and an
increase of the annual solar radiation, despite the negative effect of self-shading. This gives 
reason for different authors, e. g. [3], to look for the optimal distance between the 
collectors’ rows based on energy and economic criteria. 

3 Optimal distance between the rows in solar collectors’ arrays 
The annual solar radiation falling on a collectors’ array at different degrees of self-shading 
is determined with the help of the software Transol [5] for the climatic conditions of the 
city of Varna. An array with 8 flat-plate collectors is considered as a reference. The 
collectors’ parameters are as follows: height m07,2L 
 , width m0,1B 
 , optical efficiency 

82,00 
� and heat loss coefficient 65,3a0 
 , slope angle o43
� . To avoid shading, it is 

necessary to fulfil the condition 4Ks 
   and the required area of the terrain 

is 2
4K,ca m,2,39A

s




�
. 

As an alternative, collectors’ arrays with a different degree of self-shading are 
considered, for which the condition is fulfilled 

4K,cavarK,ca ss
AA




�  (

varK,ca s
A



 - 

surface of the terrain occupied by the alternative collectors’ arrays). 
The annual solar radiation on the collectors’ array a/MWh,H a,sh  with 
� �4;5.2;2;5.1;1Ks 
 is shown on Fig.3. The annual financial equivalent of the incident solar 

radiation, determined for different alternative heat sources � sKfB 
 , taking into account
the efficiency of the system, is shown in Fig. 4. 

The results presented in Fig. 4 are obtained according to the typical prices of the 
replaced energy sources [8]. The equivalent annualized value � sa KI  of the investment
costs for the solar system is also shown. 

Fig. 3. Annual solar energy conversed by the collector array. 
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The presented dependencies � sKfB 
  and � sa KI  clearly illustrate the different rates
of change of each. This allows to formulate the hypothesis that there is an optimal value of 
the criterion "net present value ratio", defined by (9) and showing the net income from the 
operation of the system for an investment of BGN 1. 

� �

sKI

NPVNPVQ  (9) 

Where � 
a

n
I

r
r11BNPV �

��



�
  is the net present value, BGN; 

B - financial equivalent of the energy recovered by the solar system, BGN; 
aI - annuitizes investment costs, BGN; 

n – time period of the analysis; 

r – discount rate. 

Fig. 4. Benefit and annual investment cost for the solar system. 

The net present value ratio for the different types of substitute heat sources at values of 

sK in the range � �41�
�sK  is shown in Fig. 5. The obtained regression dependencies 

� �
 sKfNPVQ were studied in order to find the optimal values of the ratio opt,sK at which 

the maximum value of � sKfNPVQ 
 is achieved. 
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Fig. 5. Net present value ratio depending on the factor sK .

The functional dependences � sKfNPVQ 
 are summarized in Table 1. The table also

shows the values of the ratio opt,sK . 

Table 1. Functional dependence and optimal values of � sKfNPVQ 
 . 

Functional dependence NPVQmax opt,sK

Electricity 84,3K79,0K16,0NPVQ s
2
s �	�	�
 6,03 2,5 

Gas oil 06,3K66,0K14,0NPVQ s
2
s �	�	�
 4,85 2,4 

District heating 57,1K42,0K09,0NPVQ s
2
s �	�	�
 2,70 2,3 

Natural gas, pellets 43,1K40,0K08,0NPVQ s
2
s �	�	�
 2,54 2,5 

� Conclusions 
The study shows that with the accepted financial parameters and prices of the replaced 
energy sources, the functional dependencies � �
 sKfNPVQ are approximated with a high 

degree of accuracy (multiple correlation coefficients 97,0R2 
 ) by second degree
polynomials. 

In the studied range of change of the ratio � �41Ks �
 , the net present value
ratio 1NPVQ � , which guarantees the efficiency of the financial resources invested for the 
construction of the system. For the considered energy sources, its maximum values are 

achieved at 5,2K opt,s 
 for electricity, natural gas and pellets; 4,2K opt,s 
 for gas oil and 

3,2K opt,s 
 in case of energy from district heating.

Despite the small range of values of opt,sK , the maximum values of the net present 

value ratio maxNPVQ  vary considerably: 6.03 for electricity; 4.85 for gas oil; 2.7 for 
district heating and 2.54 for natural gas and pellets.  
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For the efficient operation of thermal solar systems, it is necessary, right at the design 
stage, to determine correctly the degree of shading of the collectors’ array. The optimal 
distance between the rows must be determined on the basis of energy and economic criteria, 
taking into account the specific financial conditions. 
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Abstract. In this article, a simulation and evaluation of the mechanical 
stress exerted by the wind on photovoltaic panels is performed. The 
stresses of the solar cells in a PV module are calculated using the finite 
element method, taking into account the wind pressure and the allowable 
mechanical stresses, according to the regulatory requirements. Seven 
different operating positions of the photovoltaic panel during its rotation 
from 0° to 90° are considered. In each of these positions, a distributed load 
for computer simulations is 1 kN/m2. It is clear from them that for all 
operating positions of the panel, the maximum stresses are obtained in its 
frame. These stresses in different cases vary around the value of 50 MPa 
and are not dangerous for the structure. 

1 Introduction 

In order to achieve Bulgaria's national target for the share of energy from renewable 
sources in gross final energy consumption by 2030, it is set that 30.33% of electricity 
should be produced from renewable energy sources (RES). This corresponds to an 
increasing trend of 0.55 - 1.24 percentage points per year [1]. In this regard, a number of 
normative documents have been adopted, which support the faster and wider introduction 
of RES at national and regional level. On the other hand, it is known that in Bulgaria there 
are favorable conditions for electricity production using the photovoltaic system (PVS). 
Thus, a number of researchers have focused their efforts on improving their efficiency and 
improving the quality of electricity [2, 3, 4, 5]. The introduction of these new technologies 
leads to a number of problems related to customer relationships, facility and utility 
management, surge protection, etc. [6, 7, 8]. However, one of the main problems is the 
mechanical sizing depending on the method of installation of PVS. For example, 
installation on the roofs of industrial buildings. But this increases the risk of leaks, and 
photovoltaic panels must withstand the high wind forces that act on them. There is also a 
wind load in the ground stationary and monitoring systems.  

Damage to photovoltaic systems can be divided into electrical and mechanical damage 
[9]. In turn, mechanical damage occurs under the influence of climatic factors, defects in 
production and installation, and force majeure circumstances. The greatest influences of 
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climatic factors have the load of wind and snow, temperature, hail and ultraviolet rays [10, 
11, 12]. The analysis shows for the load from wind and snow that the structures on a 
sloping roof have with relatively the least load, and the structures on a flat roof - with the 
highest (due to the height of the building). Higher mechanical loads are observed in open 
terrains and in PVS with a larger area of the modules. Therefore, different methods are 
applied to study PVS using modeling and simulation [13, 14, 15, 16]. All of them are based 
on the data accumulated during the operation of PVS [17]. All this saves time and costs, 
and helps designers to find appropriate technical solutions in the construction and operation 
of PVS. 

2 Material and methods 

The main elements of the task for the manufacture of a metal structure for mounting 
photovoltaic modules are: 

 Overall dimensions: 
 length - 1245 mm;  
 width - 635 mm;  
 thickness - 7 mm; 
 weight - 12 kg. 

 Construction to allow easy installation and maintenance; 
 Convenient and easy connection of measuring instruments; 
 Ergonomically designed and meeting the conditions for safe work and system; 
 Resistance to snow and wind loads; 
 Corrosion resistance; 

The modules are from Solarpro Holding AD [18]. 
The construction consists of two stands connected to each other by a pipe to which the 

panel frame is welded. The schematic diagram of the respective structure and its overall 
dimensions are shown in Fig.1. 

 

Fig. 1. Schematic diagram of the structure. 

The structural elements used for the construction of this structure are shown in Fig. 2. . 
A square tube with a cross section of 20x20x2 mm was used for the stands (Fig. 2,1). The 
solar panel with dimensions is attached to a frame made of L-shaped profiles with a cross 
section of 20x20x3 mm (Fig. 2,2). The frame is reinforced in the middle by a pipe with a 
diameter Ф21,3 mm (Fig. 2,3), mounted at both ends to the stand. 

2.1. Mechanical load on the structure 
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The predominant force acting on the supporting structure of the solar panel is wind. It is 
determined in accordance with Ordinance № 3 of 21 July 2004 on the basic provisions for 
the design of construction structures and the impacts on them [19]. The load from the own 
weight of the structure and the panel is not taken into account, as it is negligible compared 
to the wind load. 

 

Fig. 2. Structural elements. 

According to the Ordinance, the wind load on buildings and facilities is defined as the 
sum of its average (so-called static) and pulsation component. The normative value of the 
static component of the wind load 𝑊 , в kN/m2 at height 𝑧 above the terrain is calculated by 
the formula:  

𝑊 𝑊 . 𝑘 . 𝑐. 𝛾 , (1) 
where 𝑊  is the normative value of the pressure (speed) of the wind. For the region of 

Ruse 𝑊 0.5 kN/m2; 
𝑘  - the coefficient by which the change in pressure in height is taken into account. 

The value of the coefficient for buildings up to 10 m е 1; 
𝑐 - the aerodynamic coefficient. For free-standing flat solid wall constructions𝑐

0.8  ;  
𝛾  - the private impact factor (𝛾 1.4 for wind loads. 

After taking into account all the coefficients, the value of the static component of the 
wind load is obtained: 

𝑊 0,5.1.0,8.1,4 0,56 kN/m2. (2) 
The normative value of the pulsation component of the wind load 𝑊  at height 𝑧 is 

determined by: 
𝑊 𝑊 . 𝜁. 𝜈, (3) 

where 𝑊  is the static component of the wind load (𝑊 0,56 ; 
𝜁 - the coefficient for pulsation of the wind pressure at height 𝑧. It assumes a value 

of 0.76 for buildings up to 10 m high; 
v - coefficient for spatial correlation of wind pressure pulsations, v = 0,89. 

After taking into account all the coefficients, for the value the component of the wind 
load is obtained: 

𝑊 0,56.0,76.0,89  0,38 , kN/m2, (4) 
and for the total wind load: 

𝑊 𝑊 𝑊 0,56 0,38 0,94 kN/m2. (5) 
When performing computer simulations, the wind load is rounded to 1 kN/m2. 
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2.2. Stimulation investigation 

Seven different operating positions of the photovoltaic panel during its rotation from 0° to 
90° are considered. In each of these positions, a distributed load 𝑞 with an intensity of 1 
kN/m2. is normally applied to the surface of the panel. The positions for which a strength 
check of the model has been performed are shown in Fig. 3. To fasten the model, a clamp is 
accepted at the lower end of the stands. 

 

Fig. 3. Diagram of the seven operating positions of the photovoltaic panel 

The geometric model shown in Fig. 1, is built of profiles (Fig. 2) and a surface 
recreating the solar panel. Steel ВСтЗкп was chosen for the profiles (Table. 1.). 

Table 1. Technical characteristics of used steel. 

Features Designation Units Value 
Density Р kg/cm3 7850 
Modulus of elasticity Е MPa 2,06.105 
Poisson's ratio Р — 0,3 
Angular deformation modulus G MPa 0,79.105 
Normative resistance of tensile strength Run MPa 370 
Calculated tensile, compressive and bending resistance 
from Run 

Ru MPa 335 

Normative resistance to tension, pressure and bending 
from the city of traction 

Ryn MPa 225 

Calculated tensile, compressive and bending resistance 
from Ryn 

Ry MPa 205 

The stimulation task is solved using the finite element method (FEM). For this purpose, 
a three-dimensional model was built in the SolidWorks program (Fig. 4), which was 
subsequently analyzed using the COSMOSWorks application. The SolidWorks Office 
Premium package is used to solve the task [15]. 
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Fig. 4. Three-dimensional model of the experimental circuit with the photovoltaic module 

For the surface representing the glass panel, standard material from the COSMOS 
Works library built into the program was used. It has a modulus of elasticity  
𝐸 = 6,89.104 МРа and a Poisson's ratio 𝜇 = 0,23. The aim of the task is to study the load-
bearing capacity of the structure. The surface of the photovoltaic panel is created in the 
model to transmit the load on the frame. In this regard, the strength of the protective surface 
glass of the panel is not considered. In solving the problem, it is assumed that all 
components of the structure are fixedly connected to each other. The whole structure is 
fixed by tightening the lower ends of the stands (Fig. 5). A wind load is applied to the 
model, applied to the surface of the panel as a distributed load with an intensity of 1 kN/m2.. 
In Fig. 5. the applied load and the fastening of the model are shown. The places where the 
structure will be attached to pre-cast concrete "steps" in the ground are shown with a fixed 
clamp. The metal rods will be attached to them with anchor bolts, three per step, with 
dimensions. This will ensure that the structure does not react to lifting forces. Wind forces 
will act on the panels. Since they will be located at a not very high height from the ground, 
the lifting forces will not be so great. There will be no large side load. Only wind blowing 
against the panels would create pressure on the entire structure. 

 

Fig. 5. Applied load and attachment of the model. 

The network of finite elements needed to solve the task is created automatically by the 
COSMOSWorks program after the type of elements and their size are selected. A mixed 
network of beam and shell finite elements has been created. In this case, two-node beam 
end elements were used to represent the beams. Each two-node beam element has six 
degrees of freedom in each node: three translations and three rotations. At the discretization 
of the glass surface, triangular shell elements of the second row were used. Each triangular 
element in the second row has six knots: three knots in its vertices and three knots in the 
middle of its sides. When solving the problem, the nominal size of the element is set to 20 
mm. The resulting network of finite elements is shown in Fig. 6. 
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Fig. 6. Created network of finite elements. 

The calculations are done for one panel. 
It is obvious that when expressing the cutting forces, the triangular part of the structure, 

as well as the base, is loaded with pressure (Fig. 7.).  

 

Fig. 7. Pressure load. 

The force with which the structure is loaded is: 
 force from the weight of the panel 𝐹1 𝑚. 𝑔 17.9,81 167 N;  
 force generated by the wind 𝐹2 140. 𝑆. 𝑔 140.1,27.9,81 1750 N; 
 total strength 𝐹 𝐹1 𝐹2 1917 N. 

A x-y coordinate system is introduced, according to which the normal cutting forces will 
be decomposed (Fig. 8.) 

 

Fig. 8. Shear forces. 

The following equations are solved to calculate the stresses in the structure: 
∑ 𝑥 0; ∑ 𝑦 0;   
𝑁 𝑠𝑖𝑛40°-𝑁 𝑠𝑖𝑛40°= 0, ⟹ 𝑁 𝑁 .; (6) 
𝑁 𝑠𝑖𝑛40°-𝑁 𝑠𝑖𝑛40° 𝐹= 0, ⟹ 𝑁 1438 N. 

The normal shear force has a negative sign, which indicates that the structure is under 
pressure. 

In the cross-section of the structure acting only normal voltages 𝜎  , which are evenly 
spaced and have a value: 

𝜎
 

,
6225 Pa. (7) 

Checking the stresses in the bars (square tubes) at the allowable stress 𝜎  is performed 
using the strength condition: 
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𝜎 80 MPa (8) 

where 𝜎  is the allowable stress for the material is equal to 240МРа; 
𝑛 - the coefficient of security. The selected value is 3. 

The condition is 𝜎 𝜎 , 𝑜𝑟 6225 80. 10  Pa. 
The large difference in allowable stresses indicates that the structure will withstand 

compressive forces much greater than anticipated. 
Determination of support reactions (Fig. 9). 

 

Fig. 9. Support reactions of the experimental model 

To find the reference reactions Au, Av and Bv respectively on the entered 𝑥 𝑧, 
coordinate axes, the following equations are solved: 

∑ 𝑥 0; 
𝐴𝑢 𝑁𝑢 𝑁𝑢 𝑁𝑢 0; 
𝐴𝑢 𝑁 . 𝑐𝑜𝑠50° 𝑁 . 𝑐𝑜𝑠50° 𝑁 . 𝑐𝑜𝑠50° 0; (9) 
𝐴𝑢 𝑁 . 𝑐𝑜𝑠50° 925 N. 
 
∑ 𝑀 0; 

1,8. 𝐴𝑣 1,8. 𝑁𝑣 1,2. 𝑁𝑣 0,28. 𝑁𝑣 0; 
1,8. 𝐴𝑣 1,8. 𝑐𝑜𝑠40°𝑁 1,2. 𝑐𝑜𝑠40°𝑁 0,28. 𝑐𝑜𝑠40°𝑁 0; (10) 

𝐴𝑣 3478 N. 
 
∑ 𝑀 0; 
1,8. 𝐵𝑣 1,5. 𝑁𝑣 0,554. 𝑁𝑣 0; 
1,8. 𝐵𝑣 1,5. 𝑐𝑜𝑠40°𝑁 0,554. 𝑐𝑜𝑠40°𝑁 0; (11) 
𝐵𝑣 1258 N. 

The diagrams of the cutting forces are constructed on axes parallel to the geometric axis 
of the beam (Fig. 10.). It is clear from the diagram that there are no strong jumps in the 
concentrated forces and moments. 

 

Fig. 10. Diagram of shear forces 
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The inclination of the photovoltaic panel is done by a lever mechanism driven by an 
electric motor for a satellite dish. The maximum angle of rotation of the panels is from 0° to 
90°. The main parameters of the drive mechanism are: maximum stroke: 53 cm; static load:  
450 kg; dynamic load: 250 kg; speed of movement: 5.6 mm/s ; supply voltage: 36 V (Fig. 
11). 

 

Fig. 11. Kinematic diagram for determining the loads on the drive motor. 

We know that the force of gravity of the panel (𝑁 in the figure) amounts to 167 N. To 
find the force 𝑁 , at an inclination in the rendered direction, the following equation is 
solved: 

𝑁
° ,

410 N. (12) 

It can be seen that the force 𝑁  is transmitted to the lower part of the structure by means 
of the lever. Again, by solving equation, we find the force 𝑁 , which acts directly on the 
engine: 

𝑁 𝑁 𝑐𝑜𝑠24° 374 N = 37 kg. (13) 
Therefore, under both static and dynamic loads, the motor will withstand the load. 

3 Results and Discussion 

Finite element strength (FEM) strength analysis was also performed for seven operating 
positions of the solar panel (from 0° to 90° with a step of 15°). The results obtained for 
each of the cases are presented in graphical form in Fig. 12. 

  
slope panel 0° slope panel 15° 
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slope panel 30° slope panel 45 
  

 

  
slope panel 60° slope panel 75° 
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slope panel 90° 

Fig. 12. Displacements and maximum stresses in the beams at different slopes of panel. 

The results obtained for each of the cases are presented in graphical form in Figure 12. 
It is clear from them that for all operating positions of the panel, the maximum stresses are 
obtained in its frame. These stresses in different cases vary around the value of 50 MPa and 
are not dangerous for the structure. The maximum stresses for each of the considered cases 
are presented in a Table 2. 

Table 2. Maximum stresses obtained for operating positions from 0° to 90° 

Working position 0° 15° 30° 45° 60° 75° 90° 
Maximum mechanical stress (MPa) 50,9 50,7 49,9 52,6 52,7 49,7 48,6 

The analysis of the obtained results shows that the greatest load is in the middle area of 
the photovoltaic panel. It has a maximum at a perpendicular position of the panel relative to 
the wind direction, which corresponds to a sloping panel 0 °. This load leads to an URES of 
2.79 mm, which shows how much the photovoltaic module deforms under the influence of 
wind force. The least wind load on photovoltaic panels is shown when they are successfully 
oriented on the earth's surface. This corresponds to a 90 ° inclined panel. 

4 Conclusions 

It has been established that the load-bearing structure and the photovoltaic panel must be 
able to withstand mechanical loads both from their own weight and from snow and wind. 
The obtained results for the conditions of the city of Ruse, Bulgaria show that for all 
working positions of the panel the maximum stresses are obtained within its framework. 
These voltages in different cases vary around the value of 50 MPa and are not dangerous 
for both the structure and the photovoltaic panel. The greatest load on the panel and the 
frame is observed in the middle part, with the maximum being at a perpendicular position 
of the panel with respect to the wind direction, which corresponds to an inclined panel of 0 
°, and the least of an inclined panel of 90 °. 
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Assessing the complexity and interactions in dynamical systems is a challenging process that 
requires logically defined methods and tools. Traditionally, as a first step (Level 1) in this 
process, the primary data for relative weights or probabilities (p) of the individual system’s 
components are processed with some basic transformation function in terms of two 
alternative concepts: entropy e(p) as a representation of diversity and uncertainty, and, 
hierarchy h(p) – in the context of order, security, and domination. As a second step (Level-
2), the transformed output results from Level-1 for all individual components are summed to 
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obtain an aggregation characterizing the complexity of the system as a whole. In symmetrical 
configurations, the parts “p” of all “n” components are equal (� ������  =1), and, in these cases, 

the entropy of the system is maximal and the hierarchy is minimal. To individualize the 
various indicators or models, we use the first letter of the author's surname, placing it as an 
index to the symbol for entropy or hierarchy: "SE" - for "Shannon's Entropy" [1]; "RE" for 
Reni's Entropy" [2]; "HC" - for " Herfindahl Concentration (Hierarchy)" [3, 4], "PH" for " 
Petrov Hierarchy". 
 The summarized results at the macro level for all system configurations and distributions 
of relative weights can be classified in the Harrington’s scale for psychophysical 
classification. This scale contains 6 phases and is a more detailed version of the traditional 
scale proposed by E. Harrington [5], which in its original form contains three or five 
classification intervals (0-0.2-0.37-0.63-0.8-1). Table 1 presents the 6 levels of structural 
space assessment in the Harrington-Petrov scale. 
 

Table 1. Petrov Hierarchy in Harrington’s assessment and classification scale 
+�������	������	 ,�����������	����� ,����������	�����	

Concentrated oligopoly (Mono-Duo-Tripoly) -�.-/��-- 
�������	����	

Classic oligopoly -�01/-�.- 2��	����	

Enlarged Oligopoly -�3-/-�01 +�����	����	�������	

Polipoly -�14/-�3- 5����	����	�������	

Multipoly -�6-/-�14 2��	���	

Hyperpoly -�--/-�6- 
�������	����	

 The combination of quantitative and psycho-physical assessments improves information 
perception and shows the opposite concepts of the two approaches and the relationship 
between them. When we measure hierarchy we get an indirect idea of entropy: i.e., high 
hierarchy means low entropy and vice versa. 

��������������
�	�������
����������������	�	�� �	����
To improve the methods and tools for measuring the system complexity, we offer an 
original approach to assessing order and security, called "Petrov Logistic function 
Hierarchy (PLH)". The basic function for transforming empirical data for 
component’s parts is defined as follows: ��	 
 � �

��� ����� ������ � �
�    (1) 

where: plh -  individual hierarchy at micro-level; �� – component’s part (relative weight or 
probability); �� [0 , 1]; Rj – “reference (etalon) weight“ or “Reference Structural Thresholds 
(RST)“; Rj [0 , 1]; J – number of Rj; c – power factor, modelling the nonlinearly the structural 
interaction, c [0, 1].  We experimented with different values for "Rj", "J" and „c” for 
optimizing the basic function in equation (1). In a combination of (� 
 ����� 
 ���� �� �! 
���"� �# 
 �)  the basic function is defined as: ��	 
 � $�

��%���&�&&� ��'����&�() ���( *(    (2) 

 Figure 1 includes visualisation on the following values and graphs: 

�&�!��	�����	��������	��	���	�5+	%-�--�7	-�63&7		

6&�	8�������	9
:����;�����	��	����	����������9�	��	�����	���	���	��	������	���	����������	
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Fig. 1. Structural evolution in Petrov Logistic Hierarchy 

!�"���	��������������	��������	����#��$�	��������
� 

The quality of entropy and hierarchy indicators can be assessed by comparing the integrals 
values of their basic functions. Graphically, this means comparing the surface (quadrature) 
that respective functionsin the structural space. All basic transformation functions are 
continuous in the interval [0, 1] and the determination of the values of their integrals by 
symbolic calculations is possible with maximum accuracy. At this level of analysis, the 
conclusion is obvious: the undisputed leader is the Petrov Hierarchy, followed by the 
Shannon Entropy, while the Herfindahl Concentration (Hierarchy) seems to be  less effective 
tool for universal structural assessments. The symbolic calculations of basic functions 
integral in Maple 17 and Python 3.9 produced equivalent results, presented in Table 2. 
 

Table 2. Integrals’ Quadrature of system complexity indicators 


�����	���	+�������	 ��������� (�����	���������&	 �01 f(pi); (dx=0.01) 
������	5�������	+�������	%�5+&)	equation (1) -�<04	

8������	
�����	%8
&)	- pi.log2 pi -�10�	

+���������	(������������	%+(&)	pi2 -�111	

8������	
�����)	-pi.ln pi -�6<�	

8������	
�����	%8
&)	-pi.log10 pi -��-�	

 Figure 2 presents the basic functions of the indicators of Petrov and Herfindahl 
Concentration (Hierarchy) and Shannon Entropy (in three logarithmic forms - with binary, 
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decimal, and normal logarithm). The graphical analysis shows that the distribution of 
information in the integrals is also in favour of the Petrov Logistic Hierarchy (PLH). 

 
Fig. 2. Basic transform functions of Hierarchy and Entropy indicators 

%�&	��	���������	����������	������������������������������
Sources of information and methodology. This study of energy markets and balances is 
based publicly available sources and up-to-date information provided in some of the most 
reliable and detailed annual publications in the field of energy – “IEA World Energy Outlook 
2019” [9] and “BP Statistical Review of World Energy 2020” [10]. In this paper, the analysis 
of the structure of energy balances is made based on Petrov Logistic Hierarchy as in 
methodology terms it is more logical, intuitive and balanced in comparison with Shannon 
Entropy and Herfindahl Concentration (Hierarchy). The empiric data for all energies are re-
calculated (normalized) from the absolute comparable physical values in relative weights for 
each year, country and region. 
 Energy balances. The energy industry is a typical example of a complex system 
composed of several inter-dependent and very dynamic sub-systems, each of which employs 
different technologies and requires intensive and large-scale financial investments in huge 
industrial and infrastructure projects. Over the last five years (2015-2019), as a result of 
technological advances in the RES sector and climate change control policies, structural 
changes have become increasingly visible. During this period the hierarchy in the structure 
of the energy balance of the world energy calculated by the method of Petrov Logistic 
Hierarchy (PLH) decreased from 0.76 to 0.74. And although traditional fossil fuels (oil, coal, 
and gas) still maintain their position as the three leading energy sources in most countries, 
their shares are gradually declining in favour of the RES sector. 
 This study explored the evolution of energy systems by groups of countries. The Petrov 
Hierarchy in variant PLH(0.001;0.25) allowed  to obtain an objective quantitative assessment 
and qualitative classification of the dynamics in the structure of the energy balances since 
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2014. The results of the study are summarized in Table 3 in classification phases and 
according the types of energy types and also on local and imported resources. 

Table 3. Evolution of Energy Mix structures 
Energy mix Phase: Countries Types of energy 2014 2019 2020 

 
 
 
 
 
 
 
 
 

Concentrated 
Oligopoly 

(PLH=0.8-1) 

Energy exporters 
Trinidad 2 (O, G) 0.955 0.95 0.95 
Turkmenistan 2 (O, G) 0.927 0.92 0.95 
Kuwait 2(O, G) 0.92 0.92 092 
Qatar 2 (G, O) 0.93 0.92 0.92 
Saudi Arabia 2 (O.G) 0.92 0.91 0.91 
Iraq 3 (O, G, H) 0.92 0.91 0.91 
Azerbaijan 3 (O, G, H) 0.87 0.90 0.90 
Uzbekistan 4 (C, O, G, H) 0.91 0.90 0.90 
UAE 4 (O, G, R) 0.92 0.88 0.875 
Venezuela 4 (O, G, H, ) 0.82 0.81 0.83 
Iran 5 (O, G, H, C, N) 0.90 0.89 0.895 
Egypt 5 (O, G, H, C, R) 0.87 0.86 0.87 
Norway 5 (O, G, H, C, R) 0.85 0.81 0.815 
Netherlands 5 (O, G, H, C, R) 0.822 0.81 0.81 

Energy importers (less than 50% of own resources in EM) 
Singapore 3 (O, G, R) 0.94 0.93 0.93 
Israel 4 (O,G, C, R) 0.82 0.91 0.91 
Lithuania 5 (O, G, H, C, R) 0.92 0.915 0.91 
Belorussia 5 (O, G, H, C, R) 0.91 0.88 0.85 
Thailand  5(O, G, H, C, R) 0.83 0.81 0.805 
Taiwan  5 (O, G, H, C, R) 0.84 0,81 0.805 

 Energy exporters 
 Vietnam 5 (O, G, H, C, R) 0.78 0.78 0.78 
 Russia 6 (O, G, H, C, N, R) 0.78 0.76 0.765 
 Canada 6 (O, G, H, C, N, R) 0.72 0.71 0.72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Classic Oligopoly 
(PLH = 0.63-0.8) 

Energy importers (more than 50% own resources in EM) 
Denmark 5 (O, G, H, C, R) 0.76 0.79 0.785 
UK  6 (O, G, H, C, N, R) 0.77 0,76 0.76 
USA 6 (O, G, H, C, N, R) 0.74 0.73 0.735 
Brazil 6 (O, G, H, C, N, R) 0.78 0.72 0.73 
France 6 (O, G, H, C, N, R) 0.75 0.72 0.72 
Romania 6 (O, G, H, C, N, R) 0.72 0.68 0.675 
Bulgaria 6 (O, G, H, C, N, R) 0.71 0.68 0.685 
Finland 6 (O, G, H, C, N, R) 0.67 0.66 0.655 

Energy importers (less than 50% of own resources in EM) 
Ireland  5(O, G, H, C, R) 0.82 0.79 0.785 
Greece 5 (O, G, H, C, R) 0.82 0.78 0.78 
Poland 5 (O, G, H, C, R) 0.82 0.78 0.78 
Italy 5 (O, G, H, C, R) 0.79 0.77 0.775 
Turkey 5 (O, G, H, C, R) 0.745 0.71 0.70 
Austria 5 (O, G, H, C, R) 0.74 0.71 0.71 
India 6 (O, G, H, C, N, R) 0.79 0.80 0.81 
China 6 (O, G, H, C, N, R) 0.85 0.77 0.76 
South Korea 6 (O, G, H, C, N, R) 0.79 0.75 0.75 
Hungary 6 (O, G, H, C, N, R) 0.75 0.74 0.74 
Japan 6 (O, G, H, C, N, R) 0.775 0.73 0.73 
Spain 6 (O, G, H, C, N, R) 0.72 0.73 0.73 
Ukraine 6 (O, G, H, C, N, R) 0.755 0.73 0.735 
Germany 6 (O, G, H, C, N, R) 0.71 0.71 0.71 
Belgium 6 (O, G, H, C, N, R) 0.78 0.71 0.71 
Czech Republic 6 (O, G, H, C, N, R) 073 0.71 0.71 
Sweden 6 (O, G, H, C, N, R) 0.72 0.70 0.71 
Slovakia 6 (O, G, H, C, N, R) 0.69 0.68 0.685 

 EU 4-5-6 0.75 0.73 0.73 
OECD 4-5-6 0.75 0.72 0.725 
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Aggregates World 2-3-4-5-6 0.76 0.74 0.74 

Legend: C – coal; O – oil; G – gas; N – nuclear; H – hydro; R – renewables.  
 In most national energy systems that use only two or three types of traditional fossil fuels, 
the hierarchy of energy balances is traditionally very high and is classified in the phase 
Concentrated Oligopoly (0.8-1), which in reality reflects the following types of structure: 
monopoly, duopoly or tripoly. In most of the case these structures are based on the dominance 
of oil and gas - in some of them, the hierarchy levels slowly decrease, but remain above the 
lower limit (0.8) and a transition to the phase of Classical oligopoly (0.63-0.8). In most cases, 
this is due to the production of one, two, or three low-cost local energy resources, which are 
often actively exported on international markets. These countries are forced to develop and 
maintain large-scale and capital intensive projects in the extracting and infrastructure sectors 
and this limits their possibilities for developing the sector RES. 
 At this stage, for oil, gas and coal-producing and exporting countries, the very high level 
of hierarchy in the energy balance seems not to generate problems for their energy 
independence and security. At the same time, the sharp changes in world energy markets and 
the high volatility of international prices often lead to significant reductions of foreign 
exchange earnings and generate critical stress and critical situations in their social, financial, 
and economic systems. Particularly sensitive in this regard are Venezuela, Russia, Nigeria, 
Algeria, Egypt, Iran, Iraq, and other countries. At the same time, S. Arabia, Qatar, Kuwait, 
Oman, and the UAE, in which hydrocarbons are extracted at very low costs have accumulated 
significant gold and foreign exchange reserves compared to their gross domestic products 
and social budgets, and, subsequently are significantly less exposed to market risks. A 
different trend is observed in countries that use more than four types of energy but cannot 
achieve full or significant energy independence at the expense of their own resources. 
Investments in renewable energies are particularly active in countries where local traditional 
energy sources account for less than 50% of energy consumption. The level of hierarchy of 
their energy balances is steadily declining, but remains in the range of the Classical oligopoly 
phase (0.63-0.8) and only very few of them (Finland, Sweden) are approaching the phase of 
Enlarged Oligopoly (0.5-0.63). 
 In all countries, the yearly structural changes have an evolutionary character and are 
expressed within apparently very limited deviation of hierarchy values - about ± 0.0025-
0.005 on yearly basis. In energy exporting countries and big economies (USA, Japan, 
Germany, UK, Italy, Russia) the EM structures are more static than in smaller countries 
(Belgium, Greece, Romania, Bulgaria). However, the RES begin to play a more important 
role in the energy importing countries. In this respect, the structures of the energy mix of 
China, Brazil, South Korea, Turkey noticeably evolved since 2014 and contributed to the 
evolution in the EM structure of the World. The economies of developed countries have 
traditionally more diversified economies with a significant share of the services sector, in 
which electricity consumption is significant. As a result, at this stage, the investments in 
renewable energy sources are concentrated in the production of electricity from large 
photovoltaic and wind farms and, recently, from micro mezzo local capacities at the level of 
households and companies. 

'� �������������������()*�+,�-��
In the EU the main factors for diversification of the energy balance structure are the 
environmental policies and the active stimulation of investments in the field of RES. 
Unfortunately, not all RES have reached the required level of technological maturity and 
economic efficiency. On the positive side, the direct production of electricity by RES is 
becoming more dynamic and more efficient [11]. At the same time, the highly anticipated 
technologies for the production and use of hydrogen in transport and many industrial sectors 
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need further development [12, 13]. The EU’s ambitions to reduce carbon emissions within 
the so-called "Green Deal" of 50% by 2030 and up to 0% by 2050 are not yet supported by 
clear programs and plans. This can lead to significant shocks in the coal and nuclear energy 
sectors in some countries (Germany, France, Bulgaria, Poland, the Czech Republic, Slovakia, 
and other countries), where these industries traditionally represent a significant share of the 
energy system [14]. Despite the ambitious political declarations, the unfavourable 
development of the COVID-19 pandemic and the economic crisis of 2020-21 adds further 
uncertainty in the plans for accelerated decommissioning of coal and nuclear power plants 
[15] and efficient development of the RES sector. Under conditions of COVID-19 and 
economic crisis, the energy sector is stagnating on World basis, with a substantial decrease 
in energy consumption in several industry sector like transport, construction, tourism, 
recreation. In most developed countries, due to the containment measures on social mobility 
this trend is partially mitigated by a higher electricity consumption on the level of households 
related to the new formats of home working and distance education. In this situation, the 
lower utilisation of fossil fuels was compensated by higher utilisation of RES. Unfortunately, 
the main RES (photovoltaics and wind farms) that depend on natural factors are not flexibly 
scalable and available with constant capacity. A major challenge for many countries and 
regions in the future will be the matching of decentralized consumption with the ambitions 
of close major power plants based on coal. As a result, the decrease of hierarchy of national 
balance was not as dynamic as expected.  
 Taking into account the objective lack of financial resource in big and small countries, 
we may expect that economic recovery will have to rely on the most accessible and locally 
available fossils - oil in the USA; coal in China, India, Poland, South Africa; oil and gas in 
OPEC and other exporting counties. In this situation, the EU is facing increasing pressure to 
balance between climate control and competition policies. Important changes can be expected 
as a result of completion of major nuclear power plants or infrastructure projects which are 
already under construction in a limited number of counties such as Belorussia, Finland, 
Hungary, Turkey, while in other countries (Japan, Bulgaria, Czech Republic) the prospective 
of similar projects are still under discussion. 

.�(�����������������	
�������
�
The results of the research show that in the theoretical aspect the approach of Petrov 
Hierarchy offers effective methods and tools for analysis of the dynamic systems and 
processes in the energy sector. The analysis of the development of energy balances in the 
period 2011-2019 proves the still insufficient technological development in the field of RES. 
In this sense, in the foreseeable future, world and national energy balances are not expected 
to reach the notion of a "perfect structure" and move to the "polypoly" phase with a hierarchy 
level below 0.5 by the method of the Petrov Hierarchy. 
 Of particular interest for future research are the analysis and forecasting of the structure 
of the RES sector. On the one hand, in the generalized statistics all types of new RES 
(photovoltaics, wind generators, solar heat generators, biotechnologies, hydrogen, etc.) are 
traditionally summarized in one group. On the other hand, the prospects for their 
development differ significantly. In the near future, when the share of some types of RES 
will reach 4-5%, it would be appropriate to divide them into separate items in a timely and 
clear manner and to start considering them as separate items in the energy balances. In this 
respect the analysis of energy security and diversification in the "E-6" format (i.e. based on 
six types of energy) would appear over-simplified and misleading. Such a format would 
reflect an incomplete picture of the real distribution and prospects for the development of 
production and consumption in the energy sector by countries and regions. It is possible, for 
example, to present the existing types of RES as 10 separate items (RES-10): 1) hydro-
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electricity; 2) photovoltaic electricity; 3) wind electricity; 4) solar heating (heat pumps); 5) 
geothermal energy for heating or cooling; 6) biomass; 7) biogas; 8) biofuel; 9) "green" 
hydrogen (electrolysis of water through RES); 10) "blue" hydrogen (pyrolysis of natural gas). 
As a result, the number of energy types increases from "6" to "14" (E-14).  
 Another promising direction is to explore the structural evolution of energy markets and 
balances not only in physical but also in economic indicators, reflecting the cost and prices 
of different energy sources. Such an approach may unveil some privileges for projects related 
to traditional energy sources or accelerated introduction of RES at unreasonably high prices 
which could lead to unfair competition and economic unavailability of energy in many 
industries and regions. An objective analysis will be particularly important in the EU for 
attaining not only effectively but also efficiently the targets for low carbon emissions and not 
to the detriment of economic competitiveness. 
�
This research is supported by the Bulgarian FNI fund through the project “Modeling and Research of 
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26.11.2020. 
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Multi-Criteria Decision Making (MCDM) is one of the main disciplines in operations 
analysis which employs different subjective (expert-dependant) and objective (data-driven) 
methods for assessing the quality and performance of complex systems in many areas. On 
one hand, the risks of relying on experts’ opinions are determined by the subjectivity of 
human experiences and preferences, while, on the other hand, the data-driven selections 
depend on the quality of data and practically neglect the users’ needs. One-sided subjective 
or analytical methods may lead to uncertainty in the evaluation decision-making process.  
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The Multi-Objective Optimization with Ratio Analysis (MOORA) is a popular approach 
with a compensatory concept for handling complex tasks for the assessment of numerous 
alternatives with multiple controversial criteria [1-6]. It is more transparent, intuitive, and 
easy for computation than other concepts, such as TOPSIS [7] and VIKOR [8], and allows 
to combine it easily with other methods without over-engineering the calculations. 


RE energy projects can be based on different technologies and management systems and 
their functioning can be assessed with different criteria and methods [9-13]�


'	 ������(�	��)�������	�)	�
���
��	������	����	���
�����  ��	
.
 ����������
 ��
1++#.
����
 ���
 4����������
 �������
 �����
 ������
 ����������
 ��


��������
����������
��
�������
���
����������
�������
5	6(	78�
4�
��
����
���
���������
1!'1


��������
 ���
 �������
 �������
 ���������
 ������
 4�
 ����
 ������
 ��
 ���
 ���
 ����������
 ��


�����
1!'1
�����������
������
���������
��
���
��������
���)
5968�


�������

"���
����
��������
���
����
���
���
��������
������
��
���
���������
���(�����2

*���
	�	�
'���������
��
 ���
Basic Decision Matrix (BDM)
 ���������
 
�
 ����
 
 ��
“m”



������
������������

$���
����

���
���������
����
�
���
��
“n:
�����������
�������

$����


�	
���� � ��������
�
�����
��������������������������������



�������������������$	%


In this study, we use an existing data-set [17] containing 13 alternatives RE projects and 
7 selection attributes shown in Table 1.  

Table 1. Target alternatives and evaluation criteria for selection of RE projects 
Alternative RE projects Criteria Unit 

WA1 Wind power P � 5 MW C1 P Power MW 
WA2 Wind power5� P � 10 MW C2 OH Operating Hours/year 1000 h/y 
WA3 Wind power 10 � P �50 MW C3 UP Utilisation Period years 
HA4 Hydroelectric P �10 � MW C4 tCO2/y Avoided CO2 emissions Mt/y 
HA5 Hydroelectric 10 � P � 25 MW C5 IR Investment Ratio €/KW 
HA6 Hydroelectric 25 � P  � 50 MW C6 CP Construction period years 
SA7 Solar Thermo-electric P 10� MW C7 O&MC Oper. & Mainten. Cost €/MWh 
BA8 Biomass (energetic cultivations)  � 5MW 
BA9 Biomass (forest & agro wastes) P�5MW

BA10 Biomass (farm industry wastes) P� 5MW 
BA11 Biomass (forest industry wastes) P� 5MW 
BA12 Biomass (co-comb.in conv. central) P�50 

MW  

The number of alternatives “m” is not limited, but it is preferable to perform a 
preliminary selection according to the preferences and restraints of DM. This data-set 
contains projects of different scales based on mature and widely accessible technologies 
based on four types of RE for producing electricity: wind power (W), hydropower (H), solar 
(S), and biomass (B). "����
9
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Table 2. Basic Decision Matrix (BDM) 
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1-
 	AAA�B� ����� 1����B CBD- ����� CB1-�


.�����������
$�% Benefit Benefit Benefit Benefit Cost Cost Cost 
WA1 5 2,35 20 1929936 937 1 1,470
WA2 10 2,35 20 3213560 937 1 1,470
WA3 25 2,35 20 9649680 937 1 1,510
HA4 5 3,10 25 472812 1500 1,5 1,450
HA5 20 2.00 25 255490 700 2 0,700
HA6 35 2,59 25 255490 601 2,5 0,600
SA7 50 75,00 25 482856 5000 2 4,200
BA8 5 75,00 15 2524643 1803 1 7,106
BA9 5 75,00 15 2524643 1803 1 5,425

BA10 5 75,00 15 2524643 1803 1 5,425
BA11 5 7500 15 2524643 1803 1 2,813
BA12 56 75,00 20 4839548 856 1 4,560
BA13 2 7,00 20 5905270 1503 1,5 2,512
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Table 3. Real and differed entropy weights in stand-alone Entropy approach 
Criteria P OH UP tCO2/y IR CP O&MC

WA1 0,121 0,038 0,285 0,22 0,206 0,236 0,178 
… … … … … … … …

BA13 0,060 0,090 0,285 0,42 0,279 0,304 0,254 
SEnom 3,033 2,858 3,672 3,15 3,431 3,612 3,376 
SEmax 3,700 3,700 3,700 3,700 3,700 3,700 3,700 

SEnorm=:; 0,820 0,772 0,992 0,852 0,927 0,976 0,912 
<:=>; 0,131 0,124 0,159 0,136 0,148 0,156 0,146 
8�=1-*� 0,180 0,228 0,008 0,148 0,073 0,024 0,088 
8*67� 0,241 0,305 0,010 0,197 0,097 0,032 0,117 
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Criteria C1-C4 are “benefit (profit)” type, while C5-C7 are “non-benefit (cost)” type. 
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The stand-alone Entropy approach described in Section 2 is data-driven and, in principle, 
excludes the participation of experts in defining the weights of evaluation criteria. However, 
a professional expertize is needed in many aspects – defining needs, pre-selecting target 
alternatives, selecting criteria, and applying evaluation methods. This report has not the 
possibility to explore the variety of topics related to expert activities, which are well 
discussed in numerous publications [19-22]. Our studies are focused on improving the 
traditional “Entropy & MOORA” approaches by decomposing the initial set of criteria into 
smaller blocks for optimizing the assessment procedures and finding solutions that allow 
reflecting the users’ needs and preferences. 

