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Abstract 

 

The main scope of this study provides a research insight on direct solar Hydrogen-

proton exchange membrane fuel cell concept and the description of fuel cell 

operating principles is followed by a modeling and simulation of the current fuel cell 

technology together with issues concerning Hydrogen fuel. Appropriate applications 

for current and perceived potential advances of fuel cell technology are discussed. 

 

Fuel cell modeling is helpful for fuel cell developers because it can lead to fuel cell 

design improvements, as well as, better, and more efficient fuel cells. The model 

must be robust and accurate and be able to provide solutions to fuel cell problems 

quickly. A good model should predict fuel cell performance under a wide range of 

fuel cell operating conditions. Even a modest fuel cell model will have large 

predictive power. The necessary improvements for fuel cell performance and 

operation demand better design, materials, and optimization. These issues can only 

be addressed if realistic mathematical process models are available. 

 

Fuel cells are one of the cleanest and most efficient technologies for generating 

electricity. Since there is no combustion, there are none of the pollutants commonly 

produced by boilers and furnaces. For systems designed to consume hydrogen 

directly, the only products are electricity, water and heat. Fuel cells are an important 

technology for a potentially wide variety of applications including on-site electric 

power for households and commercial buildings; supplemental or auxiliary power to 

support car, truck and aircraft systems; power for personal, mass and commercial 

transportation; and the modular addition by utilities of new power generation closely 

tailored to meet growth in power consumption. These applications will be in a large 

number of industries worldwide. 

 

The theoretical development of the proton exchange membrane fuel cell (PEMFC) is 

discussed with the areas under electro chemistry, thermal distribution, and pressure. 

The particular simulations and modeling are discussed by using modeling software. 
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Chapter 1 

Introduction 

llydrugen and Fuel cells an: set to become the latest p~)wer solution or the future. The 
interest in hydrogen and fuel cells has increased during the past decade due to the Etct that 
the use of fossil fuels Cor power has resulted in many negative consequences. Some of these 
include severe pollution. extensive mining ofthe \;\;'Orld's resources and political control and 
domination of countries that have extensive resources. A new power source is needed that 
is energy efficient. has low pollutant emissions. and has an unlimited supply of fuel. 
llydrogen and fuel cells are nov,c closer to commercialization than ever. and they have the 
ability to fulfill all of the global power needs while meeting the efficacy and environmental 
expectations. 

ln today\; energy supply system. electricity. gasoline. diesel fueL and natural gas serve as 
energy carriers. These carriers are made by the conversion of primary energy sources. such 
as L:oal. petroleum. underground methane. and nuclear energy. into an energy flmn that is 
ec1si\y transported and delivered in a usable form to industriaL commerciaL residentiaL and 
transpllrtation end users. The sustainabk energy supply system of the future features 
electricity and hydrogen as the dominant energy carriers [1]. Hydrogen would bt: produced 
!'rom a very diverse base of primary energy feed stocks using the resources and processes 
that are most economical or consciously preferred. Methods to produce hydrogen from 
natural gas are well developed and account for over 95% of all hydrogen produced and 48<Yt) 
gloha\\y[2j. It is anticipated that hydrogen from natural gas can serve as a foundation to the 
\\Orld transition to a hydrogen energy economy. 

Fuel cell technology is a new concept \vhich is still under the research and developments. In 
such a situation scientists and developers are struggling to overcome the issues vvith fud 
cells. PEM Fuel cell modeling is helpful for fuel cell developers because it can lead to fuel 
cell design improvements, as well as cheaper. better. ami more efJicient fuel cells. Electro 
chemical and thermal modeling in PEMfC is very essential for further development nf' FC 
technology. Fluid dynamic system is already modeled in previous researches.lJ ].The model 
must be robust and accurate and lx: able to provide solutions to fuel cell problems quickly. 
Electro chemical modeling can be found in previous researches for direct methanol fuel cell 
r4J. A good model should predict fuel cell performance under a wide range of fuel cell 
operating conditions. Even a modest fuel cell model will have large predictive power. A 
few important parameters to include in a fuel cell model are the cell. fuel and oxidant 
temperatures. the fuel or oxidant pressures. the cell potential. and the weight fraction of 
each reactant. The necessary improvements for fuel cell performance and operation demand 
better design. materials. and optimization. These issues can only be addressed if realistic 
mathematical process models arc available. There are many published models for PEM fuel 
cells in the literature. but it is often a daunting task for n newcomer to the field to begin 
understanding the complexity of the current models . 



l.l \loti\ ation 

Fussil fuels are limited in supply. and are located in select regions throughout the world. 
This leads to regional cont1icts and wars which threaten peace. The limited supply and large 
demand \\'ill cause the cost of fossil fuels to continue to increase. Therefore. the end of low 
cost oil is rapidly approaching. Fossil fuels are currently needed in order to sustain our 
current living conditions. However. by using them. people. plants and animals are sutlering 
!wm the side effects of these fuels. Waste products from these fuels heat the earth· s 
atmosphere and pollute the earth· s air. water and ground. This results in decreased living 
conditiuns for all species of the earth. There are both economic and environmental reasons 
for developing alkrnative energy technologies. 

A strong interest in alternative energy sources first occurred in the 1970's when crude oil 
was suddenly in short supply. Even though there still seemed to -be plenty of fossils fuels 
k11 to mine it awakened the world to the fact that the supplies are limited and eventually 
will run out. During the past decade. there has been an increased interest in environmentally 
friendly and more eflicient power production. This interest has rapidly expanded research 
in alternati\e fuels and power sources rs]. The reliance upon the combustion of fossil fuels 
has resulted in severe air pollution and extensive mining of the world"s oil resources. In 
addition to being hazardous to our ecosystem. and the health of many species. the pollution 
is also changing the atmosphere of the world. This trend is called global warming. and will 
cnntinue to become worse due to the increase in the combustion of fossil fuels t'l)r 
electricity due to the growing world population. 

The \Vorld needs a power source that has low pollutant emissions. is energy-efficient. and 
has an unlimited supply of fuel for a rising world population. Many alternative energy 
technologies have been researched and developed. These include solar. wind. hydroelectric 
power. bio energy. geothermal energy as well as many others. Solar cells use the sun to 
generate electricity. \Vind power is obtained from the kinetic energy of the wind and bio 
energy is extracted from plants. There are also renewable energies that extract gas fi·om 
biological waste and harness energy from ocean waves. Each of these alternative energy 
sources has its advantages and disadvantages and all are in varying stages of development. 

It is ad\'antageous for Pur earth and all of the species that inhabit it to be conscious of the 
energy that we are using. The Renewable Energy explores all of the basic renewable energy 
technologies such as wind. solar. electrolyzes and PEM fuel cell with a hydrogen storage 
system. This demonstrates how renewable energy can be transformed and utilized. These 
types of energy can be naturally replenished by our environment. 

Today energy is used for three purposes, electricity. heat and movement 
(transportation).Most of the world's energy comes from fossil fuels like coal, oil and 
natural gas. Other sources like nuclear power and different renewable sources also supplies 
energy. Modern world is looking f'l'r a renewable energy system due to f'l)llowing facts. 
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Figures 1.1- Illustrate wind, solar and hydroelectt·ic power. 

1. Pollution: 
The burning of fossil fuels pollutes. C02 is the most threatening emission creating the so 
called greenhouse effect causing global warming. Other emissions from fossil fuels like 
S02• NC\. CO. P AH. Benzene. HC and more. also result in local pollution causing. smog. 
acid rain and affecting human health, especially in large cities. 

2. Oil depletion: 
Oil is the most important resource, fuelling our freedom to transport ourselves easily. Oil 
therefore is very valuable for those countries that produce it, and an increasing cost for 
those not. However. oil is not an inexhaustible resource. Several countries are facing higher 
cost of imported oil thus relying more on non domestic resources. At the same time oil 
pwduction is about to peak. meaning that production will soon keep falling. To keep up the 
global progress and prosperity a change to a more sustainable and clean energy system is 
needed. A hydrogen and fuel cell holds the potential to create this future. Hydrogen is one 
of the most promising fuels in the future energy mix. There is no alternative fuel option 
a\'ailable with the same advantages. 

3. Clean: 
When produced from renewable energy sources. hydrogen is the cleanest fuel we have at 
our disposal. When used in a combustion engine, hydrogen burns to produce only water 
vapor. The heat generated in this reaction is sufficient to produce levels of nitrogenous 
emissions that can be kept extremely low. When used in a fuel cell, hydrogen combines 
with oxygen to form water vapor. This reaction takes place at lower temperatures and so the 
only waste product from hydrogen fuelled fuel cell is water vapor. It is pure H20. safe 
enough to drink! 

4. Sak: 
Hydrogen is a fuel. and like any fuel it has high energy content. Its inherent safety is neither 
much greater nor much less than that of natural gas. gasoline or LPG for example. As long 
as appropriate safety procedures are followed, as they should with any fueL hydrogen is 
indeed a safe fuel. Remember that hydrogen has been produced, transported and used in 
industry for 0\ er 1 00 years. 

.., 

.l 



~. Vlultiple Sources: 
One or hydrogen· s greatest advantages as a fuel is that there are many ways to produce it. 
u~mg both renewable and traditional energy sources. 

C1 ! .nergy Security: 
!he relevance or hydrogen to energy security is that it can offer energy independence. 
l ~1ng hydrogen in conjunction with fuel cells empowers countries to invest in a sustainable 
energy infrastructure that is matched with their energy production capabilities and 
demands. In association with distributed generation. hydrogen fuel enables individual 
h\lll1es and communities to manage their own energy supply. This reduces dependence on 
energy infrastructures such as large-scale power stations. national grids. and long distance 
pipelines. This large scale infrastructure can be costly to secure. and expensive to maintain. 

7. 1-:Jn ironmcntal: 
The long term environmental benefits of using hydrogen as a fuel are enormous. Hydrogen 
fuel produces few pollutants when burnt. and none at all when used in a fuel cell. Hydrogen 
is a carbon free fuel. and when produced using renewable energy. the whole energy system 
can become carbon neutral. or even carbon free So. hydrogen fuel can contribute to 
reducing Green House Gas emissions and can reduce the production of many toxic 
pollutants. 

H. Economic: 
Hydrogen has been produced and used by industry for over a hundred years. The 
technology required to deploy wide scale availability of hydrogen fuel is available today. 
Tlw speed to vvhich these technologies are deployed will depend on the availability or 
\ehicles that use hydrogen fuel. These vehicles are presently only produced in small 
numbers and as a result are inherently costly to manufacture. To aid with the transition to 
hydrogen and fuel cell vehicles. these technologies need to be able to integrate and compete 
\\ith existing technologies which have had the benefit of many years of mass manufacturing 
and distribution. 

1.2 Scope of the Fuel cell concept 

The main scope in this provides a research on Hydrogen and proton exchange membrane 
fuel cell concept. A description of fuel cell operating principles is followed by a Modeling 
and Simulation of the current fuel cell technology together with issues concerning 
Hydrogen fueL Appropriate applications for current and perceived potential advances of 
fuel cell technology are discussed. Current energy technologies in world. include fossil 
fuels such as coal. oiL gas. as well as the heat engine and batteries. Coal. oil and gas are 
foreseen to be in short supply in the near future. as the world population grows rapidly and 
the amount of fuel used increases. Some of the disadvantages of fossil fuels include: The 
major concept of this research to introduce renewable and sustainable energy solution to 
fulfill the following difficulties which arise from the fossil and rest fuels. 

I. 'ioil-rencwablc: 
Fossil fuels are non-renewable resources that take millions of years to form. Therefore. 
once the reserves are depleted. there is no way to obtain more. 

2. Pollution: 
Carbon dioxide is emitted by fossils fuels which are the main contributor to the greenhouse 
effect. Coal gives off both carbon dioxide and sulphur dioxide and sulphur trioxide. which 
creates acid rain. The acid rain can lead to the destruction of forests. and the erosion of rock 
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and masonry structures. Crude oil has toxic chemicals that cause air pollution when 
com busted. 

j_ Destruction of land: 
The mining of coal results in the destruction of land. 

·l Dangerous: 
The mining of coal is considered one of the most dangerous jobs in the world. 

:'.Plant !t'Gttion: 
In order to burn enough fossil fuels to provide energy for the grid, trainloads of fuel are 
needed on a regular basis. Therefore. this means that the plants should be near fossil fuel 
rcsen·cs. 

(J Oil spills: 
Oil spills occur. and cause pollution and environmental hazards. They result in catastrophic 
effects on marine life for many years. 

7. Politics: 
Many of the countries that have oil reserves are politically unstable. Nations that do not 
have reserves and have oil dependence may seek to influence politics of those countries for 
their own advantage. 

1.3 World's energy demand 
The use of fossil fuels increased rapidly during the twentieth century. and has quadrupled 
since the 1970s. The global population consumes petroleum products at a rate 1 00.000 
times greater than the rate that they are formed r2. 5]. China is currently the third largest 
consumer of oiL however. if a Chinese citizen consumed oil at the same rate as an 
American citizen .China would need 90 million barrels of oil per day to sustain its needs 
r21. According to [5]. the typical amount of oil produced in one day is about 80 million 
harrels. 

Energy Consumption ( Quac!ri Ilion BTU) 

~991) 1nl!;'' "Hltl 199!i lOOll 700!1 l(l10 ;tDl!\ 70l!O 20;15 :.'D:lO 

Yai'.lr 

Figure 1.2- Energy Consumption 

This figure shows the current and projected energy consumption from 1980-2030 [5]. 
International energy consumption is estimated to increase by 2.0 percent per year from 
2003 to 2030. Total worldwide energy use grows from 421 quadrillion British thermal units 
(BTU) in 2003 to 563 quadrillion BTU in 2015 and 722 quadrillion BTU in 2030. 
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Figure 1 .3- Primary energy demand by region.(% AAGR is for 1980-2030) 

Th( 111ust rapid growth in energy demand f1·01n 2003 to 2030 is projected fLJr Asia. 
(including China and India), Central and South America, Africa. the Middle East and 
Eurasia J6J.The energy requirements for these nations are increasing by 5.0 percent per year 
on merage. The energy demand by region is shown in Figure 1 .3.In every country. there are 
gruup~ that support f()ssil fuel taxes in order to reduce the consumption of fossil fuels. 
There arc also groups that are advocates of alternative energy technologies. Many experts 
are encouraging the reduction of fossil fuel use for industrialized countries. and are 
pwml1ting the building of their infrastructure to adopt sustainable. renewable sources of 
power. Approximately 43% of the global population use oil as their primary means of 
obtaining energy. Natural gas follows with 15%. waste and combustible rene\vable account 
for 13%. coal has 8%. and alternative sources of energy (including geothermaL hydro and 
solar) the remaining 3% as illustrated in Figure 1.4. 

Coal '1i1l Natural Gas Hyclro Power ~Nuclear Oil 

% 

14 ,_:8;;,., 

Coal Natural Gas Rencwables Nuclcur Liquids 

Figure 1.4- World electricity generation by fuel 

Dming the I Rth and I 9th century. coal was the primary fuel used during the Industrial 
Re\ l)lution. After automobiles and household electricity became popular, oil became the 
primary fuel during the twentieth century. However, during the last few years. coal has 
become the fastest growing fossil fuel due to the increased consumption of fossil fuels in 
China. Although the renewable forms of energy currently have a small percentage of the 
total energy consumption. they have the highest average annual growth rate (AAGR) 
compared with all other energy forms as shown in Figure 1-5. 
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Figure 1.5- Percent average annual growth rate (%AAGR) 

1 A Vision of Hydrogen Clean Energy Economy Based on Renewable in Combination 

Most of the current energy needs in the world are being met by fossil fuels. These fuels arc 
easily obtained. stored. and transported because of the large amount of money that has been 
used t(l create. build. and maintain the system. Due to the current fuel distribution system. 
technology has advanced at a faster pace during the last two centuries than in all of 
rewrded history. Despite all the advantages fossil fuels have provided for our society. it has 
alsu had negative ctlects on the environment some of which likely has yet to be seen. 
S()me of these harmful effects include air pollution due to acid rain emissions. water and 
soil pollution due to spills and leaks. and carbon dioxide accumulation in the atmosphere. 
These pollutants have the potential to warm the global atmosphere and kill many species. 

In addition to the negative environmental consequences of using these fuels. there is a finite 
supply of fossil fuels that will inevitably force the use of another form of energy. The 
demand for energy will also continuously increase due to the constant increase of the global 
population. The future energy economy will consist of many renewable energy 
technologies used in combination. As far as fuels are concerned, hydrogen is one of the 
most powerful fuels. This is the most evident with NASA space ships. The primary fuel that 
is used is hydrogen. Hydrogen is the most abundant element in the universe; however. it 
does not exist in its pure form on earth. Therefore, it has to be extracted from common fuel 
types or water. The process that is used most frequently for extracting hydrogen is by steam 
reforming natural gas. It can also he extracted from coal, nuclear pmver. hio fuels or even 
\\ astc pmclucts. 

llydrogcn can also be produced without fossil fuels through the process of electrolysis. 
Renewable forms of energy such as photovoltaic cells, wind. hydro and geothermal are 
increasingly being used to produce electricity. This electricity can be used for electrolysis. 
\\hich splits water into hydrogen and oxygen. The hydrogen can be used, or stored to 
generate electricity. 

In order to successfully have a society based upon renewable energy, there has to be a \Yay 
to store energy because renewable energy is intermittent. Solar and wind energy are both 
excellent methods of obtaining energy from natural resources. however, the levels ol' 
sunshine, and the intensity of wind varies. When these sources are not available electricity 
cannot be generated. When a large amount of energy is being produced. hydrogen can be 
created from water. The hydrogen can then be stored for later use. Fuel cells have already 
been used for decades for stationary use for business and residential use. Portable 
electronics such as laptops. cameras and cellular phones can last 10 to 20 times longer by 
using hydrogen. All of the major automakers have already invested heavily in hydrogen 
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luel cell technology vehicles. Although the cost of renewable energy systems is still very 
htgh. technological breakthroughs and larger quantities produced are dramatically reducing 
C<lsts even· vear. 

1.5 What is hydrogen fuel 

1-h drogen was discovered in 1766 by the English chemist and physicist H. Cavendish. 
II: drugen is the first element in the periodic table. consisting of one proton and one 
clcctrnn making it the smallest and lightest of all elements. Hydrogen reacts \Vith many 
dt!Tcrcnt materials and is one of the most abundant elements in the universe. 90% of the 
atllms in the known universe are hydrogen. Hydrogen therefore can be produced from a 
'arious types of sources. The most important source is water. which can be split into 
hydrogen and oxygen by electrolysis. These can be combined again in a fuel celL creating 
puwcr. heat and water as the only emission. 

llydrogen is the simplest and most common element in the universe [ 4]. It is a colorless. 
odorless. and tasteless gas that has the highest energy content per unit of weight of any 
known fuel. Hydrogen is very chemically active and rarely stands alone as an element. It 
usually exists in combination with other elements. such as oxygen in water. carbon in 
methane. and in trace elements as organic compounds. Hydrogen therefore must be broken 
hom its bonds with other elements in order to be used as a fuel. There are numerous 
processes that can be used to break these bonds. 

1.6 Physical and Chemical properties of hydrogen 

Table 1.1- Hydrogen Density 
-

[Gas (m3) Liquid (litre) Weight (kg) 

f b.s56 
1.163 0,0898 
1 0.0709 

[12.126 D4,lo4 1 

Table 1.2-1-fydrogen Properties (nm3 at 981 mbar and 15 degrees Celsius) 
Data Value 

--

, Density 
1---------

0.08988 kg/nm3 
1 Upper heating value 12,745 MJ/nm3 

L..i::9''·er heating value 10,783 MJ/nm3 
· !onition enen2-y 0,02 MJ I:' ~ 

!Ignition temperature 520 degrees Celsius 
Lllwer ignition level (gas concentration in air) 4,1 Vol.% 

---------1 

Upper ignition level (gas concentration in air~ 72.5 Vol.% 
Flame rate ---------'------ 2.7 m/s ___ _ --------------------" 

Table 1.3- Hydrogen density compared to other fuels 
' Hydrogen Gasoline Diesel Natural gas Methanol 
1 Density (kg/L) 0,0000898 0,702 0.855 0.00071 0.799 

1 

Density (kg/m3 0.0898 702 855 0.71 799 

~gy density (M.J/kg) 120 42.7 41,9 50.4 19.9 
:Energy density (M.T/L) 0.01006 31.2 36,5 00,036 15.9 

- -------
• Energy de~1sity (MJ/m3) 10.783 31200 36500 36,1 18000 ------
1 Energy density (kWh/kg) '"!'"! '"! 11,86 11.64 14 5.53 .).),.) 

, Energy density (kWh/m3) 2,79 8666.67 10138.88 10.02 4420 
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1.7 How is hydrogen produced 

One of the benefits of hydrogen fuel is that it can be produced from a diverse array of 
potential feed stocks. including water, fossil fuels and organic matter. Described below are 
the most common and best understood hydrogen production pathways. Each of these 
pathways has its own pros and cons that should be considered in terms of cost. emissions. 
feasibility. scale, and logistics. 

Crude Oil Reformer .---
II !Ill 

Coal Reformer I !!I 

Natural II !Ill Reformer om 
,Nticl~ar. /.>.;,; II~ Po":e~.Pl~nt .Ji,¥~ IB ..... H 
Solar IS~ Generator 1111 y 

Hydro Generator IS 
..., d 

ID~ IIIII Electro r 
Wind 

ID~ Generator lyte ID 0 

Wave 
10~ Generator 1111 ..... g 

10 ...,.. e 
Geothermal II Power plant n 

IIIII 10 .... ..... 
Wood Reformer 

~ II !Ill !\II- am 
Org-\\astc l{cformcr 

Biomass Reformer 
lEI ~~ 

II !Ill 

Figure 1.6- Hydrogen Production Pathways 

1.7.1 Reformation of Natural Gas 
In this process, natural gas (for example methane. propane, or ethane) is combined V·:ith 
high temperature steam (700-1000°C) where it reacts in presence of a catalyst, thereby 
breaking the bonds of the natural gas and creating hydrogen, carbon monoxide, and carbon 
dioxide. Steam reformation of natural gas is currently the most common method of bulk 
hydrogen production. It is also one of the best understood and least expensive methods. 
Steam reformation currently accounts for approximately 80% of global hydrogen 
production. This method of hydrogen production is dependent on a potentially limited and 
\Oiatile natural gas supply. The process results in moderate emissions of C02. 

