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Fuel cells are making headlines across the globe in almost all arenas of power
production. While the technology for these electrochemical power plants was
invented around 1839 and has been in use for nearly 150 years, it is only
recently that fuel cells have gained popular recognition and reckoned for serious
consideration as a power zone for the future. Despite their relatively new arrival
on the popular scene, fuel cells have already found their way into pre-commercial
testing in domestic, commercial, industrial and mobile applications. Fuel cells
convert chemical energy of a fuel gas directly into electrical work, and are efficient
and environmentally clean, since no combustion is involved. Fuel cells are
presently under development for a variety of generation application in response
to the critical need for a cleaner energy technology. The use of fuel cell systems
has been strongly promoted in Japan and the United States for medium-scale
co-generation plants. Nowadays, this interest has been extended to the smaller
scale, in particular at the residential area level. All fuel cells currently being
developed for near term use in electric vehicles require hydrogen as a fuel. Atthe
same time, increased interest has arisen for the application of fuel cell systems
to automotive propulsion, although there is no clear option on the direct use of
hydrogen stored on board or the installation of hydrogeh plant on board as of
this time. This paper outlines the acute global population growth and the growing
need and use of energy and its component as well as its environmental impact.
In particular, this paper reviews the existing or emerging fuel cells technologies,
limitations, and their benefits in connection with energy, environment and
sustainable development relationship. In addition, this paper also explores fuel
sources and the various types of fuel cells as well as their applications.

INTRODUCTION

Energy produced from fossil fuel (coal, oil and
natural gas) is not environmentally friendly. Apart
from this, the availability of fossil fuels become a
limiting factor when pollution increases and the
demand for alternative energy sources like solar
(Lee et.al 2002; Li & Wang 2002; Tiba et.al 2002)
nuclear power (Ohnishi 2002; Galy et.al 2002;
Schrempel et.al 2002; Meyendorft et.al 2002),
wind power (Bansal et.al 2002; Manwell et.al
2002; Eskander 2002; Liu et.al 2002) and

hydrogen and oxygen fuel cells become inevitable
resource. The amount of energy produced from
solar power is limited (Datta et.al 2002) and
control problem arises due to variances of PV
(Photovoltaic) output power under different
isolation levels (Shatter et.al 2002). In addition,
energy efficiency is low. In the case of nuclear
power, waste generation is very dangerous to both
man and environment. For safe and clean energy,
fuel cell and wind energy sources are preferred.
The problem with energy supply and use is
related not only to global warming but also to
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Table 1: Population, Energy and Electricity demands (Million of barrels per day of oil equivalent)

Year Population (billion) Energy demands, Electricity demands, %
MBDOE Energy demand
1940 24 70 -
1960 3.0 90 -
1970 3.6 100 6
1985 4.8 200 12
1995 53 300 15
2000 6.1 350 30
2001 7.2 410 50
Source: World Energy Council 1998
environmental concerns 5 250
such as air pollution, acid b ~—
precipitatlioon, ozone £ 200
depletion, forest destruction £ 150 7‘&“?4-
and radioactive substance g 100
emission. World population £ 50
keeps increasing at 1.2-2% = 0 ; ' ' - ' '
per year, such that it is m 1940 1850 1960 1970 1980 1990 2000
expected to reach 12 billion Year :
in 2050 (Stambouli et.al

2002). Therefore, economic
development will almost
certainly continue to grow.
Global demand for energy
services is expected to increase by as much as
an equal order of magnitude by 2050, while
primary-energy demands are expected to
increase by 1.5 to 3 times (World Energy Council
1998; refer to Stambouli et.al 2002) as seen in
Table 1.

As world wide supplies dwindle (Figure 1),
the development of new power generation
technologies will become increasingly important.
Simultaneously, interest will likely increase
regarding energy-related environmental
concerns. Indeed, energy is one of the main
factors that must be considered in the discussion
of sustainable development. In response to the
critical need for a cleaner energy technology,
some potential solutions have envolved. This
includes energy conservation through improved
energy efficiency, reduction in the consumption
of fossil fuels, and an increase in the supply of
environment-friendly energy, such as renewable
sources and fuel cells. Electricity from fuel cells
can be used in the same way as grid power.

