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

15 

,. 



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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