1.7.2 Biomass Gasification 
In this process. biomass such as forestry byproducts. straw, municipal solid waste or 
sewage is heated at high temperatures in a reactor where the bonds in the molecules 
forming the biomass are broken. This creates gas consisting mainly of hydrogen, carbon 
monoxide, and methane (CH4). Using the same steam reformation process described abov~. 
the methane is converted into hydrogen and carbon dioxide. Carbon dioxide emissions 
from biomass gasification do not to contribute to a net increase in greenhouse gas emissions 
.Biomass gasification is currently one of the most advanced and least expensive methods of 
producing hydrogen from renewable resources. 

1.7.3 Coal Gasification 
The basic process of coal gasification begins with converting the coal into a gaseous state 
by heating the coal in a reactor at very high temperatures. The gaseous coal is then treated 
with steam and oxygen and the result is the formation of hydrogen gas. carbon monoxide. 
and carbon dioxide. Coal gasification is the oldest method of hydrogen production. This 
method of production becomes economically viable if C02 is sequestered and used to 
recover methane trapped in un-minable coal beds. It is almost t\vicc as expensive to 

9 



p1(\duce hydrogen ti·om coal as ti"om natural gas due to the ratio of hydrogen to carbon. 
1\hich in natural gas is 4:1 and in carbon is 0.8: 1. 

1.7.-t Carbon Black & Hydrogen Process 
The unly inputs in the CB&H process are electric power and hydrocarbons. In the CB&H 
pwccss carbon based raw materials ranging from natural gas to heavy oils are heated in a 
high temperature reactor. A plasma burner, utilizing recycled hydrogen from the process. 
splits the hydrocarbons. The products then go through a cooling and filtering system to 
separate the carbon black from the hydrogen. The first commercial CB&H plant went 
online in l999.No emissions result from this process; one hundred percent of the raw 
materials are used, and two valuable products, carbon black and hydrogen. are produced. 
CB&Il replaces the traditional process for producing carbon black, (used primarily in tire 
production) which is extremely polluting. 

1.7.5 Electrolysis of Water 
Electrolysis of water involves passing an electric current though water. thereby splitting the 
\\ater molecules into their basic elements of hydrogen and oxygen. Hydrogen gas rises 
ti·um the negative cathode and oxygen gas colleC'ts at the positive anode. After steam 
reformation of natural gas. this is the most common method of hydrogen production and is 
\cry well understood. Hydrogen produced using electrolysis has the potential to be 
completely emissions free if the electricity used is generated from clean. renewable sources 
such as wind and solar as shown in figure 1.6 . Large amounts of electricity are required 
during electrolysis, making it one of the most energy intensive methods of hydrogen 
production. If the electricity used during electrolysis is generated from dirty sources, such 
as cual. oil. or even natural gas. the greenhouse gas emissions will be comparatively high. 

Solar 2oll 

r 
\Nn"ci 

:~;~~~£~ 
~zs:? 

t·:11cro hydnJ 

(,'-

O<ygan ~'~'~' ll 
'\ ~> H,, ,'J \/ 
t _>'J;-7 .Stor~ .1·<\·. ~ p;Y:.- '--·~~~ ""~- 0;-.yr;er~ 

1]
'"-1 1',-'-1-1 Ft<nl - <""'""' M7 c,., -

\.VRtAr \.'VMfHr 

Figure 1.7- Electrical power from renewable energy sources. 

1.8 PEM Based Electrolyzes 

The polymer electrolyte membrane (PEM)based electrolyzer is very popular, and many 
modern electrolyzers are built with PEM technology. The PEM electrolyzer uses the same 
type of electrolyte that is used for a PEM fuel cell [9]. The electrolyte is a thin, solid ion­
conducting membrane is used instead of the aqueous solution. These electrolyzers usc a 
bipolar design. and can be made to operate at high differential pressures across the 
membrane. The reactions are as follows: The basic structure of a PEM-basecl electrolyzer is 
shown in Figure 1.8. 

Anode: 
Cathode: 

4Ir + 4c--. 2II2 
2H20-. 02 + 4H+ + 4e-

(I. I ) 
( 1.2) 
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0\ crall: 2H20 (I)+ 4H' + 4e- -42H2 02 + 4H' + 4e-
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Figure l.H- A simplitied diagram ofthc PEM clcctrolyzcr 

1.') History of Fuel cell 

( 1.3) 

t-L 

H 

eo 

Whereas the 19th Century was the century of the steam engine and the 20th Century was 
the century of the internal combustion engine. it is likely that the 21st Century will be the 
century of the fuel cell. Full cells are now on the verge of being introduced commercially. 
re\()lutionizing the way we presently produce power. Fuel cells can use hydrogen as a fueL 
oflering the prospect of supplying the world with clean. sustainable electrical power. 

The first demonstration of a fuel cell was by William Grove in 1839[9]. Real developments 
in fuel cells first happened for space applications in the 1960'es. Since the 80"es and until 
no\\ much development in fuel cells has been focused on use for transportation. combined 
heat and po\ver production and power supply in portable products. Fuel cells convert the 
chemical energy in a fuel, mostly hydrogen. into electricity and heat without any noise and 
mechanical movement. The only emission of the reaction in the fuel cell is pure water. A 
fuel cell is like a battery with the only difference that it will continue to provide power as 
long a fuel is pwvided. 

/-----1~1--i~--- ----\ 

\l~ ~2( 
\ 

.--------{A)-~------/ ~- '\ 

( 02 H2 \ 

,\ n n l 
I \ 

~ 
I 
! 
/ 
! 
\ 
_) 

Figure 1.9- The principle of an elcctrolyzer. shown left; of a fuel ceiL shown right. 

ll 



-

Sir William ()rove ( !Sll-96). a British lawyer and amateur scientist developed the llrst fuel 
cell Ill 1839. The principle was discovered by accident during an electrolysis experiment. 
\\hen Sir William disconnected the battery from the electrolyzer and connected the two 
t:lectrudes together. he observed a current flowing in the opposite direction. consuming the 
gases (1!" hydrogen and oxygen. He called this device a 'gas battery·. His gas battery 
cunsisted of platinum electrodes placed in test tubes of hydrogen and oxygen. immersed in 
a bath of dilute sulphuric acid. It generated voltages of about one volt. In 1842 Grove 
cc)nnected a number of gas batteries together in series to form a ·gas chain'. I-le used the 
d.:ctricity produced from the gas chain to power an electrolyzer. splitting \Vater into 
hydrogen and oxygen. Hmvever. due to problems of corrosion of the electrodes and 
instability of the materials. Grove's fuel cell was not practical. As a result there \Vas little 
rc-,carch and rurther development of fuel cells for many years to follow. 

Table 1.4- History of Fuel cell Development 
W.Nicholson ansA. Carlisle described the process of using electricity to l 

1 break water 1800 I 

I 
!--~ 83~--r William Grove fuel cell demonstration 

' I 
~----------------1----
i i Separate terms:L Monel and C. Wright and C. Thompson/experiments 