(Source: United State Department of Energy Review 2001)

Figure 1: Volume of oil discovered world wide every five years

TYPE OF FUEL CELL

A fuel cell, by definition, is an electrical cell,
which unlike storage cells, can be continuously
fed with a fuel so that the electrical power output
is sustained indefinitely. Fuel cells function on the
principle of electrolyte charge/exchange between
a positively-charged anode plate on a negatively-
charged cathode plate.

When hydrogen is used as the basic fuel,
reverse hydrolysis occurs, yielding only water and
heat as byproducts while converting chemical
energy into electricity, as shown in Figure 2.
Pollutant emission is practically zero.

Overall reaction:
2H, (gas) + O, (gas) & 2H,0 + energy

Fuel cells are generally categorized by
electrolyte material. As shown in figure 2, there
are five main types of fuel cells.

Table 2 present the summary of different fuel
cell technologies, their principle characteristics,
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Table 2: Different Fuel Cell Technologies and Main Technical Characteristic.
Type of Fuel Cell | Operating Electrolyte Type of Electrolyte Fuel Oxidant Water Efficiency
Tempegmre generated (%)
¢C)
Alkaline (AFC) 50-200 | Potassium hydroxide, | Liquid: circulating or in | Pure hydrogen, or Oy/Air Anode 50-55
generally in aquas a matrix hydrazine
solution, at 35% in
weight
Direct Methano! 60-200 | Proton exchange Solid: polymer which | Liquid methanol Oy /Air | Cathode 40-55
(DMFC) membrane (e.g. Nafion) | has to be moistened
Phosphoric acid 160-210 | Pure Phosphoric acid Liquid: in a porous Hydrogen from OyAir | Cathode 40-50
(PAFC) matrix of silicon hydrocarbons and alcohol
carbide
Sulfuric acid 80-90 Pure Sulfuric acid Liquid: in a porous Alcohol or impure Oy/Air | Cathode 40-50
(SAFC) matrix of silicon hydrogen
carbide
Proton Exchange 50-80 Proton exchange Solid: polymer which | Less pure hydrogen from | OyAir | Cathode 40-50
Membrane membrane (e.g. Nafion | has to be moistened hydrocarbons or
(PEMFC) methanol
Molten 630-650 | Old generation: Liquid: in a porous Hydrogen, carbon CO,/0y/ | Anode 50-60
Carbonate Li;COy/K,COs matrix of lithium monoxide, natural gas, Air
(MCFC) New generation: aluminates propane, marine diesel
Li,CO3/N2,COs
Solid Oxide 600-1000 | Ceramic as stabilized | Solid (ceramics) Natural gas or propane Oy/Air Anode 45-60
(SOFC) zirconium and doped
perovskite
(Source: Bernay et.al 2002; Stambouli et.al 2002)
Table 3: Current Material of the Different Fuel Cell Technologies
Technology | Anode Cathode Bipolar plates
PEMFC Carbon cloth, carbon Carbon cloth, carbon Machined carbon or
particles with high specific | particles with high specific | stainless steel
area, platinum particles, area, platinum particles,
weight 0.1 mgem™, PTFE, | weight 0.3 mgem?, PTFE,
Nafion© Nafion©
DMFC Carbon cloth, carbon Carbon cloth, carbon Machined carbon or
particles with high specific | particles with high specific | stainless steel
area, platinum-ruthenium area, platinum-ruthenium
particles, weight 2 mgem™?, | particles, weight 2 mgem?,
PTFE, Nafion© PTFE, Nafion©
AFC Hydrophobic layer (PTFE), | Hydrophobic layer (PTFE), | Current collection by
carbon catalyst (platinum carbon catalyst (platinum nickel mesh and
particles with 0.3 mgem™ | particles with 0.3 mgem™ | distribution of gases,
loading or cobalt-based loading or cobalt-based water and electrolyte
catalyst catalyst with plastic frame
PAFC Carbon cloth as a support, | Carbon cloth as a support, | Graphite
catalyst layer: PTFE + catalyst layer: PTFE +
carbon black with high carbon black with high
specific area + platinum specific area + platinum
particles 0.1 mgem™ particles 0.5 mgem™
MCEFC Nickel-chromium ally with | Porous nickel oxide Stainless steel with
10wt.% chromium protective layers at
the anode and
cathodes sides
SOFC Ni/YSZ cermet of 30% Strotium-doped lanthanum | LaCrO; or FeCr
porosity mangnite of 30% porosity | alloy or stainless
steel depending on
the operating
temperature

