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Beyond the simplicity: optimizing the hydrogen production process 
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Abstract: This paper presents the optimization of the consumption and production rates of a steam reforming 
plant using natural gas as raw material for generating hydrogen as principal product. Different strategies are 
applied to select the most adequate techniques and to obtain different configurations or alternatives for the 
process. The methodology used in this work includes both quantitative and qualitative analyses. The aim of this 
work is to apply various possible alternatives to control emissions and reduce energy inputs, according to the 
recommendations of the European IPPC Bureau and the United Nations Framework Convention on Climate 
Change. The actions are oriented towards reducing the consumption of the plant by improving process heat 
recovery and improving energy integration. The results will be focused on the energy consumption analysis for 
the different alternatives, showing the best option to design the plant, maximizing production and optimizing 
energy use. This approach produces large amounts of hydrogen, decreases environmental impacts and increases 
economical profits. 
 
Keywords: Hydrogen production, Natural gas, Energy efficiency, Best Available Techniques 

1. Introduction 

The synthesis of hydrogen has been largely used to obtain ammonia and related derivates. As 
a result of the growth of the industry during the last century, new processes and methods 
using hydrogen as raw material appeared. Some examples are Fischer-Tropsch processes, 
hydrogenation processes for the petrochemical industry, direct use of hydrogen as an energy 
vector, and others [1-6]. Nowadays this continuous improvement not only responds to 
compliance with the normative, but also to the demands and expectations of consumers. To 
get quality products at the lowest possible cost, it is necessary to implement optimization 
techniques that reduce material and energy use, taking advantage of the recent revolutionary 
technological changes related with energy optimization patterns. These technology advances 
can lead to more efficient processes that reduce energy use and pollutants emissions. 
 
Environmental problems, such as global warming, may lead to restrictions on the use of 
energy in the near future. CO2 emissions reduction goals can be achieved by introducing 
energy efficiency improvements in the production processes [7]. 
 
Hydrogen plants are major energy-demanding processes and important CO2 releasers [1, 2, 8]. 
According to the latest surveys, the greenhouse gas emissions from the hydrogen industry 
were calculated to be around one hundred million tonnes CO2 equivalent per year. In spite of 
that, this industry has already come a long way towards reducing energy use and related 
emissions by improving its performance. 
 
An industrial sustainable system is characterized by minimal environmental exchanges, with a 
more rational use of the available resources. This implies the integrated reduction of the 
environmental impacts, acting over the effects derived from the activities (waste generation, 
air pollution, etc) and implementing measures related to resources exploitation and pollution 
prevention. 
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In this context the EU published in 1996 the IPPC Directive [9] (meaning Integrated Pollution 
Prevention and Control) that introduced, among others, the Best Available Techniques (BAT) 
and the Emission Limit Values (ELV) for the affected industrial potentially polluting sources. 
 
On the other hand the United Nations created in 1988 the Intergovernmental Panel on Climate 
Change (IPCC). They published in 1996 the Kyoto Protocol fixing the objective of 
greenhouse gases reduction for the signatory countries. It includes the Clean Development 
Mechanisms, which enables developed countries to accredit units or credit emissions 
reduction when projects are financed in developing countries [10]. 
 
The world H2 production is estimated to be around 45 million tonnes (500 million m3) per 
year. Around 96% of it is derived from fossil fuels. In 2000 crude oil was the dominant fossil 
fuel to produce H2 (55%), followed by natural gas and coal. At present, 49% of the hydrogen 
is produced by reforming natural gas, 29% (Fig. 1). 
 

 
Fig. 1. Current worldwide H2 production [11]. 
 
Natural gas has been selected as raw material in the steam reforming process as it is the least 
polluting alternative within the group of hydrocarbon feedstock. Comparatively, other 
processes consuming different raw materials have not been completely developed, so they 
imply high energy costs and show some technological limitations [6-8, 11, 12]. 
 
This paper presents the optimised design of a steam reforming plant using natural gas as raw 
material for producing hydrogen as principal product. Various possible alternatives are 
proposed to prevent and control emissions and reduce energy inputs. This work follows the 
recommendations of the European IPPC Bureau [13] and the United Nations Framework 
Convention on Climate Change [10]. 
 
2. Methodology 

The methodology includes both quantitative and qualitative analyses that were developed and 
applied to meet the objectives of this work, which was oriented to prevent and control 
emissions and reduce energy demand in the case study. The qualitative analyses begins with a 
detailed description of the process, followed by the study of the main environmental impacts 
that leads to an inventory of the BAT, the evaluation of these techniques and finally the 
assessment of the possible improvements of the environmental performance of the plant 
achieved after the application of the selected techniques. On the other hand, quantitative 
analysis includes process modelling and simulation, solving material and energy balances for 
each configuration by using a process simulation tool, Aspen Plus HYSYS®. 
 
The qualitative and quantitative analyses carried out during this work were developed 
according to the sections included below. 
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2.1. Qualitative analysis 

2.1.1. Detailed description of the process 

In order to provide proper results, the process is divided into stages, including inputs and 
outputs of materials and energy (Fig. 2). 
 

 
Fig. 2. Flow-sheet of the hydrogen production process. 
 
2.1.2. Study of the main environmental impacts to be addressed by the process which can 

cause negative effects (atmospheric emissions, liquid effluents and solid wastes) 

The reforming reaction is strongly endothermic so it is required a large input of heat, around 
70%. Pumps and refrigeration from the CO2 removal section account for 10% of the total 
energy needed [14]. Linked to the high-energy requirements, relevant greenhouse emissions 
are produced. For instance, within the hydrogen production field, the CO2 generation from 
NH3 production ranges from 1.52 to 3.06 t CO2/t NH3 produced [15]. On average, one-third of 
CO2 emissions result from burning fuel and two-thirds from the use of hydrocarbon feedstock. 
Fig. 3 shows that energy consumption decreases with time in NH3 plants. 
 

 
Fig. 3. Relative energy requirements as a function of time (adapted from [17]). 
 
Due to the high temperatures of the combustion process, large amounts of NOx are generated 
in the reformer and in the auxiliary boilers. The kind of burning fuel and the usage of 
hydrocarbon feedstock determine the quantity of SOx emissions. Pollution problems related to 
water are associated to the formation of condensates or to the scrubbing of waste gases. Spent 
catalysts and molecular sieves are solid waste sources [16]. 
 
2.1.3. Inventory of BAT using different sources of background information available 

The proposed techniques [18-23], which are candidate to be BAT for the analysed processes, 
are summarized in Fig. 4. 
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Fig. 4. Inventory of the best available techniques. 
 
2.1.4. Analysis of the previously reported measures 

All the techniques are analysed in order to select those that are already implemented and those 
that are not, bearing in mind the improvement of global energy efficiency. To facilitate this 
task, a technical data sheet for each technique is done taking into account some of the items 
established by the EIPPCB [13]: technical description of the measure, benefits or 
environmental data, secondary effects, implementation, applicability and characterization. 

2.1.5. Assessment of the possible environmental performance improvement of the plant by 
selected techniques. 

After a careful evaluation of the understudy hydrogen plant, a retrofit was decided. According 
to the current methodology, a combination of the proposed measures is selected to assess the 
energy savings of the new flow-sheet. Thereby, in this paper the potentiality of the 
highlighted measures (Fig. 5.) is tested. 
 

 
Fig.5. Techniques selected for the reformer section. 

 
2.2. Quantitative analysis 

Aspen HYSYS 7.1 has been used to model the process in order to compare different possible 
configurations. The improvement of the process has been done progressively (Fig. 6). Once 
the model is ready (the base case and the retrofit), several simulations are carried out to obtain 
the main parameters of the equipment and flows. 
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BASE CASE 

IMPROVED CASE 

 

 

 

Improvement 1 

 

Improvement 2 

Improvement 3 

Fig. 6. Comparison of the base case with the improved case. 

 
3. Results 

Simulation results show that energy can be saved by implementing the selected techniques. 
The implementation of a pre-reforming reduces more than 10% the required energy input. 
Moreover, energy consumption is reduced 21.5%, regarding the base case, by implementing 
preheating of combustion air (Table 1). The final substitution of the purification stage by the 
PSA eliminates de energy requirements of the absorption stage (Table 2). 
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Table 1. Energy savings in the reforming section 

Technique 
Energy required in the reforming section 

Before implementation After implementation 
T 2.2. Pre-reforming 107.2 MW 95.8 MW 
T 2.3. Pre-heating of combustion air 95.8 MW 84.2 MW 
 
Table 2. Energy savings in the purification section 

Technique Energy required in the purification section 
T PSA. Substitution to PSA tech 5,000 MJ/t CO2 saved by eliminating absorption stage
 
Besides these data, Fig. 7 shows how energy consumption in the plant decreases by the 
progressive implementation of the selected techniques in the corresponding sections. The base 
case is not energetically integrated at all. The proposed techniques achieve the maximum 
energetic integration for this process, reducing 85.9% energy consumption (Fig. 8). 
 

 
Fig. 7. Energy consumption evolution 

 
Fig. 8. Energy consumption reduction 

 
4. Conclusions 

This work shows an assessment of the potential measures to reduce and control emissions and 
energy use in a hydrogen plant. Consequently, a methodology was introduced including both 
quantitative and qualitative analysis. From the qualitative analysis, a list of specific measures 
was proposed. The achieved results showed that, despite being a mature technology, 
important energy efficiency improvements and CO2 emissions reduction could be achieved. 
Therefore, the proposed methodology has turned out to be satisfactory.  
 
The highlights are: 
- The consumption in the primary reformer is reduced. Nevertheless, this option can cause 

problems if an integrated energy balance is not done properly. 
- A pre-reforming installed prior to the first reformer reduces energy consumption. 
- The substitution to ATR technique provides a significant reduction of the energy needs and 

improves the yield (steam needs are reduced to ratio V/C = 1). 
- The substitution to PSA technique provides a reduction of energy needs, but it is necessary 

more adsorbent. 
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Abstract:  Hydrolysis of boron is investigated as a part of a boron/boron oxide solar, water-splitting, 
thermochemical cycle.  Boron was hydrolysed and boron oxide was gasified with steam in a tubular reactor.  The 
influence of the reactor temperature and time on hydrogen conversion was measured at furnace set point 
temperatures of 873, 973 and 1073 K.  The hydrogen production rate was measured by inline gas 
chromatography. The products were analyzed by X-ray diffraction.  The average hydrogen production efficiency 
of 92% was obtained for both 973 and 1073 K.  The formation of a boric acid layer on the reactor walls was 
attributed to the gasification of the boron oxide.  The X-ray analysis shows 100% conversion of the boron to 
boron oxide and boric acid. 
 
Keywords: hydrogen, thermochemical cycle, boron, oxide layer removal  

1. Introduction 

Hydrogen is an abundant and clean fuel with high energy density, making it a leading 
candidate in the search for an alternative to fossil fuels.  However, the storage and 
transportation of hydrogen fuel for practical applications (e.g. internal combustion engine or 
fuel cells) remain among the most difficult problems to overcome before hydrogen can serve 
as a real alternative to fossil fuels [1].  Numerous methods for storage of hydrogen on-board 
vehicles have been considered, including compressed gas, liquid hydrogen and hydride 
compounds.  Each method has significant and unresolved technical, safety and economic 
issues.  Finding a feasible, on-board hydrogen storage solution is one of the major challenges 
in achieving a hydrogen economy.  One such solution may be to produce the hydrogen on-
board the vehicle at a rate that matches the rate of demand of the car engine.  One method of 
on-board hydrogen production is to react a light metal with water.  Boron is one of the most 
promising metal candidates for this purpose [2].  It is a light element with a molecular weight 
of 10.8g/mol.  The reaction of boron with water yields a high hydrogen-to-metal ratio 
compared to other metals (see Table 1) [3].  Moreover, boron is very safe to store and to 
transport because its ignition temperature is high in dry or moist air and even in water. 
 
Table 1. Theoretical H2 produced by the hydrolysis of metals 

Reaction mole H2/g-Fuel STP L H2/g-Fuel 
2B + 3H2O → 3H2 + B2O3 0.139 3.00 

2Al+ 3H2O → 3H2 + Al2O3 0.056 1.25 
Mg+ H2O → H2 + MgO  0.041  0.92 
Fe+ H2O → H2 + FeO 0.018 0.40 
Zn+ H2O → H2 + ZnO 0.015 0.34 

 
The ignition and combustion processes of boron have been of great interest to many 
researchers because of its high heating value.  Considerable experimental [4-5] and theoretical 
research [4-9] has been conducted with the objective of understanding the ignition and 
combustion of boron particles in oxygen.  The data show the ignition of boron particles is 
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significantly delayed because of the formation of a layer of boron oxide (B2O3) on the surface 
of the boron.  
 
Several studies prove that adding water to the oxygen environment can increase the oxidation 
rate. This finding is of particular significance to the proposed study.  It is suggested that the 
increased oxidation rate is due to gasification of the protective B2O3 layer to boric acid 
(HBO2).  Smolanoff et al. [10] showed that the addition of water to the boron/oxygen reaction 
yields a higher reaction rate than when HF(g), CO2(g), and BF3(g) are added.  Data obtained 
by Krier et al. [11] show that the addition of water reduces the ignition delay time and reduces 
the ignition temperature for combustion of boron when compared to combustion in pure 
oxygen.  Vovchuk et al. [12] measured B2O3 gasification rates in pure water and dry air 
atmospheres for temperatures as high as 1303 K.  They found that the gasification rates for 
B2O3 in water vapor were significantly greater than those in air.  Sontgen et al. [13] found 
that the addition of 3 to 8% water vapor to air significantly increased the oxidation rate at 803 
K. 
  
Data on the hydrolysis of boron in the absence of oxygen are limited.  Experiments in steam 
by Rosenband et al. [14] were the first to demonstrate that the production of hydrogen by this 
method is feasible.  Vishnevetsky et al. [15] considered the hydrolysis of boron in the absence 
of oxygen at moderate reactor temperatures (below 873 K).  The hydrogen yield was 47 to 
62% of the theoretical equilibrium value.  It was confirmed that the reaction occurs only at 
temperatures above the melting point of boron oxide (723 K).  Removal or thinning of the 
liquid oxide layer is attributed to a gasification reaction with steam that produces volatile 
metaboric acid.  Limitations of the test apparatus excluded experiments above 873 K, where 
the gasification rate of boron oxide increases and higher hydrogen production yields are 
expected. 
 
The objective of this paper is to investigate the effect of temperature on boron hydrolysis (2B 
+ 3H2O → 3H2 + B2O3) and to study the effect of boron oxide gasification reaction (B2O3(l) 
+ 3H2O(g) → 2H3BO3(g)) on the hydrolysis process. 
 
2. Methodology 

The experimental setup is shown in Figure 1.  A 100 cm long and 2.3 cm i.d. tubular, quartz 
reactor is placed inside a tubular furnace (40 cm long, concentric, cylindrical, electric ceramic 
heater).  Steam was generated upstream in an electrical heater.  The amount of steam 
generated was controlled by controlling the water flow via a peristaltic pump.  Prior to each 
experiment, a crucible was loaded with weighed boron particles of 0.1 grams (amorphous, 
97% pure) and placed in the reactor.  Each time, the reactor was closed, evacuated and purged 
with N2.  The nitrogen flow rate was 0.3 l/min during the whole experiment.  When the 
desired temperature (873 K, 973 K, 1073 K) in the furnace was reached, the steam flow was 
directed into the reactor (0.54 mL/min, equivalent to 1 rpm in the peristaltic pump).  During 
the experiment, the excess of steam was condensed into a water vapor trap.  The outlet gas 
was analyzed continuously using an inline gas chromatograph (Varain 430 GC).  The GC was 
fixed in automatic sampling mode and started to record data as soon as the steam valve was 
opened.  Each run lasted 2 minutes.  

 

1144



 

Fig. 1. Boron hydrolysis experimental setup 
 
To examine the gasification of the oxide layer produced, small changes have been made to the 
experimental setup.  A shorter quartz reactor (60 cm length, 2.3 cm i.d.) was placed in the 
tube furnace.  The outlet of the quartz tube was open.  Prior to each experiment, 4 crucibles 
were inserted into the reactor with the same amount of boron powder (0.1g) and placed in the 
reactor (dry and purged with N2).  During the experiment, boron crucibles were pushed out 
from the reactor into 500 mL flasks that contain nitrogen gas in order to prevent any further 
oxidation with air.  This process was conducted on a regular time interval: 3 minutes between 
each crucible.  Then the mass of the crucible was recorded. 
 
3. Results and Discussion 

Figures 2a and 2b show the hydrogen production at 973 and 1073 K.  The hydrogen 
production efficiency at 973 K was 86 and 98% for run 1 and 2, respectively.  At 1073 K, the 
efficiency was 93 and 90% for run 1 and 2 respectively.  These values are much higher than 
the efficiency values obtained by Vishnevetsky at. al., [15].  In both of the runs at both of the 
temperatures, the hydrogen production followed the same trend.  The hydrogen production 
reached the maximum at t = 8 and 10 minutes for 973 and 1073 K, respectively. 
  

  

(a)                                                                           (b) 
Fig. 2. Hydrogen production at a: 973 K and b: 1073 K 
Figure 3 shows a comparison of the hydrogen production at 873, 973 and 1073 K. As seen 
from this figure, at 873 K, there was very low hydrogen production (efficiency only 5%) for 
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the period of the experiment.  At 973 and 1073 K, the first detected hydrogen production was 
after 2 minutes.  At 1073 K, the hydrogen production was higher than at 973K, but the 
efficiency was lower.  Here, it is important to mention that the hydrogen analysis was 
performed every 2 minutes and that, most likely, there was more hydrogen produced than the 
values measured.  The X-ray analysis shows that all the boron was converted to boron oxide 
and boric acid in the first 3 minutes. 
 
In all runs, the hydrogen production started immediately after switching the steam valve on.  
This is confirmed by the visual observation of the condensation of boric acid and the gas 
chromatography analysis.  
  

 

Fig. 3. H2 production comparison for different temperatures 
 
From the first minutes of the reaction, a formation of white, glittery particles was observed on 
the inner wall of the quartz tube outside the furnace where the temperature is 376 K.  These 
particles start to condense on the tube directly after the steam valve is switched on (Figure 4a 
and 4b).  These condensed particles continued to accumulate during the experiment and were 
very easy to remove.  The X-ray analysis of these particles indicates that they are orthoboric 
acid (Figure 5).  The formation of this layer is evidence of the gasification of boron oxide 
(B2O3(l) + 3H2O(g) = 2H3BO3(g)) in parallel with the hydrolysis reaction. 

                        

                          (a)                                                                                 (b) 

Fig 4. The condensation of boric acid on the inner wall of the reactor during the hydrolysis 
experiment. a: at the beginning and b:  at the end of the experiment. 
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Fig 5. X-Ray analysis of condensed powder layer outside the furnace 
 
Figure 6 shows the mass change during the hydrolysis of the boron powder at 973 K.  
Theoretically the hydrolysis of 0.1 grams of boron will generate 0.638 g of boron oxide; but 
the maximum weight recorded during the experiment was 0.229 g after 6 minutes of the 
reaction.  This is due to the immediate gasification of the boron oxide layer.  This gasification 
process was observed during the hydrolysis experiments: a white color deposition of boric 
acid was observed at t = 1 min of the hydrolysis experiment.  After the sixth minute of the 
reaction, the weight of the particles in the crucible started to decrease.  The X-ray analysis of 
the particles that remained in the crucibles shows 100% boron oxide after 3 minutes (Figure 
7).  
 

           

Fig. 6. Mass change in the boron sample during the hydrolysis process 
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Fig 7. X-Ray analysis of particles remaining after the boron hydrolysis process (t = 3 min) 
 

4. Conclusion 

In this study, a tubular reactor was built and operated for the hydrolysis of boron and the 
gasification of boron oxide in nitrogen carrier gas.  Hydrogen production was measured at 
furnace set point temperatures of 873, 973 and 1072 K.  The primary objective of these initial 
experiments was to understand the boron hydrolysis process.  
 
Hydrogen conversion was 92% for both 973 K and 1073 K.  Very slow hydrogen production 
was observed at the temperature of 873K.  Extensive deposition of boric acid was observed on 
the wall of the reactor outside the furnace where the temperature was 376 K.  
 
The hydrolysis experiments show parallel processes of boron hydrolysis and boron oxide 
gasification.  X-ray analysis of the particles remaining in the crucible shows 100% boron 
oxide.  Thus, we conclude that the boron hydrolysis reaction is faster than the boron oxide 
layer gasification.  In other words, the chemical reaction between the boron and the steam is 
much faster than the chemical reaction between the boron oxide and the steam.  The use of the 
boron/boron oxide thermochemical cycle for hydrogen production shows an advantage over 
other cycles, due to the ease of removal of the oxide layer.  By comparison, in the zinc/zinc 
oxide (ZnO) cycle, once a ZnO layer is formed, the hydrolysis reaction becomes limited by 
the diffusion of the reactants through the layer, which is harder to remove than the boron 
oxide layer [16].   
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Abstract: The use of PV array energy in supplying the electrolyzer systems is very suitable. During the daylight 
hours, the sunlight converts by PV array into electrical energy which will be used for electrolyzing process. Then 
hydrogen produced by the electrolyzer is compressed and stored in hydrogen vessel. This provides energy for the 
fuel cell to meet the load when the solar energy is insufficient. Solar hydrogen technology is relatively simple 
and the only raw material for the production of solar hydrogen is water. In this study technical results obtained 
from direct connection of 10 kW PV array with 5 kW electrolyzer systems for hydrogen production and storage 
at Taleghan site. Variations of the solar radiation intensity, hydrogen production rate, solar hydrogen efficiency 
and overall efficiency of solar hydrogen energy were considered as base of analyses. It is found that the 
minimum and maximum overall energy efficiency values of the system are 0.93 % and 5.01 %, respectively. The 
result shows a great potential in direct solar radiation for absorbing and converting it to other types of energy in 
Iran. Using solar energy required high initial investment, so converting solar energy to other types of energy with 
high efficiency systems is vital. 
 
