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Abstract. In this study, solid biomass is gasified in fluidized-bed reactors, 
to investigate the effect of various means on syngas composition, 
especially for enhancing hydrogen content in the production gas. 
Conventionally, air is supplied to the reactor as gasification medium, 
which inevitably results in a high nitrogen content in the syngas. 
Alternatively, steam or oxygen-rich gas can be supplied to improve the 
syngas characteristics. On the other hand, a so-called “indirect gasification 
technology” realizes the whole conversion processes in dual reactors, for 
combustion and gasification, respectively; moreover, solid materials are 
circulated through two reactors, while gaseous streams in between are 
separated from each other. Hence, this system features the advantage of 
producing near nitrogen-free syngas in the gasifier, with air as oxidant in 
the combustor. Baseline experiments with various operating parameters, 
including air equivalence ratio (ER) and temperature, were firstly 
performed in a 30 kWth bubbling fluidized-bed gasifier; then, trial tests 
were conducted with the aforementioned operational and constructional 
factors. The preliminary test data show positive trends for the enhancement 
of hydrogen generation via biomass gasification. Further efforts will be 
pursued to establish a data base, which would be beneficial to extensive 
researches on clean energy and carbon abatement technologies. 

1 Introduction  
With the ambitious goal set by the “Paris Agreement,” which aims at a level even below 

2DS (two-degree scenario), a large amount emission of greenhouse gas (GHG), 
predominantly carbon dioxide (CO2), caused by anthropogenic impacts has been an 
environmental issue around the globe for the climate change. However, increased 
concentrations of CO2 in the environment are inevitable unless energy systems reduce the 
carbon emissions to the atmosphere. Decarbonizing the energy systems is a daunting 
challenge in the 2DS. It is essential to pursue follow-up efforts for energy utilization with 
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lower carbon and pollutant emissions, as well as mitigate GHG emissions from the 
viewpoints of sustainability, which requires various portfolios. Furthermore, biomass can 
further reduce the carbon dioxide emission, due to the feature of carbon neutral. Hence, 
clean utilization of biomass via gasification technology is developed in this work. 

Gasification technology is a kind of thermo-chemical process for converting 
carbonaceous feedstock to syngas, mainly consisting of CO, H2, CO2, H2O, CH4, etc., 
which can be further utilized in various application processes to meet the multiple energy 
and resource demands from the industry [1]. Gas generated from gasification process, 
dominantly CO and H2, can be further converted to chemical products and liquid fuel after 
clean-up processes; while some carbon could be fixed in the chemical products or separated 
in the processes as requested from end applications, of which the feature results in lower 
CO2 emission. Syngas could also be delivered to combined-cycle for generating electricity, 
so that the system efficiency is increased and pollutant emission is decreased. 

Fluidized bed is one of the major platforms of biomass gasification. It utilizes 
gasification-medium (air, steam, CO2 etc.) through the solid particles and makes them 
behave like fluid flow. Furthermore, there are some advantages when implementing 
fluidized bed for gasification, e.g., lower pollution, high efficiency and flexible feedstock 
[2-4]. Conventionally, air is supplied to the reactor as gasification medium, which 
inevitably results in high nitrogen content in the syngas. Alternatively, steam or oxygen-
rich gas can be supplied to improve the syngas characteristics.  

On the other hand, a so-called “indirect gasification technology” realizes the whole 
conversion processes in dual reactors, for combustion and gasification, respectively; 
moreover, solid materials are circulated through two reactors, while gaseous streams in 
between are separated from each other (Fig. 1). Hence, this system features the advantage 
of producing near nitrogen-free syngas in the gasifier, with air as oxidant in the combustor. 

 

 
Fig. 1. Conceptual sketch of indirect gasification technology and application. 

 
A comprehensive review on dual fluidized-bed (DFB) biomass gasifiers has been 

published in the literature [5]. A description of the gasifiers operated today is given, e.g., in 
Europe (TU Wien and Güssing in Austria [6] and ECN in The Netherlands [7]), and in 
Japan (IHI Co. [8], EBARA [9]). Biomass gasification with pure steam in a fluidized bed 
may generate a gasification gas with 60 vol % H2 (dry basis). Thus, a gasification gas that is 
very rich in H2 and with relatively low tar content, for which steam reacts with tar 
compounds, currently can be obtained, via biomass gasification with pure steam. This 
concept is also suitable for Bio-SNG production [10]. 
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very rich in H2 and with relatively low tar content, for which steam reacts with tar 
compounds, currently can be obtained, via biomass gasification with pure steam. This 
concept is also suitable for Bio-SNG production [10]. 

Interconnected fluidized bed (IFB), regarded as an alternative type of reactor for 
circulating operation, configures the reactor vessel and associated piping into integrated 
compartments, which facilitate solid circulation through the beds and enhance the system 
performance. With higher solid circulating rates and less particle attrition, IFB has been 
developed as a new application for many particle operations on physical and chemical 
processes.  

Originally, Kunii proposed a conceptual design of a new compact fluidized-bed reactor 
combined with gasification and combustion processes 1980 [11]. In 1990’s, the concept to 
develop the applications of the interconnected fluidized bed, such as the regenerative 
desulfurization process [12 - 15], has been realized at Delft University of Technology 
(DUT) in the Netherlands. In 2004, Wu et al. at Industrial Technology Research Institute 
(ITRI), Taiwan constructed a 200 kWth interconnected fluidized bed gasification test 
facility to carry out gasification of refuse derived fuel (RDF) to obtain the performance 
information for future development [16]. 

Figure 2 shows the configuration of an interconnected fluidized bed [16]. The IFB 
system consists of four fluidization compartments, for which two dense-phase beds and two 
lean-phase beds are alternatively connected by weirs and orifices, respectively. The two 
lean-phase beds denote gasification zone and combustion zone, respectively. The two 
dense-phase beds denote the piping and feature to prevent the gas penetration from one 
lean-phase bed to another one. Hence, the gas in the gasification zone and combustion zone 
is individually isolated. The solids within the dense-phase bed flow with a lower velocity 
through the orifice into the lean-phase bed, and then ascend with a higher velocity over the 
weir into another dense-phase bed.  

 

 
Fig. 2. Configuration of an interconnected fluidized bed. 

 

2 Experimental  
In recent years, research on mitigating greenhouse gas emissions and sustainable clean coal 
technologies has been undertaken at the Institute of Nuclear Energy Research (INER) in 
Taiwan, together with cooperative research teams at National Chung Hsing University 
(NCHU). In summary, this work acquires preliminary results for the gasification of 
Eucalyptus, and further efforts will be pursued to establish a data base for gasification 
reaction performance and optimal operating parameters, which would be beneficial to 
extensive researches on clean energy and carbon abatement technologies. 

2.1 Feedstock  
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In this study, there are two types of feedstock used in gasification, i. e., Eucalyptus wood 
chips and mixed wood pellet. The feedstock size is smaller than 7 mm. Other feedstock 
properties are shown in Table 1. 
 

Table 1. Feedstock property analysis. 

Ultimate analysis (wt. %, daf *)： 
 C H O N S 
Eucalyptus 49.07 4.92 44.94 0.27 0.16 
Mixed Wood Pellet 49.52 6.26 43.50 0.72 0.0 
Proximate analysis (wt. %, a.r.*)： 
 Moisture Ash Combustible 
Eucalyptus 11.48 0.56 85.9 
Mixed Wood Pellet 9.95 1.02 88.29 
Heating value (HHV, MJ/kg, a.r.) 
Eucalyptus 17.34 
Mixed Wood Pellet 17.69 

*daf: dry ash free    a.r.: as received 

 

2.2 Platform  

As a start-up effort, a 30 kWth bubbling fluidized-bed (BFB) gasification system has been 
commissioned; then, the facilities is extended to circulating fluidized-bed (CFB) mode. 
Later, construction efforts of various dual fluidized-bed (DFB) reactors are in progress. 

2.2.1 Solo fluidized bed 

Figure 3 shows the 30 kWth bubbling fluidized-bed gasification system, consisting of the 
feeding system, gasification chamber, air supply system, syngas cleaning system, tar 
sampling unit and syngas analysis system [17]. This gasifier is made of SUS310 stainless 
steel with an internal diameter of 6.2 cm in the bed region and total height of 580 cm, 
enclosed by insulating material of ceramic fibre to shield the heat loss and supplemented by 
an electric heating system for controlling experimental condition. Silica sand with 2.6 
g/cm3 in density and 505μm in average particle size were used as bed material. 
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Fig. 3. The 30 kWth bubbling fluidized-bed gasification system. 

 
Syngas analysis system includes online analysis and batch system. The online analysis 

system is manufactured by Siemens, showing the content of CO, CO2, O2, H2 and CH4 
during the experiment, which displays the timing for sampling the tar and syngas.  

2.2.2 Interconnected fluidized beds 

Both the cold model and hot model of IFB were commissioned. The former is to investigate 
hydrodynamic behavior [18], while the latter is for characteristics of thermos-chemical 
conversion [19]. Figure 4 presents the schematic of a 20 kWth IFB gasification system. 
Steam generator will be equipped for further study of steam gasification in the future. Two 
bed materials were adopted in the study: the first one is silica sand, which is for operation 
in typical gasification; while the other one is ilmenite, which can release oxygen to 
investigate the effect on syngas compositions.. 

 

 
Fig. 4. The 20 kWth IFB gasification system. 
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2.2.3 Dual fluidized beds 

Indirect gasification can achieve nearly nitrogen-free syngas without using air separation 
unit (ASU) for generating pure oxygen or oxygen-rich stream. At present, a cold flow 
model was designed by referring to the actual size of the 100 kWth dual fluidized beds, and 
operating based on dimensionless analysis. The apparatus of the cold model has thirteen 
pressure gauges which located on the two fluidized-bed reactor as well as the upper and the 
lower loop seals (Fig 5(a)). The test results were recorded by the instrument equipped. The 
main body of the cold model was constructed by acrylic material (Fig 5(b)). The 
characteristics of cold model provide the building blocks for the DFB hot model currently 
under commissioning at INER. 

 

              
 

Fig. 5. The cold model of DFB gasification system: (a) Sketch of the cold model and the location of 
the pressure transmitters (P1~P13), and (b) the photo of the test apparatus. 

 
The physical property of the bed material (olivine) and of the exhaust gas/product 

syngas in the hot mode reactor are listed in Table 2, at the CRH (combustion reactor) and 
GRH (gasification reactor) columns, respectively. Farrel's proposed that dimensionless 
group, e.g., De, Ar, Fl, Gs*, Fr and Rep, were could be calculated using these parameters in 
combination with the size of the cold model [20]. However, due to two degrees of freedom 
(i.e., U and Gs), only two dimensionless group values (Fl and Gs*) can be the same as (or 
close to) the hot model. Hence, the glass beat was selected as bed material in cold model. 

Further analysis of the characteristics of the system, the average pressure distribution 
pattern is similar to that of the published literature [6]. The pressure distribution data are 
under analysis processes, and will be presented in the further study. 

Both IFB and DFB have key features of two independent reaction zones with the gases 
being isolated. It is easy to adopt steam as gasification medium to generate nitrogen-free 
syngas. Steam is generally used in industry and is relatively cheaper compared with oxygen 
as gasification medium. But, steam-blown gasification reactions are endothermic and result 
in a requirement of an external heat source. The external heat is provided by the bed 
material that is circulating between the two beds. Adopting IFB to apply in steam 
gasification is a new concept and is still in the early stage of development. Thus, the hot 
model of IFB is using air as gasification medium in the first stage, to simplify the 
experimental procedure. The experimental data are used as the base case to make 
comparison with those of steam gasification in the further study. On the other hand, DFB 
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has been well employed in the steam gasification, and is introduced in the study to make 
comparison with IFB in the future.           

     

Table 2. The results of dimensionless analysis. 

CRH GRH

Bed Material Olivine Glass Olivine Glass
ηG Pa s 4.50E-05 1.83E-05 3.59E-05 1.83E-05
ρG kg m-3 0.29 1.15 0.20 1.15
U m s-1 9.20 3.06 0.66 0.19
ρP g cm-3 2.85 2.42 2.85 2.42
d P μm 520.00 200.00 520.00 200.00
Ф - 0.80 0.80 0.80 0.80
D mm 102.30 102.30 270x270 270x270
G S kg m-2 s-1 42.24 11.85
De ρP/ρG 9796.98 2095.53 14103.04 2095.53
Ar dp3*ρg*(ρs-ρg)*g/μ2 564.21 652.06 616.49 652.06
Fl U /umf 120.45 130.00 6.88 8.00
GS* G Sρp

-1 U -1 1.61E-03 1.60E-03
Fr U 2/g dp 16608.26 4780.76 85.32 18.10
Rep 30.93 38.58 1.93 2.37
Ar1/3 8.26 8.67 8.51 8.67
U* Rep/Ar1/3 3.74 4.45 0.23 0.27
Q o m3/h 272.22 90.58 173.05 49.44
m s kg h-1 1250.00 350.72

CRC GRC

 

 

3 Results and Discussion 

3.1 Baseline performance characteristics  

The baseline gasification experiments were performed in the 30 kWth bubbling fluidized-
bed gasification system as shown in Figure 3, to investigate the effect of various operating 
parameters, including air equivalence ratio (ER) and temperature. The equivalent ratio (ER) 
is defined as the actual air-fuel ratio to stoichiometric air-fuel ratio. There are three 
equivalent ratio (ER=0.2, 0.3 and 0.4) and three experimental temperature (700, 800 and 
900°C) as the experimental conditions in this study. 

 The effect of ER on CO and H2 content in the syngas of Eucalyptus wood chips 
gasification are presented as contours in Figure 6. It is shown that CO and H2 increased as 
ER decreased. As ER increasing, more air is supplied to the gasifier; according to Le 
Chatelier’s Principle, whole gasification would tend to oxidation. Also it enhances the 
burning of char to generate CO2 with the compensation of product gas such as H2, CO and 
CH4. As a result, there are more CO2 while less H2 and CO when the ER is increased. The 
trends are all consistent with previous research [21 - 23]. 
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Fig. 6. Contours of CO and H2 [%] in the syngas of Eucalyptus gasification. 

 
Temperature is another important parameter in gasification. When the temperature 

ascends, CO and H2 increase, which is consistent with the results of previous studies [24, 
25]. Higher temperature promotes some endothermic reaction, like Boudouard 
reaction(C+CO2→2CO) and water gas reaction (C+H2O→CO+H2, C+2H2O→CO2+2H2), 
to produce more CO and H2. On the other hand, CO/CO2 ratio will be higher as temperature 
increases. When temperature is higher than 830°C, the Boudouard reaction will have more 
effect than the water gas reaction [26].  

3.2 Influence of gasification medium  

As mentioned before, air is usually supplied to the reactor as gasification medium for 
simplicity and cost reasons, which in turn results in high nitrogen content in the syngas. 
From operational viewpoints, alternative media, e.g., steam or oxygen-rich gas, can be 
implemented to improve the syngas characteristics. 

 Two trial tests were conducted to verify the above scenarios. The first case is to address 
the influence of steam. The reference case in Fig. 7 was carried out under the following 
operating conditions: feedstock mass flow rate 2 (kg/h), temperature 900°C and ER 0.3. For 
comparison, an additional stream of steam to fuel ratio (kg/kg) SF = 0.4 was injected to the 
reactor. Although the steam temperature was substantially lower, due to equipment 
limitation, than that in the reactor, it is clearly seen that hydrogen generation is enhanced. 
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Fig. 7. Comparison of syngas composition with various gasification media. 

 
Oxygen-rich gas is another candidate for enhancing hydrogen generation. Again in Fig. 

9, the reference case was carried out under the following operating conditions: feedstock 
mass flow rate 4 (kg/h), temperature 900°C and ER 0.3. Then, the oxygen content was 
increased to 35%; as a consequence, hydrogen generation is enhanced as well. 

3.3 Effect of indirect gasification  

Figure 8 presents the effect of indirect gasification on syngas composition. The experiments 
were carried out under the following operating conditions: feedstock mass flow rate 2 
(kg/h), temperature 900°C and ER 0.2. Since IFB features nearly zero N2 environment in 
the gasifier when steam is used as gasification medium, the composition of syngas is 
presented as N2-free condition for the cases of air as gasification medium from the current 
test rig in Fig. 4, to make convenience for comparing with steam counterpart in the further 
study. For fair comparison, the BFB data were adjusted to the same condition. It is seen that 
IFB exhibits potential for enhancing hydrogen generation, based on the preliminary trial. 
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Fig. 8. Effect of indirect gasification on syngas composition (N2-free): BFB vs. IFB. 

3.4 Effect of chemical looping gasification  

On the other hand, chemical looping process (CLP) is an enabling technology for advanced 
CO2 separation option with great potential, which realizes the looping of solid materials 
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4 Conclusions 
Gasification experiments of biomass were performed in various fluidized-bed reactors to 
investigate the potential means for the enhancement of hydrogen generation. The 
preliminary test data show positive trends for the experiments conducted with the 
aforementioned operational and constructional factors. Further efforts will be pursued to 
establish a data base for gasification reaction performance and optimal operating 
parameters. The outcome would be beneficial to extensive researches on clean energy and 
carbon abatement technologies. 
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Abstract. Two major points in supercritical hydrothermal combustion
were reviewed:(1) The structure of semi-batch reactors or continuous
reactors used in different institutes and colleges. These investigations can
be used to guide the design of reactors for later scholars and lay the
foundation for the industrialization of supercritical hydrothermal
combustion. (2) The research status of characterization of hydrothermal
flame processes by various scholars. These investigations can be used to
guide the process parameters of industrialization of supercritical
hydrothermal combustion. The continuous reactor designed in each
organization is very sophisticated, which can avoid the two major
problems of reaction in the supercritical state: salt precipitation and
corrosion. The ignition temperature, extinction temperature, and other
characteristics of supercritical hydrothermal combustion studied by
scholars are summarized and the laws are basically similar. The removal
rate of different organic matters was also summarized under supercritical
hydrothermal combustion, and the removal rate of more than 99% was
basically achieved.

1 Introduction
Supercritical water(SCW) refers to water in the environment where both temperature and
pressure are above its critical point(T>374°C, P>22.1MPa). Supercritical water has special
physical and chemical properties such as high diffusivity, low density, low viscosity, low
dielectric constant and small amount of hydrogen bonds. Therefore, a satisfactory reaction
environment is provided. Supercritical hydrothermal combustion means (SCHC) that in
supercritical water, the fuel above a certain concentration reaches the ignition point, and the
fuel is ignited with the phenomenon of “water-fire compatibility”. Supercritical
hydrothermal combustion was first proposed by Franck[1,2] and his colleagues in 1987. For
more than 30 years, the University of Valladolid (Uva), Swiss Federal Institute of
Technology Zurich(ETH), Xi'an Jiaotong University (Xjtu), Karlsruhe Institute of
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Technology (KIT) and others research institutes have conducted extensive research on
supercritical hydrothermal combustion.

Supercritical hydrothermal combustion is a special supercritical water oxidation process
which was firstly proposed by Modell[3], and different scholars gave similar views to judge
whether there is severe supercritical water oxidation — supercritical hydrothermal
combustion. Provided that the reactor is equipped with a visualization window of sapphire
or quartz glass, it can be directly observed whether there are hydrothermal flames in the
reactor. The supercritical hydrothermal combustion research results on coal of Ma[4]
represent that when the surface temperature of coal particles is much higher than the
temperature of the surrounding fluid (generally the surface temperature of the particles is
more than 800 ℃), it is taken into account that the supercritical hydrothermal combustion
reaction of coal occurs. Zhang[5] believes that supercritical hydrothermal combustion
occurs when the temperature of fluid in the reactor rises sharply (at least 100 ℃ /min).
Augustine[6] believes that the hydrothermal flame which operates in a regime of thermal
runaway has the features of extremely fast reaction rates(with residence times being only
10–100ms) and high temperatures(usually more than 1000 °C).

Supercritical hydrothermal combustion has other advantages over flameless
supercritical water oxidation. Supercritical hydrothermal combustion can be used to solve
two of the major obstacles confronting the practical application of SCWO to the treatment
of hazardous, toxic, or non-biodegradable aqueous organic waste streams—metal corrosion
at high temperature and plugging of the reactor due to precipitating salt solids[6]. As an
example, the temperature in the local high temperature zone possessed by supercritical
hydrothermal combustion is higher than that of the flameless supercritical water, so the
ability to destroy refractory organic matter is stronger. Additionally, supercritical
hydrothermal combustion is more intense than the flameless supercritical water oxidation,
and the residence time of supercritical hydrothermal combustion is generally less than 1 s.
Moreover, the fast reaction makes the reactor size smaller and the cost less. Therefore, it is
easier to industrialize and more economical.

At present, scholars' research on supercritical hydrothermal combustion focuses on
flame characteristics: ignition temperature, extinction temperature, flame temperature,
flame height (diameter), the total organic carbon (TOC) removal rate of organic matter or
waste and the design of the reactor.

2 Reactor designed by different organization
Reddy[7] proposed that hydrothermal flames are divided into premixed flames and
diffusion limited flames. According to the feed flow rate (usually depends on Reynolds
number), hydrothermal flames can also be divided into laminar hydrothermal flames and
turbulent hydrothermal flames. The types of hydrothermal flames can be seen in Figure 1.
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Fig. 1. The types of hydrothermal flames: (1) laminar flames in semi-batch reactor, (2) turbulent
flames in semi-batch reactor,(3) laminar flames in continuous reactor(premixed),(4) turbulent flames
in continuous reactor(premixed), (5) laminar flames in continuous reactor and (6) turbulent flames in
continuous reactor

There are two types of reactors for supercritical hydrothermal combustion: semi-batch
reactors and continuous reactors. The semi-batch reactor means that the inside of the
reactor is flooded with fuel, and thereafter the oxidant is injected into the reactor through
the nozzle, and the fuel is ignited once the inside of the reactor satisfies the hydrothermal
flame ignition condition. The flame is extinguished as the internal fuel gradually decreases
until it is exhausted. Continuous reactors mean that fuels and oxidants are injected into the
interior of the reactor at the same time, and hydrothermal flames are ignited once the inside
of the reactor satisfies certain conditions. In theory, the injection of fuel and oxidant is not
stopped, and the flame will not be extinguished.

Continuous reactors are divided into three main types: transpiring wall reactor (TWR),
wall-cooled hydrothermal burner (WCHB) and tubular reactor. Subcritical water which can
form a thin water film is injected into micropores on the inner wall of TWR. The thin water
film prevents corrosive substances from coming into contact with the wall and dissolves
salts. The wall of the WCHB is cooled with cold water to prevent high-temperature
corrosion. The place where the cold water is in contact with the supercritical water can
lower the temperature and redissolve the inorganic salt to prevent salt deposition.

2.1 Semi-batch reactor

Reactor studies began with semi-batch reactors. The semi-batch reactor used in the Sandia
National Laboratory in the United States can be seen in Steeper et al [8]. Steeper uses a
14.7 mL reactor to prefill water and methane (or methanol) in a supercritical state, and then
inject oxygen from the bottom import. Thereby, the process of the hydrothermal flame from
ignition to extinction is obtained, and the ignition characteristic curve of methane and
methanol is obtained. The device has three sapphire windows, with the right side being the
incident laser port, the left side being the transmitted laser port, and the top being the
scattered light collection port. The device can therefore identify the indoor components as
well as the fuel concentration by using Raman scattering.

The semi-batch reactor used at McGill University can be seen in sobhy et al [9], with a
reactor’s volume of 15 mL. Sobhy first injects the methanol solution into the reactor
through the test fluid loading port. Once the internal pressure of the reactor reaches 23 MPa,
it is heated to 400 ℃. Afterward, 400 ℃ of dry air is injected into the reactor through the
air injection nozzle to generate a hydrothermal flame. The hydrothermal flame can be
observed through the sapphire window port, or the hydrothermal flame image can be

3

E3S Web of Conferences 83, 01002 (2019) https://doi.org/10.1051/e3sconf/20198301002
HEET 2018



obtained by infrared imaging. Sobhy obtained the destruction efficiency of naphthalene
under hydrothermal combustion conditions by this device.

.2 Continuous reactors

The Federal Institute of Technology in Zurich, Switzerland, began research on supercritical
hydrothermal combustion in 1996. The research team designed a TWR and WCHBs. The
WCHBs has four generations[10-12], and first three generations are similar in structure.

The water and fuel of the first generation WCHB[10] are injected from the middle lower
port, and oxygen is injected into the burner from the side annular port to ignite, while the
subcritical water is injected from the outer ring of the burner to cool the burner wall. The
product is discharged from the upper port. This generation has two sapphire window ports
at the end of the burner, which can see the process of the hydrothermal flames from ignition
to extinction. The second generation is similar in structure to the first generation, but the
length of the burner is longer, while the sapphire window port is increased from 20mm to
165mm. In comparison with the first generation, the third generation moved the inlet and
burner from below to the top, while the sapphire window ports increased from two to four
and the length increased from 20mm to 85mm. The hydrothermal combustion reaction in
the combustion chamber can be observed from all directions.

The fourth generation WCHB[12] is a combination of a coaxial and a radial nozzle
where the fuel is injected at 30° with respect to the oxygen flow and produces the turbulent
flame. Main volume of the reactor is 5.83L. In addition, inside the combustion chamber is a
heating coil that uses electricity to ignite the hydrothermal flame. This is also the focus of
ETH's recent research.

The TWR of the Swiss Federal Institute of Technology in Zurich can be seen in Wellig
et al[13]. The fuel is injected from the upper center, and the first oxygen is injected into the
burner from the outer ring of the fuel port to ignite. The waste water is injected from the
outer ring of the burner, and the second oxygen is injected from the outermost ring to the
supply oxygen. The lower part of the reactor is a transpiring with four transpiring wall ports
for supplying subcritical water to form a thin water film, which not only prevents salt from
depositing on the wall, but also prevents high temperature corrosion substances generated
by the reaction from contacting on the wall. In addition, since there are four transpiring wall
ports, it is easy to install temperature measurement points. The device can also just preheat
wall water, fuel and air, and these substances are less corrosive.

The University of Valladolid designed some reactors. The WCHB which can be seen in
Bermejo et al[14] designed by the team has a structure that exchanges heat between the
internal high-temperature heat source and material. A salt precipitation chamber below
ensures that the mixer is not clogged, while a long reaction chamber passage extends the
reaction time. Additionally, it is safe for the reason that pressure shell is far away from
reaction chamber at high temperature.

Another WCHB was designed by the University of Valladolid, which can be seen in
Cabeza et al[15]. The reactor uses cooling water to cool the wall between internal wall and
external wall. Feed flow and air are premixed in internal wall and then react in reaction
chamber. The reaction product flows out from bottom. This reactor is characterized by its
simple structure.

The University of Valladolid also designed a TWR with a volume of 6.3L, which can be
seen in Bermejo et al[16]. The reactor consists of stainless steel and the clean transpiring
water circulates around the porous wall to protect the wall from corrosion and salt
deposition. Similar to the WCHB mentioned before, the feed flow and air are premixed in
static mixer and then react in reaction chamber. The reaction products also flow out from
bottom. The characteristics of the reactor is that pressure shell which bears pressure is
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separated from reaction chamber which bears high temperature. Therefore, the structure is
safer.

China's Xi'an Jiaotong University began research on supercritical hydrothermal
combustion in 2005 and designed a multi-functional supercritical hydrothermal combustion
reactor, as shown in the following figure 2. The reactor has an inner cylinder which can be
replaced by transpiring wall or cooled wall. Inside the inner cylinder is a combustion
reaction chamber with a fuel inlet, a waste inlet and an oxidant inlet. There are four
thermocouples on the upper and lower sides to measure the internal temperature. The outer
wall is a pressure-bearing wall, and there are three ports on the wall. If the inner cylinder is
a cooled wall, the upper left port is blocked, the water is poured from the lower port, and
the upper right port is discharged. If the inner cylinder is a porous transpiring wall, the
lower port is blocked, and water is supplied from the upper two ports, which mixed with the
liquid inside the burner through the transpiring wall, and then discharged through the
bottom outlet.

Fig. 2. Xi'an Jiaotong University multi-function reactor[17]

Shandong University also designed a 1.8L transpiring wall reactor which can be seen in
Zhang et al[5] for hydrothermal combustion experiments. The reactor they designed was
similar to the reactor at ETH. Using a retaining ring, the porous wall is divided into two
zones, and the transpiring water can pass through the transpiring wall at different
temperatures and flow rates. In addition, the fuel, the oxygen and the auxiliary heating
fluid were injected from the coaxial nozzle, and therefore the oxidation coefficient and fuel
concentration can be changed at any time during the experiment. Zhang used the reactor to
test the ignition temperature and the extinction temperature under different flows conditions.

3 Characterization of hydrothermal flame processes

.1 Ignition temperature

Ignition temperature is the lowest temperature at which a hydrothermal flame ignites at a
certain supercritical pressure and fuel concentration. Some scholars have conducted
experimental studies on the relationship between pressure and ignition temperature. As
shown in figure 3 and figure 4, Schilling[2] used a semi-batch reactor to measure the
ignition temperature of methane at different pressures. The fuel was 30mol% of methane,
and the oxidant was pure oxygen. It was found that when the pressure increased from 20
MPa to 100 MPa, the ignition temperature was reduced just from 420 ° C to 400 ° C.
Steinle[18] also studied the ignition temperature of 30mol% methane in a semi-batch
reactor, but he used air as an oxidant and found that when the pressure increased from 32
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MPa to 100 MPa, the ignition temperature decreased from 420 ° C to 395 ° C. Hirth[19]
used a semi-batch reactor to measure the ignition temperature of different concentrations of
methane at different pressures. The fuel was methane and the oxidant was pure oxygen. It
was found that the pressure increased from 30 MPa to 100 MPa and 30mol% methane
ignition temperature was reduced from 425 ° C to 390 ° C. The results of the three scholars
had shown that the increase in pressure is conducive to the reduction of the ignition
temperature.