September 2002

Vol. 2 No. 1 ¢ ASEAN Journal of CHEMICAL ENGINEERING




operating.
HMowevar,
classifics
cells may b
fuek spgp
-"?‘i&%ﬁ 2
lnpnni

_.%; .rﬁ*:éfté%}
v historical




A Review on Fuel Cell as Advanoed Power Sourge T8

FABLE §: Intended Appication Amd Moin Denslopers

Intended Apphivation

Development advance Pripolpal develuper/oompoenios

Vehichs {drivi)

Stationary {ROUSHE, COLENETRHNN},

Prototvpe of vehicles, demonstration of
hevasing systemn and 200 1O¥ svslems

Bradard {Canadad

Muvira {Haly/

IR RHIN

portabls

{{%%A] HoFower (USAY Plug Power
A3 Avizia (SISAL Bnergy Partoers

CREETTT Vehicle Givinds, spatial

space fights

Dievelopment: bondon faxis and small
vehicles vsed for 30 venrs by MNABA I

L {URAL Y

Fotk (G), Asing
sy (Canads)

TR Vohicle Thybnid) poreamie

Frototype of SEW systoms and smail
vehiicles, whphones and compuiers

Hatarg {Canaday, Dainglor-Chrysier,

PARC Stationary {cogeneration} ; Markeling of cogeneration sysiams - Toshibs,
EDURYY {on. 200 worldwided ; sshiba Jupan)
MOFC | Btionary {cogenaration, powes § Dremonstration of power station 380 kW 'SSA), M i; {(wn..n}'}, FEU Yapasy, |
phani; 2 W ohi (Fapany, Ansaldo (Hally) ;
SO Sehinle {AFLD statfonary (housing, | Bxhibitfon of housing L W and
CopEneTRiE cogeneration systems JO0KW

Source: Bernay elal i}{u)

Vehilcle

A key commercial application of fuel cells is
their potential to replace the internal combustion
gngine in automobiles, As early as 2004, fuel cell
enigings could be implemented in more than
100,000 automabile sold around the world
(hitpowww. n fﬁ‘ recucieduw/icurnaliarticie/
fearticle.index him}. Al malor avtomobile
ﬂ'mmuf&fzfi.x}:ézm an{j several other companias are
developing prototype fuel cell vehicles to
investigate this possibility {Bird 1996 Cacol
eof al "38{}1' Dass etal. “f'}{}}‘ Francesco & A
2008, Han etal 2000 Handley etal 2004, Lin
2O00; Q}ggcé.ﬁa.h 1999 Panily 1998, Bhim & Lee
20007,

Power Storoge

Another aspect of power praduction for which
fuel cells are well suitted s power storage. These
can be used to stove energy for fulure use in powey
production (Moo et.al 1996, Watanebe et.al
1996, Kasahara etal 2000), Such p system can
b used i conjuncion w ith solar cells [Shatter
et.al 2002 Ahman 2001, Wirkler & Lorenz 2004:
Asrus 2007 Lior 2007 Ando etal 2001, Hirsch
gt.al. 2001 Beck & Ruetschi 2000 Snook 2000)

ter store energy during the day and produce power .

at night o with conventional powsr plants to store
energy during off peak hours and help meet load
requirernents during periods of high electricity

demand (Dufour 1998 Lee et al 2002; Varhanem
ToRE: Wallmearl SO0 Weiney 1598,

Telecommunicolion

Interest in using huel cells o power portable
aapudprnent for commercial application s relatively

recend. This is perhaps partly due to the sucress

of Li-based batieries {n powering lapiop

compiiters, mobiles phones, personal digial

assistants, game devices and music sustems (Dyer
2002%. The demand for energy storage devices
that will allow the devices to operate for longer
times without being plugged into an electrical
outlet (Chang et.al 2002, Chu gtal 2000, Meyer
& Mayraerd 2002; Palo etal 2002} Small fuel cells
coutd be used to power tglecommunication
satellites, replacing or augmenting solar panels.
Micro-machined fuel cells vould provide power
tex compniier chips. Finally, & minute fuel celf could
safely produce power for Bological application
[Karyakin et.al 2002; Tribuisch 1997, Sebastian
at.al 1998) such as hearing adds and pecemakers,

Auxiliary Power Source

Ut now, fuel cells are planned mainly for
the drive application. However, ather vehicle
applications mey be considered for this power
source s an auxiliary power source. The present
fresd s o Increase the elecirical zmmz’@mmi of
the vehicle auxiliaries, reduction of consurmpdion