1889 I L.Cailleteon and L.Colardeau performed various fuel cell 

~~~T(l~;;ld des.:;:;h~d •olcs of liocl cell compoo>coHs 

~-~96--~W.Jaccques constructed a carbon battery 

---------------~------

! Early 1900 I E. Baur and Students conducted experiments on high temperature devices 

--------~----------1 

I 

~-
1960 

T. Grubb and L. Niedrach invented PEMFC technology at GE --- i 

~- - ------- . ----- --------------- ~ 

: 199o- 1 i 
L_pres~Q!~rldwide extensive fuel cell research on all fuel ceJ.!Jr£~ __________ j 

l.Hl Hydrogen-fueled PEM Fuel Cell Applications 

There are many PEM fuel cell manufacturers at varying stages of development and 
commercialization of their products. At least five of these manufacturers appear to be 
targeting the backup power markets. Recently. some of these manufacturers have tested 
their products in field applications. yet; few are testing in the federal sector. which is the 
focus of this reviev .. ·. Fuel cells can be configured to provide power completely independent 
of the grid. use the grid as backup power or provide backup power to a grid connected 
system should the grid f~1il. The latter is the typical configuration for backup pov;er. Several 
federal sites are involved with testing the ability of PEM fuel cell systems to keep critical 
loads operational during power outages. Primarily, the applications are stationary and often 
the sites already employ a backup power technology that they are considering replacing or 
supplementing the existing backup power source with another technology to extend the 
periods 0 r runtime. 
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1.1 0.1 Transportation 

!.Car~ 

lhL· California Low Emission Vehicle Program. administered by the California Air 
Rc~\1urccs Board (CARB). has been a large incentive for automobile manuf~1cturers to 
actin~ly pursue fuel cell development. This program requires that beginning in 2003. ten 
percent of passenger cars delivered for sale in California from medium or large sized 
manufacturers must be Zero Emission Vehicles. called ZEVs. Automobiles powered by fuel 
celb meet these requirements, as the only output of a hydrogen fuel cell is pure water. The 
l\FC.\R 5 (Figure 1.10) is the latest prototype fuel cell automobile hy DaimlerChrysler. 

Figure 1.10- 1\vo prototype automobiles powered by fuel cells, the NECAR 5 and JEEP 

2. S~:ootcrs and Bicycles 
Manhattan Scientifics and German subsidiary Novars have developed a number of fuel cell 
pu\\cred bicycles and scooters. A prototype Hydrocycle™ powered by a 670W Novars 
PFt\1FC was unveiled in 2000. The same technology has also been showcased by Aprilia, 
which unveiled a version of the Hydrocycle™ at the Bologna Motor Show in December 
20()() 

Figure 1.11-Fuel cell bicycle Figure 1.12-Fuel cell air craft 

3. Arro rnvironmcnt 
Aero environment will use regenerative PEMFCs to provide night-time power for its solar­
pO\\ered NASA-funded Helios long duration aircraft. pictured above (Fig 1.12). 
Photo\oltaic panels will power electric motors and electrolyze water during the day. and at 
night the fuel cell will power the motors by converting the hydrogen and oxygen back into 
water. Test t1ights of a fuel cell Helios are planned for 2003 . 

.t. Spaci: 
The first fuel cells in space were 1 k W solid polymer (PEMFC) type units manufactured by 
General Electric. which were used in eight NASA Gemini missions from 1965. UTC Fuel 
Cells (a di\ision of United Technologies Corporation) has developed and manufactured 
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alk,t till' fuel cells for NASA since the 1960s. These have been used in the Apollo. Apollo­
SL'\ :11.. Skylab and Space Shuttle programs. 

I i):'urc 1.13- Assembly of alkaline fuel cells 
for .\polio spacccratl 19()4 

5. !\Iarin(' 

Figure 1.14 -Fuel cell Boat 

1-!a\ cBlue (USA) is developing hydrogen based power and propulsion systems for ocean 
going yachts. These will extract hydrogen from water using renewable power technologies. 
which can then be fed to a fuel cell or other suitable power plant to power an electric motor 
or ~upply onboard energy needs. 

6. l\lining 
At present most mining vehicles use diesel engines. Fuel cells have several advantages 
O\ n diesel power in mining applications. including lower emissions (which simplify 
\'ent!lation requirements in a mine) and lower noise levels. Fuel cell Propulsion Institute 
(FCPI) has developed the world's first fuel cell powered locomotive. a mining and 
tunneling haulage vehicle, pictured below. Powered a by 17kW Nuvera Fuel Cells PEMFC 
unit fuelled by hydrogen stored. 

fu '\*''" ~ ,_'@::" 

Figure 1.15- Fuel cell powered mining vehicle 

7. Railways 
Railway Technical Research Institute. which is now involved in a Japanese government 
funded project to develop alternatives to on-board railway diesel engines. In 2002 this 
project \\as supplied four Hydrogen Power 7k W PEM fuel cell systems. for integration into 
prototype rail'vvay power applications. 
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l.l 11.2 l 'ndcnnltcl' Applications 

i ilL first fuel cell system to be used underwater was developed by Allis-Chalmers in 1964 
ll •J testing by the Electric Boat Corp. This self-contained system was fuelled by hydrazine­
U\~gen. It supplied 1.5kWe at sea water pressure. Fuel Cell Technologies Ltd has 
dn elured and successfully deployed a number of Autonomous Undenvater Vehicles 
(.\1 ·vs) powered by hydrogen fuel cell systems. which provide power for much longer than 
battery systems. 

1.1 0.3 Distributed power generation 

Distributed or '"decentralized" power plants. contrasted with centralized power plants, are 
plants located close to the consumer, with the capability of Rroviding both heat and 
electrical power ( a combination known as ··cogeneration"). Heat. the by-product of 
electrical power generation. is transferred from the fuel cell to a heat exchanger. The 
O\crall efficiency of a cogeneration system can be in excess of 80 percent. comparatively 
high compared to a system producing electricity alone. Using fuel cell power plants 
oh\ iates the need for an electrical grid. This unit, produced by Ballard Power provides 250 
killl\\atts heat and electricity which is enough power for an industry, a school or a 
comnnmity of up to 50 homes (Photo courtesy of Ballard Pmver). 

Figure 1.16- A fuel-cell distributed power plant. 

1.10.4 Residential Power 

fuel cell pO\vcr plants arc also being developed by several manuf~1cturcrs to pro\'ide 
electricity and heat to single family homes. Fuelled by either natural gas or propane. these 
plants \\ill be able to supply base load power or all of the electricity required by a modern 
day home. Ballard Power has developed a one kilowatt fuel cell designed to supply both 
base load electrical power as well as heat to a dwelling. The electrical efficiency of this fuel 
cell system is rated at 42% and the heat efficiency is rated at 43%. Therefore the combined 
cogeneration efficiency of the system can be as high as 85(Yt>. 
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Figure 1.17- !\ fuel-cell power plant 
I(H re:-,idcntial applications 

1.10.5 Portable Power 

Figure 1.18 Fuel cell portable applications 

Sneral manufacturers are also developing fuel cell power supplies for portable 
applications. providing a few watts up to several kilowatts of electricity (Fig.5.9). Fuelled 
by stored natural gas. propane. methanol or hydrogen gas. portable fuel cells may one day 
replace both gasoline and diesel engine generators for portable applications as well as 
com·entional batteries for uses such as remote lighting. laptop computers and mobile 
phones. 
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Chapter 2 

Regenerative Fuel Cell Systems Explained 

2.1 Introduction to PEMFC 

In the early 1960s. ()eneral Electric (GE) also made a significant breakthrough in fuel cell 
technology. Through the work of Thomas Grubb and Leonard Niedrach, they invented and 
dC\eluped the first polymer electrolyte membrane (PEM) fuel cell. It was initially 
c.k\ eloped under a program with the US Navy's Bureau of Ships and U.S. Army Signal 
Corps to supply portable power for personnel in the field. Attracted by the possibility of 
usmg C1E 's PEM fuel cell on the Apollo missions. NASA tested its potential to provide 
au\iliary power onboard its Gemini spacecraft. 

I he licmini space program consisted of 12 flights in preparation for the Apollo missions to 
the moon. For lunar t1ights. a longer power source was required than could be provided by 
batteries. which had been used on previous space flights. Unfortunately. the GE fuel cell. 
model PR2. encountered technical difficulties prior to launch. including the leakage of 
oxygen through the membrane[9]. As a result the Gemini missions I to 4 flew on batteries 
instead. The GE fuel cell was redesigned and a new model, the P3. successfully operated on 
the Gemini flights 6 to 12. The Gemini fuel cell power plant consisted of two fuel cell 
battery. GE redesigned their PEM celL and the new model P3. despite malfunctions and 
poor performance on Gemini 5, served adequately for the remaining Gemini flights. Project 
Apollo mission planners: however. chose to use alkali fuel cells for both the command and 
lunar modules. as did designers of the Space Shuttle a decade later. 

CiF Clmtinucd working on PEM cells and in the micl-1970s developed PEM water 
electrolysis technology for undersea life support, leading to the US Navy Oxygen 
Generating Plant. The British Royal Navy adopted this technology in early 1980s for their 
submarine 11eet. Other groups also began looking at PEM cells. In the late 1980s and early 
1990s, Los Alamos National Lab and Texas A&M University experimented with ways to 
reduce the amount of platinum required for PEM cells. Recently PEM developers added the 
\\eatherproofing material Gore-Tex to their cells to strengthen the electrolyte. 

......... 

Polymer electrolyte membrane (PEM) fuel cells are the most popular type of fuel cell. and 
traditionally use hydrogen as the fuel. PEM fuel cells also have many other fuel options. 
\\hich range from hydrogen to ethanol to biomass-derived materials. These fuels can either 
be directly fed into the fuel cell, or sent to a reformer to extract pure hydrogen. which is 
then directly fed to the fuel cell. Proton exchange membrane (PEM) fuel cells work with a 
polymer electrolyte in the form of a thin. permeable sheet. This membrane is small and 
light. and it works at low temperatures (about 80 degrees C. or about 175 degrees F). Other 
electrolytes require temperatures as high as 1.000 degrees C. To speed the reaction a 
platinum catalyst is used on both sides of the membrane. I-lydrogen atoms are stripped uf 
their electrons. or "ionized." at the anode. and the positively charged protons diffuse 
through one side of the porous membrane and migrate toward the cathode. 
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The electrons pass from the anode to the cathode through an exterior circuit and provide 
electric power along the way. At the cathode, the electrons, hydrogen protons and oxygen 
from the air combine to form water. For this fuel cell to work, the proton exchange 
membrane electrolyte must allow hydrogen protons to pass through but prohibit the passage 
of electrons and heavier gases. 

Ef!iciency Cor a PEM cell reaches about 40 to 50 percent. An external reformer is required 
to COI1\'ert fuels such as methanol or gasoline to hydrogen. Currently, demonstration units 
of 50 kilowatt (kw) capacity are operating and units producing up to 250kw are under 
de\elopment. Proton exchange membrane fuel cells, also known as polymer electrolyte 
membrane fuel cells (PEMFC), are a type of fuel cell being developed for transport 
applications as well as for stationary and portable applications. Their distinguishing 
features include lower temperature and pressure ranges and a special polymer electrolyte 
membrane.The newly formed protons permeate through the polymer electrolyte membrane 
to the cathode side. The electrons travel along an external load circuit to the cathode side of 
the MEA, thus creating the current output of the fuel cell. Meanwhile, a stream of oxygen is 
deliwred to the cathode side of the MEA. At the cathode side oxygen molecules react with 
the protons permeating through the polymer electrolyte membrane and the electrons 
arri\'ing through the external circuit to form water molecules. 

Fuel cells will be an integral part of the future hydrogen economy. Fuel cells have the 
ability to fulfill all of our global power needs while being highly efficient and a low 
polluting technology. There are six main types of fuel cells. The type most commonly used 
for transportation and portable applications is the polymer electrolyte membrane (PEM) 
fuel cell. 
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Figure 2.2- Fuel Cell Structural reactions 

PL\1 fuel cells predominantly use hydrogen as the fueL but also have the ability to use 
other types of fuel as well including ethanol and biomass derived materials. PEM fuel cells 
operate at temperatures between 20° and 80 °C, which enable a startup time comparable to 
the internal combustion engine. PEM fuel cells are able to obtain net power densities of 
O\'er 1 k W /liter, which makes them competitive with the internal combustion engine for 
transportation applications. There are numerous advantages and challenges for PEM fuel 
cells. 

2.2 Types of Fuel Cells 

~!any types of fuel cells are currently being researched. The six primary types of fuel cells 
are differentiated from one another on the basis of the electrolytes and/or fuel used with that 
particular type of fuel cell. The operating temperature and size of fuel cells are often the 
determining factor is which fuel cell will be used for specific applications. Fuel cell types 
include the following. 

2.2.1 Polymer Exchange Membrane Fuel Cell (PEMFC) 
The polymer electrolyte membrane (also called proton exchange membrane or PEM) fuel 
cell delivers high-power density while providing low weight, cost, and volume. A PEM fuel 
cell consists of a negatively charged electrode (anode), a positively charged electrode 
(cathode). and an electrolyte membrane. Hydrogen is used on the anode side, and oxygen is 
utilized on the cathode. Protons are transported from the anode to the cathode through the 
electrolyte membrane and the electrons are carried over an external circuit load. A typical 
PEM fuel cell has the following reactions: 

Anode: 
Cathode: 
0\erall: 

I-b (g) -• 2I-r+ (aq) + 2e-
y2 0 2 (g)+ 2H+ (aq) + 2e-----> I-b.O 
f-h (g)+ 12 02 (g)----> H20 (I)+ electric energy+ waste heat 

2.2.2 Alkaline Fuel Cells (AFCs) 

( 2.1) 
(2.2) 
(2.3) 

Alkaline fuel cells (AFCs) have been used by NASA on space missions and can achieve 
power-generating efficiencies of up to 70 percent. The operating temperature of these cells 
range between !50 to 200 °C (about 300 to 400 °F). An aqueous solution of alkaline 
potassium hydroxide soaked in a matrix act as the electrolyte. Alkaline fuel cells typically 
haYe a cell output from 300 watts to 5 kW.The chemical reactions that occur in this cell are: 

Anode: 2H2 (g)+ 4(01-I)- (aq)----> 4H20 (I)+ 4e- (2.4) 
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'-

('athodc: 
(hera!!: 

02 (g) + 21 bO (I),, 4~---+ 4(01 I) · (aq) 
21-b (g) -t- Ch (g)-. 2H20 (1) 

2.2.3 Phosphoric Acid Fuel Cell (P AFC) 

(2.5) 
(2.6) 

rhe phosphoric acid fuel cell (PAFC) is one of the few commercially available fuel cells. 
Se\ era! hundred fuel cell systems have been installed all over the world. Most of the P AFC 
plants that have been built are in the 50 to 200 kW capacity range. but large plants of 1 MW 
and 5 MW have been built. The largest plant operated to date achieved II MW of grid­
quality alternating current (AC) power. PAFCs are very efficient fuel cells. generating 
electricity at more than 40 percent efficiency. Operating temperatures are in the range of 
)()() to 400 "F ( 150 to 200 °C ) . 

. \ nlldc: 

Cathode: 
<hera!!: 

H2 (g)-. 21r (aq) + 2c~ 
Y2Ch (g)+ 2H+ (aq) + 2e--+ 1-hO (1) 
l-I2 (g)+ Y202 (g)+ C02 -+H20 (I)+ C02 

2.2.4 Solid Oxide Fuel Cells (SOFCs) 

(2.7) 
(2.8) 

Sulid oxide fuel cells (SOFCs) seem promising for large, high-power applications such as 
industrial and large scale central electricity generating stations. A solid oxide system is 
usually constructed of a hard ceramic material consisting of solid zirconium oxide and a 
small amount of Ytrria, instead of a liquid electrolyte. The operating temperatures can 
reach 1.800 °F or I 000 °C. 

:\node: 
Cathode: 
Overall: 

H2 (g)+ 02~--* H20 (g)+ 2e­
Y202 (g) + 2e- --* 02-
rh (g)+ Y202 (g)--* H20 (g) 

2.2.5 Molten-Carhonate Fuel Cells (MCFCs) 

(2.9) 
(2.1 0) 

\l!olten carbonate fuel cells are another fuel cell technology that has been successfully 
demonstrated in several locations throughout the world. The high operating temperature 
uftl:rs a significant advantage because it enables a higher efficiency and the flexibility to 
use more types of fuels and inexpensive catalysts. MCFCs have high fuel-to-electricity 
efticiencies ranging from 60 to 85 percent with cogeneration. and operate at about 1.200 "F 
ur 650 °C. Overall reactions few the MCFC are: 

An~Kk: 

Cathode: 
Overall: 

Ih (g)+ C032---* H20 (g)+ C02 (g)+ 2e­
Y202 (g) + C02 (g) + 2e- - co32-
I-h (g)+ Y202 (g)+ C02 (g) -+thO (g) +C02 (g) 

2.2.6 Direct Methanol Fuel Cells (DMFCs) 

(2.11) 
(2.12) 
; !"' (-. _1) 

I he large potential market for fuel cell portable applications has generated a strong interest 
in a fuel cell that can run directly on methanol. The direct methanol fuel cell (DMFC) uses 
the same polymer electrolyte membrane as the PEM fuel cell. The fuel for the DMFC. 
ho\\Cver. is methanol instead of hydrogen. The chemical reactions for this fuel cell are as 
liJilows: 

\node: 
Cathode: 
()\crall: 

CH30H(l) +rhO(!) -+C02 + 6H+ + 6e-
6 H+ + 3/2 0 2 + 6e---* 3 H20(!) 
C'H:;OH(I) + 3/2 02 (g) --+ C02 (g)+ 2 H20(!) 

(2.14) 
(2.15) 
(2.16) 
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2.J Structun: of fuel Cell 

2.3.! Elt·ctrolytc Layer 
The electrolyte layer is the heart of a fuel cell. It enables the fuel cell to conduct ib 
dectrons properly by attracting the protons. and enabling them to travel through the layer 
''hik maintaining their proton state. The electrons travel to the external circuit to power the 
ll1ad. and the hydrogen protons travel through the electrolyte until they reach the cathode to 
combine v;ith oxygen to form water. The electrolyte must be able to conduct ions welL it 
must present a good enough barrier to not allow other reactants to enter it: it must not 
cnnduct electrons: and it has to be easy to integrate into the fuel cell stack as shown in 
iigurc 2.:1. 

2.3.2 Gas Diffusion Layer 

The gas diffusion layers (GDL) have two main functions. They must allow gases to pass 
through them. and be conductive enough to allow electrons to travel through them. These 
layers also provide a layer to bond the catalyst to, and its structure promotes the removal of 
\\atcr that may get in the way of the reaction. This layer is very thin. with a thickness of 
(J 25 -· 0.-1-0 mm. and a pore size ranging between 4- 50 microns [<J]. 

2.3.3 Catalyst Layct· 

The fuel cell reactions occur in the catalyst layer. The anode catalyst layer breaks the 
hydrogen fuel into protons and electrons, and at the cathode catalyst layer. oxygen 
combines with the protons to form water. These catalyst layers are often the thinnest layer 
in the fuel cell (5 to 30 11m), but are often the most complex because they incorporate 
~e\ era! types of gases and water and electrochemical reactions. The catalyst layers are 
usually made of a porous mixture of carbon supported platinum or platinum/ruthenium. 

2.3.4 Bipolar Plates 
nipular plates evenly distribute fuel and oxidant to the cells, and collect the current to 
)lU\\er the desired devices. In a fuel cell with a single cell, there are no bipolar plates (only 
single-sided flow field plates). Yet, in fuel cells with more than one celL there is usually at 
least nne bipolar plate (flow fields exist on both sides of the plate).Bipolar plates perform 
many roles in fuel cells. They distribute fuel and oxidant \Vithin the celL separate the 
tndi\ idual cells in the stack. collect the current carry \Vater away from each celL humidify 
gases. and keep the cells cool. Bipolar plates also have reactant flow channels on both 
sides. forming the anode and cathode compartments of the unit cells on the opposing sides 
,1!'the bipolar plate as in figure 2.4. 

tltdtolyte 
[r~,qe-~~alin(] cJa::.k~t 

Figure 2.3- The construction of anode/electrolyte/cathode assembly 
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Figure 2.4-Compacked Single cell PEMFC 

2.-t Stmcture of the Polymer Electrolyte 

lhc difrerent companies producing polymer electrolyte membranes have their own special 
tr1ck~. mostly proprietary. However, a common theme is the use of sulphonated 
!lullr(lpolymers. usually tluoroethylene. The most well known and well established of these 
h \ation (Dupont). which has been developed through several variants since the 
JlJ(J()s.This material is still the electrolyte against which others are judged, and is in a sense 
cll1 ·industry standard'. Other polymer electrolytes function in a similar way. The 
Cl111struction of the electrolyte material is as follows. The starting point is the basic. 
simplest to understand, man-made polymer- polyethylene. Its molecular structure based on 
eth\ lcne is shown in Figure 2.5 

H H 
(~- c 

~I H 

[tl,ylf,l't'e 

H H H H H H H H H H H H H I< H 
I I I I I I I I I I I I I I I 

-C-C-C-C-C-C-C-C-C-C-C-C-C-C-C-
1 I I I I I I I I I I I I I I 
H H H H H H H H H H H H H ~ H 

r>olyf:tl,v1.::ntl (01 pr;fythene) 

Figure 2.5-Structure ofpolyethylcne. 

!Ins basic polymer is modified by substituting fluorine for the hydrogen. This process is 
applied to many other compounds and is called perfluorination. The ·mer· is called 
tctr·alluoroethylcne. The modified polymer. shown in Figure 2.6. is polytetratluoroethylene. 
ur J>TFF. It is also called as Tetlon, the registered trademark of ICI. This remarkable 
material has been very important in the development of fuel cells. The strong bonds 
hctm.:en the fluorine and the carbon make it durable and resistant to chemical attack. 
Arr<lther important property is that it is strongly hydrophobic, and so it is used in fuel cell 
electrodes to drive the product water out of the electrode, and thus it prevents tlooding. It is 
u~ed in this way in phosphoric acid and alkali fuel cells. as well as in PEMFCs. (The same 
!~rupert y gi Ycs it a host of uses in outdoor clothing and footwear.) 
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Figure 2.6-Structurc of PTFE. 

llcmcver. to make an electrolyte, a further stage is needed. The basic PTFE polymer is 
·sulphonated· a side chain is added, ending with sulphonic acid HS03 . Sulphonation of 
complex molecules is a widely used technique in chemical processing. One possible side 
chain structure is shown in Figure 2.7.The details vary for different types of Nation. and 
\\ith different manufacturers ofthese membranes. 

F F F F F F F F F F F F F F F 
I I I I I I I I I I I I I I I 
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FFFFFFFOFFFFFt-F 
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F-f:>F 
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I 

O=S=O 
c) 

ll+ 

Figure 2.7-structure of a sulphonated fluoroethylene 

hum the point of view of fuel cell use, the main features of Nation and other 
tluorosulphonate ionomers are that. 
• They are chemically highly resistant 
• They are strong (mechanically). and so can be made into very thin films, down to 50~un. 
• They are acidic. 
• They can absorb large quantities of water. 
• If they are well hydrated, the H+ ions can move quite freely within the material they are 

good proton conductors. 

'Nate r colletts 
.:nound th8 duster~ 
of hydrophilic 
sulphona1e side 
chains 

Figure 2.8-The structure of Nation-type membrane materials. 
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2.5 Water Management in the PEMFC 

2.5.1 Overview of the problem 

lt \\ill be clear from the description of a proton exchange membrane. that there must be 
sufticient water content in the polymer electrolyte. The proton conductivity is directly 
proportional to the water content. However, there must not be so much water that the 
electrodes that are bonded to the electrolyte flood. blocking the pores in the electrodes or 
the gas diffusion layer. A balance is therefore needed, which takes care to achieve. 

ln the PEMFC. water forms at the cathode .In an ideal world. this water would keep the 
electrolyte at the correct level of hydration. Air would be blown over the cathode. and apart 
from supplying the necessary oxygen it would dry out any excess \Vater. Because the 
membrane electrolyte is so thin, water would diffuse from the -cathode side to the anode. 
and throughout the whole electrolyte a suitable state of hydration would be achieved 
\\ithout any special difficulty. This happy situation can sometimes be achieved, but needs a 
t'lllld engineering design to bring to pass. 

There are several complications. One is that during the operation of the cell the H+ ions 
mo\·ing from the anode to the cathode pull water molecules with them. This process is 
sometimes called electro-osmotic drag. Typically, between one and tive water molecules 
are ·dragged' for each proton(Zawodzinski et aL 1993 and Ren and Gottesfeld. 2001). This 
means that. especially at high current densities, the anode side of the electrolyte can 
become dried out even if the cathode is well hydrated. Another major problem is the drying 
effect of air at high temperatures. But it suffices to say at this stage that at temperatures of 
(1\ er approximately 60oC, the air will always dry out the electrodes faster than the water is 
produced by the 1-12/02 reaction. One common way to solve these problems is to humidify 
the air. the hydrogen. or both. before they enter the fuel cell. 

2.5.2 Airflow and water evaporation 

l \ccpt in the special case of PEM fuel cells supplied with pure oxygen, it is universally the 
practice to remove the product water using the air that flows through the cell. The air will 
also always be fed through the cell at a rate faster than that needed just to supply the 
necessary oxygen. If it were fed at exactly the 'stoichiometric· rate. then there would be 
\cry great 'concentration losses. This is because the exit air would be completely depleted 
u!' oxygen. In practice, the stoichiometry (/c) will be at least 2. In Appendix B, Section B 1.2, 
a \ ery useful equation is derived connecting the air f1ow rate, the power of a fuel cell and 
the stoichiometry (equation B-4 ). Problems arise because the drying effect of air is so non­
linear in its relationship to temperature. To understand this, we have to consider the precise 
meaning and quantitative effects of terms such as relative humidity, water content. and 