In the algorithm of Section 2, an additional Step 1.0  is integrated for defining the weights 
of a limited number of blocks 9E9 (E F � and, in our opinion, preferably E G H) with the 
Analytical Hierarchy Process (AHP)  method [23-24]. Such systematization allows to 
organize the expression of experts’ opinions and to frame the subjectivity of individual 
judgments up to the stage of defining the importance of blocks. In case discussed in this 
paper, all criteria are grouped in 3 blocks:�

1) “Technical - Block 1” - for all technical parameters  (IJ�� IK�� IL�);
2) “Ecology - Bock 2” - for ecology and pollution control parameters (IM�);
3) “Costs - Block 3”- for financial and time parameters related to the realisation

of the project (IN�� IO���IP�). 
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The logical systematization of criteria in blocks(groups) reduces the number of “pairs-
comparisons” and facilitates the hierarchical ranging of priorities, allowing to express with 
less confusion the individual preferences of DM. To define block weights a quadratic 
Hierarchy Preference Matrix HPM(b x b) is constructed in which the values reflect the 
judgments of DM according to the traditional AHP scale. The values of “1-3-5-7-9” 
correspond to pivot verbal judgments “equal importance - moderate importance - strong 
importance - very strong importance - top importance”. Interim values (2-4-6-8) can be used 
for more precision. The comparison of a single block  (EQ�) with itself results in “1”, so  the 
main diagonal’s cells in  HPM(b x b) are fixed to “1”. If the hierarchy preference “hp” of 
“Technical v/s Energy” is judged as “strong”, it is quantified in “hp=5”. The reciprocal 
comparison “Energy v/s Technical” results in “hp=1/5”. An important advantage of the 
“AHP(blocks)” approach allows to model flexibly the values HPM(b x b) with less 
computational efforts, less subjectivity, and better consistency in defining the hierarchy 
preferences. The block weights (bw) are calculated as:�

RST � /U VWTT
R
T�J 1J R X� /U VWTT

R
T�J 1J RR

T�J Y , where T � J�� � R$ (14) 

� E7Q � �Z
Q��        (15) 

 H�����		��� �����	�������
"��

���������	�	
������
"���	
�����<����
��	����HPM �
	��
�
����	������K�������������������������
��������3. 

Table 4. AHP Hierarchy Preference Matrices (HPM) for block weights definition 
Preferences Balanced preferences Ecology-driven preference Cost-driven preferences 

Blocks B1 B2 B3 weight B1 B2 B3 weight B1 B2 B3 weight 
B1:Technical 1 1/2 1/2 0.2 1 1/4 1/2 0.143 1 1/2 1/4 0.143 
B2: Ecology 2 1 1 0.4 4 1 2 0.571 2 1 1 0.286 

B3: Costs 2 1 1 0.4 2 1/2 1 0.286 4 2 1 0.571  
Consistency CR=0% (excellent) CR=0% (excellent) CR=0% (excellent) 

 To define objectively the weights of criteria in the blocks with more than one criterion 
(Block 1) the Entropy transformation is calculated as described in Step 3 of Section 2. 
 The definition of weights for the variant “Balanced preferences” is presented in Table 5. 

Table 5. Entropy weighting of criteria  with balanced “Ecology-to-Costs (1:1)” preferences 
AHP Blocks Block 1 -Technical Block 2 - Ecology Block 3 - Costs 

Block weights 0.2 0.4 0.4 
Criteria P OH UL tCO2/y IR IP O&M C 

SEnorm =�:; 0,820 0,772 0,992 0,852 0,927 0,976 0,912 
rebw (Blocks) 0,317 0,299 0,384 0,400 0,329 0,347 0,324 
recw (Criteria) 0,063 0,060 0,077 0,400 0,132 0,139 0,130 

d=1 -e 0,180 0,228 0,008 0,400 0,073 0,024 0,088 
debw (Blocks) 0,434 0,548 0,018 0,400 0,394 0,130 0,476 
decw(Criteria) 0,087 0,110 0,004 0,400 0,158 0,052 0,190 

The definition of weights for the “Ecology-driven preferences” is presented in Table 6.�

Table 6. Entropy weighting of criteria with Ecology-driven preferences /Ecology-to-Costs (2:1)/  
AHP Blocks Block 1 - Technical Block 2 - Ecology Block 3 - Costs 

Block weights 0.143 0.571 0.286 
Criteria P OH UL tCO2/y IR IP O&M C 

SEnorm =�:; 0,820 0,772 0,992 0,852 0,927 0,976 0,912 
rebw (Blocks) 0,317 0,299 0,384 0,571 0,329 0,347 0,324 
recw (Criteria) 0,045 0,043 0,055 0,571 0,094 0,099 0,093 

d=1 -e 0,180 0,228 0,008 0,571 0,073 0,024 0,088 
debw (Blocks) 0,434 0,548 0,018 0,571 0,394 0,130 0,476 
decw (Criteria) 0,062 0,078 0,003 0,571 0,113 0,037 0,136 

� The definition of weighs for the “Cost-driven preferences” is presented in Table 7. 
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Table 7. Entropy weighting of criteria with Cost-driven preferences /Ecology-to-Costs (1:2)/ 
AHP Blocks Block 1 - Technical Block 2 - Ecology Block 3 - Costs 

Block weights 0.143 0.286 0.571 
Criteria P OH UL tCO2/y IR IP O&M C 

SEnorm =�:; 0,820 0,772 0,992 0,852 0,927 0,976 0,912 
rebw  (Blocks) 0,317 0,299 0,384 0,286 0,329 0,347 0,324 
recw (Criteria) 0,045 0,043 0,055 0,286 0,188 0,198 0,185 

d=1 -e 0,180 0,228 0,008 0,286 0,073 0,024 0,088 
debw (Blocks) 0,434 0,548 0,018 0,286 0,394 0,130 0,476 
decw (Criteria) 0,062 0,078 0,003 0,286 0,225 0,074 0,272 

 In the hybrid “AHP-block &Entropy”, approach the “real entropy criteria weights 
34*67�[ are logical and directly deducted from primary data to reflect the real distribution of 
information. In opposite, the artificial calculation of “differed entropy criteria weights 
38*67�[ creates important redistribution  of information in Block 1 and Block 3 which 
contain more than one criterion. In Block 1 the importance of “Utilization Life (UL)” is 
reduced to a neglected level: in the Balanced policy from 0.077 to 0.004 (19.25 times); in the 
Ecology-driven policy from 0.055 to 0,003 (18,3 times); and in the Cost/Efficiency-driven 
policy -  from 0.055 to 0,003 (18,3 times). The situation is very similar in Block 3: the 
importance of “Construction period” is reduced in “Balanced policy” from 0.139 to 0.052 
(2,7 times); in the Ecology-driven policy from0.099 to 0.037 (2.7 times); and in the 
Cost/Efficiency-driven policy - also from 0.198 to 0,074 (2.7 times). Data treatments depend 
on the researcher’s concept and responsibility, but in real conditions they should be 
undertaken with common sense since such “differed content” may have serious consequences 
for users. 

+	��&��	���	"��&���	
The ranking of results for best alternatives with MOORA   in the four variants of weighs for 
the 3 different selection policies is displayed in Table 8. The stand-alone entropy method 
“SE” is 100% data-driven and it cannot take into account the users’ preferences.  Logically 
however the  perturbation of results between  94*679 and 98*679 is very important – except 
for t #1, #2 and #4 ranks all other results are different. 

 
Table 8. Final ranking of MOORA assessment results for selection of RE projects 

Approach Hybrid AHP Block & Shannon Entropy Stand-alone Shannon Entropy 
Weights recw decw recw decw 

Preference B E C B E C Single variant Single variant 
WA1 6 6 5 6 12 5 6 12 
WA2 4 4 4 4 10 4 3 10 
WA3 1 1 1 1 2 1 2 2 
HA4 12 12 11 12 13 9 11 13 
HA5 11 11 7 10 11 8 7 11 
HA6 10 10 8 7 8 6 5 8 
SA7 13 13 13 13 3 13 13 3 
BA8 9 9 12 11 7 12 12 7 
BA9 7 7 9 8 5 10 9 5 
BA10 7 7 9 8 5 10 9 5 
BA11 5 5 6 5 4 7 4 4 
BA12 
BA13 3 3 3 3 9 3 8 9 

M�����B�N�O�N�����������
���*J������Q;��	�1R�J�O�J���������
�������
��R�;�O�;��	���
�������
���

 In contrast, thanks to the block systematization in the combined “AHP-block & Entropy” 
approach the policy preferences can be taken into account flexibly and correctly. Although 
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values of  AHP(blocks) weights were adjusted for modelling different preferences, the  
selections in the 3 variants of preferences  in real entropy criteria weights �34*67� are very 
similar. In this case, this was predetermined by the empirical information contained in the 
original data-set. The top 4 alternatives  with  �\4*67[ for  all 3 preference have the same 
ranking and  are based on the more mature wind and biomass technologies 
(WA3>BA12>BA13>WA2).  
 The final assessments with the combined “AHP(blocks) & Entropy” and MOORA 
approaches in our study are in accordance with the basic findings in the study of J.R. San 
Cristobal [17] received initially on the same data-set with the application of the classical AHP 
and VIKOR methods. 
 One of the purposes of our studies is to explore the repercussions of the “differed 
entropy” generated in eq. (8-9) on the robustness of MCDM process. The advantages of the 
combined “AHP(blocks) & Entropy” method are confirmed by simulating selections in three 
different variants of preferences and assessments with the MOORA technique. The 
systematization of criteria in blocks allocates defined “quota” of importance to each block 
and this is space in which the “differed entropy” is limited redistribute the weights of criteria. 
If needed, additional AHP(blocks) decompositions can be performed for creating sub-blocks 
in selections with more criteria. This is often the case in MCDM for complicated investment 
projects with numerous technical, financial, social, and other criteria. A major advantage of 
such an approach is that at the sub-block levels the participation of experts can be very well 
structured to improve the consistency of their opinions. In addition, the DMs’ involvement 
becomes more feasible and effective. At the same time, the application of artificially 
calculated weights risk to completely disregard the real needs of users and to increase 
uncertainty. For this reason, the data-driven methods based on a logical systematization 
should be preferred to the substitution of empiric facts by “differed reality”. 

,	!����&���	���	)&
���
	
���
��	
The methodological improvements and experiments in this study confirm that the 
enlargement of the traditional “Entropy” approach with the “block weighting” of criteria in 
AHP(blocks) provides an additional logical and accessible approach for multi-criteria 
analysis and effective support for the decision-making process. The comparative analysis of 
the variants with real and differed weights of criteria confirm our preferences for direct 
measuring of diversity based on real data and sets a basis for further research in other areas 
and evaluation techniques used in MCDM. 
 From a practical point of view, this study provides a useful basic framework for 
analyzing RE investment projects and improving the MCDM process with approaches 
tailored to preferences and budgets of different users, regions, and technologies under 
conditions of pandemic and economic restraints. Another result is the confirmation that 
benefits from economies of scale are well expressed in the all types of technologies based on 
different RE sources. This is important for convincing the users to be orientated for more 
performant equipment if they can be realized in their region, and at the same time to have a 
flexible and portfolio-oriented policy. The combination of projects based on different 
technologies will be critical for building diversified and reliable energy-generating systems. 
The data set employed in this system includes alternatives that were ranked without 
controversies in the preference profiles. In practice, the real situation is expected to become 
more uncertain with the progress in the different technologies and the increase of competition 
between manufacturers of different systems and equipment, which would require considering 
larger numbers of criteria and alternatives with increased number of experts. 
 Further applied research should include the application of “AHP(blocks) & Entropy”-
approach with different final evaluation techniques, such as TOPSIS, VIKOR, WPN, 
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ELECTRE, and others which will provide integrated and more reliable methods for selecting 
investment projects. Taking into account that the migration to “zero carbon emissions” 
energy model can be achieved during a reasonable transition period of 20-30 years, the future 
research should include other technologies (hydrogen, gas, coal,  nuclear an hybrid projects)  
depending on the  specifics of different  countries and geographical regions.  
 
This research is supported by the Bulgarian FNI fund through the project “Modeling and Research of 
Intelligent Educational Systems and Sensor Networks (ISOSeM)”, contract P-06-H47/4 from 
26.11.2020. 
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Influence evaluation of the ship propulsion 
system on the energy efficiency for small, 
medium and large container vessels  
Viktor Nikiforov1,�, Irina Kostova1 

1Technical University of Varna, Department of Naval Architecture and Marine Engineering, 9000 
Varna, Bulgaria 

Abstract. The transportation of goods worldwide has a vital meaning for 
the entire of humanity. The seaborne transport is considered to be the 
most efficient – economically and environmentally friendly way to 
convey large amount of goods when compared to the other transport 
options available. Marine vessels contribute for the carriage of about 
90 percent of the worldwide trade and a significant part of the goods 
delivered by sea are performed by container vessels. Even considered as 
the most efficient way of transportation the negative aspects of the 
shipping should not be neglected. The fuels intended for the ship 
propulsion generating enormous amounts of Greenhouse gases (GHG) 
and harmful emissions which are directly released into the atmosphere. 
When it comes to Energy Efficiency of the ships, the proper selection of 
the propulsion system and the fuel type used are essential with regard to 
achieve the best values. � In the current paper a diverse alternative 
propulsion system options in order to achieve maximum Energy Efficiency 
on various sizes of container vessels will be analyzed. 

1 Introduction 
The basic goal set in front of the today’s worldwide shipping is to reduce the negative effect 
caused by the generation of the GHG and harmful gases produced when ship’s operation. 
The goods transportation via ships is considered for about 90 percent of the global trade and 
the main ships type involved in it is the container class. 

In terms of value, global seaborne container trade is believed to account for approximately 
60 percent of all world seaborne trade, which was valued at around 12 trillion U.S. dollars in 
2017 [1]. 

The GHG emissions — including carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O), expressed in CO2e — of total shipping have increased from 977 million tonnes in 
2012 to 1,076 million tonnes in 2018 (9.6% increase). In 2012, 962 million tonnes were CO2 
emissions, while in 2018 this amount grew 9.3% to 1,056 million tonnes of CO2 emissions. 
The share of shipping emissions in global anthropogenic emissions has increased from 2.76% 
in 2012 to 2.89% in 2018 [2]. 

The values for global CO2 emissions and the share that falls for the shipping industry in 
the period of 2012÷2018 are given in Table 1 (units are in million tonnes). 

� Corresponding author: v.nikiforov@tu-varna.bg 
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Table 1. Total Global and Shipping CO2 Emissions (Source – IMO GHG Study 2020) 

Year Global CO2 Emissions Shipping CO2 
Emissions 

Shipping as 
percentage of global 

2012 34 793 962 2.76 

2013 34 959 957 2.74 

2014 35 225 964 2.74 

2015 35 239 991 2.81 

2016 35 380 1 026 2.90 

2017 35 810 1 064 2.97 

2018 36 573 1 056 2.89 

Despite the shipping industry could be classified as the most environmentally friendly 
and economically profitable way to transport a large amount of goods the negative effect of 
the industry should also be considered. Annually the worldwide shipping uses a large amount 
of fossil fuels to operate the available fleet. 

Even with the newly adopted requirements known as IMO 2020 which limits the sulphur 
content in the fuels used onboard of the ships to 0.50 % outside Emission Control Areas 
(ECAs) and 0.10 % inside ECAs, the ships equipped with devices for exhaust gas treatment 
are still able to use heavy fuel oils (HFO) with high sulfur content whose burning in the main 
engines lead to serious environmental pollution. 

Of the around 56,000 merchant ships trading internationally, some 5400 are container 
ships, thus means that the container class accounts for about 10% of the global merchant 
fleet. 

In Figure 1 is shown the number of the ships included in the global merchant fleet and 
the shares respectively for each ship’s class engaged in the worldwide trading until 1st 
January 2020. 

Fig� 1. Shares by ship’s class involved in the global merchant fleet (Source - www.statista.com) 
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Three ship classes accounted for 55% of the total shipping CO2 emissions: container ships 
(23%), bulk carriers (19%), and oil tankers (13%), also these three ship classes accounted for 
84% of total shipping transport supply (deadweight tonne nautical miles, or dwt-nm) [3]. 
In Figure 2 are depicted the CO2 emissions generation depending on the ship’s class (Source 
– [3]).

Fig� 2. Shares of CO2 emissions by ship’s class 

With purpose to achieve better Energy Efficiency and state of the environment 
improvement, the International Maritime Organization (IMO) and Marine Environment 
Protection Committee (MEPC) established some requirements in connection with reducing 
the GHG generated by the industry. 

In 2011, IMO adopted mandatory technical and operational energy efficiency measures 
which are expected to significantly reduce the amount of CO2 emissions from international 
shipping. These mandatory measures (EEDI/SEEMP) entered into force on 1 January 2013. 
IMO has adopted important guidelines aimed at supporting implementation of the mandatory 
measures to increase energy efficiency and reduce GHG emissions from international 
shipping, paving the way for the regulations on EEDI and SEEMP to be smoothly 
implemented by Administrations and industry [4]. 

The EEDI represents a non-prescriptive, performance- based mechanism that leaves the 
choice of technologies to use in a specific ship design to the industry. As long as the required 
energy efficiency level is attained, ship designers and builders would be free to use the most 
cost-efficient solutions for the ship to comply with the regulations. EEDI is requiring a 
minimum energy efficiency level for new ships by stimulating continued technical 
development of all the components influencing the fuel efficiency of a ship and by separating 
the technical and design-based measures from the operational and commercial ones [5]. 

The ship’s energy efficiency could be represented as a function of its main and auxiliary 
engines power and the work fulfilled (cargo transported for certain time). The required speed 
of the ship and the engines power can be reached by various types of propulsion systems. 

In order to comply with the IMO requirements regarding the GHG generation, the ship 
engine manufacturers developed much more efficient engine types which are able to work 
either with gaseous or with conventional fuels. Increasingly wider applications are finding 
the so-called Dual-Fuel Engines, which are able to operate with gaseous fuels and a small 
portion of diesel as a pilot fuel. 
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The energy efficiency of the ship could be improved and therefore the GHG emitting 
reduced by applying some of the various ways listed below: 
� Pay more attention on the proper engine selection;
� Using fuels with lower carbon content;
� Speed reduction with purpose to decrease the Specific Fuel Oil Consumption (SFOC);
� Implementation of innovative and renewable technologies reducing the CO2 emissions.

If we consider the service speed of the ship and its deadweight as a constant value, we
have to pay much more attention when choosing the propulsion system with purpose to select 
the proper one which leads to EEDI improvement and GHG reduction. 

The aims set in the current paper is to describe a methodology for selecting the proper 
propulsion system type for small, medium and large container vessels based on calculations 
of various systems, comparing the energy efficiency achieved with each and choosing the 
most efficient one with regard to fulfill the IMO requirements intended to GHG Emissions. 

In the current article will be observed three types of container vessels – Feeder, Post-
Panamax, and ULCV which could be classified respectively as small, medium and large 
ships. The distribution of the observed ships is approximately 55.2% of the total container 
ships by 2019. 

In Figure 3 is shown the distribution of the container vessels by their size (Source – [6]). 

Fig� 3. Container vessels distribution by 2019 

2 Marine propulsion system types 
Nowadays there are a various options to configure a ship’s propulsion system. The fuel oil 
consumption of the propulsion system mainly describing its cost efficiency is only the one 
side of the coin, but the other one is the ecology and the energy efficiency offering the use 
of each system type. 

Today, ship propulsion is not just about successful movement of the ship in the water. It 
also includes using the best mode of propulsion to ensure a better safety standard for the 
marine ecosystem along with cost efficiency [7]. 

The common arrangement of the container ships propulsion system consists of a Main 
Engine (ME) and Diesel Generators (DG), but usually one ME and up to 3 DG are 
involved.  

With the constantly tightening requirements regarding the ecology the ships have to 
comply with, the shipping industry have to adapt and implement new technologies. 
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One of the methods to comply with the requirements is to run the fleet with engines 
using fuels with lower or none carbon content in comparison with the widely used 
conventional fuels like HFO and MDO. 

The engines used in the ship’s propulsion arrangement could be classified by 
various features, some of them listed below: 
• By working cycle accomplishment – 2-stroke and 4-stroke engines;
• By their speed – Low-speed, Medium-speed and High-speed engines;

• By the fuel type used – Diesel or Dual-Fuel engines.
In the past decade, dual-fuel marine diesel engines using LNG as a secondary fuel, from

either an LNG fuel tank or boil-off-gas, were developed and applied on board 
merchant vessels as an option to fulfil the IMO NOx Tier III regulations [8]. 

On Figure 4 is shown the typical arrangement commonly used in the container ship 
propulsion systems. 
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Fig� 4. Typical container ship propulsion system arrangement 

In the current article will be considered various options for propulsion system 
arrangements for small, medium and large container vessels. This will be achieved by 
comparison of diverse propulsion systems using diesel or dual-fuel engines working on 2 or 
4-stroke cycle. The comparison of the propulsion systems will be performed based on the�
achieved EEDI values depending on the fuel type used.

3 Attained and Required EEDI calculation methodology 
The seaborne transport represents the most effective way of transport used nowadays, but the 
GHG and harmful emissions produced by the fossil fuels used in the internal combustion 
engines is a quite serious issue. Basically, the ship’s energy efficiency is measured by the 
amounts of emissions radiated in the atmosphere and this effect could be accounted by 
calculating the ship’s Attained EEDI and after that comparing it to the Required EEDI strictly 
depending on the ship’s specific type and its capacity. 

Attained EEDI 
EEDI is mandatory for each new-built ship with gross tonnage equal to or above 400 GT and 
could be considered as the most valuable indicator for her energy efficiency GHG emission 
level. EEDI is expressed in grams CO2 per tonne mile. 

The methodology and requirements for Attained EEDI calculation for new ships are 
published by MEPC in [9]. 

PEPM'2021

E3S Web of Conferences 327, 02005 (2021) https://doi.org/10.1051/e3sconf/202132702005

 
5



The formula intended for Attained EEDI calculation of the ship includes CO2 emissions 
generated by the work done by the main and auxiliary engines, shaft motor and shaft 
generators and the reduction derived by the implementation of innovative energy efficient 
technologies. Thus, all is divided by the transport work done which could be represented as 
the multiplication of the ship’s deadweight and her service speed. 

The simplified formula for Attained EEDI calculation is listed below: 

��������	

��  ������������������������������������������
���������� ! "#$%��&�'()*   (1) 

Where: 
PME(i) – 75% of the rated installed power for each main engine (i); 
PAE – is the required auxiliary engine power to supply normal maximum sea load including 
necessary power for propulsion machinery/systems and accommodation; 
CFME(i) – conversion factor between fuel consumption and CO2 emissions for main engine(s); 
CFAE(i) – conversion factor between fuel consumption and CO2 emissions for auxiliary 
engine(s);  
SFCME(i) – specific fuel consumption of main engine at 75% of the rated power of the engine; 
SFCAE – specific fuel consumption of auxiliary engine at 50% of the rated power of the 
engine; 
Capacity – for container vessels 70% of deadweight should be used as capacity; 
Vref – ship’s speed at 75% power of the main engine; 
fi – capacity factor; 
fc – cubic capacity conversion factor; 
fl – factor for general cargo ships equipped with cranes and other cargo related gear; 
fw – weather factor. 

If Power Take In / Power Take Off devices (PTI/PTO) and/or renewable energy efficiency 
technologies are used in composition of the ship propulsion system, their effect should also 
be accounted. This is achieved by supplementing the numerator of equation (1) with equation 
(2): 

+�,- � .�/0�#� 1 ,2���#� � .342���#��5�34 � 675348 1 �,2���#� � .2���#� � 5�94 � 67594�    (2) 
Where: 
fj – correction factor for specific ship specific design elements; 
PPTI(i) - 75% of the rated power consumption of each shaft motor divided by the weighted 
average efficiency of the generator(s);�
feff(i) - the availability factor of each innovative energy efficiency technology; 
PAEeff(i) – is the auxiliary power reduction due to innovative electrical energy efficient 
technology; 
Peff(i) - the output of the innovative mechanical energy efficient technology for propulsion at 
75% main engine power; 

The required auxiliary engine power to supply normal maximum sea load including 
necessary power for propulsion machinery/systems and accommodations could be found by 
the following two principles: 

For ships with a total propulsion power of 10000 kW or above, PAE have to be defined 
as follows: 

.34  :0.025 � +?5@94�#� A �BCD���
E.FG 8H A 250      (3) 

For ships with a total propulsion power below 10000 kW, PAE have to be defined as 

follows: 

Where: 

MCRME(i) – maximum continuous rating of the main engine; 

.34  :0.05 � +?5@�#� A �BCD���
E.FG 8H    (4)
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Generally, the full formula consisting of equations (1) and (2) could be simplified to much 

easier for understanding equation (5) as follows: 



��  �IJ	4K#LL#MNL	O2N2P $2Q
/P NL!MP$	RMPS       (5) 

More specific information regarding the calculation methodology, parameters and 

coefficients used for calculation of the EEDI for each ship could be found in [7]. 

Required EEDI 
According to the requirements adopted by IMO and MEPC, each new-built ship EEDI value 

have to be in compliance with the reference value calculated for the corresponding ship type. 

The REEDI is going to be decreased gradually and this is planned to be achieved in three 

phases as the last one has to be introduced in force from 1st January 2025 and aims for a 

reduction of REEDI by 30%. 

On Figure 5 are shown the reduction phases of REEDI thru the years [Source – [10]) 

Fig� 5. REEDI reduction phases 

The formula for calculating the REEDI is listed below: 

@

��  � � TU"                                                      (6) 

In equation (6) the parameters “a” and “c” are determined from the regression curve fit 

and they are specified in [9] and [10], the parameter “b” expresses the deadweight of the ship. 

4 Calculations and study results 
With regard to fulfil the goals set in this paper and to perform the necessary calculations for 

the propulsion systems which we intend to observe, first we have to choose some real ships 

or projects. For the purpose of this paper, we have chosen real container vessels of MSC 

company, which is one of the biggest companies in this field. The initial data necessary for 

the purpose of the calculations and for the size of the ships are presented in Table 2. More 

detailed information regarding the chosen ships could be found in [14]. 

Table 2. Initial data for small, medium and large container vessels 

MSC AMY 

ME MAN B&W, 6L70MC, 16 980 kW at 108 rpm 

DG MAN B&W, 4 x 6L23/30H, 1050 kW each 

TEU 1 683 
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Deadweight 22 308 t 

Speed Max 20.5 knots 

MSC ATHENS 

ME MAN B&W, 9SME-C8.2, 47 430 kW at 78 rpm 

DG MAN B&W, 2 x 8L32/40 – 4000 kW each, 2 x 9L32/40 – 4500 kW each 

TEU 8 827 

Deadweight 95 380 t 

Speed Max 22.0 knots 

MSC HAMBURG 

ME MAN B&W, 11S90ME-C9, 59 780kW at 82 rpm 

DG MAN B&W, 4 x 9L32/40, 4500 kW each 

TEU 16 652 

Deadweight 184 100 t 

Speed Max 23.0 knots 

For the purpose of this paper, we substitute the main components of the propulsion system 

(ME and DG) of each considered ship with alternative modern engines with equivalent power 

working on the Dual-Fuel principle. The rest of the ship’s parameters remain unchanged. 

In Table 3 are shown the chosen alternative options for each observed ship. 

Table 3. Alternative propulsion options for small, medium and large container vessels 

MSC AMY 

ME MAN B&W, 7G60ME-C10.5-GI, 16 980 kW at 98 rpm 

DG MAN B&W, 4 x 8L23/30DF, 1000 kW each 

MSC ATHENS 

ME MAN B&W, 9G90ME-C10.5-GI, 47 430 kW at 78 rpm 

DG MAN B&W, 2 x 8L35/44DF + 2 x 9L35/44DF, 4080 kW + 4590 kW each 

MSC HAMBURG 

ME MAN B&W, 11G95ME-C10.5-GI, 59 780 kW at 82 rpm 

DG MAN B&W, 4 x 9L35/44DF, 4590 kW each 

For both – initial and alternative propulsion systems identical calculations for 

determination of the Attained EEDI have been conducted. 

The calculations are performed according to the requirements exposed in Section 2 of the 

current article. The information concerning the specific fuel oil consumption of the ME and 

DG is based on the relevant engines project guides and with the help of CEAS (Computerized 

Engine Application System) application provided for free use on the official website of the 

company MAN B&W. 
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The reference speed of the observed ships at the relevant engine load necessary for EEDI 

calculations is estimated based on the equation (8) listed below: 

.V  W � X#                                                              (8) 

Where: 

PB – ME Power, [kW]; 

c – constant; 

V – Ship’s speed, [knots]; 

i – exponent, depending on the ship’s size. For first estimations widely used in the practice 

is the adoption of i=3. 

In Table 4 are given the full input data necessary for the calculations performed in the 

current article for Attained and Required EEDI.  

Table 4. Input data necessary for the calculations of EEDI and REEDI for the observed ships 

Ship MSC AMY MSC 
ATHENS 

MSC 
HAMBUR

G 
ME Power at 75% load, [kW] 12735 35572.5 44835 

ME SFOC at 75% (initial), [g/kWh] 170.5 (HFO) 159.5 (HFO) 
159.1 

 (HFO) 

ME SFOC at 75% (alt.), [g/kWh] 
128.2 (LNG) 

3.34 (MDO) 

126.9 (LNG) 

3.36 (MDO) 

121.5 (LNG) 

3.70 (MDO) 

DG Power (Equation 3), [kW] 568.38 1435.75 1744.5 

DG SFOC at 50% (initial), [g/kWh] 
196.5 

(MDO) 

197.0 

(MDO) 

197.0 

(MDO) 

DG SFOC at 50% (alt.), [g/kWh] 
206.1(LNG)  

3.60 (MDO) 

193.5(LNG)  

3.80 (MDO) 

193.5(LNG) 

3.80(MDO) 

CF (HFO) 3.114 

CF (MDO) 3.206 

CF (LNG) 2.750 

Deadweight, [tonnes] 22308 95380 184100 

Ref. Speed, [knots] 18.63 19.99 20.9 

Coeff. „a“ 174.22 

Coeff. „-c“ 0.201 

In Tables 5 and 6 are shown the calculated data regarding the Required and Attained 

EEDI for each ship using respectively the initial and the alternative proposed propulsion 

options. 

Table 5. REEDI and AEEDI for the observed ships equipped with the initial propulsion systems��

Ship MSC 
AMY 

MSC 
ATHENS 

MSC 
HAMBURG 

Base REEDI 

(2013÷2015) 
23.28 17.39 15.23 

Phase 1 

(2015÷2020) 
20.96 15.65 13.71 
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Phase 2 

(2020÷2024) 
18.63 13.91 12.19 

Phase 3 

(2025+) 
16.30 12.17 10.66 

Attained 

EEDI 
24.7 13.94 8.65 

Table 6. REEDI and AEEDI for the observed ships equipped with the alternative propulsion systems��

Note: 
� Green color - In compliance;

� Red color – Non-compliance.

In Figure 6 is shown the reduction in percentages between the Attained EEDI for initial

and alternative propulsion systems. 

Depending on the reduction percentages could be done a basic estimation of the positive 

effect rendered only by the propulsion system type. 

Fig� 6. EEDI reduction in percentages due to alternative propulsion system use 

On Figures 7, 8 and 9 are graphically illustrated the calculated values for Attained EEDI 

regarding the observed in the current article ships respectively for the initial equipped and 

alternative propulsion systems proposed. 

Ship MSC 
AMY 

MSC 
ATHENS 

MSC 
HAMBURG 

Base REEDI 

(2013÷2015) 
23.28 17.39 15.23 

Phase 1 

(2015÷2020) 
20.96 15.65 13.71 

Phase 2 

(2020÷2024) 
18.63 13.91 12.19 

Phase 3 

(2025+) 
16.30 12.17 10.66 

Attained 

EEDI 
17.24 10.18 6.11 
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Fig� 7. Attained EEDI for small container vessel 

Fig� 8. Attained EEDI for medium container vessel 

Fig� 9. Attained EEDI for large container vessel 
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5 Conclusions 
In the current paper had been observed three types of container vessels depending on their 

size – small, medium and large respectively. For the analyzed ships have been considered 

their initial equipped propulsion systems and then alternative modern options for the 

propulsion working on the Dual-Fuel principle have been proposed. 

Based on the calculations performed in Section 3 of the present paper, first for the initial 

propulsion systems and then for the alternative options a significant improvement of the 

Attained EEDI has been found for each ship.  

The improvement of the EEDI amounts to 30.20% for small, 26.97% for medium and 

29.36% for large container vessels respectively. Average EEDI enhancement of 28.84% has 

been accounted for the three types of vessels observed. 

 Thanks to the switching to modern propulsion systems working on Dual-Fuel principle 

the observed ships are able to fulfil the stricter energy efficiency requirements introduced by 

IMO.  

This work was performed within Project NP8/2021 from the Research Plan of the Technical University 

of Varna, financed by the State Budget. The first author has been funded in the frame of the Bulgarian 

National Science Program “Young Scientists and Postdoctoral Students 2021” (Council of Ministers’ 

Decisions No. 577 / 16.08.2018). 
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1Technical University of Varna, Department of Naval Architecture and Marine Engineering, 
9000 Varna, Bulgaria 

Abstract. Annually a large amount of goods has been transported over the 
world and the most of the transportation is carried by seaborne. Although 
the seaborne trade is considered to be the most efficient – economically and 
environmentally friendly way of transportation an enormous amount of 
fossil fuels is used to fulfil the operation of the merchant fleet. Although we 
are living in times where efforts are directed to improvement of the state of 
the environment and reduction of the negative impact of the Greenhouse 
Gases, the fossil fuels still remain the main energy source used to run the 
internal combustion engines widely used in the ships nowadays. A well-
known fact is that the fuel burning leads to significant harmful emissions 
generation causing a serious negative effect on the surrounding us 
environment. The introduced by IMO and MEPC requirements regarding 
the Greenhouse Gases (GHG) imposes for development and application of 
new criteria when selecting the ship’s propulsion plant. In the current article 
will be observed three ship groups consisting of real container vessels. The 
purpose is to analyse the impact caused by the fuel type used in the ship’s 
engines on the GHG generation and the economic indicators related with 
fuel costs 

1 Introduction 
The seaborne trade is a constantly evolving area developing and incorporating new 
technologies with purpose to turn the shipping into one much cleaner and environmentally 
friendly industry.  

Annually the worldwide shipping uses a large amount of fossil fuels to run the available 
fleet, which burning in the ship engines is resulting in enormous GHG generation negatively 
reflecting on the surrounding us environment. 

The GHG emissions — including carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O), expressed in CO2e — of total shipping have increased from 977 million tonnes in 
2012 to 1,076 million tonnes in 2018 (9.6% increase). In 2012, 962 million tonnes were CO2 
emissions, while in 2018 this amount grew 9.3% to 1,056 million tonnes of CO2 emissions. 
The share of shipping emissions in global anthropogenic emissions has increased from 2.76% 
in 2012 to 2.89% in 2018 [1]. 

The values for global CO2 emissions and the share that falls for the shipping industry in 
the period of 2012÷2018 are given in Table 1 (units are in million tonnes). 

��Corresponding author: v.nikiforov@tu-varna.bg�
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Table 1. Total Global and Shipping CO2 Emissions (Source – IMO GHG Study 2020) 

Year Global CO2 Emissions Shipping CO2 
Emissions 

Shipping as 
percentage of global 

2012 34 793 962 2.76 

2013 34 959 957 2.74 

2014 35 225 964 2.74 

2015 35 239 991 2.81 

2016 35 380 1 026 2.90 

2017 35 810 1 064 2.97 

2018 36 573 1 056 2.89 

 
With the development of the modern engine building there is a real opportunity to equip 

the newbuilding ships or to retrofit the existing fleet (if possible) with new more efficient 
engines, using fuels which differ from the conventional ones widely used in the shipping 
nowadays. It is important to note that the modern engines are characterized with lower 
specific fuel consumption (SFC) when compared to the previous generations. This leads to 
fuel costs reduction for each separate voyage as well as for each operational period of the 
ship.  

The mentioned fact has two really important aspects for the ship’s operation: 
• First one could be considered as purely economic – reducing the operational costs related 

to the fuel, which constitutes a main part from the total expenditures.  
 

• The second one is related to the regulations from harmful emissions generated by 
shipping, which at the present moment are very strict. Therefore, when taking a decision 
regarding the main engine type selection it is mandatory to account not only the technical 
and economic indicators, but the ecological ones as well. 
With purpose to reduce the volume of GHG and to improve the state of the environment, 

the International Maritime Organization (IMO) and Marine Environment Protection 
Committee (MEPC) established some requirements in connection with the GHG generated 
by the shipping industry. 

In 2011, IMO adopted mandatory technical and operational energy efficiency measures 
which are expected to significantly reduce the amount of CO2 emissions from international 
shipping. These mandatory measures (EEDI/SEEMP) entered into force on 1 January 2013. 
IMO has adopted important guidelines aimed at supporting implementation of the mandatory 
measures to increase energy efficiency and reduce GHG emissions from international 
shipping [2]. 

In 2018, IMO adopted an initial strategy on the reduction of GHG emissions from ships, 
setting out a vision which confirms IMO’s commitment to reducing GHG emissions from 
international shipping and to phasing them out as soon as possible [3]. 

In order to comply with the requirements, set out by the organizations, the ship engine 
manufacturers developed much more efficient engine types, able to operate with gaseous and 
conventional fuels, or a combination of them. Increasingly wider applications are finding the 
so-called Dual-Fuel Engines, which are able to operate with gaseous fuels as LNG and a 
small portion of diesel oil used as a pilot fuel. 
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One of the advantages with gas-fuelled vessels is the ability to adjust operation when the 
fuel prices rise and modern exhaust-emission limits tighten. Indeed, service experience shows 
that the dual-fuel engine delivers significant reductions in CO2, NOX and SOX emissions [4]. 

Three ship classes accounted for 55% of the total shipping CO2 emissions: container ships 
(23%), bulk carriers (19%), and oil tankers (13%). These three ship classes also accounted 
for 84% of total shipping transport supply (deadweight tonne nautical miles, or dwt-nm) [5]. 

In Figure 1 are depicted the CO2 emissions generation depending on the ship’s class 
(Source – [5]). 

 
Fig. 1. Shares of CO2 emissions by ship’s class 

In the current article will be observed three types of container vessels – Feeder, Post-
Panamax, and ULCV which could be classified respectively as small, medium and large 
ships.  

The aim set out in the current article is to analyse the possibilities for utilizing the dual-
fuel technology in the composition of the ship power plants and to account the benefits 
following due to such an intervention. With the calculation performed in the current paper 
we aim to help for the facilitation in connection with the ship power plant selection.  

With purpose to perform that we will use as example existing ships and a substitution of 
their power plants will be done with regard to account the improvement in GHG emitting 
only due to the proper engine selection. 

2 Dual-Fuel technology 
Today, ship propulsion is not just about successful movement of the ship in the water. It also 
includes using the best mode of propulsion to ensure a better safety standard for the marine 
ecosystem along with cost efficiency [6]. 

Nowadays a wide range of options intended for the ship propulsion are available. The 
typical arrangement includes two stroke diesel engines as a prime mover and a number of 
electric generators propelled by diesel engines ensuring the electrical production 

With the stricter requirements introduced by IMO and MEPC regarding the energy 
efficiency of the ships and the GHG emitting, the shipping industry had been forced to act in 
direction leading to efficiency improvement of the components used in the ship’s propelling 
systems. 

In the past years the marine engine manufacturers introduced modern engines working 
on the dual-fuel principle able to operate with fuels different from the well-known 
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conventional fuels like HFO, MDO and MGO. These engines are able to operate with gaseous 
fuels like LNG which are considered much cleaner than the conventional ones. 

Essentially, the dual-fuel engines don’t differ from the well-known diesel engines widely 
spread in the shipping industry. Like the diesel engines they also provide a wide range of 
power and speeds ensuring the possibility to propel each ship class available.  

There are two main engines concepts for LNG: high and low-pressure. In the high-
pressure dual-fuel LNG concept, the LNG is injected under high pressure and ignited by a 
small quantity of diesel. This produces virtually complete combustion of the gas, and thus 
virtually no un-combusted methane. In the low-pressure system, the LNG is injected under 
low pressure and ignited by a small amount of diesel. This produces low NOx emissions that 
meet IMO Tier III, the strictest NOx requirements, while high-pressure LNG requires 
additional abatement technologies to satisfy IMO Tier III [7]. 

The main pros when using dual-fuel engines is the opportunity to run the engines with 
much cleaner fuel like LNG which almost fully eliminate the sulphur oxides (SOX) and 
Particulate Matter (PM), and also substantially reduce the nitrous oxides (NOX) generated 
due to the fuel burning in the marine engines. 

The common arrangement of the container ships propulsion system consists of a Main 
Engine (ME) and Diesel Generators (DG), usually one ME and up to 3 DG are involved. 

On Figure 2 is shown the typical arrangement commonly used in the container ship 
propulsion systems. 
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Fig. 2. Typical container ship propulsion system arrangement 

3 Study scenario and calculation methodology 
In the current paper will be observed 3 types of container vessels – small, medium and large 
respectively. To account the benefits achieved by the dual-fuel propulsion, calculations will 
be performed first for the initial equipped propulsion systems of each ship, and then for the 
alternative modern propulsion systems. 

For the purpose of current article, we have chosen real container vessels of MSC 
company, which is one of the biggest companies in the field of container seaborne trade. The 
initial data necessary for the purpose of the calculations and for the size of the ships are 
presented in Table 2, more detailed information regarding the chosen ships could be found 
in [8]. 
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Table 2. Initial data for small, medium and large container vessels 

MSC AMY 

ME MAN B&W, 6L70MC, 16 980 kW at 108 rpm 

DG MAN B&W, 4 x 6L23/30H, 1050 kW each 

TEU 1 683 

Deadweight 22 308 t 

Speed Max 20.5 knots 

MSC ATHENS 

ME MAN B&W, 9SME-C8.2, 47 430 kW at 78 rpm 

DG MAN B&W, 2 x 8L32/40 – 4000 kW each, 2 x 9L32/40 – 4500 kW each 

TEU 8 827 

Deadweight 95 380 t 

Speed Max 22.0 knots 

MSC HAMBURG 

ME MAN B&W, 11S90ME-C9, 59 780kW at 82 rpm 

DG MAN B&W, 4 x 9L32/40, 4500 kW each 

TEU 16 652 

Deadweight 184 100 t 

Speed Max 23.0 knots 

With regard to fulfil the goals set, we substitute the main components of the propulsion 
system (ME and DG) of each considered ship with alternative modern engines with 
equivalent power working on the Dual-Fuel principle. The rest of the ship’s parameters 
remain unchanged. 

In Table 3 are shown the chosen alternative options for each observed ship. 
Table 3. Alternative propulsion options for small, medium and large container vessels 

MSC AMY 

ME MAN B&W, 7G60ME-C10.5-GI, 16 980 kW at 98 rpm 

DG MAN B&W, 4 x 8L23/30DF, 1000 kW each 

MSC ATHENS 

ME MAN B&W, 9G90ME-C10.5-GI, 47 430 kW at 78 rpm 

DG MAN B&W, 2 x 8L35/44DF + 2 x 9L35/44DF, 4080 kW + 4590 kW each 

MSC HAMBURG 

ME MAN B&W, 11G95ME-C10.5-GI, 59 780 kW at 82 rpm 

DG MAN B&W, 4 x 9L35/44DF, 4590 kW each 

PEPM'2021

E3S Web of Conferences 327, 02006 (2021) https://doi.org/10.1051/e3sconf/202132702006

 
5



 
 

Energy Costs Calculation  
Amongst the most important parameters which each marine engine could be described with 
are its power, speed and specific fuel consumption (SFC). 

The fuel consumption represents the basic value used to account the economy of each 
marine propulsion system. 

The main power propulsion plant selection primarily affects the fuel/lubricating oil 
expenses and maintenance costs i.e., 57% of the operating cost [9] 

To calculate the amount of fuel used for the observed period, the following formulas has 
been used: 

����� � ��� 	 24 	 
���� 	 ����� 	 10
�� � ��� 	 24 	 
���� 	 ���� 	 ���� 	

10��                                                                                                                                           (1) 

Where: 
FC(S) – total fuel consumption of the ship in sailing period, [tonnes]; 
�S – time spent at sea, [days]; 
PB(ME) – main engine power, [kW]; 
SFCME – main engine fuel consumption, [g/kWh]; 
PB(AE) – auxiliary engine power, [kW]; 
SFCAE – auxiliary engine fuel consumption, [g/kWh]. 