The scholars also conducted an experimental study on the relationship between the
concentration of fuel and the ignition temperature. Hirth found that if the pressure was
unchanged at 60 MPa, the methane concentration increased from 10mol% to 30mol%, and
the ignition temperature was reduced from 500 °C to 410 ° C; if the holding pressure was
unchanged at 73 MPa, the methane concentration was increased from 5mol% to 20mol%,
and the ignition temperature decreased from 450 ° C to 350 ° C. Steeper[8] studied the
ignition characteristics of not only methane, but also methanol. Using pure oxygen as the
oxidant, he found in a semi-batch reactor at a reaction pressure of 27.5 MPa, when methane
was increased from 5mol% to 12mol%, the ignition temperature decreased from 480 °C to
380 °C; when methanol was increased from 6mol% to 36mol%, the ignition temperature
decreased from 475 ° C to 405 ° C. The experimental results of Sobhy[9] showed that under
the condition of 23 MPa, air as an oxidant, the concentration of methanol increased from
11.2 mol% to 32.3 mol%, and the ignition temperature decreased from 400 °C to 350 °C.
Experiments conducted by Reddy[20] showed that under the pressure of 22.5 MPa, air as
an oxidant, the concentration of n-propanol increased from 0.7mol% to 1.9mol%, and the
ignition temperature decreased from 360 °C to 330 °C. Ren[21] found that the ignition
temperature of 8wt% quinolone is 425 °C in a batch reactor and it decreased to 400 °C
when the quinolone increased to 10wt%. It can be seen that the ignition temperature
decreases as the fuel concentration increases, and the ignition temperature of methane is
lower than that of methanol. In addition, materials of large molecular weight can be ignited
at low molar concentrations.

Fig. 3. Relationship between ignition temperature and pressure of 30mol% methane
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decreases as the fuel concentration increases, and the ignition temperature of methane is
lower than that of methanol. In addition, materials of large molecular weight can be ignited
at low molar concentrations.

Fig. 3. Relationship between ignition temperature and pressure of 30mol% methane

Fig. 4. Relationship between ignition temperature and fuel concentration (semi-batch reactor and
batch reactor)

Other scholars have done experiments on the ignition characteristics of continuous
reactors. As shown in Figure 5, experiments by Narayanan[22] who used WCHB-3 showed
that the ignition temperature of 7.1mol% methanol was 452 °C under the condition of 25
MPa and pure oxygen as the oxidant. The experiment by Weber[23] who used WCHB
showed that under the condition of 25 MPa and pure oxygen as the oxidant, ignition
temperature of 10mol% methanol was 520 °C. Experiments conducted by the WCHB of
Prikopsky[11] showed that 9.7mol% of methanol had an ignition temperature of 410 ° C to
430 ° C when pure oxygen was used as the oxidant. Wellig[10] used the TWR to test the
ignition temperature of methanol. Under the condition of 25 MPa, while the oxidant was
pure oxygen, the methanol concentration was increased from 9.7mol% to 12.3mol%, and
the ignition temperature is decreased from 490 °C to 460 °C. Zhang[5] used the TWR to
measure the ignition temperature of methanol. The oxidant used was oxygen. At 23 MPa,
the ignition temperature of methanol at 4.2mol% was 600 °C, and the ignition temperature
decreased to 460 °C at 7.0mol%. Bermejo[14] conducted supercritical hydrothermal
combustion experiments in a tubular reactor showed that 1.2mol% of isopropanol had an
ignition temperature of 450 ° C when air was used as the oxidant. Serikawa[24] conducted
experiments with supercritical hydrothermal combustion in a pilot scale continuous reactor
showed that at 25 MPa, air as an oxidant, 2mol% of isopropanol had an igniting
temperature of 470 °C. Wellig[13] experimental results on the TWR showed that 9.7mol%
methanol ignition temperature was 472-490 °C, pure oxygen as an oxidant.

It can be seen that a lower IPA concentration can ignite at 450 ° C comparing with
methanol and the ignition temperature of the WCHB and that of the TWR have no obvious
boundaries. In fact, because of the experimental conditions and equipment differences
between experiments conducted by various scholars, it is not meaningful to uniformly
compare the ignition temperature. In addition, different injection flow rates will also affect
the ignition temperature.
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Fig. 5. Relationship between ignition temperature and fuel concentration (continuous reactor)

.2 Extinction temperature

The extinction temperature in supercritical hydrothermal combustion means the minimum
injection temperature of the fuel capable of maintaining hydrothermal flame when a
hydrothermal flame has already been generated in the reactor. Scholars often study ignition
characteristics and extinction characteristics simultaneously in experiments. The study of
extinction temperature can only be carried out in the continuous reactor. As shown in
Figure 6, the experimental results of Wellig's TWR[10] show that under the condition of
25MPa and pure oxygen as the oxidant, 7.1mol% of the methanol extinction temperature
was 373 °C, and when the methanol concentration increased to 17.2mol%, the extinction
temperature decreased to 100 ° C. Another set of experiments by Wellig[13] showed that
when the methanol concentration under the same conditions increased from 3.5mol% to
20.2mol%, the extinction temperature decreased from 444 °C to 25 °C, and the fuel can be
injected at ambient temperature to keep the hydrothermal flame from extinguishing. The
supercritical hydrothermal combustion experiment of WCHB of Weber[25] shows that
under 25MPa, pure oxygen is used as oxidant, when the methanol concentration increased
from 2.3mol% to 15.8mol%, and the extinction temperature decreased from 550°C to
100°C. Zhang's TWR[5] measured that under 23MPa with pure oxygen as oxidant,
methanol concentration increased from 4.2mol% to 7mol%, and the extinction temperature
decreased from 405°C to 301°C. It can be seen that under the same conditions, the
extinction temperature decreases as the fuel concentration increases, and the temperature
can drop to ambient temperature. The form of the reactor (TWR and WCHB) has little
effect on the extinction temperature.
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Fig. 6. Relationship between extinction temperature and fuel concentration

.3 Other flame characteristics

In addition to studying the ignition characteristics and extinction characteristics, scholars
have also studied other flame Characteristics, such as the flame height and the luminance.
The intermittent experimental study by Schilling[2] shows that the increase of pressure will
increase the flame height. Under the condition of pure oxygen as oxidant and 30mol%
methane as fuel, the flame height will increase from 1.2 mm at 30 MPa to 3.7 mm at 200
MPa, and the diameter is kept constant at 0.5 mm. The experiment done by Pohsner[26]
under similar conditions with Schilling shows that at 97 MPa, the flame height is 2 mm and
the diameter is 0.7 mm. He estimated that flame height was related to the nozzle diameter
and pressure of the reactor. Serikawa[24] used a pilot scale continuous reactor to carry out
hydrothermal combustion experiments of isopropanol. It was found that at 25 MPa, 6mol%
of isopropanol showed a light blue color at a 1.1 times oxidation coefficient, and the
maximum temperature was 830 ° C, while at 2.2 times the oxidation coefficient, the flame
is red and the maximum temperature rises to 1100 °C.

3.4 Destruction efficiency
Scholars also studied the destruction efficiency of organic matter in a supercritical
hydrothermal combustion environment. For methanol and methane, Roche[27] found that
removal rate in WCHB was between 80% and 96%, while the residence time was 20ms-
50ms, and the flame temperature was 900-1100 °C. Wellig[10] found that the removal rate
of methanol in TWR exceeded 99.8%, and the residence time was 50ms-100ms.
Príkopský[11] found that the removal rate of methanol in the third generation TWR is
97.85%-99.99%. For isopropanol, Bermejo[14] found that at 450-500 ° C, as the residence
time was less than 0.4 s in continuous reactor, the hydrothermal flame ignited and the TOC
removal rate was more than 99%. Sato[28] found that the removal rate of isopropanol in
continuous reactor at 25 MPa reached 99.98%. Serikawa[24] of Japan conducted a
hydrothermal combustion experiment of dioxins and hexanes with a continuous reactor of
pilot plant under conditions of 25MPa and air as the oxidant. Experimental result shows
that the removal rate of dioxins is higher than 99.9%. Sobhy[9] used a semi-batch reactor at
25 MPa and the oxidant was air for hydrothermal combustion experiments, and found that
the conversion of naphthalene and methanol was as high as 99.9%. Cabeza[29] used a
tubular reactor to carry out hydrothermal combustion experiments to destroy acetic acid and
ammonia respectively and isopropanol was used as fuel. It was found that the TOC removal

9

E3S Web of Conferences 83, 01002 (2019) https://doi.org/10.1051/e3sconf/20198301002
HEET 2018



rate of acetic acid and isopropanol was as high as 99% at temperatures above 750 °C, and
the TOC removal rate of ammonia and isopropanol reached 99%, but the maximum TN
removal of ammonia was never higher than 92%. In another experiment, Cabeza[15] used
the WCHB for hydrothermal combustion experiments to destroy ammonia, while the
temperature was higher than 600 °C and isopropanol was used as an auxiliary fuel. It was
found that the TOC removal rate was up to 99.99%, and the conversion rate of ammonia
nitrogen is higher than 99.9%. If the supercritical hydrothermal combustion experiment of
sludge is carried out with isopropanol as an auxiliary fuel, the TOC removal rate is as high
as 99.5%. It can be seen that under the condition of supercritical hydrothermal combustion,
the removal rate of refractory organic matter is extremely gratifying.

Table 1. Removal rate of organic matter under supercritical hydrothermal combustion conditions.

Author Source Types of
reactor

Organic
matter Removal rate

Roche [27] WCHB Methanol and
methane 80%-96%

Wellig [10] TWR Methanol ＞99.8%

Príkopský [11] TWR Methanol 97.85%-
99.99%

Bermejo [14] Tubular
reactor Isopropanol ＞99%

Sato [28] Tubular
reactor Isopropanol 99.98%

Serikawa [24] Tubular
reactor

Dioxins and
hexanes ＞99.9%

Sobhy [9] Semi-batch
reactor

Naphthalene
and methanol 99.90%

Cabeza [29] Tubular
reactor

Acetic acid
and

isopropanol
99%

Ammonia and
isopropanol 99%

Cabeza [15] WCHB

Isopropanol
and ammonia 99.99%

Isopropanol
and sludge 99.50%

It can be seen from table 1 that under the conditions of supercritical hydrothermal
combustion, the removal rate of most organic matters is above 99% regardless of the
reactor. The refractory organics can be ignited by mixing with the fuel to increase the
removal rate.

Conclusion and outlook
The continuous reactor designed in each organization is very sophisticated, which can avoid
the two major problems of reaction in the supercritical state: salt precipitation and corrosion.
The ignition temperature decreases as the pressure increases and the fuel concentration
increases. The extinction temperature decreases as the fuel concentration increases. The
increase in pressure will result in the increase in the height of the flame. The increase in the
oxidation coefficient results in the increase in flame temperature and the change in flame
colour. The removal rate of different organic matters was also summarized under
supercritical hydrothermal combustion, and the removal rate of more than 99% was
basically achieved.
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It can be seen from table 1 that under the conditions of supercritical hydrothermal
combustion, the removal rate of most organic matters is above 99% regardless of the
reactor. The refractory organics can be ignited by mixing with the fuel to increase the
removal rate.

Conclusion and outlook
The continuous reactor designed in each organization is very sophisticated, which can avoid
the two major problems of reaction in the supercritical state: salt precipitation and corrosion.
The ignition temperature decreases as the pressure increases and the fuel concentration
increases. The extinction temperature decreases as the fuel concentration increases. The
increase in pressure will result in the increase in the height of the flame. The increase in the
oxidation coefficient results in the increase in flame temperature and the change in flame
colour. The removal rate of different organic matters was also summarized under
supercritical hydrothermal combustion, and the removal rate of more than 99% was
basically achieved.

Although the TWR and WCHB designed by various organizations are able to avoid the
two major problems in SCWO, the industrial applications now just use tubular reactors
which cannot avoid the problems mentioned earlier. How to promote the TWR and WCHB
into industrial applications should be the focus of future study.

The supercritical hydrothermal combustion experiments carried out by most scholars are
using alcohol fuels, and the advantages of supercritical hydrothermal combustion removing
refractory organic matters are not demonstrated. The interaction between the refractory
organic matter and fuel in supercritical hydrothermal combustion is also the focus of future
study.
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Abstract. Associated with the rise in energy demand is the increase in the
amount of H2S evolved to the environment. H2S is toxic and dangerous to
life and the environment, thus, the need to develop efficient and cost-
effective ways of disposing of the H2S gas has become all-important. To
this end, a two-step thermochemical H2S splitting cycle is proposed in this
work which does more than just getting rid of the toxic gas but has the
potential to produce valuable H2 gas as well as store the solar heat energy.
Studies have proved that the type of material used, such as metal sulfides,
is critical to the efficiency of this thermochemical splitting process. As
follows, this study focuses on establishing a criterion to aid in selecting
favorable metal sulfides for application and further development in the H2S
thermochemical decomposition sphere. Using a computational approach,
via the HSC Chemistry 8®, evaluations such as the equilibrium yield from
the sulfurization and decomposition reaction steps, the temperature
required for reaction spontaneity, and the Reversibility Index were
determined. Investigations proved that sulfides of Zirconium, Niobium,
and Nickel were auspicious candidates for the thermochemical
decomposition.

Introduction
Hydrogen sulfide, which is naturally present in crude oil and natural gas, is toxic and
considered as a contaminant to the environment. Hydrogen sulfide is usually removed from
petroleum products through the refining of crude oil and sweetening of sour natural gas.
The rise in the global energy demand thereby poses a challenge because meeting this
demand would require increased use of fossil fuels [1], ultimately leading to a rise in the
amount of H2S evolved to the environment [2].

Researchers and corporations have put in a lot of work to bring about ways to reduce
these H2S emissions. The Claus Process, which is the state of the art approach for disposing
of noxious H2S, involves the thermal decomposition of H2S by partial oxidation to produce
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sulfur and water. This process releases a great deal of energy in the form of low-grade
steam, which has relatively low economic value. However, the thermolysis of the noxious
H2S provides a realizable means of deriving higher economic benefits, as hydrogen is
simultaneously generated during this process [3]. This reaction is endothermic having a
potential for improving energy efficiency through storage of heat in the form of Hydrogen
production. The H2 produced can be used in the synthesis of new products,
hydrodesulfurization and hydrocracking processes, and as a fuel source. The reaction for
the thermal splitting is shown below [4]:

H2S g ⇆ H2 g + 1
2 S2 s � � ͵͵͵͵ ��!�� � � 2�͵� ��!�� �1ᑌ

The technical challenge with producing H2 from H2S is that the direct reaction of H2S
decomposition to elemental sulfur is endergonic, thus its equilibrium for the reaction is
unfavourable at all temperatures. Therefore, this process will require free-energy input, e.g.
from heat recovery systems of from the sun, to drive the overall reaction.

To attain higher conversions using realistic reactor sizes and residence times, catalysts
are generally applied to accelerate this kinetically limited process [5-11]. However, the
thermodynamic forces of the thermolysis process are unaffected by the catalysts and
strongly limits the overall process. The equilibrium H2S conversion is about 6 % at 800˚C
under at atmospheric pressure [12], which is too low for an economically viable process. To
overcome this thermodynamic limitation, studies were carried out using catalytic membrane
reactors [13-14]. Despite the fact that very high conversions were obtained using these
membrane reactors, the high cost of implementation accompanying this method, via the
application of metallic hydrogen-permeable membranes, makes it unfavorable.

In the pursuit to establish a comparatively cheap means of attaining high conversions of
H2, a two-step thermochemical closed cycle using metal sulfides was adopted in this work.
The thermochemical approach was used to devise a sequence of easier reaction steps to
accomplish the overall reaction of H2S decomposition. The first step of the H2S
decomposition cycle involves a metal sulfide (MeSlow) sulfurization under H2S atmosphere.
This reaction is usually exothermic and takes place at lower temperatures. While the second
step involves a regeneration of the metal sulfide (MeSlow) under high-temperature
conditions. The cyclic reaction is derived from the Kiuchi-type 1 reaction as shown in the
figure below [15]:

Fig. 1. Two-step thermochemical H2S splitting cycle

The type of metal sulfides used for the H2S splitting cycle is very crucial to process’
efficiency [15-20]. A lot of work has been carried out on the direct thermal splitting of H2S.
However, just a few metal sulfides have been done using the two-step thermochemical
splitting approach of H2S and without any nomination basis for these metal sulfides used
for the experimental studies. As such, the objective of this study is to identify the most
promising candidates (metal sulfides) for the two-step thermochemical H2S splitting cycle,
which can aid in the provision of data and insight for further research and application.
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Methodology
A systematic approach has been developed to achieve a successful material screening
process regarding the thermochemical splitting of H2S. This activity was broken down into
a series of steps:

A) Identification of stable/predominant metal sulfides

First, identification of predominant and stable metal sulfides which exists at the
specified operating conditions was carried out. In addition to acquiring information on the
lower metal sulfides and higher metal sulfides that can be used for further analysis,
knowledge on the metal sulfide reaction systems which have only one stable phase is
obtained. These single-stable phase sulfides are not suitable for the two-step
thermochemical cycle. Thus, this process helped in sieving out unsuitable metals prior to
any further investigations.

A quick estimate of the phase stability of these metal sulfides was determined
computationally using the Temperature-Partial Pressure (TPP) module of the HSC
Chemistry 8.0®. Since thermodynamic stability occurs when a system is in its lowest
energy state, the module aided in determining the phase stability based on the minimum
Gibbs energy.

Identification of the stable higher sulfide phase was executed under isothermal
conditions (25˚C), with the partial pressures of H2 and H2S ranging from 0.1 to 1 bar.
During the regeneration step, H2S and H2 are not present, thus, the assumption that the
partial pressures of these components tend to zero. Identification of the stable lower sulfide
phase was carried out under isothermal conditions (800˚C), with the partial pressures of S2
ranging from 0.1 to 1 bar.

B) Thermodynamic parameters determination

The predominant lower and higher metal sulfide phases recognized in the previous step
was then applied in the Reaction Equation module of the HSC Chemistry 8.0® to determine
thermodynamic properties describing the state of the heterogeneous reaction systems. The
Enthalpy, Entropy, and Gibbs free energy were determined, providing more insight into the
nature of the two-step cycle. The required input is the stoichiometric reaction equation for
the sulfurization and regeneration reactions of the thermochemical H2S splitting cycle at the
appropriate operating conditions.

C) Equilibrium amount of reaction products

The multi-component equilibrium compositions for the reaction system were
determined using the Equilibrium module of the HSC Chemistry 8.0®. The GIBBS solver,
which makes use of the Gibbs energy minimization method, was applied via the
Equilibrium module to calculate equilibrium amounts of reaction products using previously
determined thermodynamic parameters. This was used to determine the equilibrium amount
of the H2 evolved and higher metal sulfide produced in the first sulfurization step, and the
equilibrium amount of sulfur evolved and lower metal sulfide regenerated in the second
step of the thermochemical H2S splitting cycle.

To achieve accurate equilibrium results, the potentially stable phases for the
heterogeneous system must be considered. This was achieved in the first step using the
Phase Stability Diagram module. The appropriate number of moles of raw materials for the
reaction was considered, estimated stoichiometrically, using a basis of 1 kmol. The
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temperature for the two-step reaction of the thermochemical cycle was set at 25˚C for the
sulfurization step, and 800˚C for the regeneration step, under isobaric conditions of 1 bar.

Aided by the three steps above, key parameters, as shown in Fig. 2, were determined to
serve as performance yardsticks to guide in the selection of metal sulfides for the H2S
thermochemical splitting cycle:

- Phase stability at operating conditions.

- The yield of Hydrogen and higher metal sulfide produced.

- The yield of Sulfur and lower metal sulfide produced.
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Fig. 2. Evaluation criteria for selection of metal sulfides

Results and discussion
Table 1 displays a list of the stable lower and higher metal sulfides at the reaction operating
conditions. A total of 27 metals were tested, however, only the sulfides listed were used for
performance analysis. Most of the metals tested were transition metals due to the favorable
bonding interactions that exist between their d-orbitals and the p-orbitals of sulfur, along
with their potential to form multiple oxidation states. Among the 27 metals tested, the
following displayed a single-phase metal sulfide stability under the cyclic reaction
conditions and did not qualify for any further inquiry: MoS2, Cu2S, ZnS, MnS, Li2S, RuS2,
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Results and discussion
Table 1 displays a list of the stable lower and higher metal sulfides at the reaction operating
conditions. A total of 27 metals were tested, however, only the sulfides listed were used for
performance analysis. Most of the metals tested were transition metals due to the favorable
bonding interactions that exist between their d-orbitals and the p-orbitals of sulfur, along
with their potential to form multiple oxidation states. Among the 27 metals tested, the
following displayed a single-phase metal sulfide stability under the cyclic reaction
conditions and did not qualify for any further inquiry: MoS2, Cu2S, ZnS, MnS, Li2S, RuS2,

CdS, MgS, Rb2S, Cs2S, and Al2S3. The bonding interactions, such as the metal-sulfur bond
strength, is a major factor that brings about the single stable phase occurrence. For example,
metal sulfides like ZnS have very low adsorption bonding with the sulfur atoms from H2S,
which prevents the progress of the sulfurization reaction.

Table 2. Stable Higher and Lower Metal Sulfides at Operating Conditions.

Metal Higher Metal Sulfide (MeShigh)
at 25˚C

Lower Metal Sulfide (MeSlow)
at 800˚C

Sc ScS3 ScS

Ti TiS2 TiS

V V2S3 VS1.043

Cr Cr2S3 CrS1.17

Fe FeS2 FeS

Co CoS2 CoS

Ni NiS2 NiS

Zr ZrS3 ZrS2

Nb NbS2 NbS1.65

Tc Tc2S7 TcS2

Rh Rh2S3 Rh3S4

Pd PdS Pd4S

Ir IrS2 Ir2S3

Hf HfS3 HfS2

Na Na2S2 Na2S

K K2S2 K2S

It is important to note that some of the metal sulfides listed in Table 1 have more than
one stable sulfide that exists at a given state for both the sulfurization and regeneration
operating conditions. As a case in point is the Ni-S binary reaction system. These sulfides
exist in several thermodynamically stable sulfide states that are potentially functional for
the cyclic H2S splitting reaction. Some of the nickel sulfide phases include Ni3S2, Ni7S8,
Ni9S8, NiS, Ni3S4, NiS2. In this thermodynamic study, NiS and NiS2 were applied as shown
in Table 1. NiS2 was used as the higher metal sulfide state existing after the sulfurization
reaction, because of the tendency for it to be easily regenerated as compared to other nickel
sulfides with lower sulfur content. This does not necessarily mean that these nickel sulfide
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phases (NiS-NiS2), as seen in Table 1, are the most favorable pair of nickel sulfide states
that can be applied for the H2S splitting cycle.

As shown in the Fig. 3, most of the metal sulfide reaction systems generated a high
yield of hydrogen due to the exergonic nature of the sulfurization reaction which takes
place at 25˚C and at 1 bar. Thus, the sulfurization of the metal sulfides occurs
spontaneously in most cases. Only the Hf-H-S reaction system revealed to be endergonic
under the specified operating conditions, attributing to the relatively low yield achieved
when reacting 1 kmol of Hafnium Sulfide with H2S. The sulfurization reaction of HfS2 has
∆G of 1.486 kJ. In all cases, the sulfurization reaction of the lower metal sulfides was
exothermic, thereby increasing the temperature would cause a decrease in the equilibrium
conversion and yield of hydrogen.

Fig. 3. The yield of hydrogen and higher metal sulfide generated at 25˚C for 1 kmol of H2S

Studies in literature corroborate the findings presented in Table 1. Even though some of
these metal sulfides are not suitable for the two-step thermochemical cycle, the nature of
their stable existence in one-phase enables them to function as catalysts for the direct
thermal dissociation of H2S. A couple of sulfides in our study which fit the bill are
Molybdenum sulfide and Lithium Sulfide. Investigations conducted by several researchers
[5-7] revealed that the reaction of MoS2 with H2S doesn’t generate its trisulfide under X-ray
diffraction analysis. MoS2 seems to be inert at temperatures below 500˚C but catalyzes the
decomposition reaction at higher temperatures. At 500˚C, the H2 yield for the H2S thermal
decomposition reaction increased from 6% to 8.5% when MoS2 was introduced. Li2S also
proved to be a poor candidate for the two-step thermochemical cycle but a good catalyst for
the direct thermal splitting of H2S. After thermally splitting the H2S over Li2S at 550˚C, the
metal sulfide remained unchanged, and there was an increase in H2 yield from about 1% to
3% when compared to a non-catalytic thermolysis of H2S [21].

On the other hand, more favorable candidates for two-step thermochemical cycles such
as the monosulfides of Fe, Co, Ni, K, and Na have been verified in literature to show poor
catalytic activity but rapidly reacts with H2S to produce higher metal sulfides—disulfides
specifically. Investigations by Chivers et al. [5] using Na2S and K2S for the sulfurization
reaction were similar to Table 1, reacting with H2S to produce Na2S2 and K2S2. At 600˚C,
the H2 yield for Na2S and K2S was 14% and 18% respectively.
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their stable existence in one-phase enables them to function as catalysts for the direct
thermal dissociation of H2S. A couple of sulfides in our study which fit the bill are
Molybdenum sulfide and Lithium Sulfide. Investigations conducted by several researchers
[5-7] revealed that the reaction of MoS2 with H2S doesn’t generate its trisulfide under X-ray
diffraction analysis. MoS2 seems to be inert at temperatures below 500˚C but catalyzes the
decomposition reaction at higher temperatures. At 500˚C, the H2 yield for the H2S thermal
decomposition reaction increased from 6% to 8.5% when MoS2 was introduced. Li2S also
proved to be a poor candidate for the two-step thermochemical cycle but a good catalyst for
the direct thermal splitting of H2S. After thermally splitting the H2S over Li2S at 550˚C, the
metal sulfide remained unchanged, and there was an increase in H2 yield from about 1% to
3% when compared to a non-catalytic thermolysis of H2S [21].

On the other hand, more favorable candidates for two-step thermochemical cycles such
as the monosulfides of Fe, Co, Ni, K, and Na have been verified in literature to show poor
catalytic activity but rapidly reacts with H2S to produce higher metal sulfides—disulfides
specifically. Investigations by Chivers et al. [5] using Na2S and K2S for the sulfurization
reaction were similar to Table 1, reacting with H2S to produce Na2S2 and K2S2. At 600˚C,
the H2 yield for Na2S and K2S was 14% and 18% respectively.

In the regeneration step, the higher metal sulfide is thermally decomposed at 800˚C and
1 bar to produce its lower metal sulfide and elemental sulfur. The thermal decomposition
efficiency is represented by the yield of the sulfur produced as well as the yield of the lower
metal sulfide as shown in Fig. 4. For most reaction systems, the regeneration reaction is
endergonic and endothermic at the 800˚C and 1 bar, hence, the operating conditions are not
favorable for many metal sulfides. However, for the Zr-H-S, Hf-H-S, and Nb-H-S reaction
systems, the thermal decomposition occurs spontaneously with ∆G of -35.87 kJ, -49.81 kJ,
and -2.396 kJ respectively. Higher sulfides of Zirconium and Hafnium decomposed to
produce a 100% yield of sulfur and their lower metal sulfides, while Niobium produced a
yield of about 80%. Sulfides of Chromium and Technetium also showed relatively great
results for the decomposition reaction. However, the use of Technetium isn’t favorable due
to its radioactive nature.

Fig. 4. The yield of sulfur and lower metal sulfide generated at 800˚C

Fig. 5. Temperature requirement for reaction spontaneity
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Figure 5 shows the temperature levels needed to attain reaction spontaneity in the
regeneration process. When the temperature of the reaction is increased, the regeneration
reaction, usually endothermic, can be transformed from an endergonic reaction to a
spontaneous reaction. Sulfides of Zirconium, Hafnium, Niobium, Potassium, and Iron
proved to have spontaneous regeneration reactions at temperatures below 800˚C, ultimately
resulting in a relatively higher yield of sulfur and lower metal sulfide shown in Fig. 4.
Additionally, these sulfides are more energy efficient as relatively lower temperatures can
be operated successfully for the regeneration reaction.

The amount of sulfur and lower metal sulfide presented in Fig. 4 was estimated based
on the assumption that a yield of 100% was derived for the generated higher metal sulfide
in the sulfurization step, thereby rendering the maximum possible yield for the sulfur and
lower metal sulfide in the regeneration step. However, a more accurate depiction of the
Reversibility Index for the H2S splitting thermochemical cycle would require the latter
thermal decomposition reaction to be a function of the yield of the higher metal sulfide
derived in the sulfurization reaction. A key parameter considered in evaluating the
performance of a catalyst is the Regeneration performance. Likewise, the Reversibility
Index measures the degree to which one can recover the material used for the H2S
decomposition reaction. As clearly shown in Fig. 6, the Zr-H-S reaction system displayed
the best RI with a value of about 0.91. Sulfides of Technetium and Niobium showed good
results with RI of about 0.8.

Fig. 6. Reversibility Index of Metal Sulfides

Conclusion
Following the computational activity executed in this study, some promising metal sulfides
and relevant data have been identified, such as sulfides of Zirconium and Niobium, which
can be applied and improved upon in the thermochemical H2S decomposition field of study.
These sulfides have a lot of potential for further research and development as they haven’t
been experimentally investigated for the H2S decomposition process.

Sulfides of Nickel are uniquely promising because of the existence of several
thermodynamically stable states that are functional for the H2S splitting cycle. So, there’s
the possibility that even more favorable nickel sulfide pairs, than what was tested during the
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results with RI of about 0.8.
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Conclusion
Following the computational activity executed in this study, some promising metal sulfides
and relevant data have been identified, such as sulfides of Zirconium and Niobium, which
can be applied and improved upon in the thermochemical H2S decomposition field of study.
These sulfides have a lot of potential for further research and development as they haven’t
been experimentally investigated for the H2S decomposition process.

Sulfides of Nickel are uniquely promising because of the existence of several
thermodynamically stable states that are functional for the H2S splitting cycle. So, there’s
the possibility that even more favorable nickel sulfide pairs, than what was tested during the

material screening activity in this work, exists for the cyclic reaction. Moreover, nickel
sulfides are relatively cheap and accessible, making it a good candidate for experimental
investigations that would be carried in the future.

It is important to note that the yield for the products derived in this study is in the
equilibrium state and doesn’t truly reflect the actual conversions achieved in real reactors,
which are dependent on the reaction kinetics and transport phenomena of the reactants.
However, the equilibrium study in this work renders the maximum achievable amount,
serving as a guide for the selection of materials, and a target for actual processes.

Finally, the experimental studies, using the favorable metal sulfides identified in this
work, have begun to achieve a better understanding of the interplay between the
thermodynamics and kinetics interactions associated with the two-step thermochemical
decomposition of H2S into Hydrogen production. Accomplishing this objective would also
render some insights necessary for favorable process modifications and optimization in
future projects.