Keywords: Photovoltaic, Water Electrolysis, Hydrogen Production, System Efficiency, 
Taleghan 

Nomenclature 

E calorific value of hydrogen ................ J.mlP

-1 
Q hydrogen production rate ............... ml.secP

-1 
S solar radiation intensity ..................... W.mP

-2 
A PV array surface ...................................   mP

2 
IReR current ...................................................... A 
TRcR the PV cell temperature .......................... P

o
PC 

TRrR PV cell reference temperature ................. Po PC 
ν hydrogen production ........................ mP

3
P.hr P

-1 
β Temperature coefficient of a solar cell in 

STC .....................................................   °CP

-1 

 
1. 0BIntroduction 

As conventional fossil fuel energy sources diminish and the world’s environmental concern 
about acid deposition and global warming increasing, renewable energy (RE) resources are 
attracting more attention as alternative energy sources [1]. The use of RE resources, which do 
not endanger the environmental balance, is a way to solve many of the environmental 
problems caused principally by the excessive use of fossil fuels. RE resources are free of 
pollution during their development and operation for power generation [2]. RE systems based 
on intermittent sources exhibit strong short term and seasonal variations in their energy 
outputs. Therefore, the need for storage of energy arises; storing the energy produced in 
periods of low demand to utilize it when the demand is high, ensuring full utilization of 
intermittent sources available [3]. Solar photovoltaic energy has been widely utilized in small 
size application and is the most promising candidate for research and development for large-
scale use, as the fabrication of less costly photovoltaic devices becomes reality [1]. Hydrogen 
holds a preeminent position among the solar fuel candidates because of its high energy 
content, low environmental effect, storage compatibility and distribution [4-6]. Solar 
hydrogen is described as a potential energy storage medium to offset the variability of solar 
energy [7]. The seasonal storage of solar energy in the form of hydrogen can provide the basis 
for a completely renewable energy system [8]. Hydrogen can be generated by using different 
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technologies, but only some of them are environmentally friendly. It is argued that hydrogen 
generated from electrolyzing water is a leading candidate for a r enewable and 
environmentally safe energy carrier due to the following reasons [9]: 
• Solar hydrogen technology is relatively simple and, therefore, the cost of such a fuel is 

expected to be substantially less than the present price of gasoline. 
• The only raw material for production of hydrogen is water, which is a renewable resource. 
• Large areas of the globe have access to solar energy which is the only required energy 

source for solar hydrogen generation. 
Country of Iran with more than 4.5 kWh/m2.day radiations has a great potential for converting 
solar radiation to electricity. One of the efforts done in the field of constructing and utilization 
solar hydrogen plant is constructing stand-alone energy system PV-electrolyzer-fuel cell in 
Taleghan-Iran. The purpose is to demonstrate the technical feasibility of using hydrogen as 
solar energy storage medium. This small scale demonstrative energy system uses PV as the 
primary energy conversion technology, hydrogen as the storage medium and a fuel cell as the 
regenerative technology [10]. 
 
2. Methodology 

In this study, we will evaluate overall efficiency from connection of 10 kW PV array with      
5 kW alkaline electrolyzer systems for hydrogen production and storage at Taleghan 
renewable energies site. We assumed that water electrolysis operated during a sample day in 
summer season during 150 minutes (10:30 until 12:50). Variations of the solar radiation 
intensity, hydrogen production rate, solar hydrogen efficiency and overall efficiency of solar 
hydrogen energy in operating conditions were gathered and considered as base of analyses. 
 
3. Results  

3.1. Description of the solar hydrogen energy system 
This energy system is located in a mountainous area with latitude N 36o, 8', longitude             
E 50o, 34' and altitude 1700 m. The system consists of a 10 kW photovoltaic (PV) array 
coupled to a 5 kW bipolar, alkaline electrolyzer, and a gas hydrogen storage tank. When the 
sun shines, PV power is available and directly supply the load. By this power electrolyzer 
produces hydrogen, which is delivered to the hydrogen storage tanks. When PV array cannot 
provide electricity, the 1.2 kW PEM fuel cell will begin to produce electricity. Hydrogen in 
storage tank prepares the feed of fuel cell for production of needed electricity [11].  
 

DC-Bus

PV
10 kWp

Battery Bank
57.6 kWh

-
-

-
~

Load

Converter 
10 kW

HT Electrolyzer
5 kW H2 Storage Tank Ballard PEM

Fuel Cell 1.2 kW

Converter 
10 kW

 
Fig. 1. Schematic of solar hydrogen energy system at the Taleghan site 
 
Experimental results for the operation of directly coupled PV-electrolyzer in operating regime 
of electrolyzer for a sample day in summer are presented. The schematic of this energy 
system is given in Fig. 1. 
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3.2. Photovoltaic array 
Solar energy is one type of the RE resources, which can be converted easily and directly to 
the electrical energy by PV converters. The PV module is a polycrystalline silicon type with 
maximum output of 45 W, an open circuit voltage of 20.5 V and 10 kW PV array consists of 
224 solar panels MA36/45 modules installed at the Taleghan site. The PV array has a fixed 
inclination of 45 degree with horizontal and it is mounted such that the module is facing south 
direction [12]. Each module is 462 mm wide and 977 mm long for an area of 0.45 m2 per 
module and total surface of 101.1 m2 (2×7×16×0.45 ≈101.1 m2). This angle corresponds to 
the optimum tilting in spring for the installed PV and is the latitude of Taleghan area. The 
power also depends on t emperature, wind speed, and age of cells. The efficiency (ηe) of a 
solar cell is a function of the cell temperature (Tc) and it is defined as: 
 

( )[ ]rCre TT −−= βηη 1                                                                                      (1) 
 
Where ηr is the efficiency of a solar cell at standard conditions, Tc the temperature of PV cell 
(oC), Tr the PV cell reference temperature, and β is the temperature coefficient of a solar cell 
in STC (that for PV module is a polycrystalline silicon is 0.0004 °C-1) [13-14].  
 
Table 1.Parameters related to solar radiation, ambient temperature and power system vs. time 
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Fig. 2. Variations of the solar radiation intensity and power of 10 kW PV vs. time for a sample day 
 
According to data received such as solar radiation intensity, ambient temperature, modules 
temperature, can be produced solar modules and system efficiency in the period 6 a .m. till      

Efficiency 
system (%) 

Power system 
(kW) 

Module 
temp. ( P

o
PC) 

Ambient 
temp. ( P

o
PC) 

Insolation 
(W/mP

2
P) Time 

11.45 0.2989 20 19 26 6 a.m. 
11.41 0.9045 22 20 79 7 a.m. 
11.32 1.9988 24 20 176 8 a.m. 
11.13 4.3236 29 21 387 9 a.m. 
10.99 6.1016 33 22 553 10 a.m. 
10.86 7.3760 38 24 677 11 a.m. 
10.81 8.0086 40 25 738 12 a.m. 
10.81 7.9306 41 26 731 13 p.m. 
10.86 7.4087 41 27 680 14 p.m. 
10.95 6.4277 37 25 585 15 p.m. 
11.13 4.4912 31 23 402 16 p.m. 
11.22 2.2642 26 20 201 17 p.m. 
11.32 1.0770 21 17 96 18 p.m. 
11.45 0.4138 17 16 36 19 p.m. 
11.50 0.0692 15 15 6 20 p.m. 
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8 p.m. in sample day at Taleghan site was calculated. Parameters related to solar radiation 
intensity, ambient temperature, modules temperature, power system and solar cell efficiency 
versus time for sample day are given in Table 1. Variations of the solar radiation intensity, 
producing power system, efficiency and cell temperature of PV array against to time for a 
sample day are given Figs. 2 and 3. 
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Fig. 3. Variations of efficiency of PV arrays and cell temperature vs. time for a sample day 
 
3.3. Battery bank 
It is known that a solar hydrogen system needs a storage system to provide energy for the 
cases of inappropriate weather conditions, instantaneous overload conditions, or demand for 
energy after sunset [15-16]. Sun irradiance is stochastic variables by nature. Energy storage 
such as in a battery is required for storing energy from PV array for the back up and stand by 
power source. The battery type is lead-acid because of the low cost and good electrical 
performance under various conditions [17-18]. The selection of a proper size of the battery 
bank for these types of applications requires a complete analysis of the battery's charge and 
discharge requirements [19-20]. The lead-acid batteries have the longest life and the least cost 
per amp-hour of any of the choices [21].The battery system is made up of forty-eight deep 
discharge lead-acid batteries which are installed at the capacity of 57.6 kWh (12V×100 Ah × 
48 cell). Each battery has an average lifetime of five years. When the electrolyzer is turn off, 
the excess energy generated from PV array is used to charge the batteries. If electrolyzer 
needs more power, the rest of power for operation is supplied by the batteries. 
 
3.4. 7BInverter 
A 10 kW  Sunny Boy 2500U model inverter is a single-phase AC power source that is 
connected between the battery bank and utility grid at 195-251 VRACR. The battery voltage 
decrease when the AC loads increase. The inverter is based on a power unit that operates with 
a very high efficiency and optimal reliability. For more specifications, see Table 2 [22]. 
 
Table 2. Inverter technical characteristics (Sunny Boy model 2500) 
PRnominal 2200 WRp Max. AC-power 2500 W 
Max input voltage  600 V Peak inverter efficiency (ηRmaxR) 93-94.4% 
Max input current 11.2 A AC input frequency 49.8-50.2 Hz 
PV-voltage range MPPT 250-600 V VRAC 198-251 V 

 
3.5. 8BHydrogen unit 
Water electrolysis technology has the highest energy efficiency in non-fossil fuel based 
hydrogen production and is ideally suited for coupling with intermittent renewable energy 
resources [19]. In general, there is a good match between the polarization curves of PV cells 
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and water electrolysis. However electricity from PV is expensive and hydrogen produced 
from such electricity is even more expensive, but this technology is well developed and 
matured for a large scale electricity and hydrogen generation [23]. The decomposition of 
water into hydrogen and oxygen can be achieved by passing an electric current between two 
electrodes separated by an aqueous electrolyte. The total reaction for splitting water is [24]: 
 

( ) ( ) ( )gOlOH 222 2
1gHEnergy Electrical +→+  

 
In this pilot, the electrolyzer is a bipolar and alkaline type manufactured by the Hydrotechnik 
(Germany). The electrolyzer module consists of 10 c ells in series. The nominal operating 
point is rated load, 250 amperes and rated voltage, 25 Vmax. The electrolyte (KOH) 
concentration inside the cells is about 28 wt. %.; the amount of hydrogen produced in one 
hour by the electrolyzer is found by the formula: 
 

/hr)(m   .1012.4000419.0 33
ee InAI −×=×××=ν                                                  (2) 

 
where Ie is the current (in Ampere), A is a coefficient, n is number of electrolytic cells, and ν 
is the hydrogen production in m3/hr. Hydrogen is stored at 10 bars in a tank to feed the fuel 
cell at low solar radiation levels and hence supply the required load power [25]. The 
maximum stable rate of hydrogen production was about 1 Nm3/hr. The electrolysis efficiency 
is about 70 %, based on the HHV (Higher heat Value) [26]. 
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The oxygen output still contains small amounts of hydrogen gas and vast amounts of water 
vapor. It was not used in this system and was released into the atmosphere [27]. The hydrogen 
from the electrolyzer is sent into a low pressure tank (buffer tank) that is kept at a pressure 
lower than the hydrogen output pressure of the high pressure tank as shown in Fig. 4. 
 

H2 Storage TankH2 Buffer Tank

Electricity
Hydrogen

From 
Electrolyzer

H2 Compressor

From 
AC-Bus

To 
Fuel Cell

 
Fig. 4.  Schematic of hydrogen storage system 
 
Compression occurs during compressor cycles in which the hydrogen is continuously 
removed from the low-pressure tanks beginning at the current pressure of the low-pressure 
tank and ending when the pressure drops to a specified minimum supply pressure. The 
volume of hydrogen vessel is 1 m3 and maximum pressure is 10 bars. It is known that a stand-
alone photovoltaic system needs a storage system to provide energy for the cases of 
inappropriate weather conditions, instantaneous overload conditions, or demand for energy 
after sunset [28]. Due to simple operation, high efficiency and ability to provide power 
quickly from a standby configuration, a PEM fuel cell was chosen for this project. This 
system manufactured by Ballard power system Inc.(Canada) that has 30 cells and provides up 
to 1.2 kW of unregulated DC power at a nominal output voltage. The output voltage varies 
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with power, ranging from about 43 V at system idle to about 26 V DC at full load. It has the 
capability to operate at low temperature and has short start-up period [29] .Overall system 
efficiency for the direct coupling system calculated according to the following equation: 
 

AS
EQ

overall ⋅
⋅

=η                                                                                                             (4) 

 
where A is the PV array total surface (m2), Q is hydrogen production rate (ml/sec), E is the 
calorific value of hydrogen (J/ml), and S is solar radiation (W/m2) [30].  
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Fig.5. Variations of solar radiation intensity and solar hydrogen efficiency for a sample day 
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Fig.6. Variations of HPR vs. solar radiation 
 
Hydrogen gas has the highest calorific value. When one gram of hydrogen is burnt 
completely, it produces 150 kJ. Thus the calorific value of hydrogen is 150 kJ/g (≈12.6 J/mol) 
[31]. We assumed that water electrolysis operated during a s ample day in summer season 
during 150 minutes (10:30 a.m. until 12:50 a.m.).  
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Fig.7. Variations of solar hydrogen system efficiency vs. solar radiation  
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Overall efficiency of solar hydrogen system in this time is shown that in Table 3; also 
variations of the solar radiation intensity and solar hydrogen efficiency versus time are shown 
in Fig. 5 a nd variations of hydrogen production rate and solar hydrogen energy system 
efficiency versus solar radiation intensity are shown in Figs.6 and 7. The effects of hydrogen 
production rate and solar radiation on the overall efficiency system are also given in Table 3 
and are plotted in Fig. 7. The increase in overall efficiency was from 0.93 to 5.01 % with the 
increase in current from 25 t o 250 amperes, module temperature from 34 to 41oC and 
hydrogen production rate from 9 to 15.5 lit/min.  
 
Table 3. Parameters related to solar radiation, ambient temperature and power system vs. time 

 
4. Conclusions 

- The coupling of PV filed and an electrolyzer allows converting renewable electricity into 
time-stable storage. The time of storage can be unlimited and there is no loss of energy in 
stored energy. Using a fuel cell provide a silent electricity generator which has no 
environmental impact. 

- The replacement of conventional technologies like batteries by new hydrogen technologies 
including using fuel cells in RE based stand-alone power systems is technologically 
feasible. It reduces emissions, noise and fossil fuel dependence and increases renewable 
energy penetration. 

- New energy generators for stand-alone applications are expected to increase the comfort 
of people. The actual solutions are either limited by a low autonomy inducing reduction of 
the electricity consumption during worst seasons or noisy and using fossil energy. 

- Iran country located on solar belt and has a great potential in direct natural solar radiation. 
Solar energy required high initial investment, so converting solar energy to other types of 
energy with high efficiency systems is vital. 
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5.01 41 27 728 15.5 250 21.7 8 p.m. 
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Abstract: One of the most attractive features of hydrogen as an energy carrier is that it can be produced from 
abundant material like water. The use of electrolysis to produce hydrogen from water is an efficient method from 
small to large scales. Energy for supplying water electrolysis systems can be provided by photovoltaic arrays. 
During the daylight hours, the sunlight on the photovoltaic arrays converts into electrical energy which can be 
used for electrolyzer. The hydrogen produced by the electrolyzer is compressed and stored in hydrogen vessel 
and provides energy for the fuel cell to meet the load when the solar energy is insufficient. This study 
investigates a stand-alone power system that consists of 10 kW PV arrays as power supply and 5 kW 
electrolyzer. They have been integrated and worked at Taleghan site in Iran. Result was simulated and optimized 
by using HOMER simulation tools and techno-economic analysis of system presented in this paper. 
 
Keywords: Hydrogen, PV array, Electrolyzer, Fuel cell, HOMER 

1. 0BIntroduction 

Renewable energy (RE) sources are attracting more attention as alternative energy sources 
nowadays. Depletion of energy sources and global warming play big role in this movement 
[1]. RE sources can open a new ways to solve these environmental issues. They usually free 
of pollution during development and operation for power generation [2]. Integration of RE 
with energy storage would provide a better system reliability making it s uitable for remote 
stand-alone applications [3]. Among these sources, solar energy is an important kind of them. 
Solar photovoltaic (PV) energy has been widely utilized in small size application and is the 
most promising candidate for research and development for large-scale use, as the fabrication 
of less costly PV devices becomes a reality [1]. Seasonal solar energy which stores in the 
form of hydrogen can provide the basis for a completely renewable energy system. One of the 
most promising applications is stationary stand-alone power systems, particularly those 
located in remote areas where the cost of transporting fuel is high [4]. There is a growing 
awareness that hydrogen is the fuel of the future. Solar hydrogen is a leading candidate for a 
renewable and environmentally safe energy carrier [5]. Iran with more than 4.5 kWh/m P

2
P.day 

radiations has a great potential for attracting and converting it to electricity. One of the efforts 
done in the field of constructing and utilization solar hydrogen plant is constructing stand-
alone power system PV- electrolyzer- fuel cell in Taleghan site. The current paper evaluates 
the techno-economic aspects of PV-Electrolyzer-Fuel cell system. Hybrid optimization model 
for electric renewable (HOMER) was used as the simulation and optimization tools. The 
schematic of the plant at Taleghan site is given in Fig. 1. 
  
2. 1BMethodology 

Hybrid systems based on the synergy between RE sources and conventional energy systems 
can be a reliable solution for remote sites to provide their need of energy. In this study, first 
PV cells hourly data of Electricity production gathered. Specification of each units in system 
such as PV array, water electrolysis, hydrogen storage tank, a f uel cell and a Power 
Management Unit (PMU) collected and they used for design and calculating primary model of 
HOMER. Then model optimized by software and the results of techno-economic analysis of 
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integration between PV panels, alkaline water electrolysis and hydrogen storage tank are 
presented. 
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Fig. 1.  Schematic of the PV-Electrolyzer-Fuel cell energy system at the Taleghan site 
 
3. Result  

3.1. Description of the system 
This stand-alone energy system is located in altitude 1700 m and consists of a 10 kW p PV 
array coupled to a 5 kWe bipolar, alkaline electrolyzer, a gas hydrogen storage tank (1 m3), 
battery banks, converters DC/AC and a PMU. When the sun shines, PV power is available 
and it used directly to supply the load. Then electrolyzer turns on for producing hydrogen, 
which is delivered to the hydrogen storage tanks. In absent of solar the 1.2 kW Proton 
Exchange Membrane (PEM) fuel cell will begin to produce energy for the load using 
hydrogen from the hydrogen storage tank to produce the necessary electricity [6]. The PMU is 
in charge of the conversion and the dispatching of the energy between each component. It is 
composed of many converters and an inverter as well as a PLC, programmed to optimally 
switch on or off system components [7]. 
 
3.1.1 PV array 
Solar energy is one type of the RE resources, which can be converted easily and directly to 
the electrical energy by PV converters. The PV array consists of 224 solar panels MA36/45 
modules configured into 14 independent sub arrays. The array is broken into sub arrays that 
are each individually controlled. Each sub-array consists of 16 modules, which connected in 
parallel of seven modules in series. The nominal power rating for the array is 10 kWp. The PV 
module is a polycrystalline silicon type with maximum output of 45 W. Each module is 462 
mm wide and 977 mm long for an area of 0.45 m2 per module and total surface of 101.1 m2 
(2×7×16×0.45=101.1 m2).  
 
Table 1. Photovoltaic Module Electrical characteristics (MA 36/45) 
Nominal power 45 W Short circuit current 2.96 A 
Nominal load voltage 20.5 V Current at maximum power point 2.74 A 
Voltage in maximum power point 16.7 V Nominal efficiency 0.115 

 
The tilt angle is fixed at 45 degree with horizontal in south direction [8]. The specifications of 
the modules in the standard condition (1000 W/m2 radiation & 25 °C temperature), are listed 
in Table 1 [9]. 
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3.1.2 The Battery Bank 
Due to the stochastic nature of photovoltaic system, energy storage is needed to supply the 
load "on demand" by storing energy during periods of high bright sun. When the total output 
of the PV array is more than the energy demand, the battery bank is charged. The battery used 
in this system consists of 57.6 kWh (12V×100Ah×48cell). The 48 V battery bank originally 
consisted of 57.6 kWh of storage in (12×4) sealed, valve-regulated, deep-cycle batteries. 
 
3.1.3 10BThe Inverter 
These units turn DC power into conventional AC power, as well as offer the ability to provide 
backup power during a power outage. When you need to use an electrical appliance, but only 
have access to DC power, an inverter is perfect. The inverter used in this project is a Sunny 
Boy model 2500U. It is based on a power unit that operates with a very high efficiency and 
optimal reliability. It is designed for strings with 18 t o 24 s tandard modules connected in 
series. For more detailed specifications, see Table 2 [10]. 

 
Table 2. Inverter technical characteristics (Sunny Boy model 2500) 

PRnominal 2200 WRp Max. AC-power 2500 W 
Max input voltage  600 V Peak inverter efficiency (ηRmaxR) 93-94.4% 
Max input current 11.2 A AC input frequency 49.8-50.2 Hz 
PV-voltage range MPPT 250-600 V VRAC 198-251 V 

 

3.1.4 11BElectrolyzer 
Water electrolysis technology has the highest energy efficiency in non-fossil fuel based 
hydrogen production and is ideally suited for coupling with intermittent RE sources. In this 
method, electricity is used to split water into hydrogen and oxygen [11]. Water electrolysis is 
particularly suitable to be used in conjunction with PV array. The electrolyzer used in this 
project is a bipolar alkaline type. The electrolyzer module consists of 10 cells in series. The 
nominal operating point is rated load, 250 amperes and rated voltage, 25 VRmaxR. The electrolyte 
(KOH) concentration inside the cells is about 28 wt. %. It had a maximum power of 5 kW and 
yielded about 1 Nm P

3
P/h hydrogen at normal conditions and a purity of 99.9 %. Under nominal 

condition, the efficiency of system is 70 %. 
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Fig. 2. Schematic of hydrogen storage system 
 
The oxygen gas is far from pure as it leaves the electrolyzer's cells. The oxygen output of the 
electrolyzer still contains small amounts of hydrogen gas and vast amounts of water vapor 
[12-13]. The hydrogen from the electrolyzer is sent into a low-pressure tank (buffer tank) that 
is kept at a p ressure lower than the hydrogen output pressure of the high-pressure tank as 
shown in Fig. 2. The intermediate reservoir system is used so that the compressor is only run 
when sufficient excess energy is available eliminates the use of energy from the fuel cell or 
enlargement of the battery bank to power the compressor. Compression occurs during 
compressor cycles in which the hydrogen is continuously removed from the low-pressure 
tanks beginning at the current pressure of the low-pressure tank and ending when the pressure 
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drops to a specified minimum supply pressure. The hydrogen gas is then compressed by about 
10 bars by the compressor and sent for storage to hydrogen vessel. 
 
3.1.5 Fuel cell 
A fuel cell is an energy conversion device, which converts the chemical energy of a fuel and 
oxidant, often hydrogen and oxygen, to electrical energy fuel cells are similar to batteries, 
however, unlike battery a fuel cell must be continuously provided with fuel, rather than 
deriving energy from materials contained within the cell, and the products of the 
electrochemical reaction must be removed the cell. They can achieve operating efficiencies 
approaching 60 % nearly twice the efficiency of conventional internal combustion engines 
[14]. The outputs of the fuel cell are DC electricity and water. Fuel cells are a very attractive 
option to be used with intermittent sources of generation like the PV. Their feasibility in 
coordination with PV systems has been successfully demonstrated for both grid-connected 
and stand-alone applications [15]. A PEM fuel cell was chosen because of its passive 
operation, high efficiency, silent and its ability to provide power quickly from a standby 
configuration. In this project, The Nexa ™ system has 30 cells and provides up to 1.2 kW of 
unregulated DC power at a nominal output voltage of 26 VDC. The output voltage varies with 
power, ranging from about 43 V at system idle to about 26 V at full load [16]. 
 