����� � ��� 	 24 	 
���� 	 ���� 	 ���� 	 10
��                           (2) 

Where: 
FC(P) – total fuel consumption at port stay, [tonnes]; 
�P – time spent at port, [days]. 

����� � ����� � �����                                                     (3)          
Where: 
FC(T) – total fuel consumption for the observed period, [tonnes]. 
 

With purpose to find the energy costs regarding the fuel type used for the observed in the 
current paper period, the following equation has been used: 

�� � ����� 	 
���                                                         (4)         
Where: 
EC – energy costs [USD]; 
PRFO – fuel price, [USD]. 
 

With purpose to the calculations performance, the following assumptions have been 
considered: 
� ME power and SFOC at 75%; 
� Diesel ME operates with HFO, Dual-Fuel ME operates with LNG and MDO as Pilot Fuel; 
� DG power and SFOC at 50%. 
� Diesel Generators operates with MDO, Dual-Fuel Generators operates with LNG and 

MDO as Pilot Fuel; 
� ME in operation only when sailing; 
� Number of DG in operation when sailing – 2 x 50% Power; 
� Number of DG in operation at port stay – 2 x 50% Power; 
� Observed period – 1 year; 
� Time spent at sea – 80% or approximately 292 days; 
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� Time spent at port – 20% or approximately 73 days. 
                            
The calculations concerning the energy costs strictly depends on the fuel prices. The fuel 

prices vary depending on the sailing region and ports visited. For the purpose of our 
calculations will be considered the global average prices for the last six months 
(01.12.20÷31.05.21) for HFO and MDO based on [10], and the average prices for the same 
period for LNG at Henry Hub based on [11]. 

The information concerning the specific fuel oil consumption of the ME and DG is based 
on the relevant engines project guides and with the help of CEAS (Computerized Engine 
Application System) application provided for free use on the official website of the company 
MAN B&W. 

In Table 4 are given the input data necessary for the calculations regarding the amount of 
fuel used and the energy costs for the observed period.  

All of the values are according to the assumptions set earlier in the current paper. 
Table 4. Input data necessary for the calculations of fuel consumption and energy costs for the 

observed ships 

Ship MSC AMY MSC ATHENS MSC 
HAMBURG 

PB(ME), [kW] at (75%) 12735 35572.5 44835 

SFCME (intl.), [g/kWh] at 75% 170.5 (HFO) 159.5 (HFO) 159.1 (HFO) 

SFCME (alt.), [g/kWh] at 75% 128.2 (LNG)   
3.34 (MDO) 

126.9 (LNG)   
3.36 (MDO) 

121.5 (LNG)   
3.70 (MDO) 

PB(AE), [kW] at (50%) 525 2125 2250 

SFCAE (intl.), [g/kWh] at 50% 196.5 
(MDO) 

197.0 
(MDO) 

197.0 
(MDO) 

SFCAE (alt.), [g/kWh] at 50 % 206.1 (LNG)   
3.60 (MDO) 

193.5 (LNG)   
3.80 (MDO) 

193.5 (LNG)  
3.80 (MDO) 

HFO Price [$/tonne] 402.50 

MDO Price [$/tonne] 577.50 

LNG Price [$/tonne] 168.35 

Harmful Emissions Quantification 
The FC and the energy costs arising from the former are only the one side of the coin. The 
other side is the ecology and the influence on the surrounding us environment rendered by 
the fuel burning in the internal combustion engines. The aim set in front of each shipping 
company and the shipping society at all is to reduce the harmful emissions generation and 
therefore the negative impact caused by them. 

Quantification of the CO2, NOX, SOX and PM are based on the fuel total fuel consumption 
calculated and the values for estimation the harmful emissions given in [8] and [9]. 

With purpose of the calculations performed, the following assumptions have been 
considered: 
� HFO with sulfur content 3.5%; 
� MDO with sulfur content 0.5% when sailing; 
� MDO with sulfur content 0.1% at port stay; 
� LNG Calorific Value – 48 000 kJ/kg; 
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� ME considered as slow-speed engine; 
� AE considered as medium-speed engine. 

With purpose to estimate the GHG emissions emitted by the observed ships for the period 
set, the following formulas has been used:   

��� � �����,�� � ����,��� 	 �������                                    (5)    
Where: 
CO2 – carbon dioxide emissions, [t]; 
FC(T,ME) – total FC of main engine, [t]; 
FC(T,AE) – total FC of auxiliary engine, [t]; 
EF(CO2) – emission factor for CO2 [kg/t fuel]. 

��� � �����,�� � ����,��� 	 �������                                    (6) 
Where: 
SOX – sulfur oxides emissions, [t]; 
EF(SOX) – emission factor for SOX [kg/t fuel]. 

��� � �����,�� � ����,��� 	 ��� ���                                   (7) 
Where:  
NOX – nitrogen oxides emissions, [t]; 
EF(NOX) – emission factor for NOX [kg/t fuel]. 


! � �����,�� � ����,��� 	 ������                                       (8) 
Where: 
PM – particulate matters emissions, [t]; 
EF(PM) – emission factor for PM [kg/t fuel]. 
 

In Table 5 are given the emission factor values in necessary for GHG estimation. Values 
are based on [12] – Table 3 and [13] – Table C.5.  

Table 5. Fuel emission factors 

/ HFO MDO LNG 

EF(CO2) 3170 3170 2688 

EF(SOX) 20 x S% 20 x S% 0.027 

EF(NOX), Slow Speed 87 87 8.16 

EF(NOX), Medium Speed 57 57 5.35 

EF(PM) 7.6 7.6 0.21 

4 Study results 
In Table 6 are shown the results attained by equations (1), (2) and (3) regarding the fuel 

used for the parameters set in Chapter 3. 

Table 6 Fuel consumption for operation the vessels for period of 1 year 

MSC AMY 
 ME FC [tonnes] AE FC [tonnes] 

Initial  15217 HFO 1445 MDO 

Alternative 11441 LNG + 298 MDO 3033 LNG + 53 MDO 

MSC ATHENS 
 ME FC [tonnes] AE FC [tonnes] 
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Initial  39762 HFO 11735 MDO 

Alternative 31635 LNG + 838 MDO 11526 LNG + 226 MDO 

MSC HAMBURG 
 ME FC [tonnes] AE FC [tonnes] 

Initial  49990 HFO 12425 MDO 

Alternative 38176 LNG + 1163 MDO 12204 LNG + 240 MDO 

In Table 7 are shown the energy costs regarding the fuel used for operation the ships in 

a period of 1 year. The results are derived by equation (4) 

Table 7. Energy costs for operating the ships in a period of 1 year with both propulsion options 

MSC AMY 

Initial 
HFO Costs [$] MDO Costs [$] Total Costs [$] 

6 124 681 1 612 212 7 736 893 

Alternative 
LNG Costs [$] MDO Costs [$] Total Costs [$] 

2 436 797 195 716 2 632 513 

MSC ATHENS 

Initial 
HFO Costs [$] MDO Costs [$] Total Costs [$] 

16 004 241 6 542 207 22 456 448 

Alternative 
LNG Costs [$] MDO Costs [$] Total Costs [$] 

7 266 249 593 169 7 859 410 

MSC HAMBURG 

Initial 
HFO Costs [$] MDO Costs [$] Total Costs [$] 

20 120 899 6 927 038 27 047 937 

Alternative 
LNG Costs [$] MDO Costs [$] Total Costs [$] 

8 481 505 781 743 9 263 248 
Note: The fuel costs may vary depending on the sailing region of the ships, 
therefore the energy costs savings could be quite different. 

In Figure 3 is depicted the percentage reduction of the energy costs achieved due to the 

fuel type selection for the ship’s propulsion system for period of 1 year. 

 

Fig. 3. Energy costs reduction level in percentages 
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In Table 8 are given the quantified values for harmuful gases and substances emitted into 

the atmosphere due to the fuel burning. The calculations are performed by equations (5), (6), 

(7) and (8). 

Table 8. GHG Emissions separated due to the operation of the ships for period of 1 year 

Observed object CO2 SOX NOX PM 

MSC AMY  
Initial 57403.8 1082.5 1488.7 137.6 

MSC AMY 
Alternative 40020.6 3.7 129.6 5.7 

 

MSC ATHENS 
Initial 163245.5 2853.8 4128.2 

 

391.4 

MSC ATHENS 
Alternative 119391.1 10.9 380.5 17.2 

 

MSC HAMBURG 
Initial 197855.5 3573.8 5057.4 474.4 

MSC HAMBURG 
Alternative 139867.0 14.4 402.1 21.2 

Note: All units are in metric tonnes. 
 

In Figures 4, 5, 6 and 7 is depicted the percentage reduction of the GHG emissions 

achieved due to the fuel type selection for the ship’s propulsion system for period of 1 year. 

 
Fig. 4. CO2 Emissions reduction level in percentages 
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Fig. 5. SOX Emissions reduction level in percentages 

 

Figure 6. NOX Emissions reduction level in percentages 

 
 

Fig. 7. PM Emissions reduction level in percentages 
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5 Conclusions 
In the current study three types of container vessels has been observed. For each ship the 

initial equipped and alternative modern propulsion systems has been studied. Calculations 

regarding the energy costs and GHG emitting has been performed with purpose to make an 

assesment of the ecology performance of each ship. 

Based on the calculation methodology set out in Chapter 3 a significant advantages of the 

modern dual-fuel engines over the conventional diesel engines widely used in the shipping 

has been found. 

The fuel consumption forming a major part of the energy costs of each ship is significant 

reduced due to using a dual-fuel technology. An average reducing of the energy costs with 

65.6% is observed based on the results published in Chapter 4.  

Along with the notable annual fuel consumption and energy costs reduction, the less 

environment pollution rendered due to use of less polluting fuels should not be neglected. 

Due to the methodology set out in Chapter III also and remarkable GHG reduction has 

been accounted. An average reduction of main GHG gases like CO2, SOX, NOX and PM 

respectively with 28.82%, 99.63%, 91.37% and 95.67% is observed. The results from the 

conducted study displaying a significant reducing of the CO2 and NOX, and also almost full 

elimination of the SOX and PM when using dual-fual engines. 

Owing to the switching to modern propulsion systems working on Dual-Fuel an option is 

given to the shipowners to significantly reduce their fuel expenditures as along with that to 

help for state of the environment improvement. Dual-Fuel technology likewise contributes to 

fulfil the stricter energy efficiency requirements introduced by IMO. 

 
This work was performed within Project NP8/2021 from the Research Plan of the Technical University 

of Varna, financed by the State Budget. The first author has been funded in the frame of the Bulgarian 

National Science Program “Young Scientists and Postdoctoral Students 2021” (Council of Ministers’ 

Decisions No. 577 / 16.08.2018).                                                                                                                           
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A design of solar battery cleaning system by 
modularity method 
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Abstract. According to the World Bank statistical report, Vietnam has an 
average of 1,600-2,700 hours of sunshine and normal direct radiation 
averaging 4-5 kWh per square meter a day. Before 2017, solar energy was 
considered worthless in Vietnam's energy development strategy, but by the 
end of 2019, Vietnam overtook Malaysia and Thailand to become the 
country with the largest solar panel installation capacity in Southeast Asia. 
The photovoltaic projects in Vietnam has reached 5 gigawatts (GW), far 
exceeding from the target of 1 GW that proposed by the Government in 
2020 [1]. The strong development of solar energy from industry to civil 
activities has led to the development of ancillary services such as 
installation, maintenance and commerce. To ensure the productivity, all 
solar panels must be cleaned to absorb solar energy as much as possible. In 
the paper, we mention on the design of a solar panel cleaning robot that has 
a compact size, easy to move through the panels, taking advantage of 
domestic factors to have an edge price. The highlight point in that work is 
our application of the modularity method to gain the best competition with 
the other existing products on the market. 

1 Introduction  

The application of modularity method for design of mechanical products has developed 
rapidly in recent years [1]. At present, it has become a perfect and effective method that can 
help the design to overcome so many proposed conditions such as: low price, high 
productivity, interchangeability ...  [2, 3]. Due to the trend of the diversification of 
customers' demands, small product batches with high varieties, the modular design has been 
applied widely [4] in this paper.  

From the above demands, the application of modular design of the mechanical systems 
is indispensable. The objective of the modularization design in the article is the solar panel 
cleaning system or solar panel cleaning robot [5, 6] that could gain the following 
competitive points: compact size, effective working on effective clean panel surfaces, easy 
to activate, and lowest price by taking advantage of domestic factors. 
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2 Method of design process  

Application of the functional analysis [7] for solar battery cleaning system, from the above 
complete general demands, we divided the sub-functions as in the Fig. 1.  
 

 
Fig. 1. Functional schema of solar battery cleaning system. 

 

Proposing ideas for the design problem [7]: Deploy ideas for each function, 
systematically combine ideas, we get 4 ideas for the design of cleaning solar panels as in 
Table 1. 

Table 1. Implementation ideas for each function. 

Function Idea 1 Idea 2 Idea 3 Idea 4 

Power 
supply 

Power supply from 
solar panels 

Power supply 
from outside 

source 

Power supply 
from solar panels 

Power supply 
from outside 

source 
Water 
Supply Pump Pump Pump Pump 

Transmission 
Transmission by 

coupling and gears 
Transmission by 
coupling and belt 

Transmission by 
gearbox and belt 

Transmission by 
coupling and gears 

Rotation 
Brush Shaft 

Motor Belt Belt Motor 

Moving 
robot Servo motor DC Servo motor DC Servo motor DC Servo motor DC 

 
Preliminary concept evaluation for designed product [7]: The ideas are listed on the first 

horizontal row of the selection matrix. The selection criteria are arranged along the left 
column of the matrix. Choose one of the above ideas as a base. Analysis of each idea: ideas 
are compared with base one according to the selection criteria and scored in the 
corresponding box (Table 2). From the above ideas we consider that the ideas 1 and 3 are 
feasible when design the robot. 

Calculating the ideal scores for the final product design [7]: Decision matrix with 
additional weight column. Selection criteria are assigned a weight (in percentage), which 
are determined by consensus of the design team. Analysing each idea: the ideas are 
compared with the standard idea according to the selection criteria and scored in the 
corresponding box. Calculate the total score of each idea by the formula: 

1

n

j ij i
i

S r w


  ,        (1) 
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where: ijr - the first criterion point of idea j; iw -the weight of the i-th criterion; n -total 

number of criteria; jS - total score for idea j . 

Rank the ideas by total score are showed in Table 3. 

Table 2. Matrix of evaluation the ideas. 

Criteria 
Ideas 

1(selected as base) 2 3 4 
Logical productivity + 0 0 + 

Effective hygiene + 0 0 + 
Facility to activate - + + - 
Saving resources 0 0 0 - 

High longivity, high reability + 0 + + 
Ease to mantenance + 0 + + 

Applicable remote control technology + + + + 
Logical price 0 + + - 

Use recyclable materials + + + + 
Total marks (+) 6 4 6 6 
Total marks (0) 3 5 3 0 
Total marks (-) 1 0 0 3 

Ultimate total marks 5 4 6 3 
Range 2 3 1 4 

Continue or stop Yes No Yes No 

Table 3. Matrix of scoring and selection of ideas. 

Criteria Weights(%) 

Ideas 
3 4 

Marks Marks 

Coarse 
Multipled 
to weight 

Coarse 
Multipled 
to weight 

Hygenic effect 10% 4 0.4 3 0.3 
Easy to activate 6% 2 0.12 4 0.24 
Resource saving 15% 3 0.45 3 0.45 

High longivity, high reability 16% 3 0.48 5 0.8 
Easy maintenance 10% 4 0.4 5 0.5 

Application of remote control 
technology 

6% 3 0.18 3 0.18 

Logical price 22% 3 0.66 4 0.88 
Use recyclable materials 5% 3 0.15 3 0.15 

Total marks 100 3.24 3.8 
Ranking 2 1 

Continues? No Yes 
 

Based on the scoring matrix, the design team chooses an idea as a design concept. Solar 
battery cleaning system principle diagram as follows: 
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Fig. 2. Theoretical schemas of solar battery cleaning system: 1- servo motor; 2- gear box; 3- machine 
frame; 4- belt conveyor; 5- brush shaft; 6- Gear; 7- pressure pump; 8- wheels; 9- water pipes. 

3 Results and discussion 

After application of the design product modularization method [8] to design the system 
after analysing the demands of customer and choosing a design concept for the product, we 
combine the functional analysis diagrams and the design concepts in one structural – 
functional diagram that is illustrated in the following diagram: 

 

 
Fig. 3. Schema of structure and function of solar battery cleaning system 

 

List of the components and symbols is shown in Table 4: 
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Table 4. Parts designation solar battery cleaning system. 

 Components Designation 

1 Servo DC motor DDC 

2 Flexible coupling NTD 

3 Reductive gearbox HGT 

4 Gear BR 

5 Belt transmission BTD 

6 Wheel BX 

7 Brush shaft TC 

8 Pressure pump BAS 

9 System of water tube HTN 

 
The system-level specifications of the product are orderly sorted in a hierarchical 

structure in where the physical structure is divided according to the arrangement and the 
interactive state (direct or indirect), while the functional structure is divided according to 
the flow of energy, materials and information as in Figure 4. 

Establishing the relationships of the details in the system [8] through the properties of 
physical structure and function of the system (Table 5), number 1 represents interaction, 0 
represents no relationship system; NT- serial; SS- parallel; TT- direct interaction; GT- 
indirect interaction. 

 

 
Fig. 4. Schema of structure and function of solar battery cleaning system 
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Table 5. The relationships of the details in the system. 

Mechanical details/ 
Cluster of details 

Structure Function 
Arrangement Interaction Energy Transmission 
NT SS TT GT TT GT TT GT 

DDC 

NTD 1 0 1 0 1 0 1 0 
HGT 1 0 0 1 0 1 0 1 
BR 1 0 0 1 0 1 0 1 
BTD 1 1 0 1 0 1 0 1 
BX 0 1 0 1 0 1 0 1 
TC 0 0 0 1 0 1 0 1 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

NTD 

HGT 1 0 1 0 1 0 1 0 
BR 0 1 0 1 0 1 0 1 
BTD 0 1 0 1 0 1 0 1 
BX 0 0 0 1 0 1 0 1 
TC 0 0 0 1 0 1 0 1 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

HGT 

BR 1 0 1 0 1 0 1 0 
BTD 1 0 1 0 1 0 1 0 
BX 0 1 0 1 0 1 0 1 
TC 0 1 0 1 0 1 0 1 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

BR 

BTD 0 0 0 0 0 0 0 0 
BX 1 0 1 0 1 0 1 0 
TC 0 0 0 0 0 0 0 0 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

BTD 

BX 0 0 0 0 0 0 0 0 
TC 1 0 1 0 1 0 1 0 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

BX 
TC 0 0 0 0 0 0 0 0 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

TC 
BAS 0 0 0 0 0 0 0 0 
HTN 0 0 0 0 0 0 0 0 

BAS PTB 1 0 1 0 1 0 1 0 

 
Determining the influence of System – Level Specification (SLS) on General Functional 

Requirements (GFR) [8]:  
To determine the effect of the properties of machine on the functional requirements, we 

use a relationship matrix between machine design requirements and importance factors 
value: 

1: the desired impact value;  

0: the insignificant impact value;  

-1: the undesirable effect value. 
Then we build a matrix of relationships between Systems – Level Specification on 

General Functional Requirements (Table 6). 
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Table 6. Relationship matrix between SLS and GFR. 

 
Applying Cluster Identification Algorithm (CIA) [8], we can determine the matrix of 
functional (Table 7), structural (Table 8) and overall similarity (Table 9). 

Table 7. The structural similarity matrix. 
 DDC NTD HGT BR BTD BX TC BAS HTN 

DDC  5 2 2 2 2 2 0 0 
NTD 5  5 2 2 0 0 0 0 
HGT 2 5  5 5 2 2 0 0 
BR 2 2 5  0 5 0 0 0 
BTD 2 2 5 0  0 5 0 0 
BX 2 0 2 5 0  0 0 0 
TC 2 0 2 0 5 0  0 0 

BAS 0 0 0 0 0 0 0  5 
HTN 0 0 0 0 0 0 0 5  

Table 8. The functional similarity matrix. 
 DDC NTD HGT BR BTD BX TC BAS HTN 

DDC  4 4 4 4 4 4 0 0 
NTD 4  4 4 4 4 4 0 0 
HGT 4 4  4 4 4 4 0 0 
BR 4 4 4  0 4 4 0 0 
BTD 4 4 4 0  0 4 0 0 
BX 4 4 4 4 0  0 0 0 
TC 4 4 4 4 4 0  0 0 

BAS 0 0 0 0 0 0 0  4 
HTN 0 0 0 0 0 0 0 4  

Table 9. The general similarity matrix. 
 DDC NTD HGT BR BTD BX TC BAS HTN 

DDC  9 6 6 6 6 6 0 0 
NTD 9  9 6 6 4 4 0 0 
HGT 6 9  9 9 4 4 0 0 
BR 6 6 9  0 9 4 0 0 
BTD 6 6 9 0  0 9 0 0 
BX 6 4 4 9 0  0 0 0 
TC 6 4 4 4 9 0  0 0 

BAS 0 0 0 0 0 0 0  9 
HTN 0 0 0 0 0 0 0 9  

 General Functional Requirements (GFR) 
System – Level Specifications (SLS) Ease of Service Compactness Performance 
Serial arrangement 1 1 0 
Parallel arrangement 0 1 1 
Direct interaction  1 1 1 
Indirect interaction 0 0 0 
Direct Energy  1 1 0 
Indirect Energy 1 0 1 
Direct transmission 1 1 0 
Indirect transmission 1 0 1 
Weight 1 1 1 
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Combine details into modules: use Cluster Identification Algorithm CIA identification 
algorithm to cluster details. Details in the product are shown in the table below: 

 

Table 10. Product details. 

N0 Clusters denomination Design for selection Design for manufactering 
1 Servo DC motor   
2 Coupling   
3 Reductive gearbox   
4 Belt transmission   
5 Gears   
6 Wheels   
7 Brush shaft   
8 Roller bearings   
9 Pressure pump   
10 Machine frame   

3 Conclusion 

The results show that the modules of physical structure and function are suitable: Module 1: 
Wheel and brush drive function; Module 2: Function of water supply for cleaning process. 
Seven clusters are designed for selection (purchasing from market), three parts are designed 
for manufacturing by ourselves. Modular design improved the design efficiency, product 
quality and reliability, good maintainability. Solar panel cleaning module provides an 
economic and effective method for cleaning the solar panel. 
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Determination of the optimal air-fuel ratio for 
upgraded biogas engine operation  

Radostin Dimitrov1,*, and Penka Zlateva2 

1Technical University of Varna, Department Transport Engineering and Technologies,1 Studentska 

Str., 9010 Varna, Bulgaria 
2 Technical University of Varna, Department of Thermal Engineering,1 Studentska Str., 9010 Varna, 

Bulgaria 

Abstract. The paper reveals a study about air-fuel ratio variation of spark-
ignition engine running on upgraded biogas (biomethane). Using biogas as 
internal combustion engine fuel and external mixture formation is a new 
approach to decrease harmful exhaust gas emissions. Тo obtain minimum 
concentrations of exhaust gases harmful emissions the engine must work 
with optimal air-fuel ratio. This research contains analysis of many test 
engine adjusting characteristics to determine optimal air-fuel ratio for each 
working regime and to obtain maximum effective working process by the 
use of biomethane as a fuel. Three-dimensional graphics of air-fuel ratio 
variation across the rpm and load range were made. In conclusion based on 
performed experiments, a table with values of air-fuel ratio for all engine 
operating modes and dependence on rpm and load of the engine is proposed. 

1 Introduction 

The ever-increasing environmental requirements and regulations for exhaust gas determined 
by European legislation dictate the growing use of alternative fuel sources [1-3]. Using 
alternative fuels is one of the most feasible options to reduce CO2 emissions is by using 
alternative fuels. For Spark-Ignition engines, these alternative fuels can be: LPG (liquid 
petroleum gas), CNG (compressed natural gas), different types of alcohols and biogas [4]. 

The new method for decreasing exhaust gas emission involves the use of biogas. Biogas 
is alternative fuel derived from Renewable Energy Sources, containing basically methane 
and carbon dioxide. Its composition depends on the type of raw material used for its 
production [5]. The methane concentration in biogas is between 50 and 80% [6]. The biogas 
obtained needs to be further purified in order to be used as fuel for internal combustion 
engines [7]. 

The resultant mixture is composed mainly of methane and is called biomethane. To enable 
an engine to operate with maximum efficiency, it is necessary to determine the optimal ratio 
of mixture of biomethane and air entering into the cylinder [8]. 

As an alternative fuel, biomethane is of growing interest due to its lowest exhaust gas 
emissions when burnt in the engine [9]. The fuel systems developed for methane operation 

* Corresponding author: r_dimitrov@tu-varna.bg
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are characterized by the additional large weight of the fuel tank and the lower power output 
upon engine retrofitting, which are advantages to be taken into account. On the other hand, 
this fuel has better environmental performance and low cost, which justifies the tendency 
toward its use [10-13]. 

Since the different nature of methane as a fuel, it requires a greater quantity of air for 
achieving its complete combustion. Thus, 17.19 kg air is necessary to burn 1 kg biomethane 
as compared to the amount of air required for the engine when running on conventional 
gasoline fuel, i.e. 14.7 kg air for burning 1 kg gasoline. These factors dictate the need for the 
determination of air-fuel ratio for each operating mode of the engine when using methane as 
a fuel [14-17]. 

This study aims at establishing the optimal air-fuel ratio for achieving the highest 
efficiency of the engine operation working on biomethane over the whole speed and load 
range of operation. 

2 Experimental methodology 

Table 1 shows the parameters of the Spark-Ignition engine used for conducting the 
experiments included in the study: 
 

 Table 1. Test engine parameters. 

№ Parameter Value 

1 Volume [dm3] 1.275 

2 Cylinder diameter [mm] 70.61 

3 Stroke [mm] 81.28 

4 Compression ratio   9.75 

5 Nominal power/ crankshaft speed [kW/ min-1] 46/5500 

6 Nominal torque/ crankshaft speed [Nm/ min-1] 95/3000 

 
The Biomethane fuel system is conventionally equipped with a reducer-evaporator, which 

facilitates the adjustment of the air-fuel ratio of the mixture. The engine is connected to an 
electric DC current dynamometer. The multitude characteristics established for the air-fuel 
adjustment parameters are employed to find the optimal parameters promoting the highest 
efficiency of the combustion process. Also, for each point of measurements, an indicator 
diagram was drawn using a piezo-quartz sensor of the Kistler brand.  

A schematic diagram of the laboratory unit is shown in Fig. 1, where:  
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Fig. 1. Experimental apparatus. 

 
1 – biomethane bottle;   2 – magnetic valve;    3 – flow meter;  
4 – control panel;    5 – battery;               6 – mixer;  
7 – stop magnetic valve;   8 – reducer-evaporator;             9 – pressure sensor;  
10 – spark plugs;    11 – cooling engine system; 12 – BNC adapter; 
13 – dynamometer;   14 – ignition coil;            15 – distributor; 
16 – thermometer;   17 – pressure gauge;  18 – gas regulator; 
19 – brake force scale;   20 – PC system;             21 – amplifier; 
22 – gas analyzer;    23 – ignition system sensor; 24 – hall effect sensor; 
25 – hall effect sensor;   26 – air filter. 

3 Experimental data and results 

Fig. 2 illustrates an excerpt of the results obtained from the experiments. The variation of the 
air-fuel ratio as a function of the brake power is shown for different load modes at a 
crankshaft rotation speed of 4500 min-1. The figure shown represents only part of the results 
of the research conducted at only one crankshaft rotation speed. According to results in Fig. 
2, the optimal values of air-fuel ratio are determined for a given crankshaft rotation speed. 
The 3D-view of the determined values of air-fuel ratios for all regimes of operation of engine 
are shown in the next figure. 
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Fig. 2. Variation of Air-fuel ratio in function of Brake Power at a crankshaft rotation speed of 4500 
min-1. 

 
The adjustment characteristics obtained refer to the entire load range (from a closed 

throttling valve, i.e. zero load to a fully open throttling valve, i.e. full load) at crankshaft 
rotation speeds of 1000 min-1, 2000 min-1, 3000 min-1, 3500 min-1, 4500 min-1, 5500 min-1, 
and 6000 min-1. 

The experimental results for the variation of the air-fuel ratio are shown in table 2. 
 

Table 2. Experimental results. 
 

Crankshaft 
rotation speed 

[1/min] 

 
% Opening throttle valve 

 

0 20 40 50 80 100 

1000 15.13 15.30 15.13 15.30 15.30 15.30 

2000 15.13 15.47 15.13 14.96 15.47 14.96 

3000 16.33 15.47 15.81 14.96 15.13 15.81 
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3500 17.02 17.19 17.36 17.53 17.36 16.85 

4500 17.53 17.88 18.05 17.88 17.88 18.05 

5500 17.02 18.05 18.22 17.53 17.88 18.05 

6000 16.85 18.05 17.88 18.39 18.57 17.96 

 
In order to be able to determine whether the mixture is rich or lean, it is necessary to 

convert the values shown in table 2 into equivalence air-fuel ratio – α (alfa) using the 
following equation: 

 

𝛼
𝐴𝐹𝑅
𝐴𝐹𝑅

, (1) 

  

where: AFRactual are values from table 2, AFRideal is 17.19.  
 
If the equivalence air-fuel ratio is less than 1, the mixture is rich, and respectively, if the 

equivalence air-fuel ratio exceeds 1, the mixture is lean. If the equivalence air-fuel ratio is 
equal to 1, the mixture is stoichiometric.  

To provide a clearer visualization, the data obtained are illustrated as a 3D diagram in 
Fig. 3. 

 

 
Fig. 3. 3D graph of results.  

 
The figure shows the variation of optimal Air-Fuel ratio for all regimes of engine 

operation, depending on the variation of engine load and rotation speed over the whole 
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operating range of the engine. By presenting the graph in 3D format, it is possible to 
understand the results of the experiment more clearly and to analyze the experiment results. 

4 Conclusions 

1. The highest efficiency of the engine requires an air-fuel ratio of approximately 15.3 at 
crankshaft rotation speeds or reach mixture for crankshaft rotation speed up to 2000 min-1. 

2. For crankshaft rotation speeds up to the nominal crankshaft rotation speed, the air-fuel 
ratio is to be equal to or little more than 17.19, corresponding to the stoichiometric mixture. 

3. The change of air-fuel ratio of the mixture depends mainly on the crankshaft rotation speed 
rather than on the engine load. 

4. The determination of the optimal air-fuel ratio of an engine running on biogas allows the 
engine to operate with maximum efficiency and minimized concentrations of harmful 
emissions in the exhaust gases.  
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Abstract. The aim of the present study was to investigate the possibilities 
for obtaining pellets by single-screw extrusion of black pine (Pinus nigra 
Arn.) biomass. Two fractions of black pine needles – 1) with dp ≥ 500 μm 
and bulk density ρn = 0.243 g/cm3 and 2) black pine twigs with d ≥ 500 μm 
and ρn = 0.297 g/cm3, were obtained. Wheat bran with dp ≥ 500 μm and bulk 
density ρn = 0.258 g/cm3 in a ratio of 1:1 was added to the obtained fractions. 
The experiments showed that getting pellets by single-screw extrusion of 
biomass from twigs and needles of black pine was possible when mixing 
them in a 1:1 ratio with wheat bran. The addition of wheat bran improved 
the smoothness and homogeneity of the produced pellets and increased their 
density. High-density pellets with a low sectional expansion index were 
produced during extrusion. The productivity of extruding mixtures of black 
pine twigs with wheat bran was 30% higher than that made from a mix of 
black pine needles and wheat bran. The pellets obtained after mixing 
biomass from black pine and wheat bran had over 13% higher density than 
those produced entirely from wheat bran. The presence of black pine 
biomass increased the quality of the final product while at the same time 
having a positive effect on both productivity and specific energy 
consumption. 

 

1 Introduction 
Renewable natural sources, including waste raw materials from the timber and processing 
industry, could be used as an alternative energy source [1]. Their utilization was in granular  
 
*corresponding author:asimitchiev@gmail.com 
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form, which created preconditions for disruption of the flow due to adhesion and the 
appearance of cracks [2-4]. 

Coniferous species and, in particular, black pine (Pinus nigra Arn.) are sources of 
biomass, not only in Bulgaria but also worldwide. The biomass of plant species was 
characterized by low energy density and high water content, requiring its pre-treatment 
(extrusion). Many physical and energy characteristics of black pine biomass, such as density, 
strength, calorific value, and others, were essential in the bioenergy market. The mechanical 
properties of the biomass used for extrudates are strongly influenced by the distribution and 
size of the individual particles in the system [5-7]. There were no standard methodologies in 
the literature for the properties of extrudates (granules) and values for the coefficients of 
friction, a slip of black pine biomass with different moisture values. 

The density of the obtained granules was an essential parameter for evaluating the 
mechanical characteristics, as it also determines the pressure used to obtain the pellets [2, 8]. 
New conditions are created during the increase of the pellet's density to create close 
interaction between the system's components. This condition lowered the moisture content 
by decreasing the mass and significantly reducing transport and storage costs [9-11]. The 
creation of a dense structure of extrudates may also cause a decrease in their mechanical 
stability due to solid compaction [12]. 

Granulated biomass absorbed less moisture from the environment [9], but pellet 
extrudates require higher amounts of energy [13]. 

Some authors [6, 14] used waste products from soybean processing, sugar cane, 
eucalyptus wood, wheat straw, algae, willow, and cork in the composition of the extrudates. 
Their analyzes have identified several energy characteristics of biomass. The determination 
of mechanical parameters such as hardness assesses the quality of the pellets. 

Most of the biomass obtained from processing, and agricultural production comprises 
lignocellulose, a composite of cellulose, hemicellulose, and lignin. Each of the 
polysaccharides involved in the biomass composition determined the different binding 
methods between the particles, which was the main factor determining the heat of 
combustion. The use of an unsuitable extruder or incorrectly selected extrusion conditions 
may cause lignin flow and migration of some substances to the surface. All these changes 
influenced the quality of the obtained extrudates [14]. 

Coniferous species used for timber, such as black pine, fall into the group of large 
amounts of biomass. Different energy characteristics were observed between the various 
anatomical parts of the coniferous species. The higher lipid content and volatile substances 
in the biomass increased the calorific value of the obtained extrudates used for combustion. 
For this reason, during drying or extrusion, some representatives of lipids and volatile 
components were lost, which negatively affected the energy potential of biomass [15]. 

Because of the increased interest in using bioenergy resources and applying the principles 
of the green economy in several industries, knowledge of their application is needed. Black 
pine in Bulgaria is a widely used species in the timber, wood processing, and essential oil 
industries. The large scale of the waste raw materials obtained during its processing contains 
materials with a composition that suggests many possibilities for their inclusion in the 
bioenergy sector. The case of its wide application is influenced by the fact that th� black pine 
species is not a protected species in Bulgaria. To the best of our knowledge, this is the first 
scientific study evaluating the usage of raw waste products by black pine to produce pellets. 
Therefore, the aim of this study was to determine the options of obtaining pellets by single-
screw extrusion of black pine biomass (P. nigra) obtained after extraction of the essential oil. 
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2 MATERIALS AND METHODS 

2.1. Materials 

Biomass (needles and twigs with needles) from black pine (P. nigra) which was obtained 
after extraction of the essential oil by water distillation was used in this study. The raw 
material was collected during the summer season (May - June 2020) in Central Balkan Nature 
Park, Bulgaria. After distillation, the biomass was dried at a temperature of 20 ± 2 ºC and an 
air velocity of 0.5 m/s. 
The wheat bran (obtained from soft wheat) was purchased from the commercial network 
(Claremont company). 

2.2. Methods 

2.2.1. Biomass grinding 

The raw material was grounded by a hammer mill [1]. The grinding rate for biomass was dp 
≥ 500 �m and bulk density was �n = 0.243 g/cm3 (for needles) and �n = 0.297 g/cm3 (for twigs 
with needles), respectively (Fig.1). 

 

 

                    needles               twigs with needles 

Fig.1. P. nigra biomass. 

 

2.2.2. Determination of moisture 

The moisture content [5] for needles, twigs with needles and wheat bran biomass were 
determined as follows 7.10 ± 0.87%, 7.50 ± 0.13%, and 6.12 ± 0.81%. 

2.2.3. Ash content 

The mineral composition of the samples was 2.86 ± 0.12% (needles), 3.12 ± 0.03% (twigs 
with needles), and 6.64 ± 0.09% (wheat bran). 

2.2.4. Determination of cellulose 
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The cellulose content of needles (29.20 ± 1.56%), twigs with needles (26.10 ± 2.18%), and 
wheat bran biomass (8.15 ± 0.12%) was determined according to the method described by 
Simitchiev et al. [1]. 

2.2.5. Extrudates obtaining 

The experiments were carried out on a single-screw laboratory extruder “Brabender 20 DN” 
(Germany) with a working screw diameter of 20 mm, equipped with a measuring facility for 
torque �n, N.m, the temperature of the material in the die and pressure inside the die. All data 
were obtained directly from the control unit display of the extruder (Fig. 2).  

 

Fig. 2. Single-screw laboratory extruder “Brabender 20 DN”. 

1. Feeding device. 2. Screw 3. Cylinder 4. Die with nozzle and heater. 5. Heating devices 
Cylinder diameter 20.05 mm 
Cylinder length 406.5 mm 
L/D 20:1 
Cooling air, water 

The obtained pellets are characterized by the following indicators:  
Productivity of the extrusion process (Qm), kg/h - is determined by calculating the mass 

of the amount of expired product per unit time according to the following equation: 

      Qm = ,             (1) 

where: m – mass of biomass, kg;  
t – time, min. 
 
Sectional expansion index (SEI) – was defined as the ratio of the average diameter of the 

extrudate from each experiment (De) to the diameter of the hole of the matrix nozzle (Do) by 
the following equation: 

        SEI =             (2) 

where: De – the average diameter of the extrudate for ten samples, mm;  
Do – diameter of the die nozzle hole, mm. 
 
Specific mechanical energy (SME), (kJ/kg) - determined by the following equation: 

     𝑆𝑀𝐸
. .

.
. 3,6,           (3) 

where: Mn – torque, N.m. It is recorded from the display of the power supply unit of the 
laboratory extruder; 
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n – the speed of the working screw, min-1;  
 

Density of pellets (�), (g/cm3) - is determined by measuring the mass and the average 
diameter of the same amount of extrudates (10 pcs.) of the same length. Calculate the volume 
of each extrudate, assuming that its shape is close to cylindrical. The density is calculated by 
the following equation: 

𝜌 ,                     (4) 

where: M – the mass of biomass, g, 
V – sample volume, cm3, 
W – the moisture of biomass, %.  
The moisture of the products was determined by drying for 24 h at 105 °C. 

Volumetric flow rate (cm3/h) - determined by the following equation: 

      Qv = . 10                      (5) 

All experiments were performed with an initial humidity W = 10%, determined by drying 
for 24 h at a temperature of 105°� (��� EN ISO 712:2010) [16]. 

3 Results and discussion 

The main difficulty during extrusion processing was to reach optimal operating modes in 
order to obtain a product with the best physical and mechanical properties. Therefore, it was 
always necessary to perform preliminary experiments in which the basic parameters were 
changed during extrusion [3, 4, 17]. Needles and needle twigs contained resinous substances 
which melted at temperatures above 40°C. At the same time, the resistance moment and the 
pressure in the system increased and the molten product was not able to pass through the die. 
The same problem occured without additional heating in the three zones of the extruder. Due 
to the friction forces from the rotation of the screw in the cylinder of the extruder, the 
temperature increased again to the extent that the resin liquefied and the extruder closed [3, 
4, 8, 9]. 

In order to prevent this negative phenomenon, wheat bran was added to the two black 
pine biomass (Fig. 3) with the following parameters: dp ≥ 500 �m, bulk density �n = 0.258 
g/cm3. The biomass ratio of black pine: wheat bran is 1:1. 

 

Fig.3. Wheat bran 
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New difficulties related to the clogging of the extruder confirmed the binding potential of 
the bran used [3, 4]. 

Another problem was the inner diameter of the nozzle through which the pellets come 
out. Preliminary experiments have shown that if this diameter was less than 8 mm, the 
product is not able to be extruded. The reason is that the inner hole of the die through which 
the product passes before reaching the nozzle is 8 mm in diameter. If the nozzle that was 
mounted to it was smaller, then the product encounters great resistance along the way. This 
leads to an increase in the resistance moment and the pressure in the extruder, accompanied 
by an increase in the coefficient of friction between the product and the nozzle. In order to 
reduce friction, experiments have been performed to increase the humidity of the input raw 
materials, but the results were unsatisfactory. After numerous experiments, operating modes 
have been established in which pellets with the best physical and mechanical properties were 
obtained: 

Inner diameter of the nozzle was determined as Do = 8 mm; the degree of compression of 
the screw was K = 5:1; the temperatures in the three zones of the extruder was t1 = 30°C; t2 
= 30°C; t3 = 40°C; the dosing screw speed was Nf = 100 min-1; and the speed of rotation of 
the working screw was n = 250 min-1. 

The experimental preparation was performed at ambient temperature ta = 20.5 °C. Five 
parallel experiments were performed in the modes of operation described above with a 
mixture of biomass from black pine needles and wheat bran (sample 1), twigs with needles, 
and wheat bran (sample 2) and only wheat bran (control sample). The results are presented 
in Table 1. 

Table 1. Physical characteristics of the pellets. 

 EI 
Mass 
flow 

Qm, kg\h 

Specific 
mechanical 

energy SME, 
kJ/kg

Volume 
flow 

Qv, cm3/h 

Density, 
ρ, g/cm3 

Pressure, 
MPa 

Sample 1 
1.02 

±0.005 
2.187 

±0.016 
1077.36 
±13.572 

1701.95 
±66.212 

1.285 
±0.018 

3.6 
±0.112 

Sample 2 
1.06 

±0.025 
3.123 

±0.046 
1146.79 
±14.148 

2248.38 
±102.014 

1.389 
±0.026 

4.3 
±0.132 

Control 
sample 

1.02 
±0.014 

2.012 
±0.021 

1311.60 
±16.162

1804.48 
±72.046

1.115 
±0.022

2.8 
±0.094 

The data values are expressed as the mean ± SD (standard deviation (n = 5)) 
  

The obtained values for the individual parameters of the extrudates were not in agreement 
with previously reported [3, 4, 9], as the differences in the indicators of the initial biomass - 
a type of biomass, moisture of the raw material, and type of extruder used could be the reason 
for the differences. The data obtained in this study showed that the inclusion of wheat bran 
in the composition of the biomass improved the density, increasing the extruder's 
productivity. 

Figures 4a, 4b, and 4c showed the images of the pellets obtained. They show the good 
smoothness, homogeneity, and density of sample 1 and sample 2. In contrast, the control 
sample showed an apparent porosity. There were also microcracks, which indicated poor 
sealing of the control sample at the exit and from the nozzle. 
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                    4а                    4b                                     4c             

Fig. 4. Pellets obtained after single-screw extrusion of biomass from black pine and wheat bran: 4a - 
sample 1; 4b - sample 2; 4c – control sample. 

 
The sectional expansion index indicated the increase in the size of the extruded product 

after it left the nozzle. Index values were greater than or equal to 1 (one) due to the transition 
from high pressure from the pressing of the product in the cylinder to atmospheric pressure 
at its exit after the nozzle. It was mainly influenced by the humidity and chemical 
composition of the extruded product and the temperature regimes, and the rotational speed 
of the working screw. The obtained results showed that the extruded pellets had low 
expansion. In this case, the low expansion index was not a negative phenomenon. Instead, it 
was an indicator of the products' good compaction in the matrix, expressed by the 
homogeneity and strength of the obtained pellets. Mixtures with twigs with black pine 
needles (sample 2) had a higher expansion index than those with black pine needles (sample 
1) and wheat bran (control). It could be explained by the higher bulk density of sample 2, 
which allowed for better dosing of the product and led to a more optimal filling of the inter-
turn space of the screw with the product and an increase in pressure.  
The lower bulk density of the product (sample 1) led to problems with its dosing to the 
working screw. Therefore, the resistance moment and the pressure in the cylinder acquired 
lower values than those recorded in the experiments with sample 2. As a result, the 
productivity and the sectional expansion index of the obtained pellets were affected. A 
problem with dosing also occurred in the control sample, which affected both the productivity 
and the density of the pellets. 