~~1turatcd \'apor pressure. 
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rc"un: 2.9- The different water movements to, within, and from the electrolyte of a PEM 
fuel cell 

When considering the effect of oxygen concentration. the partial pressures of the various 
ga~c' that make up air were given. At that point we ignored the fact that air also contains 
\\atu \apor. We did this because the amount of water vapor in air varies greatly, depending 
on the temperature. location. weather conditions, and other factors. This quantity is 
\(lilt >usly known as the humidity ratio. absolute humidity. or specific humidity and is 
de I·" ll'd ~~s. 

liUJlttllity ratio. 
w c=-m w I m a (2.17) 

Whl·rc ... m\v" is the mass of water present in the sample of the mixture and ""ma" is the 
ma~~ ,Jf dry air. The total mass of the air is mw + ma. 

J-!l,\\C\ cr. this does not give a very good idea of the drying effect or the ·feel' of the air. 
Warm air. with quite high water content, can feel very dry, and indeed have a very strong 
dr; Jll_l2 effect. When the air cannot hold any more water vapor, it is 'saturated'. Air that has 
no · ctrying effect' that will not be able to hold any more water, could reasonably be said to 
be lully humidified'. This state is achieved when Pw = Psat. where Pw is the partial 
pre~-ure of the water and Psat is the saturated vapor pressure of the water. We define the 
rcldtt\C humidity as the ratio ofthese two pressures: Relative humidity. 

(f) 0
"' Pw/ Psat (2.1 g) 
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2.6 Operating Pressure of FC 

2.(;.l ( )utlinc of the prohlcm 

\,flhlugh small PEM fuel cells are operated at normal air pressure. larger fuel cells. of 

I ilk\\ or more. are sometimes operated at higher pressures. The advantages and 

llhachantages of operating at higher pressure are complex, and the arguments are not at all 
(kar-cut. there is much to be said on both sides. The basic issues around operating at higher 
l't<·~sure are the same as fc1r other engines. such as diesel and petrol internal combustion 
ctlc:ines. only with these machines the term used is 'supercharging' or "turbo charging'. 
lndenl. the technology for achieving the higher pressures is essentially the same as the 
JlUrpnse of increasing the pressure in an engine is to increase the specitic power. to get 
m.,rc power out of the same size engine. Hopefully, the extra cost. size. and weight of the 
c,,mpressing equipment will be less than the cost, size, and wei-ght of simply getting the 
c\tra pmver by making the engine bigger. It is a fact that most diesel engines are operated 
~ll ,tbu\ e atmospheric pressure they are supercharged using a turbocharger. The hot exhaust 
~'h i'i used to drive a turbine. which drives a compressor that compresses the inlet air to the 
,·n~ine. The energy used to drive the compressor is thus essentially ·free', and the 
turbocharger units used are mass-produced. compact, and highly reliable. In this case the 
alh anlages clearly outweigh the disadvantages. However. with fuel cells the 
ach anlage/disadvantage balance is much closer. Above all, this is because there is little 
cll(T~~ in the exit gas of the PEMFC and any compressor has to be driven largely or wholly 
U'-liH2 the precious electrical power produced by the fuel cell. 

lli~h 
prcssu re 
llydrogen 

Stora~e 

Compressor 

.\ ir iutal;t' 

Prrssun· 
liq,:ulator 

Coolrr 

Anode 

Electrolyte 

-~· 
I'E\1 fuel 
cell 

Figure 2.10- Simple motor driven air compressor and PEM Ji1el cell. 

Exhansl air 
and waH•r 

\:1(101' 

lt1c simplest type of pressurized PEM fuel cell is that in which the hydrogen gas comes 
ln'm a high-pressure cylinder. Such a system is shown in Figure 2.10. Only the air has to be 
L( '111 pressed. The hydrogen gas is coming from a pressurized container. and thus its 
l'l'll1J1ression ·comes free·. The hydrogen is fed to the anode in a way called deadened: there 
~~ 1w \'Cnting or circulation ofthe gas it is just consumed by the cell. The compressor for the 
air must be driven by an electric motor, which of course uses up some of the valuable 
electricity generated by the fuel cell in a worked example; it is shown that the typical power 
L'l'nsumption will be about 20% of the fuel cell power for a 100-kW system. Other systems 
cbcribed in the literature[ 12 J report even higher proportions of compressor power 
l \:tl~umption. 

2() 



Chapter 3 

Theoretical Development of Fuel Cell 
Electro-Chemistry 

J.l 1Vlathcmatical Models in the Literature 

luel cell modeling is helpful for fuel cell developers because it can lead to fuel cell design 
improvements. as well as. better. and more efficient fuel cells. The model must be robust 
and accurate and be able to provide solutions to fuel cell problems quickly. A good model 
should predict fuel cell performance under a wide range of fuel cell operating conditions. 
I 'en a modest fuel cell model will have large predictive power. 
.\ l~w important parameters to include in a fuel cell model are the cell. fuel and oxidant 
temreratures. the fuel or oxidant pressures, the cell potential, and the weight fraction of 
each reactant[7] [8]. Some of the parameters that must be solved for in a mathematical 
model are shown in Figure 3.l.The necessary improvements for fuel cell performance and 
(1peration demand better design, materials, and optimization. These issues can only be 
addressed if realistic mathematical process models are available. There are many published 
nwdels for PEM fuel cells in the literature, but it is often a daunting task for a newcomer to 
the field to begin understanding the complexity of the current models. 

l!1c lirst column of Table 3.1 shows the number of dimensions the models have in the 
ltterature. Most models in the early 1990s were one dimensional, models in the late 1990s 
L, early ::2000s were t\vo dimensional, and more recently there have been a t~w three 
dtmensional models for certain fuel cell components. The second column specifies that the 
mmlcl can be dynamic or steady state. Most published models have steady state voltage 
characteristics and concentration profiles. The next column of Table 3.1 presents the types 
td dectrode kinetic expressions used. Simple Tafel-type expressions are often employed. 
t ertain researchers use Butler-Volmer-type expressions, and a few other models use more 
realistic. complex multi step reaction kinetics for the electrochemical reactions. The next 
ltl!umn compares the phases used for the anode and cathode structures. It is well knovm 
that there are two phases (liquid and gas) that coexist under a variety of operating 
c, 'llditions. Inside the cathode structure. water may condense and block the way for fresh 
1 l\\ ~2l~ll to reach the catalyst layer. 

,\Jl important feature of each model is the mass transport descriptions of the anode. 
c~1thode. and electrolyte. Several mass transport models are used. Simple Fick diffusion 
tlhldels and effective Fick diffusion models typically use experimentally determined 
~.:lfectiw transport coefficients instead of Fick diffusivities. and do not account for 
UiJl\ ective tlo\v contributions. Therefore. many models use Nernst-Planck mass transport 
<.'\j•ressions that combine Fick's diffusion with convective flow. The convective 11ow is 
t\ pically calculated from Darcy's law using different formulations of the hydraulic 
l'l'rmeability coefficient. Some models use Schlogl's formulations for convective 1lov>' 
i11.~tead of Darcy's law. which also accounts for electro osmotic tlO\v, and can be used for 
J!1ass transport inside the PEM.A very simple method of incorporating electro osmotic flow 
ir1 the membrane is by applying the drag coefficient model. which assumes a proportion of 
\\Cttcr and fuel flow to proton tlow. Another popular type of mass transport description is 
1i!c ivlaxm:ll-SteLm formulation for multi component mixtures. This has been used for gas-
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phase transport in many models. but this equation would be better used for liquid-vapor­
phase mass transport. Very few models use this equation for both phases. Surface diffusion 
models and models derived from irreversible thermodynamics are seldom used. Mass 
transport models that use effective transport coefficients and drag coenicients usually only 
yield a good approximation to experimental data under a limited range of operating 
conditions. 

Hydrogen Properties 

P: pre,.sure 
X_H2: mole fraction 
T _H2: tamperaluoo-
X_H:20(l)c mole ftao<:lion of liquid waw 
X_H20(v): mole fll!ICtion Olf'waler vapor 
U: velocity 
M: molar flow rote 

V: \lo!tag& 
k Current 

® electrons ~b) 

Cataly&t Loyer f:I¢<1Jolyte 
(carbon supported l..aytr 
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Gas Diffusion 
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Figure 3.1- Parameters that must be solved for in a mathematical model. 

The second to last column of Table 3.1 [8] shows that the swelling of polymer membranes is 
nwdeled through empirical or thermodynamic models for PEM fuel cells. Most models 
assume a fully hydrated PEM. In certain cases, the water uptake is described by an 
empirical correlation. and in other cases a thermodynamic model is used based upon the 
change of Gibbs free energy inside the PEM based upon water content. The last column 
notes whether the published model includes energy balances. Most models assume an 
isothermal cell operation and therefore have no energy balances included. However. 
including energy balance equations is an important parameter in fuel cell models because 
the temperature affects the catalyst reactions and water management in the fuel cell. 

1\ model is only as accurate as its assumptions allow it to be. The assumptions need to be 
\\ell understood in order to understand the model's limitations and to accurately interpret its 
results. Common assumptions used in fuel cell modeling are: 
• Ideal gas properties 
• Incompressible Jlow 
• Laminar 1low 

• Isotropic and homogeneous electrolyte. electrode, and bipolar material structures 
• A. negligible ohmic potential drop in components 
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, .~~s and energy transport is modeled from a macro perspective using volume-averaged 
· ,.:nation equations 

, ~,)nccpts presented in this chapter can be applied to all fuel cell types. regardless of the 
tr cell geometry. Even simple fuel cell models will provide tremendous insight into 
,J . ·tmining why a fuel cell system performs well or poorly. 
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3.1.1 Creating Mathematical Models 
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T::: !)asic steps used for creating a mathematical model are the same regardless of the 
~~ ,L·m being modeled[8]. The details vary somewhat from method to method, but an 
Uhl:rstanding of the common steps, combined with the required method. provides a 
1!-:t·Jte\\Ork in which the results from almost any method can be interpreted and understood. 
Ill.· hasic steps of the model-building process are: 

I. \!,,del selection 
.-, \ J,1del fitting 
' \l,lLkl validation 

Tlil·'e three basic steps are used iteratively until an appropriate model for the data has been 
de\ c·loped. In the model selection step. plots of the data, process knowledge. and 
as--umptions about the process are used to determine the form of the model to be fit to the 
d~ti.l Then. using the selected model and data, an appropriate model-fitting method is used 
lll L''timate the unknown parameters in the model. When the parameter estimates have been 
m,tLk. the model is then carefully assessed to see if the underlying assumptions of the 
aJul\'iiS appear reasonable. lfthe assumptions seem valid, the model can be used to answer 
tiL· ,eientific or engineering questions that initiated the modeling effort. If the model 
\ al1dation identities problems with the current model, however, then the modeling process 
is rc:peated using information from the model validation step to select and/or tit an 
impn l\ ed model. 
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-~·! .2Variation on the Basic Steps 

1 ·1e three basic steps of process modeling assume that the data have already been collected 
,,J d that the same data set can be used to fit all of the candidate models. Although this is 
· •lle!J the case in model-building situations, one variation on the basic model-building 
'llJUencc comes up when additional data are needed to fit a newly hypothesized model 
hdc.cd on a model fit to the initial data. In this case. two additional steps experimental 
,!l-,ign and data collection can be added to the basic sequence between model selection and 
''1. llkl-fitting. Figure 3.2[81 shows the basic model-fitting sequence with the integration of 
• :L· related data collection steps into the model-building process . 
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Figure 3.2- Model-building sequence 

t '·r1sidering the model selection and fitting before collecting the initial data is also a good 
t.L' 1. Without data in hand. a hypothesis about what the data will look like is needed in 
, '' k'r to guess what the initial model should be. Hypothesizing the outcome of an 
c'\Periment is not always possible, but efforts made in the earliest stages of a project often 
111.1\lmize the efficiency of the whole model-building process and result in the best possible 
:n. 'dcls for the process. The remainder of this research is devoted to the background theory 
ctrLI modeling of the fuel cell layers to help one to better understand the fuel cell system. 
~u~cl tu create an accurate overall fuel cell model. 
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.i.2 Fuel Cell Electrochemistry 

·.2.1 Introduction 

111:-. section covers the electrochemistry needed in order to predict or model basic electrode 
1 'nctics. activation over potential, currents, and potentials in a fuel cell. It is essential to 
' 11dcrstand the underlying reaction process occurring at the anode and cathode when 
, 'ddci ing fuel cells. The electrochemical reactions control the rate of power generation. and 
. ~..: the cause of activation voltage losses. A lot of progress has been made in the area of 
, ic..:trode kinetics. but there is still a lot of work that needs to be developed in order to fully 
: IH.Ierstand the actual complex anode and cathode kinetics . 

. •.2.2 Basic Electro kinetic Concepts 
\ I electrochemical processes involve the transfer of electrons between an electrode and a 

, 'IL'lllical species with a change in Gibbs free energy. Electrochemical reaction occurs at the 
'll:rl~tcc between the electrode and the electrolyte. as shO\vn in Figure 3.3 

G--) ot.'ldtct~ (;) 

J:!yd!'C•Il•• 

('a:a.l~r~>t Laye1 l:ltflrct:ne ~ U:Uh..'>fC:llltl:}'tt" 

(~.uOCu S(lppo.il1"Ni Lay~, (,_Uc~:uc<>llr 

c.UalyW) coodw.:twt .6.1.:.et~) 

Figure 3.3- Fuel cell electrochemical reactions at the electrolyte and electrode. 

!ill' overall PEM fuel cell reactions do not seem overly complicated; the actual reactions 
rruceed through many steps and intermediate species. For example. for the anodic reaction. 
t11c i'ollowinL', elementary reactions are important. 

~ - I-1 "'ll ·t··J-I (3.1) 2 ,- t(Jd ad , ' 

I lad ....... 11 T + e - ( 3 .. 2) 

I ill' lirst reaction is a dissociatiw chemisorption step known as a Tafel reaction. and the 
-,c·cund reaction is a charge transfer ''Volmer" reaction. [t suggests that the hydrogen first 
absorbs on the electrode surface. and then dissociates into the H atoms. Second Equation 
,ktually produces the proton and electron. The first reaction takes into consideration that 
tt1c reacting species must first be absorbed on the electrode surface before the chemical 
reaction can occur. The rate of the electrode reaction may be inf1uenced by the diverse 
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th:-,mh~d species and the number of vacant sites. The surface coverage can be detincd as 
i1c traction of the electrode surface covered by adsorbed species. 

(~.]) 

,\here .. ad" is the species that is absorbed on the electrode surbce. and '"s" is the 
mcentration. C\ad is at the saturation of the electrode surface. The reaction rate equations 

.m be written more descriptively to include the metal adsorption sites (M)3: 

Lt.i 

~ 

.. ~~<7 
1-..:.t> 

I herdorc. the expression for the rate of reaction can be written as follows 

(3.4) 

( 3.5) 

(3.6) 

•\ here ( 1 - ) is the metal surface not covered by adsorbed hydrogen. The equations 
'I'L'sented in this section begin to illustrate some of the factors nvolved \vith the 
.·tectrochemical reactions occurring at the electrode/electrolyte interf~lce. 

).2.3 The Voltage Losses for a Polarization Curve 

nderstanding the reactions at the fuel cell anode and cathode is critical when modeling 
'uel cells. This shows the basic electrochemistry needed to predict electrode kinetics. 
tcti\ation losses. currents. and potentials in a fuel cell. The electrochemical reactions 
. , )ntrol the rate of power generation and are the main cause of activation voltage losses. 
I he activation over voltage is the voltage loss due to overcoming the catalyst activation 
''arrier in order to convert products into reactants. The equations presented in this. help to 
:'redict how fast the reactants are converted into electric current. and how much energy loss 
>ccurs during the actual electrochemical reaction. 

I he first step in creating the polarization curve is to calculate the Nernst voltage and 
\ ,1ltage losses. To calculate the Nernst voltage for this example. the partial pressures of 
1\ ater. hydrogen. and oxygen will be used. First calculate the saturation pressure of water: 

I hL" partial pressure of hydrogen (3.7) 

(3.8) 

I he partial pressure or nxygen 

(J.t)) 

I he acti\·ation losses are estimated using the Tafel equation: 

., " 
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Vact = -b *log(~) 
to 

R•T 
where b = Z•rx•F 

(3.1 ()) 

I\ is the gas constant, Tis the temperature (K), F is Faraday's constant and a is the charge 
transfer coefficient. The ohmic losses are estimated using Ohm's law: 

Volunic = -(i * r) (3.11) 

I he mass transport (or concentration losses) can be calculated using the following equation: 

- ·k i 
Vconc - alp hal* L * ln(l--:-) 

lL 

(3.12) 

Ill insure that there are no negative values calculated for V,,1.,, for the MATLAB program. 
the mass transport losses will only be calculated if 

1-(/J>o (3.13) 

else Vconc~ 0. 
l'he Nernst voltage can be calculated using the following equation: 

, cf,liq R * rk P1120 (3.14) 
ENcr·st = -----.--, *In ( 1 ) 

2*F 2d· -
PHz * P2oz 

S i nee all of the voltage losses had a (-) in front of each equation. the actual voltage is the 
addition of the Nernst voltage plus the voltage losses: 

Y = E0:crn't + Yact + Yuilnrrc + Y cm~c· (3.15) 

Example 3.1: A 25-cm2 active area hydrogen-air fuel cell stack has 20 cells, and operates 
at a temperature of 60 °C. Both the hydrogen and air are fed to the fuel cell at a pressure of 
1 atm. Create the polarization and fuel cell power curve for this fuel cell stack. (Appendix 
C-C-1 ).Some useful parameters for creating the polarization curve are: 

!he transfer coefticient, a, is 0.5, the exchange current density, i0, is 10-6 912 A/cm2
, the 

limiting current density, iL, is 1.4 A/cm2
, the amplification constant (a 1) is 0.085. the Gibbs 

function in liquid form, G Uiq. is -228,170 J/moL the constant for mass transport. k. is 1.1. 
and the internal resistance, R. is 0.19 Qcm2

. 
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~.2.-i Modeling the Catalyst Layer 

1 I >Lkl the PEM fuel cell anode and cathode catalyst layer using the equations for porous 
~ ttalysts introduced in this section[7][8]. Creation of expressions for the anode and cathode 
1. t 1\ ation losses, liquid water rate of reaction, and hydrogen rate of reaction with the 
· !lt1\\ing plots are shown: All of the parameters required for this derivation are listed in 
l jhlc ~.2. 

(I) Current density versus the effectiveness factor, 
( 2) Current density versus activation losses, 
(3) Current density versus voltage (polarization curve) 
( 4) Current density versus the hydrogen flux density. 

\ l,llkling the catalyst layer is very complex because it has properties of all of the other fuel 
, : i l layers combined. Some of the important phenomena that need to be included in a 

:_'(lnJUs catalyst layer model include mass, energy, and charge balances along with a 
·!ation that accounts for the contact between the porous GDL and polymer membrane 

<>\cr. In addition, knowing how the catalyst agglomerates are distributed along the GDL is 
1 ,:hallcngc. The kinetics equations are the most important when modeling the catalyst 
. 'cr. Commonly used equations are the Tafel and the Butler-Volmer equations (Appendix 

C-2). 

,-
1 Parameter 

Table 3.2- Parameters for derivation 
I Value 

:-----
[ Temperature 348.15 K 

02 permeation in agglomerate l.Se-11 
H2 permeation in agglomerate 2e-11 

Agglomerate radius in anode and cathode 11 Oe-5 
Total gas pressure I atm 

,--
f Hydrogen pressure I atm 
1 Air pressure I atm 
r s;-turation - 0.6e-12 
r-/\~;dc transfer coefficient 

-

I 
[G~thodc transfer coefficient 0.9 
' I Constant ohmic resistance 0.02 ohm-cm2 
\Limiting current density 1.4 A/cm2 
I Mass trans1;ort constant 1.1 

r~~npliflc~tion constant 0.085 
Gibbs function in liquid form 228,170 J/mol 

10,000 
I to 1.2 A/cm2 

I 

~lectrode-specific interfacial area 
___ urrent density 

----~-----

Inc lirst step is to calculate the Nernst voltage and voltage losses. To calculate the Nernst 
' 1ltagc for this example, the partial pressures of water, hydrogen, and oxygen will be used. 
! 1 rst calculate the saturation pressure of water: 

log 1'11 , 0 = --2.1794 + 0.02953 X 1~-- 9.1837 X 10-5 X T 2 c + 1.4454 X 10- 7 X T 3 c 

(3 .16) 
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lh~· paniai pn:ssmc ullJydrogt'll: 

P11 = 0.5 X (P11 , jexp(1.653 xi /( 7'1~· 334 )))- Pn.o 
L " -

(3.17) 

l he partial pressure of oxygen: 

Po:. = (PAir jexp(4.192 Xi /( T,2· 3
:
14

)))- P1120 
(3.1 ~n 

lhc voltage k)sses will now he calculated. The activation losses are estimated using the 
Butler-Volmer equation. For the anode: 

V. i2 = a1.~(1- S)Lanotle (3.19) 

. l.. Pn, 
l - • anocle - pre[ exp 

Hz 
(

0:.: 11 F ) (·o(c F )j 
RT ( 0 1 - 0 2) - e xp RT ( 0 1 - 0 2 ), 

(3.20) 

!·nr the cathode: 

V. i-2 = Cl1,2 (1 - S) icat!wde (3.21) 

. l Pa 2 (-c<c F )j tcauwtLe = preJ
02 

exp RT (01 - 02 - Er) 
(3.22) 

ll1c ohmic losses (sec Chapter 4) arc estimakd using Ohm's law: 

Vcunc = alphal Xi" X ln [1 -- iJ (.).23) 

To insure that there are no negative values calculated for Venne for the MA TLAI3 program, 
the mass transport losses will only he calculated if, 

[1 - _;_l > 0 
t~, 

(3.24) 

cbc Vc<\llC o= 0. 
The Nernst voltage can be calculated using the following equation: 

Gf,licJ /? x Tk I ( Pula ·). :-: ------ x n . 
LNcrnst - ? X j< 2 X j7 p X pl/~ 

~ , H
2 

02 

(3.25) 

Since all ol· the voltage losses had a(-) in front of each equation, the actual voltage is the 
addition of the Nernst voltage plus the voltage losses: 

V '"" ENcrn:-.l + Yael+ Vohmic + V cone 
(3.26) 

The hydrogen oxidation reaction rate at the anode can be written as: 

(3.27) 
\ 1. iz = Cl1,2ilt,1-2E 
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1 
V. Nm.,c; =- ZF auO- S)ianortcE 

. [ PH2 (ocu F ) (occ F )] 
lunodc = prej-. exp I?T (01 - 0z) - exp RT C0t - 02) 

/{ 2 ' 

I he ltquid water cathudc catalyst reaction can be written as: 

1 
V. N1-1zo,L = -

4
F au (1 - S) icatJwde E 

· [ Paz L - , 
Cutilocle - pre[, exp 

D:: 
c~~ p (01 - 0, ~ E,)) l 

Where the dTcctiveness factor is: 

1 
E = 

3
QJ2 (30 coth(30)- 1) 

lhe Thiele modulus is expressed by: 

k 
0 = c; ett 

[)OZ,agg 

The kinetic portion ofthc Thiele modulus is: 

I
, CLtzioorr ( a. • - , , L 

l - . ex J -- · 4F rc I l R7' ( '7 Cathoile) 
C02 

(3.2~) 

CL29) 

c~.~o) 

(3 .31) 

(3.32) 

(:1.:13) 

(3.3ct) 

One of the main challenges in modeling the catalyst layer is finding reliable parameters. 
The reference exchange current density, the transfer coefficients. and the reaction order arc 
all dependent on the rate determining step(s) of the complex electrochemical reaction. as 
\\ell as the electrode microstructure. 
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,LL5 Calculating the Ohmic Voltage Loss 

h ~ry material has an intrinsic resistance to charge f1ow. The material's natural resistance 
lt) charge t1ow causes ohmic polarization, which results in a loss in cell voltage (Appendix 
C-C-3). All fuel cell components contribute to the total electrical resistance in the fuel celL 
Including the electrolyte, the catalyst layer. the gas diffusion layer, bipolar plates. interface 
cuntacts. and terminal connections. The reduction in voltage is called '"ohmic loss." and 
Includes the electronic (R~~cc) and ionic (R, 011 ;c) contributions to fuel cell resistance. This can 
he written as: 

U ohmic =-c iR ohmic= i(Rciec + Riunic) (3.35) 

Rt\lnic dominates the reaction in Equation because ionic transport is more difficult than 
el~ctronic charge transport. Rionic is represents the ionic resistance of the electrolyte. and 
Rclcc is includes the total electrical resistance of all other conductive components. including 
the hirolar plates, cell interconnects, and contacts. 

!he electrical resistance ofthe fuel cell components is often expressed in the literature as 
cc1nductance (a). \Vhich is the reciprocal ofresistance: 

0 [ / Rohmic (3.36) 

\\here the total cell resistance (Rolunic) is the sum of the electronic and ionic resistance. 
Resistance is characteristic of the size, shape, and properties of the materiaL as expressed 
l)v' 

R ;;:: .. Lcuncl (3.37) 
crAconu 

l .ctilld is the length (em) of the conductor, Acond is the cross-sectional area (cm2) of the 
-:onductor. '"a" is the electrical conductivity (ohm -I em -!).The current density. The current 
clensity. j, (A/cm2). can be defined as 

j= l I A ,,11 (3.3R) 

j = N canin' *q * N drift= S ~ 

\cell is the active area of the fuel celL Ncarriers is the number of charge carriers 
1 carriers/em]). '"q" is the charge on each carrier ( 1.6 * I 0-19 C), Vc~,;n is the average drift 
velocity (cm/s) vvhere the charge carriers move~ is the electric tield. The general equation 
i'nr conductivity is: 

v 
o- = nq-;:­

<; 

(3.39) 

!he term v/~ can he defined as the mobility, u;. A more specific equation for material 
conductivity can be characterized by two major factors: the number of carriers available. 
and the mobility of those carriers in the material, which can be written as: 

(J' = ('I z ·I * F) * (. * u' 1 '1 1 1 
(3.40) 

\\here c, is the number of moles of charge carriers per unit volume, u; is the mobility of the 
charge carriers within the material, z; is the charge number (valence electrons) for the 
carrier. and F is Faraday's constant. 

I· uel cell rerformancc will improve if the fuel cell resistance is decreased. The fuel cell 