3.1.6 Hydrogen Storage 
Hydrogen as an energy carrier must be stored to overcome daily and seasonal discrepancies 
between energy source availability and demand. Hydrogen storage has an economic 
advantage over lead acid batteries for long-term storage. Currently, pressurized tanks are still 
the most cost-effective means of hydrogen storage for most applications [17]. It is known that 
a stand-alone energy system needs a storage system to provide energy for the cases of 
inappropriate weather conditions, instantaneous overload conditions, or demand for energy 
after sunset [18]. In this project, hydrogen gas produced in the electrolyzer at 10 bars. This 
gas is stored in one hydrogen storage tank (1 m3) with a rated working pressure of 10 bars.  
 
3.2. Advantages of the PV-Electrolysis system 
There are three main reasons why the PV efficiency is lower than we had hoped. First, the 
MA36/45 modules are rated at 45 W but when we tested them, the average output was lower 
than the manufacturer claimed. Second, the various wiring connections required by code add 
up to an appreciable voltage drop. And finally, the electrolyzer operating voltage usually 
doesn't exactly match the maximum power voltage of the array. The match between the 
electrolyzer and PV array is an important aspect of solar hydrogen system design [19]. 
Advantages of the PV-Electrolysis system: 
• PV modules are sold with a warranty that guarantees the power generation for typically 

25 years [10]. 
• PV modules are an ideal power supply for an electrolyzer. The output voltage of a PV 

array is DC and is roughly constant with illumination level. This is a good match to the 
electrolyzer, which requires a c onstant voltage of at least 1.9 VDC (for the generic 
considered). Increasing PV current would increase the overall volume of hydrogen 
produced, although it would also slightly lower the production efficiency [20]. 

• The water electrolysis and PV array can be sized independently and located separately. 
In this system, consumption power consists of 5 kW water electrolysis and 1.5 kW hydrogen 
compressors. In eight hours continuous working of electrolyzer, hydrogen compressor work 
just three hours; therefore total of demand energy in one-work days equal to: 
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The average annual global radiation for Taleghan region is 4.5 kWh/m2; Therefore power of 
PV system in this pilot equal to: 
 

kWkW
mWh
daysWhPPV 1088.9

/4500
/44500

2 ≈==                                                                                  (2) 

 
The Depth of discharge (DOD) is defined as the amount of energy that has been removed 
from a battery or battery pack and usually expressed as a percentage of the total capacity of 
the battery. In this case, 30 % DOD means that 30 % of the energy has been discharged, so 
the battery now holds only 70 % of its full charge [21]. In this pilot, we used type of sealed 
lead acid with technical properties, 12 V and 100 Ah. 
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3.3. Simulation solar hydrogen system with HOMER tools 
National Renewable Energy Laboratory’s software HOMER is used to select an optimum 
energy system. It also performs sensitivity analysis to evaluate the impact of a change in one 
or more of input parameters. Some required input information for HOMER are electrical 
loads, renewable resources, component technical/costs, constraints, controls, type of dispatch 
strategy, etc. [22]. The schematic of this system is shown in Fig. 3. Several simulation have 
been made by considering different capacities of PV panels, hydrogen tank, electrolyzer, 
battery bank, converter, fuel cell and primary load that the results of simulation, optimization 
and analysis for this system are described in the following sections: 
 A cost of 342 $/45 W was used, resulting in a total capital cost of 76000 $ for a 10 kW PV 

array. PV array operation and maintenance (O&M) cost is considered practically zero and 
their lifetime is 20 years. After some preliminary runs with HOMER, it was decided that 
the most suitable PV size to be considered was 10 kW. 
 A battery bank with a capacity of 1200 Ah (12 V, 100 A) per unit was installed. The total 

capacity of batteries installed was 57.6 kWh and the estimated lifetime was 5 years. The 
total capital cost of the battery bank was 4896 $. S izes of batteries considered in the 
optimization were: 48 and 0 kWh (no batteries). 
 An AC-DC power converter unit has been installed in PV-Hydrogen system of Taleghan 

site. Power conditioning capital cost is around 600-800 €/kW [23]. A cost of 1350 $/kW 
was chosen for Taleghan site. A lifetime of 20 years was assumed and a converter 
efficiency of >94%. 
 The cost of hydrogen production unit integrated to the proposed PV-hydrogen cost was    

2700 $ per Nm P

3
P/h HR2R. The introduction of this unit sizes (0-6.5 kW) was investigated with 

HOMER. The lifetime of this unit was considered as equal to 10 years.  
 The capital cost of Nexa system (1.2 kW) is 5000 $/kW for the stand-alone energy system 

in Taleghan site (because of its very small-scale). Fuel cell lifetime was 1500 operating 
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hours. Three different PEM fuel cell size (1-1.2 kW) were considered in the calculations 
performed with HOMER and electrical efficiency assumed constant at 38 %. 
 Compressed gas storage is used for this study. Small-quantity prices are around 1500 $/kg. 

A hydrogen storage tank options was investigated in the optimization process, namely       
1 Nm3 (≈1kg) and the lifetime were also considered 20 years [23]. 
 This system has an average AC load of 31 kWh/days, with the peak load of 2.9 kWh/days. 

HOMER allows input of the operating reserve for the system. Result of here required the 
operating reserve to be 10 % of the hourly load, plus 25 % of PV power output. 

 

 
Fig. 3. Schematic of PV-Electrolyzer-Fuel cell power system 
 
3.4. PV-hydrogen system optimization results 
Actual load profile and meteorological data from the operation of the PV-fuel cell system in 
Taleghan site were used in this study. Hourly solar radiation measurements for a period of one 
year were imported into HOMER tools in order to calculate monthly average values of 
clearness index and daily radiation [24]. According to data from Taleghan area, the solar 
radiation is high, especially between June and August. The annual average global radiation is 
4.5 kWh/m2.day with an annual average clearness index of 0.62 a nd the average daily 
radiation is 5.095 kW h/m2. The existing system was simulated in order to evaluate its 
operational characteristics, namely annual electrical energy production; annual electrical loads 
served, excess electricity, RE fraction, capacity shortage, unmet load etc. some environmental 
impact parameters of the system. A load-following control strategy was followed in the 
simulation. Under this strategy, whenever a power generator in needed it produces only 
enough power to meet the demand. Load following strategy tends to be optimal in systems 
with a surplus of renewable energy. An annual interest rate of 10 % and a project of 20 years 
were used in the economic calculations [24].   
 
Table 3. Electrical production and demand for the stand-alone system 
Annual Electric Energy 
Production 

Annual Electric Energy 
Consumption Other 

PV Array 18025 kWh 
(99%) AC Primary Load 11116 kWh 

(98%) Excess Power 4109 kWh/years 

Fuel Cell 101 kWh  
(1%) Electrolyzer Load 392 kWh  

(2%) 
Capacity 
Shortage 157 kWh/years 

Renewable 
Fraction 100% Total 11508 kWh CO2 

Emissions 0.0619 kg/year 

 
The results of the simulation showed that this system had a total annual electrical energy 
production of 18126 kWh, the RE fraction of which was ≈1 (i.e. 18025 kWh were produced 
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by the PV array). All results related to the electric energy production and electric energy 
consumption is summarized in Table 3. Latter is attributed to high nighttime load, which 
enable the operation of fuel cell because PV energy stored in batteries is not adequate to serve 
the load overnight. To increase renewable energy penetration excess energy can be stored in 
the form of compressed hydrogen and drive a PEM fuel cell.  
 
Table 4. Distribution of annualized costs for the main components of the stand-alone energy system 

Component 
Initial 
Capital 

($) 

Annualized 
Capital 
($/year) 

Annualized 
Replacement 

($/year) 

Annual 
O&M 

($/year) 

Annual 
Fuel 

($/year) 

Total 
Annualized 

($/year) 

PV Array 76000 8927 0 0 0 8927 

Fuel Cell 5000 587 88 12.1 0 687 

Battery 4896 575 320 0 0 895 

Converter 13650 1603 0 0 0 1603 

Electrolyzer 8100 951 272 0 0 1223 

Hydrogen Tank 1500 176 0 0 0 176 

Other 0 0 0 0.2 0 0 
 
The Electrical production and demand of this system are listed in Table 3. When excess PV 
energy is available, power is supplied first to the batteries, and then to an electrolyzer, which 
generate hydrogen for storage. By using HOMER it can be decided whether to use energy 
from the battery, fuel cell, or both based on the replacement cost and O&M of the devices. 
PV-Hydrogen system components are described in more detail in the following sections. Total 
annualized costs for each component of the stand-alone energy system are shown in Table 4. 
This is attributed to the fact that the lifetime of batteries is only 5 years, and the system 
lifetime is 20 years. Therefore the battery bank needs to be replaced several times during the 
project. The total net present cost (NPC) of this system at Taleghan site is around 115034 $ 
and cost of energy (COE) of the proposed hydrogen system is 1.216 $/kWh. 
 
4. Conclusions 

The replacement of conventional technologies, namely batteries by hydrogen technologies 
including fuel cells in RE resources based stand-alone power systems is technologically 
feasible. It reduces emissions, noise and fossil fuel dependence and increases RE penetration. 
The coupling of PV field and electrolyzer allows converting at high efficiency renewable 
electricity. There is no loss whatever the storage time and no need of consumption to avoid 
storage destruction. Using a fuel cell to get back to electricity induces a low efficiency but 
allows building a silent energy generator consuming no materials. New energy generators for 
stand-alone applications are expected to increase the comfort of people. The actual solutions 
are either limited by a low autonomy inducing reduction of the electricity consumption during 
worst seasons or noisy and using fossil energy. The coupling of a PV field and an electrolyzer 
allows converting at high efficiency renewable electricity into time-stable storage from pure 
water. Using a fuel cell to get back to electricity allows building a noiseless energy generator 
consuming no materials. The gas storage induces a complete autonomy during all the years 
and should increase the use of the renewable production. Iran country located on solar belt, so 
it has great potentional in direct natural insolation for consuming and converting it to other 
types of energy. Using solar energy required high initial investment, so converting solar 
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energy to other types of energy with high efficiency systems is vital. Photovoltaic technology 
provides a reliable energy for producing hydrogen by electrolysis. Constructing this project 
illustrates photovoltaic system reliability, availability and being disputable in rural areas and 
end point of electricity yield. (Conclusion extract from) system operation conclusions shows 
equal real outputs, which calculated data and this, will be a start for gathering and processing 
information from operational parameters, in software. 
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Abstract: This paper presents a comprehensive, consistent and systematic mathematical modeling for PEM fuel 
cells that can be used as the general formulation for the simulation and analysis of PEM fuel cells. As an 
illustration, the model is applied to an isothermal, steady state, two-dimensional PEM fuel cell at different 
operation voltages to investigate the fuel cells performance parameters such as the mass concentration, the 
velocity distribution of reactant, current density distribution, and polarization curve.  The model includes the 
transport of gas in the gas flow channels, electrode backing and catalyst layers; the transport of water and 
hydronium in the polymer electrolyte of the catalyst and polymer electrolyte layers; and the transport of 
electrical current in the solid phase. Water and ion transport in the polymer electrolyte has been modeled using 
the generalized Stefan–Maxwell equations. Moreover, the reactant gas flow in the gas channel has been modeled 
by continuity and the steady state incompressible Navier-Stokes equations. All of the model equations are solved 
with finite element method using commercial software package COMSOL Multi physics. The results from PEM 
fuel cell modeling at different operation voltages are then compared with each other and finally according to the 
results, the strategy to improve fuel cell performance with the target of reducing cost is introduced.  
 
Keywords: PEM fuel cell, Mathematical modeling, Finite element, COMSOL multi physic

1. Introduction 

Fuel cells and hydrogen technology represent the most promising alternative pathway for 
automotive and stationary applications. The PEMFC offers low to zero emission from sub-
watt to megawatt power generation, for applications in transportation, industries and portable 
supplies units [1, 2]. In this paper, we focus on t he role of computational tools in order to 
verify some experimental results and demonstrate the better performance of PEMFC 
constructed by application of optimizations techniques. Experimental research and numerical 
simulation have been used in fuel cell design in order to improve the performance of fuel 
cells. The experimental data will be useful to validate the model. 

The search for reliable computational models is a ch allenge because it involves several 
transport phenomena: multi-component, multi phase and multi-dimensional flow processes, 
electrochemical reactions, convective heat and mass transport in flow channels, diffusion of 
reactants through porous electrodes, transport of water through the membrane and transport of 
electrons through solid matrix. The Computational Fluid Dynamic (CFD) is a very useful tool 
to simulate hydrogen and oxygen gases flow channels configurations, reducing the costs of 
bipolar plates’ production and optimizing mass transport [3-5]. 

The computational models are efficient in predicting the cell performance under a variety of 
design parameters. Fuel cell models can be classified into 1D, 2D and 3D according to 
dimensions. The accuracy of 1D model [6,7] is sacrificed due to some assumptions made in 
order to simplify the problem to 1D. A 3D model simulates the reactant gas flow in the 
directions along the flow channel and perpendicular to the flow channel simultaneously, 
which results in more accurate results but requires longer computational time and larger 
computing capacity facility [8, 9]. A 2D fuel cell model [10,11] combines the benefits of 1D 
and 3D models and gains its popularity in PEM fuel cell modeling due to its higher 
computational efficiency compared to 3D models and better simulation accuracy compared to 
1D model. A two-dimensional mathematical model of a PEM fuel cell can be conducted in 
two different modes: parallel or perpendicular to the gas flow direction in the gas channel 
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while the other modeling dimension is across the membrane in both cases. Models conducted 
in the first mode (parallel to the gas flow direction) consider the influence of fluid behavior in 
the channel; while in the second mode (perpendicular to the gas flow direction) the 
interdigitated flow pattern can be easily investigated. The goal of the present work is to 
develop 2D isothermal, steady state PEM fuel cell models in perpendicular to the gas flow 
direction to investigate the performance of fuel cells such as the mass concentration and 
velocity distribution of reactants, polarization curve, output power density at different 
operation voltages so that one can examine the influence of operation voltage on those items.  
 
2. Modeling 

Fig. 1 schematically shows a 3D single PEMFC and its various components including the 
membrane, flow channels, gas diffusion layers and catalyst layers on both anode and cathode 
sides. To conduct a 2D simulation, there are two options to choose the modeling geometry: 
one is in x-z plane as shown in Fig. 2(a), and the other is in x-y plane as shown in Fig. 2(b). 
The geometry which is shown in Fig.2 (b) will be studied in this paper. 
 

 
Fig.1. Three dimensional diagrams of a PEMFC and its various components. 
 

 

                          (a) x-z plane model geometry                                          (b) x-y plane model geometry 
Fig.2. Two-dimensional PEM fuel cell modeling geometry. 

 
2.1.  Model Definition 
The modeled section of the fuel cell consists of three domains: an anode (Ωa), a proton 
exchange membrane (Ωm), and a cathode (Ωc) as indicated in Fig. 3(a). Each of the porous 
electrodes is in contact with an interdigitated gas distributor, which has an inlet channel   
(∂Ωa, inlet), a current collector (∂Ωa, cc), and an outlet channel (∂Ωa, outlet). The same notation is 
used for the cathode side. The model geometry is shown in Fig. 3(b). 
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                  (a)Sub domain and boundary labels                                  (b) Model geometry 
 Fig.3. Model geometry with sub-domain and boundary labels. 
 
2.2. Governing Equations 
2.2.1.  Flow Channels 
Based on the model assumptions, the reactant gas flow in the gas channel is governed by the 
continuity equation to insure the mass conservation as well as the steady state incompressible 
Navier-Stokes equation to describe the momentum conservation of Newtonian fluids. The 
multi-component diffusion and convection in flow channels are described by the Maxwell-
Stefan equation. It solves for the fluxes in terms of mass fraction. The general form of the 
Maxwell-Stefan equation is shown below. 
 

1
.[ { ( )

( ) } ]

N

l l ij j j
j j

j j l i

M MD
t M M

Px u R
P

ρω ρω ω ω

ω ρω

=

∂ ∇
+∇ − ∇ + +

∂

∇
− + =

∑
                                            (1) 

 
Where ijD ( 2 /m s ) is the diffusion coefficient; iR (kg/ 3m .s) is the reaction rate and it is zero 
in the flow channel; x is the mole fraction; ω is the mass fraction; M (kg/mol) is the molecular 
mass; The subscript i (or j ) represents each species of hydrogen and water on the anode side, 
and oxygen, water, nitrogen on the cathode side. On the cathode side, the transport equations 
are solved for two species since the third species can always be obtained from the mass 
balance equation given as the following: 
 
  

2 2 2 2 2
1  ;   1N O H O H O Hw w w w w= − − = −                                                          (2) 

 
2.2.2. Gas diffusion layers and catalyst layers 
Since gas diffusion layers (GDL) and catalyst layers are porous media, the velocity 
distribution is therefore formulated by Darcy’s law and mass conservation equation. 

   u pκ
µ

= − ∇                                                                                                     (3)                                                                                             

  .( )u Sρ∇ =                                                                                                      (4) 

Where κ ( 2m ) is the permeability; and μ (Pa.s) is the dynamic viscosity. S is the source term, 
kg/ ( 3m .s). The continuity equation for the gas flow mixture describes the sum of all the 
involved gas species at each side. The source term, S, accounts for the total consumption and 
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production during the electrochemical reactions. In the catalyst layer, the reaction rate iR  
corresponding to each species is given as: 

2 2 2 2 2 2 ; ;  
2 4 4

c ca
H H O O H O H O

j jjR M R M R M
F F F

= − = − =                                  (5)  

                                                                           
2.2.3.  Current transport 
The continuity of current in a conducting material is described by: 
  
  . . . 0s ei i i∇ =∇ +∇ =                                                                                            (6) 

Protons travel through the ionic conductor (the membrane) to form an ionic current denoted 
by ei  while electrons can only be transferred through the solid matrix of electrodes which 
results in an electronic current denoted by si . The potential equations for both solid and 
electrolyte phases are obtained by applying Ohmic’s law to Eq. (6). 
 

  Electron transport:  .( )  ;  Proton transport: .( )s s s e e eS Sσ φ σ φ∇ − ∇ = ∇ − ∇ =        (7)                                                                                   

Where φ is the phase potential, V; σ (s/m) is the effective electric conductivity; S (A/ 3m ) is 
the current source term; the subscript s denotes the property of a solid phase and e denotes the 
property of an electrolyte phase. The source terms in the electron and proton transport 
equations, result from the electrochemical reaction occurring in the catalyst layers of anode 
and cathode sides. 
 

  
 Catalyst Layer:   ;      , 

Cathode Catalyst layer:   ;  
e a s a

e c s a

Anode S j S j
S j S j
= = −
= = −

                                                  (8)                                                                      

Where aj and cj  are the transfer current density corresponding to the electrochemical 
reaction at the anode and cathode catalyst layers, which is formulated by the agglomerate 
model. In the catalyst layers, the agglomerate is formed by the dispersed catalyst, and this 
zone is filled with electrolyte. Oxygen is dissolved into the electrolyte and reaches the catalyst 
site. The agglomerate model describes the transfer current density as following [12]: 
Anode: 
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where aggC  (mol/ 3m ) is the gas concentration at the surface of the agglomerates; 
refC (mol/ 3m ) is the dissolved gas concentration at a reference state;; aggD ( 2m /s) is the 

diffusion coefficient of the dissolved gas inside the agglomerate; aggR  (m) is the agglomerate 
radius; 0j ( A/ 2m ) is the exchange current density; s ( 2m / 3m ) is the specific surface area; η  
(V) is the electrochemical over potential which is expressed by the potential difference 
between solid matrix and electrolyte and is defined as: 
 

   
3

 side :  ;  Cathode side:

Open-Circuit Potential: 1.23 0.9 10 (T-298)      
s e s e OC

OC

Anode U
U

η φ φ η φ φ
−

= − = − −

= − ×
                          (11)                                                                                                   

 
The dissolved gas concentration at the surface of the agglomerates is corresponding to the 
molar fraction in the gas phase through Henry’s Law: 

  gasagg C P
C

H
=                                                                                                   (12)   

Where H ( 3. /pa m mol ) is the Henry’s constant. 
 
2.3. Numerical Procedure 
COMSOL Multiphysics, which is a commercial solver based on the finite element technique, 
is used to solve the governing equations. The stationary nonlinear solver is used since the 
source terms of the current conservation equation make the problem non-linear. Furthermore, 
the convergence behavior of this non-linear solver is highly sensitive to the initial estimation 
of the solution. To accelerate the convergence, the following procedures are adopted. The 
Conductive Media DC module is firstly solved based on the initial setting. Secondly, Darcy’s 
Law and Incompressible Navier-Stokes modules are solved together using the results from the 
previous calculation as initial conditions. After the previous two modules converge, all the 
coupled equations including Maxwell-Stefan Diffusion and Convection module are solved 
simultaneously until the convergence is obtained. 
 
3. Results and Discussion 

Using the aforementioned procedures, the x-y geometry as described in Fig. 2(b) simulated in 
different voltages. The parameters values that used in this study are extracted from [13].  The 
x-y model represents the PEM fuel cell with interdigitaed channels on the bipolar plate. Fig.4 
shows the current density curve obtained from the x-y model at the anode active layer for a 
given operation voltage of 0.7.  
 

 
Fig.4. Current-density distribution at the anode active layer. 
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The current density is uneven with the highest density in the cell’s upper region. This means 
that the oxygen-reduction reaction rate in the cathode determines the current-density 
distribution. The maximum current density arises close to the air inlet. Figure 5 shows the 
current distribution in the PEM fuel cell for a given operation voltages of 0.7 and 0.6. There 
are significant current spikes present at the corners of the current collectors and this trend will 
be more sensible at low voltages. The convective fluxes generally dominate mass transport in 
the cell. To study the convective effects, the velocity field is plotted in Fig.6. The flow-
velocity magnitude attains its highest values at the current collector corners and it is more 
evident at lower operation voltages. 
 

           
(a) 0.6 voltages                                             (b)  0.7 voltages 

 Fig.5. Current density (surface plot) and current vector field (arrow plot). 

            
                     (a) 0.6 voltages                                               (b) 0.7 voltages 
Fig.6. Gas velocity field in the anode and cathode compartments. 
 