The density of the pellets is a major indicator on which their hardness and strength 
depend. It also characterizes the changes in the structure of the product during its movement 
in the cylinder of the extruder. During the extrusion of pure black pine biomass, the resulting 
extrudates decomposed when leaving the nozzle and were characterized by high friability 
and low density. The addition of wheat bran to the two black pine samples positively affected 
the quality and density of the pellets obtained. A parallel could be made with previous 
experiments for obtaining pellets from distilled juniper [1, 17]. The pellets obtained in the 
experiments with a mixture of wheat bran and black pine were characterized by three times 
higher density than those with a main component of juniper.  

On the other hand, the pellets obtained after mixing biomass from black pine and wheat 
bran had a higher density than those produced with the control sample. Therefore, the 
presence of black pine biomass increased the quality of the final product while positively 
affecting both productivity and density. Biomass compaction systems were adapted 
depending on the moisture of the feedstock, the particle size, and the protein and lignin 
content, which had a very strong effect on the binding potential between the individual 
particles. The lignin fraction in the biomass determined the necessity to use technological 
solutions, such as the inclusion of steam, steam explosion, torrefaction in order to improve 
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the quality of extrudates. The inclusion of natural or synthetic adhesives in the production of 
low lignin extrudates reduced the specific energy of compaction [17], while improving the 
index of density and strength, bulk density, moisture and calorific value of extrudates. 

Volume productivity is an indicator that represents the ratio between the productivity 
expressed by mass flow to the density of the pellets. In the present study, the volumetric 
productivity of the pellets from sample 1 was about 25% higher than that obtained from 
sample 2. The total volumetric productivity of the product obtained from mixtures of black 
pine and wheat bran was lower than that obtained in pellets from distilled juniper [1, 3, 4, 16, 
17]. It could be explained by the different extrusion modes and the higher density of the 
mixtures of black pine and wheat bran, due to which the speed of the pellets coming out of 
the nozzle was lower. Sample 2 had more than 8% higher volumetric productivity than the 
control sample due to the better filling of the screw inter-turn space with the product [17]. 

Productivity and energy consumption are essential technical and economic indicators that 
characterize each production process. In the present experiment, they had a rather indirect 
influence due to the type of extruder used to produce pellets in this study. Therefore, the 
calculated productivity was low, with relatively low energy consumption. The results showed 
a higher energy consumption when working with sample 2. This was mainly due to higher 
productivity (over 30% higher than sample 1), higher resistance moments, and a higher 
pressure during extrusion. When using an industrial turbo extruder operating at high pressure, 
the obtained productivity would be significantly higher, which was a prerequisite for further 
experiments in this direction. In the control sample, the energy consumption was over 12% 
higher than that obtained in the other samples. This was due to the lower pressure during the 
extrusion treatment, which affected the torque and the flow rate of the product from the 
nozzle of the extruder. 

4 Conclusion 

The results obtained in this study showed that the production of pellets produced by single-
screw extrusion of biomass from needles and twigs with black pine was possible by mixing 
them with wheat bran in a ratio of 1:1. The addition of wheat bran improved the smoothness 
and homogeneity of the pellets and increased their density. Extrusion regimes have been 
established in which high-density pellets with a low sectional expansion index were 
produced. The productivity of extruding mixtures of twigs with black pine needles with wheat 
bran (sample 2) was 30% higher than that made from a mix of black pine needles and wheat 
bran (sample 1). 

The pellets obtained after mixing the black pine biomass and wheat bran had over 13% 
higher density than those produced entirely from wheat bran. This showed that the presence 
of black pine biomass increased the quality of the final product while at the same time having 
a positive effect on both productivity and specific energy consumption. The experiments 
carried out in our study emphasized that the energy performance of the sample increased the 
quality of the final product. The energy characteristics of black pine biomass will be the 
subject of future research, because of the potential possibilities for application as an energy 
source. 
 
The authors acknowledge the support by the National Science Fund of Bulgaria, project No �P-06- 
H36/14. 
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Abstract. The goal of the paper starts from the need for real-time 
monitoring of both running water and its affluents and urban sewerage 
systems with a role in discharging wastewater. The idea is to assess water 
quality and to determine the sources of pollutants resulting from human 
activity. The data quality will be obtained by purchasing them with a high 
resolution, both spatial and temporal, using multi-parametric sensors on a 
hardware platform of its own multisensory acquisition. The acquired data 
is stored in CLOUD or local server for storage, analysis and interpretation. 
There will be a software application based on artificial intelligence 
technologies that serves to identify and classify different polluted areas, 
locate pollution sources, predict their extinction, degree of pollution and 
help make decisions based on real-time detection. A web application will 
provide all the data collected in the field and it can be accessed on a 
common online platform. This allows researchers or employees of relevant 
agencies as well as city sewer system operators to validate the quality of 
data purchased from sensors and end users to be sure of their correctness. 

1 Introduction  

River water is the main source of drinking water for most localities in our country and it is 
obvious that their quality level directly influences the drinking water treatment and the 
water distribution systems in populated centers. Rivers and their tributaries are subject to 
high dynamics that change both in time and space. In addition to daily and seasonal natural 
variations [1], the rivers are influenced by changing discharge regimes (flow, rainfall) and 
very often, unpredictably, by the impact of different types of pollutants resulting from 
human activity [2]. Basically, the pollution is more harmful to the ecological and chemical 
status of the river the smaller the river is. It should also be borne in mind that the quantity 
of pollutants coming from small tributaries accounts for most of the pollution in large 
running waters. Another very important factor that leads to the increase of the degree of 
pollution of the running waters in Romania is the discharges of the insufficiently treated 
wastewater. There are two main categories of wastewater, insufficiently or not treated 
urban wastewater in urban environment or industrial wastewater treatment plants. The 
industrial wastewater is characterized by loads of specific pollutants which can be 
discharged untreated both in urban sewage systems and directly into running water. The 
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latter are particularly dangerous if they are accidentally or intentionally spilled, often 
leading to real environmental disasters. 

 In Europe, since 2000, based on the requirements of the European Commission, the 
situation of small and medium-sized rivers has been analyzed according to the "EU-Water 
Framework Directive" (WFD) [3]. Assessing the impact of pollution on running water is 
done through a combined approach that involves analyzing the different sources of 
pollution and how they drain. It is necessary to identify the sources and routes of pollutants 
in running water in order to allow a correct planning of measures to eliminate them and to 
improve the chemical and ecological status of the water. In Romania there are maximum 
values of the concentrations of pollutants that can be discharged into natural waters, based 
on the NTPA001 norms, and maximum values of the concentrations of pollutants that can 
be discharged into the urban sewerage networks based on the NTPA002 norms. The 
traditional approach to water quality monitoring is achieved by the laboratory testing of 
water samples collected both in the case of natural running water and in the case of 
sewerage systems. This technique offers a full range of testing, including biological, 
chemical and physical parameters. Due to the high dynamics, non-linear behavior in time 
and space of running water as well as sewerage systems, traditional sampling methods fail 
to identify sources of pollution in real time. 

To identify and monitor pollutants in real time, it is necessary to take samples using 
automated systems; they provide information on the water quality of a river or sewer 
system and allow the detection of both short-term events and long-term changes. Moreover, 
they allow the distinction of different paths and sources of pollution that can be categorized 
to be point or diffuse. 

Currently, in many countries, running water is monitored by permanent stations 
specializing in monitoring standard physic-chemical parameters of water quality, 
administered by public agencies. The main parameters monitored are physical - pH, 
temperature, color, turbidity, conductivity, radioactivity and bio-chemicals - biological 
oxygen consumption, chemical oxygen consumption, dissolved oxygen, solid suspensions, 
nitrates, nitrites, sulfates, phosphates, various dissolved elements. Among these elements, 
total nitrogen, ammoniacal nitrogen, total phosphorus, lead, cadmium, total chromium, 
hexa-valent chromium, tri-valent chromium, copper, nickel, zinc, manganese can be listed 
as the main industrial pollutants. chlorides. An important part of these pollutants are the 
heavy metals (listed above) that have already reached the city treatment plants and they will 
be found in the composition of the sludge resulting from the treatment process, making it 
considerably more difficult to process. Many of the necessary sensors, especially 
electrochemical ones, require continuous maintenance, frequent calibration procedures and 
cleaning to ensure safe and accurate data. In addition, various problems may arise when 
integrating them into a common software platform (data collection, processing, etc.), which 
has implications for the end user in making decisions about water quality and how to act in 
the event of an incident.  

2 State of the art  

Nowadays there are different systems that monitor the water quality from the point of view 
of its pollution level. Some of these are made only for pollutants from the agricultural 
sector, especially for the flow of nutrients from rivers [4]; other systems focus on assessing 
the ecological status of rivers or the impact of river pollution on drinking water. Most 
studies have been performed using in-situ sensor placement [5] . However, the precision 
water monitoring devices, such as chemical analysers, are not widely used due to the high 
investment and maintenance costs, as they are used to monitor river basins through analysis 
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stations of national agencies [6]. These types of analysers are used, for example, to 
determine the amount of phosphorus in water. However, ammoniacal nitrogen (NH4-N) 
and organic carbon (TOC) are of significant relevance to the chemical and ecological status 
of rivers, as well as to the identification of their sources.  

2 System description  

This paper describes the conception of a system dedicated to the acquisition and the 
interpretation of an extensive set of data from several types of pollutants, the 
characterization and the classification of the full spectrum of pollution sources, using the 
latest methods and technologies. The system architecture could be presented from the 
hardware or software point of view. Generally, the system is composed from the following 
subsystems (see figure 1): 

 Multi-sensor hardware platforms that read the water quality parameters and send them 
to the data storage, processing and analysis software application; 

 Weather station that provides data necessary to increase the accuracy of prediction of 
analysis algorithms; 

 River pollution monitoring software application that ensures the storage, processing 
and analysis of purchased data (resident in a cloud or local server) and recognition 
using artificial intelligence algorithms; 

 Web software application for visualizing the state of the equipment in the 
composition of the system, in order to manage and maintain them; 

 Research software application that provides all the data collected by the multi-sensor 
hardware platforms for the research institute and the university, visualization and 
production of reports, statistics and predictions on pollution events; 

 Alert service software application used to transmit real-time pollution events to the 
authorities. 

 
Fig 1. General architecture of the system 
 
The general tasks of the system are described below: 

 real-time monitoring of water pollution 
 storage of data purchased from multi-sensor hardware platforms. 
 preprocessing and analysis of data taken from multi-sensor hardware platforms; 
 data fusion from all data from multi-sensor hardware platforms; 
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 generating information for pre-warning services; 
 generating alerts for emergency services; 
 allows access to raw data and results from their processing and analysis to make 

detailed statistics and predictions about pollution, and provide reports on pollution 
events; 

 allows the connection of a wide range of sensors, in order to collect and record data 
from them; 

 allows its programming so that the software interface can be interfaced with the 
connected sensors; 

 communicate through several communication technologies; 
 allows the configuration of smart sensors connected by the user; 
 allows the calibration of the sensors connected by the user; 
 allows monitoring the status of all component hardware equipment. 

We will describe below the role and the architecture of the main components of the system. 
Multi-senzor hardware platform 
The role of multi-sensor hardware platforms is to take data from sensors that measure water 
quality parameters and transmit them to the data storage, processing and analysis software 
application. The hardware architecture of a multi-sensor platform is illustrated in Figure 2. 

 
Fig 2. Hardware architecture of the platform 
 

The multi-sensor platform consists of two main components: (1) the system for 
collecting data from sensors and (2) sensors for measuring water quality parameters. The 
data collection system is built with a Toradex Colibri iMX6ULL module. It is a system-on-
module (SoM) microsystem that provides the digital interfaces, computing power and 
power consumption necessary to meet the functional requirements of the platform. It also 
ensures the flexibility of software programming by offering the possibility to access low-
level digital interfaces (eg SPI, I2C, etc.) and to allow programming using high-level 
languages (eg C #, Python, etc.). ) 
In general, the data collection system consists of the following components: central unit 
(Colibri iMX6ULL), sensor interfaces (RS-232, RS-485, SDI-12, I2C, SPI, UART, analog, 
digital, power supply), communication interfaces (USB slave, USB master, Ethernet, 3G / 
4G modem, WiFi), memory (micro SD card, flash), display. 
The functions of its components are the following: 

 Micro SD card - for local storage of data from sensors; this function is particularly 
important when the communication link with the server on which the data storage, 
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processing and analysis software application resides cannot be established; the 
micro SD card is connected to the MMC interface of the SoM; 

 RJ45 connector - to ensure Ethernet communication at speeds from 10 to 100 Mb / s; 
it is connected to the Ethernet interface of the SoM; 

 2 USB connectors - to offer the possibility of local download of data stored on the 
micro SD card on an external memory support; 

 3G / 4G modem - it ensures communication with the server through mobile data 
networks, having the possibility to operate in 4G networks, but also 3G when there 
is no 4G coverage in the areas where the platform is installed; 

 General purpose button - for performing software configurable functions (eg system 
reset); it is connected to the GPIO port of the SoM; 

 Accelerometer - it has the role of detecting if the platform has changed its installation 
position; this can happen in case of theft or fall of the platform; 

 Real time clock - it is responsible for maintaining the system time; 
 I2C-UART converter - the converter has the role of providing several serial 

communication ports to ensure flexibility regarding the types of sensors that can be 
connected to the data logger; 

 I2C interface B - is used to allow the connection of digital sensors with I2C interface; 
 I2C-SPI converter - it is used to allow the connection of digital sensors; 
 Power supply - ensures the supply of the system with the necessary voltages and 

currents; 
 Start / stop button - allows the system to start / stop; 
 External board - it is located in the vicinity of the data logger, it is connected to it by 

ribbon cable; 
 Analog-to-digital converter - this block contains the analog-to-digital converters used 

for interfacing with analog sensors; 
 Frequency counters - allow the reading of data from sensors that provide them in the 

form of pulses; 
 Digital inputs / outputs - for interfacing with sensors; they are connected to the GPIO 

port of the SoM; 
 Sensors for measuring water quality parameters - they can be digital or analog. 

The multi-sensor hardware platform must perform the following functions: 
 allows the transmission and reception of settings to / from a software application 

resident on a server; 
 communicate via standard protocols so that it can interface with any software 

application; 
 allows the user access through a display in order to calibrate the sensors, enter the 

data, respectively view the recorded data and its settings; 
 is able to detect when his position has changed (eg, fell from the stand, was stolen) 

and record this event; 
 allows the setting of different parameters for each channel (sensor) - independent 

channels; 
 allows the monitoring of limit values, with several thresholds for a single sensor; 
 allows the transmission of alarms when the threshold values are exceeded and the 

measurement and data transmission range is changed; 
 allows the transmission of alarms via SMS; 
 allows the synchronization of his watch with that of the 3G / 4G network; 
 allows remote configuration; 
 allows the firmware update; 
 allows data to be downloaded and deleted; 
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 allows the deactivation of the LEDs to reduce energy consumption. 
Software application for river pollution monitoring, data storage, processing and data 
analysis 
This application is intended for real-time pollution monitoring. This application is resident 
on a server or cloud and can be this by: 

 web application software for alerting services 
 web application for research 

The functional requirements are as follows: 
 retrieval and storage of data from multi-sensor hardware platforms 
 preprocessing of acquired data 
 data analysis using specific algorithms 
 merging data from all multi-sensor hardware platforms (simulated platforms) 

 
Web application for alerting services 
This application is made on a web platform for its accessibility to any electronic device 
such as (computers, tablets, smartphones). It is dedicated to pre-warning services, 
respectively emergency services. 
The functional requirements are as follows: 

 Communication with river pollution monitoring application, data storage, processing 
and analysis 

 Arranging through the web interface the information necessary for pre-warning 
services 

 Disposition via the web interface of the information necessary for the emergency 
services 

 Displaying alerts on the web interface with the signaling of the location where the 
detection was made (station), of the type of alert (exceeding the threshold, technical 
alert, etc.) and of the registered values. 

 Recording alerts in a history and the possibility to navigate through the history 
 Acknowledge an alert after a plan of action has been completed 
 Sending alerts via SMS or e-mail to a list of operators. 

Web application for research 
This application is made on a web platform for its accessibility to any electronic device 
such as (computers, tablets, smartphones). It is dedicated to institutes and universities in 
order to take the raw data on pollution to make detailed statistics and predictions about 
pollution, reports on pollution events. 
 
The functional requirements are as follows: 

 Display data as dashboard charts embedded in a web page, 
 Possibility to configure the dashboard by changing the position of the viewers (tables, 

graphs) in the dashboard and by changing the viewer 
 Possibility to import data in a csv format that can then be displayed in excel. 

 
A. Web application for administration and maintenance 
This application is made on a web platform for its accessibility to any electronic device 
such as (computers, tablets, smartphones). It is dedicated to ensuring the configuration and 
monitoring of system equipment. 
The functional requirements are as follows: 

 Configuring the component equipment of the SmartMonWater system, 
 Monitoring the component equipment of the SmartMonWater system, 
 Generation of operation reports 
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 Possibility to generate technical alerts in case certain SmartMonWater components 
have operating problems 

 Recording technical alerts with details on the time, type of equipment and the 
problem that occurred. 

 

3 Conclusions and perspectives 

The system architecture is now ready to use in laboratory conditions at the beginning and in 
natural environment lately. The data quality will be obtained by purchasing them with a 
high resolution, both spatial and temporal, using multi-parametric sensors on a hardware 
platform of its own multisensory acquisition. The acquired data is stored in CLOUD or 
local server for storage, analysis and interpretation. A software application based on 
artificial intelligence technologies that serves to identify and classify different polluted 
areas, locate pollution sources, predict their extinction, degree of pollution and help make 
decisions based on real-time detection. A web application will provide all the data collected 
in the field and it can be accessed on a common online platform. The next step is the 
connection to the sensors and the validation of data. 
 
This work was supported by a grant of UEFISCDI – 54PTE/2020 – Intelligent System for Water 
Quality Monitoring – SmartMonWater.  
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Both products - skirt and jacket are obtained by transforming women's denim pants with 
an elastomeric component (Fig. 3a, 4a). 
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������� �����!� ������ �����"�

����������������������#����$��=�,��	�"�������"�!������/�������/������"�

The models are presented with fashion sketches and technical drawings on Fig. 1. The 
stepwise transformation is illustrated by the photographic material on Fig. 3 a-h for the skirt 
and on Fig. 4a-e, Fig. 5 a-c. The final outlook of the women’s jacket is presented face and 
back on Fig. 6 a - d. ������*��������������������������"����"���������������"�$���,������"�

��"�$��=�,��������������"����"������������!�������"���!���7'��

����������������������*����������������������������"����������������"�$���,��� 
� Name of the operation Symbol Stitch type Comments 
1 2 3 4 5 
1 -�����������"������������"������ , Handwork 
2 Overedge the band 504 
3 Sew the parts for front bottom, back and band 2x301 With bar-tack 

4 Sew the front middle seam in the area below 
the zipper 

301 in the direction 
of the right front 

5 Sew the back middle seam 301 in the direction 
of the right back 

6 Sew the middle of the gathered element 401.504 With bar-tack  
7 Sew the decorative band at 1 cm fromt the 

hem of the gathered element 
2x301 With bar-tack 

8 Reinforce the seam under the band 301 E�������!��&��, 
9 Set up the gathering of the gathered element 301 

10 Sew the decorative band and the gathered 
element 

2x301 With bar-tack 

11 -���������"��� the the gathered element , Handwork Handwork 
12 Sew the front and back bottom pieces 401x504 With bar-tack 
13 Sew the top and bottom part 401x504 With bar-tack 
14 ��������������2 ���������� 
15 Define the position of the gathered element -������!�"� 
16 Sew the gathered element 301 With bar-tack 
17 Reinforce the seam 2 cm from the hem 301 
18 Unweave the hem of the gathered element Handwork Handwork 
19 �����"����"����,�������� Handwork Handwork 
20 0������������ ���������� 

����������������������*����������������������������"����������������"�$��=�,���

� Name of the operation Symbol Stitch type Comments 
1 2 3 4 6 

00.00 Cutting 
00.01 Numbering Handwork Handwork 
00.02 Fuse the top and bottom collar, 

plastron 
���������� 

01.00 FRONT 
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01.01 Sew the component pieces  301 With bar-tack 
01.02 Overedge the seam allowances  504  
01.03 ���������������'��7 

 
����������  

01.04 Reinforce the seam on the diagonal 
seams  

302  

01.05 Unweave the seam allowance  Handwork 1 cm 
01.06 :�,������"������������� 

 
213 Put in a thread 

01.07 Sew the front middle and the front 
side part  

301 With bar-tack 

01.08 Overedge the seam allowances  504  

01.09 ���������������'��> 
 

����������  

01.10 :�,������"������������� 
 

302  

01.11 Fold and press of the plastron  ����������  
01.12 Sew the front piece and the plastron  301 With bar-tack 
01.13 ������������ 01.12 

 
����������  

01.14 Closing seam of the plastron 
 

301 E�������!��&��, 

01.15 Sew the bottom front middle and the 
front side part  301 With bar-tack 

01.16 Overedge the seam allowances  504  
01.17 ���������������'��@ 

 
����������  

01.18 Sew the pieces of the hem band  301 E�������!��&��, 
01.19 ���������������'��> ����������  
01.20 Sew the two bands  301 With bar-tack 
01.21 Press with the edge 

 
���������� The edge towards 

the inner band 
01.22 Attach the band with a top seam 

 
301  

02.00 BACK    
02.01 Sew the component pieces  301 E�������!��&��, 
02.02 Overedge the seam allowances  504  
02.03 Sew the back middle seam  301 With bar-tack 

02.04 Sew the middle and the side part  301 With bar-tack 
02.05 Overedge the seam allowances�� 504  
02.06 :�,������"������������� 

 
302  

02.07 Unweave the seam allowance  Handwork 1 cm 
02.08 :�,������"������������� 

 
213 Put in a thread 

02.09 Sew the back middle and back side 
part  301 With bar-tack 

02.10 Overedge the seam allowances 504  
02.11 ��������������7'��� 

 
���������� Towards the back 

middle 
02.12 :�,����"���������������������

�����!��������  
302  

02.13 Overedge the seam allowances  504  
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02.14 Sew the slit  301 With bar-tack 

02.15 Press with a edge 
 

����������  

02.16 Sew the pieces of the bands  301 E�������!��&��, 

02.17 Assembly the bands 301 With bar-tack 
02.18 Press with a edge 

 
����������  

02.19 Close the band with a top seam 301  

03.00 COLLAR    
03.01 Assembly the inner and upper collar 

 
301 With bar-tack 

03.02 Sew a reinforcing seam 
 

301  

03.03 Cut the seam allowance  Handwork Handwork 

03.04 Turn the collar to the face side 
 

Handwork Handwork 

03.05 ��������	
��	��	�� 
 

�
���	���� The edge towards 
the inner collar 

04.00 SLEEVES    
04.01 Sew the component pieces  301 ��
���
	����
��� 
04.02 Overedge the seam allowances  504  
04.03 ������	�	������
���	���� 

 
302  

04.04 Sew the elbow seam  301 With bar-tack 
04.05 Overedge the seam allowances  504  
04.06 Lies on one side and press the ellbow 

seam  
�
���	����  

04.07 Sew the inner seam of the sleeve  301 With bar-tack 

04.08 Overedge the �����
��� 04.07  504  
04.09 Lies on one side and press the inner 

seam  
�
���	����  

04.10 Assembly the inner and upper cuff  301 With bar-tack 
04.11 Turn the cuff to the face side and 

press with a edge   
�
���	���� towards the inner 

cuff 
04.12 Sew the inner cuff and the sleeve  301 With bar-tack 

04.13 Closing seam of the cuff 
 

302 With bar-tack 

05.00 ASSEMBLY    
05.01 Sew 
��	��������� and the side seams  301 ��
���
	����
��� 

05.02 Overedge the seam allowances  504  
05.03 Lies on one side and press the 

assembly seams  
�
���	����  

05.04 ������	�	������
���	����	��	
��	

���������  

302 With bar-tack 

05.05 Sew the front bottom pieces and the 
back  

301 ��
���
	����
��� 

05.06 Overedge the seam allowances  504  
05.07 Lies on one side and press the 

assembly seams  
�
���	����  
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05.08 Sew the top and bottom part  301 ��
���
	����
��� 
05.09 Overedge the seam allowances  504  
05.10 Lies on one side and press the 

assembly seams  
�
���	����  

05.11 Sew the front and the pocket  301 ������
���	���� 
05.12 Unweave the seam allowance of the 

pocket 
 Handwork 1 cm 

05.13 Assembly the collar and the neck line  301 With bar-tack 
05.14 ��������	
��	�!�	"  �
���	����  
05.15 Assembly the sleeves and armhole  301 With bar-tack 

05.16 Overedge the seam allowances  504  
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Methods for personal cooling in hot 
environment used in clothing and wearables 

Atanas Vasilev1,� Radostina A. Angelova, and Rositsa Velichkova 
1Technical University of Sofia, Department of Hydroaerodynamics and Hydraulic Machines, 1000 
Sofia, Bulgaria 

Abstract. The use of an efficient personal cooling system in hot 
environments is becoming increasingly popular, as the increased air 
temperature provokes thermophysiological discomfort, heat stress, reduced 
productivity and could lead to several health issues. Different methods and 
devices for personal and local cooling have been developed over the years. 
The paper summarises the cooling methods applied in clothing and 
wearable items: phase-change materials, Peltier elements, evaporative 
cooling, water cooling and hybrid cooling. The local vs total (of the whole 
body) cooling is examined. The passive and active colling are analysed in 
terms of advantages, disadvantages and application. 

1 Introduction 

In recent years, more and more attention is paid to personal cooling, which allows local 
cooling of the body or parts of it in a hot environment. The use of an efficient personal 
cooling system is becoming increasingly popular, but it is known that there have been 
developments since the early twentieth century [1]. Heat stress is a serious problem, 
potentially dangerous to the health of workers who perform activities in hot outdoor and 
indoor environments: in the mining industry, construction, non-ferrous metal foundries, fire 
safety, military activities, the production of bricks and tiles, glassmaking, smelting of 
metals and alloys, cosmonautics [2-6]. 

The natural cooling of the human body is done by sweating. It is a thermophysiological 
reaction to reduce the temperature of the body's core to 37 oC in a hot environment so as
not to jeopardize the proper functioning of internal organs, and the physical and mental 
state of man [7]. However, when it is necessary to wear protective clothing (firefighters, 
founders, welders), due to the presence of textile layers (system of layers), sweat fails to 
cool the human body sufficiently through the natural process of heat and moisture transfer 
[3, 8-9]. Therefore, lack of adequate cooling (often possible only through the head) can 
have serious consequences for the workers’ productivity and health. 

That is why people who work in high-temperature conditions have to rely on personal 
cooling devices increasingly. These devices are expected to reduce heat stress and fatigue 
and improve productivity and thermophysiological comfort. Indoors, personal cooling 

�  Corresponding author: �����������	�
�������� 
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devices can completely replace HVAC systems in specific situations where the energy costs 
outweigh their usefulness. On the other hand, the presence of HVAC systems that allow the 
simultaneous maintenance of the thermal comfort of a large number of occupants (usually 
at a lower cost) is a kind of constraint on the development of devices and methods of 
personal cooling. Outdoors, however, personal cooling is the only option. 

Over the years, various personal methods and devices for local cooling have been 
developed. These are mainly cooling clothing items aimed to reduce heat load and tailored 
to gender, workload, and the other work or protective clothing [10-13]. The most used 
products are vests or full suits [5, 10, 14-16]. They are active when the garments utulise 
external cooling sources: electrical components, additional cooling elements and units, and 
forced blows [3, 6, 8-9, 13, 15]. Passive items are based on applying phase-change 
materials, frozen gels, ice [2, 5, 11, 16]. 

The paper summarises the existing methods for cooling the human body using clothing 
and textile wearables in a hot environment. Passive and active cooling are considered 
together with local and total cooling of the human body. Furthermore, advantages, 
disadvantages and application of different methods are discussed. 

2 Working in a hot environment 
According to the definition of the Canadian Center for Occupational Health and Safety 
[17], an increase in temperature above 27 °C and relative humidity above 60% is  
considered a hot environment. The presumption is that an essential part of people feels 
comfortable at an air temperature of 20 °C to 27 °C and relative humidity of 35% to 60%. 
The systematic review in [18] has involved in its analysis of the hot environment all studies 
conducted in air temperature above 25 °C. 

Even though the environment is hot, it only causes thermal discomfort, as long as the 
body's thermoregulatory system effectively copes with excess heat. If the core temperature 
rises even by 2-3 °C, the body still retains its functionality [17]. However, side effects can 
occur that reduce performance, damage health and could even lead to death. Working in 
such an environment poses a serious threat to human health because physical fatigue also 
increases due to the rise in body temperature and dehydration. Fatigue can lead to injuries 
and accidents at work. There is also a loss of concentration, which which can provoke 
injuries and accidents at work [7]. 

Such working conditions require a different work regime, including frequent breaks to 
prevent potential consequences for workers. 

3 Personal cooling in the hot environment 
Personal cooling is related to the cooling of the individual in a hot environment, regardless 
of the presence or absence of HVAC systems (for indoor environments, including means of 
transport). It can be provided by personal technical devices, for example, a mini fan 
connected to the computer. Wearable devices that are connected to and move with the 
human body can also be used. 

Local cooling, in many cases, is synonymous with personal cooling, including in 
research publications. However, it is associated with cooling parts of the human body: e.g. 
head, nape, torso therefore, personal cooling items can be local if they provide cooling of a 
part of the body or total if they cool the whole body. Of course, both local and total cooling 
effect the thermoregulatory system, causing reactions in the whole body. 
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3.1 Phase-change materials 

Phase-change materials (PCMs) are a passive cooling medium used for local  cooling. 
PCMs are mainly incorporated in clothing items and wearable devices (collars, helmets), 
worn on the upper part of the human body, namely the torso and the head [5, 11, 16, 19]. 
PCMs are in the form of separate segments (packages), which facilitates their use and their 
easy replacement. As a part of the protective workwear, the PCM segments do not cause 
any discomfort. The weight of a cooling vest with PCMs in most cases is up to 3 kg. [11, 
16]. 

Frozen gels, paraffin and salts are mainly used as phase-change materials. For cooling, 
they are used in their frozen state and have efficiency until the respective material melts. 
PCMs have a number that indicates the material’s melting temperature: i.e. PCM5, PCM10, 
PCM 15 [16]. Figure 1 shows a microscope view of polyester fibres with incorporated  
PCM (courtesy of ©Outlast Technologies GmbH). 
 

Fig. 1. Polyester fibres with PCM (courtesy of ©Outlast Technologies GmbH) 
 

The application of PCMs in clothing and wearables for personal cooling in hot 
environments is very large. Belonging to the passive cooling methods, it is one of the most 
commonly used in various work environments, sports and other physical activities due to 
easy maintenance and relatively good efficiency over time. 

3.2 Peltier elements 

The Peltier element is a semiconductor composed of a large number of semiconductor pairs 
of two different materials – Fig. 2. When voltage is applied to one side of the element, it is 
heated while the other is cooled. This makes it a universal source of heat and cooling. 
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Fig. 2. Peltier element 
 

Peltier elements are mainly used for cooling: the heat received from its heated surface is 
removed through a fan. Being a high-efficiency tool, they are common in cooling systems 
with a negligibly small volume. This is one of the most common methods for active 
cooling, used in clothing and wearables for both local and total cooling of the human body. 
There are design ideas for local stationary cooling in a closed system with a cold water 
carrier and total cooling in a mobile suit with � system of fans and built-in air duct elements 
[3, 8, 20]. 

3.3 Evaporative cooling 

Evaporative cooling is an active cooling technique. Evaporative cooling vests have a built- 
in evaporative microenvironment, created in an intermediate layer, located between the 
cooling vest and human skin. The vests are focused on cooling the back of the torso. The 
released by the human body sweat is absorbed into highly hygroscopic layers. Thanks to the 
forced introduction of hot air from the environment with the help of small fans, sweat 
evaporates, thus assuring the cooling process. 

Two types of evaporative cooling vests have been developed – a single evaporative 
cooling channel vest and a Maisotsenko cycle (M-cycle) vest [9]. They differ mainly in that 
the M-cycle technique uses two channels: a dry and evaporative channel. The M-cycle 
provides faster evaporation and thus better cooling because the sweat absorbed in the 
hygroscopic layer is subjected to double heating – once by the human body and a second 
time by the air, which once entered the inlet channel begins to give off heat. The formation 
of two channels is done by using a thin conductive fabric to transfer heat from the inlet 
channel to the outlet [9]. Figure 3 shows the design of the evaporative cooling vest 
(courtesy of ©TechNiche LLC). 

3.4 Water cooling 

Water cooling is another type of personal cooling methods designed to cool both locally or 
the whole body. The system is active, using a cold carrier – a mix of ice and water. 

The water cooling wearables (suits or vests) are equipped with a backpack tank of water 
and ice mixture. The tank is well insulated to minimize the impact of weather conditions on 
its efficiency over time. The suit or vest is supplied with water via hoses running 
throughout the garment and are integrated into it – Fig. 4. The used water circulates forcibly 
with the help of a pump powered by a portable battery. The cooling clothing item is made 
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of highly elastic textile materials, making it comfortable to wear without affecting human 
motions [15]. 
 

  
 
Fig. 3. Evaporative cooling vest (courtesy of 
©TechNiche LLC) 

Fig. 4. Water cooling suit (courtesy of 
©BateryHeatedClothing.com) 

3.5 Hybrid cooling 

The hybrid personal cooling systems belong to the active cooling methods and are focused 
on cooling the whole body. They use dry ice and air ventilation [9]. The textile layers for 
the suits are specially selected to be with close to zero permeability. An almost hermetically 
sealed volume is obtained inside the suit, which volume can be defined as an air cushion 
between the human body and the hot environment – Fig. 5. Dry ice is placed in specially 
designed pockets. In addition, fans are used to move the air around the pockets with ice. 
Thus, they reduce the temperature in the air cushion and cool the human body. 

 
Fig. 5. Hybrid cooling principle 
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4 Passive vs active cooling clothing and wearables 
The passive cooling clothing items and wearables are among the most common personal 
cooling devices. Their design is relatively simple. The clothes are made so that the 
installation and replacement of the cooling source are rapid and easy; in most cases, there 
are additional pockets in which the cooling elements are placed. If the environment does  
not require constant cooling of the human body, passive clothing and wearables find more 
application than active ones. 

The main disadvantage of the passive cooling methods is that the cooling elements 
depend on additional cooling devices – refrigerators or freezers, in which to store before 
their operation. Another disadvantage is that they ensure local cooling since the cooling 
source is fixed in a particular area. That is why passive cooling clothing and wearables are 
not particularly preferred and are not widely used in hot environments with constantly high 
temperatures. In addition, local cooling can impair the comfort of the wearer. Last but not 
least condensation appears when the cooling packages melt, which is also a disadvantage. 
The efficiency of the active colling clothing and wearables is significantly higher, and their 
application is wider than the passive cooling clothing and wearables because of the applied 
working principle. The cooling is done by a system of hoses, a circulating pump, fans and a 
cooling source, which increases the cooling efficiency. Thanks to these components, the 
cooling is not localized on a specific area but is evenly distributed and covers the entire 
area of the cooling garment. 

The main disadvantage of the active cooling method is that a single failure in the 
cooling system may require replacing the entire cooling item. In most cases, the 
components used in the system are embedded in the various layers of the clothing system, 
and their replacement is tedious, if possible, at all. The power source also limits the 
efficiency. 

From the point of view of maintenance, passive cooling clothing and wearables are far 
easier to maintain and clean than active ones. The reason is that the cooling elements are 
easily removed. With active cooling vests and suits, due to the many components in them, 
maintenance and cleaning must be carried out with great care; otherwise, damage to the 
cooling system could occur during washing. For example, in cooling clothing with a built- 
in hose used to circulate the coolant, detergent may get inside the hose if the inlet and outlet 
remain open when washing. It could reduce the cooling efficiency during operation and 
even damage a component of the cooling system. 

5 Local vs total cooling clothing and wearables 
The considered examples showed that the cooling clothing are local (vests) and total (suits). 
The wearables (collars, scarves, helmets) are used for local cooling only. 

The vests are very practical, light and comfortable and much more used than cooling 
suits. However, due to their limited size, they cannot cover a large part of the human body, 
leading to thermal discomfort or thermal stress. 

Suits are far more preferred in work environments where the human body needs 
constant protection against high temperatures because, unlike vests, they cover almost the 
entire body and the possibility of thermal discomfort or hot stress is avoided. 

6 Conclusions 
Different solutions related to the personal cooling of the human body in a hot environment 
have been presented. The existing cooling methods, applied in clothing and wearable items: 
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PCMs, Peltier elements, evaporative cooling, water cooling and hybrid cooling, were 
summarised and discussed. The local vs total cooling was examined. The passive and active 
cooling was analysed in terms of benefits, disadvantages and application. 
 
The paper is supported by a PhD project grant from the Technical University of Sofia. 
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Modification of Leather Surface Using Low-
Pressure Plasma and Antimicrobial Reagent  
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Abstract. Investigations, which are related to plasma efficiency on the 
treated leather surface, are significant in the development of ecologically 
and economically friendly processes in obtaining material of desired 
functional properties. Through the pretreatments using plasma different 
chemical-physical reactions in the surface layer of treated leather are 
occurred resulting in improved reactivity. In this paper, modification and 
functionalization of bovine leather using 1,2,3,4-butantetracarboxylic acid 
and chitosan were explored. Pretreatments of leather samples were realised 
using argon and oxygen plasma to assess various influence of chemically 
reactive oxygen and inert argon gas. Two different bovine leathers - 
chrome tanned leather and leather tanned with synthetic tanning agent (Cr-
free) were chosen for treatments. Analyse of the surface morphology was 
conducted with SEM microscopy, while the chemical changes using ATR-
FTIR spectroscopy. Antimicrobial effectiveness of treated leather was 
tested with qualitative Agar diffusion plate test against two bacterial 
Staphylococcus aureus and Klebsiella pneumoniae. Obtained results 
indicated how applied oxygen and argon plasma pretreatments in 
optimized process conditions contribute to the improvement of tested 
functional properties. Achieved surface changes positively affected on 
leather surface reactivity and antimicrobial effectiveness, particularly Cr-
free leather. 

1. Introduction

The leather industry is one of the huge polluters of the environment, because of that it is 
important to develop environmentally friendly procedures. A major problem is the proven 
treatments, which are mainly carried out by conventional procedures, and are most often 
very harmful to the environment. The use of plasma as a medium for property modification 
is an acceptable technique because its application could completely replace, or at least 
shorten the processing time and use of large amounts of water and chemicals in order to 
achieve the desired properties of leather product. The main advantages of cold plasmas are 

* Corresponding author: sanja.ercegovic@ttf.unizg.hr
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applicability to all kinds of materials without negative effects on the basic properties of the 
material, without high consumption of chemicals, water and energy. Plasma treatment 
impact to the modification surface layer of the treated leather, resulting in the surface 
cleaning and its activation thus achieving better hydrophilicity (absorptivity) for some new 
chemical reactions. At low-pressure plasma, it is possible to apply chemical agents in 
monomeric form, which have the ability to polymerize with the substrate, whereby 
cleavage or crosslinking of the agents on the surface can take place, in order to achieve and 
/or improve the functional properties [1].  

Microorganisms have a significant, often negative impact on human health in the form 
of the development of unpleasant odours, stains and fungal diseases, so today there are a 
very large number of different antimicrobial agents. Recently, it has become important as 
an antimicrobial agent gaining chitosan due to its excellent biocompatibility and 
biodegradability, excellent antimicrobial properties and great availability in nature. 
Therefore, it was used in this work as an antimicrobial agent with environmentally friendly 
technology of cold low-pressure plasma on cowhide, which is coated with various agents in 
the production phase. The prepared chitosan solution was applied to treated bovine leather 
by the method of horizontal spraying of the agent with the aim of achieving antimicrobial 
efficacy against targeted gram-positive Staphylococcus aureus and gram-negative 
Klebsiella pneumonia bacterial species [2, 3].  

Leather making is one of the oldest human crafts present in history for more than 3000 
years. Humans used the leather of slaughtered animals to protect their bodies from the 
weather and injuries, and gradually for other purposes, such as making boats, tents, and 
other products [4]. The leather is one of the fundamental importance to the animal because 
it has various physiological functions, the most important of which are the regulation of 
body temperature, storage of nutrients, protection and excretion of waste products [5]. The 
waterproof layer of the leather acts as a barrier against various infections, preventing the 
absorption of water from the outside and the loss of water from the inside. Animal leather 
consists of the three main layers: epidermis, dermis and hypodermis. Dermis contains 
intertwined collagen fibers, which represent the most important layer of raw leather for 
obtaining the finished product, while the remaining two layers (epidermis and hypodermis) 
are removed during the processes (Fig. 1.) [5, 6].  

Fig. 1. Cross section of animal leather [6] 

Finished leather is a product that is created by processing of raw animal leather in the 
tanning process by various means, of which the most widely used are chrome tanning, 
during which it becomes more durable and applicable. Tanning agents are agents that 
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chemically react with the collagen molecule that builds the leather structure, stabilizing the 
triple helical structure of the collagen core, thus achieving leather resistance to chemical, 
thermal, and microbiological degradation. It has a complex morphological structure and its 
processing is extremely complex and requires the implementation of many process steps, of 
which the emphasis is on tanning in which it acquires its characteristic and unique 
properties and can be used for different purposes [5-7]. 

The emphasis of this paper is an introducing of environmentally friendly processes of 
the surface modification of semi-processed bovine tanned leathers, by application of plasma 
and ecological bio-agent chitosan, in order to achieve satisfactory functional (antimicrobial) 
properties of treated samples. The main goal is to achieve the desired properties by using of 
environmentally friendly processes with the lowest possible consumption of energy, water 
and chemicals to maximally preserve natural resources, with the purpose of protecting the 
environment and human health.  

2. Materials and Methods

2.1 Material 

The tests were carried out on two different semi-processed bovine leathers - chrome tanned 
leather and leather tanned with synthetic tanning agent (Cr-free). The basic characteristics 
of the tested leather samples are shown in Table 1. 

Table 1. Basic characteristics of the examined leather samples 

Sample name and 
label 

Thickness 
[mm] 

Sample description Sample face 
appearance 

Chrome tanned 
leather (sample label: 

Cr-leather) 
1,1 - 1,3 mm 

semi-processed bovine 
chrome tanned and 

hydrophobic leather full of 
natural face 

Leather tanned with 
synthetic tanning 

agent (sample label: 
Cr-free leather) 

1,1 - 1,3 mm 

semi-processed cowhide 
with a full natural face, 

synthetically tanned; 
not hydrophobic 

2.2. Methods of treatments 

2.2.1 Plasma pretreatment 

Plasma pretreatments were realized using oxygen and argon gases (high purity 99.998%, by 
Messer) at a defined parameters of pressure and gas flow rate, at constant frequency of 40 
kHz in a low-pressure plasma system (NANO LF, Diener electronic), Table 2. For 
determination of the effect of exposure time and power on leather surface properties, time 
of 10, 20 or 40 minutes under 500 and 800 W were explored. All samples were dried at 50 
°C for 24 hours prior to plasma pretreatment to remove the moisture. Plasma pretreated 
samples were treated with BTCA immediately upon completion of pretreatment. 
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Table 2. Plasma pretreatment conditions 

Sample 
label 

Gas 
Time,  
t [min] 

Power, 
P [W] 

Pressure, 
p [Pa] 

Gas flow,  
q [cm3/min] 

lxd 
[mm] 

Cr-leather oxygen 20 500 

32 220 100x100 
Cr-leather oxygen 20 800 

Cr-free leather oxygen 10 500 
Cr-free leather oxygen 10 800 

Cr-leather argon 40 800 
Cr-free leather argon 40 500 

* Frequency of low-pressure plasma system is constant - 40 kHz.

2.2.2 Treatment with BTCA 

Polymerization process directly in the plasma chamber, was used with BTCA as reagent (in 
monomer bottle) at a pressure of 50 Pa, gas flow of 200 cm3/min and frequency of 40 kHz 
in a plasma system. The effects of exposure time for 30 minutes under the power of 100 W, 
on the polymerization rate were explored. 

2.2.3 Spraying method with Chitosan 

Second part of the experiment was realised using 1% chitosan (C56H103N9O39, medium 
molecular weight 100-300 kDa) solution on the plasma pretreated and BTCA treated 
leather samples by spraying method for achievement of antibacterial effectiveness. For 
enhanced deposition process of antibacterial agent, leather was sprayed with chitosan 
solution for 5 second and dried at 65 °C for 15 minutes. 