This work is part of a one-to-one project ongoing between Masdar Institute, Part of Khalifa
University of Science and Technology and Massachusetts Institute of Technology. This
research is supported by the Government of Abu Dhabi to help fulfill the vision of the late
President Sheikh Zayed bin Sultan Al Nahyan for sustainable development and
empowerment of the UAE and humankind.
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Flexible hydrogen fuel cell fabricated on paper 
with embedded aluminium foil 
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Abstract. Direct hydrogen fuel cells are generally heavy and rigid 
systems based on metal or plastic materials, which are not suitable for 
various miniwatt and flexible devices. In this study, we have developed a 
lightweight and flexible fuel cell based on paper substrate embedded with 
an Al foil inside, which is used as an in-situ hydrogen source by reaction 
with an electrolyte solution during operation. Benefited from the inhibited 
hydroxyl transportation by the porous cellulose network, the vigorous Al 
corrosion reaction is well controlled even though strong alkaline 
electrolyte is adopted, so that the fuel cell can be discharged for more than 
5 hours at 1 mA cm-2 (0.83 V) with only 3.5 mg Al foil. The corresponding 
faradaic and energy efficiencies are as high as 72% and 18.3%, 
respectively. The fuel cell flexibility is also quite good when facing 
different bending angles. Considering its moderate power output, this 
flexible paper-based hydrogen fuel cell is especially suitable for powering 
various miniwatt and flexible devices, such as wearable electronics, 
biosensors, RFID tags, etc. However, higher power can be obtained by 
suitable stacking of the fuel cell. 

1 Introduction  
Fossil fuels such as coal, oil and natural gas are currently the mainstream energy source 
worldwide, which is however, not only resource limited but also generating pollution and 
damage to the environment. Compared with these hydrocarbon fuels, hydrogen fuel is a 
renewable energy carrier which can be produced through chemical, electrochemical or 
photocatalytic approaches, which is also pollution-free and carbon-neutral during 
consumption. Therefore, it is highly feasible and promising for the hydrogen cycle to 
replace the conventional carbon cycle as long as the associated technology develops, which 
will lead to a “hydrogen economy” in the future [1]. 

To utilize hydrogen, fuel cell is one of the most efficient devices which can convert the 
chemical energy in the hydrogen directly to electricity. Based on their electrolytes, fuel cell 
can be classified into many sub-types, including proton exchange membrane fuel cell 
(PEMFC), solid oxide fuel cell, alkaline fuel cell, phosphoric acid fuel cell, molten 
carbonate fuel cell, microfluidic (membraneless) fuel cell (MFC), etc. [2] Among them, the 
PEMFC receives great R&D attention especially in the transportation and portable 
application sectors. This is mainly because of its low temperature operation, high power 
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output together with mature membrane electrolyte technology [3]. Nevertheless, to date, 
most of the PEMFCs are inflexible reactors based on metal or plastic framework and multi-
layer cell configuration, which are not only heavyweight and complex, but also require 
sophisticated and expensive fabrication. These shortcomings may be tolerable for large 
systems such as electric vehicle, but are much less favorable for portable electronics, 
especially the flexible electronics. Therefore, great efforts have been made in the past 
decade to develop flexible fuel cells in order to expand the application prospect of this 
technology [4-13]. Tominaka et al. [10] fabricated a bendable fuel cell on cycloolefin 
polymer substrate by hot embossing. With methanol as fuel, this cell could generate a peak 
power density of 83 μW cm-2. Weinmueller et al. [11] also designed a flexible methanol 
fuel cell on a thin polymer film of photosensitive SU-8. This time a much higher power 
density of 19 mW cm-2 was achievable, and the cell functioned normally under both single 
radius bending condition and S-shape bending condition. Hsu et al. [7] embedded metal 
wires into carbon fibre bunches as a novel flexible current collector. The subsequent 
flexible PEMFC achieved similar performance to the conventional nonflexible cell with 
hydrogen fuel, which was also almost unaffected when facing different bending curvatures. 
Chang et al. [4-6] have done a series of work to develop flexible polydimethylsiloxane-
based hydrogen PEMFC. Using Ag nano-wire percolation networks as current collector, 
their device could achieve even better power output at bending status than that of flat status, 
which was benefited from the decreased resistance originated from the increased 
compressive force normal to the membrane electrode assembly. In general, since the 
polymer electrolyte membrane is intrinsically flexible, the key issue for developing flexible 
PEMFC is to design flexible gas diffusion layer, current collector and bipolar plates. 

Despite its research progress, the current PEMFC is generally high cost because of the 
expensive polymer electrolyte membrane (e.g. Nafion membrane). In addition, the 
membrane requires delicate water balance in order to maintain a normal and stable fuel cell 
operation, leading to sophisticated water management subsystem [14, 15]. Furthermore, 
even though the fuel cell itself is flexible, a bulky hydrogen storage unit and associated 
delivery tubing are still requisite, which will impair the flexibility of the whole system. 
Recently, a novel type of paper-based fuel cell (PBFC) is proposed, which employs the 
capillary action of cellulose paper to passively transport the aqueous electrolyte [16-20]. In 
this manner, the PBFC is not only cost-efficient and structurally-simple, but also highly 
flexible. Various fuels have been studied in the PBFC, including methanol [17], formate 
[16], glucose [18], hydrogen peroxide [19], etc. As for hydrogen, since paper is not a gas-
tight material, a plastic shell is required to encapsulate the PBFC inside, which inevitably 
sacrifice the device flexibility [20]. In this work, we aim to develop a flexible hydrogen 
PBFC. To eliminate the necessity for hydrogen storage and to prevent the hydrogen from 
escaping, an Al foil was innovatively utilized and embedded inside the paper substrate as 
hydrogen source. The other fuel cell components were directly deposited onto the paper 
surface. In this manner, a low-cost, concise, lightweight and flexible fuel cell system was 
developed. To the best of our knowledge, this novel cell design has never been investigated 
before. 

2 Experimental 

2.1 Fuel cell design and fabrication 

Unlike conventional rigid fuel cells based on either metal or plastic framework, the present 
flexible fuel cell was built entirely within a single piece of paper substrate. Fig. 1 (a) shows 
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paper as hydrogen source, while the hydrogen oxidation reaction (HOR) anode and oxygen 
reduction reaction (ORR) cathode were directly deposited onto the opposite side of the 
paper surface. During operation, an alkaline electrolyte solution was provided and wicked 
into the paper substrate by capillary action. The Al layer would react with the electrolyte to 
generate H2 for the anode side, while O2 from the ambient air was utilized by the cathode 
side. Consequently, electricity can be generated continuously until the Al layer is 
exhausted. Fig. 1(b) illustrates the exploded view of the present flexible fuel cell. First of 
all, an Al foil (kitchen foil, 98.3% purity, 1cm x 1cm) was embedded inside a piece of 
home-made paper during the paper-making process. Next, two 5x5 Ag grids (1 cm2 total 
area) were drawn on opposite sides of the paper, which covered exactly the Al foil inside. 
They were also connected to Cu tape ends for external connection. Afterwards, the anode 
and cathode catalyst inks were deposited onto corresponding grids by a pipette, 
respectively. For the anode side, the catalyst ink was composed of 50 mg Pt/C (Johnson 
Matthey, 60 wt.% Pt), 2.5 mg Nafion binder and 1 mL ethanol-water (1:1) solvent, which 
were sonicated for 30 min to achieve uniform distribution. For the cathode side, the catalyst 
ink was composed of 50 mg MnO2/CNT (home-made by co-precipitation method [21], 60 
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will be replaced by non-noble HOR catalysts such as Ni in our future work. After electrode 
deposition, a sealing tape was attached to the anode surface in order to isolate it from 
ambient air. Otherwise, a significant mix potential would be generated on the anode side, 
leading to fuel cell failure. The final prototype was 100 mg in weight and was highly 
flexible. 
 

 
Fig. 1 Schematic diagrams of the flexible hydrogen PBFC: (a) Working principle; (b) Exploded view 
of the cell structure. 

2.2 Fuel cell testing 

The present fuel cell was tested with 3 M NaOH electrolyte. This concentration was used 
because a higher concentration would shrink the paper substrate and deform the deposited 
Ag grids and electrodes on it. The fuel cell was suspended vertically, with its Cu ends 
connected to an electrochemical work station (CHI 760E). Its paper end was contacted with 
0.5 mL electrolyte solution to facilitate the capillary absorption process. Once the electrode 
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area was totally wetted, the fuel cell OCV was recorded until it reached a stable value. 
Afterwards, the fuel cell polarization curve was obtained by Linear Sweep Voltammetry 
(LSV) from OCV to 0 V, at a sweep rate of 5 mV s-1. During the sweep, the cathodic 
potential was also recorded simultaneously by a multimeter, which was connected to both 
the fuel cell cathode and a reference electrode (Ag/AgCl in saturated KCl). The tip of the 
reference electrode was inserted into the electrolyte drop. 

To investigate the fuel cell discharge stability and efficiency, galvanostatic dischage test 
was conducted at different current densities. With a specific amount of embedded Al (3.5 
mg for a 1 cm2 foil), both the faradaic efficiency and energy efficiency were calculated by 
the following equations, respectively. 
 

𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑓𝑓𝑖𝑖𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚                                                           (1) 

 
𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒 =

𝑉𝑉
𝑈𝑈 ∙ 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓                                                      (2) 

 
where 𝜀𝜀 is the efficiency, i is the discharge current density (mA cm-2), A is the electrode 
area (cm2), t is the discharge time (h), m is the mass of Al foil (0.0035 g), C is the Al 
specific capacity (2980 mA h g-1), 𝛿𝛿 is the Al purity, V is the discharge voltage, and U is 
the theoretical voltage (2.7 V for Al). 

3 Results & Discussion  

3.1 Fuel cell performance 

The OCV characteristic of the fuel cell was first studied after providing the alkaline 
electrolyte. As shown in Fig. 2(a), it took about 8 minutes before the OCV climbed to a 
steady value of 0.93 V. At the first 4 minutes, the OCV was even negative. Afterwards, the 
OCV encountered a gradual and stable rise up. This is due to the corrosion of Al that 
resulted in slow accumulation of H2 gas inside the paper substrate. At the first 4 minutes, 
the concentration of H2 was negligible, so that the remaining air inside the paper would 
cause an ORR potential on the anode side (same as the cathode side). Since Pt is more 
active for ORR than MnO2, the anode ORR potential would be more positive than that of 
the cathode, leading to a negative OCV. During the next 4 minutes, the H2 concentration 
kept increasing, so that the HOR potential started to dominate the anode side, leading to a 
gradually elevating OCV. The final value of 0.93 V was normal compared with those in the 
literature [22]. 

After stabilization of the OCV, the polarization curves of three cells were recorded and 
compared in Fig. 2(b). At the higher voltage region (above 0.6 V), the polarization curves 
were very straight and quite similar with each other, which were dominated by ohmic 
resistance. However, at the lower voltage region (below 0.6 V), the curves encountered a 
sharp drop and the differences between them was quite evident, probably due to the severe 
mass transport resistance. As shown in Fig. 2(c), this mass transport resistance was mainly 
from the anode side, indicating a starvation of H2 at the lower voltage region. This H2 
starvation was quite random for each cell tested, so that the curve repeatability at lower 
voltage was not as good as that at higher voltage. In the following sections, an averaged 
polarization curve would be utilized. The averaged peak power density was 4 mW cm-2, 
and the averaged maximum current density was 8 mA cm-2. Therefore, the present flexible 
hydrogen PBFC is more suitable for miniwatt applications with low current drain. 
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compared in Fig. 2(b). At the higher voltage region (above 0.6 V), the polarization curves 
were very straight and quite similar with each other, which were dominated by ohmic 
resistance. However, at the lower voltage region (below 0.6 V), the curves encountered a 
sharp drop and the differences between them was quite evident, probably due to the severe 
mass transport resistance. As shown in Fig. 2(c), this mass transport resistance was mainly 
from the anode side, indicating a starvation of H2 at the lower voltage region. This H2 
starvation was quite random for each cell tested, so that the curve repeatability at lower 
voltage was not as good as that at higher voltage. In the following sections, an averaged 
polarization curve would be utilized. The averaged peak power density was 4 mW cm-2, 
and the averaged maximum current density was 8 mA cm-2. Therefore, the present flexible 
hydrogen PBFC is more suitable for miniwatt applications with low current drain. 

Fig. 2(d) shows the battery discharge curves at current densities of 1, 2 and 5 mA cm-2, 
with only 3.5 mg embedded Al foil as H2 source. At 1 and 2 mA cm-2, the discharge curves 
were very stable until a sudden stop due to the exhaustion of the Al. This result indicates 
that the generation of hydrogen in the present flexible fuel cell was a very stable process, 
which supplied hydrogen to the anode at a constant rate. However, when the discharge 
current density was elevated to 5 mA cm-2, the curve started to oscillate, which is probably 
due to the insufficient supply rate of H2. Nevertheless, the discharge process could still be 
sustained until the Al foil exhausted. Higher discharge current densities than 5 mA cm-2 
would lead to a quick drain up of the fuel cell (not shown in the figure). The battery lifetime 
and discharge efficiencies were all summarized in Table 1. It is interesting to note that even 
with only 3.5 mg Al, the fuel cell could work for 333.3 minutes stably at 1 mA cm-2, 
leading to a high faradaic efficiency of 54.3% and energy efficiency of 16.7%. The highest 
faradaic efficiency of 72.0% was obtained at 5 mA cm-2, while the highest energy 
efficiency of 18.3% appeared at 2 mA cm-2. All these results prove that the generation of 
hydrogen in the present flexible fuel cell is a slow and stable process, while the wetted 
cellulose paper may also help to seal and store the generated H2, preventing them from 
quick leakage into the ambient air. 
 

 
Fig. 2. Electrochemical testing of the present flexible hydrogen fuel cell: (a) Initiation of the cell 
OCV; (b) Polarization curve tested with 3 M NaOH at room temperature; (c) Single electrode 
polarization; (d) Galvanostatic discharge with 3.5 mg Al at different current densities. 
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Table 1. Summary of the fuel cell lifetime and discharge efficiencies 

Current 
density 

Battery 
lifetime 

Faradaic 
efficiency 

Energy 
efficiency 

1 mA cm-2 333.3 min 54.3% 16.7% 

2 mA cm-2 188.3 min 61.2% 18.3% 

5 mA cm-2 88.5 min 72.0% 14.6% 

3.2 Comparison of H2 generation rate 

The slow and extended Al corrosion process in this work conflicts with the common sense 
that Al generally reacts vigorously with strong alkaline solution. To figure out the reason 
behind, a comparative study between a bare Al foil and a paper-embedded Al foil in 
alkaline was conducted by a drainage method as shown in Fig. 3(a). The volume of 
collected H2 gas was recorded with a time step of 1 min for bare Al and 10 min for 
embedded Al, immediately after the Al was immersed into the alkaline. Fig. 3(b) shows the 
testing result with averaged values and error bars, which indicates that the corrosion rate 
was much slower of the embedded Al foil than that of the bare Al foil. For the former, the 
process could last for nearly an hour, while it was only 6 minutes for the latter case. In 
addition, both the two cases obtained a total gas volume of 4.8 mL which is the theoretical 
value of 3.5 mg Al foil at room temperature, proving the reliability of this drainage testing 
method. The average H2 generation rate was 80 μL min-1 for the embedded Al and 800 μL 
min-1 for the bare Al. This difference is mainly because of the cellulose paper that wrapped 
the Al foil, whose micro fibre network helps to restrict the contact between the Al surface 
and alkaline solution. According to Bruggeman's diffusion model [23], the micro-scale 
pores of the paper will greatly decrease the effective diffusion coefficient of hydroxyl ions 
inside the paper, which consequently suppresses the Al corrosion and H2 generation. 
However, it is worth noticing that the H2 generation process in Fig. 2(d) could last as long 
as 5.6 hours, while it was only 1 hour in Fig. 3(b). This is mainly because that, in the 
former case only the end of paper was in contact with the alkaline, while in the latter case 
all the paper was immersed inside. Therefore, the diffusion path of the former is much 
longer (2.5 cm, length of the paper) than that of the latter (0.1 cm, half thickness of the 
paper), leading to an even longer corrosion time. 
 

 
Fig. 3 Comparative study of the H2 generation rate between a bare Al foil and an embedded Al foil in 
paper: (a) Schematic diagram of the drainage method; (b) H2 generation rate with 3.5 mg Al foil and 5 
mL 3 M NaOH solution. 
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3.3 Study of fuel cell flexibility  

Since cellulose paper was utilized as cell substrate and all other cell components such as 
ink-based electrode, Ag grid current collector and Al foil were flexible, the present 
hydrogen fuel cell was intrinsically a flexible power source, which can be applied in many 
flexible devices such as wearable electronics, biosensors, RFID tags, etc. To investigate its 
flexibility, the effect of bending angle on cell power output was studied. As shown in Fig. 
4(a), the fuel cell was bended by the middle of its electrode from 45° to 135°, with the air-
breathing cathode inside and the anode outside, while their polarization curves were 
compared in Fig. 4(b) and 4(c). In general, the bending has slightly decreased the fuel cell 
peak power density from 4 to 3.0-3.5 mW cm-2 (12.5-25% loss), while the OCV was not 
affected. However, it is interesting to find that the H2 mass transport loss was greatly 
alleviated by the bending process, extending the maximum current density from 8 to 10.7-
11.7 mA cm-2 (33.8-46.3% increase). This is probably because that the bending process has 
improved the contact between the Al foil and the paper substrate, leading to higher Al 
corrosion and H2 generation rates. However, the bending did impair the electric 
conductivity of the electrodes, resulting in slightly lower power output at the high voltage 
region. In summary, the fuel cell exhibits good flexibility and will be competent for 
powering various flexible miniwatt devices. 
 

 
Fig. 4 Investigation of the fuel cell flexibility: (a) The bended fuel cell prototype; (b) Polarization 
curve tested at different bending angles; (c) Single electrode polarization. 

4 Conclusion 
In this work, a lightweight and compact flexible fuel cell system is developed by using 
cellulose paper as substrate. An embedded Al foil inside the paper is innovatively utilized 
as the hydrogen fuel source, which produces hydrogen in-situ via the Al-H2O reaction. In 
addition, ink-based flexible electrodes are also deposited directly onto the paper surface. 
With alkaline as electrolyte, the fuel cell can provide an OCV of 0.93 V, a peak power 
density of 4 mW cm-2 and a maximum current density of 8 mA cm-2. Benefitted from 
protective effect of the paper substrate, the Al corrosion is found to be a gentle and mild 
process, which can continuously provide H2 for more than 5 hours even with only 3.5 mg 
Al. Consequently, the cell discharge faradaic and energy efficiency are as high as 72% and 
18.3%, respectively. Finally, the fine fuel cell flexibility is also well demonstrated by 
bending it into different angles. 
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Numerical investigation on the characteristics
of water transfer in PEMFC with bionic flow
channel
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China

Abstract. The content and the transmission characteristics of the water in
the polymer electrolyte membrane fuel cell (PEMFC) have a significant
influence on its performance. So far, there are few separate numerical
studies on the process of water transport in the bionic flow channel, and the
performance of bionic flow channel is different from conventional flow
channel in part owing to the differences of their water drainage. Therefore,
in order to understand the water drainage process of bionic flow channel,
two different types of bionic flow channels are adopted in this paper. The
method of numerical simulation is used to study the transmission process
of liquid water in the bionic flow channel of different placement
orientations. The simulation results found that the orientations of bionic
flow channel has an influence on the process of water transport in the flow
channel, and the process of water drainage also has a significant difference
in the two different types of bionic flow channel.

1 Introduction
The water management has always been the main problem to further enhance the

performance of PEMFC[1], in order to deeply understand the influence of the water transfer
state and the various control parameters on the water transmission, so as to improve the
internal structure and material properties of fuel cell, more and more studies on the water
management of fuel cell are emerging, such as the high-tech measurement methods of X-
rays, neutron imaging, scanning electron microscopy and nuclear magnetic resonance, etc.
Those high-tech measurement methods are adopted to accurately study the transmission
process of water in the internal flow channels [2-3], using micro-electro-mechanical
systems technology [4-5] and optical fiber sensor [6-8] etc to measure the Water transfer
process in the flow channel, more researches are based on visualization technology to
observe the state of water transfer in the fuel cell[9-11], although these techniques can be
used to study the state of water transfer inside the flow channel, due to the experimental
difficulties, and the cost is relatively so higher that these methods are limited to some extent.

Up to date, the method of computer simulation is applied in most studies [12-15], Such
as utilizing lattice Boltzmann model[16-18] and volume-of-fluid (VOF) model [19-23] to
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simulate the process of water transfer in fuel cell, the results of those methods show that the
characteristics and phenomena of the water transfer in the flow channel of the fuel cell are
both well explained. Anh Dinh Le [19] et al. numerically investigated the process of water
transfer in PEMFC with interdigitated flow channel. Theodorakakos A [20] et al. simulated
the dynamic process of liquid droplet detachment from porous surface. M. Koz [21] et al.
numerically investigated the effects of droplet size in a PEMFC flow field. Cai Y [22-23] et
al. numerically investigated the water transfer process in the serpentine flow channel and
the straight flow channel. From these studies, on the one hand, through the computer
simulation, the detailed process of the liquid water transfer in the flow channel and the
factors which affect water transfer can be found. On the other hand, it can be found that the
water transfer process of the existing research are focuses on the inner of conventional flow
channel, few scholars have carried out the separate simulation study on the water transfer
process in the bionic flow channel, and part of the performance of bionic flow channel is
different from conventional flow channel owing to the differences of their water drainage
[24]. Therefore, the simple numerical study on liquid water in a conventional flow channel
is not enough to fully explain the phenomenon of water transport in the bionic flow channel.

With the continuous development of bionic design in recent years, many researchers
have applied the bionic design to the flow channel of fuel cell, Ramos-Alvarado et al. [25]
applied the constructal theory to the design of flow field. Kloess et al. [26] evaluated the
performance of the flow field plate based on the types of lung and leave. Roshandel et al.
[27] investigated the performance of the flow field plate based on the type of a leaf. Chen et
al. [28] also investigated the performance of leaf type flow field. Guo et al. [29] presented a
mathematical model to investigate the performance of leaf type flow field. However, these
scholars only conduct the overall test or simulation to the performance of fuel cell which
have utilized the method of bionic design, and there is no separate study on the drainage
performance in the flow channel of bionic design. From these researches of bionic design,
we can not understand enough the water drainage characteristics of flow channel with
bionic design, which is not conducive to the design improvement of bionic flow channel
and the problem of water management will have a greater effect on the performance of the
PEMFC [30].

Therefore, it is significant to investigate the characteristics of water transport in the
bionic flow channel. This paper mainly study the transmission process of water in bionic
flow channel. Two different types of symmetrical leaf bionic flow channel and
asymmetrical leaf bionic flow channel are selected as the research object [31], utilizing the
method of numerical simulation to present the transfer process of liquid water in the bionic
flow channel, and the influence of different placement orientations of bionic flow channel
on water transport has also been studied. All of this can be conducive to a clear
understanding of the internal water drainage process of bionic flow channel in detail, it also
provides the necessary guidance and basis for the design of bionic flow channel.

2 Numerical models

2.1 VOF model

The numerical simulations of the 3D, laminar, unsteady, two-phase flow was applied to
the computation domain using FLUENT 15.0. The conservation of mass and momentum
were applied to the model as the governing equations and the energy equations were not
considered. In order to track the two-phase flow interface of gas-water in the domain of
computation, the method of volume-of-fluid (VOF) was used [32]. Then, the conservation
law of mass and momentum are as follows:
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Where I is the unit tensor, is the dynamic viscosity .

Volume fraction of water 2 can be solved as follows:
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The volume fraction of gas 1 can be solved by following equation:

121  (5)
The surface tension of phase and wall has an important influence on the transmission

process of two-phase flow which is included in the VOF model[32]. In the paper, the model
of continuum surface force which is proposed by Brackbill et al. [33] was used.

2.2 Geometric model

Figure 1 is a model of two different bionic flow channel structures. These two bionic
structures are derived from Ref. [31]. A water inlet hole of 0.2mm diameter is arranged on
the wall near the inlet of the bionic flow channel (The wall is the interface between the
channel and the gas diffusion layer (GDL) ) [23]. FLUENT 15.0 is used to simulate water
dynamic in the bionic flow channels. The number of meshes of symmetrical leaf bionic
flow channels is 221674, and The number of meshes of asymmetrical leaf bionic flow
channels is 232583. Accuracy of the model tested by increasing and reducing the number of
meshes by 20%, and the similar processes of water transport were obtained.

(a) Symmetrical leaf bionic flow channel
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(b) Asymmetrical leaf bionic flow channel

Fig. 1. Schematic of two different bionic flow channel

2.3 Geometric model

In the parameter settings of the simulation, a gas velocity of 10 ms-1 normal to the
boundary is used[34]. Moreover, according to the theoretical calculation of the velocity of
water to be about 1.8x10-6 ms-1, which is too small compared to 10 ms-1 of gas inlet [35].
To accelerate the speed of computational, the velocity of water with 0.1ms-1 normal to the
boundary is used in this study. The gauge pressure at the outlet of the flow channel is set to
0Pa. In all the computational cases, the gravity is considered all the time according to the
different locations of the flow channel placement. The contact angle of the surface of GDL
and flow channel wall were 140° and 45°, respectively [36]. The time step was set at 10-6 s
in order to guarantee that the global courant number is less than one. The surface tension at
the gas-liquid interface is 0.072 Nm-1. In order to solve the governing equations, the
pressure velocity coupling method via the PISO scheme is used.

3 Results and discussion
The characteristics of water flow in the bionic flow channel are simulated. The five

cases corresponding to different orientations of bionic flow channel placement were
simulated, as listed in Table.1. Detailed results and discussions are as follows.

Table 1. The gravity in different orientations of leaf bionic flow channel placement

X axial
gravity/(ms-2)

Y axial
gravity/(ms-2)

Z axial
gravity/(ms-2)

Side 0 -9.8 0

Inversion -9.8 0 0

Reversal 0 0 9.8

Perpendicularity 9.8 0 0

Level 0 0 -9.8

3.1 The state of water in the symmetrical leaf bionic flow channel in different
orientations and different time

Fig.2 is the state of the water in the symmetrical leaf bionic flow channel in five
different orientations (side, inversion, reversal, perpendicularity and level) and different
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To accelerate the speed of computational, the velocity of water with 0.1ms-1 normal to the
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different locations of the flow channel placement. The contact angle of the surface of GDL
and flow channel wall were 140° and 45°, respectively [36]. The time step was set at 10-6 s
in order to guarantee that the global courant number is less than one. The surface tension at
the gas-liquid interface is 0.072 Nm-1. In order to solve the governing equations, the
pressure velocity coupling method via the PISO scheme is used.

3 Results and discussion
The characteristics of water flow in the bionic flow channel are simulated. The five

cases corresponding to different orientations of bionic flow channel placement were
simulated, as listed in Table.1. Detailed results and discussions are as follows.

Table 1. The gravity in different orientations of leaf bionic flow channel placement

X axial
gravity/(ms-2)

Y axial
gravity/(ms-2)

Z axial
gravity/(ms-2)

Side 0 -9.8 0

Inversion -9.8 0 0

Reversal 0 0 9.8

Perpendicularity 9.8 0 0

Level 0 0 -9.8

3.1 The state of water in the symmetrical leaf bionic flow channel in different
orientations and different time

Fig.2 is the state of the water in the symmetrical leaf bionic flow channel in five
different orientations (side, inversion, reversal, perpendicularity and level) and different

time. From Fig. 2-a, at about 3ms, the droplets in a state of constant expansion hardly move.
Since the wall of the water inlet is the surface of the GDL, the volume of the droplets at the
beginning is very small, and the force of gas flow exerting on the droplet is not enough to
get rid of the adsorption force between the droplet and the surface of the GDL. Only when
the liquid droplet grows up to a certain volume before the apparent movement, and this
situation also occurred in the Fig. 2-b, c, d, e. From Fig. 2-a, b, c, d, e (symmetrical leaf
bionic flow channel in the state of side, inversion, reversal, perpendicularity and level
respectively) can be seen, at about 9ms, the droplets move mostly in the branch flow
channels ( outlet-1 and outlet-9) where near the gas inlet, it can be also seen from Fig. 11
that the pressure difference in the branch flow channel nearer the gas inlet is larger, and it
may also explain the reason why the droplets move faster in the branch flow channel where
nearer the gas inlet.

However, from Fig.3, before the 11ms time, no matter what kind of orientations of the
symmetrical leaf bionic flow channel, their maximum velocity curves are almost identical.
After 11ms, the maximum velocity of the internal flow under the condition of different flow
channel placement has a fluctuation. At about 15ms, from Fig. 2, there are water droplets in
each branch flow channel (such as outlet-1 and outlet-9 etc.) where near the gas inlet of the
symmetrical leaf bionic flow channel. There are few droplets in the branch flow channel
(such as outlet-4 and outlet-6 etc.) where is far away from the gas inlet. It shows that the
water in the symmetrical bionic flow channel is mainly discharged from the branch flow
channel where near the gas inlet. What’s more, it can be also seen from Fig. 11 that the
pressure difference is very small in the branch flow channel where is far away from the gas
inlet, and we can infer that the velocity of the liquid water flow in these flow channels is the
slowest, Once liquid water accumulates in the branch flow channel where is far away from
the gas inlet is difficult to be discharged rapidly, so that the water content is higher in these
branch flow channels. It is the same to the results obtained by other literature that there are
higher water content in the branch flow channel where is far away from the gas inlet
[24,26,37].