Figure 7 shows the reactant (oxygen and hydrogen) weight fractions in the cathode and anode 
gases. It is interesting to note that the hydrogen fraction increases as the anode gas flows from 
the inlet (at the bottom) to the outlet (at the top). This is the result of the electro osmotic drag 
of water through the membrane, which results in a higher flux than the consumption of 
hydrogen. This means that the resulting convective flux of anode gas towards the membrane 
causes the weight fraction of hydrogen to go up. In the cathode gas, there is an expected 
decrease in oxygen content along the flow direction and a small change in the oxygen flow 
gives a substantial change in cell polarization. Figure 8 depicts the water mass fraction in the 
anode and cathode gases as well as the diffusive flux of water in the anode. It is clear that 
water is transported through diffusion and convection to the membrane on the anode side.  
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                    (a) 0.6 voltages                                               (b) 0.7 voltages                         
Fig.7.Normolized Reactant mass fractions, on the anode side (left) and cathode side (right).  
 
The results show a minimum occurs at the upper corner of the membrane on the anode side 
that limit fuel cell performance. If the anode gas becomes too much dry, the membrane dries 
out, resulting in a decrease in ionic conductivity and failure of fuel cell. On the other hand, at 
the cathode side the water levels increase with the direction of flow and a local maximum in 
water current occurs at the lower corner of the membrane. This may also be critical since the 
water droplets can clog the pores and effectively hinder gas transport to the active layer. 

 

  
                       (a) 0.6 volt voltages                                         (b) 0.7 volt voltages 
Fig.8. Water mass fraction in the anode (left, surface plot) and the cathode (right, contour plot).  
The arrows visualize the diffusive flux vector field on the anode side. 

 
4. 3BConclusion 
Two-dimensional, single-phase and isothermal models of PEM fuel cells have been developed 
at two different operation voltages. The model is able to investigate the transport phenomena 
and electrical potential distribution for the various PEM fuel cell components including the 
gas channels, gas diffusion layers, catalyst layers and membrane. The current density curve 
has been presented. The x-y model used to study the fuel cell with interdigated channels 
design, shows that the fuel mass fraction decreases faster when the cell works at low voltage 
and high current density. The potential distribution indicates a major potential drop across the 
membrane. Moreover, a higher over potential on the cathode catalyst layer is noted. A 
minimum water mass fraction at upper corner of the membrane on anode side, reveals that 
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this phenomenon is more sensible at low voltages. The flow velocity magnitude attains its 
highest value at the current collector corners and it is more intensified at low voltages. 
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Abstract: Microbial fuel cell, as a new technology for energy generation, has gained a lot of attention in 
converting a wide range of organic and inorganic substrates to bioelectricity in recent years. Substrate as the fuel 
of MFCs has an effective role on the performance of MFCs. To investigate the effect of type and concentration 
of substrate on the MFC performance, glucose and date syrup were examined over a concentration range of 2-20 
g.l-1. Date syrup or any waste of date could be used as a natural substrate while glucose is considered as a 
synthetic carbon source. In this research a two-rectangular chambered MFC separated by a Nafion 112 proton 
exchange membrane, was constructed. The anodic compartment was inoculated by saccharomyces cerevisiae as 
biocatalyst. 200 µmol.l-1 of neutral red as the anodic mediator and 300 µmol.l-1 of potassium ferricyanide as 
oxidizer were added to anode and cathode chambers, respectively. The results has shown that 3 g.l-1 date syrup-
fed- MFC had the highest power density, 51.95 mW.m-2 (normalized to the geometric area of the anodic 
membrane, which was 9 cm2), corresponding to a current density of 109.0384 mA.m-2

 and a MFC voltage of 
967 mV.  
 
Keywords: Microbial fuel cell, Substrate, Glucose, Date syrup, Power density. 

1. Introduction  

The microbial fuel cells convert the chemical content in organic and inorganic compounds to 
electricity via catalytic activity of microorganisms as the biocatalyst. Oxidation of substrate in 
anode chamber by microorganisms results in proton and electron production. Protons are 
transferred to cathode chamber through proton exchange membrane [1-3] . Depending on the 
type of electron transfer mechanisms, MFCs are categorized to two main groups, i.e. MFCs 
using mediator and mediator less MFCs [4]. 

Proton exchange system [5], electrode type and distance [6], temperature [7], pH [8], 
inoculums [9] and substrate [10, 11] as the main effective parameters on MFCs performance 
were investigated by many researchers. The substrate, as a key parameter, influences the 
integral composition of the bacterial community in the anode biofilm, and the MFC 
performance including the power density (PD) and Coulombic efficiency (CE) [12].  MFCs 
have been solely considered as a bioelectricity generation method, until different wastewaters 
were utilized as the fuel in anode chamber for the wastewater treatment [13]. Wide varieties 
of substrates ranging from pure compounds to complex mixture of organic matters present in 
wastewater have been used in MFCs as the carbon source for bioelectricity generation as well 
as wastewater treatment purposes. Acetate [14] and glucose [15] as the most common 
substrates, sucrose [16], xylose [17] and varios types of wastewater like synthetic [18], 
domestic [19], brewery [20], swine [21] and paper recycling wastewater [22] with different 
concentrations have been studied by many researchers. But it is difficult from literature to 
compare MFCs performances, due to different operating conditions such as surface area, type 
of electrodes and different microorganisms used. The main purpose of this article was to 
investigate the effect of two types of substrates, i.e. glucose and date syrup, as well as their 
concentration on the MFC electrical performance in a dual chambered fuel cell. Date is one of 
the main products of desert regions and its application as a substrate for MFCs in 
environmental biosensors in remote areas could be considered. A comparison was made by 
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the measurement of polarization curve under various concentrations for both types of 
substrates. Different concentrations ranging from 2- 20 g.l-1 were chosen, while all other 
conditions kept constant. 

2. Methodology 

Saccharomyces cerevisiae PTCC 5269 was supplied by Iranian Research Organization for 
Science and Technology, Tehran, Iran. The microorganisms were grown in an anaerobic jar. 
The general medium for seed culture of both, Glucose-fed and date syrup-fed MFCs, 
consisted of yeast extract, NH4Cl, NaH2PO4, MgSO4 and MnSo4: 3, 0.2, 0.6, 0.2 and 0.05 
g.l-1, respectively. Glucose and date syrup as the carbon sources were added to this medium in 
a range 1-20 g.l-1. Due to high concentration of date syrup, date syrup was pretreated with 
different methods to break all its complex mixture to glucose. It was diluted, hydrolyzed with 
hydrochloric acid and then autoclaved for several times till getting constant sugar content. 
These processes convert all its sugar content to glucose. The medium then was sterilized, 
autoclaved at 121°C and 15psig for 20 min.  

The medium pH was initially adjusted to 6.5 and the inoculum was introduced into the media 
at ambient temperature. The inoculated cultures were incubated at 30°C. The bacteria were 
fully grown for the duration of 24 hours in 100 ml flux without any agitation. Substrate 
consumption was calculated based on determination of the remained sugars in the culture. All 
chemicals and reagents used for the experiments were analytical grades and supplied by 
Merck (Germany). The pH meter, HANA 211(Romania) model glass-electrode was employed 
for the pH measurements of samples in the aqueous phase. The initial pH of the working 
solutions was adjusted by addition of dilute HNO3 or 0.1M NaOH solutions.  DNS reagent 
was developed to detect and measure substrate consumption using colorimetric method [23] 
and cell growth was also monitored by optical density using spectrophotometer (Unico, 
USA). 
 
The fabricated cells in the laboratory scale were made of Plexiglas material. The volume of 
each chamber (anode and cathode chambers) was 800 ml with working volume of 600 ml 
(75% of total volume). The sample port was provided for the anode chamber, wire point 
inputs and inlet port. The selected electrodes in MFC were graphite felt in size of 50352 
mm. Proton exchange membrane (PEM; NAFION 112, Sigma–Aldrich) was used to separate 
two compartments. The Nafion area separated the chambers was 3.79 cm2. Nafion as a proton 
exchange membrane was subjected to a course pretreatment to take off any impurities that 
was boiling the film for 1h in 3% H2O2, washed with deionized water, 0.5 M H2SO4, and 
then washed with deionized water. The anode and cathode compartments were filled by 
deionized water when the biological fuel cell was not in use to maintain membrane for good 
conductivity. Natural Red and Ferricyanide were supplied by Merck (Germany). These 
chemicals in optimum concentrations (200 µmol.l-1 & 300 µmol.l-1) were used as mediators in 
anode and cathode of MFC, respectively.   

 S.cerevisiae used as a biocatalyst in microbial fuel cell for production of bioelectricity from 
carbohydrate source. This microorganism was grown under anaerobic condition in biofuel 
cell. Fixed incubation time and enriched media was used. The obtained data has shown that 
S.cerevisiae had good ability for consumption of substrate at anaerobic condition   
 The schematic diagram and illustration of the fabricated experimental set up with auxiliary 
equipments are shown in Fig. 1.  
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Fig. 1. The schematic diagram and illustration of the fabricated experimental set up with auxiliary 
equipments  

3. Results and discussion 

As the MFC were inoculated with S.cerevisiae, the voltage was continuously monitored by a 
data acquisition system to reach the constant open circuit voltage (OCV). It took 42, 57, 67, 
65, 58, 48 and 30 hours for glucose with concentration of 1, 3, 5, 7, 10, 20 and 30 g.l-1 to 
reach constant voltage of 922, 957, 970, 955, 920, 800mV respectively, These results were 64, 
67, 72, 68, 64, 52 and 40 hours for the same concentrations of date syrup with the constant 
OCV of 988, 985, 948, 922, 916, 656 mV respectively. The results indicated that an increase 
in the substrate concentration increased the time needed to reach constant OCV at low 
concentration of 1-5 g.l-1 for glucose and 1-3 g.l-1 for date syrup. 

Polarization curves were recorded by the data acquisition system after the mentioned time 
duration when the constant OCV was achieved. Fig. 2 shows polarization curves of the MFC 
at the glucose concentration range of 1-20 g.l-1. As the glucose concentration increased from 1 
to 5g.l-1, power and current density gradually increased. However when the glucose 
concentration increased from 7 to 20g.l-1, it was observed that the power and current density 
were considerably decreased. That was because the most of glucose remained unconsumed at 
high concentrations. The increase in time duration to reach constant OCV at low 
concentrations of 1-5 g.l-1 for glucose and 1-3 g.l-1 for date syrup, and subsequently the 
decrease at higher concentrations, 7-20 g.l-1 for glucose and 5-20 g.l-1 for date syrup, can be 
also attributed to the substrate inhibition effect. Indeed, all carbon sources available in the 
substrate solution at low concentrations were consumed resulted in longer time for attaining 
constant OCV. However as the substrate concentration increased, the constant OCV was 
achieved earlier with lower outputs, due to limitation in consuming carbon content in the 
substrate at higher concentration by microorganisms. 
 

Anode 

Membrane 

Cathode 

Data Logger 

PC 
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Fig. 1. Effect of different glucose concentrations on polarization curves 

A) 1 g.l-1, B) 2 g.l-1, C) 5 g.l-1, D) 7 g.l-1, E) 10 g.l-1, F) 20 g.l-1  

Fig. 3 shows polarization curves for the date syrup at the same concentration range. 
Comparing the results shown in Figure 2 and 3, the best results were achieved at the 
concentration 3 g.l-1 of date syrup with the maximum power 53.7031 mW.m-2 and current 
density 110.86 mA.m-2 .These results were followed by 5 g.l-1 of glucose (50.41 mW.m-2, 
107.16 mA.m-2 ), 5 g.l-1 of date syrup (49.51 mW.m-2, 195.19 mA.m-2) , 3 g.l-1 of glucose 
(48.23 mW.m-2, 94.16 mA.m-2 ) and 1 g.l-1 of date syrup (47.36mW.m-2, 104.12 mA.m-2).  
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Fig. 3. Effect of different date syrup concentrations on polarization curves  

1 g.l-1, B) 2 g.l-1, C) 5 g.l-1, D) 7 g.l-1, E) 10 g.l-1, F) 20 g.l-1  

Fig. 4 compares the power and current output for the two types of substrates used in this study 
at their optimum concentration. The Figure indicates a superior electrical performance for the 
date syrup compared to the glucose.  
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Fig. 4. Comparison of the MFC electrical performance working with glucose and date syrup as 
substrate at optimum concentration 
 
4. Conclusions 

In this study the effect of substrate type and concentration on the performance of microbial 
fuel cells was investigated. The glucose and date syrup were utilized as the carbon source for 
the production of electrical energy by means of Saccharomyces cerevisiae as the biocatalyst. 
Several concentrations of glucose and date syrup at the range of 1-20 g.l-1 were experimented 
in a two-chambered fabricated MFC. The results revealed that the optimum concentration 
with the highest electrical performance were 3 g.l-1 for date syrup and 5 g.l-1 for glucose. 
Comparing the two types of substrates used in this study, date syrup has shown a superior 
electrical performance. The best results was achieved using the date syrup at optimum 
concentration of 3 g.l-1 with the maximum power 53.7031 mW.m-2 and current density 110.86 
mA.m-2. The results also indicated that the substrate inhibition effect may have a significant 
role in the performance of MFC at high concentration of glucose and date syrup. 
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Bioelectricity power generation from organic substrate in a Microbial fuel 
cell using Saccharomyces cerevisiae as biocatalysts  
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Abstract: In recent years, as a novel mode of converting organic matter into bioelectricity, Microbial fuel cells 
(MFCs) have gained significant attention. Among effective parameters in MFCs, substrate type and 
concentration play major role on MFC performance. In this study, a dual chamber MFC was used with a wide 
range of fructose concentrations: 10, 20 30 and 40 g/l. The MFC was inoculated with Saccharomyces cerevisiae 
as biocatalyst. A100µm of neutral red as mediator and also 100µm ferricyanide as oxidizer added to anode and 
cathode chambers, respectively. The MFC generated an open circuit voltage (OCV) of 690, 768, 548 and 507 
mV with concentration of fructose from 10 to 40 g.l-1, respectively. Maximum power density of 32.16, 23.7, 18.9 
and 10.47 were obtained with substrate concentration of 10 to 40 g.l-1, respectively. The maximum value of OCV 
and power density obtained with 10g.l-1 of carbohydrate. To investigate resistance effect on MFC performance, 
for each substrate concentration data acquisition system was set at optimum value for the resistance which was 
resulted by the polarization curve. Then maximum power and optimum current density were recorded. 
 
Keywords: Bioelectricity, External resistance, Fructose, Microbial fuel cell, Saccharomyces cerevisiae 

1. Introduction 

As fossil fuel sources are depleted, alternative energy sources are developed. Renewable 
energy is much eco-friendly such as biomass converted to fuel and energy in many alternative 
processes.  
 
In the near future, the trends for new alternative renewable energies are gradually 
increasing.[1-4] Major efforts were devoted to develop alternative electricity generation 
methods.[5, 6] Among renewable alternatives, microbial fuel cell (MFC) created great 
interests for many researchers due to its possibility of directly harvesting electricity from 
organic wastes and renewable biomass.[7]  MFC operates under very mild conditions and 
wide variable ranges of biodegradable materials are used as fuel.[8, 9] The bio base materials 
are oxidized by the microorganisms in the anode and the biocatalysts have the great potential 
to generate electrons. Biological systems possess number of advantages over the conventional 
chemical systems. Microbial fuel cell as the newest type of chemical fuel cells is a bioreactor 
that can generate electricity from what would be considered as organic wastes by means of 
microorganisms as biocatalysts. In this approach, bioelectricity generation and simultaneous 
waste treatment may take place in a cel l; therefore the yield of newly developed system is 
much higher than any conventional processes. [10, 11] 
 
A typical MFC consists of anodic and cathodic chambers partitioned by a proton exchange 
membrane (PEM). Microbes in the anodic chamber oxidize substrates and generate electrons 
and protons in the process. As an oxidative by-product, carbon dioxide is also produced. 
However, there is no n et carbon emission because of the carbon dioxide originated from 
renewable biomass incorporated into photosynthetic process. Unlike in a direct combustion 
process, the electrons are absorbed by the anode and are transported to the cathode through an 
external circuit. After crossing a PEM or a salt bridge [12], the protons enter the cathodic 
chamber where they combine with oxygen to form water. Microbes in the anodic chamber 
generate electrons and protons in the dissimilative process of oxidizing organic substrates.[13, 
14] Electric current generation is made possible by keeping microbes separated from oxygen 
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or any other end terminal acceptor other than the anode and this requires a separate anaerobic 
anodic chamber. In general, there are two types of microbial fuel cells: mediator and 
mediator-less microbial fuel cells.[15-18] 
 
Among effective parameters on performance of microbial fuel cell, substrate type and 
concentrations had a s ignificant effect on cell power.[19-22] The aim of this study was to 
investigate the effect of fructose, a monosaccharide that could be found in many fruit juices. 
Substrate concentrations were varied from 10 t o 40 g .l-1. Also, the influence of external 
resistance on production of bioelectricity in a dual chamber MFC was evaluated. 
 
2. Methodology  

Saccharomyces cerevisiae PTCC 5269 was supplied by Iranian Research Organization for 
Science and Technology (IROST), Tehran, Iran. The microorganisms were grown in an 
anaerobic jar. The prepared medium for seed culture consists of yeast extract, NH4Cl, 
NaH2PO4, MgSO4 and MnSO4: 3, 0.2, 0.6, 0.2 and 0.05 g.l-1, respectively. Fructose as 
carbon source was added to the medium with concentration in the range of 10-40 g.l-1. The 
medium was sterilized, autoclaved at 121°C and 15psig for 20 min.  

The medium pH was initially adjusted to 6.5 a nd the inoculums were introduced into the 
media at ambient temperature. The inoculated cultures were incubated at 30°C. The bacteria 
were fully grown for duration of 24 hours in 100 ml flask without any agitation. Substrate 
consumption was calculated based on determination of reduced sugars in the culture broth. 
All chemicals and reagents used for the experiments were analytical grades and supplied by 
Merck (Darmstadt, Germany). The pH meter, HANA 211(Romania) model glass-electrode 
was employed for pH measurements of the samples in aqueous phase. The initial pH of the 
working solutions was adjusted by addition of dilute HNO3 or 0.1M NaOH solutions.  DNS 
reagent was employed to detect and measure substrate consumption using colorimetric 
method and cell growth was also monitored by optical density using spectrophotometer 
(Unico, USA) at wave length of 620nm. 
 
The fabricated cells in laboratory scale were made of Plexiglas material. The volume of each 
chamber (anode and cathode chambers) was 800 ml with working volume of 600 ml (75% of 
total volume). The sample port was provided for anode chamber, wire point inputs and inlet 
port. The selected electrodes in MFC were graphite felt in size of 50352 mm. Proton 
exchange membrane (PEM; NAFION 112, Sigma–Aldrich) was used to separate two 
compartments. The Nafion area separated the chambers was 3.79 cm2. Nafion as a proton 
exchange membrane was subjected to a course of pretreatment to take off any impurities. The 
membrane pretreatment started  with boiling the film in 3% H2O2 for 1h, washed with 
deionized water, 0.5 M  H2SO4, and then washed with deionized water. The anode and 
cathode compartments were filled by deionized water when the biological fuel cell was not in 
use to maintain and preserve the membrane for good conductivity. Natural Red and 
Ferricyanide were supplied by Merck (Germany). These chemicals with the concentrations of 
100 µmol.l-1 & 100 µmol.l-1 were used as mediators in anode and cathode of MFC, 
respectively. 
   
In the microbial fuel cell, S. cerevisiae was used as a b iocatalyst for production of 
bioelectricity from carbohydrate source. This microorganism was grown under anaerobic 
condition in the biofuel cell. Fixed incubation time and enriched medium was used. The 
obtained data showed that S. cerevisiae had good ability to consume substrate under anaerobic 
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condition. The Fabricated cell for the experimental set up with auxiliary equipments is shown 
in Fig. 1.  
 

  

Fig. 1. The laboratory-scale MFCs with thermal controller in enclosed space 
 
3. Result and Discussion 

To start up t he process, S. cerevisiae was inoculated into anode chamber. Fructose fed to 
microbial fuel cell with concentrations ranged from 10 t o 40 g.l-1. The output result in the 
form of open circuit voltage (OCV) was recorded by the data acquisition system. Biochemical 
activity of the microorganisms gradually increased electricity generation. At incubation time 
64, 68, 59 and 57 hours after inoculation, the output OCV remained constant while the cell 
growth proceeded to stationary phase. The recorded voltages were 690, 768, 548 and 507 mV 
for 10, 20, 30 and 40 g.l-1 of fructose, respectively. Due to stability of process operation after 
incubation time, the polarization curves were also recorded by data acquisition system in 
order to evaluate the performance of the MFCs. Fig. 2 shows the substrate concentration was 
increased (10 to 40 g.l-1) the power and current density were decreased. With substrate 
concentration of 10 g.l-1, maximum power and current density generated were 32.16 mW.m-2 
and 96.59 mA.m-2, respectively. 
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Fig. 2. Effect of different concentrations of fructose on polarization curves 

a) 10 g.l-1, b) 20 g.l-1, c) 30 g.l-1, d) 40 g.l-1 

 
As the electrical resistance applied to plot polarization curve varied in the range of 65535 to 
0.1 kΩ, the pick point of the graph occurred at 3.88kΩ. Pick point demonstrated maximum 
power density and the optimum current density were proportional to applied resistance. The 
MFC performance is illustrated in Fig. 3. T he cathode and anode of MFC were connected 
together through a circuit of 3.88kΩ as an external resistance. Due to presence of resistance, 
the power and voltage were considered as operational electricity (see Fig. 3).  
 
 
 
 

a b 
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Fig. 3. Effect of external resistance on power density and voltage of MFC fed with 

a) 10 g.l-1, b) 20 g.l-1, c) 30 g.l-1and d) 40 g.l-1 of fructose solution 

 
 The performance of MFC with respect to time was monitored. The voltage and power density 
in experimental runs for the course 30 minutes were obtained. In addition, current density was 
also recorded but due to complexity of presented plots the data are not shown. However the 
recorded data were averaged and summarized in Table 1.  
 