2.3 Methods of Analysis  

2.3.1 Surface morphological analysis 

Surface changes of morphology were analysed using scanning electron microscope (SEM) 
(type JEOL LV-6060) at 100x and 2000x magnifications. The scanning electron 
microscope works by using a focused electron beam to scan the surface of the test sample 
to give information about the characteristics of the sample surface. When the electron beam 
is focused on the sample, various interactions occur, such as the emission of secondary and 
return primary electrons. A beam of electrons erupts electrons that are part of the cause 
atoms. The electron energies from the sample are collected and measured by detectors, and 
a pseudotrodimensional image is created with the help of a microprocessor. In order to 
obtain conductivity, samples were coated with gold for 20 minutes, using a sputter coater 
prior to analysis [8]. 

2.3.2  Chemical changes 

The chemical changes were analysed using ATR-FTIR spectroscopy (Attenuated Total 
Reflectance-Fourier Transform Infrared Spectroscopy). Infrared spectroscopy is based on 
the interaction between IR radiation and molecules, i.e. groups of two or more atoms 
connected by a chemical bond. The material absorbs infrared radiation, and the amount of 
absorbed radiation is measured as a function of energy that can be expressed in the form of 
frequency. IR radiation is absorbed only if its frequency coincides with the vibration 
frequency of the molecular bond. The absorbed radiation is reflected as a "jump" on the 
spectrogram. The analysis of the samples on the device was performed by the method of 
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Attenuated Total Reflectance (ATR), in which the IR light was completely reflected when 
it reached the surface of the ATR crystal. When the sample is placed on the crystal surface, 
the IR beam penetrates the sample to a certain depth depending on the angle of incidence of 
the beam and the refractive index of the ATR crystal, as well as the type of sample [9]. 

2.3.3 Antimicrobial efficacy 

Antimicrobial effectiveness of treated leather samples was conducted using qualitative 
Agar diffusion plate test against two bacterial species Staphylococcus aureus (ATCC 25 
923) and Klebsiella pneumonia (ATCC 11 296). The test procedure for antimicrobial 
efficacy of treated samples was performed in accordance with the standard HRN EN ISO 
20645:2008, as well as the final assessment of antibacterial activity included the inhibition 
zone and the growth of the bacteria under the specimen. 

3. Results and discussion 

3.1 SEM analysis of leather surface 

Based on the obtained images taken by scanning electron microscopy, the surface 
morphology characteristic of tested samples with observable follicles visible at a 
magnification of 100x is observed (Fig.2 a-d). By comparing images of the leather surface 
before and after pretreatment with O2 plasma at a magnification of 2000x, a certain 
cleaning of the surface with residual surface "damage" of the face is observed (Fig. 2. b1). 
After treatment with polycarboxylic acid (BTCA) and chitosan on the pretreated surface 
with oxygen plasma (Fig. 2. c1 and d1), a slight smoothing and covering of the damaged 
parts with the applied agent was observed, which may indicate crosslinking of 
polycarboxylic acid on the sample surface and bonding. 
 

 
a) untreated 

 
b) O2 plasma pretreated 

 
a1) untreated 

 
b1) O2 plasma pretreated 

 
c) O2/BTCA treatment 

 
c1) O2/BTCA treatment 
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d) O2/BTCA/CH treatment 

 
d1) O2/BTCA/CH treatment 

Fig. 2. SEM images of chrome tanned leather with 100x (left) and 2000x (right) magnifications: a, 
a1) untreated; b, b1) O2 plasma pretreated; c, c1) O2/BTCA treatment and d, d1) O2/BTCA/CH 
treatment 

By analysing microscopic images of chromium tanned samples, after pretreatment with 
argon plasma, granular segments are visible on the surface of tested sample, and the surface 
is rougher with more pronounced and open follicles. Treatment with chitosan after 
pretreatment with Ar plasma makes the surface smooth and the follicles are closed (Fig. 3. 
b and b1). After treatments with BTCA and chitosan, an increased amount of agent is 
observed on the leather surface (Fig. 3. c1). 

 

 
a) Ar plasma pretreated 

 
a1) Ar plasma pretreated 

 
b) Ar/CH_treatment 

 
b1) Ar/CH_treatment 

 
c) Ar/BTCA/CH treatment 

 
c1) Ar/BTCA/CH treatment 

Fig. 3. SEM images of a chromium tanned leather sample with magnifications of 100x (left) and 
2000x (right): a, a1) argon plasma; b, b1) Ar/CH treatment and c, c1) Ar/ BTCA/CH treatment 

By analysing the surface of the tanned sample with synthetic tanning agent, after 
pretreatment with oxygen plasma (Fig. 4), the surface of the sample was cleaned of present 
impurities visible on the untreated sample (Fig. 4. a1), but also additionally "damaged" 
surface layer (face) below which collagen fibres (Fig. 4. b1). After the treatments with 
BTCA and chitosan, the surface is closed, smoothed and covered with the visible content of 
the applied agent (Fig. 4. c1, d1). 
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a) untreated 

 
b) O2 plasma pretreated 

 
a1) untreated 

 
b1) O2 plasma pretreated 

 
c) O2/BTCA treatment 

 
c1) O2/BTCA treatment 

 
d) O2/BTCA/CH treatment 

 
d1) O2/BTCA/CH treatment 

Fig. 4. SEM images of synthetic tanned leather with 100x (left) and 2000x (right) magnifications: a, 
a1) untreated; b, b1) O2 plasma pre-treated; c, c1) O2/BTCA treatment and d, d1) O2/BTCA/CH 
treatment 

By microscopic analysis of the surface of the tanned sample with synthetic tanning 
agent, after pretreatment with argon plasma, the surface of the sample is more open in the 
presence of surface craters formed due to the action of argon gas (Fig. 5. b1). After 
application of the crosslinking agent BTCA and antibacterial agent chitosan, the agents 
bound to the collagen fibres of the sample, which is visible at image with magnification of 
2000x after treatment Ar/BTCA/CH (Fig. 5. c1). 

 
a) Ar plasma pretreated  

 
a1) Ar plasma pretreated 
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b) Ar/CH_treatment 

 
b1) Ar/CH_treatment 

 
c) Ar/BTCA/CH treatment 

 
c1) Ar/BTCA/CH treatment 

Fig. 5. SEM images of synthetic tanned leather with 100x (left) and 2000x (right) magnifications: a, 
a1) argon plasma; b, b1) Ar/CH treatment and c, c1) Ar/BTCA/CH treatment 

3.2 Results of FTIR-ATR functional group analysis 

The chemical structure of the surface of untreated and treated samples was analysed, i.e. the 
presence of characteristic wave bands (peaks) corresponding to functional groups. For 
better comparison, each graph shows the spectra of untreated samples and the spectra of 
samples after plasma pretreatments/BTCA and chitosan treatments in the spectral range of 
the mean IR spectrum from 4000 cm-1 to 600 cm-1. 

 

Fig. 6. Absorption FTIR spectra of chromium tanned leather sample before and after treatment with 
O2 or Ar/BTCA/CH 

By comparing the spectra shown in Fig. 6., the intensity of the absorption bands of the 
treated samples is observed in relation to the untreated ones at 2922 cm-1, 1633 cm-1, 1550 
cm-1, 1453 cm-1 and 797 cm-1, which indicate that intense vibrations occur on the –NH, -
NH2, –CH, –CH2 groups and –C=O groups, which show that polycarboxylic acid (BTCA) 
and chitosan are very likely to bind to the substrate surface. The presence of absorption 
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peaks of the treated samples at 1633 cm-1 and 1550 cm-1, which are not present in the 
untreated sample, and which correspond to the –C=O and –NH2 groups is observed. That 
may indicate the binding of chitosan to the substrate surface. There is also a decrease in the 
intensity of the absorption peak at 1030 cm-1, which indicates reduced tensile vibrations in 
the –C=O group [10-13]. 

The FTIR-ATR spectrum of the tanned sample with synthetic tanning agent (Fig. 7.) has 
marked absorption bands in the spectral range at characteristic wavenumbers where at 3311 
cm-1 and 3083 cm-1 they indicate tensile vibrations –NH group of amino acids, at 2921 cm-1 
–CH asymmetric deformation vibrations, at 1630 cm-1 tensile vibrations –C=O group. The 
higher intensity of the absorption bands of the processed samples was expressed at 
wavenumbers at 2921 cm-1 for –CH groups, at 2852 cm-1 –CH2 groups, at 1630 cm-1 for –
C=O groups, at 1551cm-1 for –NH2 deformation vibrations, at 1315 cm-1 for –COC– tensile 
vibrations, at 1236 cm-1 for –C=O groups and at 780 cm-1 for aromatic –CH groups. The 
intensity of the absorption bands of the sample treated with argon plasma, with BTCA and 
chitosan is higher at 1630 cm-1, 1551 cm-1 and 780 cm-1, which may indicate better binding 
of chitosan and BTCA to the substrate after pretreatment with argon plasma. The intensity 
of the absorption bands at the wavenumbers at 1158 cm-1, 1103 cm-1 and 1032 cm-1, which 
indicate reduced vibrations at –C=O, and –CH groups, was reduced [10-13]. 

 

Fig. 7. Absorption FTIR spectra of a synthetic tanned leather sample before and after treatment with 
O2 or Ar/BTCA/CH 

3.3 Antibacterial activity against selected bacteria 

The results of antimicrobial efficacy of untreated and treated leather samples against 
specified bacteria Staphylococcus aureus and Klebsiella pneumoniae are shown in Table 3. 

Table 3. Antibacterial activity of untreated and treated leather samples. 

Sample label Treatment Growth under the specimen Assessment* 

Staphylococcus aureus 

Cr-leather 
Untreated slight limit of efficacy 

O2/BTCA/CH none good effect 
Ar/BTCA/CH slight limit of efficacy 

Cr-free leather 
Untreated none good effect 

O2/BTCA/CH none good effect 
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Ar/BTCA/CH none good effect 

Klebsiella pneumoniae 

Cr-leather 
Untreated none good effect 

O2/BTCA/CH none good effect 
Ar/BTCA/CH medium insufficient effect 

Cr-free leather 
Untreated none good effect 

O2/BTCA/CH none good effect 
Ar/BTCA/CH none good effect 

*Assessment is based on HRN EN ISO 20645:2008 - “Determination of antibacterial activity - Agar diffusion
plate test”, where “good effect” is described as “no growth” under the specimen, “limit of efficacy” as “slight
growth (only some restricted colonies or growth nearly totally suppressed)” under the specimen and “insufficient
effect” is described as “growth” of bacterial colonies under the specimen.

Both of samples show a good effect against Staphylococcus aureus after treatments. 
Tanned sample with synthetic tanning agent show significant antimicrobial activity prior to 
plasma pretreatment and treatment with agents (BTCA and chitosan). In the untreated 
chromium tanned sample there is a slight growth and without present zone of inhibition, 
which indicates that the antimicrobial effect is limited. Although, after treatment with 
plasmas and agents, zone of inhibition is not evident, bacterial growth below the sample is 
not present indicating good antimicrobial effect. The chromium tanned sample after 
pretreatment with argon plasma and treatment with the agents resulting in growing of tested 
bacteria, and it’s assumed that no chitosan particles have bound to its surface, or the sample 
is contaminated during the antibacterial testing. 

The obtained results in which the antimicrobial effect of the treated leather samples 
against the negative bacteria Klebsiella pneumoniae were tested show a generally good 
antimicrobial effect, which is manifested without bacterial growth and without a visible 
zone of bacterial inhibition. Slightly poorer results are shown by the chromium tanned 
sample after pretreatment with argon plasma and treatment with agents whose presence 
reduced its antimicrobial efficacy. 

4. Conclusions

Morphological changes of leather samples after pretreatment with oxygen and argon plasma 
were confirmed by analysis of SEM images where the 'cleaning' of the surfaces of the 
chromium tanned and Cr-free tanned sample is visible. After treatment with polycarboxylic 
acid (BTCA) and chitosan on pretreated plasma surfaces, a slight smoothing and covering 
of the damaged parts with applied agents is visible, which may indicate on crosslinking of 
polycarboxylic acid on the sample surface and binding of chitosan particles. 

 By analyzing the chemical structure of the surfaces of untreated and treated samples 
using FTIR-ATR spectroscopy, absorption peaks at 1630 cm-1 and 1550 cm-1 corresponding 
to the –C=O and –NH2 groups are observed. An increase in the intensity of the absorption 
peaks may indicate the binding of chitosan to the surface of the substrate. 

The applied treatments achieved satisfactory antimicrobial efficacy of both tested 
leather samples, especially the Cr-free tanned sample after pretreatment with oxygen and 
argon plasma and treatment with chitosan as antibacterial agent. 

This work has been fully supported by the Croatian Science Foundation under the project (IP-2016-
06-5278). Work (SEM analysis) was also financed by Slovenian Finance Agency, Slovenia
(Infrastructure Centre RIC UL-NTF).
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Tangram based technology for clothing design 

Boryana Georgieva-Gushtanova1* 

1Technical University of Sofia, Faculty of Mechanical Engineering, Department of Engineering 
Design, Bulgaria 

Abstract. The trends in the society regarding environment protection and 
more optimized production are reason for the research of the author in this 
direction. The technology of the item connect with the stamina of the 
product. Within the report, there is an author’s development for series of 
clothing presented in the context of the steady design. Using zero-waste 
technology aims the improvement of the functional characteristics, as it is 
being experiment with different textile materials like artificial leather, 
cotton, wool, spandex and others. The design through transformation of 
square into other figure through cutting connect with the Chinese tangram 
game. Problems are included, such as construction, functional, and aesthetic 
character, as well social and ecological aspect. 

1 Introduction 

Eco fashion is a fairly small segment of the fashion industry at present, but it is among the 
fastest growing ones. The ethical and eco fashion are fashion trends dealing with the proper 
allocation of the resources that already have for the sake of protecting the Planet Earth. These 
trends also seek a more rational method of operation in the fashion industry. Design, produce 
and dispose of clothes have a huge impact on the environment. Their production requires 
toxic chemicals and leads to climate change, and the public in general does not know where 
and how to recycle them [1]. 

1.1 Tangram 

The Tangram is a dissection puzzle consisting of seven flat polygons, called tans, which are 
put together to form shapes. It is reputed to have been invented in China sometime around 
the late 18th century and then carried over to America and Europe by trading ships shortly 
after. It is one of the most widely recognized dissection puzzles in the world and has been 
used for various purposes including amusement, art, and education. 

The objective is to replicate a pattern (given only an outline) generally found in a puzzle 
book using all seven pieces without overlap. Alternatively the tans can be used to create 
original minimalist designs that are either appreciated for their inherent aesthetic merits or as 
the basis for challenging others to replicate its outline. 
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This article discusses the possibilities for zero waste clothing design by applying the principle 
of the Tangram [2]. 

1.2 Tangram elements 

The seven polygons (Fig. 1) are: 2 large right triangles (hypotenuse 1, sides √2/2, area 1/4), 
1 medium right triangle (hypotenuse √2/2, sides 1/2, area 1/8), 2 small right triangles 
(hypotenuse 1/2, sides √2/4, area 1/16), 1 square (sides √2/4, area 1/8), 1 parallelogram (sides 
of 1/2 and √2/4, height of 1/4, area 1/8). Of these seven pieces, the parallelogram is unique 
in that it has no reflection symmetry but only rotational symmetry, and so its mirror image 
can be obtained only by flipping it over. Thus, it is the only piece that may need to be flipped 
when forming certain shapes. 

 

Fig. 1. Tangram seven tans. 

1.3 Zero-waste design 

The principle of full utilization of fabrics has been known ever since ancient times. 
Traditional kimonos in Japan are still made based on that principle because of the high cost 
of silk [3]. The aim is to ensure its complete use by placing the elements very sparingly on 
the fabric so that no waste is generated. Globally, numerous designers are working on this 
problem by proposing solutions that cut the fabric into either identical or different pieces 
along the lines of regular or irregular grids. These pieces are then assembled and creases and 
frills are made by using the residual pieces for decoration of the items [4, 5], the principles 
of origami [6, 7], cutting the fabric into strips which are interwoven in a certain order [8], or 
3D printing. These solutions for saving materials and achievement of zero-waste have been 
also successfully applied in the production of furniture [9], lighting fixtures and home textiles 
[10]. 

2 The experiment 

The possible solution is the use of the traditional Tangram, which constitutes a square. Just 
one glance over the game is sufficient to notice numerous possibilities for using the proposed 
shapes for clothing elements. The style would be different from the style of clothing that can 
be achieved by traditional garment construction. The shapes used in the game are more 
suitable for outerwear, blouses and loose cut skirts. Constructing pants by using this method 
would be a particular challenge. As part of this first experiment, three pieces of clothing of 
the same construction will be made, however, textile of different characteristics will be used 
in order to change the appearance of the clothing [11]. A piece of outerwear clothing and two 
dresses will be made in order to study the behavior of zero waste construction when using 
different materials. 
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2.1 Construction 

The output shape for cutting will be a square, the side of which will be equal to the width of 
the roll of fabric. The selected textiles will be of the most common width of 140-150 cm, 
where this range does not have any particular effect on the final product. The positioning of 
the elements of the cut is presented on Fig. 2. The cut follows the principle of axial symmetry 
along the vertical axis of the model. This principle has been selected based on logical 
reasoning and it is also present in traditional garment construction. The two large right 
triangles are placed at the two sides of the axis of symmetry, the medium right triangle is 
positioned symmetrically at the two sides of the axis and, in order to obtain two more 
symmetric details, the two small right triangles are connected so that they look like a 
parallelogram. In addition, a hood for the clothing is made by using the square of the 
Tangram. 

 

Fig. 2. The positioning of the elements of the cut. 

2.2 Variations of models  

After connection of the details a mannequin is used for this flat shape and the clothing is 
adjusted to the body based on the moulage technique. We attempt to vertically align lines 5-
9 and 8-10. Diversity of the clothing front line can be achieved by using different fastening 
methods, such as a zipper, buttons, etc. A variation of the bust size can be achieved when 
joining the edges at points 5, 6, 7 and 8 by their different intertwining. Along the 11-12 line 
at the back (near the waist), the model can be changed by making frills with an elastic band, 
a cord, etc. Different types and sizes of pleats and peplums can be made. 

2.3 Possibilities of using double-faced and patterned fabrics 

Depending on the choice of textile and the clearly oriented patterns of the fabric, such as 
stripes or chequered pattern, a large variety of designs may be obtained by focusing on the 
detail orientation. Another possibility for development of a different design is the selection 
of double-faced fabric. Models made of it can be worn on either side and the faces of the 
details can also be interchanged, as shown on the drawing on Fig. 3. These two possibilities 
can be seen to some extent in Model 1 (Fig.4). Additional variety may be obtained from the 
method of connection of the details – by overlapping, lock stitch or decorative stitches. They 
can be connected with different types of braids and bias strips or colored threads. The choice 
of strips and threads in contrasting colors will put emphasis on the innovative construction. 
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Fig. 2. Interchanged details – more different visions of the same cut on Model 1. 

3 One cut behind three different garments 

3.1 Model 1 

For the experiment with Model 1 (Fig. 4), which is a vest made of fabric for upholstery, twill 
weave (composition 100% polyester), which makes it look like a striped model. The model 
has a large hood. When the hood is on the head, it takes the shape of a triangle and gently 
falls on the shoulders. When it is taken off, its top reaches the waist. The edges of the details 
are finished with overlock machine and are connected with a red thread through a zigzag 
stitch. The intertwining of the corners at points 5, 6, 7 and 8 forms an interesting detail that 
looks like a lapel. The model is sleeveless, with covered shoulders, and it is fastened with a 
zipper. Its length is mid-calf and the corners of the large triangles at the front reach the ankle. 
The back of the model is fitted along the 11-12 line by using four peplums positioned 
symmetrically – two on each side. 

 

Fig. 4. Model 1: a) Front view with detail that looks like a lapel; b) Flat sketch; c) Large hood and 
peplums. 
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3.2 Model 2  

For the experiment with Model 2 (Fig.5), dual layer BlackOut fabric with woven black yarn 
(textile for curtains, composition 100% polyester) has been used. This is a heavy weight 
fabric which forms soft creases in the presence of frills. The model constitutes a calf length 
sleeveless dress. The dress is sewn at the front and no fastening has been designed. The entire 
dress is decorated with frills with ornamental and functional purpose. The details are 
connected with lock stitch finished with overlock machine. The frills are made by using 
threaded cords with stops. The frills along the neckline allow some adjustment of the bust 
size. The waist circumference can be adjusted with a cord threaded along the 11-12 line (Fig. 
2). There is a threaded cord along the edge and the central line of the hood, which allow 
transformation of the hood into a generously pleated collar. A cord threaded along the lower 
hem of the skirt completely changes the silhouette. The cord channels are made by folding 
the edges of the details, whereas the ones along the 11-12 line is made using a bias strip. 

 

Fig. 5. Model 2: a) Front view; b)Flat sketch; c) Back view 

3.3 Model 3 

Spandex has been used for the experiment with Model 3 (Fig. 6). It is a mid-calf sleeveless 
sports dress. The details of the model are connected by overlapping, as in Model 1. This 
leaves the stitches visible and they serve as an additional engaging element in the design 
because of the property of the spandex to roll at the edges. The details do not need finishing 
and the edges are left as they are. They can be decorated with ornamental stitches. No 
fastening has been designed and the dress is closed with a front seam from the neckline to 
the knees. The corners of the triangles at the neckline fall freely and can be tied in different 
combinations of knots. The hood has a frill along the edge made by sewing an elastic band. 
The same frill has been made along the 11-12 line (Fig. 2). The corners of the large triangles 
which reach the ankle at the front side can also be modified by tying different knots. 
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Fig. 6. Model 3: a) Finished model with hood; b) Flat sketch; c) Knots on the neck; d) Knots on the 
front side. 

4 Conclusion 

The items are suitable for people of different height and weight, however, they need to be 
customized based on the moulage technique. The length of the entire item from the shoulder 
to the edges of the triangles at the front is 120 cm and the length of the back is 100 cm. If the 
corners on the front side in Model 1 make movement difficult, they can be sewn and folded 
in any direction, which would reduce the length of the item. For the dresses, this length can 
be adjusted by the frills and knots. The waist circumference of the item, without the frills, is 
130 cm, and the openings for the arms are about 70 cm. 
The additional materials used for all three models are bias strips, elastic bands, cords, caps 
and stops. These are materials that are nearly 100% utilized and can be adopted by the zero-
waste clothing production technology. 

Given that the entire width of the roll of fabric is used, its end is cut in a straight line and 
the additional materials are offered per linear meter, therefore the goal is achieved and the 
proposed design is implemented zero-waste. 

The fact that the clothes allow them to adapt to a wider range of bodies makes them a 
sustainable design. 

Despite the great possibility for use by people of different build and height, this type of 
design may be relatively difficult to adopt in certain spheres, for examples the ones that 
require very formal style. However, the future of the planet and our willingness to conserve 
it suggests that innovative methods for clothing production will be increasingly adopted and 
the new look will be accepted more widely. 
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Abstract. One of the key lessons learned during the pandemic of COVID-
19 is that the digital education and adaptation of Information and 
Communication Technologies (ICT) should not be viewed as an island on 
its own but should be considered as an integral part of all education and 
training. The ICT-TEX project is an EU-funded project which aims to 
integrate ICT in online education of textile and clothing. Within the 
framework of this project, deficiency areas have been identified with a 
comprehensive survey conducted across the project partner countries. A new 
course curriculum has been developed based on desk research, field 
research, surveys, and Gap Analysis. Eight modules (around 16 
courses) according to the needs of the textile and clothing industry (TCI) 
will be developed within the framework of the project. This paper discusses 
the methodology of applying ICT in new course content for Apparel Design 
and Production which is a pilot course and serves as a benchmark for further 
development of other courses.  
 

1 Introduction  

The textile industry is a traditional and leading industrial sector in Europe with around 
160.000 companies, mostly small and medium-sized niche players [1]. They produce high-
quality and innovative products and focus on creativity and outstanding customer service. 
Therefore, the next generation textile industry workers must be well educated and have the 
required competencies and skills. The ICT-TEX (ICT in Textile and Clothing Higher 
Education and Business) project presented in this paper, is an Erasmus+ Knowledge Alliance 
aiming to improve the competencies in Information Communication Technology (ICT) for 
people working in the field of the Textile and Clothing Industry (TCI). This is done by 
developing syllabuses for various textile subareas that will be provided through an online 
platform on the project website and made available to all interested parties.  
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2 Methods and Results  

2.1 The ICT-TEX project in general  

The ICT-TEX project is an Erasmus+ Knowledge Alliance, an EU program aiming to 
strengthen Europe’s innovation capacity and foster innovation in higher education by setting 
up transnational and result-driven activities between higher education institutions and 
businesses. In this ICT-TEX project, 12 geographically spread partners collaborate to achieve 
this goal, forming a balanced group of universities, companies, and non-profit organizations 
active in the textiles and clothing areas. The Project Coordinator is the Technical University 
of Sofia, Faculty of Power Engineering and Power Machines, Bulgaria. The project 
commenced on 1 January 2020 and will run for 3 years.   

ICT technologies such as CAD, CAM, CAE, and PLM systems have developed more and 
more admission into the Textile and Clothing Industry, thus requiring personnel with a higher 
level of ICT skills is becoming important than before. The project aims at developing a 
curriculum of ‘Information Technology in Design of Textile and Clothing’ to improve the 
knowledge and skills of students, teachers, and staff. At first, the current situation was 
evaluated by distributing a survey amongst companies in Europe to determine the needs and 
requirements in terms of ICT and entrepreneurial skills. At the next stage, a gap analysis was 
performed from survey results and desk analysis to get a clear view of what is required. These 
insights were used to develop an adapted curriculum. The areas dealt with within the project 
are Design and Production of Knitwear; Design & Production of Woven Fabrics; Design & 
Production of Technical and Intelligent Textiles; Industrial Engineering, Quality Control & 
Management, and Finishing, Printing & Functionalization. After that, the pilot syllabuses are 
developed for Entrepreneurship, ICT - Digital Skills, and Apparel Design & Production. The 
last-mentioned module will be extensively described in this paper.  

2.2 Preliminary work on the pilot Module of Apparel Design and Production 

The TCI companies of the EU are facing a shortage of experts in their fields. Therefore, 
developing necessary competencies and skills for the existing workforce and attracting 
qualified young experts of the next generation has become a priority for these companies. 
The textile industry is in pressing need of human resources because a great part (about 40%) 
is expected to retire in the next few years, and it is not attractive to young people who prefer 
ICT in general but are not aware that ICT is widely applied in the textile industry [1].  

To design a new course curriculum and its content, two research approaches were 
adopted to understand the need for Apparel Design and Production. During the 
first approach called ‘desk research’ led by TU Dresden, the changes and needs of industry 
were studied and changes taking place in apparel design and production were 
researched. During the second approach of ‘field research’, a comprehensive 
survey questionnaire was developed by the mutual collaboration of consortium to understand 
the needs of TCI.  

2.2.1 Desk Research  

Due to changing policies of the EU, UN policies for environmental protection, 
corporate social responsibility for sustainable development, the technology has 
continuously developed for TCI businesses. To understand the state of the art and innovative 
character of Apparel Design and Production, an analysis of the subject area 
is performed. Clothing production has doubled in the last two decades, driven by the growing 
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middle-class population across the globe and due to fast fashion [3][4]. Due to quicker style 
changes and an increased number of collections per year and often at a lower price, the 
clothing industry is showing growth in terms of sales. The technological process of 
conventional apparel design and production processes can be divided mainly into two parts. 
The first one is the design part and the second involves the production of clothing.   

2.2.1.1   Apparel Design  

Applications of CAD/CAM made their first appearance in the clothing cutting room in the 
1970s. Nowadays interactive garment CAD techniques provide garment enterprises with 
fashion design, pattern making, pattern grading, and marker making. Compared to manual 
operations, the techniques automate repetitive time-consuming tasks, shorten the product 
development cycle, improve product quality and respond more quickly to the customer's 
market, thus the techniques are widely utilized and play a significant role in mass production 
in the apparel industry [5].  

Pattern making is the art of designing patterns by making templates from which clothing 
and industrial items can be sewn. A pattern making process realizes the imagination 
of the designer from sketching to the real product. Pattern makers are also called "Technical 
Designers". The aesthetic appearance, correct fit, and drape attributes of a garment depend 
significantly on garment-making process. Pattern making is considered the first step in 
garment production [6]. While making a garment as per design, production patterns are used 
to trace the various garment parts onto fabric before cutting and assembling.  The digital 
pattern developing process has two paths. One path develops apparel according to traditional 
2D pattern making technology [7]. There are three methods: parametric design, traditional 
grading technique, and pattern generating based on artificial intelligence. Another path 
develops patterns through surface flattening directly from an individual 3D apparel 
model. Applying this parametric method can largely improve the efficiency of pattern design 
or pattern alteration.  

Traditional sample creation involves time-consuming manual fittings and re-fittings 
[8]. With the advancements in virtual reality applications, the garment industry has strived 
for new developments. 3D virtual try-on brings a whole new level of efficiency to the design 
department by combining the latest in 3D rendering technology with powerful, proven pattern 
production software. A large range of techniques is selected and organized into several key 
modules (digital human modelling, 3D garment design and modification, numerical 
integration of draping, 2D pattern generation, geometric details modelling, parallel 
computation, and GPU acceleration) which form the core of a 3D garment design 
technology platform [9]. 

The clothing industry increasingly prefers to use computer-aided design (CAD) 
techniques for both fashion design and pattern creation as it offers greater efficiency and 
time-saving solutions to many complicated tasks as well as facilitating Internet-based 
communication amongst designers, manufactures, and retailers. Specialized 2D CAD 
software, including packages such as cad.assyst (Assyst), Modaris (Lectra), Accumark 2D 
(Gerber), PDS 2D (Optitex), Master Pattern Design (PAD System), TUKAcad (Tukatech), 
GRAFIS (Software Dr. K. Friedrich), AudacesApparel (Audaces), COAT (COAT- EDV-
Systeme) and Fashion CAD (Cad Cam Solutions), support geometrical pattern drafting from 
first principles using only anthropometric measurements of the target size and shape. In 
today’s apparel industry, the designs are generally made in digital form with the help of CAD 
software [5]. 

The most advanced 3D applications available today combine patterns with fabric physical 
properties, appearance, and stitching lines to simulate how the fabric will fall or drape in 
form of a garment. 3D body scanning machines take all the millions of points of a company’s 
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fit model to create an avatar of the same body, which can then be used to accurately predict 
the ease and tightness of a garment [2]. 

The user can then adjust the pattern pieces in the 2D pattern making application and view 
them in the 3D application to re-simulate and once again check the fit. These modifications 
are easily transferred to paper patterns for fine-tuning. Today’s 3D applications include 
automatic functions specifically designed to allow trained technical designers to adjust 2D 
patterns [10]. To check if the fit of the pattern is correct, the prototyping on that basis is done 
to check if the product is suitable for bulk production. It is usually an iterative work, which 
is performed until the desired results are achieved. An increasingly used alternative is the 3D 
fit simulation where the fabric properties are given to material in a software environment and 
2D patterns are digitally sewn and draped on an avatar. In this way, the prototyping work is 
reduced to save time and resources. Modern 3D CAD software also offers 3D visualization 
during motion which makes the product realization even more realistic during the design 
phase [9]. There are several 3D CAD solutions providers in the market, but 
Clo3D, Modaris v8, Tuka3D, and 3D Vidya are mostly used.  

2.2.1.2 Apparel Production  

The apparel production starts from getting prepared for cutting the fabric layers in required 
pattern. The process of cutting starts from the lay planning for cutting. The cutting lay plan 
or commonly known as a marker is generated in a way that maximum efficiency of fabric lay 
is achieved to reduce the fabric wastage as much as possible. This cutting lay planning is 
carried out in combination with 2D CAD software which was prior used to design pattern 
pieces. The cutting is performed either manually or computerized in apparel production. The 
efficiency and accuracy of computerized cutting are much more than manual cutting. The use 
of manual or computerized technologies depends on factors like required garment 
production, the complexity of cut parts, type of material, labor costs and return on investment 
of technology acquisition. The sewing department in apparel production involves most of 
human resources than any other department of clothing production. There are three main 
production systems in practice in apparel production known as progressive bundle system, 
unit production system, and modular production system. The selection of production system 
used in apparel manufacturing is depending upon the type of garments produced and the 
investment made into the process. Digitalization is pushing towards the unit production 
system because it provides real-time information of production flow.  

Types of sewing machines in sewing production depend upon the type of product being 
produced and its functional requirements. Automatic sewing operations are performed in the 
sewing industry for the reproducibility of sewing operations to realize mass production. 
These sewing machine automations are usually performed on operations like Pocket setter, 
Pattern seamer, Bartacks machines, Buttonholes machines, J-stitch (on zipper fly), Leather 
patches seamers, Belt Loop attaching machines, etc. In sewing production, the machine 
features like needle positioning during and after sewing operation, automatic thread 
trimmers, and the location of sewing at the seam start and end are also important for 
production efficiency, because it can facilitate the sewing operator by reducing work fatigues 
and also reduce the later work during apparel finishing. Sewing machinery manufacturers are 
presenting their concepts sewing stations using a universal robot working with a machine 
operator side by side and feeding multiple machines [11]. This is a tendency that can be 
observed in the future due to decreasing prices of robot technology and increasing labor 
costs.  

The use of ICT in the clothing industry is taking importance with passing time. To keep 
the sewing production line in full view of managers and production supervisors, German 
sewing machine manufacturer Dürkopp Adler has presented its Qondac system, which keeps 
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the record of each stage of the production stage and its efficiency in real-time and keep 
therecord of machine maintenance. The productivity of sewing machines and their status can 
be analyzed and machines can be maintained virtually. The interface can be connected with 
the ERP system of the organization e.g., SAP to exchange the status of production to other 
relative departments [12]. 

After the sewing has been finished, the garment goes to the finishing department where 
it is prepared for final shipment. The use of automatic universal finisher for shirts and pants 
is used to perform pressing. The use of simple pressing with steam function leaves burn/shiny 
marks on the fabric surface, which are more visible on fabrics with darker shades. With 
automatic finisher, different programs can be chosen according to the type of material and 
finish required. The digital database can be developed which can be retrieved, whenever the 
same material, fabric construction, material composition is processed in mass production. 
The company Veit GmbH is a market leader in finishing technology. Its Tunnel Finisher can 
replace manual tasks and improve production and labor costs [13]. Despite the advantages of 
automatic finishers on manual pressing, the comparison of the price is also important. A 
simple pressing station is way cheaper than the automatic finisher. Factors like labor cost and 
energy conservation are chosen while choosing between the technologies used.     

2.2.2 Field research (GAP Analysis)  

Understanding the educational needs in the future means knowing the current practices of the 
TCI business and respectively its historical background. The work has been done through 
desk analyses, historical evidence, and case studies in the past. Additionally, a preliminary 
questionnaire was prepared to provide appropriate business information for the analysis. 
Feedbacks from TCI enterprises were gathered. The GAP Analysis combined with the desk 
analysis served as the basis for the development of elaborated curriculum, syllabuses, and 
study materials.   

The GAP analysis is essential for the implementation of the other work packages of the 
project too. In this way, the syllabuses and curriculum will meet the future needs of skilled 
and motivated workers for the TCI enterprises.  

The GAP analysis was divided into three main stages:  
 Description of the technological processes in the TCI enterprises: it was helpful to 
identify the difference between TCI product specialization, for instance: clothing, 
weaving, knitting, etc.  
 Historical analysis of the technology changes in TCI enterprises: it allowed us to 
understand future steps in the development of the technology.  
 Staff needs assessment: it defined the best employee and their current and future 
technological competencies, knowledge, and skills.  
Some interesting results from the GAP Analysis regarding the course of “Apparel design 

and Production" are below. The detailed results are available online at the project website 
[14]. 

 
Fig. 1. What skills should patternmakers have in your company? 
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Fig. 2. What CAD systems do your company pattern makers work with? 

 
Fig. 3. What 3D Visualization and Fit accuracy software does your company use? 

The survey results provided an interesting insight into the general practices of the 
European clothing industry. For example, it can be seen from the survey results that more 
than 2/3rd of participants said that they do not use any sort of 3D CAD software for 
visualization and fit simulation at all. This is a very interesting finding that also shows great 
room for improvement. The 3D visualization and fit simulation can reduce the iterative 
product prototyping procedure and reduce the lead times from product realization to product 
manufacturing.  

Based on GAP Analysis conducted there is following skills need assessment for the use 
of ICT in general:  

 To operate with advanced/automated production systems; to manage integrated 
systems for the exchange of information between different production processes also 
integrating internet of things; to improve the integration level of CAD/CAM and ERP 
systems;  
 Knowledge and ability to apply and manage:  

- Radio Frequency ID (RFID) task;   
- Sensors and Internet of Things coupled with new software;  
- Augmented Virtual Reality (AVR);  
- Block-chains and Artificial Intelligence.   

 Ability to use ERP systems to better manage production planning and control, 
supply chain, logistics, costumers' relationships, workloads, and work distribution, 
environmental impact, quality;  
 Ability to use advanced design software, i.e., software able to detect contours and 
body shapes for tailor-making designs;  
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 Ability to use specialized software and analyze big data to study current market 
trends and predicts the future ones;   
 Ability to use marketing techniques and tools to better targeting specific consumer 
categories and groups;  
 Ability to use social media to engage and interact with customers and influence their 
buying behaviors.     

2.3 Overview and presentation of the syllabuses of courses of Apparel Design 
and Production  

Based on the desk research and field research results obtained through GAP analysis, the new 
course curriculum objectives were designed and a new course curriculum is developed. The 
course of Apparel Design and Production was subdivided into three main courses.  

1. 2D CAD Pattern Making;  
2. 3D CAD Simulation;  
3. Apparel Production.  

The details and objectives which are aimed to be achieved within the framework of the ICT-
TEX project are explained for each course.    

2.3.1   2D CAD Pattern Making  

Today’s clothing industry is moving toward using advanced technology in designing and 
pattern-drafting. Clothing companies continuously seek new solutions for saving time in 
product development and generally increasing efficiency in activities raging from, the design 
process through the manufacturing process. Such programs can enhance communication, 
ease flow, production, and cost-effectiveness at all stages. 2D CAD Pattern Making is a 
knowledge-intensive and creative course that will lead learners across different pattern 
making techniques taking into consideration materials, colors, and styles combination. 
Lessons are taught using specialized CAD software (AccuMark by Gerber Technology, 
Modaris by Lectra).  
Following topics will be covered from the course of 2D CAD Pattern Making.  

 Introduction to CAD functionalities  
 Modelling techniques for different garments    
 Symmetry and asymmetry principles   
 Algorithms for pattern making of basic apparel constructions   
 Computer grading of details  
 Algorithms for pattern making of specific garment elements   
 Design of gathered elements  

   

2.3.2    3D CAD Simulation  

Three-dimensional (3D) virtual prototyping is getting increasingly important for apparel 
design. Based on the utilization of 3D CAD simulation, product development in the clothing 
industry becomes faster and faster. The integration of 3D CAD systems for garment design 
leads to higher accurate cloth fitting. During the course, the participants will be guided to 
create virtual garments from fashion design ideas analyzing the principal aspects of 3D 
simulation by using specific software.  
The following topics will be covered from the course of 3D CAD simulation.  

 Introduction of 3D simulation;   
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 Virtual fit simulation in CLO 3D;   
 3D virtual model.    

2.3.3    ICT in Apparel Production  

The garment industry invariably goes through short fashion cycles. To survive in the market, 
regular innovations in color, style, design, fabric, finish, and fit are needed. Automated 
machinery and IT solutions are keys in such a scenario. Automations for cutting, sewing, 
buttonholes, CAD/CAM for pattern making, etc., have brought down the cost of production 
considerably. Garment companies now focus on technology to be productive and cost-
effective at the same time, which means a skilled and constantly technically updated 
workforce. The course is focused on the analysis of the interconnections between innovative 
technologies and standard production processes to equip learners with relevant skills and 
knowledge.  

Following topics will be covered from the course of ICT in Apparel Production:  
 Sewing machines;    
 Spreading/cutting;   
 Finishing;   
 Production systems;  
 Automation in apparel production;  
 Material management and work planning;   
 Welding technologies.    

3 Conclusions  

A great deal of effort has been made to understand the needs of TCI businesses and HEI’s 
have developed the new curriculum of different courses including Apparel Design and 
Production. The developed courses will cater to the needs of the staff of TCI businesses and 
will be freely available online on the project platform. Various interactivities have been 
developed where the learners will interact with the latest course content, with teachers, and 
with other learners and improve their online learning experience.  
  
ICT-TEX is funded under the Erasmus+ Program of the European Commission [Project 
Number:612248-EPP-1-2019-1-BG-EPPKA2-KA]. This publication reflects the views only of the 
author, and the Commission cannot be held responsible for any use which may be made of the 
information contained therein.  
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Abstract. The main purpose of this article is to present the design, optimal 
setting and experimental study of a multivariable PID controller supposed 
for electrohydraulic power steering system with load-sensing function. The 
set of the controller is performed through an optimization procedure based 
on a genetic algorithm. The PID controller is embedded into a 
microcontroller for mobile machinery used in laboratory test rig for 
investigation of an electrohydraulic servo steering system. Results obtained 
in conditions of physical experiment and numerical simulation with the 
optimally tuned PID controller are presented. An analysis of the control 
performance, as well as some features of the used method for setting the PID 
controller. 

1 Introduction 

Recently, there has been a development of hydraulic drives, which can be summarized in two 
main directions: the first direction is to introduce digital control, and the second to improve 
their load-sensitive function. The main architectures of hydraulic systems with load-sensing 
function are relatively well studied, as well as their selection depending on the desired 
functionality of the driven machine. In a number of applications of the hydraulic drive, 
however, the two directions of development are combined, and the ultimate goal is to increase 
the energy efficiency of the entire electrohydraulic system. Achieving this ultimate goal is 
impossible without an effective control system [1]. The introduction of digital control in 
almost all applications of hydraulic drives necessitated the use of embedded control systems. 
In this aspect, the behavior of the whole system strongly depends on the embedded controller. 
When there are limitations to the architecture of the hydraulic system (i.e. it is solved), then 
efforts are focused on achieving high levels of control performance. It could be tentatively 
assumed that such a case is observed in electrohydraulic servo systems for power steering of 
mobile machines. 

The task of controlling electrohydraulic servo systems in most of their variants can be 
solved by a classical PID control law obtained from an adequate model and set by an 
appropriate algorithm [2]. Evidenced by a number of studies and developments by other 
authors. Rather, efforts are focused on developing the methods and tuning algorithms used 
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in them. One of the modern algorithms used for optimal setting of PID controllers is the so-
called Genetic algorithm (GA). In [3] an improved genetic algorithm (IGA) to search for the 
optimal PID gains for robotic excavator trajectory control is proposed. 

The authors have accumulated experience in the design and implementation of robust 
embedded controllers with application not only in electrohydraulic drive systems. Their 
previous developments have studied various types, both conventional and multivariable 
controllers of electrohydraulic systems for power steering systems without load-sensing. The 
present study focuses on a load-sensing power steering system. For this purpose, a state space 
model of the system is derived on the basis of an identification procedure based on 
experimental data shown in detail in [4]. The PID controller implements the state-space 
model of the electro-hydraulic servo actuator system to control the movable surface of space 
vehicle are presented in [5] and genetic algorithm (GA) is used to optimize the controller 
gain parameters. In [6] proposes the tuning method by GA which approached the optimal 
PID parameters so that it can increase the efficiency control of the electro-hydraulic servo 
valve system. А similar approach has been used in [7]. However, all these mentioned 
developments use the Ziegler-Nichols method to determine the initial values for of the PID 
controller gains, which is again a classical approach for single input  single output system 
(SISO). In the present work, this approach for determining the initial conditions is 
inapplicable because the system under study is a multivariable which is represented as single 
input and multiple output (SIMO). 

The main purpose of this article is to present the design, optimal setting and experimental 
study of a multivariable PID controller designed for electrohydraulic power steering system 
with load sensitivity. The set of the controller is performed through an optimization procedure 
based on a GA. The PID controller is embedded into a microcontroller for mobile machinery 
used in laboratory test rig for investigation of a electrohydraulic servo steering system. 
Results obtained in conditions of physical experiment and numerical simulation with the 
optimally tuned PID controller are presented. An analysis of the control performance, as well 
as some features of the used method for setting the PID controller. 