Sentetnber 2008
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and emission and safety devices. A fuel cell powar
plant can be used as an auxiliary source of powey
or APU capable of supplying the power to vehicle
auxillary devices. This would allow the required
attery powsy o be reduced, as well ag, in the
tong ferm, o suppress the alternatorn {(Bernay etal
A00d, Caceicla et.al 20013

FLEL BSQURGE

Fuel choice and fuel processing technology
cholee will be fundamental factors in the success
of tuel cell vehicles. Linking fuel cell vehicle enfry
strafegles on a specific alternative fusl with
expansive infrastnachire cost will witimaiely cremte
fuel cost burdens than exceed the cost targets for
fuel cell powey plants themselves. Natural gases
iz the feedstock which both methanol and
hydragen are made most economisally but steam
reforming natural gas on board vehicles requires
nigh ternperature that demand long start up tmes
and a significant reduction in the vehicle's fuel

economy. Une alternative souree is a fuel cell
operating on stored hydrogen, which currently

offers energy densities ranging from 500 1o 1000
Wihikg, A sgoond alternative, with a much higher
energy density, is a fuel cell susterm fueled by &
Houid hydrocarbon,

Hydrogen

Hydrogen is the Hohtest, the simplest and one
of the most sbundant elements in nature, |
always comes combined with other elements and
has a variety of good properties. Both production
and utlization of hudrogen can be emission-free.
i can also be obiained from a variety of feed stocks
{fossil, renewable energy, nuclenr). Besides the
unguestionable sdvantages of hvdrogen, several
probiems occur in developing the required
rechnotogies: diffusion of hydrogen as an energy
carrier lacks safe, efficient and cost-effective
stovage and the separation and sequestration of
the CO, produced during H, production, is also a
peint of concern if not storgd In safe locations. A
key tssue is how to provide hydrogen to the fuel
cetl, There are two options, either to store Wono
board the vehicle or fo prodiuse the hydrogen on

the vehicle by means of a fuel processor (Bemay -

gtal 2002, Bird 1996, Cunha & fsevedo 2000;

processoy components,

Han 2002, Edwards et.al 1998, | ééy gtal 200
Hohblein etal, 19%6; Rampe etal, 2008), The
stovage of hydrogen in chemicals has the
disacdvaniage of the production step and the
reformation into hydrogen, Vehicles with on board
steamn reforming of methanol or gasoline have
ahoul two-thirds the fuel economy of divert
hydrogen Vehicles (Ogdean etal 1999, The
efficiency i also lower because of the conversion
losses in the fuel processor (losses in making
hvdeogen fromm another fuel), reduced fuel cell
prrformanive on reform rate, added waight of fuel
: and effects of dual
mrocessur response time (Francesco & Arato
200¢). Even though the storage of hydrogen at
high pressure in the gas phase results in a high
valume, i s an economical and simple way o
storg E‘z.yﬂi;{{}ggém (' Emonts efal 2000 Heizel et.al
2002: Strobel ebal 2002)

Gasaline and methono!

Gasoling and methanol are considered as the
two most promising energy carriers tor fuel cell
vehicles, Among the different adeohols, methanol
is the most promising orgenic fuel because s use
as a fuel has seversl advaniages in comparison
to hydrogen: high solubility in agqueous
electrolytes, Houid fuel svailabilly at low cost,
gasily %mn{ﬁec’z transported and stored, and high
theoretical density of enerqy {6 kWhike)
wm}}amb e to that of gasoline {10-11xWhikgl.

Methanol, ke hydrogen (s also capable of
"ia'*}%&’@rim; ;:wiwz dimr'{-g m f‘u{*I s:ﬂeai[-ss wi% out t%w

hamiwm& ifll-aﬁ% FRSDOTISE f;%mms;temizm {.}zkzw
aleohols, such as ethanol, ethylene, glyeol,
propanol, ete have also been considered for use
i a fuel cell, but unt now very few direct alcohol
fuel cells (DAFCY (Lamy 200¢) have been
demonstrated, the most advanced systern being
the direct methanal fuel cell (DMFO) (Cacciola
gt al 2001 Priestnall etal, 2002, (3 & Kaufman
2002 Park et.al & Park eb.al 2002; Shulda 200%).
Hut thelr performance are stili i limited because of
several problems: (1) the low activity of the state-
gfthe-art glectro-catalyste, which can only be
githanced by increasing the operating
termperature, (2) anode polsoning by strongly
adsorbed intermediates (mainly GO formed
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during methanol oxidation, and {3 the high exient
of methanol cross-over through the Nafion® tupe
rz‘z@mbz‘&m% wi"uew L..é:iwn}%am 5 the iy f;»»gmugiu