In addition, from Fig.4, it shows the volume of water in the symmetrical flow channel in
the different orientations and different time, and when the flow channel is in the orientation
of perpendicularity, the performance of water drainage is the best, because the direction of
the droplet gravity is consistent with the direction of gas flow. So, when designing
symmetrical bionic flow channel which branch flow channel should be closer to the gas
inlet and the number of branches along the main flow channel shouldn’ t be too many.
Only in this way, it is possible to avoid the pressure of the branch flow channel which is far
away from the gas inlet too small, so as to keep the flow channel well drained.
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(a)-side 3ms 9ms 15ms

(b)-inversion

(c)-reversal

(d)-perpendicularity

(e)-level

Fig. 2. The state of water in the symmetrical flow channel in different orientations and different time
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(a)-side 3ms 9ms 15ms

(b)-inversion

(c)-reversal

(d)-perpendicularity

(e)-level

Fig. 2. The state of water in the symmetrical flow channel in different orientations and different time

Fig. 3. The maximum velocity in the symmetrical flow channel in the different orientations and
different time

Fig.4. Volume of water in the symmetrical flow channel in the different orientations and different
time

3.2 The state of water in the asymmetrical leaf bionic flow channel in different
orientations and different time

Fig.5 is the state of water at different time in five different orientations (side, inversion,
reversal, perpendicularity and level) in an asymmetrical leaf bionic flow channel. As the
same shown in Fig. 2, the droplets barely move at about 3ms. At about 9 ms, there are
significant differences in the distribution of liquid water droplets between Fig. 4-a, c, d (the
asymmetrical leaf bionic flow channel in side, reversal and perpendicularity orientations )
and 4-b, e (the asymmetrical leaf bionic flow channel in inversion and level orientations),
and it can be seen that the position of liquid water droplets is almost consistent with the
time of 3ms in Fig.5-b, e. That is to say that the liquid water moves slowly when the flow
channel was placed in the state of inversion and Level. As shown in Fig.5-a, c, d, the liquid
water mainly distribute in the main flow channel of bionic flow channel and the velocity is
faster.
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(a)-side 3ms 9ms 15ms

(b)-inversion

(c)-reversal

(d)-perpendicularity

(e)-level

Fig.5. The state of water in the asymmetrical flow channel in different orientations and different time

It can be seen from Fig. 6 that the maximum velocity inside the flow channel which are
the positions of side, reversal and perpendicularity is significantly faster than that in
inversion and level positions. Because of the different orientations of flow channel, the
directions of gas blowing force and gravity on the liquid water are different. It can be drawn
that the gravity has a large effect on the movement and distribution of water droplets inside
the channel when the asymmetrical leaf bionic flow channel is in different orientations. At
about 15ms, it can be seen that the distance to gas inlet count for little the distribution of
liquid water in branch flow channel, which is greatly different to the phenomenon that the
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Fig.5. The state of water in the asymmetrical flow channel in different orientations and different time

It can be seen from Fig. 6 that the maximum velocity inside the flow channel which are
the positions of side, reversal and perpendicularity is significantly faster than that in
inversion and level positions. Because of the different orientations of flow channel, the
directions of gas blowing force and gravity on the liquid water are different. It can be drawn
that the gravity has a large effect on the movement and distribution of water droplets inside
the channel when the asymmetrical leaf bionic flow channel is in different orientations. At
about 15ms, it can be seen that the distance to gas inlet count for little the distribution of
liquid water in branch flow channel, which is greatly different to the phenomenon that the

shorter of the distance to gas inlet, the more liquid water in branch flow channel of
symmetrical leaf bionic flow channel. As shown in Fig.5-b, e, there are little difference in
the movement of liquid water between inversion and level orientations in asymmetrical leaf
bionic flow channel at about 15ms. In addition, it can be concluded from the Fig. 12 that
pressure difference in each branch flow channel reduce along the direction of main flow
channel in asymmetrical leaf bionic flow channel. Once liquid water accumulates in the
branch flow channel which is far away from the gas inlet is difficult to be discharged
rapidly, Therefore, the water in these branch flow channels is higher, and it can be drawn
the same conclusions from other literature [24,26,37]. In addition, from Fig.7, it shows the
water volume in the symmetrical flow channel in the different orientations and different
time, and when the flow channel is in the orientation of perpendicularity, the performance
of water drainage is the best, because the direction of the droplet gravity is consistent with
the direction of gas flow. In conclusion, to avoid the pressure difference too low to drain
liquid water from branch flow channel, the number of branches along the main flow
channel shouldn’t be too many in design of asymmetrical bionic flow channel.

Fig.6. The maximum velocity in the asymmetrical flow channel in the different orientations and
different time

Fig.7. Volume of water in the asymmetrical flow channel in the different orientations and different
time
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3.3 The state of water in the flow channel of symmetrical and asymmetrical
structures in the same orientation

In order to compare the state of water droplets at different time and same orientations
more clearly in the bionic flow channel for symmetrical and asymmetrical of leaf type,
followed a detailed comparison of the state of water movement in the two different bionic
flow channels at different time. From Fig.8-a, Fig.8-c and Fig. 8-d, it can be seen that when
the two bionic flow channels are in the three kinds of situations of side, reversal and
perpendicularity respectively, the water inside the channel moves faster. However, the
obvious difference of water distribution between the two channels can be seen in the three
situations. For the water in the flow channel of symmetrical leaf bionic is mainly distributed
in the branch flow channel where near the gas inlet, and there is almost no liquid water in
the branch flow channel which is far away from the gas inlet, that is to say, comparing with
the branch flow channel where far away from the gas inlet, most of the liquid water were
drained from the branch flow channel where near the gas inlet. It also shows that the
distance between gas inlet and branch flow channel has a great influence on the water
distribution in the symmetrical leaf bionic flow channel. The liquid water in the
asymmetrical bionic flow channel is mainly distributed in the main flow channel, and the
other branch flow channel also has the presence of liquid water, in addition, the distribution
of liquid water in the branch flow channel is no significant influence by the distance
between the branch flow channel and the gas inlet, there is significant difference when
compares with the situation that water is mainly distribution in the branch flow channel
where near the gas inlet for the symmetrical leaf bionic flow channel, it can be seen clearly
that the difference of water distribution between the two kinds of flow channels at about
15ms. As it can be seen in Fig.8-b and Fig.8-e, when the two types of bionic flow channel
were placed in inversion and level situation that also appeared obvious differences between
the movement and the distribution of liquid water. The water were drained mainly from the
branch flow channel where near the gas inlet for symmetrical leaf bionic flow channel in
the situations of inversion and level placement, comparing to the case of the same
placement of the asymmetrical bionic flow channel, the velocity of liquid water is faster,
and the velocity of the liquid water movement in the asymmetrical bionic flow channel of
the inversion and the level position is the slowest.

It also can draw from Fig.9, no matter what positions for the two kinds of bionic flow
channels, the maximum velocity of the water in the symmetrical leaf bionic flow channel is
almost higher than that in the asymmetrical leaf bionic flow channel. Especially, form
Fig.10, it shows that the performance of water drainage is the best for the position of
perpendicularity in asymmetrical flow channel, And it can be seen from Fig.13, the
pressure in the main flow channel of the symmetrical leaf bionic flow channel is in a state
of fluctuation, and the amplitude of the fluctuation is larger and nearly identical for each
placement of the flow channel. However, the pressure in the asymmetrical bionic flow
channel is in a relatively stable state, and the pressure fluctuation, although there is a slight
difference in the pressure of each channel. Therefore, the difference of pressure fluctuation
and steady change in the main flow channel of the two types of bionic flow channel may be
one of the cases which cause the difference of water distribution finally. In other words, the
fluctuation of pressure has some influence on the process of water drainage inside the flow
channel, the evidence can also be obtained from other studies[38].
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(a)-side symmetrical asymmetrical

(b)-inversion

(c)-reversal

(d)-perpendicularity

(e)-level

Fig.8. The state of water in flow channel of symmetrical and asymmetrical structures in different
orientations and the time of 15ms
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Fig.9. The maximum velocity in flow channel of symmetrical and asymmetrical structures in different
orientations

Fig.10. Volume of water in flow channel of symmetrical and asymmetrical structure in different
orientations and different time
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Fig.9. The maximum velocity in flow channel of symmetrical and asymmetrical structures in different
orientations

Fig.10. Volume of water in flow channel of symmetrical and asymmetrical structure in different
orientations and different time

Fig. 11. The pressure difference in each branch flow channel of symmetrical structure in the different
orientations

Fig.12. The pressure difference in each branch flow channel of asymmetrical structure in the different
orientations
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Fig. 13. The pressure difference in each branch flow channel of asymmetrical structure in the
different orientations

4 Conclusion
This paper is mainly focused on the comparison and analysis of the flow and

distribution of liquid water in the symmetrical and the asymmetrical of leaf bionic flow
channel in the different orientations(side, inversion, reversal, perpendicularity and level).
The conclusions are as follows:

(1) By comparing and analyzing the distribution and movement of the liquid water in
leaf bionic flow channel of the symmetrical and the asymmetrical structures, it is concluded
that there are significant differences. For the type of symmetrical leaf bionic flow channel,
comparing with the branch flow channel where far away from the gas inlet, water is mainly
distributed in the branch flow channel which near the gas inlet, and there is almost no liquid
water in the branch flow channel which is far away from the gas inlet.

(2) The water in the asymmetrical bionic flow channel is mainly distributed in the main
flow channel, the other branch flow channel also has the presence of liquid water. In
addition, the distribution of liquid water in the branch flow channel has no significant
influence by the distance between the branch flow channel and the gas inlet. and when the
two types of bionic flow channel are placed in the positions of inversion and level
respectively, the maximum velocity in the internal symmetrical bionic flow channel is far
greater than that in the asymmetrical bionic flow channel.

(3) As shown in Fig.13, the pressure difference in the two different types of flow
channel presents a state of fluctuation and slow change, the difference of pressure
fluctuation and steady change in the main flow channel of the two types of bionic flow
channel may be one of the cases which cause the difference of water distribution finally. In
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Fig. 13. The pressure difference in each branch flow channel of asymmetrical structure in the
different orientations

4 Conclusion
This paper is mainly focused on the comparison and analysis of the flow and

distribution of liquid water in the symmetrical and the asymmetrical of leaf bionic flow
channel in the different orientations(side, inversion, reversal, perpendicularity and level).
The conclusions are as follows:

(1) By comparing and analyzing the distribution and movement of the liquid water in
leaf bionic flow channel of the symmetrical and the asymmetrical structures, it is concluded
that there are significant differences. For the type of symmetrical leaf bionic flow channel,
comparing with the branch flow channel where far away from the gas inlet, water is mainly
distributed in the branch flow channel which near the gas inlet, and there is almost no liquid
water in the branch flow channel which is far away from the gas inlet.

(2) The water in the asymmetrical bionic flow channel is mainly distributed in the main
flow channel, the other branch flow channel also has the presence of liquid water. In
addition, the distribution of liquid water in the branch flow channel has no significant
influence by the distance between the branch flow channel and the gas inlet. and when the
two types of bionic flow channel are placed in the positions of inversion and level
respectively, the maximum velocity in the internal symmetrical bionic flow channel is far
greater than that in the asymmetrical bionic flow channel.

(3) As shown in Fig.13, the pressure difference in the two different types of flow
channel presents a state of fluctuation and slow change, the difference of pressure
fluctuation and steady change in the main flow channel of the two types of bionic flow
channel may be one of the cases which cause the difference of water distribution finally. In

other words, the fluctuation of pressure has some influence on the process of water drainage
inside the flow channel, the evidence can also be obtained from other studies [38].

(4) It can also be known by the pressure analysis that the pressure difference in the main
flow channel of symmetrical and asymmetrical is more smaller when the distance is more
larger between the branch flow channel and gas inlet. In conclusion, to avoid the pressure
drop too low to drain liquid water easily, the number of branches along the main flow
channel shouldn’t be too many in design of symmetrical and asymmetrical leaf bionic flow
channel. Moreover, no matter what kinds of orientations of the symmetrical and
asymmetrical leaf bionic flow channel, the liquid water in the bionic flow channel is easier
to be drained when the flow channel is in the position of perpendicularity.

Totally, the results of the present work would be beneficial in design of bionic flow
channel for PEMFC.
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Abstract. The pipelines made by alloy 35CrMo are widely used in the 
process of flue gas injection. Therefore, corrosion behaviours of alloy 
35CrMo have been investigated at varied temperatures, namely 120 °C, 
150 °C, 200 °C and 250 °C, with same experimental pressure of 9 MPa and 
flus gas environment. Scanning electron microscopy was employed to 
examine the morphologies and microstructures of the oxide films. The 
results indicated that moderate temperature stands an essential role in the 
reaction mechanism and aggressive effects. In addition to increase in the 
diffusion rate of both alloy ions and corrosive gas, temperature can also 
reform the morphology of oxides by resulting in larger oxide particles and 
thicker oxide films, plus the transmission from needle-like oxides to 
spherical oxides. 

1 Introduction 
Flue gas injection is a tertiary recovery method in which the flue gas produced by boiler in 
heavy oil thermal recovery is processed and pressurized and then injected into the reservoir, 
mixing with residual crude oil to displace the crude oil. Besides approximately 79 ~ 85% 
N2 [1], this gas mixture, which could lead to serious corrosion on carbon steels and alloys 
used in casings and pipelines, still contains 10 ~ 15% CO2 and a little aggressive gas. Pan et 
al. [2] have conducted in-plant corrosion tests of five steel in a heating boiler to investigate 
the desulfurized flue gas corrosion coupled with deposits after flue gas desulfurization 
(FGD) unit and concluded that surface temperature of the steel was proved to be the key 
factor in the corrosion process. 

The reaction mechanism and aggressive effects of flue gas on metals and alloys vary 
with different flue gas temperature ranges. At low flue gas temperature [3], when water 
vapour interacts with acid materials at the low temperature surface of metal wall, 
condensation would be achieved, leading to corrosion and decrease in apparatus life. At 
high flue gas temperature [4], sulphur, chlorine and alum salt corrosion are the main types 
of corrosion emerging at the surface on the side of gas, in which sulphur element corrosion 
is most common and relatively more serious. However, there are less literatures with regard 
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to the effects of flue gas on carbon steels and alloys at specific temperature between high 
and low flue gas temperature at present. Consequently, to propose some reliable 
suggestions for choosing proper materials of casings and pipelines in oil filed, it is 
necessary and valuable to investigate the reaction mechanism and aggressive effects of flue 
gas on metals and alloys at moderate temperature. 

The pipelines made by alloy 35CrMo are widely used in the process of flue gas 
injection. Therefore, with the flue gas generated by a boiler in Liaohe oil field in Liaoning 
Province of China acting as aggressive medium, corrosion behaviours of alloy 35CrMo 
have been investigated at different temperatures in this paper. Scanning electron 
microscopy (SEM) [5] was employed to examine the morphologies and microstructures of 
the oxide films. The results suggest an essential role played by moderate temperature in the 
reaction mechanism and aggressive effects. Besides increase in the diffusion rate of both 
alloy ions and corrosive gas, temperature can also change the appearances of oxides by 
leading to bigger oxide particles, thicker oxide films and the transmission from needle-like 
oxides to spherical oxides. 

2 Experimental and instrumentations 

Table 1 and Table 2 are the composition of the flue gas and alloy 35CrMo respectively. 
Alloy 35CrMo was cut into cubic pieces with dimensions of 8 mm x 6 mm x 5 mm. SiC 
sandpapers were used to smooth the cut materials, which were then soaked in ultrasonic 
wave cleaner with acetone for 30 min to degrease. Finally, cleaned by deionized water, 
these samples were put into the vacuum drying box to avoid air corrosion. Moreover, high–
temperature tubular furnace (OTF-1200X-S, Kejing Co., Ltd) was the main equipment to 
proceed experiments and SEM was the crucial analysis tool. 

In order to investigate the effect of temperature on corrosion behaviours of alloy 
35CrMo, four discrete temperature points, namely 120 ℃, 150 ℃, 200 ℃ and 250 ℃，and 
four different time points namely 24 h, 48 h, 72 h and 96 h were set, with the same 
experimental pressure of 9 MPa and flue gas environment. Detailed experiments are listed 
in Table 3. 

Table 1. Compositions of flue gas 

Species O2 CO2 NO2 H2 H2S N2 
Vol.% 7.000 11.000 0.005 0.001 0.001 Balance 

Table 2. Composition of metal species in 35CrMo 

Species C Si Mn Cr Mo P S Ni Fe 
Compositio
ns (wt. %) 35CrMo 0.32 0.26 0.56 0.92 0.16 - - - Balance 

Table 3. Conditions used for corrosion tests 

Run No. Sample Pressure
(MPa) 

Exposure 
time(h) 

Temperature 
(℃) 

Corrosion 
medium 

1 35CrMo 9 24 120 Flue gas 
2 35CrMo 9 48 120 Flue gas 
3 35CrMo 9 72 120 Flue gas 
4 35CrMo 9 96 120 Flue gas 
5 35CrMo 9 24 150 Flue gas 
6 35CrMo 9 48 150 Flue gas 
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to the effects of flue gas on carbon steels and alloys at specific temperature between high 
and low flue gas temperature at present. Consequently, to propose some reliable 
suggestions for choosing proper materials of casings and pipelines in oil filed, it is 
necessary and valuable to investigate the reaction mechanism and aggressive effects of flue 
gas on metals and alloys at moderate temperature. 
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reaction mechanism and aggressive effects. Besides increase in the diffusion rate of both 
alloy ions and corrosive gas, temperature can also change the appearances of oxides by 
leading to bigger oxide particles, thicker oxide films and the transmission from needle-like 
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Table 1 and Table 2 are the composition of the flue gas and alloy 35CrMo respectively. 
Alloy 35CrMo was cut into cubic pieces with dimensions of 8 mm x 6 mm x 5 mm. SiC 
sandpapers were used to smooth the cut materials, which were then soaked in ultrasonic 
wave cleaner with acetone for 30 min to degrease. Finally, cleaned by deionized water, 
these samples were put into the vacuum drying box to avoid air corrosion. Moreover, high–
temperature tubular furnace (OTF-1200X-S, Kejing Co., Ltd) was the main equipment to 
proceed experiments and SEM was the crucial analysis tool. 

In order to investigate the effect of temperature on corrosion behaviours of alloy 
35CrMo, four discrete temperature points, namely 120 ℃, 150 ℃, 200 ℃ and 250 ℃，and 
four different time points namely 24 h, 48 h, 72 h and 96 h were set, with the same 
experimental pressure of 9 MPa and flue gas environment. Detailed experiments are listed 
in Table 3. 

Table 1. Compositions of flue gas 

Species O2 CO2 NO2 H2 H2S N2 
Vol.% 7.000 11.000 0.005 0.001 0.001 Balance 

Table 2. Composition of metal species in 35CrMo 

Species C Si Mn Cr Mo P S Ni Fe 
Compositio
ns (wt. %) 35CrMo 0.32 0.26 0.56 0.92 0.16 - - - Balance 

Table 3. Conditions used for corrosion tests 

Run No. Sample Pressure
(MPa) 

Exposure 
time(h) 

Temperature 
(℃) 

Corrosion 
medium 

1 35CrMo 9 24 120 Flue gas 
2 35CrMo 9 48 120 Flue gas 
3 35CrMo 9 72 120 Flue gas 
4 35CrMo 9 96 120 Flue gas 
5 35CrMo 9 24 150 Flue gas 
6 35CrMo 9 48 150 Flue gas 

7 35CrMo 9 72 150 Flue gas 
8 35CrMo 9 96 150 Flue gas 
9 35CrMo 9 24 200 Flue gas 
10 35CrMo 9 48 200 Flue gas 
11 35CrMo 9 72 200 Flue gas 
12 35CrMo 9 96 200 Flue gas 
13 35CrMo 9 24 250 Flue gas 
14 35CrMo 9 48 250 Flue gas 
15 35CrMo 9 72 250 Flue gas 
16 35CrMo 9 96 250 Flue gas 

3 Results and discussion 
Experimental samples are morphologically analysed. The samples exposed at different 
temperatures at 9 MPa for 96 h were taken as examples to investigate the effect of 
temperature on the corrosion behaviours of alloy 35CrMo. 

3.1 Increase in diffusion rate 

 
Fig. 1. Corrosion morphology of alloy 35CrMo exposed at (a) 120 ℃, (b) 150 ℃, (c) 200 ℃ and (d) 
250 ℃ at 9 MPa for 96 h. 
 

Fig. 1 shows varied corrosion morphology of alloy 35CrMo exposed at four different 
temperatures at 9 MPa for 96 h. According to Fig. 1(a), there are dense spherical oxides on 
the sample’s surface after exposure at 120 ℃ for 96 h and no serious oxidation or 
dissolution is detected. At 150 ℃, a continuous corrosion film has been found at the surface 
and the diameter of spherical oxide is larger than that at 120 ℃. In Fig. 1(c), the oxidation 
film is thicker and the distance between cracks can be seen. With mean diameter changing 
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from 4.74 μm at 200 ℃ to 6.19 μm at 250 ℃, the phenomenon of larger spherical oxides 
and wider cracks appearing in Fig. 1(c) becomes more distinct in Fig. 1(d). The influence of 
moderate temperature range, represented by four distinct temperatures, is mainly reflected 
in the promotion of diffusion. It can be observed from the morphology that the size of 
spherical oxides and the thickness of oxide films are increasing with increasing temperature, 
which indicates that higher temperature can accelerate the diffusion rate of both alloy ions 
and corrosive gases. 

3.2 Changes in the appearance of oxides 

In addition to increase in diffusion, temperature can also affect the stability of oxides, 
which is reflected by the change of the morphology. At relatively high temperature, oxygen 
and solute change from lattice diffusion to grain boundary diffusion. Oxides are easy to 
precipitate and then grow up along the grain boundary, bringing on rod-like and lamellar 
structure. At higher temperature, iron ions and atoms directly spread out from the lattice, 
resulting in the emergence of larger spherical particles. Fig. 2 indicates the corrosion 
morphology of 35CrMo at 150 ℃ and 250 ℃ and both take on totally different oxidation 
appearance. At 150 ℃, diffusion mostly happens in intergranular space, leading to the 
generation of needle-like oxides, which possess high density and strong corrosion 
resistance. On the contrary, the oxidation appearance of the right picture shows that oxides 
have turned to sphere. 
 

 
Fig. 2. Corrosion appearance of 35CrMo exposed at (a) 150 ℃ and (b) 250 ℃ at 9 MPa for 48 h 

4 Conclusions 
In this paper, after exposure in flue gas for 24 h, 48 h, 96 h and 120 h respectively, the 
effects of moderate temperature on alloy 35CrMo used for casing and pipeline in oil field 
are studied at same pressure and flue gas environment. Then, by using scanning electron 
microscopy (SEM), corrosion morphology analyses are achieved and main conclusions are 
listed as follows. 

The typical corrosion behaviour of low temperature corrosion initiated by SO2 and high 
temperature corrosion initiated by SO2 and CO2 did not appear at four chosen temperature 
points (120 ℃, 150 ℃, 200 ℃ and 250 ℃). With the increase of temperature, the 
nucleation rate of oxide particles almost keeps constant, but the growth rate of oxide 
particles is accelerated, resulting in larger particle size. As we already mentioned in the 
increase in the diffusion rate, the diffusion activation energies of iron ions and atoms, 
oxygen ions in the matrix and oxides are diverse, and temperature is one of the key factors 
to satisfy the need of the diffusion activation energy of these elements. That is to say, the 
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in the promotion of diffusion. It can be observed from the morphology that the size of 
spherical oxides and the thickness of oxide films are increasing with increasing temperature, 
which indicates that higher temperature can accelerate the diffusion rate of both alloy ions 
and corrosive gases. 

3.2 Changes in the appearance of oxides 

In addition to increase in diffusion, temperature can also affect the stability of oxides, 
which is reflected by the change of the morphology. At relatively high temperature, oxygen 
and solute change from lattice diffusion to grain boundary diffusion. Oxides are easy to 
precipitate and then grow up along the grain boundary, bringing on rod-like and lamellar 
structure. At higher temperature, iron ions and atoms directly spread out from the lattice, 
resulting in the emergence of larger spherical particles. Fig. 2 indicates the corrosion 
morphology of 35CrMo at 150 ℃ and 250 ℃ and both take on totally different oxidation 
appearance. At 150 ℃, diffusion mostly happens in intergranular space, leading to the 
generation of needle-like oxides, which possess high density and strong corrosion 
resistance. On the contrary, the oxidation appearance of the right picture shows that oxides 
have turned to sphere. 
 

 
Fig. 2. Corrosion appearance of 35CrMo exposed at (a) 150 ℃ and (b) 250 ℃ at 9 MPa for 48 h 

4 Conclusions 
In this paper, after exposure in flue gas for 24 h, 48 h, 96 h and 120 h respectively, the 
effects of moderate temperature on alloy 35CrMo used for casing and pipeline in oil field 
are studied at same pressure and flue gas environment. Then, by using scanning electron 
microscopy (SEM), corrosion morphology analyses are achieved and main conclusions are 
listed as follows. 

The typical corrosion behaviour of low temperature corrosion initiated by SO2 and high 
temperature corrosion initiated by SO2 and CO2 did not appear at four chosen temperature 
points (120 ℃, 150 ℃, 200 ℃ and 250 ℃). With the increase of temperature, the 
nucleation rate of oxide particles almost keeps constant, but the growth rate of oxide 
particles is accelerated, resulting in larger particle size. As we already mentioned in the 
increase in the diffusion rate, the diffusion activation energies of iron ions and atoms, 
oxygen ions in the matrix and oxides are diverse, and temperature is one of the key factors 
to satisfy the need of the diffusion activation energy of these elements. That is to say, the 

increase of temperature will improve the diffusion ability of iron ions and atoms and 
oxygen, so that the reactions take place that should not have happened. 

Besides, temperature will affect the stability of oxides, and the consequences will be 
reflected on the morphology. At low temperature, oxygen and solute change from lattice 
diffusion to grain boundary diffusion. The oxides are easy to precipitate and grow up along 
the grain boundary, leading to rod-like and lamellar structures. At high temperature, the 
intensified diffusion of iron ions and atoms changes the appearance of oxides by resulting 
in bigger oxide particles and thicker oxide films, even the transmission from needle-like 
oxides to spherical oxides. 
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Abstract. Since the heat transfer characteristics in Polymer Electrolyte 
Fuel Cell (PEFC) influences its power generation performance, this study 
clarifies the temperature characteristics to in-plane direction in single 
PEFC. In addition, since we expect the heat and mass transfer as well as 
power generation characteristic are enhanced by decreasing PEM and 
GDL’s thicknesses, it is effective to investigate the impact of components 
thickness on them under high temperature operation. This study aims to 
clarify how to influence PEM and GDL’s thicknesses on not only heat and 
mass transfer characteristics but also power generation characteristic under 
high temperature, e.g., 90 ℃. The present study measured temperature 
distributions to in-plane direction on cathode separator back of cell by 
thermograph with power generation changing initial operation temperature 
as well as relative humidity of inflow gases. As a result, the increase in 
generated power and the even temperature distribution were obtained due 
to the decrease in GDL’s thickness. Since the moisture transfer was 
promoted with decreasing the thickness of PEM, the power generation 
performance was improved. It was clarified that the impact of GDL’s 
thickness was larger than that of PEM’s thickness. Keywords: PEFC, 
thermal management, measurement by thermograph, high temperature 
target, components thickness 

1 Introduction  
PEFC (formally, it is Polymer Electrolyte Fuel Cell) is generally operated using polymer 
electrolyte membrane (PEM) such as Nafion at the temperature from 60 ℃ to 80 ℃ [1, 2]. 

In japan, the operation temperature is requested to be increased up to 90 ℃ for the usage of 
stationary PEFC from 2020 to 2025 [3]. If we can operate PEFC under higher temperature 
condition, the merits can be believed as follows: (1) electrochemical kinetics are enhanced 
for anode and cathode electrodes; (2) the cooling stack system can be downsized by 
utilizing the larger temperature gap between stack of PEFC and coolant; (3) the tolerability 
of CO is improved and the lower quality reformed hydrogen can be available [4]. If we 
want to develop the PEFC system at higher temperature condition, it is necessary to clarify 
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heat and mass transfer mechanisms for increase in the power generated and the system 
stability. 

The present study focuses on the temperature distribution to in-plane direction in a cell 
of PEFC since PEM (Proton Exchange Membrane) is decomposed thermally by local hot 
spot and PEM is destroyed due to thermal stress caused by non-uniform temperature 
distribution [5, 6]. In addition, some problems, e.g., water flooding, membrane dehydration 
and cell failure because of superheating are caused by temperature distribution at each point 
[7]. Therefore, it is necessary to manage the heat transfer in PEFC, especially under high 
temperature operation. Although it is known that thermocouple is used for temperature 
measurement, thermocouple influences the power generation as well as accuracy of 
measured temperature remarkably because of gases leakage [8, 9]. From this consideration, 
a thermograph is promising temperature measurement way under the power generation 
condition with more accuracy and non-disturbance of temperature and mass distribution 
since it can measure by a non-contract and in-situ procedure. According to past studies, 
temperature distributions measured by thermograph were reported only at relatively lower 
temperature below 60 ℃ and with dry gas supply [6, 10, 11]. There was no study revealing 

the temperature distribution at high temperature over 80 ℃, except the research carried out 
by the authors [12, 13]. 

Furthermore, there is a few study investigating the effect of PEM and GDL (Gas 
Diffusion Layer)’s thicknesses on heat and mass transfer characteristics as well as power 
generation characteristic at high temperature such as 90 ℃  though PEM and GDL’s 
thicknesses influence them [14, 15, 16].  Since it is believed to promote not only the heat 
and mass transfer but also power generation performance by decreasing PEM and GDL’s 
thicknesses, it is effective to investigate the impact of components thickness on them under 
high temperature operation for the management of heat transfer in the cell. 

Therefore, this study aims to clarify the impact of PEM and GDL (Gas Diffusion 
Layer)’s thicknesses on not only temperature and mass distributions but also power 
generated at high temperature such as 90 ℃ . This study measured the temperature 
distributions to in-plane direction on cathode separator back by means of thermograph with 
power generation changing pre-setup initial temperature of cell (= the temperature of inflow 
gas) and relative humidity of inflow gas. To evaluate the performance of PEFC, the voltage 
and local current were also measured. 

2 Experimental 

2.1 Set-up and method 

This study used one cell of PEFC (MC-25-SC-NH produced by Reactive Innovations). This 
study adopted Nafion 115, Nafion211 (produced by DuPont Corp.) whose thicknesses were 
127 m and 25 m as PEM. In addition, this study also used TGP-H-060 and TGP-H-030 
(produced by Toray Corp.) whose thicknesses were 190 m and 110 m as GDL. Table 1 
exhibits the specifications of cell components. Fig 1 shows the procedure of temperature 
measurements. The dimension of the hole for observation was 50 mm and 50 mm which 
was same as the electrode. The hole whose dimension was 40 mm and 50 mm was opened 
in hot water passage plate, where the water for heating didn’t flow exactly. 