resistance changes with area. When studying ohmic losses, it is helpful to compare 
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.oil 

n:sistanc~:s on a per-area basis using curreut density. Ohmic losses can be calculated trom 
current density using 

(3.41) 

1A'Ilcrc /\SRut11111c is area-specilic n:sistancc ol"thc fuel cdl. 
Since the ohmic over potential for the fuel cell is mainly due to ionic resistance in the 
electrolyte. this can be expressed as 

(3.42) 

Where .. I " is the length or thickness of the material. The first term in applies to the anode. 
the second to the electrolyte. and the third to the cathode.- In the bipolar plates. the "'land 
area"" can vary depending upon flow channel area. As the land area is decreased. the contact 
resistance increases since the land area is the term in the denominator of the contact 
resistance: 
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Figure 3.6- Ohmic loss as a function of fuel cell area. 
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Chapter 4 

Modeling of PEM Fuel Cell Heat and Pressure 

-L I Fuel Cell Thermodynamics 

I hermodynam ics is the study of energy changing from one state to another. The predictions 
that can be made using thermodynamic equations are essential for understanding and 
modeling fuel cell performance since fuel cells transform chemical energy into electrical 
energy. Basic thermodynamic concepts allow one to predict states of the fuel cell system. 
~uch as potentiaL temperature. pressure. volume. and moles in a fuel cell. 

-Ll.l Entropy of H2, 02, and Water in the PEM fuel cell 

l. Entropy 
Lntropy can be defined loosely as the amount of ""disorder'' in a system, and can be 
expressed a:-;: 

[ 
7 l . oQ 

S2- s 1 ::::: I-·-­T 
1 intrev 

( '-1. I ) 

I his is valid for any reversible process that links two states. Entropy is calculated in the 
same way that enthalpy was calculated using the properties v, u, and h. When dealing with 
t\\o-phase liquid-vapor mixtures as in fuel cells, the specific entropy can be calculated in 
the same manner as enthalpy: 

S = (1- X)Sr + XSg = Sr + X(Sg- Sr) (4.2) 

I ike enthalpy. the values for v. u, and h vary only slightly \vith changes in pressure at a 
J'ixed temperature: therefore. the following can be assumed for most engineering 
calculations: 

S(T, p) ~ s1(T) ( 4.3) 

When a pure, compressible system undergoes an internally reversible process in the 
absence of gravity and overall system motion. an energy balance can be written as: 

oQint rev = dU + 8Wint rev (4.4) 

ln a simple compressible system, the work can be defined as: 

8Wint rev = p. c!V (4.5) 

\ubstituting previous two equations. one obtains: 

Tc!S = dlJ- pdV::::: cHI- Vclp (cL()) 

\\'hen the ideal gas model is used. the specific entropy depends only upon temperature and 
can he derived from above Equation, therefore: 

-L: 



.. 

(4.7) 

(4.Hi 

Determination of the absolute entropy of H2, 02. and water (H20) at the pressure of l atm 
at a temperature of 300 to 1000 K using increments of 50, using following equations. 
Pll)tting of the hydrogen and oxygen enthalpy as a function of temperature by Calculation 
,)r the absolute enthalpy for the vapor and liquid form if applicable .The MATLAB code 
can be used to plot the hydrogen and oxygen Enthalpy as a function of temperature 
U\ppendix C-C-4) 

Hydrogen, Oxygen <1nd Water Entrople$ 
2~D .....--- -----r-----------r-··-----r--~--r--------,---------r=r-=:·-=====--.l 
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Figure 4.1- Hydrogen and oxygen entropies as a function of temperature. 

-L2 Heat Transfer of Fuel cell 
I em perature in a fuel cell is not always uniform, even when there is a constant mass tlovv 
rate in the channels. Uneven fuel cell stack temperatures are due to a result of water phase 
change. coolant temperature, air convection, the trapping of water, and heat produced by 
the catalyst layer. In order to precisely predict temperature-dependent parameters and rates 
of reaction and species transport, the heat distribution throughout the stack needs to be 
determined accurately[! I] [12]. The determination of the heat distribution in a fuel cell 
stack is to perform energy balances on the system. The total energy balance around the fuel 
cell is based upon the power produced, the fuel cell reactions, and the heat loss that occurs 
in a fuel cell. Convective heat transfer occurs between the solid surface and the gas streams, 
and conductive heat transfer occurs in the solid and/or porous structures. The reactants, 
products, and electricity generated are the basic components to consider in modeling basic 
heat transfer in a fuel celL as shown in Figure 4.2. 
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The general energy balance states that the enthalpy of the reactants entering the cell equals 
the enthalpy of the products leaving the cell plus the sum of the heat generated by the 
power output, and the rate of heat loss to the surroundings. The basic heat transfer 
calculations will aid in predicting the temperatures and heat in overall fuel cell stack and 
stack components. The rate of heat transfer in the x-direction through a finite cross­
sectional area. A, is known as Fourier's law. and can be expressed as: 

( 4.9) 

\Vherc k is the thermal conductivity, W/(m * k). 

-U Energy Balances for Fuel Cell Layers 

Energy balances can be defined around each of the fuel cell layers to enable the study of the 
diffusion of heat through a particular layer as a function of time or position. Figure 3.9 
shows an example of a fuel cell layer as a control volume. This section describes the mode 
of heat diffusion in each layer. and calculates the energy balances for :he end plate. gasket. 
contact. tlmv field. GDL, catalyst, and membrane layers [11 ]. The end plate is typically 
made of a metal or polymer materiaL and is used to uniformly transmit the compressive 
forces to the fuel cell stack. The end plate must be mechanically sturdy enough to support 
the fuel cell stack. and be able to uniformly distribute the compression forces to all of the 
major surfaces of each layer within the fuel cell stack. Depending upon the stack design. 
there also may be contact and gasket layers in the fuel cell stack. The gasket layers help to 
prevent gas leaks and improve stack compression. The contact layers or current collectors 
are used to collect electrons from the bipolar plate and gas diffusion layer (GDL). Since 
there is typically no gas or liquid flows in the end plates, gaskets. or contact layers. 
conduction is the only mode of heat transfer. One side of each of these layers is exposed to 
an insulating material (or the ambient environment), and the other side is exposed to a 
conductive current collector plate or insulating material. 
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Figure 4.3- fud cell layer as a control volume 

J'hc general energy balance for the end plate, contact, and GDL layers can be written as: 

) 
dTLayer2 

(PLayer2ALayer2 tlayer2 CPLayer2 r~.. = QLayerl + QLayer3 
(4.1 0) 

\\ here, p La~ cr2 is the density of Layer2, A Layer2 is the area of Layer2, Cp Laycr2 is the 
'pccific heat capacity of Layer2, QLmrl is the heat flow from Layer], and QLaycr3 is the heat 
'ltt\\ fl·om Layer3. 

I he derivative on the left side is the rate of change of control volume temperature 
.J lr '''"'"/dt). The heat flow from Layer] to Layer:?. is: 

Chayerl == ULaycnA('l'Layer1 - TLayerz) ( 4.1 I) 

\\here .UI"'"'I is the overall heat transfer coefficient for Layer], A is the area of the layer, 
rnd T is the temperature of the layer. The heat flow from Layer3 to Layer2 can be 
:\pressed as: 

QLayer3 = U Layer3A(TLayer3 - TLayer2) 

! he overall heat transfer coefficient for the heat coming from Layer 1 and layer 3 

1 
ULuyerl = lLuyerZ + tLayerl 

kLaye,·z kLayerl 

1 
U Luyer3 = t Lavcr3 t Layer2 

--·-+I 
k Laycr:l < LuyerZ 

( 4.12) 

( 4.13) 
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Table 4.1- M . I p 

I Material Thickness 
(m) 

I 
I 

Polvcarbonate 0.01 
Conductive 0.001 

I rubber 
i Stainless steel 0.0005 

Carbon cloth/ 0.001 
Pt/C/Nafi on 
Stainless steel 0.0005 

Conductive 0.001 
rubber 
Polycarbonate 0.01 

Used for Heat l fer Cal 
Area Density Thermal Specific 
(m2) (kg/m2) Conductivit Heat 

y Capaci~-

(W/m-K) (.J/kg-K) 
0.0064 1300 0.2 1200 

0.001704 1400 1.26 1000 

().003385 8000 65 500 

0.0016 1300 26 864 

0.003385 8000 - 65 500 

0.001704 1400 1.26 1000 

0.0064 1300 0.2 1200 
- --- ---- --- ---- --- ------

\ ludcling example: A PEM hydrogen/air single cell fuel cell stack operates at an initial 
·,·111rerature of298.15 K. There are seven layers in the stack: two polycarbonate end plates. 

\,1 rubber gaskets. stainless steel flow field plates. and an MEA. The necessary material 
tupcrties Cor heat transfer calculations for each layer are shown in Table 4.1. Using the 
cJUations in Section 3.3.3. plotting of the conductive heat transfer through the stack at 60 
,T _ 300 sec. and 1000 sec with one and 10 nodes per layer is shown in figure 4.4. Neglect 
cat generation and losses from thermal resistance, electrochemical reactions. and mass 
~-n"s through the fuel cell. (Appendix C-C-5). when t=60 sec 
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Temperature D1stnbut1on Through Strack at T= 1000Sec 
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l·'igure 4.4-Tcmpcrature plots fort;;;;: 60, 300, and 1000 sec using 7 slices per layer. 
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4A Modeling the Temperature in the Interior Layer and Modeling the Gas UitJusiuu 
Layer 

I his section presents the derivations and modeling for the cathode GDL of the fuel cell 
created by Beuscher eta] [8]. The models in are derived from multi phase flow in porous 
media h·om the hydro geological literature. The differences between the GDL layer and the 
modeling of unsaturated soils are that the GDL is hydrophobic and soil is hydrophilic. the 
p(1rc size distributions are different. and the GDL is a non homogeneous weave of carbon 
li hers. Despite these differences, the hydro geological models are quite useful for fuel cell 
( IDL modeling. However. it sometimes may be difficult to use these models since many 
properties such as the temperatures. phases, pressure, and the velocity of the species in and 
surrounding the GDL are unknown parameters while the fuel cell is operating. 
The simplified geometry is shown in Figure 4.5. The dashed lines at the top of Figure 4.5 
iII ustrate the portion of the channel where the gas is flowing through. The bottom of the 
diagram is the catalyst side where heat and water are added to the system. and gas is 
absorbed. On the upper channel sides, gas is added, and heat and water are removed. Since 
half of the upper boundary is the solid cathode materiaL and half is open channel, the 
boundary conditions are mixed. The portion where there is no flux into the cathode has 
Neumann boundary conditions, and the portion where there is no liquid water in the 
channels has Dirichlet boundary conditions. The GDL in Figure 4.5 is 4d unit's long. and h 
units high. The aspect ratio is the perturbation parameter, and can be defined as e = h/d << 
I . The lower surface abuts the cathode catalyst layer, and the upper surface is cathode. The 
channels can be at different pressures, and all quantities are assumed to be steady-state. The 
tlm~e-dimensional plot in MA TLAB for the temperature of the interior layer using the 
equations derived in Appendix A and C-C-6 and the simulation result is show in figure 4.6 
and4.7. 

c 
I 

No mass Jlux or pressure 
gradient Tc'Tm 
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Figure 4.5-The simplified geometry of GDL 
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Figure 4.6-30 plot of Temperature variance in Interior Layer 
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4.5 Pt·cssurc Drop in Flow Channels 

In many fuel cell types. the t1ow fields are usually arranged as a number of parallel flow 
...:hannels: therefc1re. the pressure drop along a channel is also the pressure drop in the entire 
!low field. In a typical flow channeL the gas moves from one end to the other at a certain 
mean velocity. The pressure difference between the inlet and outlet drives the t1uid t1ow. 
Hy increasing the pressure drop between the outlet and inlet. the velocity is increased. The 
llm\ through bipolar plate channels is typically laminar. and proportional to the tlow rate. 
! he pressure drop can be approximated using the equations for incompressible flow in 

111pe:--
-z -z 

"P - f. Lehan V + I K' V 
/...j. - --p- LP-

Du 2 2 
(4.14) 

Where f is the friction factor, Lehan is the channel length, m. -DH is the hydraulic diameter. 
m. r is the fluid density, kg/m3, V is the average velocity, m/s, and K 1 is the local 
resistance. The hydraulic diameter for a circular flow field can be defined by: 

D 
4 X J\ 

H :::: .-- l 
[) 

cs 

P.l5l 

Where Ac is the cross-sectional area, and P cs is the perimeter. For the typical rectangular 
!low field. the hydraulic diameter can be defined as: 

2 Wcdc 

DH:::: w + de 
c 

( 4.1 ()) 

\\'here We is the channel width, and de is the depth. The channel length can be defined as: 

_ Aceli ( 4.17) 
Lehan - N (W + W ) 

ch c L 
where Accll is the cell active area. Nch is the number of parallel channels, We is the channel 
\\idth. m. and WL is the space between channels, m.The friction factor can be defined by: 

f:::: 56 (4.18) 
He 

The wlocity at the fuel cell entrance is: 

Qstack 
v== 

NccllNchAch 

( 4.19) 

where v is the velocity in the channel (m/s). Gstack is the air flow rate at the stack entrance. 
m3/s. Nccll is the number of cells in the stack, Nch is the number of parallel channels in each 
cell. and Ach is the cross-sectional area of the channel. 
The total tlow rate at the stack entrance is: 

1 Soz fHin (4.20) 
Qstack :::: 4F'- p p N cell 

r o2 in - cp sat(Ti 11 ) 

where Q is the volumetric flow rate (m3/s), I is the stack current, F is the Faraday's 
constant. S02 is the oxygen stoichiometric ratio, r02 is the oxygen content in the air. R is the 
universal gas constant, Tin is the stack inlet temperature, Pin is the pressure at the stack inlet. 
<ll is the relative humidity, P sat is the saturation pressure at the given inlet temperature, and 
~cell is the number of cells in the stack.By combining the previous equations, the velocity at 
the stack inlet is: 
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l So2 (We + WIJ Lehan R'/' 
v=-- --

( 4.21) 

4 F r 02 Vl'c·dc P - 0 P.;at 

l.iquid or gas flow confined in channels can be laminar, turbulent. or transitional and is 
(haracterized by an important dimensionless number known as the Reynold's number (Re). 
I his number is the ratio of the inertial forces to viscous forces and is given by: 

PVmDch VmDch (4.22) Rc = --~- == --~~ 
]t v 

\\'IH.:n: Vm is the characteristic velocity of the flow (m/s). Dch is the !low channel diameter 
()r characteristic length (m), r is the f1uid density (kg/m3), m is the nuid viscosity [kg/(m * s 
( 1r N * s/m2j. and n is the kinematic viscosity (m2/s). When Re is small ( <2300). the flow is 
i~lllll!lar. 

I he Jlow rate at the stack outlet is usually different than the -inlet. If it is assumed that the 
()Lltlct flow is saturated with water vapor. the tlow rate is: 

1 (S , ) RTottt N - _·_· ~ - 1 . . cell 
Qstuck - 4F r ') Pin-!::.!-'- (PPsat(Tout) o_ 

(4.2:1) 

I· uel cell gas streams are rarely composed of a single species. Usually, they are gas 
111 ixtures. such as oxygen and nitrogen from the air. The following expression provides a 
~ood estimate for the viscosity of a gas mixture: 

N 

'\' Xi!li 
flnwx = /.....; 'j}j_

1 
X;r/Ji) 

i=l 

( 4.24) 

Where (I)ii is a dimensionless number obtained from 

_ 1 ( Mi)-112 [ (f-li) 1/2 (Mi)t/4]
2 

(,Z'Jij-- 1 +- 1 + - -
J8 Mi f.l; Mi 

(4.25) 

Where N is the total number of species in the mixture, Xi and Xj are the mole fractions of 
species i and j. and Mi and Mi are the molecular weight (kg/mol) of species i and j. For 
porous t1ow fields. the pressure drop is determined by Darcy's law: 

Qccll 
b.P = ]t--Lch;lll 

kAc 
( 4.26) 

V.'herc m is the viscosity of the fluid. Ocell is the geometric flow rate through the cell. m3/s. 
k is the permeability. m2, Ac is the cross~sectional area of the flow field. m2. and Lehan is 
!he length ofthe tlow field. 

I he modeling or pressure drop through a PEM fuel cell cathode f1ow field of a single 
graphite plate with 1 OO~cm2 cell area. The stack operates at 3 atm at 60 oc with 100% 
saturated air. The flow field consists of 24 parallel serpentine channels 1 m111 wide. 1 mm 
deep. and I 111111 apart. The cell operates at 0.7 A/cm2 at 0.65 V. the result output is given as 
:-,hllwn in Appendix C-C-7. 
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Chapter 5 

PEM Fuel cell special Features 

5.1 Comparison between batteries and fuel cells for photovoltaic system backups 

I ·: t·nergy storage devices. batteries continue to be applied to electric power utilities for 
d1 :1\\ 1 ng benefits of peak shaving and load leveling. Battery energy storage facilities 
pr. \ide the utilities additional dynamic benefits such as voltage qnd frequency regulation. 
h1 l following. spinning reserve. and power factor correction [25] [26]. Applications of the 
st, ,, ctge batteries to power systems are predicted to grow in the future clue to those benefits 
l'< ·upled vvith the ability to provide peak power. 

lu, 1 cell power generation is another attractive option for providing power for electric 
utliliies and commercial buildings because of its high efficiency and environmentally 
ht·1ngn f'cature. This type of power production is especially economical (i) where potential 
u~t·r~ arc bced with high cost in electric power generation from coal or oiL (ii) where 
til\ 1runmental constraints are stringent. or (iii) where load constraints of transmission and 
clistrihution systems are so tight that their new installations are not possible. 

Pil'*'\oltaic pov,er outputs vary depending mainly upon solar insulation and cell 
temperature. Since control of the ambient weather conditions is beyond human beings' 
capability. it is almost impossible for human operators to control the PV power itself. Thus, 
a P\' power generator may sometimes experience sharp output power fluctuations owing to 
intermittent weather conditions. which causes control problems such as load frequency 
cuntmL generator voltage control and even system stability analysis. There is. therefore. a 

nct·d Cor backup power facilities in the PV power generation. Batteries and fuel cells are the 
m''·~t likely technologies to provide the PV system with backup power because these two 
backup power sources contain some distinct features in common. Those characteristics are 
liqcd helm\. 
A. I ast Load-Response Capability 
B. \lodularity in Production 
C. I Iighly Reliable Sources 
D. Flexibility in Site Selection (Environmental Acceptability) 

Clllllparison between battery backup and fuel cell backup for PV power supplement is made 
in the follov,ing sections. 

I. t rticicncy 
1\mer generation in fuel cells directly convert available chemical free energy to electrical 
energy rather than going through heat exchange processes. Thus, it can be said that fuel 
cells are a more efficient power conversion technology than the conventional steam­
applying power generations. Electricity, the conventional power generator has several steps 
for electricity generation and each step requires a certain amount of energy loss. Fuel cell 
pD\\er systems have around 40-60% efficiencies depending on the type of electrolytes and 
independent of size. Battery power systems themselves have high energy efficiencies, but 
their (l\ era!! system efficiencies from raw fuel (mostly coal or nuclear) through the batteries 
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ll 1 converted ac power are reduced to below 30%. This is because energy losses take place 
\\ henever one energy form is converted to another. 

.: Capacity Variation 
\s the battery discharges, its terminal voltage gradually decreases. The fall of the terminal 

\'Uitage on discharge is due to its internal resistance. However, the internal resistance of a 
battery varies with its cell temperature and state of discharge. Fuel cell systems have a 
greater efficiency at full load and this high efficiency is retained as load diminishes. so 
Inefficient peaking generators may not be needed. 

1 Flexibility in Operation 
I· uel cells have an advantage over storage batteries in the respect of operational flexibility. 
l~atteries need several hours to be taken for recharging after they are fully discharged. 
During discharge the batteries· electrode materials are lost to the electrolyte, and the 
electrode materials can be recovered during the recharging process. Fuel cells, on the other 
hand, do not undergo such material changes. The fuel stored outside the cells can quickly 
he replenished, so they do not run down as long as the fuel can be supplied. 

-1. l 'osl 
The history of fuel cell equipment costs has shown that the price of fuel cells has dropped 
:--ignificantly as the commercial market grows and the manufacturing technology becomes 
mature. 

5.2 Efficiency and hydrogen consumption Efficiency 

The efficiency of a fuel cell system is defined as the percentage of the fuel that is converted 
ll1 electric energy. This is made by comparing the output electric energy with the consumed 
chemical energy. The common value of chemical energy is the lower heating value (LHV) 
pf the fuel. High efficiency means low hydrogen consumption. A fuel cell system that 
delivers 1000 W net power will consume hydrogen according to the table 

E ficiency = Electricity 
F11el 

Table 5.1 - Efficiency and hydrogen consumption 

Efficiency-'Yo Hvdrogen(nl/min) Hydrog_en (g/h) 
35 17.1 86.0 
40 14.9 75.3 

--
1 45 13.3 66.9 

1 so ll. 9 60.2 I . 

(5.1) 

Previously shown that it was the 'Gibbs free energy' that is converted into electrical energy. 
I his energy would be converted into electrical energy, and the efficiency could be said to 
he 100%. However, this is the result of choosing one among several types of ·chemical 
energy' and can be indicated the following that it also changes with pressure and other 
f~1ctors. All in all. to define efficiency as 

Electrical energy produced 
Effiency = ---------­

Gibbs free energy change 

(5.2) 
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This is not very useful, and is rarely done, as whatever conditions are used the efficiency 
limit is always 100%. Since a fuel cell uses materials that are usually burnt to release their 
energy. it would make sense to compare the electrical energy produced with the heat that 
'' ould be produced by burning the fuel. This is sometimes called the calorific value. though 
a more precise description is the change in 'enthalpy of formation'. Its symbol is lihr . As 

''ith the Gibbs free energy. the convention is that lihr is negative when energy is released. 
Su to get a good comparison with other fuel-using technologies. the efficiency of the fuel 
cell is usually defined as 2.3 

. Electrical energy produced per mole of fuel 
Effiency = -------=------=--------­

-lihr 

( 5.3) 

llcm·ever. even this is not without its ambiguities, as there are two different values that we 
can use for lihr. For the "burning' of hydrogen 

1 
H2 + 2 0 2 -·> 11 2 0 (steam) 

-Mtr = -241.83 kJmol- 1 

\Vhereas if the product water is condensed back to liquid. the reaction is 

1 
Hz+ 20 2 ~ H2 0 (liquid) 

lilir = -285.84 kJmol- 1 

The difference between these two values for lihr ( 44.01 kJ mol-l) is the molar enthalpy of 

\·aporization of water. The higher figure is called the higher heating value (HI-IV), and the 
lower. quite logically. the "lower heating value' (LHV). Any statement of efficiency should 
say whether it relates to the higher or lower heating value. If this information is not given. 
the LHV has probably been used, since this will give a higher efficiency figure. It is clear 
that there is a limit to the efficiency as defined it as in equation 2.3.The maximum electrical 
energy available is equal to the change in Gibbs free energy, so 

li­
Maximum Effiency possible = ~f x 1000;(1 

lihr 
( 5.4) 

This maximum efficiency limit is sometimes known as the 'thermodynamic efficiency'. 
Table 5.2 gives the values of the efficiency limit. relative to the HHV. for a hydrogen fuel 
cc 11. 
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Table-5.2 Efficiency Limits for PEMFC 

Form of water I Temperature C I Llgr I Max EMF 
product 1. kJmol- 1 V 

i 
---~--- i ·-----

/17 ') 
-~ --· I ') - t--r'.23 

- · Efficiency 
limit o;;, 

i r-F i .lliUid 

Lie 
--- ' so -228.2 1.18 80 

·---i 

lia 

'ia 
'ia 
\ia 

'ia 
\ ; ~1 

' 

" 
s 
s 
--

s 

" ""--

s 

·-
100 
200 

I 400 
600 
800 
1000 

I 

------1 -225.2 1.17 79 
-220.3 1.14 77 I 
-210.3 1.09 74 I 
-199.6 1.04 70 
-188.6 0.98 ! 66 --I -177.4 0.92 62 

~gr_ . 1:1aximum E~F (or reversible open circuit voltage).and efficiency limit(HHV [ 
''astc) tor hvdroboen fuel cells i • I 

I 
---- -·-------·----~---~---------------------------------------.1 

~.3 Efficiency and the Fuel Cell Voltage 

· is clear from Table 2.2 that there is a connection between the maximum EMF of a cell 
tnd its maximum efficiency. The operating voltage of a fuel cell can also be very easily 
-:lated to its efficiency. This can be shown by adapting equation 5.5. 

-Llgt 
E=--

2F 
(5.5) 

.I all the energy from the hydrogen fuel, its 'calorific value', heating value, or enthalpy of 
·,)rmation. were transformed into electrical energy. then the EMF would be given by 

-M1 
E = 

2
F 

1 = 1.48 V if using the HHVor 1.25 if using the LHV 
(5.(J) 

, !Jl:sc arc the voltages that would be obtained from a 100% efiicient system, with reference 
1 the 1-IHV or LHV. The actual efficiency of the cell is then the actual voltage divided by 

11ese values. or 

Cell Effciency = .!.::__ 100% (with reference to HHV) 
1.48 

(5.7) 

· lo\-\evcr. in practice it is found that not all the fuel that is fed to a fuel cell can be used, for 
L'asons discussed later. Some fuel usually has to pass through un-reacted. A fuel utilization 
1eflicient can be defined as 

mass of fuel reacted in cell 
~l- = 

t mass of fuel input to cell 
(5.8) 

'his is equivalent to the ratio of fuel cell current and the current that would be obtained if 
t i I the fuel were reacted. The fuel cell efficiency is therefore given by 

v 
Effciency, 11 = ~lf_c_. 100%J 

1.48 
(5.9) 
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)A Why is the efficiency not I OO'X, 

\II energy conversions will lead to a certain amount of degradation of energy quality. All 
11put energy will not come out as output. Some ofthe energy will be lost as heat. Fuel cell 
k\ elopment work aims to maximize the output by minimizing the losses. The losses could 
'L' traced tu either the stack or the components of system. The fuel cell stack converts the 

. hemical energy to electric energy. The electrochemical process and the conductance of 