Table1. Mean power and current density and mean voltage in presence of 3.88 kΩ as an external 
resistance 

 
 

Fructose Concentration 

g.l-1 

Mean Power Density 

mW/m-2 

Mean Current Density 

mA/m-2 

Mean Voltage 

mV 

10 11.26 56.25 196.02 

20 9.8 39.17 248.2 

30 5.86 36.88 165.7 

40 2.3 15.86 145.9 

a 
b 

c d 
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4. Conclusions 

The effect of substrate concentrations was investigated in a dual microbial fuel cell. Fructose 
was chosen as the simple carbon source with concentrations ranged from 1 to 40 g .l-1. S. 
cerevisiae as the biocatalyst successfully oxidized the soluble substrate. The biocatalysts in 
the media with concentration of 10 g.l-1 of substrate demonstrated the maximum power and 
optimum current density of 32.16 mW/m-2 and 96.59 mA/m-2, respectively. The proportional 
resistance to the pick point of the polarization curve at 3.88 kΩ, was applied to the circuit as 
an external resistance in the operating system. The obtained averaged power and current 
density were 11.26 mW/m-2 and 56.26 mA/m-2, respectively. The presented data were 
allocated to fructose with total sugar concentration of 10 g.l-1. 
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Abstract: Current wastewater treatment processes require large amount of power for various treatment units and 
most of the useful energy available in the wastewater remains unrecovered. With increase in demand for clean 
treatment technologies, Microbial Fuel Cell (MFC) technology is a v iable option for treatment of wastewater, 
since simultaneous recovery of energy in the form of direct electricity with desired degree of treatment can be 
achieved in this process. Extensive research on MFCs is going on at laboratory scale but very few pilot scale 
studies have been reported. An attempt has been made to produce low cost scaled up MFCs fabricated using 
naturally available cheaper clay material as proton exchange membrane without involving any costly polymer 
membrane or noble metals for electrode fabrication. The results of the experimental study are promising and 
encouraging for further scaling up of MFCs. 
Economic feasibility of MFCs for treating municipal wastewater having COD of 500 mg ∙L-1 has been studied.  
The cost analysis shows that clay material may be suitable option as a membrane in scaling up of MFCs. It needs 
further study on strength of clay material as membrane to handle higher wastewater flows in larger reactor 
volume. Although, these clay MFCs were operated for more than six months, the life of this material without 
deteriorating its functional utility also need attention. 
 
Keywords: Earthen cylinder MFC, Proton exchange membrane, Power density  

1. Introduction 

The global energy demand is increasing with exponential growth of population. Unsustainable 
supply of fossil fuels and the environmental concerns like air pollution and global worming 
associated with the use of fossil fuels are acting as major impetus for research into alternative 
renewable energy technologies. The high energy requirement of conventional sewage 
treatment systems are demanding for the alternative treatment technology which will require 
less energy for its efficient operation and recover useful energy to make this operation 
sustainable. In past two decades, high rate anaerobic processes such as up-flow anaerobic 
sludge blanket (UASB) reactors are finding increasing application for the treatment of 
domestic as well as industrial wastewaters. Although, energy can be recovered in the form of 
methane gas during anaerobic treatment of the wastewater, but utilization of methane for 
electricity generation is not attractive while treating small quantity of low strength wastewater 
and usually it is  flared [1]. Therefore, other alternatives for simultaneous wastewater 
treatment with clean energy production are much desired. 

Microbial fuel cell (MFC) is a promising technology for simultaneous treatment of organic 
wastewater and bio energy recovery in the form of direct electricity, which has gained much 
interest in recent years. Conventionally, MFC is made up of an anode chamber and a cathode 
chamber separated by a proton exchange membrane (PEM). MFCs are devices that use 
bacteria as the catalysts to oxidize organic matter and generate current. Electrons produced by 
the bacteria from the substrates i.e., organic matter present in wastewater in this case, are 
transferred to the anode. The electrons are transported to the cathode through an external 
circuit and protons are transferred through the membrane internally, where they utilize either 
oxygen to form water or other chemical oxidants to form reduced product. 
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The PEM used in MFC plays a substantial role in the power generation [2]. Despite of the 
rapid development of separators in recent years, there are limitations such as proton transfer 
limitation and oxygen leakage, which increase the internal resistance and decrease the MFC 
performance, and thus limit the practical application of MFCs [3]. Various materials are used 
by the researchers for separating anode and cathode chambers, including cation exchange 
membrane, anion exchange membrane, ultrafiltration membranes [4], bipolar membrane [5], 
microfiltration membrane [6], J-Cloth [7] and salt bridge [8], etc. The advances in separator 
materials and configurations have opened up new promises to overcome these limitations, but 
challenges remain for the practical full scale application of MFC for wastewater treatment 
using this material because of its high production cost and fouling of membrane expected 
requiring replacement. Recently successful treatment of synthetic and rice mill w astewater 
has been reported in MFC fabricated using earthen pot acting as membrane and its 
performance has been compared with MFC fabricated using Nafion membrane [9,10].  In 
terms of organic matter removal and power production it is reported that the earthen pot 
membrane MFC demonstrated better performance than the Nafion membrane MFC.  Better 
performance of earthen cylinder MFC has been reported without employing commercially 
available PEM than that of MFC using Nafion as PEM [11]. Utilization of such low cost 
separator will drastically reduce production cost of MFC and it will help in enhancing its 
application for small wastewater treatment system. 

Extensive research on MFCs is going on at laboratory scale but very few pilot scale studies 
have been reported. To bring this novel technology from laboratory to pilot scale, an attempt 
has been made for volumetric comparison of the performance of low cost mediator-less MFCs 
fabricated using naturally available cheaper clay material as proton exchange membrane 
instead of costly membrane and without using any catalysts. Economic feasibility of MFCs 
for treating municipal wastewater having COD of 500 mg ∙L-1 has been studied.  

2. Methodology 

2.1. Experimental set-up 
The study was carried out in two laboratory scale up-flow dual chamber MFCs (MFC-1, 
MFC-2) with outer cathode chamber and inner cylindrical anode chamber without employing 
commercially available PEM. The anode chamber in both the MFCs was made up of earthen 
cylinder and the wall (5 mm thick) of the earthen cylinder itself was used as the medium for 
proton exchange. The working volume of anode chamber of MFC-1 and MFC-2 was 0.6 L 
and 3.75 L, respectively.  The cathode chamber volume was 4.5 L and 16 L in MFC-1 and 
MFC-2, respectively. Earthen cylinder, made from locally available soil (elements present: 
Na-1.15 %, Mg- 1.52 %, Al-20.50 %, Si-53.52 %, K-4.74 %, Ca-1.15 %, Ti-0.94 %, Fe- 
16.48 %), was used in this study. The MFCs were operated under continuous mode. The 
wastewater was supplied to the MFCs from the bottom of the anode chamber with the help of 
peristaltic pump. The effluent leaving the anode chamber at the top was brought to the 
cathode chamber to work as catholyte, where it was given further aerobic treatment with the 
help of aerators. Stainless steel mesh having total surface area of 360 cm2 and 2250 cm2 was 
used as anode electrodes and graphite plates, having total surface area of 250 cm2 and 1562.5 
cm2, was used as cathode electrodes in MFC-1 and MFC-2, respectively. The electrodes were 
connected externally with concealed copper wire through external resistance of 100 Ω. 

2.2. MFC Operation 
Synthetic wastewater containing sucrose as a source of carbon having chemical oxygen 
demand (COD) of about 500 m g ·L-1 was used in this study. The sucrose medium was 
prepared using the composition given by Jadhav and Ghangrekar [12]. During start up, MFCs 
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were inoculated with anaerobic sludge collected from septic tank bottom after giving heat 
pretreatment [13] and required amount of sludge was added to the reactors to maintain the 
sludge loading rate at 0.1 kg COD ∙kg VSS-1 ∙d-1. The influent feed pH was in the range of 7.2 
to 7.8 throughout the experiments. These MFCs were operated at room temperature varying 
from 26 to 34°C. Both the MFCs were operated under continuous mode at hydraulic retention 
time (HRT) of 13 h and organic loading rate (OLR) of 0.923 kg COD ∙m-3 ∙d-1. 

2.3. Analyses and calculations  
The suspended solids (SS), volatile suspended solids (VSS), and COD were monitored 
according to APHA standard methods [14]. The elemental composition of the earthen cylinder 
material was determined by Energy Dispersive X-ray analysis (EDX) scanning electron 
microscope with oxford EDX detector (JEOL JSM5800, Japan). The voltage and current were 
measured using a digital multimeter with data acquisition unit (Agilent Technologies, 
Malaysia) and converted to power according to P= I*V; where, P = power, I = current, and V 
= voltage (V). The Coulombic efficiency (CE) was estimated by integrating the measured 
current relative to the theoretical current on t he basis of consumed COD [15]. Polarization 
studies were carried out at variable external resistances (10000-10 Ω) using 10 KΩ variable 
resistors. Internal resistance of the MFCs was measured from the slope of line from the plot of 
voltage versus current [16]. 

3. Results 

3.1. Substrate degradation 
The synthetic wastewater having COD of about 500 mg ∙L-1 was treated anaerobically first in 
the anode chamber of the MFCs and further aerobic treatment was given to the anode 
chamber effluent in the cathode chamber. To achieve stable performance in terms COD 
removal efficiency MFC-1 took about 15 days and MFC-2 took about 13 days. Average COD 
removal efficiencies in the anode chambers of MFC-1 and MFC-2 were 77.5 ± 3.1% and 86.9 
± 2.65%, respectively. After aerobic treatment in the cathode chamber the total COD removal 
efficiencies of both MFC-1 and MFC-2 were 90.7 ± 4.2% and 93.12 ±  2.6%, respectively.  
The larger volume MFC (MFC-2) demonstrated higher COD removal efficiency when both 
the MFCs were operated at similar HRT and OLR.  The higher COD removal could be due to 
better retention of sludge in larger reactor as compared to smaller reactor improving solid 
retention time, which favors higher substrate degradation rates. 

3.2. Power generation 
Electricity generation in both the MFCs increased gradually with time and got stabilized. 
Maximum open circuit voltage (OCV) of 0.698 V and maximum short circuit current (SC) of 
6.04 mA were observed in MFC-1. Maximum OCV of 0.776 V and maximum SC of 27.6 mA 
were obtained in MFC-2.  The average electrical output from these MFCs is presented in the 
Table 1. Sustainable power density (normalized to the anode surface area) of 12.84 mW m-2 
and volumetric power (normalized to the working volume of anode chamber) of 770 mW ∙m-3 
(2.15 mA, 0.215 V) were generated at 100 Ω external resistance in MFC-1. MFC-2 generated 
sustainable power density and volumetric power of 12.11 m W ∙m-2 and 727 mW ∙m-3, 
respectively. Sustainable volumetric current density with respect to working volume of anode 
chamber achieved in MFC-1 and MFC-2 were 3.6 A ∙m-3 and 1.4 A ∙m-3, respectively. 
Maximum Coulombic efficiency of 5.43 % and 4.49 % was achieved in MFC-1 and MFC-2, 
respectively. 
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Table 1. Power generation in the MFCs at OLR of 0.923 kg COD ∙m-3 ∙d-1 
MFC OCV 

(V) 
SC 

(mA) 
Voltage 
across 
100 Ω 

(V) 

Current 
density 

with 
100 Ω  

(A ∙m-3) 

Power 
density 

with100 Ω      
(mW ∙m-2) 

Power/vol
.with  
100 Ω       

(mW ∙m-3) 

Max. Power/ 
vol. at 

optimum 
resistance  
(W ∙m-3) 

Internal 
resistance 

(Ω) 

MFC-1 0.692 4.9 0.215 3.6 12.84 770.4 0.96 212.0 
MFC-2 0.767 21.9 0.522 1.4 12.11 726.9 1.00 44.3 
 
Although, the larger volume MFC (MFC-2) demonstrated slightly lower CE (4.49 %) as 
compared to MFC-1 (CE of 5.43 %), the volumetric power produced in both these MFCs was 
similar.  This was due to 143 % higher working voltage demonstrated by MFC-2. This higher 
working voltage observed in MFC-2 could be due to higher working volume and hence 
having higher surface area of electrodes improving capacitance of the system. Also, the higher 
cathode surface area might have favored better cathodic reaction by reducing cathodic 
overpotential and improving voltage produced by this MFC as compared to MFC-1 with 
lower cathode surface area. Since oxygen is terminal electron acceptor in cathode, reduction 
of oxygen on cathode surface can occur in two different mechanisms at 25°C as: 

O2 + 4H+ +4e-                        2H2O (E0 = 0.816 V)  

2O2 + 4H+ +4e-                        2H2O2   (E0 = 0.295 V) 

Cathode potentials in MFC-1 and MFC-2 were 210 mV and 330 mV without employing any 
noble catalysts.  The typical measured cathode potentials using oxygen as terminal electron 
acceptor is around 200 mV [15]. The higher cathode potential observed demonstrates the 
better performance of graphite plate cathode while using earthen material as membrane. 

3.3. Polarization and internal resistance 
Polarization studies were carried out for the MFCs by varying external resistance from 10000 
Ω to 10 Ω. Maximum power densities observed during polarization were 15.97 mW ∙m-2 at 
external resistance of 234 Ω in MFC-1 and 16.74 mW ∙m-2 at external resistance of 45.5 Ω in 
MFC-2 (Fig. 1).  Internal resistance of the MFCs measured from the slope of line from the 
voltage versus current plot of MFC-1 and MFC-2 were 212 Ω and 44.3 Ω, respectively.  In 
spite of 6.25 times larger surface area of anode provided in MFC-2, it demonstrated slightly 
higher power density than the MFC-1 provided with lower anode surface area. Also, the 
larger MFC demonstrated very low internal resistance as compared to smaller MFC, 
indicating better substrate diffusion and less internal losses in larger MFC. This is particularly 
encouraging for scaling up of MFC and provides a scope for further increase in anode volume 
and surface area to obtain similar power density.  This experience has demonstrated that, if 
properly designed, similar energy recovery efficiency can be obtained from the larger MFCs.  
This will facilitate reducing number of MFCs, to treat same wastewater volume or produce 
desired power, thus reducing its production cost and also operating complications and cost. 

3.4. Cost Analysis for MFC 
Preliminary cost analysis for MFCs treating municipal wastewater having COD of 500 mg ∙L-

1 with anode chamber volume of 20 l iters and hydraulic retention time of 10 hour s was 
performed. For 1 m3 of wastewater treatment per day number of MFCs required are 21 and 
each will be treating wastewater flow rate of 48 L ∙d-1. With assumed COD removal efficiency 
of 75 %, cell voltage of 0.5 V and CE of 30 %, the power obtained from each cell is 0.3 W. 
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Reversal of voltage in stack of cells is not considered and maintenance cost of the cells and 
pumping costs are not included in the cost comparison. For treating wastewater flow of 1000 
m3 ∙d-1, total power achieved from MFC plant is 7.9 KW. Maximum power available in this 
wastewater is calculated based on 1g COD = 14.7 kJ [17].  Fig. 2 presents the power likely to 
be harvested from the MFCs treating 1000 m3.d-1 of wastewater flow rate at different 
Coulombic efficiencies. There is lot of scope for MFC to improve because from the 
theoretical calculations of power production at different flow rates with assumed voltage of 
0.5 V, maximum power achieved from MFCs is 23.6 kW at CE of 90% and at flow rate of 
1000 m3 ∙d-1. Maximum power available in wastewater at similar conditions is 63.8 kW. 
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Fig. 1. Polarization curves for MFC-1 and MFC-2 
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Figure 2 : Power achieved from the MFC treatment plant at different CE and different wastewater 
flowrates with assumed voltage obtained from each cell of 0.5 V and COD removal efficiency of 75 %. 

The materials considered for cell construction are Stainless Steel (SS) mesh as electrode for 
both anode and cathode, SintexR pipe for anode and cathode chamber in case of nafion 
membrane where 12 slits of 8 cm x 10 cm were considered on the circumference of anode 
chember wall for nafion membrane insertion (6 in bottom half and 6 i n top half of anode 
chamber). In the second case, hollow cylindrical earthen pot was considered for fabrication of 
anode and the pot material acting as a membrane separating anode and cathode and SintexR 

pipe was considered for fabrication of cathode chamber. Cost of each of these materials 
considered in this study is according to the prevailing Indian market. The approximate costing 
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of the MFCs for treatment of different wastewater flows is presented in the Table 2. MFC 
with earthen material as membrane is a sustainable option for its application in wastewater 
treatment because of low cost (79 % cost reduction compared to Nafion as membrane) and 
comparable power generation and treatment efficiency in terms of COD removal than Nafion 
as membrane. In addition to this no c hemical mediators are considered in this study to 
enhance the power production. 

Table 2. Total capital cost comparison of MFC plant at different flow rates of wast water 
Flow of 

wastewater 
(m3 ∙d-1) 

 Cost of MFC cells 
with Nafion membrane  

( Rupees) 

Cost of MFC cells 
with earthen pot as 

membrane (Rupees) 

%  of cost reduction 
with earthen material 

than Nafion 
1000 159,106,828  32,750,000 79 
500 79,553,414  16,375,000 79 
200 31,821,366  6,550,000 79 
100 15,910,683  3,275,000 79 
50 7,955,341  1,637,500 79 

 
4. Discussions  

The overall COD removal efficiency of both the MFCs were more than 90%, which 
demonstrates the feasibility of this configuration of MFC as an effective wastewater treatment 
technology and ensures better reliable effluent quality. It was observed that the power 
generation in the MFC did not change significantly when the volume of the reactor was 
increased from 0.6 L to 3.75 L. This result demonstrates that there is further scope in 
increasing the reactor size.  

Jana et al. [11] have reported sustainable power density of 48.30 m W ∙m-2 in an MFC 
employing earthen cylinder of 0.6 L capacity as anode chamber. The power generated in 
MFC-1 was lower than that obtained by Jana et al. [11]. MFC-1 was in operation over 6 
months prior to present study. The reduction in power generation might be due to fouling of 
earthen cylinder used as separator and decrease in the porosity of the earthen material, which 
probably has reduced the proton transfer and also due to the reuse of old graphite plate’s 
electrodes. Recently we observed that by polishing the surfaces of graphite plates increased 
the power generation. 

The internal resistance and overpotential losses of MFC-2 are less than MFC-1 which 
motivates further scaling up of microbial fuel cells with earthen cylinder as PEM. The study 
was carried out with synthetic wastewater. It needs further study on strength of clay material 
as membrane for higher wastewater flows and higher reactor volumes. The life of this 
material without deteriorating its functional utility also needs attention. 

Rozendal et al. [18] have compared the anticipated costs of MFCs with the capital costs of the 
two most widely used conventional wastewater treatment systems, i.e., activated sludge 
treatment and anaerobic digestion. This comparison shows that, based on t he materials 
currently used in the laboratory, the capital costs of a full scale bioelectrochemical systems 
would be orders of magnitude higher than those of conventional wastewater treatment 
systems. The capital cost might be reduced significantly by improving the design and 
employing innovative materials, but because of the inherently complex design of 
bioelectrochemical systems, it is  expected that the capital cost will always remain several 
times that of conventional wastewater treatment systems. However, for smaller wastewater 
flow such as from individual house or from the small group of housing, the cost of MFC may 
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become comparable with the other treatment methods and the advantage of direct electricity 
generation for powering certain onsite appliances can be gained.  A lso, this process can be 
best utilized for treatment of wastewater in remote area and generating the power in the form 
of direct electricity. Thus, the advantage of making electricity available can be utilized along 
with wastewater treatment in the remote area which is not connected with the electric grid.  

The major drawback in MFC as compared to other processes is smaller volume required for 
anode chamber.  Whatsoever the volume of anode, it will deliver maximum voltage of about 
0.7 V and hence, smaller anode volume is desirable for integrating voltage by putting several 
MFCs in series.  Whereas the single large anode of volume equal to that of summation of 
anode volumes in series will produce only about 0.7 V.  Hence, while scaling up a trade-off 
need to be maintained while finalizing anode volume between the voltage and current 
recovered.  If larger volume MFCs is able to demonstrate similar CE as smaller MFCs, higher 
current can be recovered from the MFC to maintain similar volumetric power densities.  
Therefore while scaling the geometrical arrangement and relative positions of the electrodes 
should be decided in such a way to obtain maximum Coulombic efficiency. Such large size 
MFCs will then be able to compete with the established alternative wastewater treatment 
processes in terms of capital investments. 

5. Conclusions 

Clay material was found to be a cheaper alternative to more commonly used expensive Nafion 
membrane in MFCs. It needs further study on strength of clay material as membrane for 
higher wastewater flows and higher reactor volumes.  A lthough, these clay MFCs were 
operated for more than six months, the life of this material without deteriorating its functional 
utility also need attention. It remains to be demonstrated whether the results from this liter 
scale MFC can be extrapolated to more realistic scales for industrial applications. Full scale 
implementation of bioelectrochemical system is not straightforward as it includes certain 
microbiological, technological and economic challenges, which need to be resolved that have 
not previously been encountered in any other wastewater treatment systems. 
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Abstract: In this study, we ivestigated how microbial fuel cell (MFC) performance can be affected by laccase 
and manganese peroxidase (MnP) enzymes as catalysts in the cathode compartment. Commercial laccase was 
immobilized by crosslinking on chitosan using glutaraldehyde. Immobilized enzyme was settled on graphite 
electrode previously covered with polymerized methylene blue. Application of this enzymatic electrode was 
investigated in the cathode chamber of a MFC. Output power density of the MFC in the mentioned situation was 
100% higher than that for the graphite electrode. The MnP was first, produced from a white rot fungus isolate 
and was immobilized on the graphite electrode via adsorption. This modified electrode with MnP was utilized as 
cathode. The fuel cell with MnP modified graphite electrode and H2O2 as oxidizer yielded the maximum power 
density of 46 mW/m2 at the current density of 109 mA/m2. This augmentation of MFC performance was due to a 
higher cathode electrode potential with H2O2 rather than oxygen. The most important function of MnP was to 
catalyze the reduction of H2O2 and hence diminished activation overpotential loss of the cathode. 
 
Keywords: Biocathode, Laccase, Manganese peroxidase, Microbial fuel cell 

1. Introduction 

Microbial fuel cells are devices that generate electricity by oxidation of organic substrates 
using bacterial metabolism. This technology is considered as a non-polluting and a new 
source of renewable energy [1,2,3]. 
 
Oxygen is a preferable oxidant in the cathode compartment of MFC because of its availability 
and its environmental friendly reduction product i.e. water [4]. Platinum has been applied as 
main catalyst to improve oxygen reduction rate in the cathode chamber; but it imposes high 
cost on MFC construction [5]. 
 
Application of biocatalysts as an inexpensive alternative to platinum is a potential solution 
[4]. Application of these components under moderate (ambient) temperatures and neutral pH 
are the main advantages of them over conventional catalysts [6].  Laccase, bilirubin oxidase 
and peroxidase like manganese peroxidase (MnP) has been used as biocatalysts in cathode of 
a MFC [6,7].  
 
Laccase (E.C. 1.10.3.2, p-benzenediol: oxygen oxidoreductase) is a multi-copper oxidase 
enzyme in plants, fungi and some bacteria which can catalyze the oxidation of phenolic and 
other aromatic compounds resulting in four-electron reduction of oxygen to water [8]. The 
active site of laccase contains four cooper atoms as redox centers, classified in three types, TR1R, 
TR2R and TR3R. The TR1R site is reduced by oxidation of substrate or involving in polarized 
electrode. Four electrons are transferred from TR1R site to TR2R and TR3R sites where, OR2R is reduced 
to HR2RO [9,4]. Palmore et al. have studied the application of fungal laccase in the cathode 
compartment of a dihydrogen/dioxygen biofuel cell. Reduction of dioxygen to water with 
laccase was mediated by redox mediator, 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonate). 
They concluded that a biocatalyst with specific activity of 10 P

3
P U/mg has a higher catalysis rate 

than a platinum as catalyst in the cathode compartment [4]. 
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Manganese peroxidase (MnP) (EC 1.11.1.13) is one of the major ligninolytic enzymes that 
can be produced by white rot fungi. This enzyme is a heme containing glycoprotein that uses 
hydrogen peroxide as oxidant and reduce it to water [10,11].  
 