We measured the temperature distribution to in-plane direction on the cathode separator 
back by the hole for observation and thermograph (Thermotracer TH9100WL produced by 
NIPPON AVONICS Co., Ltd.). In addition, we analysed the temperature data using the 

dedicated software (TH91-702 produced by NIPPON AVIONICS Co., Ltd.). We fitted a 
black body tape (HB-250 produced by OPTIX) on the separator back to prevent 
measurement inaccuracy caused by surface roughness and reflection variation. Since it was 
necessary to know the emissivity of black body tape used for power generation experiment, 
we measured it pre-experimentally. From the pre-experiment, it was clear that the impact of 
the observation window on power generation output was very little. The pre-set initial 
temperature of one cell was 70 ℃ and the relative humidity of both inflow gases was 
80 %RH (with and without hole for observation) as pre-experimental conditions [12, 13]. 
According to the results of the pre-experiment, it was revealed that voltage drops due to 
observation window during the anode and cathode observation experiments loading the 
current density of 0.80 A/cm2 were only 4 % and 7 %, respectively. 
 

Table 1. Specifications of cell components used in this study. 
Components Dimension Information 

PEM (Polymer Electrolyte 
Membrane) 

Width is 50.0 mm, height is 
50.0 mm, thicknesses are 

0.127, 0.025 mm. 

Nafion115, Nafion211 
(Produced by DuPont Corp.) 

Catalyst layer Width is 50.0 mm, height is 
50.0 mm (fitted on PEM). 

Pt loaded on carbon 
 (Loading ratio of Pt is 20 

wt%.) 
GDL (Gas Diffusion Layer) Width is 50.0 mm, height is 

50.0 mm, thicknesses are 
0.190, 0.110 mm. 

TGP-H-060, TGP-H-030 
(Produced by Toray Corp.) 

Gas separator Width is 75.4 mm, height is 
75.4 mm, thickness is 2.00 

mm (The area whose 
width is 50.0 mm and 

height is 50.0 mm is for gas 
supply.) 

Made by carbon graphite, 
Serpentine flow 

Hot water passage plate Width is 75.4 mm, height is 
75.4 mm, thickness is 2.00 

mm. 

Made by carbon graphite 

Current collector Power generation area is 
6937 mm2, 

thickness is 2.00 mm. 

Made by copper coated with 
gold 

End block Width is 110 mm, height is 
110 mm, thickness is 12.7 

mm. 

Made by alumina 
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Fig. 1. Cell structure to measure temperature by thermograph. 
 

We covered all sides of the cell without the observation window side and the opposite 
side by heat insulator. We measured the temperature distribution to in-plane direction 
caused by reaction heat by means of thermograph and set the current density at 0.80 A/cm2 
since the temperature of one cell could be kept over the pre-set initial temperature without 
heat input from electric heater [12, 13]. According to the brochure of manufacture, PEM, 
GDL and separator have the thermal conductivities of 0.195, 1.7 and 25 W/(m‧K), 
respectively. On the other hand, hot water passage plate, current collector and end block 
have the thermal conductivities of 25, 380 and 220 W/(m‧K), respectively. Therefore, the 
thermal conductivities of the latter located outside of separator are much larger than those 
of the former, resulting in no impact on the temperature distribution by ambient air [12, 13]. 
When the hot water passage plate which was assembled in advance was not installed, the 
gas leakage had occurred. Therefore, we installed hot water passage plate to prevent gas 
leakage though the water for heating was not flowed. 

Table 2 shows the experimental operation conditions and parameters. Fig. 2 illustrates 
the experimental set-up. To keep the same as pre-set initial temperature of cell (Tini), we 
controlled the temperatures of inflow gases. We also controlled the relative humidity of 
inflow gases by humidifiers and dew point meters (MHT337FC produced by VAISALA). 
We set the flow rates of inflow gases at the stoichiometric ratios of 1.5, 2.0 and 3.0. In the 
present study, we applied pure H2 and pure O2 for the anode and the cathode. We controlled 
the flow rate of inflow gases using the mass flow controller (5850E produced by BROOKS 
INSTRUMENT). The flow rate of inflow gas whose stoichiometric ratio is 1.0 is defined 
by Eq. (1). 

 
  CH2 = I/nF (1) 

 
where CH2 indicates the molar flow rate of H2 (mol/s), I indicates the load current (A) = 
(C/s), n indicates the valence ion (= 2) (-), F indicates Faraday constant (= 96,500) (C/mol). 
CH2 is same as the amount of H2 whose stoichiometric ratio is 1.0. From Eq. (2), CO2 
indicates the molar flow rate of O2 (mol/s) which equals to a half of CH2. 

 
  H2 + 1/2O2 = H2O (2) 

 
We controlled the load current of PEFC by the electric device (PLZ603W produced by 

KIKUSUI ELECTRONICS CORP.). We measured the total voltage according to the load 
current controlled by the electric load device. 

We heated the cell for start-up by electric heaters (Silicon rubber heater MG produced 
by OM Heater) installed around the end block. We also heated H2 and O2 at Tini before 
suppling into the cell in this start-up process. After attaining at Tini, we started the power 
generation changing the load. The flow rates of inflow and outflow gases as well as 
temperature distribution were maintained a static state over 30 min keeping to load the 
current. 
 

Table 2. Experimental operation conditions. 
Pre-set initial temperature 

(Tini) (℃) 
80, 90 

Load current (A) 
(Current density (A/cm2)) 

0 - 20 
(0 - 0.80) 

Inflow gas conditions 
 Anode Cathode 

Gas characteristics H2 whose purity is  
99.995 vol% 

O2 whose purity is  
99.995 vol% 

Temperature of inflow gas 
(℃) 

80, 90 80, 90 

Relative humidity of inflow 
gas (%RH) 

40, 80 40, 80 

Pressure of inflow gas 
(absolute) (MPa) 

0.4 0.4 

Flow rate of inflow gas 
(NL/min) (Stoichiometric 

ratio (-)) 

0.210, 0.280, 0.420 (1.5, 
2.0, 3.0) 

0.105, 0.140, 0.210 (1.5, 
2.0, 3.0) 

 
 

 
Fig. 2. Schematic diagram of experimental set-up. 
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2.2 Evaluation procedure of temperature image 

The present study analysed the temperature image, which was obtained using the 
thermograph, by dividing into segment. Fig. 3 indicates the image of temperature 
distribution to in-plane direction divided into the area which has the vertical length of 10 
mm and the horizontal length of 10 mm. The number of areas was 20 from A to T 
according to the gas flow along gas channel. We calculated the mean temperature in each 
area using the temperature image. We averaged temperatures of the areas of A and T by 
removing the area where the heat insulator covering the gas pipe disturbed to detect the 
infrared ray by thermograph. 
 This study applied the temperature difference Ti – Tave (℃) to evaluate the temperature 
distribution to in-plane direction objectively. Ti indicates the average temperature in each 
area (A to T). Tave indicates the average temperature in all areas. 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3. Segmentation of the temperature image. 

3 Results and discussion 

3.1 Impact of GDL thickness 

Figs. 4 and 5 show polarization curves of two different GDLs under various relative 
humidity conditions at Tini = 80 and 90 ℃, respectively. Nafion115 was used as PEM in 
these experiments. According to these figures, TGP-H-030 showed a small voltage drop 
under high current density condition compared with TGP-H-060 regardless of Tini and 
relative humidity. It is believed that the moisture transfer was promoted due to thin GDL 
(TGP-H-030), resulting that the good humidification was obtained even under high 
temperature and low humidity condition. Therefore, it can be considered that the promotion 
of moisture transfer contributes to the increase in the power generated. 
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Fig. 4. Polarization curves of two different GDLs under various relative humidity conditions in the 
case of Tini = 80 ℃. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Polarization curves of two different GDLs under various relative humidity conditions in the 
case of Tini = 90 ℃. 

 
 Figs. 6 and 7 show the temperature distribution to in-plane direction on cathode side 
with Nafion115 changing GDL and relative humidity of inflow gas in the case of Tini = 80, 
90 ℃. Results for the stoichiometric ratio of 1.0 are shown in these figures since there is a 
few difference among various stoichiometric ratio conditions. According to these figures, it 
is seen that the temperature rose from the inlet to the outlet in the case of TGP-H-060. As 
the generated water accumulated, the PEM was humidified well with the gas flow, resulting 
in the improvement of power generation performance. As to TGP-H-030, the temperature 
distribution was relatively flat regardless of Tini and relative humidity condition. According 
to the brochure of GDL [17], the gas permeability of TGP-H-060 and that of TGP-H-030 
are 1900 ml‧mm/(cm2‧hr‧mmAq) and 2500 ml‧mm/(cm2‧hr‧mmAq), respectively. Since 
the gas permeability increased with decreasing the thickness of GDL, the gas was diffused 
uniformly, resulting that the temperature variation was reduced. Consequently, it is clarified 
that the generated power was increased by decreasing GDL’s thickness. In addition, the 
temperature distribution became even because of decreasing GDL’s thickness. 
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Fig. 6. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 80 ℃ using Nafion115 among different GDLs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 90 ℃ using Nafion115 among different GDLs. 
 

3.2 Impact of PEM thickness 

Fig. 8 shows polarization curves of two different PEMs under various relative humidity 
conditions in the case of Tini = 90 ℃. According to Fig. 8, it is seen that the voltage was 
higher wholly and the voltage drop under low humidity conditions was smaller for 
Nafion211 compared with Nafion115. Thinner PEM has an advantage of power generation 
performance which is the same as the previous study carried out at 80 ℃ [14]. The moisture 
transfer was promoted with decreasing PEM’s thickness, resulting that the power 
generation performance was improved, especially under high current density condition 
which would cause the flooding and plugging easily. 
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Fig. 8. Polarization curves of two different PEMs under various relative humidity conditions in the 
case of Tini = 90 ℃. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 90 ℃ using TGP-H-030 among different PEMs. 

 
Fig. 9 shows the temperature distribution to in-plane direction on cathode side in the case of 
Tini = 90 ℃ with TGP-H-030 changing PEM and relative humidity of inflow gas. From Fig. 
9, the temperature distribution was flat irrespective of relative humidity condition as well as 
PEM. It is believed that the moisture transfer for both PEM was sufficiently promoted due 
to thin GDL. Consequently, it is revealed that the impact of GDL’s thickness was larger 
than that of PEM’s thickness. 

4 Conclusion 
In this study, the impact of PEM and GDL’s thicknesses on heat and mass transfer 
characteristics as well as power generation characteristic was analysed to realize high 
temperature operation such as 90 ℃. As a result, this study obtained the conclusions as 
follows: 
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Fig. 6. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 80 ℃ using Nafion115 among different GDLs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 90 ℃ using Nafion115 among different GDLs. 
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Fig. 8. Polarization curves of two different PEMs under various relative humidity conditions in the 
case of Tini = 90 ℃. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Comparison of temperature distribution to in-plane direction on the cathode side in the case of 
Tini = 90 ℃ using TGP-H-030 among different PEMs. 

 
Fig. 9 shows the temperature distribution to in-plane direction on cathode side in the case of 
Tini = 90 ℃ with TGP-H-030 changing PEM and relative humidity of inflow gas. From Fig. 
9, the temperature distribution was flat irrespective of relative humidity condition as well as 
PEM. It is believed that the moisture transfer for both PEM was sufficiently promoted due 
to thin GDL. Consequently, it is revealed that the impact of GDL’s thickness was larger 
than that of PEM’s thickness. 

4 Conclusion 
In this study, the impact of PEM and GDL’s thicknesses on heat and mass transfer 
characteristics as well as power generation characteristic was analysed to realize high 
temperature operation such as 90 ℃. As a result, this study obtained the conclusions as 
follows: 

0

0.2

0.4

0.6

0.8

1.0

0 0.2 0.4 0.6 0.8
To

ta
l v

ol
ta

ge
 (V

)

Current density (A/cm2)

A80%RH, C80%RH, Nafion115 A80%RH, C40%RH, Nafion115
A40%RH, C80%RH, Nafion115 A80%RH, C80%RH, Nafion211

A80%RH, C40%RH, Nafion211 A40%RH, C80%RH, Nafion211

-2.0

-1.0

0

1.0

2.0

A B C D E F G H I J K L M N O P Q R S T

T i
-T

av
e

(℃
)

Position
A80%RH, C80%RH, Nafion115 A80%RH, C40%RH, Nafion115
A40%RH, C80%RH, Nafion115 A80%RH, C80%RH, Nafion211
A80%RH, C40%RH, Nafion211 A40%RH, C80%RH, Nafion211

9

E3S Web of Conferences 83, 01007 (2019) https://doi.org/10.1051/e3sconf/20198301007
HEET 2018



(1) Thin GDL (TGP-H-030) showed a small voltage drop under high current density 
condition compared with thick GDL (TGP-H-060) regardless of Tini and relative 
humidity since the moisture transfer was promoted. 

(2) The temperature rose from the inlet to the outlet for thick GDL, while the temperature 
distribution was relatively flat regardless of Tini and relative humidity condition for thin 
GDL. 

(3) The increase in generated power and the even temperature distribution were obtained 
due to the decrease in GDL’s thickness. 

(4) The voltage was higher wholly and the voltage drop under low humidity conditions 
was smaller for Nafion211 compared with Nafion115. Since the moisture transfer was 
promoted with decreasing PEM’s thickness, the power generation performance was 
improved. 

(5) When using thin GDL, the temperature distribution was flat irrespective of relative 
humidity condition as well as PEM. 

(6) It is revealed that the impact of GDL’s thickness was larger than that of PEM’s 
thickness. 
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Abstract. Inorganic-organic composite membranes were prepared by 
using partly cesium-substituted silicotungstic acid (CHS-WSiA) and 
polybenzimidazole (PBI, MRS0810H) for medium temperature polymer 
electrolyte fuel cells (MT-PEFCs). Cesium hydrogen sulfate (CsHSO4, 
CHS) and silicotungstic acid (H4SiW12O40, WSiA) were milled to obtain 
0.5CHS-0.5WSiA composites by dry and wet mechanical millings. N,N-
dimethylacetamide (DMAc) was used as a disperse medium in the 
preparation of the inorganic solid acids by wet mechanical milling and also 
a casting agent for fabrication of membrane. Finally, flexible and 
homogeneous composite membranes with several phosphoric acid doping 
levels (PADLs) were obtained. The wet mechanical milling using DMAc 
was found to effectively promote good substitution of H+ ion in WSiA by 
Cs+ ion of CHS and promoted the formation of smaller grain sizes of 
composites, compared with dry milling. A high maximum power density of 
378 mWcm-2 and a good constant current stability test were obtained from 
a single cell test using the PBI composite membrane containing 20 wt% of 
0.5CHS-0.5WSiA from wet milling and phosphoric acid doping level 
(PADL) of 8 mol, at 150 oC under an anhydrous condition. Wet milling 
CHS-WSiA crystallites were highly dispersed in PBI to give homogenized 
membranes and played a significant role in the enhancemance of acidity by 
increasing the number of proton sites in the electrolyte membrane. After 
the addition of CHS-WSiA into PBI membrane, the acid and water 
retention properties were improved and incorporated as new proton 
conduction path by adsorbing phosphoric acid in these composite 
electrolyte membranes. These observations suggest that composite 
membranes with 8 mol of PADL are good promising PA doped-
membranes with effective electrochemical properties for the medium 
temperature fuel cells.  

1 Introduction 

Presently, environmental safety is of significant importance for human beings as well as the 
lives of future generations. One of the negative impacts of the environment is the large  
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usage of electrical energy which increases day by day. In our daily lives, people need 
energy, and the primary sources of energy are provided via the combustion of fossil fuels, 
which leads to high levels of air pollution and the emission of greenhouse gasses [1]. To 
solve these challenges, new energy production technologies have to be developed for future 
energy production. So, fuel cells are the great promise for new energy production. The fuel 
cell can make directly conversion from chemical energy to electrical energy as an 
electrochemical cell between fuels. Fuel cells are one of power generation with high 
interest because they can perform to enhance power conversion efficiency with a reduction 
of pollution levels. In particular, the electrolyte membrane is a main component in fuel cell 
performance to generate electrical power [2]. Polymer electrolyte membrane fuel cells 
(PEMFCs) contain perfluorosulfonic acid electrolyte such as Nafion® which is one of the 
most production methods of clean energy and are explored for usage as power sources for 
energy converters. They present positive characteristics, such as high performance like 
power density and conductivities, good efficiency and tolerance of pollutant levels. But, 
PEMFCs need humid condition for proton generation with low fuel cell performance and 
efficiency under the operating temperature (< 100 oC). So, to enhance the fuel cell 
performance and power efficiency for PEMFCs, a high operating temperature and 
kinematic reaction are required for high fuel cell efficiency [3-10]. After increasing the 
operating temperature (>100 oC) for PEMFCs, they are improved with high kinematic 
reaction, higher tolerance for impurities in the fuel stream, and affable thermal-water 
maintainance. Polybenzimidazole (PBI) is the most attractive water insoluble polymer 
among the non-fluorinated ionomers (non-PFI) under active development because it shows 
good properties not only electronic but also as an ionic insulator. In addition, PBI have also 
attracted positive attention because of their high mechanical properties and thermal 
stablility. However, after pristine PBI membrane is doped with phosphoric acids (PA), 
mechanical strength of PBI membrane was reduced with the higher the acid content in PBI. 
And hence, PBI membranes with large amount of acid doping might happen higher acid 
leaching comparing with lower amount of acid doping PBI membrane in fuel cell 
applications. Inorganic composite doped-PBI membranes can make high tolerance acid 
leaching problems and enhance the proton conduction path in PBI [11-15].  
Partially cesium-substituted heteropoly acids have attracted good interest due to their high 
catalytic properties with high proton conductivity in many acid-type reactions. Acidic or 
anhydrous inorganic compounds were mainly used for the performance enhancing of 
inorganic solid-state proton conductor. Inorganic solid-state composites produced by high 
mechanical milling treatment shows a high potential method that improves the proton 
conductivity of inorganic composite materials and reduces particle sizes [16-22]. Hence, 
fabrication of inorganic composites have been focused on the factors of low-cost, high-
performance, medium temperature (at around 150 oC)-resistant for high temperature 
PEMFCs (MT-PEMFCs). Introducing solid acid composites (e.g. CsHSO4-H4SiW12O40) 
into the PBI membrane performs to improve absorption capability of PA and supports to 
prevent acid leaching of PA at high temperature [23].  
In this research, CHS-WSiA composite was created to enhance the anhydrous proton 
conductivity and reduce the particle sizes via wet mechanical milling as inorganic fillers for 
the application of membrane fabrication. For the MT-PEMFCs,  proton conductivities and 
cell performances of  CHS-WSiA/PBI membranes were improved after fabrication of 
composites doped-PBI.  

 
 
 
 
 

2 Experimental Procedure  
 
Reagent grade cesium hydrogen sulfate (CsHSO4, CHS) (Sokawa Chemical Co.Ltd., Japan) 
and silicotungstic acid (H4SiW12O40, WSiA) (Wako Pure Chemical Industries, Japan) were 
purchased to fabricate CHS-WSiA composite materials. To synthesize 0.5CHS-0.5WSiA 
dry composite materials, the planetary dry milling was carried out under a dry nitrogen 
atmosphere using a planetary ball mill (Purverisette 7, Fritsch) with an agate pot (45 mL) 
and agate balls (10 balls of 10 mm diameter) at 720 rpm and a rotation ratio of 1:1 for 1 h. 
After dry milling, these composites were collected from the mechanical milling pot and 
were heated at 80 oC in a vacuum oven overnight to obtain dry and fine composite powders. 
On the other hand, to fabricate 0.5CHS-0.5WSiA wet composites, N,N-Dimethylacetamide 
(DMAc, 5 mL) (Wako; 99 %) was used as solvent/disperse media at 300 rpm for 1 h. After 
mechanochemical wet milling, the composite precursors were dried at 60 oC overnight in an 
oven to remove hydrated water and DMAc from the sample. Then, it was also heated at     
80 oC for 3 h in a vacuum oven to obtain more dry and fine composite powders.                  
A schematic diagram for xCHS-(1-x)WSiA composites produced by wet mechanical 
milling method was shown in Fig 1[24,25].    
For electrolyte membrane fabrication, DMAc (43.23 g) and polybenzimidazole solution 
(PBI, MRS0810H) (1wt%, 4.8 g) were used to cast pristine PBI membrane. 
Before membrane casting, a magnetic stirrer and a sonicator were used to stirr PBI solution 
at 500 rpm for 1 h and sonicate for 30 min. Then, petri dish (φ = 9.7 cm) was used to cast 
PBI membrane solution under the temperature (60-120 oC) for 24 h drying. Hot-water 
durability test was also performed for PBI membrane to eliminate residual materials and 
DMAc solvent at 90 oC for 5 h.  Finally, it was dried to evaporate hydrated water from 
membrane under dry temperature (at 60 oC) overnight. 
20 wt% of CHS-WSiA composites was added into PBI solution to fabricate CHS-
WSiA/PBI membranes under the same fabrication method of pristine PBI membrane, at 
weight percent (PBI:CHS-WSiA, 5:1 wt%), before  casting.  
Finally, PA doping of CHS-WSiA/PBI membranes and pristine PBI membrane was 
performed by immersing into 85 % of PA (Wako) and heated at 60 oC for desired PA 
doping levels (PADLs). Prior to conductivity and fuel cell measurement, PA doped 
membranes were heated at 60 oC for 1 h to eliminate excess PA and water.  
X-ray diffraction (XRD; RINT 2200, Rigaku) patterns of the mechanochemically fabricated 
Cs-substituted WSiA composites from dry and wet milling were evaluated at room 
temperature (RT). 
The morphologies of the CHS-WSiA composite powders, CHS-WSiA/PBI membranes, and 
pristine PBI membrane were measured by using field emission scanning electron 
microscopy (FE-SEM; S-4800, Hitachi). 
AC impedance spectroscopy measurement was performed to evaluate temperature-
dependent proton conductivities of all membranes over a frequency range of 107-1 Hz 
(Solartron; SI 1260) under dry nitrogen condition. Before conductivity measurement, 
composite samples and electrolyte membranes were kept at 150 oC for 1 h under                
N2 atmosphere. For membrane electrode assemblies (MEAs), commercially 0.5 mg cm-2    

Pt-loaded carbon papers were used as electrodes. Pt-loaded carbon sheets were prepared the 
sizes (1 × 1 cm2) and (1.5 × 1.5 cm2) for anode and cathode, respectively. 
The membranes with PA doping were sandwiched by the Pt-loaded carbon catalysts to set 
MEAs measurement condition. 100 mL min-1 of H2 and 100 mL min-1 of O2 were applied to 
supply during FC evaluation. Operating temperature was selected at 150 oC for single fuel 
cell test under dry condition [24, 26]. 
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The morphologies of the CHS-WSiA composite powders, CHS-WSiA/PBI membranes, and 
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N2 atmosphere. For membrane electrode assemblies (MEAs), commercially 0.5 mg cm-2    

Pt-loaded carbon papers were used as electrodes. Pt-loaded carbon sheets were prepared the 
sizes (1 × 1 cm2) and (1.5 × 1.5 cm2) for anode and cathode, respectively. 
The membranes with PA doping were sandwiched by the Pt-loaded carbon catalysts to set 
MEAs measurement condition. 100 mL min-1 of H2 and 100 mL min-1 of O2 were applied to 
supply during FC evaluation. Operating temperature was selected at 150 oC for single fuel 
cell test under dry condition [24, 26]. 
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Fig. 2. Powder XRD patterns of WSiA, CHS, 0.5CHS-0.5WSiA (dry milling) and 0.5CHS-
0.5WSiA(wet milling) composites. 

 
From XRD measurement, 0.5CHS-0.5WSiA (dry and wet milling) inorganic composites 
are shown in Fig. 2. Prior to mechanical milling, diffraction peaks of CHS and WSiA in 
Fig. 2 were well matched with standard JCPS library file. After mechanical dry milling to 
fabricate CsxH4-xSiW12O40, noticeable changes are detected in the XRD results from 25.6 o 
to 26 o; and it showed broad diffraction peak comparing with composite fabricated from 
mechanical wet milling. After mechanical wet milling, the diffraction peak of composite 
slightly shifted to higher angle; that compared with composite from mechanical dry milling. 
Both composites synthesized by dry and wet milling showed the highest intensities with the 
high peak shifting to higher angles which indicates that the H+ ion in WSiA was partly 
substituted with large Cs+ ion in CHS to fabricate CsxH4-xSiW12O40 via mechanical dry and 
wet milling. 
 

 
 

 

 

 

Fig. 3. FE-SEM images of  (a) 0.5CHS-0.5WSiA (dry milling) and (b) 0.5CHS-0.5WSiA               
(wet milling) composites. 

Fig. 3(a) and 3(b) show FE-SEM images of 0.5CHS-0.5WSiA (dry milling) and 0.5CHS-
0.5WSiA (wet milling) composites. After mechanochemical dry and wet milling, it was 
seen that the chemical reaction was formed between CHS and WSiA to produce               
Cs-substituted WSiA composite materials with high proton percolation. 0.5CHS-0.5WSiA 
(dry milling) and 0.5CHS-0.5WSiA (wet milling) composites showed surface 
homogeneous and spherical structure as fine composite powders. While 0.5CHS-0.5WSiA 
(dry milling) composite showed grain sizes at about 50 nm, 0.5CHS-0.5WSiA (wet milling) 
composite showed at about 20 nm as the grain units. The grain sizes of 0.5CHS-0.5WSiA 
(wet milling) composites were smaller than 0.5CHS-0.5WSiA (dry milling) composites via 
a high chemical reaction between CHS and WSiA with the help of DMAc solvent. 
Composite samples with small particles will support to be a large active surface area and 
take more acid, which shows good properties of the composites. 0.5CHS-0.5WSiA (wet 
milling) composites showed good distribution which is more compact than 0.5CHS-
0.5WSiA (dry milling) because of the effective DMAc solvent’s treatment. According to 
mechanochemical wet milling, this solvent helps to make an effective chemical reaction 
between the raw samples and supported to achieve a high proton conduction path in 
composites.   

3.2 Characterization of CHS-WSiA/PBI and pristine PBI membranes 

 

 

 

 

 

 
 
 
 
Fig. 4. Time-dependent of PADL for pristine PBI, 0.5CHS-0.5WSiA(dry mill)/PBI, and 0.5CHS-

0.5WSiA(wet mill) /PBI membranes, respectively. 
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Different PADL values of CHS-WSiA/PBI and pristine PBI membranes with different 
doping time were  shown in Fig. 4. For CHS-WSiA(wet)/PBI electrolyte film, after 35 min, 
PADL value was reached to 4 mol, and 6 mol for 55 min, and then reached to 8 mol during 
70 min for FC evaluation. Then, it was slightly increased to be 8 mol over 70 min during 
PA doping time. 8 mol of PADL was selected to apply for membrane characterization and 
FC evaluation. On the other hand, after 65 min, 4 mol of PADL was achieved for the CHS-
WSiA(dry)/PBI membrane, and 6 mol for 105 min, and then, reached to 8 mol PADL 
during 150 min. For pristine PBI, it showed 4 mol of PADL within 8 min, and  reached to  
6 mol during 70 min, and then saturates 8 mol PADL after 85 min. Especially, PA dopants 
in composite PBI membranes and pristine PBI exist in different forms. For instance, they 
exist not only chemically reacted PA with nitrogens of imidazole rings in PBI but also 
physically adsorbed PA in PBI as free acids [10]. CHS-WSiA (wet)/PBI membrane with 
nonosized-composite materials showed good hygroscopic properties and maintained a large 
amount of PA after PA doping. 
 

 

 

 

 

 

 

Fig. 5. Photographs of (a) 0.5CHS-0.5WSiA (dry mill) /PBI membrane and (b) 0.5CHS-0.5WSiA   
(wet mill) /PBI composite membranes. 

 
 

 

 

 

 

 

Fig. 6. Cross-sectional FE-SEM images of (a) 0.5CHS-0.5WSiA (dry mill)/PBI and (b) 0.5CHS-
0.5WSiA(wet mill)/PBI composite membranes. 

 

Photographs of 0.5CHS-0.5WSiA(dry mill) and 0.5CHS-0.5WSiA(wet mill) composite 
electrolyte membranes are shown in Fig. 5. They both were seen to be good transparent and 
homogenous appearances. FE-SEM morphologies of cross-sectional measurements of the 
composite membranes were shown in Fig. 6 with the typical thickness of 50-70 µm for the 
composite membranes; and they showed inorganic composite materials were thoroughly 
dispersed in PBI matrix after fabrication of CHS-WSiA/PBI composite membranes. These 
observations suggested that the homogeneous and thin membranes with sufficient thickness 
were convenient to apply for anhydrous conductivity measurements and FC performance 
evaluation. 

 

 

 

 

 

 

 

 
 
Fig. 7. Temperature dependence of conductivity of pristine PBI membrane, 0.5CHS-0.5WSiA (dry 

mill)/PBI and 0.5CHS-0.5WSiA(wet mill) /PBI composite membranes under anhydrous 
condition. 

 
Anhydrous proton conductivities of pristine PBI and CHS-WSiA/PBI composite electrolyte 
membranes were measured along the temperature range 50-150 oC. Figure 7 shows the 
temperature-dependent conductivity measurements of pristine PBI and composite PBI 
membranes with 8 mol of PADL. The conductivity’s trends of all membranes were 
increasing with increasing the temperature in the range 50 to 150 oC. However, the 
conductivity values of the CHS-WSiA/PBI membranes were observed that they showed 
higher than that of the pristine PBI. The proton conductivities of pristine PBI was ranged 
from 2.11×10-4 to 8.99 ×10-4 S cm-1 and the proton conductivities of CHS-WSiA (dry)/PBI 
and CHS-WSiA(wet)/PBI showed from 2.79×10-4 to 1.104 ×10-3 S cm-1 and 1.78×10-4 to 
1.302 ×10-3 S cm-1 respectively. Especially, CHS-WSiA(wet)/PBI membrane showed high 
conductivity above 110 oC that compared with CHS-WSiA(dry)/PBI membrane and 
pristine PBI. These observations suggested that CHS-WSiA composite membranes with 
nano-scale composites maintain acid and water retention properties comparing with pristine 
PBI membrane for enhancing the proton conductivity after adsorbing PA.  
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Fig. 8. Power density curves of pristine PBI membrane, 0.5CHS-0.5WSiA (dry mill) /PBI and 

0.5CHS-0.5WSiA(wet mill) /PBI composite membranes under anhydrous condition. 