2 Hardware description 

The authors have designed and realized a new laboratory test rig for investigation of LS servo 
system applicable for power steering low-speed mobile machines. The hydraulic circuit 
diagram of the system synthesis on the laboratory model is depicted in Fig.1. The detailed 
description of the studied system is presented in a previous paper [4]. 

3 Identified model 

To obtain a model of electrohydraulic servo system the two analytical modelling and system 
identification approaches can be used [9]. In our case, due to the lack of information about 
numerical value of parameters of internal units of electrohydraulic steering system, the 
identification approach is preferred. The additional advantages of models determined by 
“black box” identification are that the description of noises, actuators and sensor dynamics 
are obtained. For that reason, we chose to estimate numerical model of the plant by system  
identification procedure which is detail presented in [4]. It is assumed that the dynamics of 
electro-hydraulic steering system may be described in sufficiently wide operating range by 
linear discrete time stochastic state space model 
 

( 1) ( ) ( ) ( )x k Ax k Bu k Ke k         (1) 

( ) ( ) ( ) ( )y k Cx k Du k e k   ,     (2) 
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where  1 2 ...
T

nx x x x   is a state vector, u is a control signal that is a voltage applied 

to the control input of PVE, 
T

LVDT posy y y    is output signals ( LVDTy  is output of LVDT 

sensor and posy  is a cylinder piston position),  1 2( )
T

e k e e is a residual vector ( 1e  and 2e

are residuals respect to the LVDT and cylinder positon respectively). , , ,A B C D and K are 
the matrices (model parameters) with appropriate dimensions. 
The state space models (1) of various orders are estimated. Model parameters are determined 
by model predictive error method for estimation of state space model.  In estimation, the 
observable canonical form of state pace model (1) is used. The best results are obtained with 
model of 4th order. The values of estimated parameters are 

5

0 1 0 0
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and covariance matrix  
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Fig.1. Hydraulic circuit diagram of a new laboratory test rig. 
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4 GA tuning of multivariable PID controller  

The block scheme of control system is presented in Fig.2. The design of PID controller is 
based on the model (3).  
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usat
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Fig.2. Block Scheme of control system. 
 

The description of popular in practice single input single output parallel PID controller 
with low pass filter in derivative term and anti-wind up mechanism is given by 
 

1
( ) ( ( ) ( )) ( ( ) ( )) , ( ) ( ) ( )d

p p i w sat

T Ns
u s K err s err s K K err s k v s v s u s u s

s N s
     


 , (4) 

where pK is the proportional gain, iK is the integral gain, dT is the derivative time 

constant, N is the pole of the low pass filter, wk is the conditional feedback gain used to 

realize anti wind up algorithm, ( ) ( ) ( )err s r s y s  is reference error. The ( )satu s is saturated 

control signal which is obtained as 

min max

min min

max max

( ),

,

,
sat

u s u u u

u u u u

u u u

 
 
 

,       (5) 

where minu and maxu are minimal and maximal admissible values of control signal. In 

order to implement the PID controller in digital control device, the integral and derivative 
terms in equation (4) are discretized by first order forward difference and first order backward 
difference respectively. Thus, the discrete-time PID controller is described by 
 

( 1)
( ) ( ( ) ( )) ( ( ) ( ))

(1 ) 1 ( 1)
d s

p p i w
s

T N z T
u z K e z e z K K e z k v z

NT z z


   

  
,   (6) 

where sT is a sample time. Based on equation (6) the multivariable PID controller for 

electrohydraulic load-sensing servo system is designed. It has three inputs and one output. 
The first input is position error pos pos pose r y  and the second one is LVDTy , where posr is 

reference for cylinder piston position. The third input is the signal form conditional feedback 
v . The designed discrete time multivariable PID controller is described by 
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where 0.01sT s  , min max5000, 5000u u    which are used to evaluate signal v

according to equation (5). 
pospK , 

LVDTpK ,
posiK ,

posdT ,
LVDTdT are controller parameters and poles 

of low pass filters are chosen as ,
5 5

pos LVDTd d

pos LVDT

T T
N N  . As can be seen from equation 

(7) for feedback of cylinder piston position the PID control law is used, whereas for feedback 
of LVDT sensor the PD control law is implemented. The design problem of PID controller 
(7) for model (3) is to find the vector with unknown parameters

pos LVDT pos pos LVDT

T

p p i d dK K K T T     , which provide desired control system 

performance. A useful method to obtain parameters is optimal tuning. The performance index 
to be minimized, is given by 
 

* *

2 2

0 0

min ( ), ( ) ( , ) ( , )
N N

pos
i i

J J e i R u i


   
 

   ,     (8)  

where the weighting coefficient 0.001R  is experimentally chosen in order to obtain 
acceptable form of control signal. The unconstrained optimization problem (8) can be solved 
by various classical and modern methods [10]. In case of objective functions with several 
local minima’s a methods for global optimization such as firefly optimization, simulated 
annealing, pattern search and genetic algorithm are preferred. The last one is especially 
suitable in case of unknown initial parameters, which is the case in this paper.  
The genetic algorithm is based on the natural selection, which is a method that drives 
biological evolution. The block scheme of genetic algorithm is depicted in Fig.3.  
 

Random generation of 
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Evaluation of 
objective function

Best individuals
Are the optimization 
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Form new 
population

Start Yes

No

Optimal 
parameters

 

Fig.3. Block scheme of genetic algorithm. 
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In the beginning, the GA randomly generates initial population of n individuals 
(chromosomes). Then, it evaluates the objective function for initial population. In the next 
step, the individuals are ranked and their fitness is obtained. The algorithm for selection of 
individuals choses ones for reproduction, based on their relative fitness. In this manner, the 
most fitted individuals are used for reproduction. Selected individuals are then recombined. 
To form children, the parents are crossed over with cross over probability. Then mutation is 
applied with determinate probability. The aim of mutation is to prevent falling of all solutions 
in the population into a local minimum. The crossover and mutation operators are realized to 
yield improved children for the next generations. The objective and fitness functions for new 
individuals are calculated again. The new generated population is used for a further run of 
the algorithm. Due to random generation of initial population, to achieve global optimum it 
is recommended to run several times the optimization procedure. Then one can use the best 
solution. 

The optimization problem (8) is solved by MATLAB® function ga. The 15 runs of GA 
procedure with initial population of 100 individuals and option ‘vectorized’ for fitness 
function are performed. The obtained PID controller parameters and the value of objective 
function are presented in Table1. In every run the optimization procedure stops due to that 
the average change in value of objective function is less than defined tolerance, which means 
that global or local minimum is achieved. The values of objective function for all runs are 
almost the same, which indicates that achieved optimum is global minimum. The values of 

pospK and 
posiK for all runs are close too. 

Table 1. PID controller parameters. 

Run ( )J   
pospK  

LVDTpK  
posiK  

posdT  
LVDTdT  

1 61.293778 10  -26.8670 -6.5600 0.0570 0.5680 0.0090 

2 61.2937649 10  -26.7690 -0.0090 0.0570 0.6000 0.1030 

3 61.295076 10  -25.2080 -0.1250 0.0690 0.8560 0.3760 

4 61.2939273 10  -26.7540 -0.0250 0.0590 0.6270 0.0490 

5 61.293454 10  -25.6950 -0.3980 0.0620 0.7930 -0.0460 

6 61.2938889 10  -26.5890 0.002 0.0590 0.6330 0.0330 

7 61.2940965 10  -26.2380 -8.8190 0.0610 0.6830 -0.0460 

8 61.2954078 10  -25.0060 -12.5890 0.0710 0.8630 0.0800 

9 61.2955409 10  -24.7330 -16.2500 0.0720 0.9040 0.2780 

10 61.2936065 10  -27.1200 -0.0020 0.0550 0.5410 0.0140 

11 61.2936983 10  -26.8200 -7.7190 0.0560 0.5740 0.0020 

12 61.2934437 10  -27.5520 -0.0310 0.0520 0.4550 6.7350 

13 61.2942432 10  -25.9000 -0.5020 0.0620 0.7530 0.2650 

14 61.2938759 10  -26.6070 -7.9130 0.0580 0.6180 0.0050 

15 61.2958139 10  -24.5170 -13.7200 0.0730 0.943 0.2270 

In Fig.4 transient response of model (1) respect to cylinder piston position is presented. 
In Fig.5, Fig.6 and Fig.7 transient responses and control signal of control systems based on 
the multivariable PID controller with parameter values from Table 1 are depicted. 

It is seen that the transient response of closed loop system is aperiodic and it is more 10 
times faster than one for plant model. For all fifteen values of  (vector with PID controller 
parameters), transient responses and control signals are very close, which again approves that 
the obtained minimum is global. The control signal has admissible form and does not achieve 
its extremal values. 
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Fig.4. Plant cylinder piston position. Fig.5. Control system cylinder piston position. 

Fig.6. LVDT. Fig.7. Control signal. 

5 Comparison of simulation and experimental results 

The tuned PID controller is embedded into the microcontroller of test rig for experimental 
investigation of electrohydraulic servo steering system. The implementation of controller is 
realized through real-time Simulink® program which is presented in Fig. 8 [10]. The main 
block of the model structure is a Single Precision Controller which is a subsystem for 
representation of the  multivariable PID controller after GA-tuning. The subsystem structure 
is depicted in Fig.9. 
 

 
Fig.8. Simulink® model for controller implementation. 
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Fig.9. Subsystem of embedded multivariable PID controller. 

 
The control performance is investigated based on several physical experiment. During the 

experimental tests we set a constant value (5MPa) of pressure load in the both chambers of 
the servo cylinder via counter-balance valves, which are incorporated in the hydraulic block 
and realized a load system.  

Figure 10 compares the experimental and simulated cylinder reaction to the reference 
signal. The programmed reference trajectory is a rectangular signal which span the full range 
from -0.1 to 0.1 m with period of 30 seconds. For the experiments we’ve programmed 2nd, 
3rd and 4th PID parameter tunings from the Table 1. 

However, their performance is very similar so in the figures we show only the results 
from the 3rd parameter set. Interesting effect to be observed is that experimental response is 
several 3÷4 seconds faster than the simulated response. The experimental system with the 
designed PID controller demonstrates very good reference tracking with settling time around 
1.5 seconds. From our other investigations on the test bench we can conclude that it is very 
hard to achieve such response with other control structures or heuristic manual tuning of the 
PID gains. 

A more detailed view of the second stepwise transient is presented in Fig. 11. There is 
not overshot in both simulated and experimental response. The experimental response can be 
classified as critic aperiodic due to its small ripple above the reference, which doesn’t affect 
the closed-loop system performance for low speed steering applications. Both simulated and 
experimental systems keep steady state error very small around 1mm. An interesting 
observation about the experimental system is its small sensitivity to measurement noises even 
though the controller reaction is very fast. 
 

Fig.10. Transient response. Fig.11. Detailed view of transient response. 
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Comparison the control signal of the simulated and experimental closed-loop system is 

depicted in Fig.12. Here we can note that the effect of the measurement noise is amplified in 
the experimental control signal, but its amplitude is not high enough to cause oscillation in 
the directional spool valve. For example if the noise amplitude was high enough to cause a 
change in spool direction beyond the zero point, that would have been demonstrated in the 
cylinder response. Another observation from the control signal is that during stepwise 
reference change the implemented controller reacts by applying maximal voltage to the PVE 
block. That guarantees an optimal response in terms of rising time because of the maximal 
cylinder velocity. However such movement can cause overshot if not stopped at the right 
moment. The simulated system doesn’t have such oscillations in the steady state control 
signal because sensor noise is not simulated. 
 

Fig.12. Plant cylinder piston position. Fig.13. Control system cylinder piston position. 
 

Comparison between the experimental and simulated response of the directional spool 
valve is presented in Fig.13. Its motion is sensed by the LVDT sensor which detects the 
change in inductance caused by the spool movement. It is important to note that spool 
response is very fast, allowing fast execution of the calculated control signal. That is 
important to achieve an accurate cylinder positioning. Also the amplitude of the simulated 
and experimental LVDT signal is reaching same level. There is a steady state bias in the 
experimental signal which is due to mechanical zero bias an unidirectional spool spring 
element. However, these mechanical asymmetries doesn’t impact the performance of the 
closed-loop system, and the controller compensates for them by automatically offsetting the 
spool position. 

6 Conclusions 

The article presents a modern method for tuning of multivariable PID controller designed for 
electrohydraulic servo system intended for load-sensing power steering. The method for 
setting of the controller parameters is essentially an optimization procedure using a genetic 
algorithm to minimize the performance index. The contribution of used method is that unlike 
other widely used methods for tuning of PID controllers, this allows multivariable controllers 
to be set. The description of the algorithm including its block diagram and the results for 
obtained PID controller parameters during the optimization procedure are presented in detail. 
The tuned PID controller is embedded into the microcontroller of test rig for experimental 
investigation of electrohydraulic servo steering system. The performance analysis is done 
based on comparison between experimental and simulation results, which are presented also.  
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Design of direct acting differential pressure 
control valve test bench 

Ognyan Bekriev 1,, and Radoslav Asenov 1 
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Abstract. This article aims to acquaint readers with a designed test bench 
for direct acting differential pressure control valves. These control valves 
are used in district heating systems. The conformity of the construction of 
the test bench with the international standard IEC 60534-2-3:2015 is 
evaluate and the results of an experimental study of the control valve AVPB 
DN20 Kvs 6.3 PN16 are present. 

1. Introduction 

One reason for the widespread use of control valves for differential pressure control, as a 
component of district heating network substations is the ability to improve the quality of local 
temperature control of the heat carrier to the internal installations of the users. This is 
achieved by adjusting the pressure drop on the control valve of the heating circuit and the 
heat exchanger or by adjusting the pressure drop on the control valve individually. The 
control valve authority factor “a”, is generally defined as the ratio of the pressure drop across 
the fully open control valve “dPv” and pressure drop across whole circulation circuit “dPc” 
(Fig.1). In order to achieve quality control of the temperature in the heating system or in the 
domestic hot water system, it is necessary, the control valve authority factors of the selected 
control valve to be in the range from 0.5 to 1. This parameter is related to the deformations 
of the flow characteristic of the control valves, and thus to the ability of the electronic 
controllers in the substations to maintain the temperatures set point values, without 
significant deviations. The differential pressure control valve is also used for balancing the 
district heating network. This in turn leads to a reduction in the CHP power plant fuel 
consumption by decreasing the return temperature of the district heating network, and 
increasing the energy efficiency of the CHP power plant.  

 
	 	 	 	

	 	 	 	
   (1) 

where: 
 a - control valve authority factor; 
 dPv- differential pressure across the control valve Fig.1; 
 dPc - differential pressure across the circuit Fig. 1. 
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Fig. 1 An example of the influence of the authority factor on the flow characteristic.  

In order to ensure a constant differential pressure (0.8 bar) for all of the heating circuits 
in district heating substation it is equipped with a differential pressure controller with a 
common range from 0.2 to 1 bar. There are a few variants of connection of impulse lines of 
the differential pressure control valve witch are shown on the next Fig.2. 
  

 
Fig. 2 Differential pressure control valve connection options. 

In the central district heating network of Sofia, the pulse lines of the differential pressure 
control valves are most often connected for control of the differential pressure in two parallel 
circuits.This stems from the compliance of the design of the district heating substations with 
the "Basic technical requirements for district heating stations with hot water for the city of 
Sofia" and "Changes and additions to the basic technical requirements for district heating 
stations with hot water for the city of Sofia", which contain general instructions for design of 
the subscriber stations for the district heating network of the city of Sofia.  

2. Construction of the test bench 

The aim of the research is to study the characteristics of differential pressure control valves 
in the district heating network. The construction of the test bench can recreate a real working 
conditions. The test bench can be used for studding the operation of the control valves in 
static and dynamic mode of operation. To achieve a good repeatability of the test results, the 
construction of the laboratory test bench, have to meet some of the requirements of the 
international standard IEC 60534-2-3:2015: 

• The length of the straight section before the control valve have to be at least 18 x Dn; 
• The length of the straight section after the control valve have to be at least 7 x Dn; 
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• The flow measurement devices have to have an uncertainty of ± 2% and repeatability 
±0.5%  
• The accuracy of the temperature measurement device s be ± 1 0С or better; 
• The device for measuring static pressure before and after the valve with uncertainty of 
±2%; 
• The location and dimensions of the nozzles for outputting a static pressure signal have 
to be as shown in the standard. 
 The next figure 3 presents a P&ID diagram of the laboratory test bench. It consists of the 
following main elements: buffer vessel, pump (WILO MHI 805-1), throttle valve, solenoid 
flow meter (PROMAG 33), three-way control valve, manual control valve (HERZ 
STRÖMAX-GR), differential pressure controller (AVPB DN20 Kvs6.3 PN16), automatic 
filling valve, safety valve, main expansion vessel, expansion vessel for network storage 
volume simulation, PLC controller (VISION V120 HMI), pressure transmitter, differential 
pressure transmitter (E+H PMP 70), electronic micrometric depth gauge (HBM 0..25.4mm ± 
0.01mm), electrical panel (not shown on Fig.3). 

 

Fig. 3 P&ID diagram. 

3. Measuring instruments 

 The flow rate is measured with a magnetic inductive flow meter PROMAG 33 produced 
by E+H. The flow meter is selected to give a maximum accuracy at low flow rates, in 
accordance with the operating range of the studied differential presure control valve. The 
flowmeter upstream and downstream straight pipe runs are in accordance with the 
manufacturer's requirements. The measurement accuracy is ±0.5% and meets the 
requirements of the standard. The measuring range is from 0 to 6000 l/h. 
 The test bench is equipped with a pressure transmitter PMP70 produced by E+H. By 
switching the pulse lines, the operator can measure the static pressure at any point of the 
system. It allows pressure measurements with an accuracy of ±0.1%, which satisfies the 
requirements of the standard. 
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 To ensure repeatability of results and high accuracy of measurements, the test bench is 
equipped with a precision differential pressure transmitter - PMD75 produced by E+H. It is 
mounted on a mounting frame that allows alignment and zero-point adjustment. Pulse lines 
can be switched quickly and easily with visual control for the presence of air bubbles. The 
measuring sensor is selected with a range that allows the measurement of any drop in 
differential pressure in the system, without the risk of overload and damage to the device. 
 

 
Fig. 4 Differential Pressure Transmitter - Deltabar PMD 75. 

 The test bench is equipped with a Pt100 type temperature sensor. It is used to measure 
the temperature of the working fluid and it is connected to fluid temperature control system 
to a Vision V120 PLC HMI controller. The controller performs the function of a self-
adjusting PID controller with pulse width modulation. This allowls the operator to set and 
control the temperature of the fluid in the system. Additionally, this function the PLC HMI 
controller is programmed to send an opening and closing signal to the actuator of the three-
way control valve, with the possibility of controlling the opening and closing time. With this 
function the operator can do a dynamic simulations of real operation of the differential 
pressure control valve. 
  Two identical Honeywell pressure sensors PG-10 with a time constant of 5ms, are used 
to record the pressures before and after the differential pressure control valve  during dynamic 
operation mode simulation. For this purpose, the recording of the rapidly changing pressure 
signal is performed with a two channel oscilloscope. 

 

 
Fig. 5 Image of the test bench. 

 To ensure safety during operation, the test bench is equipped with an electrical panel, a 
starter and a fuse for the pump. Power supply units for automatic and control measuring 
devices are installed in the panel. All terminal blocks are labeled and a preliminary functional 
test of the power supply of all devices has been performed. 
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4. Results 

Using the test bench described above, several experiments were performed to investigate the 
characteristics of the AVPB DN20 Kvs 6.3 PN16 differential pressure control valve, Fig.6. 
 

 
 

 

Fig. 6 Results of a study of the operation of the flow rate limiter of the differential pressure control 
valve AVPB DN20 Kvs 6.3 PN16 produced by Danfoss. 

 The scale markings are used to establish always the same valve spring tension to adjust 
the differential pressure. 
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5. Conclusions 

 After the initial experiments with a differential pressure control valve AVPB DN20 Kvs 
6.3 PN16, the following was achieved: 
 The operator has the possibility to adjust the fluid flow in the specified range; 
 The operator has the possibility to set and control the static pressure in the system; 
 The operator has the possibility to accurately determine the pressure drops by manually 
switching the pulse lines; 
 The operator has the possibility for accurate measurement of static pressure at different 
points after manual switching; 
 The operator has the possibility to set and control the temperature in the system; 
 The test bench has the possibility to simulate the characteristics of long heat transfer 
pipelines, with an efect of elasticity; 
 A system for measuring and recording pressure in case of hydraulic shocks has been 
implemented, which can be simulated by changing the hydraulic stability in the system. 
 The test bench successfully recreates real working conditions and can be used to study 
the operation of differential pressure control valves. 
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Abstract. In this manuscript, the reduction of the battery capacity of a 
hybrid electric vehicle with the help of electrically assisted turbochargers 
was analyzed.  Using the battery for vehicle propulsion and the options for 
its recharging, it could be concluded, that the most efficient way would be 
to use the battery energy for boosting mainly through eTurboTM and 
recharge the battery mainly with the traction motor in regenerative braking. 
Based on both steady-state and transient analysis it is clear, that for having 
the same dynamic HEV performance, the boosting with propulsion through 
ICE requires significantly less energy from the battery compared to the 
boosting through the traction motor. Therefore using the eTurboTM as 
boosting device can lead to reduce the battery capacity and reduce fuel 
consumption and emission of the vehicle. 

1 Introduction  

Hybrid Electric Vehicles (HEV) are getting more and more popular as an alternative to the 
classic vehicle powertrains with a standard Internal Combustion Engine (ICE). There are 
two main reasons for this trend. The main reason is the reduction of CO2, which is 
supposed to be the main driver for the Earth's global warming. The second reason is the 
superior driving performance of the HEV in terms of faster vehicle acceleration, which is 
known as a “Fun to Drive”. This is possible because the HEV powertrains combine two 
driving systems – ICE + Electrical Driving System (EDS). The energy source for EDS is a 
battery. The battery is one of the most innovative and expensive parts of the HEV 
powertrain and its capacity is essential for its cost and weight.  
Hybrid vehicles allow many functionalities such as recuperation, starter-generator torque 
support, etc. [2]. In [3], a hybrid meta-heuristic algorithm for gear optimization based on 
certain criteria is proposed. 

The modern ICEs are equipped with a turbocharger, which allows increasing their 
power density and reduction of fuel consumption. The consequence of the reduced fuel 
consumption is reduced CO2 emissions [4, 5, 6]. Using a turbocharged engine as the main 
energy source of HEV powertrains allows using an Electrically Assisted Turbocharger – the 
so-called eTurboTM – one of the most innovative products of BorgWarner. The eTurboTM 
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incorporates three machines fitted on a common shaft – the two turbo machines compressor 
and turbine, which are the main part of the classical turbocharger, and additionally one 
electric machine. The electric machine is the innovative part of the eTurboTM.  

This paper shows that:  
 HEV with ICE boosted only with eTurboTM can offer the same Fun to Drive with 

lower battery capacity, compared to HEV with ICE boosted with classical 
turbocharger (without eTurboTM)+traction electric motor.  

 If having the same battery capacity HEV with ICE boosted with eTurboTM + 
traction electric motor will have the same Fun to Drive + lower fuel consumption 
and therefore lower CO2 emissions. 

2 Boosting Options inside HEV Powertrains 

Depending on the way how the battery energy is used for boosting the HEV powertrains 
there are three options: 

 boosting through the eTurboTM - the battery boosts the powertrain through 
eTurboTM and ICE (Fig. 1, A)   

 boosting through the traction motor – the battery boosts the powertrain through the 
traction electric motor (Fig. 1, B) 

 boosting through both eTurboTM + traction motor – powertrain is boosted from 
both eTurboTM and traction motor (Fig. 1,C). 

         
A) B) C) 

Fig. 1. eTurbo boosting (A), EDS boosting (B), eTurbo + EDS boosting (C) [9] 

The eTurboTM boosting can be classified as indirect boosting, because first the ICE is 
boosted with the help of an additional boosting system and then the ICE boosts the HEV 
powertrain. 

The traction motor boosting could be classified as direct boosting in the mild and power 
assist HEVs, because in these architectures the function of the traction motor is to support 
the ICE. The traction motor itself cannot power the vehicle alone. Therefore it has assisted 
or boosting function. 

2.1. Boosting through the eTurboTM 

As a part of the HEV powertrain, the ICE is always the main power source. Considering the 
standard vehicle powertrains, where ICE is the only power source, the term “boosting” is 
used for those ICEs, which have a system for forced air induction, commonly known as an 
air charging system, or just charging system. The charging system ensures engine power-
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boosting function by supplying pressurized air with low temperature into the engine 
cylinder during the piston induction stroke. The high pressure and low temperature mean 
higher air density, which results in increased cycle air mass. More air means, that more fuel 
can be burned. More fuel means higher power from the same cylinder displacement.  

Apart from the increased engine power density, some types of charging systems are 
offering additional side benefits like improved engine efficiency and reduced tailpipe 
emissions. 

There are many types of charging systems used in the ICEs. The most common and 
popular one is the charging/boosting system with Exhaust Gas Turbocharger (EGT), known 
as Turbocharger or simply Turbo. 
BorgWarner is a leading turbocharger supplier in the automotive market with more than 
50% market share.  

The term “turbo” comes from the fact, that the EGT incorporates turbomachines for 
accomplishing its boosting function. The term “Exhaust Gas” means, that the energy for the 
boosting is extracted from the engine exhaust, leaving the cylinder during the piston 
exhaust stroke. 

2.1.1.  Principal of turbocharging without electrical assistance (standard) 

The principle of turbocharging is shown in Fig. 2. 

 

Fig. 2. Principal of turbocharging 

The turbocharger is a device, which incorporates two machines – compressor and 
turbine (Fig. 2). They are connected to a common shaft. The shaft is supported on a bearing 
system (sliding or rolling bearing), accommodated in the bearing housing between the 
compressor and the turbine. 

From the engine exhaust manifold, connected to the turbine inlet, the exhaust gas flows 
from the engine cylinder to the turbine during the piston exhaust stroke. A turbine is a 
machine that converts part of the exhaust gas enthalpy into the mechanical power of the 
common shaft. The shaft transmits the mechanical power to the compressor. The 
compressor converts the mechanical power into enthalpy of the fresh air. As a result the 
pressure and temperature of the air rise. The compressor outlet is connected to the charge 
air cooler device, where the pressurized air is cooled down at constant pressure, before 
entering the engine cylinder during the piston induction stroke. The pressurized air with the 
lower temperature inside the cylinder has a higher density and therefore bigger air mass is 
trapped, compared to the case of a naturally aspirated engine (engine without a 
turbocharger). With more air, more fuel can be burned and therefore higher engine power 
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for the same engine displacement is achieved. Or if the engine displacement is reduced, 
with the help of the turbocharger a smaller engine can have the same power output, 
compared to a bigger engine without turbocharging. This is the so-called engine downsizing 
principle. The smaller engine has lower friction losses and can work more efficiently with 
less fuel consumption and fewer tailpipe emissions. The smaller engine is also cheaper and 
lighter, which is another advantage for the vehicle. 

The main disadvantage of turbocharged engines is the slower response to the engine 
load. This means, that when the driver pushes the accelerator pedal the engine torque/power 
rise is delayed, and hence the vehicle acceleration has a certain delay. The reason for this is, 
that a certain time is needed for the turbine to collect exhaust gas and to convert its enthalpy 
to boost pressure in the intake manifold through the compressor. A certain time is necessary 
also the entire piping volume and charge air cooler between the compressor exist and 
engine cylinder to be filled to higher pressure, due to the compressibility of the air. And last 
but not least, the rotating components of the turbocharger – the compressor wheel and the 
turbine wheel have mass inertia, and to accelerate to higher speed, additional energy is 
necessary. 

The vehicle acceleration demand appears more often at lower vehicle speed and lower 
engine speed when there is not a sufficient amount of exhaust gas for the turbine. To create 
sufficient power, the turbine is usually sized smaller, i.e. with less flow capacity. This helps 
for faster acceleration, but it is a drawback when the engine operates at higher speeds and 
loads. The turbine cannot permeate the entire exhaust flow amount, or if it permeates it the 
turbo shaft speed will rise above the mechanical limits, which will destroy the weakest 
rotating component. Additionally, the boost pressure control and engine load cannot be 
controlled. Therefore a protecting/regulating device is needed, which can be a turbine 
bypass valve, which releases part of the exhaust flow directly from the turbine inlet to the 
turbine outlet. This solves the engine control and prevents the turbocharger from 
overspeeding, but leads on the other hand to increased pressure inside the engine cylinder, 
which is not favorable for the engine combustion and gas exchange process and causes 
increased fuel consumption. 

If the turbine is sized for higher flow capacity, then it will not create such high pressure 
in the engine cylinder, but then the vehicle acceleration and the “Fun to drive” will suffer at 
lower speeds. Therefore the turbine sizing is always a compromise. 

2.1.2. Principal of turbocharging with electrical assistance (eTurboTM) 

There are some ways how to minimize this compromise. A very popular and widely spread 
one is using the Variable Geometry Turbine (VTG), which is since decades in serial 
production. Or using multistage charging systems with more than one turbocharger 
connected in series or parallel and some others. 

But in the case of HEV, there is accumulated electric energy stored in a battery. This 
energy could be used in several ways to boost the HEV. This is how the idea for electrically 
assisted turbochargers appears.  

To the shaft of the classical turbocharger, (Fig. 3A, Fig.2), which has two 
turbomachines on a common shaft is fitted a third electric machine (Fig. 3B). There are 
several design concepts, but the most common one is with an electric machine fitted inside 
the bearing housing. This machine can work as an electric motor adding mechanical power 
to the shaft to support the turbine for driving the compressor, or to work as a generator, 
consuming mechanical energy from, when the turbine has excess power. In electric motor 
mode, electrical energy is provided to the motor from the battery of the HEV. In generator 
mode, the electric energy could be used directly for the traction electric motor(s) of the 
HEV or for recharging the battery. 
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Having an additional power device on the shaft as an electric motor, the compressor has 
additional support for acceleration and the turbine can be sized for higher flow capacity, 
which is beneficial for the engine combustion and gas exchange processes at higher engine 
speeds and loads.  

 

Fig. 3. Principal of turbocharging without (A) and with (B) electrical assistance 

This is how the eTurboTM can use the electric energy from the battery to generate an 
additional boost on ICE, which boosts the HEV powertrain for better vehicle dynamic 
performance and faster acceleration, and superior “Fun to drive”. 

This is an indirect way of using the battery to boost the HEV powertrain. The battery 
energy is used from the TurboTM motor to pressurize air through the compressor. The 
compressor boosts the ICE and the ICE then boosts the HEV powertrain. There are several 
energy transformation processes involved. 

Having an additional power device on the shaft as a generator, the excess turbine power 
at higher engine speeds and loads could be harvested and utilized to generate electric 
energy for the needs of traction motor or for recharging the battery, instead of fully wasting 
it through bypass valve as it happens in case of the classic turbocharger. 

The electric machine of eTurboTM is a Permanent Magnet Synchronous Machine 
(PMSM) with permanent magnets inside the rotor. 

A common view of BorgWarner eTurboTM product with some product features and 
specifications is shown in Fig. 4 [7]. 

 

  

 

 

Fig. 4. A common view of BorgWarner eTurbo product [7]: 
Product Features Specifications 

Full performance 48 V architecture and HV_2B 
and HV_3 compliant high voltage architectures; 
Integrated and semi-integrated power electronics 
options including using engine coolant. 

Platform eTurbo - 48V 3kW … 17kW; 400/ 
800V 6… 34 kW peak. Versions: eB40. eB50. 
eB60 and eB80 samples with alternate motor 
length and voltage classes for each frame size 
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2.2. Boosting through traction motor(s)  

It was shown, that the eTurboTM is an indirect way of using the battery for HEV powertrain 
boosting while boosting through traction motor is a direct way. The battery energy is used 
to drive the traction electric motor(s) with only one energy conversion process from 
electrical to mechanical power. 

Therefore one can assume that the boosting through the traction motor is more efficient 
and would need less energy from the battery and lower battery capacity for the same 
vehicle performance.  

Jaguar Land Rover Limited in collaboration with BorgWarner Turbo Systems and 
MAHLE Powertrain Limited have performed an engine dyno test with an engine from 
Jaguar Land Rover engine equipped with BorgWarner eTurboTM product. Based on the 
collected test data there is a possibility to calculate comparatively: 

 what is the electric energy consumed from the eTurboTM electric motor to achieve 
certain performance only through eTurboTM boosting; 

 what would be the electric energy consumed from the traction motor to achieve the 
same performance through traction motor boosting. 

3 Engine test data 

3.1. Engine test data at steady-state full load 

The presented diagrams are obtained experimentally. The 2L Turbocharged gasoline engine 
of automotive manufacture Jaguar Land Rover was equipped with electrically assisted 
turbocharger designed, manufactured and supplied from the turbocharger supplier 
BorgWarner Turbo Systems. The engine test was performed at the testing facilities of the 
company MAHLE Powertrain. The steady state and the transient testing procedure are 
standard testing procedures for testing of turbocharged Internal Combustion Engines. That 
is why their test procedure were not in detail described. The terms “steady state full load” 
and “transient” with the given engine speeds describes both test fully. The main focus was 
to analyze the test data measured using a  standard full load and transient test procedures in 
comparative way. In Fig.5 is shown the ICE full load torque curve and the eTurboTM motor 
electrical power consumption. The blue lines are with deactivated eTurboTM and the red 
lines are with activated eTurboTM. Let’s consider the second operation point at an engine 
speed of 1200 rpm. 

 

Fig. 5. Engine torque and eTurbo motor power [8] 
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Based on the ICE torque and ICE speed, ICE power is calculated for both cases with 
activated and deactivated eTurboTM. (Table 1). 

Table 1. Calculated ICE speed and power. 

ICE speed ICE Torque ICE Power eTurbo power 
rpm Nm kW kW 

eTurbo ON 1200 275 34.56 1.3 
eTurbo OFF 1200 205 25.76 0 

When the eTurboTM is deactivated the boost pressure for the engine is created only from 
the energy of the exhaust gas through the turbine and compressor. The motor of the 
eTurboTM is not active and does not generate shaft power. This corresponds to classical 
turbocharger operation without electrical assistance (Fig 3A). The boost pressure, which the 
turbocharger can create is enough for the engine to achieve 205 Nm or 25.76 kW of power.  

When the eTurboTM motor is activated with electric power from the battery, it supplies 
additional 1.3 kW power to the turbocharger shaft. With this additional power, the turbo 
speed increases and the compressor is capable to create higher boost pressure for the ICE. 
As a result, the torque of ICE rises from 205 Nm to 275 Nm (70 Nm torque rise) and the 
ICE power rises from 25.76 kW to 34.56 kW (8.8 kW power rise). In percentage, the 
engine power rises by 34.1%. In other words, for battery power of 1.3 kW, ICE provides 
8.8 kW additional power for the vehicle. 

In case that the vehicle is equipped 48V 50 Ah battery, this means accumulated energy 
in the battery is 2.4 kWh. Recommended battery Depth of Discharge (DoD) is 70%. This 
means, that the available energy for the eTurbo motor will be 2.4 kWhx70/100=1.68 kWh. 
At a power consumption of 1.3 kW, eTurbo can work and boost the vehicle for 
approximately 1 hour and 18 minutes. 

The task we set is, if the boosting function of the vehicle would be delivered only from 
the traction motor (Fig. 1B), to determine how much power would the traction motor need 
to boost the HEV powertrain with the same magnitude of 8.8 kW. 
The answer is easy and clear. The additional 8.8 kW instead of the ICE has to be delivered 
from the traction motor.  

For the same 48 V, 50 Ah (2.4 kWh) battery discharged to the same 70% DoD the 
available energy for the traction motor will be theoretically the same 1.68 kWh. To deliver 
8.8 kWh shaft power, assuming 95% traction motor efficiency and 97% power electronics 
efficiency it would consume 8.8/0.95/0.97=9.55 kW. With an energy of 1.68 kWh and 9.55 
kW consumption, the battery would last approximately 11 min. But it would be less than 11 
min, because with 9.55 kW discharging power the traction motor withdraws the battery 
with about 7.35 times higher current (9.55/1.3=7.35) compared to the eTurboTM motor, 
discharging the battery with 1.3 kW. At this higher current, the battery internal losses 
would be higher and the available energy to DoD =70% would be less than 1.68 kWh.  

3.2. Engine test data at unsteady (transient) conditions 

In Fig. 6A is shown the ICE transient performance, which represents the engine torque rise 
over time. For the vehicle, this means the acceleration process, when the driver steps on the 
gas pedal. The faster torque rise means faster vehicle acceleration. Several curves are 
shown. Each of them represents the ICE torque rise rate for different eTurboTM motor shaft 
torque limits, starting from 0.2Nm to 1.6Nm.  

Fig. 6B is shown the correspondent eTurboTM motor electric power consumption. In Fig 
6C with dotted line is shown the electric energy, which the eTurboTM consumes for each 
torque limitation. This energy is the cumulative energy calculated as an integral of the data 
points from the eTurboTM power curves in Fig. 6B. 
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For the analysis here let’s take the case of the maximum ICE torque rise rate, at eTurboTM 
shaft torque limit of 1.6 Nm. This is the red curve for which transient time is 0.6s. This will 
be compared to the baseline, which is the grey dashed curve, where eTurboTM is switched 
off. 

The cumulative energy, which the vehicle equipped with this ICE needs to accelerate 
for 0.6s (red acceleration curve on Fig. 6A with eTurboTM shaft torque limit of 1.6 Nm), 
calculated as an integral over the acceleration time is 17.2 kJ =4.78 Wh. The eTurboTM 
electric energy consumption from the battery is 6 kJ=1.67 Wh. 

 

Fig. 6. Engine torque (A) and eTurboTM motor power (B) and cumulative eTurboTM energy (C) [8] 

The cumulative energy, which the vehicle equipped with this ICE needed to accelerate 
for 2s (Baseline grey dashed curve on Fig. 6A, the eTurboTM is switched off), calculated as 
an integral over the acceleration time is 57.3 kJ =15.93 Wh. The eTurboTM electric energy 
consumption from the battery is 0 Wh (Table 2). 

Table 1. Cumulative Energy for vehicle acceleration. 

Acceleration time, s 
Cumulative Energy for 

vehicle acceleration, Wh 
eTurbo energy consumption, 

Wh 
eTurbo ON  

1.6 Nm limit 
0.6 4.78 1.66 

eTurbo OFF 2 15.93 0 
 
The eTurboTM contributes to reducing the vehicle acceleration energy demand with 11.15 
Wh from 15.93 to 4.78 Wh for the expense of 1.66 Wh energy consumed from the battery.  

If a battery with the same capacity (48V 50Ah) is considered like for the steady-state 
calculations, the available energy for DoD of 70% is 1.68 kWh. With this energy amount, 
the eTurboTM will support 1.68/(1.66/1000)=1012 vehicle acceleration events. 

If the same vehicle acceleration in 0.6s is not supported from the eTurboTM, but from 
traction electric motor the energy for 1 acceleration event will be 15.93 Wh. With 1.68 
kWh of battery energy, the traction motor would support 1.68/(15.93/1000)=106 
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acceleration events, which is almost 10 times less compared to the acceleration support 
from eTurboTM. 

4 Options for recharging the battery of HEV 

Having electric machines on the board of HEV, they are used not only in motor mode to 
boost or drive the vehicle but also in generator mode. The generated electric energy can be 
used to recharger the battery, which is mandatory for the HEV architectures, which are not 
Plug-In. They have to be designed in the way that the battery is recharged without an 
additional external energy source. Usually, the battery recharging energy in non-plug-in 
HEVs comes from the utilization of the vehicle braking energy. The classical friction 
brakes convert the vehicle kinetic energy during the braking process into heat energy, 
which is dissipated in the environment. Using the traction motors in generator mode, allows 
part of the braking energy to be converted into electrical and recharge the battery. 
The eTurboTM electric machine can also work in generator mode and generate electric 
energy from the excess exhaust gas energy of the ICE. This is another source available in 
HEVs to generate electric energy, which could be harvested through eTurboTM. 

The advantage of using the eTurboTM to generate electric energy is that it can be directly 
used to power the traction motor instead of storing it in the battery. The advantage in this 
case, that the energy losses for charging and discharging the battery can be avoided. This 
leads to a reduction of the battery cycles and longer battery life. Of course, charging the 
battery is also an option, but a less efficient one. On the other hand, using the eTurboTM in 
generator mode has some disadvantages for the ICE combustion and gas exchange 
processes, which was explained earlier. But there are certain ICE operation conditions 
where using the eTurbo in generator mode is beneficial for the entire powertrain energy 
balance. 

The advantage of using the traction motor in generator mode during the vehicle braking 
process is that it does not have any negative influence on other components (like the 
eTurboTM in generator mode has on ICE). The more energy harvested from the braking 
process the better. In general, the traction motor is capable to generate more energy from 
the braking, compared to the eTurboTM from the exhaust gas. The disadvantage of 
generation with traction motor is that this process takes place only during vehicle braking 
and the generated energy has to be stored in the battery and cannot be directly used for 
vehicle propulsion, because during the braking the propulsion is simply not needed. Like 
this, the generated electrical energy from the traction motor and its later usage for vehicle 
propulsion has to go through battery charging and discharging cycle, which is related to 
energy losses in the battery and the power electronics. In case that the battery has reached 
its 100% state of charge, the braking energy cannot be converted into electricity for 
charging the battery.  

5 Conclusion 

Based on both steady-state and transient analysis it is clear, that for having the same 
dynamic HEV performance (the same “Fun to Drive”), the boosting with propulsion 
through ICE requires significantly less energy from the battery compared to the boosting 
through the traction motor. Therefore using the eTurboTM as boosting device can be an 
option to:  

 reduce the battery capacity, which will have cost weight and packaging advantage 
for the vehicle  

 reduce fuel consumption and emission if keeping the same battery capacity 
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Based on the analysis of the options for using the battery for vehicle propulsion and the 
options for its recharging, it could be concluded, that the most efficient way would be to 
use the battery energy for boosting mainly through eTurboTM and recharge the battery 
mainly with the traction motor in regenerative braking. The most efficient way of utilizing 
the eTurboTM generated electric energy is using it for direct vehicle propulsion instead of 
storing it in the battery and uses it later on. 
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Experimental study of the accuracy of measuring 
of a central water meter 

Ognyan Bekriev1,� and Aleksandar Stanilov1 
1Technical University of Sofia, Dept. of Hydroaerodynamics and Hydraulic Machines, Kliment 
Ohridski blvd. �8, Bulgaria 

Abstract. The paper presents the results of a study of the error of a central 
water meter at different modes of water consumption. A stand has been 
designed for the purpose of the study and tests of the error of the water meter 
have been performed, in compliance with the requirements of Measuring 
Instruments (MID) Directive (2014/32/EU). The errors of the water meter 
have been determined in the area close to its start mode, which is not 
included in the area of inspection. The measuring errors have been also 
determined in specific operation modes with frequent starts and stops, 
associated with the flow of smaller water quantities. The study contains an 
analysis of the obtained differences in the accuracy of measurement during 
metrological verification of the water meter and reading on a real site. A 
quantitative estimate of the established losses in water metering is given. 

���Introduction 
Water meters are measuring instruments designed for continuous measuring of the water 
quantity passing through them. They are equipped with a measuring device connected to a 
display. According to their purpose, water meters can be common central meters or 
control (individual) meters.  Common central water meters are used for 
measuring water consumption in large consumers: residential buildings, public facilities 
and small companies. A common residential water meter is mounted at the entrance of 
building plumbing systems, and every consumer has an individual water meter. The 
type-size and the metrological characteristics of central and individual water meters are 
different because the central water meter must ensure the water flow at maximum 
consumption in the building. All water meters are subject to metrological inspection, which 
can be regular or following repair works. The frequency and the conditions of the 
inspection depend on the dimension-type and the rated consumption of the water meter. 
The requirements about the accuracy of measurement applicable for water meters are 
presented in an ordinance for measuring instruments [1]. The requirements of the 
Measuring Instruments (MID) Directive (2014/32/EU) [2] in force as of 30 June 2006 
have also been included in the ordinance. Figure 1. shows the period of 
implementation of the directive for all EU member states.  

�� �Corresponding author: astanilov@tu-sofia.bg 

PEPM'2021

E3S Web of Conferences 327, 04004 (2021) https://doi.org/10.1051/e3sconf/202132704004

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



Fig. 1.  Period of implementation of the directive MID/EN 14154. 