In this study, methylene blue was electropolymerized on graphite electrode as an electrical 
active polymer that can enhance electron transfer. Commercial laccase was immobilized by 
crosslinking on chitosan with glutaraldehyde. Immobilized laccase was settled on a graphite 
electrode covered with polymethylene blue and this enzymatic electrode was applied in a dual 
chamber MFC as cathode electrode. In another attempt, MnP produced from a white rot 
fungus isolate was immobilized on graphite electrode via adsorption. Effect of this biocathode 
electrode was also investigated on the MFC performance. 
    
2. Methodology 

2.1. Microbial fuel cell assembly 
The MFC setup consisted of two 250 ml chambers joined through a short tube. Nafion 117 
was utilized as membrane with 1.5 cm diameter separating two compartments. Pretreatment 
of the membrane was conducted by soaking it in a 0.1 M H2SO4 solution, H2O2 solution and 
deionized water, each for 60 min at 60⁰C. Anode and cathode electrodes were 6cm×2cm and 
4cm×2cm graphite bars, respectively. These two electrodes were connected with a copper 
wire. The anode chamber was inoculated with anaerobic sludge and both chambers were 
mixed gently by a magnetic stirrer.  
 
Nutrient medium (pH 7)  utilized in the anode chamber consisted of molasses (1 g/l), 
K2HPO4, urea and trace elements ( 0.4 mg/l FeCl3, 3 mg/l MgSO4, 0.11 mg/l CuSO4.5H2O, 
0.7 mg/l NaCl, 0.015 mg/l ZnCl2, 4 mg/l Na2S2O5, 0.254 mg/l MnSO4.H2O, 2.06 mg/l 
FeSO4.7H2O). All experiments were performed at the ambient temperature (28±1⁰C). 
 
2.2. Microorganism and enzyme 
Commercial laccase was prepared from AB Enzymes GmbH, Germany. 
A lignolytic fungus isolated from rotted wood in Northern Iran was employed for the 
production of MnP. This isolate had indicated the capability to produce MnP as its main 
lignolytic enzyme. As much as 50 ml of the culture broth (30 g/l glucose, 10 g/l peptone, 5 g/l 
yeat extract and 0.1 mM Mn2+, pH 4) was prepared in 250 m l Erlenmeyer flasks and 
autoclaved (121⁰ C, 15 min). One mycelia piece of the isolated fungus was placed in the 
center of an autoclaved 3.9% potato dextrose agar plate and incubated at 32⁰ C. After 7 days 
of cultivation, a mycelial plug (diameter 10 mm) of this culture was used as the inoculum. 
The cultivation was conducted in a rotary shaker with the rotation speed of 160 rpm at 32⁰ C. 
After 14 days, when a maximum activity for the extracellular MnP was observed, the enzyme 
was collected from the culture broth by centrifugation (5,000 rpm for 30 m in). The 
supernatant then was utilized for immobilization on the graphite electrode. 
    
2.3. Preparation of enzymatic biocathodes  
Electropolymerization of methylene blue was performed by cyclic voltammetery using a 
potentiostat – galvanostat EG&G PAR 273A, Princeton Applied Research, US from -0.5 to 
1.2 V for 18 scans at a scan rate of 50 mV/s [13]. Electrolyte solution contained 0.01 M borate 
buffer (pH 9.1), 0.1 M NaNO3 and 0.4 m M methylene blue. In another study, the optimal 
monomer concentration was found to be 0.4 mM. As basic electrolyte solution, 0.1 M NaNO3 
was used. Nitrate ions have catalytic role on electropolymerization of methylene blue. 
Graphite electrode (12 cm2) was polished with emery paper and rinsed with distilled water 
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prior to use. The reference and counter electrodes were saturated calomel electrodes (SCE, 
0.241 V vs. SHE) and platinum sheet (2 cm2), respectively. 
 
Crosslinking method was employed for laccase immobilization. The enzyme was immobilized 
on chitosan using glutaraldehyde [12]. A 5 g /l chitosan solution was prepared using a 2% 
acetic acid solution to dissolve chitosan. By addition of 2 M NaOH to this solution, a white 
flocculent deposit was formed and separated from the wet chitosan carrier. The flocculent was 
washed with distilled water several times and then 20 ml of a 5% glutaraldehyde solution was 
added. In order to associate the glutaraldehyde to the enzyme, the solution was mixed for 8 h 
and then left overnight. After that, the deposit was washed with water and added to 50 ml of a 
20 g/l laccase solution.  Then, 5 ml of acetate buffer (pH 4.4) was added to the solution, 
agitated for 16 h a t room temperature and incubated at 4⁰C, overnight. The resulting 
settlement was immobilized laccase on chitosan. Then, 1 ml of the immobilized laccase on 
chitosan was pipetted onto the electropolymeried (polymethylene blue) graphite electrode and 
left to dry in a vacuum desiccator for 1 hour. Glutaraldehyde molecule includes two aldehyde 
group (-CHO) in its structure in which one of these groups react with amine group (-NH2) of 
chitosn and crosslinking takes place. The free aldehyde group of glutaraldehyde bounds to an 
amine group of laccase, covalently. Therefore, glutaraldehyde plays the crosslinking agent 
role in the linkage of laccase to chitosan. 
MnP was immobilized to the graphite electrode by adsorption. As much as 1 ml of the 
produced crude MnP was pipetted onto the graphite electrode and left to dry in a vacuum 
desiccator for 1 hour. 
 
2.4. Laccase and MnP activity assay 
Laccase activity measurement was performed spectrophotometrically at 25⁰ C, using 2,2-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) or ABTS as substrate. The mixture of 
reaction was contained 3 ml sodium acetate buffer (1 mM, pH 4.5), 0.1 ml ABTS (0.5 mM) 
and 0.1 ml enzyme solution. The reaction started by addition of ABTS solution (0.1 ml). The 
rate of ABTS+ formation was measured spectrophotometrically at 420 nm. One unit of the 
enzyme activity (U) determined as the amount of the enzyme necessary to produce 1 µmol of 
oxidized ABTS per minute [14]. 
 
MnP was assayed by the formation of Mn3+ in 50mM sodium malonate buffer (pH 4.5), using 
0.1 Mm H2O2 as substrate. The rate of complex formation between manganic ions Mn3+ and 
malonate was measured specrophotometrically at 270 nm. One unit of MnP activity defined 
as the amount of the enzyme necessary to produce 1 µmol of Mn3+ per minute at 25⁰ C [15]. 
 
3. Results and Discussion 

3.1. Electropolymerization of methylene blue on graphite  
Methylene blue was polymerized on the surface of a graphite electrode. According to cyclic 
voltammogram of polymethylene blue on the graphite (Fig. 1), the picks appeared at high 
anodic potential (almost 1 V) are related to the irreversible oxidation of the monomer. Other 
picks are formed due to polymerization of formed cation radicals of methylene blue. 
Therefore, after oxidation of methylene blue and formation of radicals, chemical reaction 
related to the polymerization of these radicals had been taken place. Methylene blue which is 
an electroactive polymer was utilized as a mediator due to its high conductivity. 
Polymethylene blue could increase electron transfer from the electrode to active sites of the 
laccase. Therefore, electron access will be improved after polymerization of methylene blue 
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on the electrode surface. As a result, mediator utilization will influence oxygen reduction to 
water, catalyzed by the laccase in the cathode compartment. 
 
 

 
Fig 1. Cyclic voltagram of methylene blue on graphite electrode (Scan rate 50 mV/s). 
 
3.2. MFC performance in the presence of laccase 
The polarization curve that was obtained by changing the external load at the maximum 
output voltage of the MFC, indicates the cell voltage drop and power dependence on current. 
In general, power density increases to a m aximum value against current density and then 
sharply decreases. Polarization and power curve of the cathode electrodes were plotted at the 
maximum voltage of the MFC when each of graphite, polymerized graphite or enzymatic 
electrode was used.  
 
The polarization curves of graphite, polymerized graphite and laccase immobilized graphite 
are shown in Fig. 2. Maximum current density of the MFC for the polymerized graphite as 
cathode was 20% higher than that for the graphite electrode. This increase in the current 
density is due to electron transfer improvement because of improved conductivity of the 
polymerized graphite electrode. 
 
The power curves of graphite, polymerized graphite and laccase immobilized graphite are 
indicated in Fig. 3. The maximum power density for the enzymatic electrode was 45.2 
mW/m2 at the current density of 175 m A/m2, which was two folds of that for the graphite 
electrode (maximum power density of 22.3 mW/m2 at current density of 106.9 mA/m2). The 
maximum power density for the polymerized graphite electrode was 31 mW/m2 at the current 
density of 140.6 mA/m2. The power density improved 40% in comparison to the graphite 
electrode. The maximum power density for graphite, polymerized and enzymatic graphite 
occurred at the external load of 1.2, 98 and 92 kΩ, respectively. According to Ohm’s law, at 
maximum power density, external load is equal to the internal load of MFC. Therefore, 
modification of graphite electrode through electropolymerization and enzyme immobilization 
causes a reduction in the internal resistance of the MFC. This phenomenon occurs due to the 
improvement of electron transfer when polymerized methylene blue or laccase is used on the 
graphite electrode and the internal resistance of the system decreases, accordingly.  
 
Fig. 3 also indicates that the slope of polarization curve for the enzymatic electrode is milder 
than that for the graphite electrode at lower current densities. This observation suggests that 
the activation overpotential of the enzymatic electrode is less than the graphite electrode.  
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Fig. 2.  Polarization curve of MFC with three different electrodes. 
  

 
Fig. 3.  Power density curve of MFC with three different. 
 
3.3. MFC performance in the presence of MnP 
The time course of open circuit voltage variation of the MFC after addition of H2O2 is shown 
in Fig. 4. After H2O2 addition, the voltage rapidly increased to a maximum value and then 
gradually decreased to a constant value. The voltage increase is related to a higher cathodic 
potential of H2O2 compared to oxygen potential. The MFC performance during this stable 
condition is shown in the polarization and power curves (Fig. 5 and Fig. 6). Maximum output 
power of 46 mW/m2 was obtained at current density of 108.8 mA/m2. This power density is 
106% higher than that for a non-enzymatic cathode. The slope of polarization curve for MnP 
with immobilized MnP cathode at low current densities is 54% less than that for the non-
enzymatic cathode. Therefore, MnP presence in the cathode reduces cathodic and overall 
activation overpotential which is attributed to the catalytic role of MnP in the cathode.  
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Fig. 4.  Open circuit voltage-time curve of MFC after H2O2 addition to the cathode in the presence of 
MnP. 
 
MnP can catalyze hydrogen peroxide reduction to water. Reduction of H2O2 causes the 
oxidation of heme group of the enzyme. The oxidized heme group needs to be reduced to 
keep its activity which can be fulfilled electrochemically or by an electron donor molecule. 
Here, Mn2+ acts as electron donor. Electrons generated through Mn2+ oxidation will be 
transferred to the active sites of the enzyme and will be utilized to reduce H2O2 to water. The 
produced Mn3+ ions extract electrons presented on the cathode surface. The cathodic reaction 
is catalyzed by MnP enzyme through repetition of the mentioned reactions, cyclically.  
 

 
Fig. 5.  Polarization curve of MFC with two different electrodes.  
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Fig. 6.  Power density curve of MFC with three different electrodes. 
 
4. Conclusion 

Commercial laccase and MnP produced from a white rot fungus isolate were immobilized on 
graphite electrode and used as new renewable catalysts in the cathode compartment of a dual 
chamber MFC. Application of these electrodes in the cathode, enhanced the MFC 
performance. Output voltage and current density increased as two times as output voltage of 
the MFC with non-enzymatic cathode. Activation overpotential of MFC decreased due to the 
catalytic effect of laccase and MnP on reduction of oxygen and H2O2, respectively. Laccase 
and MnP can be proposed as innovative catalysts to be applied in MFCs in order to achieve 
higher performance via improvement of reaction kinetic in the cathode and therefore, 
reduction of its related overpotential.      
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Abstract: This paper proposes the numerical analyses on performance for PEMFC in the aspects of water 
management and distribution of current density were performed to compare serpentine channel flow field of 5 
passes 4 turns serpentine and 25cm2 reaction surface between with and without sub-channel at rib. Through the 
supplement of sub-channel flow field, the improvement of water removal characteristic inside channel was 
confirmed from the numerical results because the flow direction of under-rib convection is changed into the sub-
channel. Reacting gases supplied from entrance disperse into sub-channel flow field and electrochemical 
reaction occurs uniformly over the reaction surface. Therefore, it was also known that total current density 
distributions become uniform because retention time of reacting gases traveling to sub-channel flow field is 
longer than main channel. At the averaged current density of 0.6 A/cm2, the results show that output power for 
the serpentine flow-field with sub-channel is 8.475 W which is decreased by about 0.35 % compared with 8.505 
W for the conventional-advanced serpentine flow-field, whereas the pressure drops on the anode and cathode 
side for the serpentine flow-field with sub-channel are 0.282 kPa and 1.321 kPa which are decreased by about 
22.95 % and 17.12 % compared with 0.366 kPa and 1.594 kPa for the conventional-advanced serpentine flow-
field, respectively. 
 
Keywords: PEM Fuel Cell, Current density, Water management, Under-rib convection, Sub-channel 

1. Introduction 

Proton exchange membrane fuel cell (PEMFC) has been considered one of the most 
promising alternative clean power generators because of its low to zero emission, its low 
temperature operation, high power density, and high efficiency [1]. Currently, many 
researchers have studied the bipolar plate considered performance and water management in 
the flow channel. Kanezaki [2] and Nam [3] have found that under-rib convection flow 
between adjacent channels. The under-rib convection is believed to increase the reactant 
concentration in the under-rib regions, facilitate liquid water removal from those regions, and 
enable a more uniform concentration distribution, thus explaining an experimental result of 
good cell performance.  
 
 

(a) case #1     (b) case #2 

Fig. 1. Two 25cm2 serpentine flow-field patterns; (a) case #1(without sub-channel); (b) case #2(with 
sub-channel). 
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This paper proposes the numerical analyses on pe rformance for PEMFC in the aspects of 
water management and distribution of current density were performed to compare serpentine 
channel flow fields of 5-passes and 4-turns serpentine and 25cm2 reaction surface between 
with and without sub-channel at rib. Two serpentine flow-field patterns are shown in Fig. 1. 
 
2. Numerical model 

In this study, CFD programs based on STAR-CD and ES-PEMFC were used to solve the fully 
coupled governing equations. The model assumes a s teady state, ideal gas properties, and 
homogeneous two phase flows. Assuming that liquid film is formed on the electrode surface 
during liquid water condensation, the Henry’s law of the solubility of gases in the liquid water 
is used to calculate the diffusion flux, electro-osmotic drag force, and water back diffusion [4, 
5]. To improve the computational accuracy, grid cells were established by equalizing the node 
connectivity in each component and by using the hexahedron mesh. The number of 
computational cells used in the model varied with complexity of the model. For the case #1, 
the total cell number was 3.078 million cells, case #2 had 3.336 million computational cells. 
The present numerical model was validated by grid tests and numerical simulation results on 
10cm2 serpentine with single channel flow-field PEMFC [4]. 
 
3. Results and discussion 

The parametric studies were conducted on 25 c m2 serpentine channels that have the case #1 
and case #2 configurations, all under the same operating conditions and inlet flow velocity as 
listed in Table 1 and Table 2. The performance-related parameters include membrane water 
content (λ), net water flux per proton (α), pressure drop, current density. They are investigated 
to generate the optimum serpentine flow-field that enhances the PEMFC performance. The 
net water flux per proton expresses the water transport between anode and cathode. If the net 
water flux per proton is greater than 0, t he electro-osmotic drag is higher than the back 
diffusion, and water is transported from the anode to the cathode. On the other hand, the net 
water flux per proton is less than 0 m ainly in the outlet area under the ribs, and water is 
transported from the cathode to the anode by the back diffusion. Back diffusion occurred due 
to the concentration of water on the anode is higher than on the cathode. 
 
Table 1. Inlet conditions at Anode and Cathode. 
Anode Inlet conditions Cathode Inlet conditions 
Gas Hydrogen Gas Air 
Stoichiometry 1.5 Stoichiometry 2.0 
Inlet temperature (℃) 75 Inlet temperature (℃) 75 
Inlet relative humidity (%) 100 Inlet relative humidity (%) 100 
Mass fraction of hydrogen 0.078 Mass fraction of hydrogen 0.169 
Mass fraction of water 0.561 Mass fraction of water 0.274 
 
Table 2. Operating conditions at Iave = 0.6A/cm2. 
Operating conditions  
%H2 in reformate 75 
Exit pressure (kPa) 101 
H2 exchange current density (A/cm2) 2000 
O2 exchange current density (A/cm2) 200 
Open circuit voltage (V) 0.96 
Cell temperature (℃) 75 
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Fig. 2 ~ Fig. 4 show the comparison of the membrane water contents (λ), net water flux per 
proton (α) and current density distributions at averaged current density of 0.6 A/cm2. 
 

 

(a) case #1 
 

(b) case #2 
Fig. 2. Water content (λ) at Iave=0.6 A/cm2; (a) case #1; (b) case #2. 
 
Fig. 2 shows the comparison of the membrane water contents between the case #1 and case #2 
at the averaged current density of 0.6 A/cm2. The membrane water content under the rib area 
is higher than that under the adjacent channel area because a lot of water produced at the 
cathode under the rib region can be absorbed into the membrane as shown in case #1. On the 
other hand, the membrane water content of the case #2 has smaller variation between the 
channel and rib than that of the case #1 because under-rib convection flow from channel to 
the adjacent rib and then flow from the inlet channel to the adjacent outlet channel, and liquid 
water gathers and discharges into sub-channel. 
 

 

(a) case #1 
 

(b) case #2 

Fig. 3. Net water flux per proton (α) at Iave=0.6 A/cm2; (a) case #1; (b) case #2. 
 
Fig. 3 shows the comparison of the net water flux per proton between the case #1 and case #2 
at the averaged current density of 0.6 A/cm2. The net water flux per proton is greater than 0 at 
the ribs and that is less than 0 a t the channels as shown in case #1. The net water flux per 
proton is always greater than at the ribs because the hydrogen ions are transported from 
cathode to the anode with a lot of water. Case #2 shows that the net water flux per proton at 
the ribs is lower due to sub-channel than the net water flux per proton at the channels i.e. a lot 
of water is transported from cathode to the anode. 
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(a) case #1 
 

(b) case #2 
Fig. 4. Current density distributions at Iave=0.6 A/cm2; (a) case #1, case #2. 
 
Fig. 4 presents the comparison of the current density distributions between the case #1 and 
case #2 at the averaged current density of 0.6 A/cm2. The overall distributions show that the 
local current density is decreasing from the inlet toward the outlet due to the consumption of 
the reacting gases. Through the supplement of sub channel flow field, it is shown from the 
results that water removal characteristic inside channel improves because the flow direction of 
under-rib convection is changed into the sub channel. Therefore, case #2 shows that total 
current density distributions become uniform because retention time of reacting gases 
traveling to sub channel flow field is longer than to main channel. 
 

 

Fig. 5. Index and location of the serpentine flow-field. 
 
Fig. 6 s hows the comparison of the total pressures between the case #1 and case #2 at the 
averaged current density of 0.6 A/cm2 and the same location as shown in Fig. 5.  The pressure 
drops on t he anode and cathode side for case #2 are 0.282 kP a and 1.321 kP a which are 
decreased by about 22.95 % and 17.12 % compared with 0.366 kPa and 1.594 kPa for case 
#1, respectively. The enhanced under-rib convection in both anode and cathode of case #2 
decreases the pressure drop, which also contributes to the performance by reducing the power 
consumption of air blower. 
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(a) Anode side 
 

(b) Cathode side 
Fig. 6. The comparison of the total pressures between the case #1 and case #2 at Iave=0.6 A/cm2; (a) 
Anode side; (b) Cathode side. 
 

 

Fig. 7. The comparison of the polarization and power density curves between the case #1 and case #2. 
 
To verify the maximization of power density among the performance-related parameters, the 
comparison of the polarization and power density curves between the case #1 and case #2 is 
given in Fig. 7. F or the current density lower than 0.6 A /cm2, the cell voltage and power 
density is independent of serpentine flow-field with and without sub-channel. For the current 
density greater than 0.6 A/cm2, the cell voltages and power densities of case #1 and case #2 
differ, the differences increase with the decreasing current density. 
 
4. Conclusions 

This study presents numerical analysis-based design of the serpentine flow field patterns to 
stimulate under-rib convection by adding sub-channel for improving the PEMFC performance. 
In the case of the case #2, under-rib convection flow from channel to the adjacent rib and then 
flow from the inlet channel to the adjacent outlet channel, and liquid water gathers and 
discharges into the sub-channel. Through the present numerical analysis-based design, the 
serpentine flow field with sub-channel enhances the performances of pressure drop, discharge 
of liquid water, and uniformities of current density.  
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Abstract: Here the 3D two phase homogenous CFD modeling for the anode channel and 1D two phase 
mathematical modeling for the porous media were considered. The challenging issue is to define the interface 
boundary conditions such as gradient of CO2 and methanol mass fraction between the diffuser layer and the 
anode channel. To overcome this difficulty, CFD modeling in the anode channel and mathematical modeling in 
the porous media were coupled. This combination models gives an accurate model to evaluate the cell 
performance and also to predict accumulation of CO2 in the channel and its negative effects on the cell 
performance. Output results of the combination’s model are in very good agreement with the experimental data. 
The distribution of CO2 in the anode channel shows that the accumulation of CO2 in the MSFF is less than 
SSFF and PFF configuration so the negative effect of CO2 decrease in the MSFF case relative to two other 
cases. Accumulation of CO2 is more in the channel rib relative to other places of channel. This is true for all 
three channel configurations. 
The cell voltage-Current density graph shows that the MSFF performance is better than two other cases. 
Comparing MSFF configuration with the SSFF shows that the performance of MSFF is a little more than SSFF. 
 