 

 

 

 

 

 

 

 

 

 
Fig. 9. Polarization curve of pristine PBI membrane, 0.5CHS-0.5WSiA (dry mill) /PBI and 0.5CHS-

0.5WSiA(wet mill) /PBI composite membranes under anhydrous condition. 

 

 

 

 

 

  

 

 

 

 
Fig. 10. Constant current density measurement of pristine PBI membrane, 0.5CHS-0.5WSiA (dry 

mill)/PBI and 0.5CHS-0.5WSiA(wet mill) /PBI composite membranes under anhydrous 
condition. 

 
The fuel cell evaluation of electrolyte membranes was performed according to their results 
(shown in Fig. 8 and Fig. 9) ; with highest power density values of 268, 292, and 378 mW 
cm-2 for pristine PBI, CHS-WSiA(dry)/PBI, and CHS-WSiA(wet)/PBI, respectively. While 
CHS-WSiA/PBI membranes showed the open circuit voltages (> 0.8 V) for  low gas 
permeability, pristine PBI showed the open circuit voltage less than 0.8 V. To make the 
comparison between CHS-WSiA/PBI membranes and pristine PBI in Fig. 8 and 9, it can be 
seen that all the CHS-WSiA/PBI membrane fuel cells showed good performance compared 
with pristine PBI. Thus, the CHS-WSiA components in the PBI matrix emphatically 
adsorbed and retained the PA acid groups in their CHS-WSiA/PBI composite membranes 
to enhance proton conduction mechanism and prevent acid leaching problem. 
The current stability tests of 20 wt % of CHS-WSiA/PBI composite membranes and 
pristine PBI were measured to make confirmation of the acid retention properties and 
thermal stability of the CHS-WSiA composites/PBI matrix (shown in Fig. 10). The stability 
tests of composite membranes and pristine PBI were performed as fixed current 
measurements (0.2 A/cm-2,  24 h). While 20 wt % CHS-WSiA/PBI composite membranes 
showed constant potential condition throughout the constant current measurement (0.2 A 
cm-2), the pristine one was observed for the degradation of potential after 8 h measurement. 
These observation of cell performances suggested that inorganic composites partly 
supported to the PA acid retention of the adsorbed PA ligands via to new proton conduction 
of CHS-WSiA composites/PBI matrix. 
Thus, the grain nanostructures of the CHS-WSiA composites with grain nano-sized 
particles by wet milling in the PBI matrix supported to be homogeneously dispersed in the 
membrane matrix and also created new proton conduction path after adsorption of PA [26]. 
 
 

4 Conclusions 
 
CHS-WSiA composites were successfully fabricated via dry and wet mechanical milling, 
and characterized using XRD, FE-SEM, and proton conductivity measurements. The 
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diffraction peaks of these composites shifted to a higher angle via an ion-exchange reaction 
from a mechanochemical efffect. The grain sizes (about 20 nm) of CHS-WSiA composite 
obtained by wet milling are smaller than the composite obtained by dry milling. From 
conductivity measurement, CHS-WSiA composite (wet milling) showed higher 
conductivity of about 10-3 S cm-1, compared to the raw substances at low temperatures. 
Inorganic-organic CHS-WSiA/PBI membranes were observed for enhanced adsorption and 
retention properties of PA in the medium temperature (100-200 oC) fuel cell evaluation via 
new proton conduction path of CHS-WSiA composites. CHS-WSiA/PBI membranes 
showed higher performances with 378 mW cm-2 for CHS-WSiA(wet)/PBI and                 
292 mW cm-2 for CHS-WSiA(dry)/PBI in comparing with 268 mW cm-2 of pristine PBI 
membrane. For constant current test, CHS-WSiA/PBI composite membranes showed stable 
potential over 24 h period while the potential of pristine PBI was decreased after 8 h. 
Among membranes, CHS-WSiA(wet)/PBI showed fast PA doping compared with CHS-
WSiA(dry)/PBI and pristine PBI. Addition of inorganic solid acid complex with high 
proton conductivity caused fast proton transfer in these composites/PBI electrolyte 
membranes. Both CHS-WSiA/PBI electrolyte membranes showed proton conductivities 
higher than pristine PBI. A new proton conduction path was also proposed in these 
composite membranes due to the inorganic solid composites’s effect in the PBI matrix. 
CHS-WSiA(wet)/PBI showed the highest power density and best durability test with high 
potential stability among these electrolyte membranes because it showed a stable 
performance even in  a second cycle fuel cell performance measurement by suppressing of 
PA leaching.  
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conductivity measurement, CHS-WSiA composite (wet milling) showed higher 
conductivity of about 10-3 S cm-1, compared to the raw substances at low temperatures. 
Inorganic-organic CHS-WSiA/PBI membranes were observed for enhanced adsorption and 
retention properties of PA in the medium temperature (100-200 oC) fuel cell evaluation via 
new proton conduction path of CHS-WSiA composites. CHS-WSiA/PBI membranes 
showed higher performances with 378 mW cm-2 for CHS-WSiA(wet)/PBI and                 
292 mW cm-2 for CHS-WSiA(dry)/PBI in comparing with 268 mW cm-2 of pristine PBI 
membrane. For constant current test, CHS-WSiA/PBI composite membranes showed stable 
potential over 24 h period while the potential of pristine PBI was decreased after 8 h. 
Among membranes, CHS-WSiA(wet)/PBI showed fast PA doping compared with CHS-
WSiA(dry)/PBI and pristine PBI. Addition of inorganic solid acid complex with high 
proton conductivity caused fast proton transfer in these composites/PBI electrolyte 
membranes. Both CHS-WSiA/PBI electrolyte membranes showed proton conductivities 
higher than pristine PBI. A new proton conduction path was also proposed in these 
composite membranes due to the inorganic solid composites’s effect in the PBI matrix. 
CHS-WSiA(wet)/PBI showed the highest power density and best durability test with high 
potential stability among these electrolyte membranes because it showed a stable 
performance even in  a second cycle fuel cell performance measurement by suppressing of 
PA leaching.  
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Abstract. In this paper, a type of hysteretic constitutive model of
piezoelectric sensor was proposed. Nonlinear differential terms were
developed to express the hysteresis phenomena of displacement-voltage
relationship of piezoelectric ceramics. Based on the model, the dynamic
model of a PZT sensor was established. The nonlinear dynamic behaviours
of a PZT sensor were analyzed, and the relationship between the outside
excitation and the voltage of a PZT sensor was obtained. Theoretical
results show that there are many kinds of frequencies in the output voltage,
which are caused by the PZT’s hysteresis characteristics.

1 Introduction
Piezoelectric ceramics is a kind of smart material, which has high control accuracy and

high response speed [1]. Piezoelectric sensors are widely used in engineering. The
piezoelectric ceramics used widely is PZT. Usually, piezoelectric sensor is regarded as
linear [2]. In fact, all kinds of piezoelectric ceramics have the hysteretic characteristics
more or less [3]. To obtain the accurate response of piezoelectric sensor, an accurate
physical model of piezoelectric ceramics is necessary.
Due to PZT’s hysteretic characteristics, many PZT’s constitutive model is equations with

piecewise functions [4]. Indeed, equations with piecewise functions can express the
hysteresis. However, the dynamic model of PZT structures is usually the differential
equations, and the modern mathematics methods can’t deal with the differential equations
with piecewise functions [5]. It means that the common PZT’s constitutive model can’t be
analysed by theory. In this paper, nonlinear differential terms were developed to describe
the hysteresis phenomena of PZT’s displacement-voltage curves. The physical model of a
PZT sensor was established, and its nonlinear dynamic characteristics were analysed.
Finally, the relationship between the outside excitation and the output voltage of PZT
sensor was obtained.

2 PZT Model

* Corresponding author: lxmtju@163.com

© 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/).
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Fig. 1. PZT’s displacement-voltage curves Fig. 2. Voltage-displacement curves with pre-stress

The PZT’s displacement-voltage curves were in Fig.1. The relationship between strain
and voltage can be shown as follows:

 )( 232 U (1)

Fig. 3. Results of principal component analysis

In fact, piezoelectric layer was pre-tightened in the piezoelectric sensor, and the stress 
will influence the PZT’s strain, which is shown in Fig.2. The results of principal component
analysis were in Fig.3, and the VIP values of every term were in Tab.1. Thus, the reduced
constitutive model is:

  2
3210 aaaaU  3

6
2

54
2

321  aaaaaa   (2)

where ia are the coefficients of terms and can be obtained in fitting method,
3

6
2

540  aaaa  was constant term which was caused by pre-stress  .

Especially, 1a is the linear coefficient of strain  , which can be shown in other physical
parameters.
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Table 1. VIP of each term

Term VIP Term VIP
 1.20443 2    0.655907
2 0.844829 2  0.765879
3 0.993686 2 2  0.655907

   1.20443 3 2  0.971131
2   1.04483 2    0.765879

 2.08006 2 2    0.655907
2 1.22828 3  0.948518
3 1.30299 2 3  0.848281

  0.846878 3 3  0.819562
2  0.423017 3    0.948518
3  0.809895 2 3    0.848281

    0.846878

The charge of piezoelectric patch Q is

ADdydzDQ 33   (4)

where 3D is the electric displacement, A is the area of piezoelectric patch.

Considering that 3333 TdD  ,
A
xkT 22

3  , hx 2 , we obtained:

Q hkdxkdATd 2332233333  (5)

where 33d is the piezoelectric strain constant, 3T is the stress in X direction, h is the
thickness of piezoelectric patch.

Thus,





1

0

2
2

33

0

233233 a
A
khd

h
A
hkd

C
hkd

C
QU

rr
 (6)

where U is the voltage, C is the capacitor,
h
A

C r 0 , 0 is the vacuum permittivity,

r is the relative dielectric constant of PZT.
From Eq.6, we obtained

A
khda

r0
2

2
33

1  (7)

Eq.7 can be used to examine the accuracy of fitting result. From Figs.4 and 5, we can see
that the constitutive model has good accuracy.
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Fig. 4. Results of DModX Fig. 5. Results of DModY

3 Modeling of Piezoelectric Sensor

Fig. 6. Structure of piezoelectric sensor Fig. 7. Physical model of piezoelectric sensor

The structure of a piezoelectric sensor was shown in Fig.6, where PZT was glued with
the substrate. The model of a piezoelectric sensor was in Fig.7, where 1m is mass of

adhesive layer, 2m is mass of PZT, 1k is equivalent connection stiffness of adhesive layer,

2k is stiffness of PZT, 1c is damping of adhesive layer, )(tF is outside perturb. The
mathematic model of piezoelectric sensor is:
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where 1x is the deformation of adhesive layer, and 2x is the deformation of PZT. To
harmonic exciation,
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where 2x is displacement of piezoelectric patch in X direction,
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where
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Eq.10 can be used in design of piezoelectric sensor:
1) 3

6
2

540  aaaa  was the constant term which was caused by stress  ;

2) tF
h
na

F
h
na

U cos1111
0  . It means that 0U is linear with F ;

3) 1U was the error, which should be eliminated. In engineering, this term can be
reduced by adjusting the parameters or active control.

5 Conclusion
In this paper, a type of hysteretic constitutive model of piezoelectric sensor was proposed.
Nonlinear differential terms were developed to express the hysteresis phenomena of
displacement-voltage relationship of piezoelectric ceramics. Based on the model, the
dynamic model of a PZT sensor was established. The nonlinear dynamic behaviours of a
PZT sensor were analysed, and the relationship between the outside excitation and the
voltage of a PZT sensor was obtained. We can see that there are many kinds of frequencies
in the output voltage, which are caused by the PZT’s hysteresis characteristics.
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Nonlinear dynamic characteristics of SMA gripper
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Abstract. A kind of constitutive model of SMA is proposed in this paper,
and the nonlinear dynamic response of a SMA gripper under bounded
noise is studied. The harmonic driving signals and the random disturbance
made up of bounded noise. The dynamic model of the system is
established by Hamilton principle. The numerical and experimental results
show that there is stochastic resonance in the system; the system’s
vibration amplitude reaches the most when the outside excitation is
moderate.

1 Introduction
Shape memory alloy (SMA) is a type of smart material, which has shape memory effect.

SMA gripper is used in medical field widely [1]. To enhance the accuracy of SMA gripper,
its dynamic characteristics should be studied. Many researchers have studied SMA gripper
[1–7]. Kohl et al. studied a SMA gripper’s dynamic response and control [2]. Just et al.
applied position control to a SMA gripper and obtained high control accuracy [3]. To SMA
materials, Graesser et al. proposed a three-dimensional SMA constitutive model [4]. Ivshin
et al. developed a SMA thermo-mechanical model [5]. Although many achievements have
been reported, most of them focused on the constitutive model, and the results of dynamic
response of SMA gripper are absent.
SMA gripper used in medicine are controlled by harmonic currents to achieve the

opening and closing action. However, SMA gripper are usually under stochastic excitation
in the working process. Although the stochastic excitation is weak, it will affect the
gripper’s motion. The harmonic control force and the stochastic excitation generate a
bounded noise, which cause the different dynamic characteristics from the harmonic system.

* Corresponding author: zhqx@spacechina.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
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2 SMA constitutive model

Fig. 1. Strain-stress curves of the SMA.

The experimental results of SMA are shown in Figure 1. The length of Ti-Ni SMA film
is 7mm, the width is 1.5mm, and the thickness is 0.1mm. The SMA’s austenite finish
temperature is 34℃. Thus, the hysteretic phenomenon is induced by the superelastic
behavior of SMA. Zhu et al. established a SMA’s constitutive model as follows [8]:

 )( 4
7

3
6

2
54

3
3

2
2121 aaaaaaa  (1)

where  is the stress,  is the strain. To SMA shown in Figure 1, 1a =10000, 2a =-32,

3a =5.7.

Fig. 2. Variable importance of each term.

Fig. 3. Coefficient values of each term.
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Fig. 4. Results of forecast test for the fitting effect of Eq. (1) on strain-stress data of SMA.

Fig. 5. Results of forecast test for the fitting effect of Eq. (1) on strain-stress data of SMA.

The results of prediction test to Eq. (1) are shown in Figure 4, and the mechanical model
of a SMA gripper under bounded noise is shown in Figure 5,
where ))(sin()( tBtFtN   is the bounded noise. The Hamilton’s variational
principle is:
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Thus, the dynamic model of a SMA gripper is:
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The equation of the system’s response are:
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Let qu 1 , the first equation of Eqs.5 can be shown as follows:
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3 Nonlinear dynamic characteristics of a SMA gripper

When the noise intensity 0 , the outside excitation becomes harmonic excitation,
and the dynamic model can be shown as follows:
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When the noise intensity 0 , the outside excitation becomes bounded noise, and Eq.
(6) becomes a stochastic nonlinear differential equation. The averaged Ito equation of Eq.
(6) are:
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Let qu 1 , the first equation of Eqs.5 can be shown as follows:
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3 Nonlinear dynamic characteristics of a SMA gripper

When the noise intensity 0 , the outside excitation becomes harmonic excitation,
and the dynamic model can be shown as follows:
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When the noise intensity 0 , the outside excitation becomes bounded noise, and Eq.
(6) becomes a stochastic nonlinear differential equation. The averaged Ito equation of Eq.
(6) are:
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The system’s averaged equation is:
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(a) 1.0 (b) 5.0 (c) 8.0

Fig. 6. Stationary probability density of the system’s response.

The numerical results of the system’s response are presented in Figure 6, and the
experimental results of SMA gripper under bounded noise are shown in Figures 7-9, where
the frequency  =30Hz. Ti–Ni alloy is chosen as SMA film. The length of the micro
gripper is 10cm, and its width is 1cm. The length of SMA thin film is 3cm, its width is 1cm,
and its thickness is 0.4 mm. The stochastic resonance phenomenon occurs in the process.

Fig. 7. Response of SMA gripper when 1.0 .
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Fig. 7. Response of SMA gripper when 5.0 .

Fig. 7. Response of SMA gripper when 8.0 .

4 Conclusion
A kind of constitutive model of SMA is proposed in this paper, and the nonlinear

dynamic response of a SMA gripper under bounded noise is studied. The harmonic driving
signals and the random disturbance made up of bounded noise. The dynamic model of the
system is established by Hamilton principle. The numerical and experimental results show
that there is stochastic resonance in the system; the system’s vibration amplitude reaches
the most when the outside excitation is moderate.
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Comparative analysis of common full scale reactors
for dry anaerobic digestion process
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Abstract. Organic solid wastes are produced with large amount wherever there are human
activities. However, improper treated organic wastes made them as sources of diseases. On the
other hand, these fractions contain nutrients and energy, so they have also valuable resources. As a
result, exploring their potential as an energy source can be accomplish via anaerobic digestion
process, in which, organics converted into hydrogen, methane and/or ethanol. Therefore, this
manuscript introduces an overview of the common applied types of reactor that can handle these
types of wastes in their solid state and recover them in term of biogas, as well as, stabilize the
produced digestate to bio-fertilizers by compositing approach. A comparison also listed to
demonstrate the optimum operational conditions and expected amount of biogas from each type.

1 Introduction

Incredible growing amount of solid waste is a crucial challenge worldwide. Consequently,
environmental management of solid waste produced every year has to be safely disposed without any
negative impact to the environment [1]. Anaerobic conversion of organic wastes to renewable source of
energy appears to be one of the most promising methods [2, 3], since anaerobic digestion process can
handle many types of organic solid waste such as organic faction of municipal solid waste (OFMSW)
[4–6], industrial solid waste [7, 8] and agro-lignocellulosic waste [9–11]. These types of wastes are free
of charge since they are waste and has to be disposed, plentiful, and composed of high organic fraction,
which is preferable substrate to anaerobic consortium [12].

It must be noted that there are other technologies that have the ability to convert the organic
wastes to energy form, i.e water electrolysis [13], as well as, thermo-catalytic reformation that can
extract H2 gas from organic molecules [14]. The main drawback face this technologies is the electricity
requisite during operation which limited the net gain energy and reduce the efficiency of these process.
As a result, biological treatment of organic waste gains great interest especially anaerobic digestion
process (AD). This is because being anaerobic which means no aeration tools are required, in turn,
operational and maintenance costs are significantly reduced, besides AD has the ability to extract all
the carbon and hydrogen atoms from organic molecule and transfer them to the form of methane (CH4)
and carbon dioxide (CO2), in addition using mixed culture bacteria at the process make AD able to deal
with different types of organic wastes [15, 16]

.
AD process has been categorized into dry AD process that deal with waste contains total solid

(TS) content larger than 20% (w/w) and wet AD which only loaded with TS lower than 10% (w/w). In
this concern, dry AD found to be more efficient that wet type, since wet process requires large reactor
capacity to handle the same amount of organic content due to the high water content. This surely will
needs high energy for pumping, mixing and handling these amount of wet wastes. Furthermore, the
produced digestate is larger than the dry process. Moreover, the net biogas production of dry will
outweighs the wet production [17]. However, many different types of dry AD reactors were previously
introduced, therefore an objective function must be applied to determine the optimum type to utilize for
certain substrate [18] . Therefore, the aim of this manuscript is to describe the commercial types of dry
AD reactors and compare between them in terms of operational conditions, advantages of each type
and the estimated biogas production related to reactor capacity.

1 Corresponding author: mohamed.elsamadony@f-eng.tanta.edu.eg
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2 Anaerobic digestion pathway

Organic compounds utilized anaerobically through a variety of microorganisms that
cooperated in order to generate a stable anaerobic digestion process [11]. AD process starts with
hydrolytic bacteria that hydrolyze polymeric proteins and sugars into monomeric molecules.
Afterwards, fermentative bacteria create organic acids, hydrogen and carbon dioxide from monomeric
molecules as declared in Fig. 1. Hence, hydrogen and acetic acid can be utilized and/or produced by
several microbial groups. Acetate formed during homoacetogenesis process from hydrogen and carbon
dioxide reduction by autotrophic homoacetogens through the Wood–Ljungdahl pathway [19].
Completion of organic particulates consumption by anaerobic consortia occurred when organic acids
and H2 utilized by acetoclastic / hydrogenotrophic methanogens and generated methane and carbon
dioxide [20].

Fig. 1. Anaerobic degradation pathways of organic wastes.

3 One stage commercial dry anaerobic systems

Dry anaerobic system refers to systems that able to anaerobically treat organic waste with
solid content in the range of 20 - 40%. These systems require a good mechanically pretreatment tool to
sustain smaller particle size and robust pumps to handle impurities [21]. Table 1 illustrates a
comparison between the most common three designs of Kompogas, Valorga and Dranco process.

Table 1
Comparison between one stage commercial dry anaerobic digesters [22].
Reactor
type KOMPOGAS VALORGA DRANCO
Country of
incorporation Switzerland France Belgium
Establish 1980 1982 1992

Organic matter
(Carbohyrates, proteins and fats)

Hydrolysis

Fermentation

Acetogenesis

Sugars, amino acids, fatty acids

H2 + CO2Acetic acid

Volatile fatty acids

CH4 + CO2
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Hydrolysis

Fermentation
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H2 + CO2Acetic acid

Volatile fatty acids
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year
No. of Plants 38 22 17
Capacity
(ton/year) 1000-110000 10000-270000 3000-120000

Advantages

 Can deal with organics
have solid content
doesn’t exceed 30%

 Full waste
stabilization and
hygienisation.

 Stable biogas
production.

 Digestate free of
pathogens due to
thermophilic
conditions.

 Avoiding short
circuiting of organic
waste.

 This technique does not
require a large land
area.

 Baffles sustain a good
contact and avoid dead
zones.

 High net gain energy
with high methane
content gas.

 Tolerate high solid
wastes to the range of
30-45% and high
organic loading rates of
5-8 kgVS/m3/day.

 Small reactor volumes.
 Vertical reactor avoiding
waste accumulation.

 Minimum surface area
required for reactor
installation.

 Easy to operate with no
mixing or gas injection.

 Thermophilic operation
which avoid pathogens
formation.

Biogas Yield
(m3/kg) 0.08-0.16 0.103 0.11-0.14
Retention
Time (Days ) 18-23 15-30 20

Organic wastes in solid state have large scale which can’t pass into the dranco system until
they subjected to mechanical pretreatment to sustain a maximum particle size of 6 cm. On the other
hand, anaerobic digestion process is remarkably diminished when TS exceeds 35%, therefore,
dissolution using acidification process is required prior to introduce AD process. However, this step is
unnecessary at Dranco system, since a digestate recirculation is applied with ratio 1/8 of raw organic
waste / effluent digested waste in order to confirm proper inoculation (Fig. 2). Moreover, the dranco
system runs under thermophilic condition (48 to 55 °C) via steam injection coupled with down flow
mode as the mixture loaded to top of the digester using mixing recirculation pump. The designed
operational conditions are hydraulic retention time (HRT), organic loading rate (OLR) and pH of 20
days, 5 to 8 kgVS/m3/day and 8, respectively, as well as, this type can tolerate organic waste with TS
content at the range of 30 to 45% (w/w). Furthermore, no supplemented stirrer attached to this type of
reactor which attributed to localized dead zones inside the reactor body, in turn, the performance may
be affected since the amount of generated biogas reduced by around 30%. However, this design was
applied at many countries with different capacities. The expected biogas yield is in the range of 110 to
140 m3/ton and digestate amounted to be 0.4 ton/ton which further subjected to dewatering process and
stabilized in composting bond. The net generated electricity after subtracting the utilized energy for
operating the plant is approximately 150 kWh/ton [23].

Fig.2. Setup of Dranco process design.

DigesterFeeding tubes

Biogas

Pump
Raw waste

Digested waste

Mixing ratio (1/8)
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Kompogas reactor is similar to dranco design but with horizontal plug flow and inner slow
rotators to provide homogeneous flow and avoid settling of heavier particles (Fig. 3). But the main
disadvantage of this proposed design is take large surface area than dranco with same capacity. In
addition, solid content lower than 23% and/or higher than 30% (w/w) is a problematic issue, since at
TS of 23% heavy particle sink and accumulate at the bottom of the reactor while exceeding 30% block
the horizontal flow and hinder the process. As a result, a careful control of the influent TS at the limit
of 30% (w/w) is necessary. However, this design provides homogeneous flow avoiding short circuiting
of organic waste. Moreover, the reactor runs at thermophilic condition 55-60 °C which guarantees
killing pathogens at the effluent. The operational HRT ranged from 18 to 23 days and the harvested
biogas is 80-160 m3/ton [22].

Fig. 3. Setup of Kompogas process design.

Valorga process (Fig. 4) started after the feedstock subjected to mechanical pretreatment to
reduce the particle size to around 3 cm and mixed with returned effluent digestate and steam to provide
mixture with temperature and solid content of 40 °C and 35% (w/w) before AD process. The
operational condition for Valorga system are HRT ranged from 15 to 30 days and pH around 8 without
external use of chemicals. In the case of pH decline, the reactor operates at batch mode until pH
recovered then continuous feeding regime start again. The stirring process occurs by biogas reinjection
to the reactor with high pressure of 5 bar at the bottom of the reactor [24, 25]

Fig. 4. Setup of Valorga process design.

Data collected from real installed reactors of each type have been displayed in Fig. 5 [22, 23],
which presented the relation between the annual biogas productions versus the capacity of the reactor.
Kompogas and Dranco process exhibited polynomial functions with correlation factors (R2) of 0.94 and
0.99, respectively. On the other hand, Valorga process showed power relationship with R2 of 0.94.
Moreover, each system was suitable to certain loading capacity, whereas, Kompogas was better than
other types when dealing with capacity lower than 50000 t/year. This was not the case when capacity
exceeding this limit, in which, Dranco was the best at the medium loading capacity less than 100000
t/year, however, large capacity over the aforementioned limit exihibited a reduction in the performance
of Kompogas and Dranco, while Valorga revealed maximum biogas generation.

Raw waste

Biogas

Inoculum loop

Digested waste
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Raw waste

Biogas

Inoculum loop

Digested waste

Fig. 5. Comparative production harvested from real full scale digesters

4 Conclusions

Dry anaerobic digestion is a pioneer strategy that able to disposal of organic solid wastes by
converting them into biogas generation and fertilizer. There are three main types of reactor Kompogas,
Dranco and Valorga, each one has its advantage and disadvantage. However, from energetic point of
view, collected data exhibited that Kompogas is recommended at low reactor capacity lower than
50000 t/year, while Dranco is preferable at medium reactor capacity below 100000 t/year. However,
Valorga found to have a superior performance in term of annual biogas generation at high reactor
capacity exceeded 100000 t/year.
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Enrich waste activated sludge digestibility via natural
enzyme supplementation
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Abstract. Upgrading of low biodegradable waste activated sludge (WAS) accomplished through
supplement the hydrolysis step with natural enzymes source. Whereas, WAS is rich in particulate
fractions in terms of total chemical oxygen demand (tCOD), total suspended solids (TSS) and
volatile suspended solids (VSS) of 15.78, 14.92 and 12.15 g/L, respectively. Therefore, carica
papaya enzymes were utilized to break down the peptide ponds in protein molecules such as papain
and protease, as well as, lipases that catalyzed the degradation of lipids. The optimum mixture
between papain, protease, and lipase enzymes was found to be 3: 1: 2 while the optimum enzyme
concentration was 8%. This conditions was attributed to enhance the H2 productivity form WAS by
97.8%

1 Introduction

Large amount of wastewater generated daily from municipal and industrial activities which
requires a proper treatment through physical and biological process. In this concern, abundant waste
activated sludge (WAS) accumulates from secondary sedimentation tank located at wastewater
treatment plants [1–3]. The classical technologies for stabilizing and managing this waste amounted
about 40 to 60% of the operational cost, because the complex structure of particulate organic fractions
originated at WAS [4]. Anaerobic digestion (AD) process represents an interesting choice to get rid of
such a waste with add value in term of renewable energy source [5–8]. Whereas, AD has the ability to
convert organic waste to energy carrier gases i.e. hydrogen and methane gases [9–14].

However, WAS is rich with protein and lipids fractions which that forms about 80% of the
particulate organic fractions [15]. Therefore, pretreatment methods were applied on WAS prior to
introduce to AD process to increase its solubility and make it easy to anaerobes to feed on [6]. One of
the most common methods is the enzymatic hydrolysis, since it has the ability to reduce the lag phase,
enhance the WAS digestibility and improve the liberation of extracellular polymeric substances (EPS)
[16]. This is because enzymes such as amylase, protease and lipase degrade the complex polymeric
substance and facilitate its transportation to subsequent acidogenesis microorganisms [17]. Protease
and lipase producing microorganisms such as Bacillus sp. and Acinetobacter calcoaceticus,
respectively revealed a decline of lipid concentration by 99% after twelve days when treating lipid rich
wastewater under aerobic condition [18]. Moreover, the supplementation by lytic enzymes exhibited a
COD degradation of 87% of pot ale residues via AD process. This was not the case when no enzymes
were added, since only 13% were achieved [19].

On the other hand, commercial enzymes are too expensive which obstacle the practical
application of the enzyme use at WAS pretreatment. Therefore, the aim of this study was to explore the
availability of using a nature source to extract essential enzymes for WAS solubility such as papain,
protease and lipase enzymes. This was accomplished by using Carica papaya plants. Furthermore,
single and combined effect of the extracted enzymes on WAS hydrolysis were assessed. In addition,
the concentration of the optimum enzymes mixture was tested and the maximum hydrogen potential
was evaluated.

2 Material and methods
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2.1. Waste activated sludge and enzymes extracted

Waste activated sludge (WAS) was collected from wastewater treatment plant located at Tanta
city from the secondary sedimentation tank. The characteristics of the used WAS were as follows: pH,
tCOD, sCOD, TSS and VSS equal to 6.82, 15.78, 0.93, 14.92 and 12.15 g/L, respectively. Papain (Pn),
protease (Pt) and lipase (Lp) enzymes were extracted from the latex and peels according to methods
explained earlier at the following [20–22].

2.3. Experimental setup

Three batch assays were carried out to estimate sing and mixed enzymes on WAS hydrolysis,
as well as, determining the optimum concentration of the ideal mixture. 100 mL WAS were loaded to
250 mL serum bottles then loaded with enzymes according to procedure listed at Table 1. Afterwards,
the bottles were purged with N2 gas to maintain anaerobic condition at cultivated at mesophilic
condition (35 C).