, urrent will however lead to losses and heat generation. These losses always increase at 
·1igh current outtake. Stack design and operating conditions could be optimized to reduce 
·tlL' losses. There are two kinds of losses at system level: Fuel losses and electric losses. The 
·.:d hydrogen will be converted to electricity in the stack. Small amounts of hydrogen will 
·uwever be purged out of the system. This fuel will represent a minor loss that must be 
unsidcred when establishing the efficiency. The last thing to consider is the internal 
''mponents of the system. They will consume some of the power delivered from the stack. 
·llmponents like the air blower, cooling pump, cooling fans, valves and control circuits 
\ill support the stack and consume electric power. The net power delivered from the 
.\stem will be slightly lower than the gross power from the stack, because of the internal 
l'nsumption. The overall efficiency of the system takes all these losses into account. 

In Put 100% Fuel 

Out put 47 

internal electric 

Purged fuel 

Ohmic 

Activation 

0 10 20 30 40 50 

Activation :B Ohrnic Purged fuel ~Internal electric .. · Out Put 

Figure-5.1 The overall losses in PEMFC' system 

'\.6 Implementation of PEMFC system 

;;_6.1 Solar Hydrogen PEM Fuel cell system for a home 

he development of a hydrogen economy can have many benefits for the environment. It 
, ntld play a role in reducing global warming and air quality problems in and around major 
;tJes. A large percentage of the pollution that contributes to these issues is easily traced to 
'l' pmver demands of buildings and the emissions of vehicles. Provided hydrogen can be 
'lwluced from renewable resources at reasonable costs, the use of hydrogen fuel cell 
eThnology in buildings and vehicles would effectively eliminate a major contribution to air 
'1llution problems and global warming. 
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Table-5.3 The Pro erties of Fuel cells 
FucTCell·~---~---!Eiectr~ly~-- Ope;;ti~-~:-1·-Electri~-;.- 1-FuetOrid~-~tl 

I Tempcratur Efficiency 
I • j 

}... ~ - L---~------~ 
Alkaline FC 
AFC 

I Potassium · Room , 60-70% I He .02 I 
I hydroxide(KOH) I temperature to I I i 
J solution [ 90C I [ . ____ j 

Pro.ton Exch:u.Jge 1 Proton Exchange j Room ~140-60%, ! Hc.Oc_Air I 

:vlcmhranc fC [membrane I temperature to ! i 

6\:~;~~;_~leth;-no_I_F_C Ti, Proton exchange ~~~~111 --- -2-0--3-0_o/c_o·rl C_H_c_O_IU)c~--1 
DMFC membrane temperature to I Air 

1 130C 
··-~-----------1-----~ -~--

Phosphoric acid FC I Phosphoric acid I l60-220C I 55°6> Natural gas. 
I'AFC 

i -~1~-lten Carbonate FC I Molten mixture of \ 620-660 
MCFC i alkali metal I 

I biogas. . I 
l f,O,,AJr 1 -+---.. -- ----~--~------; 

J 65% , Natural gas. 1 

I 
I biogas. Coal I 

Solid Oxide FC 
SOFC 

I carbonates 
Oxide ion 
conducting 

. ceramic --- ____j ________ _ 

800-1 oooc 1 
1 Gas. 1--!,0c-At·r_ ~ 

60-65% _j Natural gas. 
biogas. Coal 

----'---- Ga~:..J.:!_.,.o_.,,A_il:___j 

I he cost of solar hydrogen production needs to be competitive with similar hydrogen 
11Wduction processes for it to be successful in the hydrogen market. As a prototype. 
, 1 )nstructing a system today is relatively expensive. However. efficient and cost effective 
Jcsign and mass production can significantly reduce future production costs. The projected 
cust Cor such a system \Vill be evaluated and compared to similar hydrogen production 
,~stems. Table 5.4 shows the cost analysis of solar hydrogen PEM fuel cell system for a 
,jnglc home. 

During th<: day 
Photovoltaic panels 
power the home 

At the same time. 
excess energy is used 
to split water in to 
hydrogen and Oxygen 
for storage using the 
efficiency and cost-
ct'kctivc catalyst 

Figure 5.2- Solar hydrogen Fuel cell system for a Home 
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Table 5.4- Cost analysis of a solar hydrogen Fuel cell system for a Home 

CPower needed 1200 kwh/~ 
I Fraction coverage 98 % 

AC output needed 0.75 kw 
Module area 15.00 sqft I 

i Area needed 183 sqft 
1 Modules 12 _j 
i Power per module 65 watts I -
1 DC power 793 watts 

Inverter efficiency 94 % 
_!:._c;__ power 746 

wa~ Module cost rate $2.10 watt 
Module Cost $1~666 
Inverter cost rate $0.50 watts j r----
Inverter cost $397 

~lallation cost rate $1.00 per watt J 
1 Installation cost $793 
1 Fuel backup days 2 day 

Fuel storage needed 7 kwh 
Fuel cell cost rate $125 kwh 
Fuel cell cost+ Gas St'ge + relifef valves+ 

! tubings $3,500 
FC replacement time 15 yr 
Total cost $6,356 

CaJlacity_ factor 18 % 
CA equiv array 1576.8 kwh/year/kw 

0 utp ut_jl~J:'ea r 1176 kwh 
Degradation rate -0.1 0 I %/yr ~--
Maintenance cost_f)_eryear _p_er kw $10.oo I 

I Maintenance cost per year FC 
-------, 

$233.33 I 
I 

i_G1aintenance cost per year E_Lt!: 
I Maintenance cost p~ear w/ FC $241 ! y_r 

75 I ' 
_Q_~12ut after ~ear 25 50 100 l 
'!'o 97.5 95.1 92.8 90.5 
Total power delivered- kwh 29037 57356 84977 111914 
Cost w/ maint w/out FC $6,543 $6,729 $6,916 $7,102 
Cost per kwh amortized w/out FC $0.23 $0.12 $0.08 $0.06 
Cost including maintenance w/ FC $12,376 $18,396 $24,416 $30,435 
Cost per kwh amortized w/ FC $0.43 $0.32 $0.29 $0.27 

------ -j 
Tyflical C02 emission from oil 583 kg/MWh I 

Power r2er lifetime r2er MW of PV (MWh) 39420 78840 118260 157680 
Efl1~_?sions saved (kg) 16928 33439 49541 65246 

Typical gas consumption per MWh 125 gal 
Gas saved (gal) 3630 7170 10622 1 13989 
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5.6.2 Solar Hydrogen J>EM Fuel cell Basic model 

lh: solar hydrogen FC set contains two fuel storage cylinders. reversible PEMFC unit and 
the load(motor).Reversible PEMFC can act as both electrolyzer mode and Fuel cell mode. 
I he solar module converts radiant energy into electrical energy to power the electrolyser. 
!"he clectrolyser breaks water into its basic constituents of hydrogen and oxygen. These 
gases are stored in the graduated cylinders. When electrical power is required, the PEM fuel 
cell recombines the stored gases to form water, and release heat and electricity. The 
~\:-;tematic fuel cell unit is shown in figure 5.3. 

· .. \ ,~<~:~~,, 
<:3

··-._,_ 
I 

I • 

.. ' 
I I ·, '-. '.' _,..1 "-;·, r.l'\ -r--""· ·\ 

'·-; .. ! . .-{./: -~ ~-< ~ k_ .... ~- ~ 

q 
__ ,e;;; flt.l \~- .... 
~>~' ....... /' / 
. """~ ___./·· /'~-;..-· 
-~~~~~~~;::-~/-

~-'~ 
0 .. J .-f).,, ~<:: "·: . ., 0 ~ .. . til.~ ·~··" .. ~~;;.,·<·····~~·~ 

<.:~:---:~::c ... --;-:::::c-. --

Figure 5.3- Fuel cell basic model; Electrolyzer mode -Left and FC mode-right 

5.6.2 PEM FC Stack principle 

Table 5.5- PEMFC Experimental data 

Le11 Heig Area No of 
gtlt Itt cm2 Current Stacks Voltage Power= VI 

I I 1 0.5 Amp 1 0.03 Volts O.CJJ5 Watt 

I '") 2 1 Amp 1 0.06 Volts 0.06 Watt 

'") 2 4 '") Amp 1 0.12 Volts 0.24 Watt - "-

4 4 16 8 Amp 1 0.48 Volts 3.84 Watt 

5 5 25 12.5 Amp 1 0.75 Volts 9.375 Watt 

6 6 36 18 Amp 1 1.08 Volts 19.44 Watt 

5 6 30 15 Amp 1 0.9 Volts 13.5 Watt 

4 6 24 12 Amp I 0.72 Volts 8.64 Watt 

'"\ '"\ 9 4.5 Amp 1 0.27 Volts 1.215 Watt _) _) 
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\ccurding to the table 5.5, the fuel cell dimensions and its corresponding power output is 
:..!1\ en. In the third column it shows the fuel cell stack area depending on its length and 
height. According to the stack principle the data is calculated. The standard stack principle 
. .., given as ··once cell (anode +membrane cathode) can deliver 0.6 voltages. To get enough 
)\ l\\er out of the fuel celL several calls are pi lied in a stack. Gas plates are placed between 
·lw cells tu distribute the hydrogen and oxygen gas to the membranes. The area of the 
•nembrane gives the current.! cm2 delivers 0.5 Amp". 

! able 5.6 shows the experimental data of PEM electrolyzer outputs. Table shows the 
llydrogcn and oxygen production due to the water electrolyzing. Also it shows the 
, um pari son between reversible actions of PEMFC. 

Table 5.6- Electrolyzer Output Data 

[ Elec - Wor Char No of Produ Prod 
Ele'zer FC 

'zer geing cells ced uced 
FC out put 

king 
liP- 0/P 

Pow Time in 02- H2- time-
er-U' il1ins E/zr cm3 cm3 min 

Wmin Wmin 
-~ 

l J I 7.5 15 500 mW 8 2 4 ' 
r------~ ~---- --1---~---j 
I, ' \ \ 3.75 7.5 500 lnW g \ 4 \ ' \ 
I 

l 4 I 15 30 500 mW 8 4 4 

) I 3 11.25 22.5 1500 mW 24 
..., 

36 .) 

ro ., J 15 30 1000 mW 16 4 16 

10 50 1 ~ns 3750 25000 mW 400 500 10000 

5.6.3 Fuel cell Concept model Vehicle 

I he Model of a hydrogen car with a regenerative fuel cell shows in figure 5.12. The Fuel 
Cell Car works with a regenerative fuel cell. The cell can both be a Fuel Cell and 
~lcctrolyser cell. This system contains following components as shown in figure 5.12. 

Figure 5.4-Fuel cell Concept car 
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l) l\\\) cylinders with fuel storing containers 
2) Reversible fuel cell 
::; ) Contrnlling system vvith motor 
--1-) S\llar module 
:; ) Connecting tubes and connectors 

( Jnce the solar module converts radiant energy into electrical energy to power the 
clectrolyzer, it starts to produce hydrogen and oxygen in the storages. Reversing of the 
c!ectrolyzer is a Fuel cell which converts both fuels in to electricity. 

I ~·cllnical data: 

l\nver 1 W (electrolyzer mode), 500 mW (fuel cell mode), Gas storage 15 cm3 H2; 15 cm3 
02. HxWxD 75x90x200 111111 (3"x31/2"x75/6"), Weight: 260 g, This system has 
\pproximately 2 minutes charging time and 8 minutes runnin-g time. 
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Chapter 6 

Conclusion 

\Vhile fuel cell is a unique and fascinating system, the accurate system selection. design. 
and modeling for prediction of performance are needed to obtain optimal performance and 
.._ksign. In order to make strides in performance, cost, and reliability. one must possess an 
tntcrdisciplinary understanding of electrochemistry, materials. manufacturing, and mass and 
heat transfer. Accurately modeling the PEM layer can help improve the properties of future 
membrane materials. 

!here are many types of PEM models, and choosing the right one depends upon the end 
goals and resources available. In order to have an accurate modeL mass. energy. and charge 
balances must be written for the fuel cell membrane layer. In addition to these. using an 
empirical relationship for membrane water content may save time when creating a model. 
l he requirements for the membrane include high ionic conductivity, adequate barrier to the 
reactants. and chemically and mechanically stable and low electronic conductivity. There 
at-e many choices for the PEM in the fuel cell, and the decision regarding the type chosen 
must depend upon many factors including, most importantly, cost and mass manufacturing 
capabilities. Understanding the reactions at the fuel cell anode and cathode is critical when 
modeling fuel cells. 

l sage of a mathematical model to define the useful terms of fuel cell and its components 
IJel rs one to derive the use full modeling foundation. According the research which is done 
, 111 hydrogen and fuel cell describes under three sections as given below. 

i J The chapter 3 covered the basic elestrochemistry needed to predict electrode kinetics. 
activation losses. currents. and potentials in a fuel cell. The electrochemical reactions 
control the rate of power generation and are the main cause of activation voltage 
losses. The activation overvoltage is the voltage loss due to overcoming the catalyst 
activation harrier in order to convert products into reactants. The equations presented 
in this chapter help to predict how fast the reactants are converted into electric current. 
and how much energy loss occurs during the actual electrochemical reaction. 

I. Accordingly derived here are the following issues for designing of improved 
and better fuel cells. Basically electrolysis of water effectively any and 
efficiently into H2 and 02 at low cost is specific. It was so justified here. 

I I. Basic electro kinetic concepts have been established. I-I ere the actual 
reactions proceed through many steps and intermediate species. Anodic 
reaction is specific. 

H2 ~Had+ Hau 

Hau ._.,. I-I+ + e-
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III. Activation loss, Ohmic Loss and Voltage losses are next important f~tctors 
established. 

Vact = -b *log(~) 
lo 

R*T 
where b = 

Vohmtc = -(i * r) 

V = ENcnbt + Vact-+- Vohmic +Venne 

.\ccordingly simulation was carried out for the given real time data as shown in Example 
:1.1 in page 33. According to the above situation, its useful to study about the 
electrochemistry of fuel cell as it helps to identifY the electrical behavior of Fuel cell. The 
-.;imulated polarization curve of FC voltage loss describes how the electrical energy is 
drawn from the fuel celL the actual cell voltage drops from-the theoretical voltage due to 
.~e\'Cral irreversible loss mechanisms such as activation polarization, ohmic polarization and 
concentration polarization. Therefore, the operating voltage of the cell can be represented 
as the departure from ideal voltage caused by these polarizations. To develop the better and 
efficient output, the gap between operating voltage and ideal voltage should be reduced. 

Modeling catalyst layer is also established (Table 3.2). together with the following 
parameters and the steps are given below. Likewise. reliable parameters were established 
!'or the modeling of catalyst layer .Thus, assumptions are also satisfied 

• The first step is to calculate the Nernst voltage and voltage losses 
• The partial pressure of hydrogen and Oxygen 
• The voltage losses will now be calculated 
• The ohmic losses (see Chapter 4) are estimated using Ohm's la\v 
• The Nernst voltage can be calculated using the following equation 

cf,liq R X T/( ( PHzO ) E = ---- x In 
Nernst 2 X F 2 X F p X pl/2 

Hz 02 

• The actual voltage is the addition of the Nernst voltage plus the voltage 
losses 

V oc: EN.:rnst + Vact + Vnhmic + V cunc 

• The calculation of etTectivcness factor is extracted as ajustification of the 
search 

1 
E = 302 (30 coth(30)- 1) 

\~1odeling of Effectiveness factor due to the mass transfer and reaction of H2 and 02 versus 
current density also shows how the behavior of effectiveness of H2 and 02 with reference 
to the current density is. The effectiveness factor deals with the actual rate of reaction of 
particular fuel with the rate of reaction with losses as mentioned above. To normalize the 
ctlectiveness factors of fuel cell the modeling and simulation are highly helpful. In the 
meanwhile the power curve represents the abnormal behavior in the increase in current 
density. That is also due to the several irreversible mechanisms in fuel cell. It was clearly 
llcmonstrated here. 
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Voltagl: loss as a function of cell area clearly shows how important the fuel cell membrane 
area is. According to the graph, it is clean that voltage loss is directly proportional to the 
area of the membrane. To avoid the voltage loss the less area of fuel cell membrane can be 
used to gain high output. 

:2) The study of thermodynamics and its relation to fuel cells is very important f()J' 

predicting fuel cell performance. The determination of fuel cell potential and efficiency 
depends heavily on the evaluation of thermodynamic properties. Some of the important 
properties explored in the chapter 4 include the enthalpy, specific heat entropy. Gibbs 
free energy, reversible voltage, net output voltage, and the fuel cell efficiency. The 
following factors for modeling were searched and established were as follows with 
the heat transfer calculations given in the Table 4.1. 

J. Entropy ofii2, 02, and water in the PEM cell 
2. !-feat transfer of fuel cell 
3. Energy balances 1t)r fuel cell layers 

The geometrical model for Gas Diffusion layer (GDL) is extremely helped for modeling of 
interior heat distribution. These thermodynamic concepts allow one to predict states of the 
fuel cell system, such as potential, temperature, pressure, volume, and moles in a fuel cell. 
!.earning and applying these concepts are the bases of all fuel cell modeling and analysis, 
and is essential for understanding the remainder of this thesis. 
I he basic behavior of heat inside the fuel cell is very complicated to understand as the heat 
produced in FC reaction is negligible. But when the FC system comes as a large, the heat 
hehm·ior is considerable. In such a situation the modeling of heat transfer inside the fuel 
cell is highly valuable. In FC technology the only output which can be consider as non 
environmental friendly is heat. Therefore the simulation of FC interior is help full to 
eliminate the heat distribution in side in it. In such a situations external cooling systems or 
-;el r cooling agents can be introduced for better output. 

1) In many fuel cell types, the t1ow fields are usually arranged as a number of parallel flow 
channels: therefore, the pressure drop along a channel is also the pressure drop in the 
entire t1ow field. In a typical flow channel, the gas moves from one end to the other at a 
certain mean velocity. The pressure difference between the inlet and outlet drives the 
fluid flov .... By increasing the pressure drop between the outlet and inlet, the velocity is 
increased. In such a situations the modeling of FC channel properties. the pressure drop 
can be simulated to identify the t1ow fields. Fuel flowing manner inside the channel is 
highly important in FC output. In such a situation the external pressure controlling unit 
can he introduced to control and regulate the fuel tlow. 

The pressure drop calculation as a justification is done with the following equation 
extracted. with the help of relevant parameters. 

L VL 
AfJ _ 1. chan -1 

D - -- p--
D11 2 

~ i/2 
L I<uJ--;;-

"' 

64 



... 

-~ 1 The chapter 5 highlights the real world applications and experimental data. Under this 
chapter basic proton exchange membrane fuel cell stack principle is discussed \Vith the 
real time experimental details alone with the solar hydrogen FC basic model and Fuel 
cell concept model vehicle. Cost estimation for solar hydrogen fuel cell basic model for 
home is discussed. 

!h: basic FC concept is new to the Srilanka as well as to the southern region of Asia. It is 
1cally important to identify the reasons why the FC technology is not absorbed by this 
region. According to the nature of environmental condition in southern region of Asia. it is 
''b\ ious that the input resource can be generated easily. The major input resource: hydrogen 
can be easily electrolyzed by using the solar power or wind power. Therefore the only 
impc1ssiblc target is the membrane material (Nifion). As the Nition is a chemical polymer it 
1s so costly to produce or buy. Other than to that the developer can turn in to the possible 
:-;ubstitute for the said material. Established here are the following f~1ctors for the 
~·,1mparison between batteries and fuels cells 

• Fuel cell pl)\\Cr systems have around 40-6()1% efficiencies depending on the 
type of electrolytes and independent of size. Battery power systems 
themselves have high energy efficiencies. but their overall system 
efficiencies fi·om raw fuel (mostly coal or nuclear) through the batteries tu 
converted ac power are reduced to below 30<%.The actual efficiency of the 
cell is then the actual voltage divided by these values. or 

v 
Cell Effciency:::::: _c_ 100% (with reference to HHV) 

1.48 

The Figure 5.1 shows why the Fuel cell efficiency docs not reach I 00%. 

• Fuel cells have an advantage over storage batteries in the respect of 
operational i1exibility. Batteries need several hours to be taken for 
recharging after they are fully discharged. Fuel cells. on the other hand. do 
not undergo such material changes. The fuel stored outside the cells can 
quickly be replenished, so they do not run down as long as the fuel can be 
supplied 

• The history of fuel cell equipment costs has shown that the price of fuel cells 
has dropped significantly as the commercial market grows and the 
manui~tcturing technology becomes mature. 

IL1sing on the above issues mathematically, the practical model was designed basically to 
lUstily that the fuel cell system is possible partially as a substitute for fuel crisis in \Vorld. 
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APPENDIX- A; <;DL (ga1:1 (!lffusinu lay~r} i\Jo<ldiug 

l he pressure. P. temperature. T. oxygen concentration. u. \Vilter vapor concentration. v. and 
liquid-water volume ii·action. 0. will be calculated. All of the variables will be functions or 
(!. Since the physical process exhibited is the same as in the transport of groundwater in 
utl:iaturated porous media. the governing equation is Richard's equation. vvhich gives the 
llloisturc vclocitv ( V0 ) of liquid and vapor in porous media. The geiK'ral Conn or the 
l.\_jual_iun Is: 

v·,i -.- r:0 (O) v~/J \ . 
i '). -· 1 

\\here 1(0 is the hydraulic conductivity of the GDL to the liquid water .and 1IJ is the 
111uisture potential. Since the non hysteretic case is considered. () will be a single-valued 
function of 0 only (111 = 111 (8)). Assuming incompressibility (the density of \Vater is 
constant). the conservation equation becomes: 
\1. Vo ::: ::_: A-2 

''here ::.: is the source term introduced to incorporate condensation and evaporation 
17. (- /{0 ( 0) 17 (p) = I: i\. -3 

!he di ft'usion coefficient of water can be defined by: 
/). (O)c __ /( (0) <fljJ 

r! I) (/() A-4 

l·vaporation is a temperature-dependent process and is modeled using Arrhenius' law: 
· [-EA] Ll A -! \'Ll11nrat1on <X exp - u J\-) 

fiT 

Introducing the constant of proportionality, {38 • for evaporation and f3v for condensation: 

!)(/ exrC,~rA]8 +f3v v= I A-6 
l\1 

lh.'rel(m:. this becomes: 
-EA ~ 

17.[D0 (0)1711]- [30 exp[ RT ]0 + f3P v = 0 i\-7 

Fur the gases (oxygen), either Fickian diffusion, or the Stefan-Maxwell equation can be 
used to describe the diffusion processes. Fick's equation for diffusion and transport is: 
17. [Du(O)I7o- u~] = 0 A-8 

\\here t~ is the velocity of the gas phase. and Du is the diffusion coetlicient of oxygen. In 
tlrdcr to model the vapor transport the evolution of the vapor phase of water must include 
nn1vection: 

V.[Du(fJ)17l1 -- il~~] + vl [f3o exrC,~:1 ]0 + fiv] = 0 A-9 

\\here D11 is the diffusion coefficient of the water vapor, and nl is a normalization factor. 
The evaporation term produces vapor and the condensation term removes it. 
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No Littuid Govl'rniug Equations 

In the case that there is no liquid. all of the terms due to q are neglected. Also. condensation 
~tnd evaporation terms drop out of the equations. If the gas phase convects. the velocity is 
governed hy Darc:/s law: 

- - /{n C!!l \1 F j/ -~~- .. v 
'· -- /1 /\-] () 

'' ilL'l'C kg is the permeability of the GDL to gases and m is the viscosity of the gas. The 
permeability kg depends upon q because liquid water will remove the available pore space 
l(lr the gas. In order to solve for pressure. the continuity equation can be used: 

- - r-KuUJ) -] V. Vg c.c() \7 Vg =\7. -;-
1 

-\?P ::::0 

S i nee q has been dropped, kg( 0) is a constant: 
,,.!,co2v. vr = o 

fl 

i ·.quation A-13 now becomes: 

Du · \7. (\7 G) - \7.( ill~ )=0 n .. + Kg(O) [r)u uP ail ar_·j ·-() 
v Ll -- -- -+ -- - -

• . JLD
11 

(}x . ox ay . iJ'j 

A-ll 

A-12 

/\-13 

I he condensation and evaporation term is dropped because of the no liquid assumption. 
_ K'i(!J) uv i)p ov uP " . 2 ;:-

\?.v+-·-[- .-+- .-]=0 EquatwnA-16becomes: \7. f= 0 A-14 
11o, ax ax. ay ay 

!he governing eyuations and boundary conditions motivate the fi..1llowing dimensionless 
p:~ramders: 

\,/ :< y ;' £1 j) 
\=- =-u=-v=-

. cl • 1! • u
1 

' v
1 

T(X Y) -· T(i,Y) -T , ~ rn 

T1 -7~n 
, P(x,y) = t.P(:?,Y)-(1\ +P, 1 

f'l +Pr 

Substituting these into the previous equations: 
!\,1 U t (/\ +P,.) J) t' = .. :__::__.:...__..:.. 

u '2.fl Du 

Wlwre 1\ is the P~clet llltmber for the oxygen. When vis replaced with u, then: 

j! c v = ----''--- ' 
L{LDv 

~.;ubstituting into: 
l"T '27' 

,_. L ~:- -J- _<J _ =ceQ 
· .Jx2 · uyz · 

(T1 -Tm) r)
2 y • (7'1·-'l'm) IJ 2 r _ O 

., ') " -1 ., 0 -rt· 1 x· h· rJ;r 

No Liquid, No Convection, Constant Flux 

~~Jz~ + u>r =0 
dz tJxZ (Jy2 

A-15 

/\-1 (J 

A-17 

A-18 

I or the case of no liquid. no convection and constant flux. the transport will now just he 
i ickian. and the pressure is constant. Therefore: 

, rJ 2 u . rJ 2 H 
.• -- -t- --- =.c() 

rJx 2 i!y~ 
') D2 v rJ 2 v () "'"--+-='-

<. ux2 r)y2 A-19 
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\\hell examining the boundary conditions with constant pressure, the regions of positive 
.md negative x are symmetric about x = 0. If the region from ~ 2 < x < 0 is used. the 
.,, iLl!ldan conditinns are as follows: 
I /'Iii 
··~-( (l_ y ) c. () 

(}.\ 

') '" ' () ~,~(O.'r) =- • 
t.l..-\ 

.-Jv'". . 
-_-(O.'r l = 0 

c!X 
A-:?.0 

\ t the cathode catalyst layer interface, constant tlux is assumed. Oxygen tlow out of the gas 
Ji!Tusion layer. therefore The water vapor and temperature t1uxes are given by: 
,

1 
rhi ,_ 

'/, - = -qli 
·"- dn 

av - ~ - at - ~ 
Dv --(X, 0) = -qv kc- (X, 0) = -qr 

Jy Jy 

\uhstituting Equation A-18 into Equations A-20 through A-31: 

I) !-!:.!_ iJu (X O) = - au (X O) = E2 E2 = quh 
11 It r!Y ' C/u ' r)Y ' C/u · C/u 0

11
U1 

u <Ju ) ~-
1), _1_ -:- (X, 0 = -qu 

" It ,)y 

- '/'1 ··'I'm rJT ( )( ()) = -([7: 
/, - - " ' ., , 1, av 

au (X, O) = -qv Ez 
ilY . 

'I (/v/t 
• C!v E- = Dpr1 

A-:?. I 

A-22 

A-2:1 

A-24 

l singE= 0.2 as the perturbation parameter. the dependent variable can be written as: 

r( X, Y, E) = T0 (X, Y) + O(E) 

\..,l\\ substituting Equation A-23 into A-38 

"' iJ27.· azT . 0( ,·) ~() r_)zT- 0 '-+-' E -- --
,)_-'(~: ()y2 Jy2 

l ~ing the following boundary conditions: 
JT'" , iJT r rJT 1 

• 
----d) Y) = 0 , -(X 0) = -qr . - (- 2 Y) = 0 
,IX ' ' c}y ' iJX ' 

Integrating and using the boundary conditions: 

lr; = -qTY + f(X) F'(-2) = ((0) = 0 

'\u\\ the problem has two different regions: 

111
1 (X, Y) = qT (1 - Y) + 1 - 2 :S X :S -1 

11;
11 (X, Y) = CiT (1 - Y) - 1 :S X :S 0 

,\n interior layer variable is introduced to account for the discontinuity at 

\ 0: z = X+l T(X, Y) = C/r (1- Y) + Ti(z, Y) 

\\here T 1 is the interior temperature. Substituting A-50 into A-23, A-37, and 

J-'T.' + a
2

T' = 0 , Ti (Z, 1) = 1 Z < 0 
,Jz- ayz 

, ricz, 1) = o z > o 

\iuw matching the outer solution: 

if7·(1- Y) + T 1(-7:, Y) = T 1 (-1-, Y) = C/rCl- Y) + 1 
T 1(-x, Y) = 1 

ih(l- Y) + Ti(--Y, Y) = T 171
( -1+, Y) = qT(l- Y) 

T 1
( -x. Y) = 0 

\ set of transformations are now introduced: 

A-25 

A-26 

A-27 

A-2!\ 

A-29 
A-30 

A-31 

A-32 

A-33 

A-34 

A-35 
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/j . .:: I ! tV /. j L ~' exp{ II. IJ) ' ri ~.: !~+;· . J ' I f.J c:: ~· I .: .I.JUt fJ ·)· 
. 'L 7l . . • \ .• J . :\ )() 

The solution is then: 
Ti == 9U~ 

''r 

A-37 

Modeling the diffusion layer 

Ill~ d~rivation ofthc oxyg~n conc~ntration is analogous to the temperatur~ derivation 
~~~::: 0 
rJ y~ 