Keywords: Direct methanol fuel cell, Anode flow configurations, CFD modeling, Mathematical modeling 

Nomenclature 
C0            Average concentration of methanol at 
the channel/ADL interface………………. molm-3 
CI           Concentration of methanol at the 
ADL/ACL interface……………………….. molm-3 
CII         Concentration of methanol at the 
ACL/membrane interface………………... molm-3 
𝐶           Molar Concentration ………….kmolm-3 
𝐷          Diffusion coefficient ………… ...... m2s-1 
X           Mass fraction  
F           Faraday’s constant, 96,487…… Cequiv 
𝐼𝐶𝑒𝑙𝑙     Cell current density…………….…...Am-2 
𝐼𝐿𝑒𝑎𝑘      Leakage current density ……..…. Am-2 
𝐼𝑜,𝑟𝑒𝑓
𝑀𝑒𝑂𝐻   Exchange current density of methanol 

……………………………………..…….....….Am-2 
𝐼𝑜,𝑟𝑒𝑓
𝑂2     Exchange current density of oxygen 

…………………………………………… …… Am-2 
𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟
𝑀𝑒𝑂𝐻           Methanol crossover 

…………………………………………....molm-2 s-1 
P         Pressure ………………………..……...Pa 
T        Temperature……………..……………. K 
UMeOH                Thermodynamic equilibrium 
potential of methanol oxidation…..….….Volt 
UO2                            Thermodynamic equilibrium 
potential of oxygen oxidation………..…… Volt 
𝑉𝑐𝑒𝑙𝑙         Cell voltage………………….… Volt 
 UO2                    Thermodynamic equilibrium 
 potential of oxygen oxidation………...… Volt 

M             Molecular weight ….……...……km/kg    
Greek 
𝛼𝐴           Anodic transfer coefficient 
𝛼𝐶          Cathodic transfer coefficient 
𝛿𝐴𝐶          Anode Catalyst layer thickness……...m 
𝛿𝐴𝐷         Anode diffuser layer thickness……...m 
𝛿𝑀          Membrane thickness…………….…...m 
𝛼            Void fraction 
µ             Dynamic viscosity…….............kgm-1s-1 
ρ             Density……………..……………...kgm-3 
𝜂𝐴          Anode over potential………….……Volt 
𝜂𝐶           Cathode over potential……….…...Volt 
𝜉𝑀𝑒𝑂𝐻    Electro-osmotic drag coefficient of                                    
methanol 
κ             Ionic conductivity of the membrane 
…………………………………..……….Scm -1 
𝑥 ,         Quality 
Subscripts 

ADL                          Anode Diffuser Layer 
ACL                         Anode Catalyst Layer 
M                            Memberrane 
Superscripts 
MeOH                     Methanol 
O2                           Oxygen 
CO2                        Carbon dioxide 
K                             Species 
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1. Introduction 
Direct methanol fuel cells (DMFCs) are currently being investigated as an alternative power 
source to batteries for portable applications such as cell phones, laptop computers and video 
recorders. DMFCs with advantages of high energy density, rapid startup and response, low 
operation temperature, zero emission and refueling instantly, stand out as a most promising 
candidate to the applications of present and next generation of portable electronic devices    
[1, 2].Regarding the DMFCs studies have been focused on two categories, materials of the 
cell and the anode electrochemical reaction. Water, methanol and gas management are the 
three main issues that some attempts have been investigated to optimize these effects on the 
cell performance. A good understanding of this complex, interacting phenomena to optimum 
the design parameters of system leads to numerous experimental and comprehensive 
mathematical modeling of cells. 
 
Kulikovsky et al. [3] developed a vapor-feed two-dimensional DMFC model. Their model 
based on the mass conservation equations for concentrations of species and conservation 
equations of proton and electron currents, which govern the distributions of electrical 
potentials of the membrane and carbon phases. In his study, he neglected the methanol cross 
over the membrane.  
 
Wang and Wang [4] presented a 2-D, two-phase model of liquid – feed DMFC. They 
extended their previous two-phase PEMFC model [5] to include two phase flow and transport 
phenomena in a liquid feed DMFC.1- D drift flow model was used to describe the methanol 
flow in the anode channel. 
 
Here a comprehensive 3-D, homogenous two phase model for the anode channel and 1D two 
phase mathematical modeling for the porous region were considered. This combination model 
results in the easily managing and optimizing of effective parameters on DMFC.  
A typical DMFC consists essentially of a membrane-electrode assembly (MEA) sandwiched 
between two bipolar plates which have a channel for distribution the fuel, an aqueous 
methanol solution in the anode and oxygen from air in the cathode, Figure (1).In an operation 
DMFC, methanol solution diffuses through one of the porous diffusion layer and is oxidize at 
the anode to produce carbon dioxide, protons and electrons. At the cathode, Oxygen diffuses 
through another porous diffusion layer and is reduced with the proton passing through the 
proton exchange membrane as well as electrons flowing through load from the anode to 
produce water, equations (1), (2) .  

CH3OH+ H2O               CO2+6 H+ + 6 e-     (1) 
           
3/2 O2 + 6H++6e-            3 H2O                    (2)                          (2) 

 

 

 
 

Fig. 1. Schematic view of DMFC with different layers 
 

2. Model description  

Here 3-D homogenous, two phases, multi component flow for the anode channel and 1D two 
phase mathematical modeling for the porous regions were considered. For the anode channel 
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three type of flow patterns, parallel flow field (PFF), single-serpentine flow field (SSFF) and 
multiple serpentine flow field (MSFF) were considered, fig2. 

 
Fig. 2. Schematic view of DMFC with different anode configurations 

 
The combination of CFD modeling and mathematical modeling has been shown in fig3.  

 
Fig. 3. Coupling CFD modeling and mathematical modeling 

 
2.1. CFD modeling 
In this study, two phase homogenous model have been used to describe the fluid flow in the 
anode channel. The study of Triplett [6], Fukano and Kariyasaki [7], showed that the 
homogeneous model is valid for two-phase bubbly flow because the tube diameter is smaller 
than 5.6 mm. In this model it is assumed that the thermodynamics equilibrium are available 
between the phases and two phases are well mixed and therefore travel with the same 
velocities so the mixture is treated as a pseudo-fluid that obeys the usual equations of single-
phase flow.  

∇. (𝜌𝑚𝑖𝑥𝑈��⃑  ) = 0                                                    (3) 
 
∇. �𝜌𝑚𝑖𝑥𝑈��⃗ 𝑈��⃗ � = −∇𝑃 + ∇.𝑇 + 𝜌𝑚𝑖𝑥𝑔                    (4) 
 
𝑇𝑖,𝑗 = 𝜇𝑚𝑖𝑥 �𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝜕𝑢𝑗

𝜕𝑥𝑖
− 2

3
𝛿𝑖,𝑗

𝜕𝑢𝑛
𝜕𝑥𝑛

�                         (5)   

           
∇. �𝜌𝑚𝑖𝑥𝑈��⃗ 𝐶𝑘� = ∇. �𝜌𝑚𝑖𝑥𝐷𝑘∇Ck�                          (6)  
                      
𝜌𝑚𝑖𝑥 = 𝛼𝜌𝑙 + (1 − 𝛼)𝜌𝑔                                     (8)  

𝛼 is void fraction and related to quality 𝑥 , by, 
 

𝛼 =
1

1 + (1 − 𝑥 ,

𝑥 ,   
𝜌𝑔
𝜌𝑙

)
                                     (9) 
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                                                 Fig. 4. MSFF configuration , boundary conditions and Meshing Scheme 

𝑥 , =
𝜌𝑔(𝑋𝑔𝐶𝑂2 + 𝑋𝑔𝐻2𝑂 + 𝑋𝑔𝑀𝑒𝑂𝐻)
𝜌𝑙(𝑋𝑙𝐻2𝑂 + 𝑋𝑙𝑀𝑒𝑂𝐻 + 𝑋𝑙𝐶𝑂2)

                                          (10) 

              
The Isbin equations have been used to calculate the mixture viscosity [8]. 
            

1
𝜇𝑚𝑖𝑥 = 𝑥 , 1

𝜇𝑙
+ (1 − 𝑥 ,)

1
𝜇𝑔

                                                     (11)  

 
2.2. Boundary Conditions  
Fig 4 shows the view of MSFF with the different boundary conditions. In the inlet, mass flow 
rate of dilute methanol is defined. In the outlet, fully developed condition for the SSFF, MSFF 
and pressure outlet for the PFF is applied. In the boundary between the anode channel and 
diffuser layer the mass fraction of MeOH and CO2 are defined.  
   
2.2.1. Channel/ Anode diffuser layer interface boundary conditions 
Consumed methanol in the anode catalyst layer and methanol cross over the membrane are 
equal to methanol transfer due to convection and diffusion in Channel/ Anode diffuser layer, 
  
𝜌𝑚𝑖𝑥  𝑈��⃗ .𝑛 ���⃗ 𝑋𝑀𝑒𝑂𝐻 + 𝜌𝑚𝑖𝑥 𝐷𝑀𝑒𝑂𝐻  𝜕𝑋

𝑀𝑒𝑂𝐻

𝜕𝑋
= 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
+ 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻                (12)  
 
The consumptions of the methanol, water and methanol crossover are equal to the total mass 
flow rate that goes out of the interface, so 
 
𝜌𝑚𝑖𝑥𝑈��⃗ .𝑛 ���⃗ = 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
+ 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻 + 𝑀𝐻2𝑂 𝐼𝑐𝑒𝑙𝑙
2𝐹

                      (13)   
   
If we replace the 𝜌𝑚𝑖𝑥𝑈��⃗ .𝑛 ���⃗   from equation (16) into the equation (15) it gives the diffusion 
flux from the channel into the diffuser layer. 
 
𝜌𝑚𝑖𝑥  𝐷𝑀𝑒𝑂𝐻  𝜕𝑋

𝑀𝑒𝑂𝐻

𝜕𝑥
= 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
(1 − 𝑋𝑀𝑒𝑂𝐻) + 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻 (1− 𝑋𝑀𝑒𝑂𝐻)     +

𝑀𝐻2𝑂 𝐼𝑐𝑒𝑙𝑙
2𝐹

𝑋𝑀𝑒𝑂𝐻            (14)    
 
For the carbon dioxide the diffusion flux, which comes into the channel via the diffuser layer 
is equal to the CO2 production in anode catalyst layer ,diffusion via convection neglected, so, 
 
𝜌𝑚𝑖𝑥𝐷𝑐𝑜2 𝜕𝑋

𝑐𝑜2

𝜕𝑥
= 𝑀𝑐𝑜2 𝐼𝑐𝑒𝑙𝑙

6𝐹
                                               (15) 

 
2.3. Mathematical modeling 
The porous media regions are divided to the diffuser, catalyst and 
membrane layer, Fig4. Mathematical modeling has been studied  
in the detail by Brenda[9]. Here only the results have been shown, 
 

CACMeOH =
ICell

12FδACDAC
MeOH  X2 + C1X +  C2              (16)  
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C1 =
CIIC − CIC

δAC
−

ICell(2δAD + δAC)
12FδACDAC

MeOH                         (17) 

 

C2 = CIC −
(CIIC − CIC)δAD

δAC
+

IcellδAD(δAD + δAC)
12FδACDAC

MeOH                      (18) 

 

CIC =
δACDM

MeOHKII �DAD
MeOHC0D −

IcellδAD
12F � + δMDAC

MeOH(DAD
MeOHC0D − (1 + 6   ξ MeOH) IcellδAD

6F )

DAD
MeOHKI�δACDM

MeOHKII + δMDACL
MeOH� + δADDAC

MeOHDM
MeOHKII

           (19) 

 
𝐶𝐼𝐼𝐶  

=
δM(DAC

MeOHDAD
MeOHC0D − δACDAD

MeOHKI(1 + 12   ξ MeOH) ICell
12F − δADDAC

MeOH(1 + 6   ξ MeOH) Icell
6F )

DAD
MeOHKI�δACDM

MeOHKII + δMDAC
MeOH� + δADDAC

MeOHDM
MeOHKII

    (20) 

 
The operation conditions, geometry and physicochemical properties have been come in  
table 1 and 2. 
 
Table  1.  Operation and Geometry values 

   Parameters                                             Symbols                                       Values 
Operation Temperature                                T       60oc 
Operation Pressure                                       P                                             1At 
Rib Height                                                   𝐻                                             0.001   (m) 
Rib Width                                                    𝑊                                            0.0013 (m) 
Diffuser layer thickness                              𝛿𝐴𝐷                                           0.0015 (m) 
Catalyst layer thickness                              𝛿𝐴𝐶                                           0.00023(m) 
Membrane layer thickness                          𝛿𝑀                                            0.0018  (m) 
 

Table  2.  Physicochemical properties 
Parameters                                                  Symbols                     Values              Ref 

Binary diffusion coefficient                                      DMeOH-Water       1.74 ×  10−6          [11] 
Binary diffusion coefficient                                      DCO2-Water          3.19 ×  10−6          [11] 
MeOH diffusion coefficient,diffuser layer               𝐷𝐴𝐷𝑀𝑒𝑂𝐻              8.7 × 10−3            [9] 
MeOH diffusion coefficient,catalyst layer               𝐷𝐴𝑐𝑀𝑒𝑂𝐻     2.8 × 10−9𝑒2436( 1

353−
1
𝑇)  [12]   

Methanol diffusion coefficient,memberane             𝐷𝑀𝑀𝑒𝑂𝐻         4.9 × 10−𝑒2436�
1
353−

1
𝑇�     [12] 

Thermodynamic potential of oxygen (Volt)             𝑈𝑂2                  1.24                        [4]                     
Thermodynamic potential of methanol (Volt)         𝑈𝑀𝑒𝑂𝐻              0.03                        [4] 
Ref, exchange current density of anode (A/m2)      𝐼0,𝑟𝑒𝑓

𝑀𝑒𝑂𝐻       94.25 𝑒
35570
𝑅 ( 1

353−
1
𝑇)          [4]          

Ref, exchange current density of cathode (A/m2)     𝐼0,𝑟𝑒𝑓
𝑂2        42.22𝑒

73200
𝑅 ( 1

353−
1
𝑇)          [15] 

Anodic transfer coefficient                                        𝛼𝐴                   0.52                        [4] 
Cathodic transfer coefficient                                     𝛼𝐶                   1.55                        [4] 
Ionic conductivity of the membrane(S/Cm2)            𝜅                    0.036                      [11] 
Electro-osmotic drag coefficient                               𝜉𝑀𝑒𝑂𝐻              2.5𝑋𝑀𝑒𝑂𝐻               [14] 
Partition coefficient                                                   𝐾𝐼                     0.8                        [13] 
Partition coefficient                                                   𝐾𝐼𝐼                    0.8                        [13] 
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3. Performance Evaluation 

To obtain the polarization curve the cell voltage of DMFC can be written as, 

𝑉𝑐𝑒𝑙𝑙 = 𝑈𝑂2 − 𝑈𝑀𝑒𝑂𝐻 − 𝜂𝐴 − 𝜂𝐶 −
δMEMICell 

κ 
                                                      (21) 

The over potentials term 𝜂𝐴 and 𝜂𝐶  can be determined from the Tafel equations, 

𝐼𝐶𝑒𝑙𝑙 =  𝐼0,𝑟𝑒𝑓
𝑀𝑒𝑂𝐻 𝐶𝐴𝐶𝑀𝑒𝑂𝐻

𝐶𝑀𝑒𝑂𝐻,𝑟𝑒𝑓
𝑒𝛼𝐴𝜂𝐴𝐹/𝑅𝑇 = 𝐼0,𝑟𝑒𝑓

𝑂2 𝐶𝑜2
𝐶𝑜2,𝑟𝑒𝑓

𝑒𝛼𝐶𝜂𝐶𝐹/𝑅𝑇 − 𝐼𝑙𝑒𝑎𝑘            (22) 

𝐼𝑙𝑒𝑎𝑘is the leakage current density due to the oxidation of the methanol crossover. 

Ileak
6F

= NCrossover
MeOH = (−𝐷𝑀𝑀𝑒𝑂𝐻

𝑑𝐶𝑀𝑀𝑒𝑂𝐻

𝑑𝑥
+ 𝜉𝑀𝑒𝑂𝐻

𝐼𝑐𝑒𝑙𝑙
𝐹

)                   (23) 
  
4. Results 

4.1. Effect of mass flow rate and inlet feed concentration on the cell performance 
The model has been validated by comparison of the results from SSFF configuration with its 
experimental data from Q. Liao and X. Zhu [10].The cell performance have been calculated 
for the methanol inlet feed concentration of M=1, temperature of 60oc and two different inlet 
mass flow rate. As it can be seen the model results are in the good agreement with the 
experimental data. In the right figure the variation of cell voltage with the current density at 
different inlet feed concentrations have been shown and it is obvious that the cell performance 
will improve while the inlet feed concentration increase. The performance improvement 
from1M to 2M is more than from 0.5M to 1M. This can be attributed to increasing methanol 
concentration, which satisfies the additional requirement of the electrochemical reaction in the 
anode due to higher current densities. 
 
 
 
 
 
 
  
 
  
 
  
       (6.a)                                                                          (6.b)                                  
Fig. 6. Numerical and experimental cell data performance for two different inlet mass flow rate (6.a) 
and Cell performance at different inlet feed concentration (6.b) 
 
4.2. Effect of flow configuration on CO2 and methanol concentration 
Distribution of CO2 molar concentration in the anode channel for different configurations at 
the  inlet feed concentration and current density 2M, 1500A/m2 respectively, have been 
shown in fig7.CO2 molar concentration increase incrementally from inlet to outlet and reach 
the maximum value 0.03 , 0.025 and .02 for PFF, SFF and MSFF respectively. Fig8 shows the 
distribution of methanol molar concentration. Here the methanol concentration decreases 
incrementally from inlet to outlet and reaches the minimum value of 0.5, 0.71 and 0.81 for 
PFF, SFF and MSFF respectively in the outlet of the channel. The distribution of the CO2 in 
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the MSFF is more smoothly relative to two other cases and the coalescence of gas bubbles in 
the corner of the ribs are less than other cases. 
 
  

 

 

 

 

Fig. 7.  Distribution of CO2 molar concentration for PFF, SFF and MSFF flow configuration 
 
 

 

 

 

 

 
Fig. 8. Distribution of MeOH molar concentration for PFF, SFF and MSFF flow 
configuration 
 
4.3. Effect of flow configuration and temperature on the cell performance 
The performance of the cell is depended on the mass fraction of methanol in the catalyst layer 
that is depended on the average methanol mass fraction in the anode channel. By calculation 
the cell performance using mentioned combination method, it can be seen that the MSFF 
configuration has better performance relative two other cases fig9a. In the right picture9.b the 
effects of temperature on cell performance have been shown. As it can be seen with 
increasing the temperature the cell performance will increase, especially at high current 
density. 
 
 

 

   

   

 

  

  
Fig. 9. Comparison of anode configuration on cell voltage (9.a) and effects of temperature on 
cell performance (9.b) 
 

(9.a) (9.b) 
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5. Conclusions 

DMFCs have the following advantages; easy fuel delivery and storage, no need for cooling or 
humidification, simpler system design and may even achieve higher overall energy efficiency 
than PEMFCs with further developments. This new modeling design is the way to find the 
exact cell performance with different geometry. From the results, MSFF flow configuration 
can give a better performance relative to two other cases so this kind of cell geometry can 
solve the problems regarding lower overall energy efficiency of DMFCs relative to PEMFCs. 
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Investigation of electrical, structural and thermal stability properties of 
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Abstract: In the scope of this work, (Bi2O3)1-x-y(Dy2O3)x(Ho2O3)y ternary system (x=1,3,5,7,9,11 mol % and 
y=11,9,7,5,3,1 mol %, dopant concentrations) sample materials were developed using solid state reaction method 
sintering each of them at 650, 700, 750, 800 °C for 48 hours. Structural, electrical and thermal properties of these 
samples which are candidate of electrolyte for solid oxide fuel cells (SOFCs) have been evaluated by means of 
XRD, four-probe method, and TGA / DTA. XRD measurements showed that except the samples annealed at 650 
oC, all the other samples have stabilized δ- Bi2O3 phase. It was seen that duration of sintering time and 
temperature was rather effective on the formation of the stabilized sample materials and their other properties, 
such as electrical and structural properties. It was seen that the electrical conductivities of all the examples 
developed sintering at 700, 750 a nd 800 °C for 48 hours increases with the increasing temperature having 
numerical values varying in the range of 7,65x10-2 Ω.cm-1 - 6,11x10-1 Ω.cm-1. Activation energy of the sample 
A6 was calculated and it was found 0.97 eV. On the other hand, the main purpose of this study is to find an 
electrolyte which does not have any degradation in its properties with time; this maybe caused either interaction 
between the different electrochemical cell materials or by instability of the ionic conductor under operation 
conditions. During the heating/cooling process, the four-point probe conductivity measurements have been 
performed. The hysteresis curve was obtained for this sample due to time interval difference of heating/cooling 
processes. It was observed that there is no gradation in the structure of the sample. 
 
Keywords: Electrolyte, Solid state reaction, Fuel cell, Electrical conductivity, XRD,  Four- probe point method  

1. Introduction 

Recently, it has been known that bismuth oxide based and doped with the other two ceramic 
oxides are ternary materials with the properties showing promise of utility in SOFC’s [1-7].  
In addition, the need to develop oxide ion conductive materials with high conductivity and 
desired structure stability at low temperature directs most of the research toward solid oxide 
electrolyte materials. Among these electrolyte materials, Bi2O3  - based solid oxide electrolyte 
materials with δ-phase fcc fluorite type crystal structure are of interest for use in solid oxide 
fuel cell (SOFC) due to their high oxide ion conductivity [8,9]. The fluorite type phase of pure 
Bi2O3, known as the most highly conductive oxide-ion conductor, has a conductivity of about 
1 Scm-1 at 750 °C. But, δ-phase Bi2O3 is stable only between 730 °C and 825 °C and cannot 
be quenched to room temperature [10]. However, the δ-phase can be obtained at room 
temperature by doping with some transition metal (Nb, Ta, V and W) and rare earth(Sm-Lu). 
It is also possible to use combination of oxides, so called double doping, to obtain the δ 
fluorite type phase. Fluorite type δ–phase materials displays very high oxide ion conductivity 
which is attributed to the highly polarisable Bi3+ cations and highly disordered structure of 
sublattice [11-15]. Structural and conductive properties of a solid material during the various 
temperature ranges determine its suitability as an electrolyte in the practical use. If an 
electrolyte material has a high conductive behavior over a long period of time at reasonably 
low temperature, it is possible to use at operation of a SOFC. Many researchers were reported 
that the fluorite type δ–phase Bi2O3 cannot be stabilized [11-13]. Some these kinds of 
materials had completely transformed into mixture phases after annealing for long time 
period. In addition, the conductivity decay can also occur for the fluorite type materials 
without changing its structure. The rate of conductivity decay is dependent on a nnealing 
temperature, long ordering oxide-ion sublattice and amount of doped cations. 
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2. Experimental 

2.1.  Sample preparation  
We have tried to stabilize the fluorite type δ-phase in the ternary system (Bi2O3)1-x-

y(Dy2O3)x(Ho2O3)y. As a result, we could obtained a stabilized δ-phase in limited 
compositional range of x and y.  
 