Table 1.
Batch anaerobic experiments of single and mixed enzymes effect.
Exp. 1: Single enzyme effect Exp. 2: Mixed-enzymes effect

with fixed concentration 3%
(w/w)

Exp. 3: Effect of enzymes
mixture of Pn : Pt: Lp (2:1:3)
concentrations

No enzyme addition Pn : Pt: Lp (2:1:1) 1% (w/w)
3% (w/w) Pn Pn : Pt: Lp (1:2:1) 2% (w/w)
3% (w/w) Pt Pn : Pt: Lp (1:1:2) 4% (w/w)
3% (w/w) Lp Pn : Pt: Lp (3:1:1) 6% (w/w)

Pn : Pt: Lp (1:3:1) 8% (w/w)
Pn : Pt: Lp (1:1:3) 10% (w/w)
Pn : Pt: Lp (3:2:1) 15% (w/w)
Pn : Pt: Lp (1:3:2) 20% (w/w)
Pn : Pt: Lp (2:1:3)

2.4.Analytical methods

Total suspended solids (TS), volatile suspended solids (VS) and chemical oxygen demand (COD
were quantified according to APHA [28]. Cumulative biogas was amounted using displacement
method. Besides, H2 content in the eveloved biogas was determined by a gas chromatograph (GC)
using method mentioned at [10].

2.5.Solubilization efficiency (%) and Hydrolysis coefficient

Solubilization efficiency of CODt was obtained to assess the enzymatic hydrolysis effect. The COD
solublization was calculated using the following equation, where,  is solubilization efficiency (%)

st

ss

CODInfluent CODInfluent 
CODInfluent COD Hydrolyzed

α



 (1)

Hydrolysis of organic polymers is often described by a first-order kinetic model, Where, Kh is the
solubilisation rate constant

.XK
dt
dX

h (2)

b.tKlnX h  (3)

3 Results and discussions

3.1. Single enzyme effect on WAS solubility
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3 Results and discussions

3.1. Single enzyme effect on WAS solubility

Fig. 1a and b revealed the effect single effect of each enzyme type on the WAS solublization
efficiency. The maximum solubilization efficiency of 27.6% was recorded when papain enzyme was
supplemented with concentration of 3% followed by lipase and protease enzymes with percentages of
18.5 and 13.6%, respectively. This is because papain is a strong protein enzyme degrader and more
than 60% WAS’s organic content is complex protein fraction; therefore, papain enzyme achieved the
maximum solublization efficiency [17].

Fig. 1. Solublization efficieny (%) of WAS with single enzyme supplementation.

3.2. Mixed Enzymes effect on WAS solubility

In order to evaluate the synergistic effect of mixed enzymes supplementation, different
mixtures of the three enzymes were examined. The optimum mixture was papain: protease: lipase
enzymes ratios of 3:1:2. This mixture registered the highest solubilzation efficiency and hydrolysis rate
constant of 47.2% and -0.03 h-1, respectively. The synergistic effect between different enzymes were
previously emphasized by Yang et al. [24], since they discovered that a significant reduction at VSS
content was recorded when use a mixture 1 : 3 of amylase to protease exceeded the single effect of
each of them.

Fig. 2. Solublization efficieny (%) and hydrolysis rate constant of WAS under mixed enzyme
supplementation.
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3.2. Effect of enzyme concentration on WAS digestibility and H2 productivity

Solublization efficiency found to be enzyme concentration dependent as explored from Fig. 3.
However, after certain concentration a slight increase at solublization efficiency occurred. Similarly,
hydrolysis rate constant were achieved the same trend. Maximum solublization efficiency was 52.6% at
enzymes concentration of 20%, however, at concentration of 10% solublization efficiency was 47.9%.
This means that with doubling the concentration, the solublization efficiency only incremented by 4.7%.
On the other hand, H2 potential were evaluated at different enzyme concentration, maximum H2

productivity of 452.1 mL were noticed at enzyme concentration of 8% compared with only 228.6 mL
at control batch (no enzymes were added). This is due to increasing the solubility of WAS structure, as
well as, breaking down the complex compounds to simple compounds that anaerobes able to feed on
and convert them into hydrogen. However, further enzyme concentration augmentation led to a
reduction at H2 productivity until reached 179.2 mL at concentration of 20%. This may as a result of
enzymes is originally a protein molecule so at certain limit hinder the process, as well as, further
dissolution of organics to tiny structure can penetrate the bacterial membrane and kill the anaerobes [16,
25].

Fig. 3. Solublization efficieny (%) and hydrolysis rate constant of WAS versus enzymes concentration.

Fig. 4. Hydrogen potential harvested from WAS at different enzymes concentration.

4 Conclusions
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4 Conclusions

Enzymes supplementation found to be an optimistic approach to enhance WAS solubility and
improve hydrogen potential. Papain was the most effective enzyme, however, synergistic effect was
found between the three tested enzymes with optimum ratio of papain: protease: lipase equal to 3: 1: 2.
Moreover, the optimum enzyme mixture concentration was 8% which achieved the highest hydrogen
potential of 452.1 mL.
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Abstract. In recent years, many scholars have carried out research on 
improving the environmental cost accounting of coal enterprises. Through 
the research, the traditional product cost accounting and environmental 
cost accounting are standardized. But the current cost accounting system 
still exists problems like wrong calculation of the cost of environmental 
damage and fraudulent accounting problems. In order to enhance the 
enterprise's environmental protection consciousness and improve the level 
of cost control management for the enterprise to provide scientific decision 
basis, this paper aims to find out the main composition of coal enterprise 
environment cost, analysis of the problems existing in coal enterprise 
environment cost accounting and puts forward corresponding solutions.  

1 Introduction 
In the process of coal mining, coal enterprises not only cause serious pollution to the 
environment of the mining area, but also cause pollution to the environment outside the 
mining area. While having a tangible impact on the environment, the pollution also affects 
the growth of plants, which then exerts influence on the ecological environment. Compared 
with other industries, coal enterprises have more prominent problems in sustainable 
development, suffer from more damages in resource and environment destruction and have 
to pay more to protect resources and environment. Therefore, it is of great theoretical value 
and practical significance for the development of coal enterprises to correctly understand 
and study the environmental costs and to strengthen the control of environmental costs. 

The Outline of the 13th Five-Year Plan for National Economic and Social Development, 
promulgated and implemented by China in 2015, sets specific requirements for enterprises 
to assume social responsibility and control environmental pollution. The 19th CPC National 
Congress has put forward new goals and new requirements for building ecological 
civilization and protecting ecological environment. In recent years, in order to give full play 
to the role of ecological environmental protection in promoting supply-side structural 
reform and speeding up the upgrading of the industrial structure, many scholars have 
carried out studies on how to improve coal enterprises’ environmental cost accounting and 
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coal cost accounting methods. Through the research, the traditional product cost accounting 
and environmental cost accounting are standardized. However, there are still some 
problems in the current cost accounting system, such as incomplete and false calculation of 
environmental damage costs that enterprises should bear. In order to enhance enterprises’ 
awareness of environmental protection, improve the level of cost management, truly reflect 
the coal cost, provide scientific basis for companies’ management departments to improve 
cost controlling level, and offer references for macroeconomic management departments to 
approve the environment protection costs that enterprises should bear, studies on perfecting 
environmental cost accounting based on the traditional product cost accounting system have 
been conducted and it has become one of the most important research topics in recent years. 

2 Literature review 
The environmental cost is a part of social costs. It is a historical category and the product of 
a certain social and historical period under a certain industrial structure. In the face of the 
worsening ecological environment, since the 1960s, the academic circles have focused on 
“the road of environmental economy” to realize environmental return, and they have set up 
the theory of “light green” and “deep green”. Both of the theories try to solve ecological 
environment problems. The studies on environmental cost accounting began in the 1970s, 
marked by The Study of the Social Cost Transformation of Pollution Control written by 
Beamons in 1971 and Ma Lin’s article Accounting Problems of Pollution written in 1973. 
The United Nations intergovernmental working group of experts on International Standards 
of Accounting and Reporting (ISAR) (1998) defines environmental costs as the costs which 
are incurred when an enterprise takes its social responsibility to repair, actively or passively, 
the environmental damages caused by its production, also including other relative costs for 
reaching environmental goals. These costs include environmental maintenance costs, 
environmental treatment costs, environmental pollution compensation costs, environmental 
development costs and environmental loss costs. Germany adopts the ecological accounting 
model for environmental cost accounting, that is, measuring the influence degree of various 
environmental loads by physical and chemical units using the principle of flow balance 
between the material and energy input into the enterprise and the product and waste output 
into the environment, and on this basis calculating environmental costs and analyzing the 
input-output effects. Environmental costs mandated by the United States Environmental 
Protection Agency in 2000 include: (a) traditional costs: the portion of traditional costs that 
relates to environmental protection; (b) potential hidden costs: costs incurred prior to the 
commencement of production and business operations, costs paid for complying with 
environmental laws and regulations, and costs incurred after enterprises cease production 
and operation activities; (c) contingent costs: expenses that may need to be paid in the 
future; (d) image-associated costs: the costs for fulfilling enterprise social responsibility. 

 
The studies on environmental reports in Japan began in the 1990s. At the end of the 

20th century, Japan proposed the concept of “Circular Economy Society”. Enterprises 
began to pay more and more attention to environmental costs. The Ministry of Environment 
(formerly The Environment Department) successively published the Environmental Report 
and explained in detail. In 2005, the Australian practice field divided the costs of coal 
enterprises into raw coal production costs, construction costs of underground mines, 
environmental protection costs, and taxes and fees. In summary, it can be seen that the 
developed countries such as the United States, Japan, Germany and Australia have studied 
the definition, classification, measurement and information disclosure of enterprise 
environmental costs to varying degrees, and have achieved certain results. Foreign experts 
believe that enterprise environmental costs should be included in the accounting system. 
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The studies on environmental reports in Japan began in the 1990s. At the end of the 

20th century, Japan proposed the concept of “Circular Economy Society”. Enterprises 
began to pay more and more attention to environmental costs. The Ministry of Environment 
(formerly The Environment Department) successively published the Environmental Report 
and explained in detail. In 2005, the Australian practice field divided the costs of coal 
enterprises into raw coal production costs, construction costs of underground mines, 
environmental protection costs, and taxes and fees. In summary, it can be seen that the 
developed countries such as the United States, Japan, Germany and Australia have studied 
the definition, classification, measurement and information disclosure of enterprise 
environmental costs to varying degrees, and have achieved certain results. Foreign experts 
believe that enterprise environmental costs should be included in the accounting system. 

However, since experts and scholars in various countries carry out studies based on their 
own countries’ conditions, the focuses and research directions are different. Each one has 
its own merits, and the research results also differ. This is why a more unified theoretical 
system has not yet formed. 

3 The main composition of environmental cost of coal 
enterprises  
(a) Costs of coal consumption. Coal is a non-renewable resource that nature gives to 
human beings. The consumption of coal resources is irreversible. Human beings cannot re-
create coal in their own way. Coal mining and processing by coal enterprises leads to the 
continuous shrink of this resource. Coal resources are valuable, and the resources 
themselves do not belong to coal enterprises at the very beginning. Therefore, coal 
enterprises should pay a certain amount of money to get coal resources for mining. This 
expenditure is the cost of coal resource consumption. This cost should be included into the 
environmental cost accounting of coal enterprises. This cost is paid mainly through the 
form of taxes and fees, such as mineral resources compensation fees and resource taxes. 
 
(b) Exploration costs of coal resources. This cost is caused when coal enterprises conduct 
exploration activities at the target spots, estimate coal resource reserves and economic value 
before the coal mining. It mainly includes geological survey fees, mining rights fees and 
reserves estimation fees. 
 
(c) Environmental prevention costs. Environmental prevention costs are paid by coal 
enterprises before they cause pollution and damage to the environment, or to reduce the 
costs of pollution and emissions, including costs from purchasing advanced air and water 
purification equipment, raising the processing level, and engineering fees of preventing 
surface subsidence and solid waste discharge, etc. The cost of emission testing is included 
as well. 
 
(d) Environmental governance costs. Coal enterprises will cause damages of various 
degrees to nature during coal mining and processing, such as water pollution, air pollution, 
solid waste discharge and accumulation, surface subsidence and vegetation destruction. 
Coal enterprises need to pay a certain price to compensate for the environmental problems 
caused by themselves and restore the original appearance of nature as much as possible. 
 
(e) Environmental impact costs. The coal mining process may cause surface subsidence, 
and the surrounding topography and soil quality will be affected to varying degrees. Coal 
enterprises need to bear the relocation costs of the nearby residents, the compensation fees 
for the damages caused to crops, the costs of filling the subsidence area, etc. 
 
(f) Costs of ecological environment damage. While consuming various natural resources, 
coal enterprises are also destroying the ecological environment and the balance of 
ecosystems. They are disturbing the water cycle system, the forest system and other 
minerals. These damages should be compensated for by the coal enterprises, rather than 
other social entities. 
 
(g) Environmental management and education costs. The environmental management costs 
mainly include the expenses incurred by the environmental protection department’s daily 
environmental monitoring, certification and inspection. The environmental education costs 
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are caused by environmental knowledge lectures and trainings that coal enterprises organize 
to mobilize all employees to participate in environmental protection activities. 

4 Problems in environmental cost accounting of Chinese coal 
enterprises 
(a) Environmental cost measurement is unscientific. The measurement of environmental 
costs is a process of quantifying the confirmed result of environmental costs. It is a process 
which identifies and calculates the amount, quantity, and unit price through certain analysis 
and using certain measurement units and attributes. For some environmental costs that 
cannot be measured by currency, enterprises have not found a suitable, closely related and 
matching measurement method, and the same measurement method has been adopted for 
environmental costs of different nature. All these will inevitably lead to the inaccuracy of 
the measurement of enterprises’ environmental costs. The environmental cost forecast is 
unscientific and incomplete, and some environmental damages that should be included in 
the product costs are excluded from enterprises’ confirmed lists of environmental costs. 
Therefore, the final environmental costs can not fully reflect the real degree of 
environmental damages. As a result, it is not conducive for enterprises to do cost control 
and reduction in the later stage of work; managers can not correctly estimate the influence 
of environmental costs on the business operation according to the accounting results; 
governments can not make correct evaluations of the environmental damages caused by 
coal enterprises.  
 
(b) The accounting mechanism of enterprise environmental costs has flaws. The vast 
majority of coal enterprises have not conducted complete and meticulous analysis and 
studies on environmental factors, and have not fully incorporated financial accounting into 
environmental costs accounting. The environmental costs thus can not be separated from 
the product costs generated in the normal production process. Enterprises can not 
effectively control the environmental costs, so it is difficult to avoid the corresponding risks. 
False accounting may happen in the existing cost accounting of coal enterprises due to the 
absence of a sound environmental cost accounting mechanism. 
 
(c) Information disclosure is an important procedure of the environmental accounting 
information system. Only through disclosure procedure can enterprises transfer 
environmental cost information to information users. Environmental cost reports are of 
great significance for information users to correctly understand environmental cost 
information. However, the current environmental disclosure of coal enterprises can not 
meet the requirements of enterprise decision makers, and thus enterprises’ internal and 
external decision-making is affected. The disclosed content is mainly about monetary 
information measured by historical cost, while in environmental accounting it is the non-
monetary information that accounts for a majority. In addition, some items that can not be 
measured by historical cost are not disclosed in the accounting report either. In fact, the 
non-monetary information is an important supplement to environmental cost accounting, 
such as the measurement of pollutant emissions and waste disposal, explanations on 
enterprises’ environmental policy and objectives, impacts of environment damaging or 
improving on enterprises’ financial situations, operating results and cash flow, and the 
performance of enterprises in environmental fiduciary responsibilities. This kind of 
information can more comprehensively reflect the attitude of coal enterprises towards 
environmental issues, as well as their efforts and achievements in environmental protection 
and resource conservation. 
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(d) Accounting laws and regulations in environmental cost accounting is absent. In 
Accounting Law, Accounting Standards for Enterprises and other relevant accounting laws 
and regulations, there are no detailed provisions on enterprise environmental costs 
accounting. No unified requirements are made for the objects, measurement, principles and 
information disclosure of environmental cost accounting. Unified guidelines and standards 
are also absent. Enterprises can only follow the environmental protection requirements in 
relevant national policies, which is the reason why different enterprises have different 
treatment, reports and analysis. Due to the late start of environmental accounting in China, 
though in recent years many scholars have devoted themselves to the studies on the 
confirmation, measurement and record of environmental costs, the studies still stay at the 
theoretical level, and the empirical research on environmental costs is still insufficient. As a 
result, the confirmation and measurement of environmental costs and the setting of 
environmental cost accounting subjects are quite random, which affects accounting 
accuracy, integrity and scientificity. 
 
(e) The management layer of coal enterprises fails to pay enough attention to the 
accounting and management of environmental costs, but put their emphasis on the pursuit 
of coal production and maximization of economic benefits. Sound environmental cost rules 
and regulations have not been established inside enterprises, and finance departments in 
enterprises have not set up special environmental cost accounting posts to carry out 
environmental cost control, so a well-founded environmental cost accounting and 
management system has yet to be formed. The consequence is that enterprises can not 
achieve coordination between profit growth and environmental benefits, which is contrary 
to sustainable development. The main goal of coal environmental cost accounting is to offer 
useful environmental cost information to the outside and to optimize the internal cost 
control. The environmental cost has little influence on the stock price of coal enterprises. 
The empirical research shows that the environmental cost has no direct impact on the stock 
prices of listed companies and the coal industry because China’s capital market has not 
been mature enough. The environmental cost and environmental responsibility index have a 
weak positive correlation with the changes of stock prices. Therefore, the financial staff 
hold slack attitude towards environmental cost accounting and its improvement, and coal 
enterprises also ignore it correspondingly. 

5 Countermeasures to strengthen environmental cost control of 
coal enterprises 
(a) Optimizing the measurement of environmental costs. 
The measurement of environmental cost in coal enterprises mainly has defects in 
measurement units, measurement attributes and metrological methods, so coal enterprises 
must optimize the measurement system. First of all, optimize the choice of measurement 
units and attributes. Generally, accounting measurement is based on currency, but due to 
the particularity of the environment, it is difficult to accurately respond to the problems in 
environmental costs with the currency-based measurement alone. Therefore, apart from the 
major currency-based measurement, coal enterprises also need labor indicators and physical 
indicators as supplement to measure environmental costs. At the same time, more 
measurement methods of environmental costs should be adopted, such as the application of 
historical costs, replacement costs and opportunity costs. Moreover, reasonable accounting 
subjects should be set up. According to the requirements of environmental cost accounting 
in coal enterprises, the accounting subjects include: environmental assets account, 
environmental debt account, environmental equity account, environmental cost account etc. 
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(b) Formulating the overall strategic plan of environmental governance by using value 
chain analysis . 
The value chain analysis regards enterprises as a place where different activities 
interconnect with each other. The analysis factors in the environmental costs incurred in the 
process of production and operation. By analyzing the costs of various activities, the 
analysis links the costs and their related activities together. The value chain analysis 
includes: (i) the internal value chain analysis, which means equal attention should be paid 
to production and processes before and after production in order to find out the relationship 
between them and ultimately reduce the cost of coal products. (ii) the external value chain 
analysis, that is, the analysis of the relationship between suppliers and customers. Suppliers 
not only produce products or services used in the value chain, but also affects enterprises in 
other aspects. For example, the frequent delivery of goods from suppliers can reduce the 
inventory demand of enterprises. Customers also have their own value chains. The costs 
brought by the customers with small, uncertain orders are higher than those from the 
customers with large, pre-determined orders. 
 
(c) Carrying out environmental pre-assessment of coal enterprises.  
Environmental pre-assessment is an important part of environmental quality assessment. 
The implementation of environmental pre-assessment in coal enterprises plays an important 
role in the pre-control of environmental costs. The pre-evaluation takes the whole 
production process into consideration, allocates the possible environmental expenditures in 
the future and brings it into the product cost budget system. It puts forward various possible 
production schemes, and then evaluates them. In order to control the environmental cost, 
the scheme with the least environmental expenditure is selected from all the feasible 
programs to be implemented. 
 
(d) Implementing the whole-process control. 
Coal enterprises should carry out whole-process control of the environmental costs, which 
consists of ex-ante planning, interim control and ex-post control. 
In ex-ante planning, the entire production process is factored in, possible environmental 
costs in the future are brought into the product cost budget system, a variety of feasible 
schemes are put forward, and then the value of each scheme is estimated and the best one is 
picked out to control environmental costs. The interim control is to control the process in 
which environment costs are generated. The main task of this stage is to track the 
production process, supervise and control the incurrence of environmental costs, collect and 
sort out the first-hand cost data, analyze the process of environmental cost incurrence, and 
coordinate the cost responsibility centers. Ex-post control refers to enterprises’ remedy and 
compensation for pollution. Compared with ex-ante planning, ex-post control is a passive 
way of management. 
 
(e) Strengthening the tracking and monitoring of the factors affecting the environment in 
coal enterprises’ various production stages. 
Coal enterprises should track and monitor the factors that affect the environment in all 
production stages, especially the quality of the discharged wastes. Enterprises should do 
their best to meet the discharge standard to avoid unnecessary accidents, losses, or fines. 
 
(f) Establishing an accountability system for environmental protection. 
Under the guidance of the scientific outlook on development, a long-term environmental 
protection accountability system should be established, and environment indicators should 
be incorporated into the assessment system for leaders. These measures can raise the 
awareness of enterprises and government leaders on environmental benefits, promote the 
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be incorporated into the assessment system for leaders. These measures can raise the 
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renewal and progress of environmental technology and achieve a win-win result of 
economic and environmental benefits. 
 
(g) Adopting multiple channels to control the cost of environmental governance. 
This measure includes the operation of environmental protection facilities, the operation of 
environmental projects, environmental pollution control and the management of 
environmental protection affairs. The waste gas, water and residue generated in production, 
if treated properly, may be changed into treasure, so as to reduce enterprises’ costs and 
increase efficiency; otherwise they will increase the treatment cost. In addition, attention 
should be paid to environmental regional governance. Centralized sewage disposal should 
be used to reduce the environmental costs of the various enterprises in certain region. 
 
(h) Strengthening the evaluation and assessment of environmental cost control. 
The function of environmental cost control system is to evaluate the effect of environmental 
factors in enterprise operation. Enterprises cover the environmental costs for obtaining the 
corresponding environmental benefits, and this is also the motive for enterprises to control 
environmental costs. The investment of environmental costs can lead to two results: (i) 
environmental effects. The incurrence of enterprise environmental costs can reduce the 
emission of wasted pollutants; environmental accidents and potential environmental risks 
will decrease; staff awareness on environmental protection will be raised and a good 
corporate image can be established. (ii) Environmental benefits. These include: the 
reduction of environmental risks, the drop of the level of environmental resource 
consumption, the benefits from waste reuse, the reduction of expenses on emissions and 
fines, the rise in sales revenue due to the popularity of environmental protection products, 
reduction of interest costs thanks to preferential loans, tax reduction and exemption brought 
by environmental protection products and reuse of “the three kinds of wastes”, more vitality 
in enterprises owing to rising stock prices in the capital market, brisk trade of products in 
the international market, the increase of trade efficiency and so on. 
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Abstract. Hydrogen station deployment needs to be progressed in
response to the introduction of fuel cell vehicles (FCVs) to the commercial
market. Since resources allocated for deployment are limited for either
private companies who wish to install stations and governments who
provide subsidies, efficient station allocation should be cognizant of the
service of potential customers. Based on a literature review, the results of a
social survey and data analysis, p-median is chosen to find optimum
locations for hydrogen stations. Location and the amount on potential
demand for FCV’s in the early stage of deployment is estimated by a
regression model. The result of GIS analysis for both 2020 and 2025 using
p-median implies the importance of covering regional hub cities (such as
prefectural capital cities) as well as metropolises. The coverage rate of
potential FCV demand is around 60% at the national level, and exceeds 70
to 80 percent when limited to urban areas for the 400-station allocation.
The geographical tendency of station locations allocated by the developed
methodology provides guidance for hydrogen station location practice.

1 Introduction
In response to the introduction of fuel cell vehicles (FCVs) in the commercial market in
2015, the development of hydrogen station networks has been progressed in recent years in
Japan. The Ministry of Economy, Trade and Industry (METI) issued the Strategic Roadmap
for Hydrogen and Fuel Cells in 2014 (revised in 2016) [1] and identified a need for
strategic development of hydrogen stations. While the Roadmap did not refer to a specific
plan for such development, estimates based on current progress on hydrogen station
construction indicate a certain shortage of ST, especially in urban areas.

Installing a hydrogen refueling station is much more expensive than installing a gas
station. The initial investment for a hydrogen station is more than 4 hundred million yen.
Not only private companies wish to locate hydrogen stations, but also governments provide
subsidies to those companies which need to pay a lot of money for hydrogen station
deployment. The more hydrogen stations are installed, the more convenient FCV
infrastructure will be. However, resources to be allocated to hydrogen station deployment
are limited because the business to run a hydrogen station is not profitable in the early stage
of FCV deployment and governments have an uncountable number of policies which need
to be budgeted. It is thus necessary to allocate stations efficiently to serve potential
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customers.
The key objective of this study is to develop a model to allocate hydrogen infrastructure

both within and outside of Japan, so as to provide implications for efficient locations of
hydrogen stations in the future.

2 Literature on Methods to Allocate Refueling Facilities
A number of studies on the methods to optimally allocate refueling facilities have been
conducted since late last century, the majority of which were initiated by researchers in the
United States. Established models for refueling-facility location planning can be
categorized into the following two major types: (1) location-allocation (LA) solutions; and
(2) flow-demand solutions.

The LA theory was originally proposed by Cooper [2] and has been applied to refueling
facility planning since late 20th century. An LA problem is to locate a set of new facilities
such that the distance from facilities to customers is minimized and an optimal number of
facilities is placed in an area of interest while satisfying customer needs. For solving LA
problems, numerous algorithms have been designed including p-median methods. The
p-median method aims to find optimum locations of p facilities such that the total sum of
the distances between each customer (i) and the nearest facility (j) is minimized. This
method is based on the assumption that automotive users prefer to refuel near their home
and that a single-purpose trip is made between the customer and the facility to satisfy
demand.

This method was applied to some case studies conducted to allocate hydrogen stations
in the State of California [3] [4]. It was also used in a series of studies to evaluate scenarios
for deploying hydrogen fueled vehicles and supporting infrastructure conducted under the
direction of the USA Department of Transport, in response of the requirements of the
Energy Policy Act 2005 and recommendations made in the report “The Hydrogen Economy
(2004)” prepared by the National Academy of Science.

The p-median method has also been applied with some modifications. For example, Lin
et al. developed the ‘fuel-travel-back’ approach,’ based on p-median model, and applied it
to derive an optimal station roll-out scheme for Southern California (i.e. to investigate how
to effectively locate a limited number of hydrogen stations in an early stage of
hydrogen-fueled vehicle market) [5]. The ‘fuel travel-back’ approach uses nodes weighted
by the quantity of fuel consumed on segments “pointing to” demand node (i) (instead of
population) and with travel time between demand nodes (i) and candidate facility locations
(j) substituted for distance.

All p-median based methods share a common feature of relatively simple and limited
data requirements. The original p-median method requires data on customer locations and
road networks only. The aforementioned ‘fuel travel-back’ approach uses data on spatial
distribution of vehicle-miles traveled (instead of population), considering any point along
road networks as a possible origin of a refueling trip. When the total travel time is
minimized for all fuel (in gallon-minutes), the average refueling travel time is theoretically
considered to be minimized.

The other type of solution, flow-demand solutions, analyzes refueling demands based
on traffic flows. Hodgson argued that for many types of facilities, such as refueling
facilities, convenience stores, automated teller machines, traffic flows exert a demand [6].
The unit of demand to be covered is, therefore, the path from an origin to a destination
rather than considering demand as a set of nodes. This means that refueling should be
assumed often as a secondary purpose of travel: customers tend to refuel on the way to
somewhere else rather than making a single purpose trip solely to refuel their vehicles.
Flow-demand solutions were considered to provide a behaviorally more realistic basis for
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Flow-demand solutions were considered to provide a behaviorally more realistic basis for

locating refueling facilities.
There are several methods developed to solve flow-demand problems. They can be

classified into three methods: Traffic count method; Flow-Capturing Location Model
(FCLM) or Flow Intercepting Location Model (FILM); and Flow Refueling Location
Model (FRLM).
The traffic count method is to locate stations on high-traffic routes or within high-traffic
areas. For example, roads with more than certain traffic volume (e.g.  20,000 traffic
volume per day) are chosen to locate refueling facilities [7]. When refueling facilities are to
be located in high-traffic areas, the total sum of vehicle kilometers traveled is calculated for
each area unit and refueling facilities are located where a certain level of vehicle kilometers
traveled is achieved [8]. This method is relatively simple yet has some shortfalls such as the
double-counting issue. It is possible to count the same trips by the same drivers more than
once if the trip travels multiple links, even though drivers might refuel only once, thus
resulting in concentrating refueling facilities on several adjacent links of a high-volume
major route (e.g. freeway).

Flow capturing methods such as FILM or FCLM were developed to avoid such double
counting issues. FILM/FCLM locates a given number (p) of refueling facilities so as to
maximize the total possible flows that are intercepted during their travel. Basic units of
demand are flows on paths across a transportation network and the flows over the network
arcs are explicitly considered. Flows are captured by various methods: some studies
consider a refueling facility captures a flow only when the facility is directly on the path of
the flow while others consider trips are captured by the facility even when these trips
require minor detours to get to the facility. FILM/FCLM tends to capture more
origin-destination (OD) flows on the shortest paths between OD pairs, however, for longer
inter-city trips, one refueling facility anywhere along the path may not be enough to enable
a vehicle with a limited driving range to complete the trip without running out of fuel.

Lim and Kuby further advanced FILM/FCLM to FRLM to maximize the number of
trips that can potentially be refueled by p refueling facilities. Unlike FILM/FCLM, OD
flows are covered by a combination of facilities rather than individual facilities [9]. FRLM
counts a flow as refueled only if a combination of stations exists on a path that can
successfully refuel the round trip between the origin and destination. At the metropolitan
scale, if no round trips are longer than the assumed vehicle driving range, the FRLM
reduces to the FILM/FCLM.