Fur the len region: 
I) ll I . ') 

--(X .0) == (/. r~ 
''. . II "' 
lnt~grating once: 

~5.: == /(X) 
liy 

Nmv the problem has two different regions: 
7'

1
(X, Y) = 1- q 11 E

2 (1- Y) -2 s; X s; -1 

um(X, Y, £) == u0 m(X, Y) ·-· E<:U 111
2
(X, Y) + 0(1) - 1 s; X s; 0 

il"(u "'+u."') rJ"(u "l+ll· m) c:~ () ' 2 + 0 ' 2 = 0 
ax" nv· 

No\\ matching the outer solution: 
u'l.m(-l,Y)=1 ,U0

111 =f(X) 

Tile boundary conditions ar~: 
/;) ( -1) = 1 J \ ( 0 }== () 

., ( Ill) u" llo = () 
av·· 

"( !It) 
a·~ (X, 0) = Clu 

c]y 

tJ 2 u!u 
2 " 
~ = -j~)(X) VU

111 
·" iJu 111 ' " 

• -

2 = -j0 (X)(Y- 1), -iJ 
2 (X, 0) = fo (X)= Cfu r!y y 

( untinuing to simplify: 

fr: =--= quX nt _ . _ . (1-X 2 ) . u0 (X, Y) - / 0 - 1 - qu -z-

Substituting after integrating: 

il/
11
0{, Y) = Cf 11 ( Y ·- ~

2

) +/~(X) 

A-38 

A-39 

A-40 

A-4! 

A-42 

J\-43 

A-44 

A-45 

A-46 

''here J2(x) is determined ll·om the next order in the perturbation expansion. If e--+ 0 in the 
S11lutions. then: 

u(X, Y) :::: 1 + Eui(z, Y) 
A-47 

I dking c --• 0, and substituting A-72 iJJto J\-24 and A-33: 
r-J.:_ u1 () 2 u1 

~---· +- == 0 
() ;~ 2 r]y:..: 

;\-48 

'\Jm\ matching the oukr solution: 
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·It~' ( / -l/) ::.:_ Clu 
·-. J • 

,jf:" ' 

f\.-4l) 

The solutions klr water vapor concentration are again analogous to those computed f()r T 
and u: 

v I \' )( y) ::::: 1 + Cf E '2. ( 1 - Y)' - 2 < X < -1 -·' u - -
V

111
(X, Y, E)= V0 m(X, Y) + V/11 (X, Y) + 0(1) - 1 ~X~ 0 

m·_, _ (1-X;~) 
VII ()., Y) -- J- Cfu -;:-

1-'-,iil()( Y) = q (. y- yz) + g-.(X). 
/_ J - v 2 .... 

V(X, Y) = 1 + [!1 1(/:, Y) 
.J c u' a" vi 
--+-::::: 0 
tJLc i)y2 

(Jvl 
-~- (z, O) = 0 
(}j' 

A-50 

A-51 

A-52 

J(1 determine the regions that are oversaturated. the following variable needs to be defined: 
I r 
~~ · 0. liquid \\all'r will be present. 

Vsut ('I') A-53 
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APPENDIX- B: Useful Fuel Cell Equations 

B 1.1 lntnHiuctiou 

In this appendix, many useful equations are derived. They relate to 
• ( )xygen usage rate 
• Air inlet fiov, rate 
• Air exit 11ow rate 
• llydrogen usage, and the energy content of hydrogen 
• Rate of water production 
• !!cat production. 

\n m;J.n~ c'll the sec:t\cm.s th;J.t \a\\cw..;, the \enn stoichiometric \s usecl. \i.s n1ean\n'S c:au\l\ 'De 
defined as 'just the right amount'. So, for example, in the si!nple fuel cell reaction 

:211:2 + 0:2 -;- :211:20 

exactly· two moles of hydrogen would be provided for each mole of oxygen. This would 
produce exactly 4 F of charge, since two electrons are transferred for each mole of 
hydrogen. Note that either or both the hydrogen and oxygen are often supplied at greater 
than the stoichiometric rate. This is especially so for oxygen if it is being supplied as air. If 
it was supplied at exactly the stoichiometric rate, then the air leaving the cell \Votdd be 
completely devoid of oxygen. Note also that reactants cannot be supplied at less than the 
stoichiometric rate. This stoichiometry can be expressed as a variable, and the symbol ) is 
normally used. Its use can be put like this. If the rate of use of a chemical in a reaction is · n 
moles per second. then the rate of supply is X n moles per second. To increase the 
usefulness of the formulas, they have been given in terms of the electrical power of the 
whole fuel cell stack Pe, and the average voltage of each cell in the stack Vc. The electrical 
power will nearly always be known, as it is the most basic and important information about 
a fuel cell system. If Vc is not given, it can be assumed to be between 0.6 and 0.7 V, as 
most fuel cells operate in this region. If the efficiency is given, then Vc can be calculated 
using equation 2.5. If no figures are given, then using Vc = 0.65V will give a good 
approximation. Estimate somewhat higher ifthe fuel cell is pressurised. 

B 1 .2 Oxygen and Air Usage 

From the basic operation of the fuel ceiL we know that four electrons are transferred for 
each mole of oxygen. 
So charge= 4F x amount of02 

Di\ iding by time. and rearranging 
( )2 usage= I I 4F moles s-1 

Til is is for a single cell. For a stack of n cells 
0:2 usage= ln/4F moles s-1 B -l 

llmvevcr. it would be more useful to have the formula in kg s-1. without needing to 
kno\\' the number of cells, and in terms of power, rather than current. If the voltage of 
each cell in the stack is Vc. then 
Power. J>c = Vc x I x 11 

So. 
Pc I r·c x 11 

7
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Substituting this into equation A2.1 gives 
< )2 usage = Pe I 4 · Vc · F moles s-1 

Changing from moles s-1 to kg s-1 
02 usage= 32 x 10-3 · Pe I 41~"cF kg s-1 

= 8.29 x 10-8 x Pe I Vc kg s-1 

B-2 

B-3 

This formula allows the oxygen usage of any fuel cell system of given power to be 
calculated. If Vc is not given. it can be calculated from the efficiency. and if that is not 
given. the figure of 0.65V can be used for a good approximation. However. the oxygen 
used v,·ill normally be derived from air. so we need to adapt equation A2.2 to air usage. The 
molar proportion of air that is oxygen is 0.2 L and the molar mass of air is 28.97 x 10-3 kg 
mole-1. So. equation A2.2 becomes 

Air usage= 2srn x 10·-3 x Pe I 0.21 x 4 x Vc x F kg s-1 
~~ 3.57 :x: 10-7 x Pe I Vc kg s-1 

However. if the air was used at this rate. then as it left the cell it would be completely 
de\ oid of any oxygen- it would all have been used. This is impracticaL and in practice the 
airflow is well above stoichiometry. typically twice as much. If the stoichiometry is) .. then 
the equation for air usage becomes, 

Air usage= 3.57 x 10-7 x )~ x Pc I Vc kg s-1 13-4 

The kilogram per second is not. in fact a very commonly used unit of mass tlow. The 
following conversions to ·volume at standard conditions related' mass tlO\v units will be 
found useful. The mass flow rate from equation A2.4 should be multiplied by 

o 3050 to give flow rate in standard m3 h-1 
o 1795 to give tlow rate in SCFM (or in standard ft3 min-I) 
• 5. I X I 04 to give now rate in s1m (standard Lmin-1) 
• 84 7 to give llov; rate in sis (standard L s-1) 
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APPENDIX- C: MAT-Lab Programs for Modeling and simulation of PEMFC 

C-1 Calculating the Voltage Losses for a Polarization Curve 

,i) 

~~ ' -~ ~ 4 : 
J \_ ·~ H 

'-U; 

'<' ,, 
~ ] ) ; 

I~ ' l ~< ; 

,:._ ~ pLLl = . :) ; 

h:r;h,-,J -~ rJ.Ofi 1J; 
lU/'-0-. l~; 

. :); 
lq -~ H l ~/ 0; 

Id~::d l ·~letS '-'onst ._Jnt 1 ,J/!r~olr) 
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C-2 Modeling the Catalyst Layer 

]-' 

1 t.' L1 ~-

j 3!{; 

1 'J -~ 11 ; 
',.;(-\, ] ~-; 

- -~) ) . l [); 

Sc'-1 I; 
~. -- ~ ]_; 

r r:.·-1 ,_ ._ ~, .·; 

~·2'cl~tdy's c:Ol]Stdnt 

T r!--.-::~:;_j_ ()d.•:; L'C'll.':, t· '-!!1 t 
(j :i .'5 ( !_di1t 

Tt:·mperatu:..C? ~~ ) 

'T'•-~ntpt..:~dtlll e \clC(Jl-ce:=.; C) 

L! f I _; d ~-1 "; 

pel.rno::.-:ation in agC)lomt:;_,.t,:ltE? -· 
H~ r.·o:-?::rnct<tl.On i.n cFJC"jlom.~·:ro:..t.(? 
l\cjql;Jme:ratt:' radius J.n anode-_' 
A~rglornerc1te racii.us 1n cathode 
TotJ~ ~as p1.e~st1re 'J' 

i:j'' 

: l 
l.; 

') . (_,,.- ' 

CJ 
_I -

ci 

l; 

''' 
"' 

·). ()f' 

~~ ~~~) 

' '' 

,, ' ,, 

[); 

Hydro\jen pLe;?s:::ure 1n ,1~m 

:-:._ll f-'IE~.:.~Ur(~ lfl Cttm 

:-uratiol~ 

1J .. -,[e f.roctll..ln of C·~ .in tl:.e ·Jas pr-;.J::;;!_: 
f'v1,-,lt--: fr ac::t1on c;f 112 J Il t.t1o::: CjdS plld.St· 

J\lH.JCh" tLClf'iSfE~l ,_:oc:ffi t:llt 
c,:jt_}~(.-r.(t-'.' lr(.n~~;tc•r c·uetficjcn1 

r~ t r ~:::>.l.S t uiun-crn":~ 1 

~.llli~~l.flC( l t y ,: 1 .. 1 c..--m~ ; 
Lc111t u:-j~·:c.i 1n IIkL'::oS t::..,:n.:_;l~r-,rr 

l\l:ipliflc_·utjoi; ·~·~~JlStarlt 

Cll·b.--:; fun(_.tl 1. r; J .. :.Jjl.ll ~~ f Cll In I .T /![L.J l ) 
~J .:u<.k~ .spt.'1·1flc 1nt:ert '11 er: r 1 / "- ·:n! 

~t 

Cld 1,nr ~-/ \l'./(·n"-~\ 

. '1 ! d ~.:- J ,:; f F d l. !._ i a l I.J l. t~' s :-::i u 1.. t<:; 

•tlJ.d: (__ .. }I t lllcJt- lC'll r::r~~2>Slll.t: of 'v!otc-l-
_ . } I~~ 0 •:J ~) ") A T C- ~} • l 8 ) r ( 10. ''-C)) (Tc i 0 4 L1 lj '~ { l u ... , -7) 

I' /•x;; 

~-l ~ :;__ r.-l t } 
'~ l. r"_.laJ J-.~ll.-',)>::re o: hyd1oc;en 

>]_ ·-" I; d' H_'J. I l . b ~) ; "' 1 . / \ T .. " J. • :1 3 4 ) ;, J - P H >2 0 ) ; 
-l:...:u:1 ,-:_.~ l)d~_·t id~ r ~~11r-· ~.)f ox:;qe:rc 

/~r_:_·_Al.33'i"l))-p H}c); t_J _·1 i / <2 :< 1 • ; ~I: 

t:ur: l: ~JPncr Lor. .-1~. li.quid 
"!Jd]; .J·' ~ll [ J \.;;;) i_ d'.?-rl.'Jlt"y ( .. L,/l~l;l''~) 

tl = ~.lJc-1 t·: :-: .P ( ~ 7 l ~-J .. / E ;. ( ( l . / 3 C 3 l - ; J . IT) l ) ; 
('J.. lC l-'01 t l()f1 of ~~:he Th1eJ modulus 
_:,_· ~_j ~::o t r. I~·'~ "' f) * e.::~:p ( ( (- aJ.pha L. F) . / ( n. 
~h; ':.-:. (.: ll-,odl~ l u.~. 

"' sqrt,k ;- ~; i __ c..C:JCj) 
rlu(~ ~ •.l mc.,~;·c; "'::lclll.Si..<Cr ;. (~ rl (:· t j l) ll 

I ! \11 ' t ~~ l t· a 1f 1 1 ~ 1 h - 1 ', 
. t· ~ ~l t ~--- ) :·; \•.Jc: t f:; c.lt.Lr'Jcl<:> '-~1talyst ldjf'l 

-· ]< - ~1 F ·~1a:·; I l - ::J) A E u~: 

"LJ,;L :1·/~.i L u,Jt::'IJ u;..: 1 d,; t ...... _)r, 

J~u:l 1_jt-_· Ull•~Ilt dt?IL.:.;lt:y ~:P./cn,A __ :_~ 

~ J~-·-) ."' (::Xp (~-1:;00./f'.) i(~./-H)-))-(1./'J''l); 

·llt~ t-,('l"'. n[ ihl~ 'l'hielt: l!lCd:iJu.::; 

a1 hl) l . / ~ ,"} * ~- ... t:Yp i (,Jlpha d ·J<; F:•. / (E 
:r1-::...t 

:I. sqr. t 1 k h. /P:;jJ. 112 iJ(_J(JJ; 

Eft~o_··~·t i.Vt..:'llt:.0~.s fact:-'!: dut· to maS::.i tra.n~feJ. & rt-.:actlon 

plu H:."= ·phi !L2 ./ tUI"lh(phl H.=;- 1); 
-·.::r ,: - .. d..i.lJ!lc 

LOr: lett~ CJf 
t·~ lX }{- k h 

.. " F'; . / ( p . ~ T) 

hjclr c9(-r1 o t dnoc.lc: 
.~volt:)./ (:Yp((alp1a a 

,_·a r al ys t L1ye r 
(x JL:: '.J ."' P qct.s l h) ( 1 S) " E 

:1 1 , ·u ~ , t + c· :-; 0;1 lo~.:.3~"·.s ;:om Hutler--\'u.imer l::·-pJ-Jt::.i.u:J 
,·lt l- ,, 

cit the ;-.:i!h!dc: 

.,.. T)) \ -vnl t J ! 

1') lr' 

F) . / ( p T) 

II:'; 

;, V'J 11:); 

'"31 

7() 



··I: 
:; 

~os:~ :Jt t-h0' c·c-._tnocic 
: ( ;-.;: '] ,),1"-, 

- ') ~ ' 

c i 1.' ~~ 

-I] 

' ~ : 1- i :_, / l 1 1 

'" ~ d I~ 1 VGltaq._-

l :_ (_~ . / }·'' I. ( F T '1'11 p • / r rrl il~ (['[ • •\. ~ ) ' L-) \ 
• / I-

_t L L (): li 
;·tl:".:.ll::<t- ol1m1,_·· ~ act .:. " 

:Ji 

· .. t 

:.·; 
>•:j 

1 rJt> I'(~! l r.:>nl~ V1:-:l.~·~l:- tht:' ~::tf('l'tl.VCrlE::.S.S f2 'LCli 

' _: \~ .t l ~ J , : l ~--' 1, 1 ()"!_If [} J J); 

'li_Jt- j_ IE_ ~ I F: fi -~ i ; 

j_! r:>:L~_ ~t-fc,cti.vcnes.s Foetor', 'FontSize' ,14, 'FontWe1gllt', 'Bol:l' 1 
dl 

'I ~ . 

1:·-· 

'C"-:'Ll r:ttlr:e!1t (A/crrL/\:~) ', 'FontSi?.e', 1~, 'FuntlJ\,lelr;ht', 'Eolcl'); 
':..:~--:=-t~l~ ~ ivC::.~ne:o-:::.; Fc:~.:t0r:', 'l·'c;ntSi:=e', J ~, 'Font~·.JI:'.:_g:rLt', 'BoJ 'l; 

::: I L;_ JtL I I 
r· \ 
.J) 

. tc ~ j • :; ! ; ,__, r 'J\._-: l 

-: _l J:] ::_ \..::, ! I I' ) 1 (J l I 1 ! 

_(._ 

··:1 l ! ( j, t 'l :_,. '/() .::_-;- c 1 

,, 

·rcl L J.cy_" 

. J I ; 

1 FV:-1::.(:ize 1 ~l·1 1 1 Fontl1JL.:L·Jl~t 1 , 1 E'·otd 1 

S::;_z.r:-' 1 
I L_, 1 Funt\l\]clqht 1

,' L-t 1 J; 
j ~ t d ,_t_-='} I}: •")ftt ~l ~jh t I I I 

-< !-" cl t L! I j 

l -' L"j ; ~I 1: 11 Vi-~ 

: 11 f• -- r·_' I lj I, 
·I 

L l • i'- I ·: C,l L 
r, ,::r t \f"; Vt~,lt<lCJe' 1 

1 r··c>ntSJ zc:' 1 i4, 'Fc;nt~·Jr.:i!jht' old' 
_,) r:ulLt._·n~ (J../~_·m/,~,! 1 'FonLSl:.::c-',J_,'Fcr;tVJeiqnt','Hulcl'\ 
:!_• t ~· ' F c n t .::_; :::_ :::>: I I l 2 , r r \ :· n t ~·J e 1 q lJ t ' , I lei' 

~ l I n-L l. 

)i t IJ1:· .LJ 'iens~_ty cf !1yciJ cfren 
!,:_:_• f ~ l cr ' , [ J l ; 

-l· : C· -, , L .-i ~ ,_, __ 1 X H~· \ ; 

.:._;1l ~-J 11:< d•.?:1si t'y' o:t hyclroqt::n 1 
I' Font::-~lZr:', 14, 'Font\1Jc1qht 1 

1 
1 t:h! Ld' 1 

r~t:r::.:~.~ 1t 't:../c;-;,'' 'I 'FUilt~~iZe 1 , , 'Forlt~IJelglit', 'BclcJ'); 
'F2_ '_J :~ I L2 ( mr_j l / c:m"' 2- .s ) ' I ' FontS-~;-~>? ' 1 1 ~: , 1 u· on t t'J·~' 10 h t ' , 1 B o l :·1 1 

) 

l t 1 1 • _lj) ; 

C-3 The Ohmic Voltage Loss with Different Fuel Cell 

1 J c:-;': ;Jt_'; '/ },," ~Tl 

•:t!',r 

1 :j t· cJ ··1, '\' \ <..)!1T::)} 

J\r, ,~ -'- 1, ·nt" .--. :1 

:,! \_' . :_ ~::. 

~ .1 ; 11_ vo..:.I_"'::(J•::.' l·J.s:::;~_·.s tur_- f-'l 1:::1t 1\~cl ,._. i z.e 
p l /·, ]_ i 

ll ~l ;· l'- J \--:. ,_• ~ 1" d(j':}: 

" T\.SE:; 
at 1:.-' lll\_' t ut_, \'r.') l t 

;~ l ; 

77 



• l •.1'!'-

L· . .J._ 

1 r .'Jh;r, lt_' 'JU L ltJS.c;es ior .sec:oncl fU1""l ceLl s1ze 

·,:1" 1 :- l :-rr:-

1 t;•r: !~ 

,J._ __ ; 

d t. ,::.. '. ne nl:r:·: ~ '· ·"'0] t ,-"lCJ~ l c~;; :3 

,, 

l\: :4.; 
·.,~,·ulc_~tc the 

~ <l ,_ v t· :1 ~· 

J-,; 

~} ~ :;}_<_j"[r_- tht' 

? l 

1 \~· volt d(:-/t: loss 

~ J :r t <--=: r 1 t 

,,_ ltac;c l,J.ss 

. ,:,t~ r_); trJl:' :.:f::r:ll_· l(J2JSe:::. 