The desired proportions of the samples were accurately weighed and thoroughly mixed. The 
mixture was heated in an alumina crucible at 750 °C for 10 h a nd quenched to room 
temperature by air stream. Next, the samples were examined by XRD using CuKα radiation. 
Then, the prepared pellets were annealed at 650, 700, 750 an 800 °C for 48 h followed by air 
quenching. The same heat treatment was repeated several times in order to get its equilibrium 
state, after the conductivity measurements were performed in air. Finally, thermal behavior of 
the samples was taken the differential thermal analysis (DTA) measurements in order to find 
out whether any phase transition exists or not, after each measurement. 
 
2.2. XRD measurements 
Powder XRD measurements is carried out by using Bruker AXS D8 Advance type 
diffractometer with an interval 2Ө = 10o–90o, scanning 0,002o/min, and Cu-Kα radiation for 
the determination of the crystal structure of the samples at room temperature. These 
measurements were repeated for the powders of the samples obtained after every sintering 
process. Then, Diffrac Plus Eva packet program was used to analyze the unit lattice cell 
parameters (a, b, c , α, β, γ), Miller indexes, and the distance between the layers, d. On the 
other hand, Win-Index Professional Powder Indexing packet program was used for the 
indexing of the diffraction peaks in the powder patterns of the samples. 
 
2.3. Electrical measurements 
Conductivity of the samples was measured using four-point probe method. The pellets of the 
samples with 13 mm diameter and 2 mm thick were obtained by using a conventional press 
and then the pellets were being air-quenched after sintering. All of the measurements in this 
work were carried out by means of Data Acquisition Control System associated with a PC, 
interface card IEEE-488.2, multimeter with scanning card (Keithley 2700, 7700-2), 
programmable power supply (Keithley 2400), and computer program written for this purpose. 
These measurements were repeated for several times because of the electrical conductivity 
measurements performed during the first heating process are not enough to represent the 
complete electrical behavior of the samples. 
  
2.4. TG/DTA measurements 
The thermal behavior of the annealed materials was investigated by DTA/TG by means of DIAMOND 
TG/DTA-PERKIN ALMER Marck system. The samples whose masses are about 20-50 mg were 
heated at 200 °C min-1 in an alumina crucible and cooled quickly to room temperature under a stream 
of air.  
 
3. Results and discussion 

3.1. XRD measurement results  
Figure 1 shows the comparisons of the XRD spectra of the samples annealed at 650 °C for 48 
hours. As seen from this figure, all the samples do not have completely monoclinic-α phase, 
but some of them have also δ-phase. As a result, the samples prepared at this temperature 
have a mixed phase and the formation of the δ-phase also exhibits at this stage. 
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Fig.1. Comparisons of the XRD spectra of the samples annealed at 650 °C and for 48 hour s and 
having α+δ-Bi2O3 phase (a) A1, (b) A2, (c) A3, (d) A4, (e) A5 and (f) A6 
 
Figure 2 shows the comparisons of the XRD spectra of the samples annealed at 750 °C for 48 
hours. From this figure, it is observed that all the samples except A1 have only δ-phase. Two 
peaks at the right and left side of the most intensive peak of the sample A1 are seen and they 
are belonging to the α-phase. No significant modification of the intensity of the XRD pattern 
can be detected, which means that the δ-phase of the samples has not been decomposed into 
the other low conductivity phases by changing amount of the doped materials.   

                           
Fig. 2. Comparisons of the XRD spectra of the samples annealed at 750 °C and for 48 hours and 
having fcc δ-Bi2O3 phase (a) A1, (b) A2, (c) A3, (d) A4, (e) A5 ve (f) A6 
 
Also, there is no transformation of the quenched δ-phase is evidenced on the XRD patterns. 
The fluorite type δ-phase is obtained at the end of the process. The first generated δ-phase has 

1221



been kept stable during the electrical measurement annealed at 700, 750,  800 °C for all the 
samples.  

Summary of the observed phases from XRD measurements of the (Bi2O3)1-x-

y(Ho2O3)x(Dy2O3)y ternary-systems with different dopant ratios and developed at different 
temperatures mentioned above is given in Table 1. As seen from this table, all the samples 
except the samples annealed at 650 °C have stable fcc δ-phase. 
 
Table 1. Observed phases for (Bi2O3)1-x-y(Ho2O3)x(Dy2O3)y ternary-systems with different dopant 
ratios and developed at different temperatures 

 
3.2. Electrical conductivity measurements  
The conductivity measurements were performed on t he samples (Bi2O3)1-x-

y(Dy2O3)x(Ho2O3)y ternary system (x=1,3,5,7,9,11 mol % and y=11,9,7,5,3,1 mol %). 
Conductivity measurements were only carried out up to 850 °C in order to ensure that melting 
does not occur. In this report, we have presented only the electrical measurements of the 
samples developed at 750 °C, since it has the best conductivity. The conductivity of this 
sample is 0.6 (Ω.cm)-1 placing it among the most highly conductive materials known. 
 
Figure 3 shows the graphics of the conductivity of the samples versus to 1000/T K.  As seen 
from this figure, all the curves are similar with each other. It is the expected result since all of 
them have stable fcc δ-phase.  These results were supported by the XRD patterns of the 
samples which have been given in Fig.3 too.  
 
The Ho2O3 rich samples show higher electrical conductivity than the Dy2O3 rich materials. 
The conductivity results show that an intermediate fast changing conductivity region 
separated by linear evolution zone. The sharp rise of the conductivity is indication of an 
order-disorder transition.  
 
Increase in the conductivity of the materials with increasing amount of Ho2O3 is attributed to 
the increase in the proportion of highly polarisable cations and in the number of oxide ion 
vacancies. It can be noticed that the conductivity slightly increases with increasing the Ho2O3 
proportion, reaching highest values 0.6 (Ω.cm)-1 for x=11 an y=1 %mol (A6). This can simply 
be explained that can be attributed to the increase in the concentration of vacancies by the Ho 
cations located on t he host sub-lattice, which are available for oxide ion migration.  T he 
distribution of vacancies affects the long range migration of oxide ions and therefore the 
conductivity increases. Since dopant cations and oxide ion vacancies have negative and 
positive charges, attractions between them are likely to be mainly responsible for the high 
activation energy. As a result, it can be said that an electrical conductivity rise has been 
observed for all samples when the proportion of the Ho3+ cation is increased.  

Synthesing 
temperature   
( °C ) 

Synthesing 
time 
(hour) 

(Ho2O3)x(Dy2O3)y(Bi2O3)1-x-y            (x,y = mol %) 

x=1 
y=11 

x=3 
y=9 

x=5 
y=7 

x=7 
y=5 

x=9 
y=3          

x=11           
y=1 

650 48 α+ δ α+ δ α+ δ α+ δ α+ δ α+ δ 
700 48 δ δ δ δ δ Δ 
750 48 δ δ δ δ δ Δ 
800 48 δ δ δ δ δ Δ 
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Fig. 3. Oxygen conductivity, as a f unction of temperature, for the samples A1, A2, A3, A4, A5, A6 
obtained at 750 °C for 48 hours 
 
Figure 4 s hows the graphic of the conductivity of the sample A6 versus to 1000/T K at 
different annealing temperatures. As seen from this figure, two distinct regions observed on 
the curves corresponding to an order-disorder δ-phase transition which exhibits similar 
activation energy at these two regions. The characteristics of the conductivity curves are 
similar for all the samples. The conductivity values slightly increase with decreasing the 
annealing temperature especially at high temperature region.  
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Fig. 4. Oxygen conductivity, as a function of temperature, for the sample A6 
 
Activation energies of the samples can be obtained from the Arrhenius equation. As 
mentioned previously two distinct regions are observed for all samples corresponding to an 
order-disorder δ-phase transition which exhibits similar activation energy at these two 
regions. Activation energy calculated for sample A6 corresponding to the high temperature 
region is found 0.97 eV. And also, the conductivity results are in good agreement with these 
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already revealed by XRD and DTA/TG measurements. The samples which exhibit the lowest 
activation energy is associated the structure characterized by the fluorite type fcc lattice is 
likely responsible for opening of migration pathways for the oxide ions, and consequently to a 
decreasing of the activation energy.       
 
The main purpose of this study is to find an electrolyte which does not have any degradation 
in its properties with time; this maybe caused either interaction between different 
electrochemical cell materials or by instability of the ionic conductor under operation 
conditions. So this sample has been firstly heated from room temperature to 650, 700, 750 and 
800 °C in 48 hours and cooled from this temperature to room temperature in the same time. 
After this process, the four-point probe conductivity measurements have been performed.  
 
Figure 5 shows the hysteresis curve obtained for the sample A6. This sample has been firstly 
heated from room temperature to 800 °C in 2 hours and cooled from this temperature to room 
temperature within the 4 hour s. During this process, the four-point probe conductivity 
measurements have been performed. The hysteresis curve was occurred for this sample due to 
time interval difference of heating/cooling processes. From this figure, the slopes of these 
curves nearly are the same. It means that there is no gradation in the physical and chemical 
properties of this sample after applying the operation condition.   
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Fig. 5. Conductivity hysteresis curve obtained for the sample A6 obtained approximately 5 
hours being heated from room temperature to 800 °C and cooled to room temperature                               
 
TG/DTA measurements of the samples have been carried out after the conductivity 
measurements of the samples using the same pellets. In figure 6, TG/DTA graphics of the 
sample A6 annealed at 750 °C and for 48 hours are given. From this figure, a wide range of 
exothermic peak is seen in a temperature range between 325-415 °C for A6 sample in DTA 
curve. Similar variation is seen between the same temperature ranges in TGA curve whose 
slope is changing during heating treatment. In this case, this peak results from the 
order/disorder transformation in the structure of the sample rather than the phase 
transformation. During the cooling process, there are no exothermic peak and slope changes 
because of long cooling time interval. This transformation is seen in the conductivity graphics 
of the same sample and its hysteresis curve (Fig. 5) too.  
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Fig.  6.  TG/DTA graphics of sample A6 developed at 750 °C and for 48 hours   
 
4. Conclusion 

 In this work, data obtained from XRD, DTA, TGA and four probe point method 
measurements for (Bi2O3)1-x-y(Ho2O3)x(Dy2O3)y (x=1, 3, 5, 7, 9, 11 mol%, y=11, 9, 7, 5, 3, 1 
mol %)  ternary system samples synthesized at different temperatures by solid state reaction 
method has been investigated in detail and some important results have been obtained for the 
chosen sample A6 as following: 

• According to the obtained XRD results, all the samples synthesized at 700 °C, 750 °C and 
800 °C for 48 hours have dominantly homogeneous face centered cubic δ-Bi2O3 phase. 
The samples annealed at 650 0C have mixed phases composed from monoclinic α-Bi2O3 
phase and fcc δ-Bi2O3 phase. 

• According to conductivity measurements, all the samples, having stable δ-Bi2O3 phase 
and synthesized at 700 °C, 750 °C, and 800 °C for 48 hours, have a good oxygen ion 
conductivity property.  

• It has been observed that the electrical conductivity of all the samples increases while the 
percentage of the Ho2O3 doping materials increases.  

• The best electrical conductivity has been observed for the sample A6 synthesized at 750 
°C for 48 hours and having doping ratios % 11 mol for Ho2O3 and % 1 mol for Dy2O3 
and maximum conductivity value has been measured as 6.11x10-1 (Ω.cm)-1. 

• Stable δ-phase of (Bi2O3)1-x-y(Ho2O3)x(Dy2O3)y ternary system  has been observed firstly 
in this study in operation conditions of an SOFC. 

   
Comment 

We are planning to perform resistance tests for this material for long time periods under the 
operation conditions to show that this material can be used as an electrolyte in SOFCs.  
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Abstract: In the presented research, a feasibility study to cover a mobile electrolyte alkaline fuel cell behaviors 
and characteristics (which the electrolyte has system cooling role) for UPS (Uninterruptable Power Supply) 
application is provided to use in an energy laboratory. Electrochemical modeling and computations for 
irreversiblities led to optimization of cell voltage, current & power densities and the results are found to be 
0.566V, 574.3 mA/cm2, 325.2 mW/cm2 respectively. By using mentioned quantities, ideal thermodynamic 
efficiency, real thermodynamic efficiency and electrical efficiency concluded 80%, 38% and 34% respectively. 
Preliminary electrochemical studies in this research are combined with engineering designs in complementary 
stage of research. At the next stage, considerations on heat and mass transfer and contributed models lead to 
approve a double pipe heat exchanger as energy sink. Then the cost model is also determined and the 
optimization codes are developed to propose best operation point of system with minimizing total cost and 
determining the heat exchanger dimensions, flow rates and temperatures. Furthermore, parametric analysis for 
variation of temperature, electrolyte cooling rate and cost of planned AFC has been studied for energy efficiency 
and performance improvement. 

Keywords: Alkaline Fuel Cell (AFC), Irreversibilities, Heat Transfer, Cost Model, Parametric Analysis. 

1. Introduction 

Fuel cell is an electrochemical system that converts energy of the chemical reaction to useful 
electrical energy and is made of anode, cathode and electrolyte. Fuel cells classified according 
to practical temperature, type of electrolyte and constitutive materials; and alkaline fuel cells 
or AFCs are one of low temperature systems with an alkaline solution as the electrolyte. 
Alkaline fuel cell is the oldest type of fuel cells, which had described in 1902 and have used 
in spatial applications [1]. AFC produce electricity through oxidation - reduction reactions 
between oxygen and hydrogen. In the fuel cell reaction water is generated, and two electrons 
are released. The electrons flow through an external circuit, and have returned to the cathode 
to reduce oxygen in an electrochemical reaction and thus hydroxide ions are produced. 
Electricity and heat are made as byproducts of this product [2]. This system usually has 
peripheral equipment. Wide studies have done about alkaline fuel cells; but what had not 
enough attention is specialty study with practical and all purpose approach. Although the 
central system produce the power, but peripheral equipment also use and effect on whole 
system performance and the total cost. In this research has been trying to design system and 
accessories in the optimal mode of increasing efficiency and reducing costs are assessed. 

 
2. System configuration 

An energy laboratory is designed, which part of its power provide from fuel cell systems with 
ancillary performance and specific aims. Several different objects in correlation with together 
are contemplated in this laboratory that each has its survey. The typical plan of laboratory is 
shown in Fig.1. As seen a 100W AFC has chosen for UPS provider of this laboratory. In these 
cells the electrolyte is alkaline solution and how to use of is an issue. It can be in mobile 
electrolyte, static electrolyte and dissolved fuel alkaline fuel cells modes [1]. What are 
discussed in this research are electrochemistry calculations, engineering design and heat 
transfer of an alkaline fuel cell system with system optimization aim.  
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Fig. 1.   Designed Energy Laboratory 

The basic structure design for mobile electrolyte AFC system [3] is shown in Fig.2. 

 

Fig. 2.   Alkaline fuel cells with mobile electrolyte system and peripheral equipments 

Procedures in this type of systems is so that the electrolyte flow between the anode and 
cathode plates in addition ion transfer and electric current; with its circulation led the excess 
heat of system to the outside and before re-entry into the system shall pass within a heat 
exchanger for cooling. Electrolyte needs pumping system us to held circulating [1].  
 
2.1. Electrochemistry 
According to voltage losses [4] in a fuel cell system, optimum current is achieved so that 
losses would be minimum, and thus optimal power and voltage are obtained [5,6]. Types of 
efficiencies that are considered in this system are ideal and actual thermodynamic efficiency 
and electrical efficiency that can be helpful to evaluation of system. 
2.2. Engineering design  
Hydrogen and air consumption, and water, electricity and heat production flow rates are 
calculated. A fuel cell stack consists of many separate cells. Design of stack and cells 
arrangement (after obtain the whole required surface) can has different modes. According to 
the desired power, energy demand and circumstances can decide regarding choice of 
optimized mode. 
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2.3. Heat Transfer 
In mobile electrolyte systems, the cooling process is done by electrolyte. So according to the 
rate of heat production in electrochemical reactions and selected materials [7,8], electrolyte 
flow rate can set somehow that eject the waste heat from system and kept system performance 
in ideal temperature [9,10]. Overall fuel cell system heat transfer can be done through 
conduction, convection and radiation. Since the alkaline fuel cell systems have low operation 
temperature, radiant heat transfer can be waivered [11].  
 
3. 2BSystem Modeling 

To begin calculations, considering series of assumptions and initial conditions are necessary 
[12]. The system is considered to produce 100 watt in atmospheric pressure. It is assumed that 
produced water is in liquid form. Electrochemistry relations have scrutinized with 
optimization voltage and current using GAMS software. The optimum solution determined 
efficiency values and input and output flow rates. According to the steps of stack and cells 
arrangement [13], algorithm of Fig.3 can be used in modicum number studies.  

 

Fig. 3.  Stack design algorithm 

To evaluate heat transfer of system, anode, cathode and the whole of system are considered as 
three distinct control volumes, and heat and mass transfer relationships are extracted [14,15]. 
As noted, according to system description, a heat exchanger is required. For this purpose a 
double pipe heat exchanger is designed which electrolyte as the warm fluid have streaming in 
the inner tube and water consider as cooling fluid within the external tube [16]. In order to 
having a circulating electrolyte stream a proportional pump should be applied.  
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3.1. Cost model 
A mobile alkaline electrolyte fuel cell system requires peripheral equipment such as hydrogen 
storage tank, circulating pump to provide the electrolyte driving force, heat exchanger and 
series of additional process such as hydrogen production. So in addition to the fuel cell cost, 
there are other equipments that should be considered. Thus, if consider the computing for 
1000 hours annual performance, five years of application, and 15% inflation rate, with 
determining costs equation and set values also using the equations of heat transfer section and 
the heat exchanger design, it could be possible to optimize the overall system performance. 
For this purpose, GAMS code was developed, using heat transfer, heat exchanger design and 
the cost model equations the aim to minimize required cost to obtain the optimal heat 
exchanger area, rate of input and output flows and temperatures in the heat exchanger. 

If design and calculation steps collect in an algorithm and associate them with each other, 
algorithm of Fig.4 will be obtained: 

 
Fig. 4.  Main steps of system design algorithm 

 
4. 3BResults 

The results of electrochemical section and codes are presented in Table 1 and Fig.5 : 
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Table 1. Optimum electrochemical results 
Voltage (V) Current Density (mA/cm2)  Power (mW/cm2) 

0.566  574.316  325.19  

Required area for desired power is 308cm2. Relation between voltage and current density [17, 
18] is affected by irreversibilities and when cell current [19] increases, voltage of cell drops 
[20] because of activation, ohmic and mass transfer losses. 

 

Fig.5.   Voltage-Current graph 

Designed system performance is presented in Table 2.  

Table 2. Amount of efficiencies 
Electrical efficiency Actual thermodynamic efficiency Ideal thermodynamic efficiency 

34% 38% 80% 

In engineering design step inlet and outlet flow rates are calculated as Table 3. 

Table 3. Electrochemical flow rates 
 Produced water Outlet air Inlet air Oxygen Hydrogen 

(kg/s) 1.65×10P

-10 1.12×10P

-4 1.26×10P

-4 1.48×10P

-5 1.85×10P

-6 

Also it is concluded that for 100W power, overall 263W energy is generated. So it is seen that 
power to overall energy ratio is exactly 38%; and this is equal with calculated actual 
thermodynamic efficiency. Estimated cost for designed system in five years of operation is 
2560 $. Obtained temperature, required area and flow rates in optimal mode are as Table 4: 

Table 4. Optimum temperature, required area and flow rates 
40 ( P

0
PC) Electrolyte inlet to heat exchanger and outlet of cell temperature 

1.6×10P

-4
P (Kg/s) Mass flow rate of electrolyte 

73 (P

0
PC) Electrolyte outlet of heat exchanger and inlet to cell temperature 

2.827×10P

-4
P (Kg/s) Cold fluid mass flow rate (Water) 

25 ( P

0
PC)  Cold fluid outlet temperature (Water) 

0.07 (mP

2
P) Area of heat exchanger 

5.2×10P

-4
P (Pa) Pressure drop 

121.7 (W) Total Heat rate 
 
The performance of cell is under influence of different factors, such as temperature. In order 
to peruse the effect of temperature on cell and all of system (cell and peripheral equipment), 
the graphs of difference efficiencies toward temperature are depicted in Fig.6. It is found that 
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because of reducing sensitivity of total system toward temperature with existing cooling 
section, its gradient is less than ideal performance of cell.   

 

Fig. 6.  Difference efficiency toward performance temperature  

Nether graph is depicted to survey the effect of parameters variations toward electrolyte outlet 
temperature from AFC. As seen in Fig.7, with increasing temperature, flow rate of electrolyte 
and its pressure drop that depend on circulating flow rate, moreover the actual efficiency of 
system, are decreased. However, required heat exchanger area increases; because it should 
cool the warmer electrolyte. The minimum value of system total cost, which is obtained from 
system optimization GAMS codes, has been shown in this graph. 

 

Fig. 7.  Change of parameters toward electrolyte outlet temperature 

Considering the gradient of cost in Fig.7, by temperature reducing before minimum cost, 
increasing of cost is more strongly; But after minimum cost by rising of temperature cost 
increasing is milder; And this suggests that circulating system is more effective than cooling 
system on total cost (Fig.8 confirm this matter, too). 

Fig.8 is depicted to survey parameters variations toward electrolyte inlet temperature to AFC. 
As seen, with increasing temperature, flow rate of electrolyte and its pressure drop increase; 
because the electrolyte with increasing the circulation rate can compensate additional heat. 
Similar to Fig.7, increasing temperature of cell has led to decrease the actual efficiency of 
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system. Also required heat exchanger area is decreased; because it does not need to cool 
electrolyte to lower temperature and it needs lesser area.  

 

Fig. 8.  Change of parameters toward electrolyte inlet temperature 

According to the influential parameters plotted in the graphs and change quantities, from it is 
seen quality viewpoint that priority of items that effect the composite AFC system are for 
electrolyte pressure drop, electrolyte flow rate and heat exchanger area, respectively and two 
first items are running cost type, and third item is fixed cost type.  

In Fig.7 and Fig.8, the effect of electrolyte input and output temperatures have been 
evaluated, hence with combining them the effect of ΔT changes can be deduced. Except 
actual efficiency of system, the changes sense is same with flow rate, pressure drop, heat 
exchanger area at all values, and also with total cost before and after the minimum point. 

5. Conclusions 

In the presented research, a 100W alkaline fuel cell with mobile electrolyte and its peripheral 
equipment have been designed in determined steps to achieve a design model. Presented 
model has been optimized using GAMS codes to find optimum values of cost model, 
electrochemical and heat transfer equations. 

It was concluded that electrolyte flow rate and its inlet and outlet temperatures, pressure drop, 
heat exchanger area are some of parameters that effect on cell performance and total cost. 
Also the efficiency of system reduces toward temperatures rising. 

Change of total cost is more sensitive toward input electrolyte temperature rather than output 
electrolyte temperature. Because input flow controls by peripheral systems; but outlet 
temperature is a function of fuel cell operation. 

 Also it was found that running cost is more effective parameter than the fixed cost, in the 
total cost of systems with similar capacity. 
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