All FILM/FCLM/FRLM requires, in general, a matrix of OD flows, each of which must
then be assigned to a particular likely path through the network. Such data are hard to work
with and are not always available for all regions or scales required for analysis. Further,
there are infinite number of OD pairs in reality, thus only simplified OD matrixes can be
used.

3 Analytical Method

3.1 Targeting potential FCV customers

According to the diffusion of innovation theory proposed by Rogers [10], proactive
adopters of any new innovations or ideas, who are categorized as “Innovators,” appear at
early stages of the diffusion. His theory presented that a key to successful new market
development is to approach Innovators. We do not discuss whether Rogers’ diffusion of
innovation theory is applicable to FCVs in this paper, however it can be assumed that early
customers of FCVs are not likely to be general citizens. It is thus critical to identify the
features and locations of the Innovators in the FCV market.



4

E3S Web of Conferences 83, 01014 (2019) https://doi.org/10.1051/e3sconf/20198301014
HEET 2018

The revised Strategic Roadmap for Hydrogen and Fuel Cells [1] set targets for the
dissemination of FCVs as follows: approximately 40,000, 200,000 and 800,000 vehicles by
2020, 2025 and 2030, respectively. This means that the main FCV customer segments are
still likely to be Innovators or Early Adaptors even around 2025, therefore a targeting
approach will be required for successful dissemination.

An obvious feature of FCV in the commercial market is its price. The price of FCV is
more than five (5) million Japanese yen before 2020 even with government subsidies. This
price level is expected to be similar until 2020. Except for the driving components and fuel
of the FCV, the new FCVs introduced in the market belong to the category of traditional
luxury passenger cars. We consider potential customers, Innovators or Early Adaptors for
FCV, are a part of luxury passenger car customers. For 2025, middle-class automotive
buyers were assumed to be FCV potential buyers as the cost reduction of FCV car to around
three (3) million yen; the same price level of popular hybrid cars such as the Prius, as
expected according to communication with automobile companies.

3.2 Optimization method of location allocation of hydrogen stations

Reasoning of methodology choice

Our study team conducted a survey research on the daily refueling behaviors of existing
automotive users in March 2016 (N=3,790). Respondents are randomly chosen from an
Internet panel representing the general public who have a driver’s license. The survey result
shows that 71% of the respondents use refueling stations near their home while the
remaining respondents prefer refueling stations along or near the routes between their home
and their key driving destinations such as work places or shopping centers (Figure 1). The
survey also asked travel time to the refueling stations usually used for respondents. The
respondents showed the tendency to use five minutes intervals for their answer but we can
see a rough tendency of proximity to the preferred refueling stations. The mean and the
mode travel time to the refueling stations usually used for respondents are 9.5 minutes and
five minutes, respectively (Figure 2). It should also be noted that more than 20%
respondents travel over 15 minutes.

Fig. 1. Locations of gas stations where customers usually refuel
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Reasoning of methodology choice

Our study team conducted a survey research on the daily refueling behaviors of existing
automotive users in March 2016 (N=3,790). Respondents are randomly chosen from an
Internet panel representing the general public who have a driver’s license. The survey result
shows that 71% of the respondents use refueling stations near their home while the
remaining respondents prefer refueling stations along or near the routes between their home
and their key driving destinations such as work places or shopping centers (Figure 1). The
survey also asked travel time to the refueling stations usually used for respondents. The
respondents showed the tendency to use five minutes intervals for their answer but we can
see a rough tendency of proximity to the preferred refueling stations. The mean and the
mode travel time to the refueling stations usually used for respondents are 9.5 minutes and
five minutes, respectively (Figure 2). It should also be noted that more than 20%
respondents travel over 15 minutes.

Fig. 1. Locations of gas stations where customers usually refuel

Fig. 2. Time spent at gas stations where customers usually refuel

Choice of optimization method of location allocation of hydrogen stations

We decided not to use the flow-demand solution model but P-median for optimizing
geological locations of future hydrogen stations for the following reasons:
 The majority of current car users refuel their cars near their residence or office and the

majority of trips users make are short distance. These imply proximity to stations is
important for station location allocation, although car users do not necessarily show a
strong priority toward proximity.

 The required level of geological resolution for station location cannot be obtained by
flow-demand solution models but by P-median model. Only simplified OD matrixes
such as intercity level OD matrixes are available for conducting flow capturing
analyses. This means flow-demand solutions using such OD matrixes do not provide
detailed locations within a city, yet the largest portion of car trips happen within cities
in Japan.

Meanwhile, we realize that flow-demand solution models need to be used as a
supplementary approach for determining the station locations to cater for mid-to-long
distance trips.

3.3 Location estimation of potential customers of FCV

In order to identify the location and quantity of potential FCV customers with reasonable
geographical resolution which is a 1km square grid, car sales data at the municipal level
was used to conduct regression analyses.

Stepwise regression analysis was carried out, using the data of luxury car sales at the
municipal level as a dependent variable and variables of general statistics including more
than fifty candidate variables as independent variables, giving consideration to
multi-collinearity. The regression model should not use intercept in the equation because an
existence of intercept in the model equation means the existence of some amount of
potential customers automatically in every 1km grid. The model fit and regression
coefficients of the luxury car regression model are presented in Table 1 and Table 2,
respectively.

The adjusted R-Square of 0.909 indicates a good model fit for the chosen regression
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model (see Table 1). The stepwise regression process finally leaves two explanatory
variables, number of employees and total consumer spending. The variable of number of
employees that is the sum of the number of people employed in the area is considered to
represent demand of corporate customers and the total consumer spending is considered to
represent the demand of private customers. The standardized coefficients of explanatory
variables, which is 0.625 for the number of employees and 0.374 for the total consumer
spending (see Table 4), indicate the corporate demand explained more than 60% to the total
luxury car demand reflecting real luxury car sales statics.

Table 1.Model fit of the luxury vehicle regression model

Note: * For regression through the origin (models without an intercept), R-squared measures the proportion of
variability in the dependent variable regarding the origin explained by regression

Table 2. Regression coefficients of the luxury vehicle regression model

Similarly, a stepwise regression analysis was conducted using the car sales data at
municipal level as well as general statistics, to estimate middle-class automotive demands
in three dimensional geometry. The dependent valuable used in the calculation is the sales
data of automobiles in the middle-class and higher price range. The model fit and
regression coefficients of the middle-class automobile regression model are presented in
Table 3 and Table 4, respectively.

As presented in Table 3, the adjusted R-Square is 0.935, i.e. the model fit is high. The
independent variables that stepwise regression process decide in this model are the number
of workers and number of employees. The number of workers that means the sum of the
number people engaged in work in households within the area is considered to represent the
volume of the private customer demand while the number of employees is considered to
represent the demand of business customers (see Table 4). Although potential buyers of
middle-class automobiles include corporate customers, private customers are the majority,
which is reflected in the standardized coefficients and thus in the modelling result. For the
luxury car market model, the coefficient of expenditures (i.e. income) explained the
demand of private customers. However, the number of workers rather than expenditure can
explain the demand of private customers in the middle-class automobile market model.

Table 3.Model fit of the mid-range vehicles (automobiles priced above the mid-range) regression
model

Note: * For regression through the origin (models without an intercept), R-squared measures the proportion of
variability in the dependent variable regarding the origin explained by regression
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Table 4. Regression coefficients of the mid-range vehicles (automobiles priced above the mid-range)
regression model

3.4 Application of P-median to location allocation of hydrogen stations

The p-median problem is a type of discrete location model which places “p” facilities in a
manner to minimize the sum of the demand-weighted distance between a demand node and
the closest facility. In this study, we aimed to optimize the facility locations, when placing a
given number of hydrogen stations (ST) within a defined area, by minimizing the total
travel time cost (i.e. the sum of the potential demand node multiplied by time distance). The
algorithm of the calculation is presented below:

The total distances between all users and the closest ST (���), is expressed in the following
equation:

���  �፡� ������ (1)

where:
a� x� y� : a given demand node
f x� y� : location of a user
d�� : distance between a user f x� y� and the closest
ST (s��

The distance (��) between a given ST (s�) and demand nodes (1, 2, ⋯ j ⋯、m) within the
ST’s coverage is then calculated using Equation 2:

��  �፡
� ���  �፡

� � ፡� �� ��� (2)

Therefore, When the number of ST to be placed is “N,” the sum �࢚) ) of the distances
between demand nodes and the closest STs
When the total number of ST users in all defined areas are set as N� , the average distance
to the closest ST is expressed in Equation 3:

��፡
፡
�
�����

፡
� �፡


�፡
� � ፡� �� ��� (3)

The objective function is set to minimize the average travel distance (��፡ ). Equation 4 is
then used to identify a ST location (s�):

��፡��፡  min
�

፡
� �፡


�፡
� � ፡� �� ��� (4)

As N� is a constant factor, Equation 4 can be simplified as Equation (5):
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��፡��፡  min
� �፡


�፡
� � ፡� �� ��� (5)

In this model, existing STs are treated as mandatory locations, thus the number of
existing ST locations ( O  ok k  ፡ 2 ⋯ O ) is deducted from the total number of
candidate ST location ( P  p� i  ፡ 2 ⋯ L} ) prior to running the model. Then, the
calculation using Equation (3) was repeated for all possible sets of N in order to determine
the optimum locations of new STs. This method is a combinational optimization procedure
where N is selected from L-O. It is impossible to validate all possible combinations in
reality as the number of possible combinations is massive. Therefore, we applied heuristics
to this model in order to identify a result close enough to the optimum value and used three
methods, randomized greedy algorithms [11]; vertex substitution heuristic [12]; and path
relinking method [13]. Combinations of several heuristics are applied to enhance the
solution accuracy. The optimum solution applying heuristics was calculated in the
following procedures:

Step 1: Calculate the initial solution using randomized greedy algorithms, by which the
initial solution is semi-randomized.

Step 2: Calculate a second solution applying the solution set obtained by Step 1 to vertex
substitution heuristic.

Step 3: Calculate another second solution applying the solution set obtained by Step 1
except for solution set obtained by Step 2 to path relinking meta heuristics.

Step 4: Choose a more suitable solution between the two solutions identified through Steps
2 and 3.

Step 5: Repeat Steps 1 to 4 in a given number then choose the best optimal answer within
identified candidate locations.

4 Analyses and discussion

4.1 Locating hydrogen stations for 2020 and 2025

The price of FVCs is likely to maintain the 2016 level until the mid-2020’s although a
gradual fall is anticipated in the future. As mentioned in Section 1.1, METI’s Strategic
Roadmap for Hydrogen and Fuel Cells estimated the number of hydrogen refueling stations
in Japan to be 160 in 2020 and not to exceed 200 in the next five years. Therefore, the key
FCV purchasers in 2020 are assumed to be potential luxury car buyer groups and the
number of hydrogen station to be 200 in order to analyze the optimum facility locations
using p-median problem.

The FCV price is expected to be lower to around three million yen by 2025 while the
number of hydrogen station to increase to 320, according to the METI Roadmap. Regarding
the station location analysis for 2025, the FVC purchaser group is thus assumed to be
potential middle-class automobile buyer groups and the number of hydrogen station to be
400. As 92 stations are already at either the design, construction or operational stages as of
the end of August 2016, the p-median analysis was conducted for the remaining 108 or 308
stations. The coverage of each station is set to be 15 minutes driving distance in rush hours
for coverage analyses in the later section. The results of the optimum placement analyses
are shown in Figures 3 to 7.

The results for both 2020 and 2025 indicate that hydrogen stations should be spread
across the country to capture potential FCV customers effectively and to promote FCVs.
Figures 3 illustrates that 94 percent prefectural capital cities are covered by the placement
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across the country to capture potential FCV customers effectively and to promote FCVs.
Figures 3 illustrates that 94 percent prefectural capital cities are covered by the placement

of the 200-station by 2020 and fully covered by the 400-station allocation of 2025. This
result identified the importance of covering regional hub cities (such as prefectural capital
cities) as well as metropolises such as Tokyo, Nagoya and Osaka for capturing more
potential FCV customers.

Furthermore, the results for 2020 indicated that 43 out of 108 new stations are to be
placed outside of four (4) major metropolitan areas (i.e. Tokyo, Kanagawa, Saitama, Chiba,
Osaka, Kyoto, Hyogo, Aichi and Fukuoka). As 19 of the exiting 92 stations have been
placed outside of the four (4) metropolitan areas, approximately 30 percent of the total 200
stations need to be located outside of the metropolitan areas in order to capture more
potential luxury car buyers. Likewise, 163 out of 308 new stations to be built by 2025 needs
to be placed in the areas other than the metropolitan areas to optimize the capture of
potential middle-class automotive purchasers. This means approximately over 40% of the
total 400 stations needs to be placed outside of the four metropolitan areas to optimize the
potential of FCV dissemination.

Figures 3 to 7 show that most of the 200 hydrogen stations are allocated to the central
urban areas and other densely populated areas within the four major metropolitan areas and
not many are placed in the corridors between those cities. However, the development of
hydrogen stations in such gap areas is likely to be progressed during the 400-station
placement. In other words, populated areas should be covered first to maximize capture of
demand when the hydrogen station number is limited to 200. The corridors between major
cities and the regional centers are recommended to be covered when the station number is
increased to 400.

In reality, extra 200 stations will be added after completing the development of the first
200 stations when 400 stations are determined to be constructed in total. This study
assumed different FCV prices, thus different target buyers (i.e. potential luxury car buyers
for the allocation of 200 stations and potential middle-class vehicle buyers for 400 stations),
for nominated years. Therefore, it is possible that some of the facility locations identified
through the 200 station allocation analysis might not be identified in the 400 station
allocation analysis. However, the result indicates no municipality where stations identified
in the allocation of 200 stations are eliminated in the 400 station allocation.
The analysis results highlighted the importance of placing hydrogen stations in regional hub
cities at a relatively early stage. It has also been confirmed that the hydrogen stations
allocated to capture the needs of luxury car purchasers are unlikely to be redundant when
the market is expanded to include middle-class automobile purchasers.



10

E3S Web of Conferences 83, 01014 (2019) https://doi.org/10.1051/e3sconf/20198301014
HEET 2018

Fig. 3. Nationwide placement of 200 hydrogen refueling stations (top), 400 stations (below)
(15-minute travel time range from the hydrogen refueling station shown)

Fig. 4. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Greater Tokyo
area (15-minute travel time range from the hydrogen refueling station shown)
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Fig. 4. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Greater Tokyo
area (15-minute travel time range from the hydrogen refueling station shown)
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Fig. 5. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Chukyo
Metropolitan area (15-minute travel time range from the hydrogen refueling station shown)

Fig. 6. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Keihanshin
Metropolitan area (15-minute travel time range from the hydrogen refueling station shown)
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Fig. 6. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Keihanshin
Metropolitan area (15-minute travel time range from the hydrogen refueling station shown)
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Fig. 7. Placement of 200 hydrogen refueling stations (top), 400 stations (below) in the Fukuoka
Metropolitan area (15-minute travel time radius from the hydrogen refueling station shown)
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4.2 Coverage of potential customers as a result of location allocation

The objective of p-median is not to maximize the coverage of potential customers but to
minimize the sum of weighted distance from potential customers to the stations being
located. However, the coverage of potential demands and population are often discussed in
locating hydrogen stations. The coverage of potential demands is thus also investigated in
this study. The coverage was defined as the percentage of potential FCV buyers located
within 15 minutes driving rage from any of the identified hydrogen stations. 15 minutes
seems the longest distance that at least some portion of people can accept according to the
social survey. As previously mentioned in Section 1.2.1, it is ideal that identified stations
are located in areas convenient for individual users. As a reference, 85% of residences in
Japan are located within three (3) minutes driving distance from the closest petrol station
while 90%, 95% and 99% of them are located within 4-min, 5-min, 10-min driving distance
[14]. P-median analyses were conducted to calculate the coverages of 1) potential luxury
car buyers; 2) middle-class vehicle buyers; 3) the entire population; and 4) registered
vehicles, for each of the100, 200, 300 and 400 station allocations (including the 92 existing
stations). The results are presented in Figures 8 to 12. In this calculation, the following
definitions were applied:

The result indicated that the rate of increase in potential demand coverage became
smaller for both the potential luxury car buyers and middle-class vehicle buyers as the
number of hydrogen station increased in urban areas. This tendency is especially obvious in
the Tokyo Metropolitan Area and for potential middle-class vehicle buyers. This is because
p-median location problems tend to prefer locating facilities in regional centers rather than
suburbs surrounding metropolitan areas to increase the demand coverage more effectively.
While the coverage rate of the potential FCV demand is around 60% at the national level, it
exceeds 70 to 80 percent when limited to urban areas for the 400 station allocation.
Preference is thus likely to be given to urban areas in hydrogen facility placement.

The coverage of potential luxury vehicle buyers is about five to ten percent higher than
the population coverage both nationwide and in all four metropolitan areas. On the other
hand, the coverage of potential middle-class vehicle buyers is similar to the population
coverage. This is due to the distribution of potential middle-class vehicle buyers which is
approximately the same as the population distribution in Japan. However, the number of
vehicles owned per person increases in rural areas in general. The coverage of registered
vehicles is thus lower than the population coverage when more hydrogen stations are to be
deployed in urban areas at an early stage. Yet, those coverages are similar in the Chukyo
Metropolitan Area and the Fukuoka Metropolitan Area where the population distributions
overlap with the distribution of registered vehicles. Therefore, more hydrogen stations will
be required in suburbia of urban areas where vehicle holding ratios tend to be low, if the
facility locations are determined based on the existing registered vehicle distribution. With
regard to regional cities and other rural areas, most of the demand is likely to be covered by
targeting potential middle-class vehicle buyers, as the distributions of population, registered
vehicles and potential middle-class vehicle buyers are also similar in those areas.
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Fig. 8. National hydrogen refueling station potential coverage rate for luxury vehicles (left) and
mid-range vehicles (right) (15-minute distance to hydrogen refueling station)

Fig. 9. Hydrogen refueling station potential coverage rate for luxury vehicles (left) and mid-range
vehicles (right) in the Greater Tokyo area (15-minute distance to hydrogen refueling station)

Fig. 10. Hydrogen refueling station potential coverage rate for luxury vehicles (left) and mid-range
vehicles (right) in the Chukyo metropolitan area (15-minute distance to hydrogen refueling station)
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Fig. 11. Hydrogen refueling station potential coverage rate for luxury vehicles (left) and mid-range
vehicles (right) in the Keihanshin metropolitan area (15-minute distance to hydrogen refueling
station)

Fig. 12. Hydrogen refueling station potential coverage rate for luxury vehicles (left) and mid-range
vehicles (right) in the Fukuoka metropolitan area (15-minute distance to hydrogen refueling station)

5 Conclusion
Hydrogen station deployment needs to be progressed in response to the introduction of fuel
cell vehicles (FCVs) in the commercial market. Since resources allocated to deployment are
limited for either private companies who wish to install stations and governments, efficient
station allocation should be cognizant of serving potential customers. Based on literature
review, results of a social survey and data analysis, p-median is chosen to find the optimum
locations of hydrogen stations. Location and amount of potential demand of FCV’s in the
early stage of deployment is estimated by a regression model. The results of GIS analysis
using p-median for both 2020 and 2025 indicated that hydrogen stations should be spread
across the country to capture potential FCV customers effectively and to promote FCV
deployment. The map resulting from the GIS analysis shows 94 percent prefectural capital
cities are covered by the placement of the 200-stations by 2020 and fully covered by the
400-station allocation of 2025, implying the importance of covering regional hub cities
(such as prefectural capital cities) as well as metropolises. The coverage rate of the
potential FCV demand is around 60% at the national level, it exceeds 70 to 80 percent when
limited to urban areas for the 400 station allocation. The geographical tendency of station
locations allocated by the developed methodology provides a guide for location of
hydrogen stations.
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Experimental Study on the Treatment of 1, 4
butanediol Mixed Wastewater by Ferro-carbon
Micro-electrolysis
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Abstract. The mixed wastewater of 1, 4 butanediol was tested with iron
filings and carbon powder as catalyst by aeration to provide oxygen. The
effects of carbon powder, pH value and reaction time on wastewater
treatment were studied. The optimal experimental condition was that the
mesh number of activated carbons was 20, the pH value was 5, the reaction
time was 30min, and the Chemical Oxygen Demand（COD） removal
efficiency reached 36.2%. At the same time, The response surface method
was used to analyze and optimize the experimental results, and the relation
formula of each influencing factor on removal efficiency was established,
and the order of influence degree of each factor on removal efficiency
(pH> activated carbon mesh number > reaction time) was obtained, in
which pH had the greatest influence on the treatment rate of ferro-carbon
micro-electrolysis treatment of 1, 4-butanediol wastewater.

1 Introduction
1, 4 butanediol is an important organic chemical raw material, which is widely used in
pharmaceutical chemical textile paper cars and daily chemical industry [5]. At present, the
commonly used production technology is alkyl aldehyde method, and the products are 1,4-
butanediol (THF), 1,4butyne glycol (BYD), polytetrahydrofuran (PTMEG) etc. THF and
PTMEG is a kind of toxic organic compounds, from structural analysis belongs to
refractory material, is great harm to human health [1] [2].

Ferro-carbon micro-electrolysis used the metal corrosion principle method to conduct
electrolytic treatment of the waste water, by using the self-generated 1.2V potential
difference of the micro-electrolytic material filled in the waste water without power, and
achieve the purpose of degrading organic pollutants. Under acidic conditions, it is
conducive to the micro-electrolysis reaction, which can speed up the reaction rate. The
oxidation reduction reaction of dissolved oxygen and Fe2+ in wastewater will destroy the
molecular structure of some organic substances. The Fe3+ will flocculate the organic
substances in waste water and further remove the pollutants [3]. Activated carbon surface
contains a large number of acidic or alkaline groups, which have adsorption capacity and
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catalytic effect. When there is O2 or hydrogen peroxide（ H2O2） in wastewater, the
pollutants in wastewater are catalyzed and oxidized [4].

In this study, 1, 4 butanediol mixed wastewater was taken as the research object, air was
taken as the oxidant, and the effects factors such as pH, reaction time and activated carbon
mesh number were studied. The experimental results indicated that the activated carbon
mesh number was 20, pH value was 5, reaction time was 30min, and the COD removal
efficiency reached 36.2%, which provided the fundamental researches for the Ferro-carbon
micro-electrolytic treatment technology of 1, 4-butanediol mixed wastewater. Response
Surface Methodology (RSM) was used to analyze and optimize the experimental results,
and a quadratic polynomial mathematical model was established for the relationship
between COD removal efficiency and various factors, and effect of the different factors on
COD removal efficiency was analyzed.

2 Materials and methods

2.1 Materials

The wastewater comes from BDO and PTMEG production workshops of a chemical
enterprise in China. The wastewater quality was as follows: COD 6000~12000 mg L-1,
biochemical oxygen demand（BOD5） 596~1800 mg L-1, B/C 0.083~0.11, pH 6~9, salt
concentration 0.06 wt%. The main effluent discharge and pollutant concentration are shown
in Table 1.

Table 1. Sewage discharge and pollution characteristics of a chemical enterprise in northwest china.

No Parameter Flow
/ m3 h-1

Concentration
/ mg L-1 Toxicity Biodegradation Pretreatment

1 BDO 20 1800 N Easy N
2 BYD 15 200 N Difficult Y
3 HCHO 10 3600 Y Bacteriostatic Y
4 PT/THF 8 3700 Y Bacteriostatic Y

2.2 Test instrument

The test instruments mainly include a small Ferro-carbon reactor and pH meter and COD
meter and etc.

Fig. 1. Structure of the Ferro-carbon reactor
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2.3 Methods

(1) Rinse the activated carbon with clean water before use, soak it in the waste water, and
dry it.
(2) Put the activated carbon and iron shavings in a self-made aeration device, which is full
of waste water, then in the reaction.
(3) Adjust the pH of the reaction wastewater to pH near neutrally, and test the COD of the
supernatant after filtration.

3 Results and Discussion

3.1 Results

3.1.1 Effect of activated carbon mesh number on COD removal efficiency

When the Fe-C mass ratio was 1:1, the pH was 4 and the reaction time was 50 min,
changed the mesh number of activated carbons, the removal efficiency of COD in
wastewater after the reaction was shown in Table 2.

Table 2. Influence of activated carbon mesh number on COD removal efficiency

Activated carbon mesh 8 15 20 30
Removal efficiency /% 20.8 24.4 34.8 23.9

Fig. 2. Influence of activated carbon number on COD removal efficiency

3.1.2 Effect of pH on COD removal efficiency

As shown in Table 3, when the Fe-C mass ratio was 1:1, the pH was 4 and the reaction time
was 50min. The removal efficiency of COD in waste water was changed by changing the
pH.

Table 3. Effect of pH on COD removal efficiency

pH 3 4 5 6 7 8
Removal efficiency /% 22.4 28.8 36.2 24.5 21.5 20.8
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Fig. 3. Influence of pH on COD removal efficiency

As shown in Fig. 3, with the increase of pH, COD removal first increased and then
decreased. When the pH was 5, the removal efficiency reached up to 36.2%. When the pH
was low, the treatment efficiency was generally better than the alkaline conditions.
However, when pH was too low, iron dissolved a large amount of Fe3+ and Fe3+ causes
flocculation and precipitation of organics, which is easy to cause packing blockage, which
was not conducive to the formation of the original battery and the removal of COD. On the
other hand, when pH was alkaline, H+ concentration was low, which was also not
conducive to the formation of the original battery and reduced the COD removal efficiency
on the effect of Ferro-carbon micro-electrolysis.

3.1.3 Effect of reaction time on COD removal efficiency

When the Fe-C mass ratio was 1:1 and the pH value was 5 and the activated carbon number
was 20, changes the reaction time, the removal efficiency of COD in the wastewater after
the reaction was shown in Table 4.

Table 4. Effect of reaction time on COD removal efficiency

Reaction time / min 10 20 30 40 50
Removal efficiency / % 25 26 33.5 34.6 35.2

Fig. 4. Reaction time of pH on COD removal efficiency

Fig. 4 shows that, with the extension of reaction time, the removal efficiency of COD
gradually increases. When the reaction time was 30min, the removal efficiency was 33.5%.
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Fig. 4 shows that, with the extension of reaction time, the removal efficiency of COD
gradually increases. When the reaction time was 30min, the removal efficiency was 33.5%.

When the reaction time exceeded 30min, the removal efficiency of COD increased slowly
with the increase of reaction time, and remains basically unchanged. The possible
mechanism is that the oxidative effect of Ferro-carbon microcells is close to the maximum
treatment capacity of pollutant degradation. Meanwhile, the adsorption and catalytic
oxidation of activated carbon to COD achieves the dynamic balance under certain pollutant
concentration and aeration conditions.

3.2 Discussion

Response Surface Methodology (RSM) is a mathematical statistical method for
optimization of multi-factor system, which has been widely used in optimization of various
waste water treatment processes, is a reliable and simple statistical tool[7][8].

In this study, RSM was used to analyze and optimize the main influencing factors,
which includes the mesh number of activated carbons, pH and the reaction time, in the
process of Ferro-carbon micro-electrolysis treatment of 1, 4-butanediol mixed wastewater.

A quadratic polynomial was established for the relationship between the response R1
(COD removal efficiency) and each parameter (reaction time A, pH is B, and the mesh
number of activated carbon is C), which is coded as follows:

R1=30.6+0.077A-1.91B+0.19C+0.04AB+0.02AC+0.08BC (1)

The A, B and C are encoding values of the response parameters, the factors before the
encoding values represent the influence direction and influence the degree of the
parameters [7]. According to the formula:

R1=30.6+0.077A-1.91B+0.19C+0.04AB+0.02AC+0.08BC

The study of Ferro-carbon micro-electrolysis conducts that the number of time and
activated carbon has a positive effect on the response R1, while the pH has a negative effect
on the response volume R1. The order of influence degree was: pH > the mesh number of
activated carbons > reaction time, and pH had the greatest influence on the treatment
efficiency of 1, 4 butanediol wastewater by Ferro-carbon micro-electrolysis.

Table 5. Experimental results of 1,4butanediol wastewater

NO A time/ min B pH C mesh Removal efficiency / %

1 50 7 30 16

2 50 3 8 28.9

3 50 3 30 34.6

4 10 7 30 26

5 10 7 8 21

6 10 3 30 28

7 50 7 8 24

8 10 3 8 26
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3.2.1 Fitting optimization of pH with reaction time

Fig. 5. Effect of reaction time and pH on COD removal efficiency (a) contour map (b) response
surface map

Fig. 5 shows that under the condition of the activated carbon mesh number of 20, the
reaction time was greater than 30min, the reaction time affected the COD removal
efficiency gently and the pH was the main factor influencing the COD removal efficiency.
With the increase of pH, COD removal efficiency first increased and then decreased, and
the COD removal efficiency reached the maximum when pH was 5.

3.2.2 Fitting optimization of activated carbon mesh number with the reaction time
and pH

As shown in Fig.6 and Fig.7, through optimization analysis of various parameters, the
reaction condition after optimization was as follows: the mesh number of activated carbons
was 22, the pH was 5 and the reaction time was about 28 min.

Fig. 6 Effect of reaction time and activated carbon mesh number on COD removal efficiency (a)
contour map (b) response surface map
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Fig. 7 Effect of pH and activated carbon mesh number on COD removal efficiency (a) contour map (b)
response surface map

4 Conclusions
(1) The application of Ferro-carbon micro-electrolysis in the pretreatment of 1, 4-
butanediol wastewater, can reduce the pollution load of subsequent systems and improve
the biochemical property of wastewater.

(2) When the activated carbon mesh number was 20, pH value was 5 and reaction time was
30min, the removal efficiency of COD was 36.2%.

(3) RSM method was used to optimize the experimental results. The optimal working
condition: activated carbon mesh number was 22, and pH value was 5 and reaction time
was 28 min.

Through the analysis of experimental results by RSM, the relationship between each
influencing factor and COD removal efficiency is conducted, as follows:

R1=30.6+0.077A-1.91B+0.19C+0.04AB+0.02AC+0.08BC

The reaction time and the mesh number of activated carbons have a positive effect on
the COD removal efficiency, while the pH has a negative effect on the COD removal
efficiency. The order of influence degree is: pH > the mesh number of activated carbons >
reaction time, and pH has the greatest influence on the treatment rate of 1,4 butanediol
wastewater by Ferro-carbon micro-electrolysis.
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