The main metrological properties of water meters are: 
Approved type of water meters 

manufactured before 30 June 2006 
Water meters assessed as 

compatible and manufactured after 30 
June 2016 

Accuracy class of the water meter- �, 
� and � 

Measuring range - R 

Minimum flowrate - Qmin Minimum flowrate - Q1 
Transitional flowrate - Qt Transitional flowrate- Q2   
Rated flowrate Qn Permanent flowrate - Q3 
Maximum flowrate - Qmax Overload flowrate - Q4 

The permissible measuring error of water meters is directly dependant on the measuring 
range. The latter is limited by the minimum and maximum flowrate the water meter can 
measure. In addition, the error has different permissible values with regard to any initial, 
subsequent or post-repair inspection the water meter is subject to. In accordance with [1], the 
error for every water meter shall be determined at three test points.   

Point Approved-type water meters Assessed compatibility water 
meters 

1 Qmin ÷1,1 Qmin Q1 ÷ 1,1 Q1 
2 Qt ÷ 1,1 Qt Q2 ÷ 1,1 Q2 
3 Qmax ÷ 0,9 Qmax Q3 ÷ 0,9 Q3 

The areas where the error is determined for approved-type water meters and assessed 
compatibility water meters are presented in figure 2 and figure 3. The solid line shows the 
maximum permissible error for water meters in subsequent inspection and the dotted line 
shows the permissible error after repair works.  

Fig. 2. Areas where the error is determined for approved - type water meters 
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Fig. 3. Areas where the error is determined for assessed compatibility water meters 

Figure 2 and figure 3 show that water meters are initially inspected at flowrates ranging 
around  Qmin or Q1. For a normal central water meter, these ranges are several times bigger 
than the minimum ranges of the individual water meters mounted after them. As a result, it 
is possible to have water flows in the building, which will be measured with a higher error or 
will not be measured at all. That is why, this paper studies the error of a central building 
water meter, of assessed compatibility, within the following ranges: start mode 1 - (Qs ÷ Q1), 
minimum flowrate zone 2-(Q1 ÷1,1 Q1) and transitional flowrate zone 3- (Q2÷1,1 Q2) Figure 
4. 

Fig. 4. Test areas 

The impact of the time of operation of the water meter for a given operational mode will 
also be assessed. To minimise the error caused by the smallest scale interval, it is required in 
laboratory testing to inspect the water meter for such quantity of water, for which that error 
shall not influence the test result. Furthermore, there is a requirement according to [1] that 
water meters inspection must provide a movement by at least one turnover of the smallest 
scale interval. Normally, one turnover of the smallest scale interval corresponds to 1l. In 
lowest operation modes, the testing time differs from the work time of the water meter in 
normal operational conditions. Therefore the second task of this paper is to establish if a 
difference exists in the measuring error depending on the time of operation.  

The objectives of this work are: 
• To perform a study of the error of a water meter in compliance with the requirements 

of Measuring Instruments (MID) Directive (2014/32/EU). The study’s purpose is to show 
whether the water meter corresponds with the regulatory requirements.  

• To perform tests about the error of the water meter at operation modes with debits
close to its start mode  1 - (Qs ÷ Q1). The reason for setting this objective is that several 
individual water meters are installed after the common central water meter. The individual 
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water meters have smaller dimension-types and their metrological properties allow them to 
let smaller flowrates. The smaller flowrates of the individual water meters get into the area 
of the central water meter’s start mode.  

• To study how the water volumes smaller than 1l flowing through the central water
meter impact its metering results.  

���Experimental study 
Figure 5 presents a diagram of a stand where tests are made on a central multi-jet water meter 
with the following metrological properties: Permanent flowrate Q3=16m3/h, measuring 
range R 100, horizontal mounting H, nominal diameter DN 40, and start flowrate determined 
by the manufacturer Qs=56 l/h. The measuring instruments for measuring the main values 
are, as follows: a weighing scale 6 of the type B15T with a weighing range from 20g to 15 
kg and equipped with a 12l weighing vessel has been used for measuring the quantity of 
water flowing through the water meter. Chronometer 7 has been used together with the scale 
to determine the flowrate (test mode). A thermometer 10 and a manometer 9 have been used 
to measure the water properties during the tests. A pumping unit 6 has been used to supply 
the stand with water. A valve 3 is responsible for setting the different modes. Valves 4 and 5 
are only used to start and stop the water in the system. A straight section of 800mm has been 
provided through the water meter and the section after that is 400 mm. The measuring 
instruments used in the test have calibration certificates expiring in 2023.  

Fig. 5.�Diagram of a stand 
The tests for determining the error of the water meter have been performed in the 

following order:    
� Launch pumping unit 2 and set the respective mode by using valve 3 and
chronometer 7.
� Close valve 4, reset the weighing scale and the chronometer and write down the
indications of the water meter.
� Open valve 4 and starting the chronometer. When the vessel reaches 8 kg, close
valve 4 and stop the chronometer.
� Register the indications of the weighing scale, the stopwatch and the water meter
display. Three tests are performed for every flowrate.
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The quantity of water used in the tests - 10 kg, has been chosen with regard to the smallest 
scale interval of the water meter corresponding to 50ml. Therefore the imported metering 
error will be 0.5%.    

The error of the water meter is determined with the following relation: 

� �
�� � ��

��
. 100,% (1)

Where: 
� – Error of the water meter, % 
VW – Volume, measured by the water meter, m3 
Ve – Volume, measured by the weighing scale, m3 

�� �
�

	

,�� (2) 

m – indication of the weighing scale, kg; 
� = 1.00106 – coefficient of correction. The coefficient of correction � is shown in [3], 

and measures the impact of the difference in the volumes of equal masses - water and 
reference weights, on the weighing scale indications.  

� - water density, kg/m3;   
The density of the water is determined by measuring its temperature and using the 

following relation [3] : 

	 � 999,9197 � 0,000899�,��
�/�� (3) 

T – temperature of the water, °C 

The flowrate during the test is determined by using the following relation:  

� �
��

�
,��/� (4) 

t- testing time, s

The tests for determining the impact of time for the work of the water meter are performed 
in the following order:    

� Launch the pumping unit and set it to the desired work mode. In this case, a work
mode closer to the minimum is chosen Q1 ÷1,1 Q1.
� Perform tests to determine the error in continuous work mode and work modes with
interruptions at specific equal quantities Vn passing through the water meter for the same
quantity of 10 kg. The specific quantities are, as follows: 10kg for the continuous test, and
2.5 kg for the measuring with 4 interruptions. These two tests comply with the requirements
given in [1], in specific, there is a full movement of at least one turnover of the smallest scale
interval of the water meter.

Tests are also performed to determine the error of the water meter with interruptions at 
smaller volumes, which do not correspond to a full movement of the smallest scale interval 
of the water meter. Those modes have been selected for equal volumes of 0.25 kg with 40 
interruptions and 0.5 kg with 20 interruptions. When stopping and restarting the water meter, 
the indication arrow must have stopped completely before the next equal quantity is launched. 

The tests are performed in the following order: 
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� After setting the test mode, the weighing scale should be reset and the starting
indications of the water meter must be noted.
� Open valve 4 and monitor the indication of the weighing scale.
� When the weighing scale indicates the quantity pre-selected for the test, valve 4
should be closed and the testing team should wait until the water meter arrow stops moving
completely, then open valve 4 and launch the next equal quantity. The tests continue until the
total quantity of 10 kg has passed through the water meter.
� Note the indications of the weighing scale and the final indications of the water
meter.

���Results 
Determining the error of the water meter. 

To determine the error of the water meter based on Q3 and R according to [1], two of the 
main test modes must be set – points 3 and 4 of table 1. The error of the central water meter 
between its starting mode Qs and the minimum flowrate Q1 is also an object of interest. That 
is the reason to perform three measurings within that range.  

Table 1. Test points. 

Q3=16m3/h  DN=40mm  R100 
Setting the test points 

1,2 � 3 4 5 
Qs÷1,1 Q1 Q1 ÷1,1 Q1 Q2÷1,1 Q2 

56 l/h 160÷176 l/h 256÷281,6 l/h 
Figure 6 shows the diagram of the errors established during the test of the water meter in 

the selected modes. The diagram clearly shows that the error may reach 70% at modes close 
to the start mode. For a building plumbing system it is possible that the water meter works at 
an operation mode corresponding to the consumption of a smaller number of consumers.   

Fig. 6. Diagram of the errors in the selected test points. 

Determining the error of the water meter for a different number of start and stop cycles n 
for a measured volume of water of 10l.   

Figure 7 shows the graphic relation of the error of the water meter for a continuous 
operation mode Q1=161 l/h established during the test. For that continuous flowrate, the error 
of the water meter has been established for the quantity of water of 10 l that flowed through 
it at 1, 2, 20 and 40 cycles. The diagram shows that the error increases when n increases. The 
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reason is that the water meter stops with a certain delay, which results in accumulation of the 
indications.  

Fig. 7. Graph of errors during cyclic operation. 

���Conclusion 
On the grounds of the tests performed in the scope of the study, the following conclusions 
have been reached: 

To make sure that the water meter corresponds with the requirements of Measuring 
Instruments (MID) Directive (2014/32/EU), we tested the water meter with the Weighing 
method. The metering error in that first test complied with the methodology, and namely 
±5%. 

In modes close to the water meter’s start mode, the measuring error is within the range 
from -60% to –10%. That means the water meter does not measure the full consumption.  

The last test was performed to respond to the requirement that a water meter inspection 
must be made at a volume corresponding to the smallest scale interval, which usually is 1l. 
We performed tests with a volume of 10l passing through the water meter at a different 
number of cycles, and namely 1, 2, 20 and 40 cycles. We obtained a graphic dependence 
between the number of cycles and the error of the water meter. That test was carried out for 
a permanent flowrate corresponding to the minimum flowrate - Q1. In that test, the measuring 
errors were within the range from 0,05% to 30%. The conclusion is that the frequent starts 
and stops result in higher metering while the metered quantity has not flown through the 
water meter in the same amount. 
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Investigations of a vertical axis wind turbine 
with frontal cylindrical guide vane unit  

Valentin Obretenov1,† and Rossen Iliev1,* 

1Department of Hydroaerodynamics and Hydraulic Machines, Technical University of Sofia, Bulgaria 

Abstract. The paper presents the results of an experimental study of a 
vertical wind turbine type Darrieus with frontal cylindrical guide vane unit. 
The main goal of the research is to analyze the influence of the geometry 
of a classical cylindrical guide vane unit on the active and passive zone of 
the wind turbine. The aerodynamic scheme is synthesized by a classic 
runner and frontal cylindrical guide vanes. Three different guiding devices 
of a model vertical wind turbine with frontally located guide vanes have 
been studied. Their influence on the characteristics of the turbine has been 
examined. The reasons of the differences in the characteristics of the three 
studied variants of the guiding devices are clarified by numerical study of 
the flow through the blade cascades of the guide vanes and the runner. The 
results of the study shows what is the reason for the positive effect of the 
cylindrical vane guide device on the wind turbine's runner. 

1 Introduction  

The idea for this study comes from the analysis of the streamlines and velocity vectors of 
the airflow through vertical axis wind turbine with cylindrical guide vane device[1]. It 
seems that the guide vanes acts more like as deflector rather than flow directing vane 
cascade. The results from the previous physical experiments conducted in HEHT Lab[2] in 
Technical University of Sofia, showed that the density of the guide vane cascade increases 
significantly the power coefficient of the wind turbine. That’s because the guide vanes in 
the active zone directs the flow to the turbine’s runner and improves the absorption of the 
kinetic energy. On other hand the guide vanes in the passive zone, acts like an energy 
absorbing shield that shades the runner’s blades and eliminates the production of negative 
torque.  

The task of the study is to analyze the influence of the reflecting and directing 
capabilities of a frontal guide vane device on the turbine performance. The rear guide vanes 
are removed from the aerodynamic scheme, since they don’t significantly affect the power 
of the wind turbine[1]. This paper presents results of studies aimed at optimizing wind 
turbine efficiency. 

†
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2 Description of the test stand and the plan of the experiment  

2.1 Test stand  

In order to study in details the influence of the guiding vane cascade, three variants of 
frontal guiding devices are proposed. 

First one (Fig.1) is consisted of sixteen frontally located guide vanes - 1. Their leading 
edge is oriented parallel to the velocity vector of the wind. Second one (Fig.2 (a)) differs 
only in the pitch angle of the vanes in the passive zone - 2. They are placed in such way that 
forms barrier. The last variant (Fig.2 (b)) is consisted of ten guide vanes mounted at their 
optimal pitch angle[2] and six vanes, placed in the same way as variant (b). 

The axis of the guiding vanes - 1 are placed along the contour of a cylindrical surface 
with diameter D0gv = 1.080 m between two supporting static rings - 5. The vanes are part of 
cylindrical surface with radius of curvature   r1 = 0.1 m. They have chord length l = 0.115 
m and height B0 = 0.927 m.  

The runner’s blades - 3 are mounted between two discs - 4 with axis placed on 
cylindrical surface with diameter D0r = 0.8 m. The blades are part of cylindrical surface 
with radius of curvature r2 = 0.1 m. They have chord length l = 0.150 m and height            
H = 0.8 m. The construction allows the change of the pitch angle - ϕr  in wide range. The 
shaft of the turbine is mounted inside the static pipe - 7. The model wind turbine and the 
guiding device are mounted on the platform of stand №7С[3] in square aerodynamic           
tunnel – 6 with length of the sides Dt = 1.3 m.  

The wind velocity through the tunnel is generated by an axial fan driven by 
asynchronous electric motor[3]. It’s speed is regulated by a frequency inverter which allows 
changing of the wind speed in wide range (up to 11 m/s). This completely covers the 
average velocities of the winds in most countries and makes the stand suitable for studying 
small scale wind turbines. 

 

Fig. 1. Frontal guiding device (FGD) with frontal oriented guide vanes. 
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(a) 

 

(b) 

Fig.2. Frontal guiding device (FGD) with frontal oriented (a) and radial oriented (b) guide vanes in 
the active zone, with flipped guide vanes in the passive zone forming an absorbing shield. 

2.2 Plan of the experiment  

The study was conducted at optimal pitch angle of the guide vanes, calculated from planned 
physical experiment[1] and at five different pitch angles of the runner’s blades around the 
optimal value. The objective function is the power coefficient (efficiency) Cp of the turbine: 

  Cp  = ,                                                              (1) 
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where P is the effective power on the shaft of the turbine (W) and Pw is the power of the 
airflow (W). 

P  = Mb.ω  = Mb.
.

                                                      (2) 

                                                              Pw  = ρ.S. ,                                                           (3) 

In the above equations Mb is the torque of the shaft (N.m), n is rotating speed of the 
turbine (rpm),  ω is the angular velocity (rad/s), S = D1r .H is the transverse area of the 
runner (m2), where D1r  is the outer diameter of the runner (m), H is the height the working 
blades (m) and Cw is the area-averaged airflow velocity (m/s). 

The operating mode of the wind turbine is changed by mechanical brake system, which 
regulates smoothly the load on the turbine’s shaft. The torque and the rotating speed values 
are automatically recorded in computer by process indicator and are averaged over time by 
specialized software, in order to eliminate the measurement error. The study is conducted at 
constant air velocity Cw = 7 m/s, which is close to the average wind speed in the country. 

The influence of the three different guiding cascades on the turbine efficiency will be 
determined by comparing the maximum values of the power coefficient Cp max for each of 
the five pitch angles of the working blades. 

3 Results 

The results from the physical experiments are shown on the figures below.  

(a)                                                                            (b) 

Fig.3. Characteristics of FGD with radial oriented (a) and frontal oriented (b) guide vanes. 

To clarify the airflow through the three types guiding cascades was performed a 
numerical study with the commercial software Ansys Fluent. The dimensions and grid 
parameters of the computational domains corresponds to the recommended values[4,5,6]. 
The far field velocity is set to 7 m/s and the environmental pressure inside the 
computational domains is set to 1 atm. The used turbulent model is k-omega SST with “The 
Moving Frame of Reference” (MFR)[7] approach.        

The calculated velocity vectors of the flow through the active and passive zones for 
each of three variants are shown on Figs. 4 and 5 for the optimal operational modes of the 
wind turbine.  

PEPM'2021
E3S Web of Conferences 327, 04005 (2021) https://doi.org/10.1051/e3sconf/202132704005

4



(a) Active zone                                                          (b) Passive zone 

Fig.4. Airflow velocity vectors through the guiding device with fontal oriented guide vanes (Fig.1). 

                 

                 (a) Active zone (Fig.2 (a))                      (b) Shading the passive zone with radially oriented   
,                                                                                      vanes 
 

 

 

 

 

 

 

 

 

(c) Shading of the passive zone with flipped vanes that 
formed a barrier (Fig.2 (b)). 

Fig.5. Airflow velocity vectors through the frontal guiding device (Fig.2). 
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On Fig. 6 for comparison is shown the flow through the runner without guiding device. 

(a) Active zone                                                           (b) Passive zone 

Fig.6. Airflow velocity vectors through the turbine’s runner without guiding device. 

4 Analysis 

1. Frontal guiding device with frontal oriented guide vanes increases  the efficiency 
of the turbine up to 4.6%, compared to aerodynamic scheme without guiding 
device (Fig.1 and Fig.3 (b)). Larger deviations of the power coefficient Cp between 
these two schemes are observed at pitch angles ϕ1r from 500 to 700, while at pitch 
angles less than 500 the differences are insignificant. This can be explained by the 
fact that the guiding vanes in the active zone directs the airflow to the lower 
concave surface of the blades, especially at the high pitch angles. Thus, the drag 
force acting on the blades is increased and the blade cascade of the runner begins 
to work on the principle of the Savonius turbine. On other hand the shading of the 
passive zone with flipped guide vanes that forms barrier (Fig.3 (b)) increase the 
efficiency of the turbine with additional 6.4%. Thus, the overall efficiency reaches 
19.6%. Graphs of these two guiding devices are similar and shifted relative to each 
other by almost 6% (except at pitch angle 400). They have almost constant Cp max at 
range of the pitch angle 550-700.  

2. The shading of the passive zone with flipped guide vanes does not lead to 
significant differences in the power coefficient when using frontal guiding device 
with radially oriented blades (Fig.3 and Fig.6 (a),(b) and (c)). The Cp values at the 
optimal pitch angle are almost the same. The only noticeable difference of 4% is at         
ϕrun = 700 in favor of the variant on Fig.2 (b). 

3. The frontal vanes (Fig. 1, Fig.4 (b)) lead part of the airflow in the passive zone, 
which partially decreases the negative torque. This explains why the power 
coefficient of turbine without guiding device is almost the same as the power 
coefficient of the turbine with frontal oriented guide vanes at pitch angles 400 - 
500. 

4. The guide vanes placed radially at their optimal pitch angle directing the airflow to 
the active zone of the runner against the lower concave side of the blades – Fig.5 
(a). The wind is repelled from the passive zone – Fig.5 (b). This improves the 
absorption of the kinetic energy and removes the production of negative torque at 
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the same time. When we flip the guide vanes in the passive zone (Fig.5 (c)) the 
repulsive effect is the same. This explains why there is no significant difference in 
the power coefficient between these two aerodynamic schemes (Fig.3 (a)). 

5. In absence of guiding device the airflow attacking the runner blades at different
angles, which decrease the effective power of the turbine – Fig.6. As a result of the
free uncoordinated airflow, increased vortices are observed around the blades in
the active and passive zone of the runner. The removed barrier in the passive zone
of the wind turbine allows the airflow to attack freely the upper convex surface of
the blades, which generates negative torque and decrease the power of the
turbine’s shaft.

5 Conclusions 

 The reflection of the flow from the passive zone of the vertical wind turbine is the
leading factor that increasing its efficiency. The directing of the flow in the active
zone also increases the power coefficient but the benefits are 2.5 times lower.

 The classical cylindrical guiding device owes its high efficiency to the shading of
the passive zone.

 Despite the existence of a number of alternative devices, the classical cylindrical
guide vane unit is one of the most suitable options, as it does not create much
frontal resistance and allows the airflow to pass through the vane cascade without
huge volume losses.

 The high values of Cp for this type of wind turbines gives grounds for conducting
more in-depth research in the field of frontal guiding devices in order to increase
their efficiency.

 The use of frontal guiding device would justify the investments if is achieved
independence from the wind direction relative to the periphery of the runner.
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#include�"udf.h"�
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//Declare�an�array�of�structured�data�type,�which�contains�the�point�
coordinates�x,�distance�to�desired�location�r,�cell�volume,�and�cell�
identificator�c�
struct�
{�float�x[3],r,volume;��
��int�c;}�p[NUM_POINTS];�
� ���
�
���
DEFINE_EXECUTE_ON_LOADING(source_locations,�libname)�
{�
��Domain�*d�;�
��Thread�*t�;�
��cell_t�c�;�
��float�x[ND_ND],�distance�;�
��int�i�;�
���
��//�Source�coordinates�
��p[0].x[0]�=�1.6;��p[0].x[1]�=�1.20;��p[0].x[2]�=�0.85;�
��p[1].x[0]�=�2.0;��p[1].x[1]�=�1.31;��p[1].x[2]�=�0.85;�
��p[2].x[0]�=�2.4;��p[2].x[1]�=�1.20;��p[2].x[2]�=�0.85;�
��p[3].x[0]�=�1.1;��p[3].x[1]�=�2.30;��p[3].x[2]�=�2.05;�
��p[4].x[0]�=�2.9;��p[4].x[1]�=�2.30;��p[4].x[2]�=�2.05;�
�
��//initialize�the�distance�variable�
��for�(i�=�0;�i�<�NUM_POINTS;�i++)�
����{�
������p[i].r=1000�;�
����}�
�
��d=Get_Domain(1)�;�
�
��//�Locate�the�cells�closest�to�the�source�coordinates�
��thread_loop_c(t,d)�
��{�
���begin_c_loop(c,t)�
���C_CENTROID(x,c,t);�
�����for�(i�=�0;�i�<�NUM_POINTS;�i++)�
�������{�
� �����distance=sqrt(�(p[i].x[0]�x[0])*(p[i].x[0]�x[0])�+�(p[i].x[1]�
x[1])*(p[i].x[1]�x[1])�+�(p[i].x[2]�x[2])*(p[i].x[2]�x[2])�);�
� �����if�(p[i].r�>=�distance)�
� � �{�
� � ����p[i].r�=�distance;�
� � ����p[i].c�=�c;�
� � ����p[i].volume�=�C_VOLUME(c,t);�
� � �}�
�������}�
���end_c_loop(c,t)�
��}�
��for�(i�=�0;�i�<�NUM_POINTS;�i++)�
��{�
����Message("source�%d:�volume:�%.8e�cell:�%d�distance:�%.4e�\n",�i,�
p[i].volume,�p[i].c,�p[i].r);�
��}�
���
}�
�
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//�define�source�for�the�cell�whose�identificator�was�determined�from�previous�
function�
DEFINE_SOURCE(UDS0,c,t,dS,eqn)�
{�
��real�UDSsource�=�0;�
��if�(c�==�p[0].c)�//�if�cell�is�the�source�cell�
����{�
�������float�x[ND_ND];�
� ���C_CENTROID(x,c,t);�
� ���UDSsource�=�source�/�p[0].volume;�//�source�is�assigned�with�dimension�
kg/(s.m3)�
� ���printf("setting�mass�source�for�UDS0�on�cell�%d�x=%.4e,�y=%.4e,�z=%.4e�
\n",c,�x[0],x[1],x[2]�);�
����}�
��dS[eqn]�=�0;�
��return�UDSsource;���
}�
�

//�repeat�DEFINE_SOURCE�for�the�other�contaminants�
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Abstract. In the present work a detailed numerical study of the 

parameters influencing the droplet formation in a flow-focusing 

microfluidic device are made. First, an extensive verification of the 

simulations with data from the literature is carried out. Influence of 

parameters like viscosity and inflow velocity are compared with the results 

from literature showing a good agreement. Some differences are attributed 

to the different numerical techniques used: in the present work a pure 

volume-of-fluid method is used, while in the reference study this method 

is combined with the level-set method. As a second step of the verification 

of the present model, a comparison with experimental data from the 

literature was carried out which shows a very good agreement. After the 

verification was completed, eight new simulations are carried out covering 

a wide range of velocities of the continuous phase uc. In these simulations 

the velocity of the discrete phase ud remains unchanged. The variation of 

the continuous phase velocity reveals that with increasing the value of uc, 
respectively the value of the capillary number Ca, the droplet length 

reaches a point of saturation, i.e. a point where the droplet length does not 

decrease any more. For the present setup this saturation occurs for Ca > 

0,03. On the other hand, when the velocity of the continuous phase goes 

towards very low values (Ca < 0,01 for the present setup), the droplet size 

increases significantly. Further, it was found that for increasing capillary 

numbers Ca above a value around 0,015 for water/oil and above 0,025 for 

water + 40% glycerol / oil systems, a transmission from the dripping 

towards the jetting regimes of droplet formation occurs. It was shown that 

when the viscosity of the continuous phase increases, higher total pressure 

jumps in the droplet occur, also leading to the formation of smaller 

droplets.  

1 Introduction 
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In recent years, microfluidic devices have emerged as a novel tool for the realization of 
different biological, chemical and medical processes. The decreased reagents volumes, 
usually in the nano/picolitres range, can significantly reduce reaction times, costs and 
energy consumption for certain processes [1]. Droplet-based microfluidics is a novel 
technique, which allows the encapsulation of different chemical or biological compounds 
into single picolitre-droplets. This makes it possible for the isolation and control of 
individual reactions, protecting them from their surroundings and unwanted interactions 
with other components. These small microreactors have allowed an easily implementable 
and relatively cheap approach for a broad range of processes including cell lysis [2], DNA 
purification [3], polymerase chain reaction (PCR) [4] and other. Therefore, understanding 
the mechanisms behind droplet generation is crucial for the control and efficiency of a 
droplet-based microfluidic system.  

Droplets formation usually occurs when two immiscible liquids intersect each other. 
The process is achieved either by active (using electric fields) or by passive (using pressure-
driven flow and channel geometry) methods. The specific design of the microfluidic 
channels makes it possible for a dispersed phase, usually water, to be sheared by another 
continuous phase (hydrocarbon oils, fluorocarbon oils etc. [5]) and to produce uniform-
sized drops. Different geometry designs are possible, the most frequently used in the praxis 
are shown in Figure 1: T-junction [6-7] (a), flow-focusing [8-9] (b), and co-flowing [10] 
(c). The present work studies devices working on the flow-focusing principle.  
 

(a)  (b) (c) 
 

 
 
 
 
 

 
 
 
 
 
 

Fig 1. Different geometrical designs for the droplet formation in microfluidic channels : (a) Flow-

focusing, (b) T-Junction, (c) Co-flow.  

 
Prior knowledge of droplet size, shape, formation frequency or pressure drop are usually 

required for the work with devices based on droplet-based microfluidic. Several 
experimental studies have already investigated the mechanisms behind droplet generation 
in microfluidic channels [11-15]. Those measurements give an adequate information about 
the needs of a certain experimental setup; it is not possible however, to include the influence 
of all effective parameters on the system. A feasible way to collect in advanced the needed 
information is by utilizing a predictive CFD model. A couple of numerical studies on 
droplet-based microfluidics were carried out in the past few years making use of different 
numerical methods (level set (LS) [16], Lattice Boltzmann method (LBM) [17-18] and 
other).  
In this article the droplet formation in a flow-focusing microfluidic channel is investigated 
numerically by utilizing the volume of fluid (VOF) method. First, we validate our results 
with data from numerical and experimental studies from the literature. In a second part, 
using the same geometry as in [19], a parameter study is carried out. It consists of eight 
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new velocities of the continuous phase while at the same time the velocity of the dispersed 
phase was kept unchanged. Thus, the critical capillary number Ca, where the transition 
between the dripping and the jetting regimes occurs, can be determined. The pressure 
variation along the center line of the channel for the two flow regimes, is presented and 
discussed.  
 

2 Mathematical model, geometrical setup, boundary conditions 
and numerical details 

In the present study three-dimensional simulations of droplet formation in a flow-focusing 
geometry as shown in Fig. 2 are carried out. The two immiscible fluids, water and oil as 
well as their interface, are modelled by the Volume of fluid (VOF) technique. In this 
Eulerian method, the fluid flow is treated as a continuum. The phase fraction parameter, �, 
indicates the presence of each phase in every control volume of the domain. The surface 
tension force is distributed near the interface as a body force in the Navier-Stokes equations.  

The system of coupled partial differential equation consists of the continuity equation 
(Eqn.1) the momentum balance equation (Eqn. 2), and the phase fraction equation for � 
(Eqn. 3) becomes:  
 
                                                    ��

��
+  �. (ρ�) = 0                                                      (1) 

 
                            �(��)

��
+ �. (ρ��) = −�p + �. (μ[ ∇� + ∇�Т]) + 
�                      (2) 

 
                                             �(�)

��
+ �. (� ��) =  0                                                     (3) 

 
In the equations above, U is the velocity vector field and p is the pressure field. FS 
represents the surface tension force and is defined as shown in Eqn. 4 and is nonzero only 
at the interface between the two phases: 
 
                                                    �� =  ��(�α)                                                            (4) 
 
Here � represents the curvature (� = ∇∇. ( ∇� /�∇��)). Only one such transport equation 
(Eqn. 3) is solved since the volume fraction of the other phase can be inferred from the 
limitation: 
 
                                                     αc + αd  = 1                                                                (5) 
 
where the index ‘c’ stands for continuous and ‘d’ for dispersed phase. The viscosity � and 
the density � are based on the weighted average of the phase fraction: 
 
                                                  � = � �� + (1 − �) �d                                                    (6) 

                                                  � = � �� + (1 − �) �d                                                    (7) 

In order to verify the results from the VOF method, a geometry of a flow-focusing 
microchannel, already investigated by Sontti and Atta [19] is considered. The lengths and 
dimensions of the square cross-section, the inlet and outlet channels are presented in Figure 
2.  
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The continuous phase (water/water + 40% glycerol) is introduced through the two side 
channels and the dispersed phase (oil: octane +2,5% SPAN 80) is entered from the main 
(central) channel. Table 1 summarizes the physical properties of the two oil-water systems 
considered for the verification of the model and the later calculations in our work. As in 
[19], the information is obtained from the experimental results of Yao et al. [20].  
 

Table 1. Physical Properties of Continues and Dispersed Phases. 

Fluid Density - ρ [kg/m3] Viscosity - μ [mPas] 

Water  995,4 0,89 
Water + 40% Glycerol 1090,4 3,32 

Oil (Octane 2,5+5% span 80) 689,9 0,53 
 

 
A finite volume method based CFD solver from ANSYS Fluent 16 with the 

implemented Volume of Fluid technique is used to solve the system of time-dependent 
partial differential equations. For the boundary conditions, constant velocity block profile 
was utilized for both continuous and dispersed phase inlets. The phase fraction � is set to 
� =0 at the two inlets of the continuous phase and � = 1 at the inlet of the dispersed phase. 
The walls of the channels were considered as fully wetted by the continuous phase, 
therefore the contact angle was set as zero at the walls. No slip boundary conditions are 
applied at the walls. Pressure boundary was specified at the outlet of the main channel. 
Table 2 summarizes the varied boundary conditions for each case investigated. The first 
two cases serve as a verification of our model. All other cases are completely different from 
[19] and cover a large range of new velocities for the continuous phase. The purpose is to 
investigate in detail how these velocities influence the flow regimes (dripping (D) or jetting 
(J)), which will be introduced in the following sections. The inlet velocity of the dispersed 
phase (oil) was kept constant at ud = 0,0185 m/s for all 10 cases.  

 

Fig 2. Model geometry, dimensions and boundary conditions for the present verification - 

following Sontti and Atta [19].  
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Table 2. Boundary conditions varied for the investigation of droplet formation in the present 

work. In column 1: (D) means dripping regime, (J) means jetting regime.   

Case 
& 

regime 
Continuous phase 

Inlet velocity of the conti-
nuous phase, uc [m/s] 

Surface 
tension, σ 
[mN/m] 

 
Notes 

1 (D) Water 0,01850 5,37 Verification 
2 (D) Water + 40 % glycerol 0,01850 5,04 Verification 
3 (D) Water 0,00925 5,37 New uc 
4 (D) Water + 40 % glycerol 0,00925 5,04 New uc 
5 (J) Water 0,07400 5,37 New uc 
6 (J) Water + 40 % glycerol 0,07400 5,04 New uc 
7 (J) Water 0,10000 5,37 New uc 
8 (J) Water + 40 % glycerol 0,03700 5,04 New uc 
9 (J) Water 0,14000 5,37 New uc 

10 (J) Water + 40 % glycerol 0,05100 5,04 New uc 
 

Making use of the mesh sensitivity analysis made by Sontti and Atta [19], we considered 
a near wall mesh refinement with a first row of thickness of 6 μm and continuing with a 
13% size increase towards the middle of the channel. The middle elements reach 35 μm 
length size, and an overall of 390 000 elements are required for the hexahedral equidistant 
mesh. Figure 3 shows a zoomed view of the hexahedral elements in the cross region where 
the two fluids meet.  

 
Fig 3. Zoomed view of the hexahedral elements in the cross region where the two fluids meet 
 

A variable time step and a fixed Courant number (Co = 0,25) were considered for 
solving equations 1-3.  

3 Results and discussion 

3.1 Verification and experimental comparison  

As mentioned before, in order to examine the efficiency of the VOF model, first a 
verification of the results with the work of Sontti and Atta [19] is made. The authors of [19] 
utilized a combination of the VOF and LV (Level Set) methods, which compared to the 
pure showed more accurate methodology in capturing the interface between the two fluids. 
A detailed comparison between the VOF and the CLSVOF models is made by Keshavarzi 
et al. [21]. As a next step, a visual comparison with the experimental work of Wu et al. [22] 
was carried out, in order to further confirm the accuracy of the model. 
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 For our verification, cases 1 and 2 from Table 3 are considered and compared with identical 
simulations from [19].  

Figure 4 shows the comparison of the droplet formation in the middle plane of the 
domains through time in the two studies for case 1. Both results show very close time scales 
regarding the generation of oil (blue) in water (red) droplets. The whole process can be 
divided into three stages. In the first, so-called filling stage (0,020s – 0,040s), the dispersed 
phase is injected into the main channel. At some point the growing oil-front blocks the flow 
from the side channels causing the upstream pressure to increase until it reaches a critical 
value where the continuous phase begins to squeeze the interface [23]. In the second stage 
(0,040s – 0,055s) the dispersed phase (oil) is still being injected into the droplet at a constant 
flow rate, while the neck starts to collapse. This accelerates the last pinch-off stage, in 
which droplet detaching occurs (around 0,060s). The three stages described above form, 
the so-called dripping regime in a microfluidic device [24].  

 

Fig. 4. Comparison of the droplet formation in our work (left) and Sontti and Atta [19] (right) for 

case 1. Results from [19] are reproduced with permission 

 
Similar observations are made in the second case (case 2 of Table 2), in which water 

+40% glycerol is utilized as continuous phase. The comparison is shown in Fig. 5. For this 
case the generated droplets have smaller volumes and higher formation frequencies 
compared to pure water (case 1). At the same operating condition for oil-water+40% 
glycerol system, an earlier droplet breakup (0,051 s) is also observed. This is due to the 
higher shear force, ‘cutting’ the droplet, connected with the higher viscosity of the red 
colored fluid in the second case. A larger difference in viscosity makes it possible to 
increase the shear at the boundary between the fluids thus increasing the generation 
frequencies.  
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Fig. 5. Comparison of the droplet formation in our work (left) and Sontti and Atta [19] (right)  

for case 2. Results from [19] are reproduced with permission.  

 
A quantitative comparison of the two cases considered is also carried out and 

summarized in Table 3. The nondimensional droplet length with respect to channel width 
(= LD/Wc) and the droplet volume VD are utilized for this purpose. For the calculation of VD 
Equation 8 is used, with f standing for the frequency of droplet formation in Hertz and Qd 
being the volume flow rate of the dispersed phase:  

                                                             �� =
��

�
  .                                                                 (8) 

Table 3. Quantitative comparison of the results in our work with the work of Sontti and Atta 

 Water / Oil      Water + 40% Glycerol / Oil 

 Parameter Our  
work 

Sontti & 
Atta [19] 

Rel. error 
[%] 

Our  
work 

Sontti & 
Atta [19] 

Rel. error 
[%] 

LD/W 1,92 2,12 9,5 1,34 1,46 8,8 

Droplet 
Volume [nL] 257 298 13,6 152 175 14,2 

 
A relative difference of around 13-14% is observed for the volume of the generated 

droplets and around 10% for their length with respect to the channel width. This is in a 
reasonably good agreement with the CLSVOF method presented in [19], as the VOF 
technique often tends to smear the step profile of the interface over several mesh cells 
because of numerical diffusion, as it has been demonstrated in [22]. 

To further confirm the accuracy of the utilized VOF method, an additional comparison 
with the experimental work of Wu et al [22] was carried out. Numerical simulations were 
performed with the same fluid properties and channel dimensions, considered by the 
mentioned authors. Figure 6 demonstrates the visual comparison of droplet development. 
Here, the velocity of the continuous phase is uc = 0,00252 m/s, the velocity of the discrete 
phase - ud  = 0,00084 m/s and the surface tension is σ = 30 mN/m.  
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Fig. 6. Comparison of the droplet formation in our work (left) and the experimental work of Wu 

et al. [22] (right) Reproduced with permission. 

 

3.2 Influence of continuous phase velocity and significance of the capillary 
number for the transition of regimes  

In order to understand better how droplet size for the flow-focusing microdroplet generator 
could be controlled more precisely, eight additional cases with varied continuous phase 
velocities (at constant dispersed flow rate of ud = 0,0185 m/s) were carried out, extending 
the range of simulated values by Sontti and Atta [19]. First, the value of uc was decreased 
two times, compared to cases 1 and 2, to further evaluate the characteristics of the drops in 
the dripping regime (cases 3 and 4 from Table 2). Figure 7(a) shows the pressure variation 
along the center line of the channel for these two cases. Due to the increase in the 
internal friction of the continuous phase in case 4, a bigger total pressure in the domain 
(around 40%) is observed when compared to case 3. In any pressure profile, each peak and 
its width indicate a droplet position and shape, respectively. Due to their smaller size and 
hence, larger surface curvatures, the droplets from case 4 have on average approx. 15% 
higher pressure differences with their surrounding compared to case 3.  
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Fig. 7 Comparison of case 3 and 4 from Table 2: (a) the total pressure profiles along the channel 

centerline ; (b) a three dimensional iso-surface evolution of droplet shapes for case 3; (c) a three 

dimensional iso-surface evolution of droplet shapes for case 4  
  

Similar to cases 1 and 2, the droplet length in cases 3 and 4 decreases with increasing 
continuous phase viscosity, when comparing the three-dimensional iso-surface evolutions. 
As seen in Figure 7(b) and Figure 7(c) both cases are again in the dripping flow regime, 
described in section 3.1.  

In the next step the velocity of the continuous phase is increased four times, compared 
to cases 1 and 2 (again for ud = 0,0185 m/s). This way we were able to further investigate 
the effect of uc on the droplets and answer the question if the dripping regime take up even 
at higher velocity values. Compared to Figure 7, even larger differences in the total pressure 
can be seen between cases 5 and 6; these are shown in Figure 8(a). The bigger curvature 
radii lead to bigger resulting capillarity forces and hence, to three times higher pressure 
differences between the inside and the outside of the droplets as compared to cases 3 and 
4. A noticeable pressure gradient across the droplet itself can also be seen. This is due to 
the difference in radius of curvature from back to nose of a droplet, shown also in the 
theoretical analysis made by Abiev et al. [25]. From Figures 8(b) and 8(c) a clear change 
in the shape and size of droplets is visible. Due to the increased “cutting’’ shear force on 
the dispersed phase, droplet length and volume for case 6 (when compared to case 5) 
decrease and higher formation frequencies occur. In this, so called jetting regime, a long-
suspended column of the disperse fluid flows in the central channel as shown in Figures 
8(b) and 8(c). The breakup of drops does not occur due to shear stress but due to the pressure 
drop across the emerging drop [26].  
- 

(a) 

(b) (c) 

PEPM'2021

E3S Web of Conferences 327, 05002 (2021) https://doi.org/10.1051/e3sconf/202132705002

 
9



 
  

 

 
Fig. 8 Comparison of case 5 and 6 from Table 2: (a) the total pressure profiles along the channel 

centerline ; (b) a three dimensional iso-surface evolution of droplet shapes for case 5; (c) a three 

dimensional iso-surface evolution of droplet shapes for case 6 

The question where the transition from the dripping to the jetting regimes occurs has 
been discussed in the literature [27]. One of the critical parameters thoroughly investigated 
in droplet producing microfluidic devices is the capillary number, described in Equation 9:  

                                                 �� =
�!μ!

"
                                                  (9)  

where μc is the dynamic viscosity of the continuous phase. The number identifies the ratio 
of viscous to interfacial forces. For low capillary numbers, capillary forces dominate and 
therefore big droplets will be formed, whereas for high capillary numbers viscous forces 
generate small drops, increasing their surface energy. Similar to the Reynolds (Re) number, 
the Ca number can be used to determine a transition point between two flow regimes. One 
way to do this is to show the geometrical changes in the generated droplets as a function of 
Ca. Figure 9 shows the non-dimensional length of the droplets for the 10 cases as a function 
of the Capillary number. In the Figure it can be seen that the largest changes of the drop 
size occur up to Ca ≈ 0,02. The Figure shows that for even larger Ca numbers (Ca > 0,03) 
the droplet size stagnates, i.e. it does not change significantly. Such a qualitative behavior 
is observed also in other studies with other geometries (e.g. Figure 6 from [28]).  

At the left-hand side of the figure, the size of the droplets increases significantly when the 
Ca value decreases under the value 0,01.  

Figure 9 allows clarifying the position of the transition point between the two regimes. The 
flow change appears where the droplet length L becomes smaller than the channel width 

(a) 

(b) (c) 
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W. For water (blue) this value is around Ca ≈ 0,015 and for water + 40 % glycerol (red) it 
is Ca ≈ 0,025. The blue and red symbols show the same qualitative trend: larger slope for 
smaller Ca numbers and an almost constant droplet size for larger Ca numbers. The 
difference in the transition points of the two fluids is attributed to the different fluid 
properties. Although the Ca number of the continuous phase is the most important 
parameter that indicates the transition, there are other properties (viscosity of the dispersed 
phase, surface tension) which also influence the flow regimes.  

Fig. 9 The nondimensional droplet length with respect to channel width as a function of Ca 

It is important to note that for the definition of the Ca number, the average domain velocity 
- and not the inlet velocity - of the continuous phase was utilized. Table 4 summarizes the 
averaged domain values for the continuous phase which are used in Equation 9 and Fig. 9. 

Table 4 Average domain velocities for the 10 cases, utilized to calculate the Ca number 

Case  Average uc in the domain 
( / )1 0,031 

2 0,025 
3 0,015 
4 0,013 
5 0,104 
6 0,093 
7 0,187 
8 0,042 
9 0,259 

10 0,072 
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4 Conclusion 
In this work the droplet generation in a flow-focusing microfluidic device has been 

investigated. The continuous phase (water, or water + 40 % glycerol) was introduced 

through the two side channels and the dispersed phase (oil: octane +2,5% SPAN 80) was 

entered from the main channel. For all simulations the VOF method was utilized. In the 

first part, a verification of the technique with the results from Sontti and Atta [19] has been 

made. Here, two cases were simulated, in the first, pure water was used as a continuous 

phase, and in the second - water+40 % glycerol which leads to increased viscosity. A good 

agreement between the two works, with maximum differences of 13% is found which are 

attributed mainly to the different numerical techniques. To further confirm the accuracy of 
the utilized VOF method, an additional comparison with the experimental work of Wu et 
al [22] was carried out which shows a very good agreement.  

In the second part of the presented study, the influence of velocities of the continuous 

phase on the droplet formation is investigated. Two main flow regimes are observed – 

dripping and jetting, which are distinguished by the size of the droplet (for jetting, the 

droplets are smaller than the width of the channel). The transition between these regimes is 

investigated. This is done for a wide range of velocities uc (0,1400 m/s > uc > 0,00925 m/s). 

The large number of studied regimes enabled the following main observations for the 

investigated setup: 

� At very large velocities uc (Ca > 0,03) droplet size reaches a point of saturation, 

hence droplets do not decrease their size with increasing velocity uc any more. 

� At very small velocities uc, (Ca < 0,01) the observation is that droplet size still 

increases strongly with decreasing velocity.  

� There is a critical Ca number, which serves as a transition point between the two 

described flow regimes (dripping and jetting). For the cases with water as a 

continuous phase, a critical value around Ca ≈ 0,015 is observed, whereas for 

the cases with water + 40 % glycerol it is Ca ≈ 0,025. This difference is due to 

the influence of the dispersed phase properties.  