: 1 :r ~l;::. .- : =-- .t.: (JU r c: , ' I or ' , [ 1 1 1 
itlncticr: o.: f 1"lel ,-_·ell art~'-r 

l=-~-D :._ I j'\ 1 \1 __ Ohill 

i_ r lt~ {I rJhrni LO.'·;::; a Functlon Clf Fuel Cell Area' If FontSize I' 14, I Font~"-Jei.c_Tht I I I Bold' 
clUr::-} 'C'ur:-'1 r:l:l_l t~red (cm"2) ','FontSize',l2

1 
'FontWe1ght', 'Bold'); 

• 1 !_- s ! \/) ' , ' Font~)'- z P ' , l ~: , ' F' () r: t \r} t:> i CJ h t ' 
1 

' Bold ' ) ; 
l:l:::llp, 'LJnt:'/lJ:Jlh', 1.~)!; 

C-4 The Entropy of H2, 02, and Water 

I n1 
~ 1 • -~ ] c] 

Ideal Cas Con~tant 
'' : ~ u :J Ternp(~·ratnr-e rarlCJt? from ~~00 1<. to 1000 F\ \Vi.th Jncrements of ~)0 

·~ ,~r~t f""' 'T\_;mpPratur t:: Loop 

=-) () \J su lOUCI; 
l; uc··r r lcthl.-.: 

Initialization of loop vaciable 

Temperature range from 300 K to 1200 K wtth increments of ~U 

~;-_: p·j· ,_·J] <.Jt .LC:l::-; 

': j j 1 en:.:t'-'I)Y cal(_::ulat::_ott.s 
l -3 (.r, S 7; ,, 

--_<[<- j ."-
I' -- <'] '] .:2 ,I _._ =:: . := G E--) A- { T - ::=: Cj 8 ) - 2 4 . .2 E- G "* ( T" 

I 'f 't, - _ ~ 4 ) 

,: 5 j h .'3 t. h) 

- ~~)8"2) + l5. 3S-Cj A ': T/'. ~ - ~:~Jd ., ? ) 

eLlropy ("dl,·ulat-iotl:::; 
.2 u ') . 1,-) ~-; 

-1. ·~ r\F-- 1 
~ c; (~f :, -~ ( :• • : r_; ', - :_ ~- • C E- 3 * ( T - 2 9 C3 ) + :?_ ~) • 3 3 E- G * ( T A .2 - ;~ ~j f) A 2 ) - J 8 , 7 E- ·~.l " { T A j -

~ 1'"4 - ~·~J()A4); 

_Tt""n =- (::;; f l·r ·t :=:; t n 1 

.. ,.,:~~- c-::rJt:rop~/ L:ttJ ens 
-_ 1 f:. 7..:: i 

h'--=- loqiJJ. Y) 
. :'bE-3 ' (T-298) +- 17. 26E-6 * (TA2-298A I - 8. 21E--9 A (TA-,_.298A)) 

7 E- 1.:: * ( T ' 4- ~ c.1 r3 "' -1 ) ; 
::-·-r: '.'3f 'v-l + 

? f~d t t· 
ables to Sdvt.::. the nev.l calculated valuc;s for hydrogen, oxygen dna ltVdt~_'l 

~ 'l '' . t""'t~mr:.,~:lat:J 1ncrc:rnent 
E:Jt..:rop/1~:, :::: .3 hycitOCJt:r:; 

·~·/ 1,-~: :__:: ~ __ C:X~,'\_(f,-'lli 

i~ L 

cl d l. L;r •-::" :' 

I_:-.~~ ~ 

~-''- 0)J 

_nq 
,-: ~ 

'!'l,f",...,T '·') ·lK,_uhb cede 
.:! r u r e: 

can be used to olot the hydrogen and oxygen er;thalpy 0s a 

I;]' ::: l ·_l \1 !_ <::.' I)J: I I ] l ! 
i'l' 

,_J ';,_,C~:pt0 l d'~unc, Hyclro(len C:ntropy, Temperar-ure, Oxygen Entropy, Temperature, Water Entropy!; 
' i-1 y.:-J _[ 

and '~'lateJ Entrcpic:s', 'FcntSize',l:.~,'Fc)ntWt:;i~Jht', '~3olcl' 
''1-e::JnpeL-..:lLurc (V) ', 'Font.'3izc',l2

1 
'FonlWeight 1 , 'Bold'); 

'Entrr)t-~:J.o:-:; (Y,T/ki-JK) ','F'ontSize',l:2, 1 Fonth'eight', 'Bc_~ld';; 

CJ(-; '"' j) 

n 



' 'L 

C-5 FliELCELLHEAT Fuel cell stacl{ heat transfer model 

'r.· .'_ _:_ 11 (' ~1 ~-

u :non\)'-:JLL1:-.:·ed wi r-lt LJ I_ db:~·, 

·_:; :...liJ .L ~)2T!l'ctJar- LUll -:::-_1 S! 

Nl mti::;e r: of: ,::: ~;; 
'_:; 

-~ ~_! ,' j ; 

( ' ;~, . 1 f_) ; 

End plc=ttE· ;:_t'n~] rcltUTt:":' 

End I_::Jlc:::ttC:> t.empt:lettui<:· 

~r:l tlc±_~ t,-~Hl}Jt:'tdturl' ·: r~) 
-:._, ~~ ~ ~ i_ ',/t-_; 

'lei; 

T ... r1 ;) 1k• F l ,: t..; F i_ e l d ( ;3 t· ,=J. .L n l t? .':.~ .c, .c_; t t' e J } 
[·11·'!-\ 

:~u~-!iodf:'- FlcJ·v.; r·~,.-::.ld i'St-riinLe.<:-!.'3 st·ee~ 
i·.11r)bt"""1 'Jd.':_,ker 

F'i<_d:t p:;_ 
J ~ •: I 

f :;_·un: s 

1. illll_'cl n1 t (_·::r·,-:!:a1·l:t:~-- ::ill~-·es v-Jlth.in Lc·t~'er \1-·d.:l be (·ilan~1ed ro c:s 
dll"/ .<:-- -~ -:_ces cJ..S 

cJ, ll,. I 

''i' 'LT ,, 

'), >1tJC., b() ~ ~-s () () 
(I ('I_,' I l '1UI)' _!_ ~l)U J ; 

. ') ) c '1 1 ',_) • lj u l -/ (J ~1 1 U . ·-! 0] 32's 1 U . () (J l c 1 0 , () 0 3 J J ~I u , c (; 1 7 0 4 f ('1 , 0 0 ~_) f] J ; 

~D.UlJ_, 0.001, O.UCOS, 0.001, O.Cl()05, O.UOl, U.Cl11J; 
:c~1ClLlC!::" l \'J t y ( r,IJ /rr,~ V,) 

i r c:I-:1. k •:).~~/ .L.:26, GS, ? I 5, 1.2G, 0.2]; 
r f1 ]l("'dt L dpdCi ty I:,J/Kc:r-k) 

:,.])dill [l~:JO, L 0, 500, f)t-~4, ~JOO, 1000, L200]; 

-~lt~ :o t>?nlpctat_urc: sli U·'l tE-:'n:p.'.:; per lc1yerJ. 
~-f-_,rrtpf· t u ctr~ at the centt::l of edch :::;] i 

J .. S cl~ the.:' E'rl(j(::- Of CJch Sl~ (like:' '-"'i .St0i.r plC.Jt I 

t'.'L_' 

~-~ l: ::-:, t_ • i\ ' 

;..: ' .:-: ( (l:pararn.H(.~;) I< patan:.l:hlc-K_(il/para;n.~.1(i)]; 
( _:, par arn. IvJ ( i) J J ; 

BoLEvio.ry Points 

·,,\ 

Li 1 Z: 

:-:> ~ 

"' 

-~ l 

Adcl 1c't t 

Ct) ;! • l 

hdlHl heatinCJ bJur_:k pc~:::itJon \>>ctirll:' Wldth as fi 
f>::J::::;itlOr'. of ~he ~1ght !~ancl llc::ctt.inq bL'J('k 

::. ·~' Ct i:: r 1 '. ~ 1 t ·; y' ''-

f \" t--y :-'='l.. li~1 Lc-Jlf:·~tt-_'l (1;]/rl,' .. -r:, 

··r:\r:·' 
~:1·~r::'J~h dx.·~-1; 

-~: lt:.-nyt 11 I ·~b:); 
-~ : J t~L ':! t .:1 r dx! ; 

~:/<::"""l -- [ 0, ldj'£.:I j; 

! C,_~ 1 . •) J. ~ I -. -

),1rr~rtt.ll J.cft [0, 1 ./ (dx(cr:-nter) ./ ( l* param.ktlayt::r(ccnter)) 
• r_ J ,'tY'vl 1 lt?ft)))) J; T dx I 1 P f t: ; . I ( 1 ' 

U rlr}ht = ./ (dx(centt2l-l)./ (lj purum.k(lay(::r(c·ent(.:r~l)) -+ dx1'rj.qh1 ./ 
.k,·~a~/t~r ri.ght'J IJ]; 

lt:ft~1:1: ::..o 1 ./ ld;.:(J ./ (l" pdram.kil)) + 1/L·or:st.h.surrl; 
11 r>lh

1
_ t-'tHil::o.. ./ ld:-.:{Pnd) ./ ~:1* p,-tlam.kr.er-td) 1- 1/,_-··.:=::.nst.L sur1 

j -' ~: \_' l t' )l(j ,I ," 

1...: ~- t:·rn]--''-=' r c1 t \1::.: c nt,l t r 1. :·: 

~-c~J.CJt. :.· J_r; " ont:~s r_::.;J.ze (x) l; Predllocat(:' outpuL 

:,eft hwnd end platE: te:npetature 
Rtght hdnd 011d plate temperature 

''Ui.ttputF,_·n', (t,y,optJ heettplol(t,y,opt,x)); 

= uc_lt:=-,15(n,t,TI heJt-(t,T,x,layer',p,',rcnn,,--:onst), [llnsp,~il:e(O,const.tflnctl,J()(ilJ, 
). ·- -1 ,_' 1 • ~-) ) ; 

;J ru !1~. t _] 

:-L-J.:,:.. 

'3 c1; 

l; 

llt::.'C:t+- t I·;' I X I lei j'et I r:ll Cl:[t, 

f_·qudl:on:-::; fc-1 f.t("'_2_ ,_:_:ell 
~ er. r~ r)l ,11_"(;_"' ~: (; d L'reak~loint 

.!: ~,' 

7() 



']:'.i 

l(_i ·. q 'l · ; , : ;.._ 1 J!: 1 t ~_ ( 1 ~-: t 1 , / d r "-- t '.•!·:•:!' 
j,, A'; ,.,L\/• 4 ':'> rJ~_IfJtu>-~Jllldt~ clf:-'ti.'}nt!.IJe~ l)t::\tt-Jf-'t->11 x':.c, 

:. q';' l ),-, 1. tll,--~~ 

i ~9ht { f)<.!J' ,·_j;;,,.6,. { 1c:tj'0:!.) c!Tr"qhl'· 
--~~ ,-n:1.:_~ J~·r: .A rar .t'\·,LJJ't2r/ "'dT left 1 ; 

J,:.l_mc ,'lr1ye:.:-\ .' r·,=JLOHl./J,_(Jayer·, .. v l;arc..ln.CrJ(layer) 

~ 1:0 ol !llJ·.: 

'J! IL 1- 1 l (j !Jl ) \ ltlcl:S ~_; l 

I) i ,_i'~'c~ t !] ; 

-!C'l. ::tt.:dt_r2 oL !t, J', (~pt, :·:) 

, ~ l ·, 'X 1 ~' [ ' t '1 r:ur:12:.: tr ( 1_:) ] ,1 

.,..:- ± :11,( ·t l 

C-6 Modeling the Temperature in the Interior Layer 

- ~ ~ 

~ ; 

: ~ l t-' ( ,-"' L t t· 

r ulhrJ.Ll'JI1 Para:nete1 
'·::-.:.1 tl-:t: Jl~JrnJJcr 0f rJrlc.l llCinls J.n x ar1(i y direction 

:1~.1mber cf qr 1·1 polnt.::; ~ll x eli rect1on 
:lL;mL~el f." \flld voinls y dite~::t.i.ou 

) .,, 

ll\" !~ d;_:r~·::-"ll.'~~ en of tl"'t· ,J.,)m:tin 
. c; Lc.:n'-:1th in x of the computation res_rlon 

Lenq:~h in 1' oi the cornputa t .ion .C0,JlOn 

I ,Jt I' •-bt:.. ,c,J 

LX/ \ n>:--1 1 Gt id sp._H~j nr.J J.n. x 

r;rl:J _..-_.l.!Cll"irlq ..Ln y ,' n 1r- ~ 1 

.1\' / ,l r ld 
- j_. ,_ 

'~' . u; 

.w~l _/L- t \' d r 1 u.Dl P 

..-: t I ~:r):--:;; 
:ret.:::-; fl~J..':_:. ri , :_·, y; 

t=h·-=- .i.llflCtJ ()llS 

] c:X 1 L;, '/ \ 

/-- . c \ 

111\. 

: l r, j ~ , lJ ) 

l. r1
/ ~}i) 

\'ar_;_ l t 

( u.::,ln \ f J)); 

- : t_·ct -~ ,· - ·I ' 

->i· rJ ut of Ti 
I.C 

r I·_;-._ I 1 F>t:-_.ieCo.1 '-''l' 1 nont:::') 

1 
1 :Jat c1l'l:.•lJCC[f\cJ.tiCJ 1 

1 [ 1 l ::._]) 
., . ',' -~ . j {: l J 

-' rlx: 

80 



l " ,) 

: ( : i ~I I T ,I, I ' ~ 
T ) ' ) \ ·"'·; 1 / ,, • 

: I ', [_ ' ~ I r ) ,i,-r I 

' ' -
~[ 

"' 
,, 

r >:q; ·~l-=-. 1 :r • 
. --/.:_1: ;· 

• .l _: 

I;· 

__. : ;:; r [(), J ,\ 

D [1).T, 

r 1 !:' L ~; I 10 T ; :-::! _JU -L ---1 / f 1 ·r:-! 

I/: ;;_,, 

.--Lt<:J2 ~P f'T;:l !-r 0.rn.+Pr;_tch:>-LJ ;.\(n ~.o:-rtr·· +' 

110-: 1J".:r 1 rJ 1 

\ll 

: ( --~ " 0 . : 1 / ( ( ( ( -.l 

: \ j (J. ;---) 1 ( ( ( 1 

'I('; t \1.: :lb.::~ -<XC.;(' 1;-=:::rf;i~?,T, :-.·; .: 

: /q' 

,\:;: 

! r. 
l 1 7 F: / 

1:_' T ,-

'1 

-·~loc· 

I I 
I:(-) --J'j;,-

' ~Is-) ) 'j ]_h':'·-·,·, • ') ·: 

~-~ · ~-~); ~\~·--·s;~ 1; -~ 1b::+~ :.· T 
[P/\ l.lit' J] (-:;_d'") T' ·-!', :-, 

( /\ tr " :-.::zr I I ; r: ,I ::::-

'l1 1 L rl', 

r: -~-.: 1_: :-: •1 ;: c 1 r' 

I ~ • "C 

. ' 

-•:1 

··r 



{ I) 'f I ' " I ~ : 

I ( ( c I 1 1 p;: c il " ( p f;,; '~~IC ; . T 

: ,· ( :_:" ; I~ q i 

! I 1 l l [. 
1 
~) r! !-! r-[ I /11 ll 

_I[. 

--'! ,,. 

' ~: 

/' 1 

<:;L[(l l (J f}111),· ,, 1 AT I 

, r~'·'>-l,T ·;-. 

,, . I 'T' 

.• -I) ., I]" 1 

TI'2(l0CJ-

/' 

:I 

/I 

r._j.; ;l'' 

T .-: I:;, I I 1 -;-

: ~ n · r .,; · :_: ~ ~ r; · 1 P r) e · '\ 1'-I . T ? ~· 1 ' f 

f)b~-~ (J ~~~-·c, '~/1-'CJ TS(.1'() TS 'l't ~-~.L'O ~~C1~~·(: -j 

,' ,' '·.· ' I!.,.. J r, '1 

~ ' J > 

I() t 

I ~ \ 

'; i ,,,.-,, •. 



]]\_ ,,. !1-! ::-! t •,J t '/ : Lc-:t.Jt ttJ11 

-l L· .L (J ~i / ~ I) U - : : 1: t: .!__ ·11. l I; 

t lU:E-t: 

c \ n 1 
, i t e 1- c1 t i on , L J.ll t ; 

' ' J ,-~ ~ , L1nf, 1 b-', ltetatlcJn, L1nf, 1 L. 

,_J 1 

;!t:t 

[-l 
· rJ X 1 ~~' 

. :) -:1 7 -0. (_; _) 1 u. 5 ~:;.oc: r;.J-3c l).llL~ u.:>1""1 ' ) rJ ) I_; • j ~~) r) C• • L1 l r l i) ' c.:) . i ' ') r. 

::~ u U ·;4~1 G.00~ 0.86 0.91 
~ l,} ;· I,\ 

1 
1 1} 1 ( 1-::-!.\lC: j_ :• 

:;] 

\ ~ /: I 1' ;-

~ 1 
; '. j_ ~-:r-:._qt_tl I Y _1_ I \ ; 

.· .. -I '_/ll I b.la(_:k I 

Cl. 

l~->2~1 fl. gures\cl:.up'1 \oxygen-con.centrdtion4 

3. 0 J; 

t ,3 ~c· d fi 2e c;ave data\·.::hap4\0X}'CJC'n.dat u -ASCII -DOUBLE 
t}>" 1,•Jt<ter 'Jc~pot concentration equation 

·.~t-l,-tl1L.t:> "'=..he v1at.er vapor concer1trut.ion field us zero 
=~-l (,· It!<: I n:l/; 
<-:Jc: :. Errol: tL-in~ Error) Initiai1;_~ecl 

: ~ l 

''; 

~- ~ r. 

;_ ter ct1 ~-~..JJ, t- l 

:. hr-:- !l .~lu·~"''~ ut- T :<.:1 ~ :1 

·ur:d: • · 
']] 

. tow r ./ 

1,.: I 
-;'):) ( C!JS /\ ~· 

! !· r !Jp i;O\l:'.::idLY 

= \_/I 1.1 1:.\'-- l \ ' 

~ : ;· y 

tltz Lt"::it buundr=tl'/ 

I·-/ l ) i 

,>; liyJ; 

i''' f t bu c1J:da 1:: y 
'il:-:- L I "I) ; 

tc· the i.r1LE·rio1 dorr,r::Jn usin(.J =:nd order finite eli :tference 

':-:t- , /llx 1 \ v ~ 1 - l, --! '-' ll + l 1 _i I ) i 

l. '/ \' I 2 1 _, - j } -'· 'J ~: l 1 J + l :1 ) ; 

l :'·. ~ -1 ~ ~~ _:__ lfi __ 

I A:.·~ ) ( 1 . Cl / h ~I ' A= ) ; 

''\.._() + 1 \ l. U-cltlr.'~Jd ': vclcJ,rL,j)J; 

"'11 r1~'· t_l~~-: <-.:ltcJ.:::: 

v- ,,-!; 

... '!: ;u , l_ I -~ ) i 

rl:e cor1verge11Cf: history every 100 iterations 
~k = rotlrlcl(iteration/100)-(iterAtion/100); 

l ~- a_ t 1 U~l o.:::= 

-"'- :t'" _j 1_( Ll l (-

\) .... 
O_) 



l J I I 1_ t: ~-' ,'J. t J l1 f j 

'~,- l I L tt:'I·l , l,.l nt 1 

'!! l _:-j ;-Lt.__!-;_ lJ 

-~ (_,l u t 1 

.1 <. 

l.l\-j \:.-:1 
. \) ;_ c. (I],, '~· '; l.LJB~- l . . :5 l.~_2D l.l L . J '7 1) l . ]_ ~! R l . ~ 

> l ,:· ~ . j 'J L.385 ~--~1()8 ::__.:]3L 3.U]; 

'J. ,_ re2 

L. ,. I 

··:I_( 

.. : l: I j 

'ltq'L::h ( \); 

·-: j 1 / ~ 1 
1 1: ~ '.t--: t: l 

-.1'[.J·~~(J f1 qure~;\' hd[J<1\w·ut>..::rvaprJr-ccrJr-:entration'1 

:1·:· d._Jta "':o d f1 l e 
Lo: \Wdtervd~Or.drlt 'I -~SCI, -DOUBLE 

,~.- +-- 1 ~-1d"':>' • . .rcipo.r .'.:cll_~~r ·ltlO!l 

:-,,-· l. f 1 vn: i;Cj\ld ~: c:t t~. ·1 

·:1 j_l 

11.:.• 

. , I/ ', ( ~· 
,:;::...- 0.: j 

-~' E l=>- ·l l 
~, t) ~~t.::•- .::; I 

\~I j + -) I:J ~ • ()) ; 

T (_;_I l \ i 

( T { j_ I ~) 1 .2: ; 
~ T \} I j ) "'3) ; 

--= terrnl * (exp(:,-0.8 ~+-cerm2·-tentd+ter:rl'1));; 

·: ( i 1 J ) - '/~;at ( i 1 j ) ) / v :.3 cl t ( i , j ) ; 

lu-+._lOt:.'::i 

~ :._1 I :·: I j' : 

- l , (J . I~~ ~1 ~J c , \._) ) \1 

,jC, 'j ' I)~~) :s 
'1'1 

[). 

0 . L -~ 4 U . l ~~ 7 
n t• ~ t_). 

:: . ~· () . ~ l ] 0 . 2 6 c 
il. -, l L 1 . ll j ; 

.. t 

• t ,,~ 

/~! I y L I_' \'E-: l) 

- \J . ~" L • e_~ J 

. v' T, 

., . ·.: . :, ; : ~I ; 
' ~ t-: ~-~ (_1 t ~: \ 

j'~ I ! bJ l\ }: I 

'. '' 

-;J_ r'~G .t _i_ ~1u r•.:".S \t_ l1~1pL1 \sat u ra. t j on4 

C-7 Out put of the Pressure drop in FC channel 
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