� It was found that at higher flow rates (velocities) higher total pressures and 

pressure jumps in the droplets occur, also leading to the formation of smaller 

drops. The same effect was observed with increasing continuous phase viscosity.  

 

As a whole, the present study shows that the VOF method is a reliable technique for the 

simulation and prediction of droplet generation in flow-focusing channels. It will allow the 

future study of other diverse setups and of various fluid combinations. 
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Modularity design of the bamboo plastic fiber 
forming machine 
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Abstract: Currently, the research on the application of bamboo wood 
plastic fibers to 3D printing technology in Vietnam is limited. Almost all 
studies mainly focus on the application of natural polymers (wood, rubber, 
coir..) but ignore a rich natural polymer source, popular in Vietnam: 
bamboo. In addition, the quality of wood plastic fibers applied in 3D 
printing technology has not responded to the requirements of consumers. 
The durability of 3D printed parts that is based on wood plastic fibers is 
not high. Surface gloss of parts after implementation is still rough. During 
the 3D printing process of wood plastic fibers material, the nozzle is still 
always clogged due to the blockage of wood pulp. Therefore, the study of 
technology and equipment for the fabrication of bamboo wood fibers and 
research on the effect of technological parameters on the finished bamboo-
wood-plastic fiber properties is necessary and should be urgently carried 
out. The paper proposes a new approach to structure modularization of the 
bamboo wood plastic fiber forming machine by using mostly standard 
parts, thus improving the quality and reducing the cost of the machine and 
bamboo wood plastic fiber material for the 3D printer. 

1 Introduction 

Currently, the event of the global warming is evident, so scientists have studied a variety of 
green and environmentally friendly materials to restrict partly the human serious problem. 
Naturally derived composites are being studied more and more, not only because they could 
limit the environmental pollution but also prevent the depletion of natural resources due to 
over exploitation [1]. 

Wood plastic composite (WPC) that is a new type of composite material, including 
wood pulp and its constituent resin, is recommended as a logical solution with the addition 
of some additives or compatible substances. WPC has many superior features than natural 
wood, one of them is corrosion resistance, rot, termites and unabsorbed water to the fibers 
inside [2]. An alkaline treatment of wood pulp or plastic as Polylactic Acid (PLA) also 
increases the water resistance of the WPC, however, this reduces its mechanical properties. 

Nowadays, FDM technology is the most popular 3D printing technology in which the 
process of extruding molten plastic material in a nozzle and then forming layers that will 
form a block structure after solidification. Because the machining principle of FDM 
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technology is extremely simple, it applies to many different materials, and green composite 
is an extremely potential material. Scientists have conducted a lot of researches on creating 
fiber-like green composite products used in this technology, and they are often called 
wood-based plastic fibers. 

In the study [3], the authors used pineapple fibers, banana peel fibers and bamboo fibers 
to create wood-based plastic fiber sheets based on epoxy. Composite is made of high 
mechanical properties, suitable for many industries and they also have the advantage of 
being low cost and easy to degrade. 

In the study [4], the authors presented an overview of the process of creating wood 
plastic fibers from the extrusion process that is applied to the material additive technology. 
They also presented the opportunities and challenges of green composite fibers from 
extruders in the application of 3D printing technology. 

In the study [5], the researchers made an overview of the machines as well as materials, 
used in the production of bamboo wood plastic fibers. They also proposed all the 
requirements for 3D printed bamboo wood plastic fibers to have good product quality: the 
diameter of plastic fibers must be in the range of 1.75-1.8mm; maximum particle size is 
0.27-0.3mm, if it is bigger as about 0.4mm, it will cause nozzle jamming; the suitable 
machining temperature is about 1800. 

Fig. 1. The process of creating bamboo plastic fiber for 3D printer [5]

In the process of producing bamboo wood plastic fibers, as discussed above, there are 
many machines that are required to participate. 

Fig. 2. Schema of basic machines for the production of bamboo plastic fiber [6] 

Currently, with the strong development of composite materials technology, scientists 
increasingly focus on the development and application of green composites in industrial 
and civil fields. The application of natural wood fibers in the composite forming process 
with polymers to synthesize outstanding properties of wood fibers such as durability, 
hardness... and polymer properties such as water resistance, flexibility... With the 
advancement of 3D printing technology, scientists have also studied the creation of wood 
plastic fibers applied in this technology, initially creating basic products. 

3D printed bamboo resin fiber forming process: treated bamboo powder (20%), PP 
(52.5%), and PLA (22.5%) are mixed with maleated polypropylene (MAPP) (5%) with 
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High speed mixer for 8 minutes. This mixture is then fed into a 2-screw extruder to produce 
wood-plastic pellets. From there, these bamboo wood plastic pellets are fed into a single 
screw extruder to form the product [7]. 

Fig. 3. Structure of extruding bamboo plastic fiber machine with double screw of [8] 

Figure 3 shows the construction of the single-screw extruder  of  the invention [8]. All 
the 2-screw extruder parts are cited as in the following: 1: Electric motor; 2: Gearbox 
reducer; 3: Feeding hopper; 4: Thermistor heating; 5: Extruder housing; 6: Cooling water 
drainage; 7: Support structure; 8: Machine base; 9: 2-screw extrusion; 10: Feeding area; 11: 
Melting area; Region 12: Flow stable area. The extrusion by two screws facilitates the 
polymer flows along only one direction, limiting backflow. In addition, due to the 
properties of 2-screws, the material is mixed more efficiently than extruding with one-
screw. The 2-screw structure is also studied by the authors, with the first design, one screw 
has a normal structure while the other is joined by 3 small screws  in 3 divided  regions  
above. That structure is logical to replace the extruded screw much more when it was 
damaged. 

The authors mention the functional structure in which there are two extruders’ screws 
with different sizes, but one screw that extends through all three regions, one that extends 
only through the last two regions. This helps to reduce the screw material and costs of 
machine. In the other side, it improves also the productivity because the feed area only 
needs to pre-melt the material, so one screw is also possible. 

The above studies displayed preliminary processing methods of performing bamboo 
wood plastic fibers as well as the advantages and limitations of bamboo wood plastic fibers, 
but there has not been an innovated technology to develop products in practice. Therefore, 
it is necessary to develop new technology to create bamboo-wood plastic fiber, improve 
quality and reduce product costs. 
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2 The structure analysis method 

2.1 Description the system 

Setting up the diagram of the relation between function and structure of the machine [9], 
[10]. 

Fig. 4. Schema of the relation between Function and Structure of the machine design [11] 

The system composes: 
(1) Storing and feeding hopper.
(2) Preliminary mixing by screw.
(3) Power supply by electric motor.
(4) Transmission by gearbox, spur gear transmission and coupling.
(5) Mixing and extruding wood plastic mixture by twin extrusion screw in cylinder.
(6) Application of thermal strip to melt the resin.
(7) Creating yarn by the extruder,
(8) Cooling system to cool the hot extruded plastic fibers,
(9) Temperature control by sensors,
(10) Control and synchronization by PLC system,
(11) Check dimension by PID system,
(12) Leading bamboo wood plastic fiber by roller system,
(13) An AC motor for winding the filament.
When starting the system, the plastic particles and bamboo powder are fed to the hopper

where they are properly quantified and pre-mixed in the feed hopper by a mixing screw that 

PEPM'2021
E3S Web of Conferences 327, 05004 (2021) https://doi.org/10.1051/e3sconf/202132705004

4



received the rotation from the motor via gear transmission and flexible shaft. Reversing 
twin-screw extrusion system is installed to increase the mixing efficiency. The partial 
heating of the screws is carried out by solenoid heating strips and a water’ cooling system is 
also included to prevent overheating. During the extrusion process, the temperature is 
controlled by a thermal sensor and a PLC system. After getting out of the extrusion die 
head, bamboo plastic fiber will be checked size by PID system and then finished plastic 
fibers will be brought out by a roller system with cooling channels to stabilize their texture 
and surface.  Finally, they are rolled into coils by an AC motor. 

2.2 System module analysis 

The primary analysis of modules that has the purpose of distinguishing to the main modules 
(machine detail cluster) of the machine, makes decision whether to combine these details 
into one module or whether different ones. 

Fig. 5. Schema of primary arrangement and basic components in the system  

2.3 Structure module analysis 

Figure 5 displays the schematic analysis of the primary structure of the future machine. The 
structures after analysis are arranged in the direction of material flow from feeding to 
production. Figure 4 shows the basic functional-structure relationship diagram of the 
machine, in which functions are served by a set of components that can be called a 
"module". The power supply function is a special function that is included in each module. 

The main function of the "Bamboo Wood Plastic Extrusion Machine for 3D Printer" is 
to perform the following processes: feeding, extruding and winding. The finished yarn is 
shown in Figure 6. 
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Fig. 6. Flowchart of general functions 

When passing among the system, VL1 is supplied energy to change phase as well as to 
interact each other. After passing through all the components, it will vary in quantity and 
density, with or without synthesis with other materials. System-level parameters (SLP) 
between components are compared based on incoming and outgoing materials, material 
density synthesis and the variation. 

The components in the system are then arranged in order to match the direction of 
movement of the material (Figure 7), in which the controller is temporarily removed from 
the system for easy analysis. The materials include bamboo powder, plastic beads and 
additives enters to the system through the fiber extrusion section. After being extruded into 
yarn, it will be rolled by the finished yarn winding unit. 

Fig. 7. Flowchart of function 

Based on the functional flow diagram we determine the input and output relationships 
and compare them in the difference in size, similarity between materials or energy sources. 

Components Designation Input Output Boundary 
condition I/O 

Type of 
function 

Hopper P VL1 VL2 VL1=VL2 Sub ordinary 

Primary 
mixing module 

TSC VL2 VL3 VL2<VL3 

Electric motor DCD 

VL3 VL4 VL3<VL4 

Main 

Gear BR Main 

Twin-screw & 
cylinder 

TVD Main 

Heating GN Main 

Extruder 
nozzle 

DD main 
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Components Designation Input Output Boundary 
condition I/O 

Type of 
function 

Cooling 
system 

KLM VL4 VL5 VL4<VL5 main 

Rolled system CL VL5 VL6 VL5=VL6 main  

Product 
acquisition 

TSP 

2.4 Properties of the products 

The technical parameters of “3D printed bamboo filament extrusion machine” are arranged 
in structural order. Based on the layout and state interaction between parts, the structural 
physics of the machine is divided to. In the schematic list of component pairs in a groups 
that have the relation of Serial connection, direct Interaction, homogeneity of material, 
compound effect, variable material, the pairs o groups do not appear in the comprehension 
map is considered to have the opposite properties. Note: N.T - Serial; S.S - Parallel; T.T - 
Direct interaction; T.R - Separating; T.T - Direct; G.T - Indirect; T.D - Impact; K.T.D - No 
impact. 

The 1 to1 relationship of the components in the system is described via a System Level 
Specification (SLS). The requirements of SLS are located at the bottom of the hierarchical 
SLS diagram. Relationship are assigned to "1" if they exist, inversely to "0". The results of 
the basic component comparison process in the plastic filament extruder system are 
described in Table 1. 

Table 1. The relation between structure and function

Detail/module 
Physical Structure Function 

Arrangement Position Energy Transmission 
NT SS TT TR TT GT TD KTD 

P 

TSC 1 0 1 0 0 1 0 1 
DCD 0 1 0 1 0 1 0 1 
BR 0 1 0 1 0 1 0 1 
TVD 0 1 0 1 0 1 0 1 
GN 0 1 0 1 0 1 0 1 
DD 0 1 0 1 0 1 0 1 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

TSC 

DCD 0 1 0 1 0 1 0 1 
BR 0 1 0 1 0 1 0 1 
TVD 0 1 0 1 0 1 0 1 
GN 0 1 0 1 0 1 0 1 
DD 0 1 0 1 0 1 0 1 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

DCD BR 1 0 1 0 1 0 1 0 
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TVD 1 0 1 0 1 0 1 0 
GN 1 0 1 0 1 0 1 0 
DD 1 0 1 0 1 0 1 0 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

BR 

TVD 1 0 1 0 1 0 1 0 
GN 1 0 1 0 1 0 1 0 
DD 1 0 1 0 1 0 1 0 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

TVD 

GN 0 1 1 0 1 0 1 0 
DD 1 0 1 0 1 0 1 0 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

GN 

DD 0 1 1 0 1 0 1 0 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

DD 
KLM 0 1 0 1 0 1 0 1 
CL 0 1 0 1 0 1 0 1 
TSP 0 1 0 1 0 1 0 1 

KLM 
CL 1 0 0 1 1 0 1 0 
TSP 1 0 0 1 1 0 1 0 

CL TSP 1 0 0 1 1 0 1 0 
The impact of System Level Specification (SLS) to the General Function Requirements 

(GFR): 
Determining the impact of SLS on GFR is to identify properties that could have a 

positive or negative impact on the general function of the system. Relationships are more 
clearly defined, the easier to develop the texture of the product and to achieve a high level 
of satisfaction to the customers requirements as well as all the recommended specification. 

The impact of SLS is determined on customers requirements by the following questions 
such as: 
-What happens to GFR with or without any SLS in the system?
-What kind of effects of SLS will cause GFR?

All the answers of the above questions will help to determine the impact of SLS on 
GFR. 

The impact of SLS on GFR is evaluated on the customer requirements where decisive 
factors are functional assurance, product size and operational productivity. The sequential 
layout of the components facilitates the ability of application of the product... In addition, 
the serial arrangement ensures the compactness of the product and while not having any 
effect on the performance, productivity. The parallel layout is suitable for the compact size 
of the product, while also having a positive effect on work efficiency when multiple 
machines are working at the same time. 

Direct interaction between details does not affect the performance of the system. Direct 
interaction has a positive effect on the level of compactness, the closer the details are, the 
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more compact the product is. In addition, direct interaction aids also the performance when 
materials are directly transported. 

Separate components make the maintenance easier, but it increases the sizes and has a 
negative impact on the compactness. The homogeneity and impurity of the material has 
positive effect on the performance of the product, due to the requirement of transportation, 
synthesis or modification of the material. Homogeneous materials have a positive impact 
on performance since the operation only has to handle the same materials from input to 
output.  

The modification of material ensures the workability and has no effect on product size 
or performance of the system. In the other hand, the non-impacting that has no effect on 
workability or size of the product, has also a positive effect on performance as it does not 
take energy to impact on materials. 

Once the questions are answered, the effects are listed in Table 2, based on the values: 
- (-1) = Negative impact
- (0) = No impact or the impact is not clear, not determined.
- (+1) = Positive effects

The negative impact of SLS on GFR causes the undesirable results when SLS is present
in the system because it will restrict and reduce the level of compliance with specifications 
and customer requirements. Positive effects will create the desirable results to the GFR to 
ensure the satisfaction of the specifications of the products and the requirements of the 
customers. An SLS has no effect if it neither supports nor impedes the implementation of 
the overall functionality. 

Table 2. The effect of the relation between SLS and GFR [12] 

3 Results and Discussion 

3.1 Calculation of matrix of similarity 

Matrices of similarity are used to determine the degree of coherence among the different 
components in the system. The similarity matrix is established based on the similarity 
indices, which are the result of 3-matrix multiplication: SLS, effect of SLS on GFR, Weight 
of GFR. Each value in the similarity matrix represents a 1 to 1 relationship between the 
components of the system. Calculations were performed by Microsoft® Excel software and 
listed the results in the tables below. 
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Table 3. Matrix of Similarity of structure 

Table 4. Matrix of similarity of function

Table 5. Matrix of general similarity

3.2 Group of components of modules 

When the number of components in the system not too large, using Cluster Identification 
Algorithm (CIA) to arrange similar matrices into independent modules. The results are 
shown in the tables below. 
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Table 6. Module of structure 

Table 7. Module of function

Table 8. Synthetic module

Components with a degree of cohesion (high similarity index) are grouped into a group 
that can be considered a module. The other components that are outside the established 
group due to low degree of association with each other and for groups, are relative and 
indirectly related. There are also some components that have similar indices for one or 
more other components that are well above the floor value, perform the function of linking 
components or having relative relationships of interactions or materials. The results show 
that there are 3 modules of physical structure, including feed, extruder, control and cooling 
and 4 function modules. 

Based on the synthetic module matrix, we can divide the designed machine into 4 
modules:  
- Module I: Extrusion module: Electric motor gearbox; Flexible coupling; Cylindrical gear.
Twin screw facing outwards; Extrusion head; Cylinder; Heating solenoid.
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- Module II: Product acquisition module: Controlled servo motor; Flexible coupling; Plastic
fiber reel; Roller system; Cooling channel.
- Module III: Control module: Temperature sensor; PID system; PLC system.
- Module IV: Feeding Module: Hopper; AC motor mixer; Mixers.

Fig. 8. Layout of modules of the designed machine 

Fig. 9. General model of the machine  
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4 Conclusion 

With the application of Cluster Identification Algorithm (CIA) in modular approach to 
design the bamboo plastic fiber forming machine we can achieve reasonable design gain lot 
of advantages: satisfy customers; requirements, efficient in working, high performance and 
competitive price. In the other hand, it helps designers reduce design time and fabrication 
costs because there are many mechanical parts to choose from on the market. We hope that 
the research has a valuable position in the modern design.  
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Abstract: Nowadays Single Point Incremental Forming (SPIF) is really a 
new technology of forming metal sheet after its formation and long 
development in about five decades. Although it was invented in, 1967 by 
Leszak, an American inventor, but the applications of the innovative 
technology have just been popular from 1990 because of the advance of 
controlling technology. This technology is especially adapted to small batch, 
unique or single productions. In almost all cases, the workpiece material 
sheets are metal such as aluminum alloys, bronze, mild steel, stainless steel 
and even Titanium with lot of researches, papers and thesis... Nonmetal 
sheets are rarely applied in this technology because of rare application. 
Nowadays, on the rise of the development of composite materials such as, 
PVC, thermoplastic resins... that have been a lot of applications on living 
life and technology. In this paper, we dedicate all of our work in the 
examination some parameters of forming that influence on the deformable 
ability of PVC plastic by empirical method under the support of DOE and 
Minitab software. This paper also provides our own experiences in forming 
PVC sheet that we had performed in the recent decade. 

1 INTRODUCTION 

In Single Point Incremental Forming (SPIF) technology, the non-cutter tool applies the 
forming forces on only one side of the sheet workpiece to form concave shapes on workpiece 
sheet. Beside SPIF there is Two Point Incremental Forming (TPIF) wherein the tools apply 
forces on both sides of the workpiece that could be formed complex convex and concave 
surfaces on model as shown in Figure 1. They are 2 branches of a state-of-the-art sheet 
forming without die technology invented by Leszak in 1967 [1] under the terminology of 
Incremental Forming Sheet (ISF). This forming sheet technology is suitable only for single 
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or small batch production. Two branches of ISF: Single point Incremental Forming (SPIF) 
and Two Point Incremental Forming (TPIF) are illustrated in Figure 1.  

Fig. 1 a. Single Point Incremental Forming (SPIF) b. Two Point Incremental Forming (TPIF) [2] 

At the beginning, this method is applied for forming metal sheets, but with the bloom of 
plastic or PVC based materials there are also researches of ISF for PVC material. In paper 
[3], the authors research the post-forming properties of thermoplastic polymer. Their results 
show that the post-ISF-process tensile properties is decreased, and the strain is increased in 
their experiment ranges. In research [4], the authors present the new methodology to find 
plastic flow and failure in the PVC sheets forming by the ISF process. These research helps 
us to clarify how plastic deform under ISF process, also help us know the modification of 
mechanical properties. But these studies only deal with basic parameters and do not study the 
effect of temperature, an important technological parameter, on the ISF processes. Therefore, 
we need to understand the influence of temperature parameter on this process, which is also 
the main goal of this study.  

1.1 Mechanical properties of PVC  

The mechanical properties of PVC sheet are given in Table 1 [5]. 

Table 1. Typical Properties of PVC [5] 

1.2 Selection of model of experiment      

The deformability of a material stands for by the angle  that is made by the tangent at the 
forming point on the workpiece sheet and the horizontal line at this point. The deeper the 
position of formed point the bigger of the forming angle. According to a lot of researches, 

PEPM'2021
E3S Web of Conferences 327, 05005 (2021) https://doi.org/10.1051/e3sconf/202132705005

2



this deformable angle depends on each sheet material and ways of forming and it cannot pass 
it limitation value of about 800 [6]. In order to examine exactly the angle by experimental 
process, almost all researches on SPIF technology also select the model on figure 2 because 
at any random torn point M, we could measure the depth z and deduce the deformable angle 

by this formula:  α = arc 𝐜𝐨𝐬
𝑹 𝒛

𝑹
.  In the current time, standard market plates of PVC sheet 

are provided by dimension of 1000x2000, so in saving material we selected a square 
workpiece of 250x250 with no remain stub. After subtraction of the meadow the remained 
working circle is Ø200. 

Fig. 2:  SPIF model used in experiment 

2 Design of Experiment on The Formability of PVC Sheet in SPIF 

2.1 Selection of investigated forming parameters and method of design of 
experiment (DOE 

In our work, there are many forming parameters that influence to the formability of the metal 
sheet workpiece such as diameter of tool d, the vertical feed rate Δz, the velocity of tool in 
horizontal plane v and the temperature  T of  PVC  sheet when  forming. By our own 
experiment, properties and ability of specialist SPIF machine (figure 2) and based on DOE 
we selected of 2 limited values of 4 variable input parameters that are suitable to the 
properties of machine, tool and PVC sheet: 
- The vertical feed rate after each orbit    Δz = 0,4 – 1,2 mm,
- The diameter of tool d = 6 – 12 mm
- The velocity of tool in horizontal plane   v = 1000 – 2500 mm/min
- The temperature T of PVC sheet when forming T = 300 – 600 (according to [5] the
maximum working temperature of PVC is only 1400F or 600C)

Beside 4 above parameters we selected 3 constant values: 
-The thickness of workpiece sheet is 2mm the popular thickness of almost all PVC sheet in
market.
-The number of revolutions per minute n= 900 rpm.
- SAE 40 oil is selected as lubricant at ambient temperature in South of Vietnam (300C) as
lowest and 600C as selected high temperature.

In the purpose of saving effort in experiment according to [6] there are many experiments 
involve the study of the effects of 4 factors we could apply the factorial designs that is most 
efficient for this type of experiment. By a factorial DOE with 4 factors, each factor has 2 
levels the number of experiments in forming model is N=2k-p = 24-1 = 8, 

Wherein: 
- N: the number of forming model,
- k = 4 is number of factors,
- p=1, number of replaced factor,
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The number of iteration [7]: m = t2.s2/2=2,145, selected value is 3. Finally, the total 
number of experiments is N.m=8.3=24. Table 2 illustrates all limited value and coded of 4 
influential parameters. 

Table 2. Table of natural and coded influential parameters 

Parameters 
Limited value 

Nominal name 
Symbol 

Natural Coded Lowest Highest 
Mean 
value 

Variable range 
to mean value 

Vertical feed rate 
(mm) 

Δz x1 0.4 1.2 0.8 0.4 

Diameter of tool 
(mm) 

D x2 6 12 9 3 

Velocity of tool 
in horizontal 

plane (mm/min) 
F x3 1000 2500 1750 750 

Forming 
temperature, 0C 

T x4 30 60 45 15 

The temperature T (x4) was selected as the replaced parameter so we could perform the 
matrix of partial factors as in the following table. 

Table 3: Table of coding parameters in Partial factor DOE 

N0 x1 x2 x3 x4=x1x2x3 

1 

2 

3 

4 

5 

6 

7 

8 

-1

+1

-1

+1

-1

+1

-1

+1

-1

-1

+1

+1

-1

-1

+1

+1

-1

-1

-1

-1

+1

+1

+1

+1

-1

+1

+1

-1

+1

-1

-1

+1

2.2. Simulation of the SPIF process by ProEngineer to guess the experimental 

result

The simulation of SPIF process has to perform with the same value of experimental process 
but have no iteration because there are no influential random parameters such as in 
experiment.   All the properties of PVC are adapted from table 1 to ProEngineer when 
simulating. One of the results is displayed in figure 4 that confirms the application of SPIF 
for PVC sheet.   
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Fig. 3: A result of SPIF PVC model by Pro/E with h=60mm, Ø=200mm 

2.3 Specialized SPIF machine, Clamping & heating feature, and tool to perform 
PVC models 

All traditional CNC milling machine could be used to perform all the experimental PVC 
models. Fortunately, by the previous projects we already manufactured a specialized SPIF 
machine so all of our experiments of forming on PVC model were perform in achieved in 
Specialized SPIF machine in CAD-CAM workshop of DCSELAB. Material of tool (pestle) 
is high speed steel (HSS) with cylindrical shank and no-cutting edges spherical end tip as in 
figure 4. In order to control the temperature of PVC sheet when forming 24 models we 
designed and manufactured a typical feature that has 2 functions: Clamping and controlling 
the limited temperature for PVC sheet. All the structure of clamping and controlling heat are 
displayed in figure 5.  

Fig. 4: a. Specialized SPIF machine of DCSELAB; b. Self-manufactured tools and   Standard 
bores collets 
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Fig. 5: a. Drawing of clamping and controlling heat feature   b. Manufactured feature 
1. Frame of feature, 2. Tool, 3. Flexible thermostat, 4 adjustable control knob 5. Model support
6. PVC workpiece sheet, 7. Clamp plate

There are 2 regimes of heating: 300C thermostat is off, 600C thermostat is on.

3 PERFORMING, MEASURING AND treatment the results OF PVC 
MODELS  

3.1 Performing and measuring PVC models for the deformability 

PVC sheet with thickness of 2mm are cut and bend into workpiece of 250x250 (mm) and 
clamped in feature to be formed as in figure 6. 

Fig. 6: Forming PVC model on integrated future at DCSELAB workshop [6] 

The formed PVC models that are formed to reach torn point are measured and statistical 
are illustrated in figure 7.   

Fig. 7: PVC model are formed to get torn lines or failures to reach a biggest angle of deformation [6] 

3.2 Treatment the result 

The values of deformable angle are displayed in table 4 and calculated the mean value in 
table 5. 
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Table 4: Coarse result of deformable angle of forming of 24 models in 3 times of iteration 

N0 

Influential parameters 
Results  
of αmax 

Δz 
(mm)  

x1 

d 
(mm) 

x2 

v 
(mm/min) 

x4 

T 
(0C) 
x4 

y1 y2 y3 

1 0,4 6 1000 30 50 
2 0,4 6 1000 30 53 
3 0,4 6 1000 30 53 
4 1,2 6 1000 60 65 
5 1,2 6 1000 60 63 
6 1,2 6 1000 60 63 
7 0,4 12 1000 60 65 
8 0,4 12 1000 60 65 
9 0,4 12 1000 60 66 

10 1,2 12 1000 30 60 
11 1,2 12 1000 30 63 
12 1,2 12 1000 30 60 
13 0,4 6 2500 60 65 
14 0,4 6 2500 60 65 
15 0,4 6 2500 60 65 
16 1,2 6 2500 30 65 
17 1,2 6 2500 30 62 
18 1,2 6 2500 30 62 
19 0,4 12 2500 30 55 
20 0,4 12 2500 30 57 
21 0,4 12 2500 30 57 
22 1,2 12 2500 60 65 
23 1,2 12 2500 60 68 
24 1,2 12 2500 60 66 

Table 5: Mean deformable angle ready for statistics 

N0 x1 x2 x3 x4=x1x2x3  = αmax 

1 
2 
3 
4 
5 
6 
7 
8 

-1
+1
-1
+1
-1
+1
-1
+1

-1
-1
+1
+1
-1
-1
+1
+1

-1
-1
-1
-1
+1
+1
+1
+1

-1
+1
+1
-1
+1
-1
-1
+1

52,00 
63,67 
65,33 
61,00 
65,00 
63,00 
56,33 
66,33 

From the result in table 5, we could deduce the following regression equation of the 
deformability of the PVC sheets: 

The regression equation of deformable angle in encoding shape:         
𝑦 = 61,5833 + 1,9167𝑥1 + 0,6667.𝑥2 + 1,0833𝑥3 −2.𝑥2𝑥3+ 3,5.𝑥4 
After decoding, we get the regression equation of deformable angle:    
 𝛼= 20,6117 + 28,0625.Δ𝑧 + 0,555.𝑑 + 0,001223.𝑣 – 0,5.𝑑.𝑣 + 0,75.𝑇 (1)  
Wherein:  

y
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- Δz: The vertical feed rate in mm,
- D: The diameter of tool in mm
- V: The velocity of tool in horizontal plane in mm/min
- T: The temperature T of PVC sheet when forming in 0C

The regression equation of angle of deformation  was checked by Minitab® 15.1.30.0
software with the model results. 

S = 1,3911    R-Sq = 93,69%   R-Sq(pred) = 91,93%   R-Sq(adj) = 88,78% 
The result shows the reliability of the equation (1). With the R-Sq, R-Sq (pred) and  

R-Sq(adj) value are all greater than 85% [7], meaning the regression equation are fit to the
data. The Minitab diagram shows the effect of 4 input parameters to the deformable angle 
in figure 8.

Fig. 8: Effects of 4 parameters on angle of deformability of PVC sheet 

In examining the diagram in figure 8 we confirm that 4 parameters are also proportional 
to the angle α wherein the effect of x4 (stands for temperature T) is greatest. So in 
order to increase the deformability of PVC we should increase all 4 parameters 
especially the temperature T. However, according to [5] the maximum operating 
temperature of PVC is 1400F= 60 oC so 60 oC is the maximum temperature that we could 
selected. 

4 CONCLUSIONS  

Finally, in one word we concluse an essential points: The formability of PVC sheet is 
proportional to all 4 selected influential parameters such as the vertical feed rate Δz, the 
diameter of tool d, the velocity of tool v and the temperature T of PVC workpiece, therefore 
in order to increase the formability of PVC sheet we have to increase all of these parameters 
(Δz=1.2mm; d=12mm; v=2500mm/min; T=600C) and 600C is the maximum temperature that 
we could selected. 
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Abstract. For a long time, coffee has become a very popular drinks in 
over the world and Vietnam has been an coffee export country because of 
the quality of Vietnamese coffee is confirmed in the world. By the above 
reason, the question of coffee packaging for protection of its favor and 
transportation is considered one of the most important question. most 
products after the production process are fine packed in many different 
forms. Almost all products are especially packaged and quantified for 
convenient consumption depending on the form and texture of the product, 
there are different product packaging. Among the packaged products, 
instant coffee powder is the most packaged product. The coffee export 
market of Vietnam is very large in all around the world with the ranking of 
4th. However, most instant coffee products in Vietnam are mainly invested 
by foreign companies with production lines system imported from foreign 
countries. This is the reason of the existence of the paper in which we 
mention on the design of a local instant coffee power with the application 
of the modular design. 

1 Introduction  

Modular design of mechanical products has developed rapidly in recent years [1]. By 
implementing the modular design, the enterprise can reduce cost and improve 
competitiveness largely. it is necessary to consider the modular design characteristics 
during the phase of product design, to facilitate product efficiency, shortening the supply 
cycle, improving product quality and reliability, reuse, upgrade and maintenance, and to 
make it easier to disassemble and recover [2, 3, 4]. At present, there is yet to be a very 
perfect and precise method which can solve the problems in modular design. Due to the 
trend of the diversification of customers' demands, small product batches with high 
varieties, modular design has been applied widely [5].  

From the needs that are analysed above, it is necessary to modularize the design of 
product packaging machine. The design modular object is an instant coffee packaging 
machine. 
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2 Method of system design  

To functional analysis for design products [6], from the above complete general functions, 
we analyze the sub-functions as the diagram that shows in Fig. 1.  

 
Fig. 1. Schema of sub-function of the designed product. 

First step is to propose some ideas for the design problem [6]: Deploying ideas for each 
function, combining ideas systematically, we get 04 ideas for instant coffee packaging 
machine as shown in Table 1. 

Table 1. Implementation ideas for each function. 

 

Function Idea 1 Idea 2 Idea 3 Idea 4 

Raw-material 
supply 

Semi-automatic 
raw-material 

supply 

Frequentative 
raw-material 

supply by hand 

Automatic raw-
material supply 

Frequentative raw-
material supply by 

hand 

Quantify 
Gauge 

Volume quantify 
by cup 

Volume quantify 
by rotative barrel 

Quantitative 
feeding by 

electrical control 

Quantitative 
feeding by 

continuous weight 
feeding 

Transmission 
Mono electric 
motor system 

Mono electric 
motor system 

Two electric 
motor system 

Two electric 
motor system 

Welding Roller system 
Pushing rod 

system 
Roller system 

Pushing rod 
system 

Cutting Roller system 
Pushing rod 

system 
Roller system 

Pushing rod 
system 

Package 
compensating 

Differentiel motor Servo motor 
Differentiel 

motor 
Servo motor 

Package 
pulling 

Roller system 
Roller-Pulley 

system 
Roller system 

Roller-Pulley 
system 

Energy 
supply 

3-phase motor 3-phase motor 3-phase motor 3-phase motor 

Cutting 
position 

Sensor Switch journey Sensor Switch journey 

Welding 
temperature 

Solenoid-Sensor Solenoid Solenoid-Sensor Heat Camera 

Getting out 
the finished 

products 
Receiving trough Roller system Receiving trough Roller system 

Getting out 
the waste 

Receiving trough Roller system Receiving trough Roller system 
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Pre-selection evaluation of ideas for design products [6]: Ideas are listed on the first 
horizontal row of the selection matrix. Selection criteria are arranged along the left column 
of the matrix. Choosing one of the above ideas as a standard one. Analysing one in these 
ideas that is compared with standard one according to the selection criteria and scored in 
the corresponding box (Table 2). From the above ideas we see that ideas 3 and 4 are 
feasible when design the product. 

Table 2. Matrix of evaluation the ideas. 

Creteria 
Ideas 

1(Standard) 2 3 4 
Logical productivity  0 0 + + 
The quality of the 
product respond to the 
demands of customers  

0 - + + 

Acceptable qualitative 
error  

- 0 + + 

Easy operating, high 
reability and longivity  

0 0 + + 

Time of material supply 
and change type  

0 0 + + 

Logical price  + + - 0 
Environmental hygenic 
safety   

0 0 0 0 

Total score of + 1 1 5 5 
Total score of 0 6 5 1 1 
Total score of -  1 1 1 0 
Final total score  0 0 4 5 
Ranking  4 3 2 1 
Continue?  No No Yes Yes 

 
Scoring for the final product design [6]: Decision matrix with additional weight column. 

Selection criteria are assigned a weight (in % value) which are determined by agreement of 
the design team. Analysing each idea that is compared with the standard one according to 
the selected criteria and scored in the corresponding box. Calculating the total score of each 
idea by the formula: 

1

n

j ij i
i

S r w


 ,        (1) 

where: ijr - the first criterion point of idea j; iw -the weight of the i-th criterion; n -total 

number of criteria; jS - total score for idea j . 

Ranking the ideas by total score is showed in Table 3. 

Table 3. Matrix of scoring and selection of ideas. 

Criteria 
Weight 

(%) 

Idea 
3 4 

Score Score 

Coarse 
Multiplied 
to weight 

Coarse 
Multiplied to 

weight 
Reasonable productivity 20 4 0,8 4 0,8 
The quality of the 20 4 0,8 5 1 
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product respond to the 
demands of customers  
Acceptable qualitative 
error  

10 4 0,4 4 0,4 

Easy operating, high 
reability and longivity  

10 3 0,3 3 0,3 

Time of material supply 
and change type 

10 3 0,3 3 0,3 

Logical price 20 2 0,2 4 0,8 
Environmental hygenic 
safety   

10 3 0,3 

Total score  100 3.1 399 
ranking  1 2  
Continue?  No Yes 

 
Based on the scoring matrix, we selected an idea as a design concept. The principle 

diagram is displayed in figure 2. 

 
Fig. 2. Schema of theory of packaging machine. 

Description of the system:  
The motor drives the packaging pull assembly, the roll bag is fed to the shaft with the two 
end stoppers at its 2 ends (2), the bag head is pulled out through the guide rollers cluster (3) 
by the pull assembly rollers (5) and shaped by forming module (4) and at the same time it is 
welded by the vertical packaging module (6), then horizontally welded and packaging cut 
in the cluster (7). In the mean-while the motor also drives the metering assembly (1) to 
rotate the wheel quantifies through the measuring cups and down to the lower packaging 
through the hole that was created at product shaping assembly. The quantified material in 
the metering module falls into the shaped horizontal weld edge and a vertical weld edge 
packaging. Then the vertical welding module and the packaging cutting (7) welds the 
horizontal line and cut the packaging and finish the product (8). In case when the pull-out 
package is not long enough, the auxiliary engine will turn to the differential gearbox and 
pull out the packaging so that it can pack accurately according to the given data. 
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3 Results and discussion 

After analysing customers’ demands and choosing design ideas for the product [7] the next 
step is applying the design product modularization method to design the product system. 
Finally the combination of functional analysis diagrams and design concepts in one 
structural – functional power diagram is illustrated as follows: 

 
Fig. 3. Schema of structure and function. 

 
 

 
Fig. 4. Schema of process of general function of Instant Coffee Packaging Machine. 
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The main function of the machine is: raw materials supplying (instant coffee, packaging) 
and packaging into bags. The sub-functions are: providing the package in, shaping, 
soldering packages, pulling out and cutting packages. 

List of the components and designation is shown in Table 4: 

Table 4. Designation of components in instant powder coffee machine. 

No Components Designation 
1 Main 3-phase motor  DCC 
2 3-phase motor gearbox  DCP 
3 Reductive Gearbox  HGT 
4 Chain transmission  BTX 
5 Taper gear transmission  BRC 
6 Spur gear transmission  BRT 
7 Hopper PTB 
8 Roller for rolling package  CLK 
9 Soldering bar  THX 
10 Cutting bar  TKX 
11 Quantitative cup  CDL 

 
The system-level specifications of the products are arranged in a hierarchical structure 

[7] in which the physical structure is divided by the arrangement and the interactive state 
(direct, indirect), while the functional structure is divided by the flow of energy, materials 
and information (Figure 5). 

 

 
Fig. 5. Schema of the relation among details and modules in the designed machine. 

Establishing the relationships among the details in a system [7] through system 
properties of physical structure and function (Table 5), number 1 represents interaction, 0 
represents no relationship system. 
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Table 5. The relation among details and modules in the designed machine. 

Detail/ 
module 

Structure Function 
Arrangement Position 

KD HB DL CB 
NT SS TT TR 

D
C
C 

DCP 1 0 1 0 1 0 1 0 
HGT 1 0 1 0 1 0 0 0 
BTX 0 0 1 1 1 0 0 0 
BRC 0 0 0 1 1 0 1 0 
BRT 0 0 0 1 1 0 1 0 
PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

D
C
P 

HGT 1 0 1 0 1 0 0 0 
BTX 0 0 1 1 1 0 0 0 
BRC 0 0 1 0 1 0 1 0 
BRT 0 0 0 1 1 0 1 0 
PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

H
G
T 

BTX 0 0 1 1 1 0 0 0 
BRC 0 0 1 0 1 0 1 0 
BRT 0 0 0 1 1 0 1 0 
PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

B
T
X 

BRC 0 0 1 0 1 0 1 0 
BRT 0 0 0 1 1 0 1 0 
PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

B
R
C 

BRT 0 0 0 1 1 0 1 0 
PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

B
R
T 

PTB 0 0 0 0 0 0 1 0 
CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

P
T
B 

CLK 0 0 1 0 1 0 0 0 
THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 
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C
L
K 

THX 0 0 0 0 0 1 0 0 
TKX 0 0 0 0 0 0 0 1 
CDL 0 0 0 0 0 0 1 0 

T
H
X 

TKX 0 0 0 0 0 0 0 1 

CDL 0 0 0 0 0 0 1 0 

T
K
X 

CDL 0 0 0 0 0 0 1 0 

 
Where: NT – Serial; SS – Parallel; TT – Direct interactive; TR – Separate; KD – Pulling 

package in and forming; HB – Soldering packages; DL – Quantitative gauge, CB – Cutting 
packages. 

Determining the degree of influence of System – Level Specification (SLS) on General 
Functional Requirements (GFR) [7]: To determine the effect of the designed machine 
performance on functional requirements, a relationship matrix between System – Level 
Specification (SLS) on General Functional Requirements (GFR): 

 The desired impact value is 1; 

 The value 0 stands for insignificant impact; 

 The value -1stands for the undesirable effect. 

 
From the above ideas we could build a matrix of relationships between machine 

structure and importance factors (Table 6). 

Table 6. Matrix of Relation between SLS and GFR. 
 

System – Level Specification (SLS) Ease of Service Compactness Performance 
Serial  0 1 1 
parallel  0 1 1 
Contact each other  1 1 0 
Separate each other  0 -1 1 
Direct energy transferring 1 0 0 
Indirect energy transferring  0 0 0 
Reductive gearbox  0 0 0 
Non-reductive gearbox  1 0 0 
Weight  1 1 1 
 
After applying the Cluster Identification Algorithm (CIA) [7], we determine the matrix of 
functional, structural and overall similarity: 

Table 7. The structural similarity matrix. 

 DCC  DCP  HGT  BTX  BRC  BRT  PTB  CLK  THX  TKX  CDL 
DCC  4  4  2  2  0  0  0  0  0  0 
DCP  4  4  2  2  0  0  0  0  0  0 
HGT  4  4  2  2  0  0  0  0  0  0 
BTX  2  2  2  0  0  0  0  0  0  0 
BRC  2  2  2  0  2  1  0  0  0  0 
RT  0  0  0  0  2  2  0  0  0  0 
PTB  0  0  0  0  1  2  1  0  0  0 
CLK  0  0  0  0  0  0  1  1  0  0 
THX  0  0  0  0  0  0  0  1  0  0 
TKX  0  0  0  0  0  0  0  0  0  2 
CDL  0  0  0  0  0  0  0  0  0  2  
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Table 8. The functional similarity matrix. 

 DCC  DCP  HGT  BTX  BRC  BRT  PTB  CLK  THX  TKX  CDL 
DCC  1  1  0  1  0  0  0  0  0  0 
DCP  1  1  1  0  0  0  0  0  0  0 
HGT  1  1  1  1  0  0  0  0  0  0 
BTX  0  1  1  1  0  0  0  0  0  0 
BRC  1  0  1  1  1  0  0  0  0  0 
RT  0  0  0  0  1  1  0  0  0  0 
PTB  0  0  0  0  0  1  1  0  0  0 
CLK  0  0  0  0  0  0  1  1  0  0 
THX  0  0  0  0  0  0  0  1  0  0 
TKX  0  0  0  0  0  0  0  0  0  1 
CDL  0  0  0  0  0  0  0  0  0  1  

  

Table 9. The general similarity matrix. 

 DCC  DCP  HGT  BTX  BRC  BRT  PTB  CLK  THX  TKX  CDL 
DCC  5  5  2  3  0  0  0  0  0  0 
DCP  5  5  3  2  0  0  0  0  0  0 
HGT  5  5  5  3  2  0  0  0  0  0  
BTX  2  3  3  1  0  0  0  0  0  0 
BRC  3  2  3  1  3  0  0  0  0  0 
RT  0  0  0  0  3  3  0  0  0  0 
PTB  0  0  0  0  0  3  2  0  0  0 
CLK  0  0  0  0  0  0  2  3  0  0 
THX  0  0  0  0  0  0  0  3  0  0 
TKX  0  0  0  0  0  0  0  0  0  3 
CDL  0  0  0  0  0  0  0  0  0  3  

  
All the mechanical details of the designed machine are listed in the table below with the 
majority of standardized details available for easy purchase: 

Table 10. Standardized details available for easy purchase. 

Mechanical details Design for selection 
Design for 

manufactering 
3-phase motor  •  
Cylinder  •  
Roller bearings  •  
Position sensors  •  
Solenoids  •  
Chain transmission  •  
Belt transmission  •  
Gearbox  •  
Differential gearbox  •  
Spur gear transmission  •  
Bevel gear transmission  •  
PLC  •  
Flow control valve  •  
Pneumatic system  •  
Roller  • 
Quantitative cup  • 
Hopper  • 
Keys  • 
Machine frame  • 
Machine chariot  • 
Shafts  • 
Driver •  
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3 Conclusion 

The results of the paper illustrate that with the helping of modularity design method, the 
designer could perform his complicated works of design a machine that is efficiency 
respond all the technical demands, product quality and reliability, easy maintenance and 
logical price that could have a great competition. With the modular design, most of the 
clusters are designed for selection (purchasing from market), only seven parts are designed 
for manufacturing by our-self. 
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