useful power (Bird 19961, (5) Enhancement of the
glectrochemical process (Massmann & Hipple
1998, Moreaver, methane! has a particular
disacdvardage, e.q., s relatively toxic, inflarmmable
with a low bodling point {657C) and 1t is not a
primary fuel nov a renewable fuel (Lamy 2002},

ENWHRG

ENT IMPAGT

Erission of carbon dioxide (CO), the main
graen house gas {(GHG) from humen activities,
s subjected of a worldwide debate about energy
sustainabilily and the stability of globed chmate.

Carbon dioxide s essentlal Tor Hife on our planet.
Animals and plants, volcanoes, oceans ang forast
control-—in a delicate system of complex
equilibrium-—the CO, concentration in the

TAELE 6: Tored O, emissions by top
industriol Motlons per wnit GNE

Rank Mation 0y
} Russia TEGL
2 China 405
5 RA T4
4 {oanada gite!
5 LK 549
£ Crermany 477
7 Taly 366
& Japen 2T
% o1 France 255

Sonree  Starnboultli "Gi‘?f

--E%’%i’.&i%ﬁleﬁi mtmm by zzmz

; i _3:: _;imt;}mwmmm and el
ia &xid.%’_z@e*ﬁ _m tf’%@f-&&m&dﬁ? Withwm prmiz'ﬁs“iﬁ{g- ..

atrnosphers: too low or bwo high values can lead
o giobal climate changes and then, to & cooling
or warming of the earth (Conte etal 2001)
Table & shows the total sions of the top
ational Product
sugh efficiency
. rEBsuTes,
Fuel cells have lorg been fecbinired as having
gxcellent features such as high efficiency en@lgv
conversion, loaw OO, emisstons Defer to Table 6
and potential app?ambz%im o both small and lasge-
scale plants. Therefore, fuel cells have been
intensively developed sl over the world for higher
efficlancy and lower gnvirolimental impact, The
worse effective parameters for global warming are

(GNP T

features show that researchers and engineers in
any energy-related industry should sincerely
consider long-term strategies for keeping the
garth’s environrment healthy far future gﬁvwraiia%
(Watanabe et.al 1996 Conte et al 2001,
Francesco & Arato 2002).
Both petrol and diesel have been modeled by

i i & Mermandinger (1998), The outvome of
g model caloulations s summarized in Figure
i:&._ The environmenial benefils of fuel cell cars
are clear: OO, 50, NO_ and PM emissions are
down by one to v o orders of magnitude. Forthe
nafural gas-fueled fuel car, PM emissions are
almost entirely absent. €O, emission for the
methanol car are 68% of the wtfcd car, $0% for
the natural gas-nowered Riel cell car. Methane
emissions vise by around hall, brom e low base of
(.04 g, This s a fuel switching effect but it s
important, as methane s a greenhouse gas,
nevertheless reductions of up 1o 60% in CO, cause
the overall global warming potential (GGWP) to
drop significantly,

Torlde 7 Fuet Colf ofr emissions from L-peor operation

Ar emfssion® | SOx [ NOx T TCO T [ Particles | Orgamic o,
i - Compounds

| Fossit fueled IEO00 ¢ 41,427 | 28128 S0 A 4,044,000

plant - %

Fuel Cell 4 i T h 0 1,860,000 |

fhourcs: Samboull & Traverss 20073

Pounds of emissions per LO3E MWh rom one vear foll operation
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FUEL CELL BENEFITS & LIMITATION

Fuel cell systems have attracted the attention of
those whe are interested In energy nroblems Deceuse
of their sdvantageous characteristics as grouped in
Table 8, Cosgt s the major factor and i will heoome
crifical as wide spread commeniad use of the new

an efficient and compact unit to achieve the
demanding targets set outl for awtomuotive
applications: achlevernent of a short start-up tme;
and efficiency for hydrogen generation on a small
seade. The design should also teke into account the
thermat and physicat integration of corponents.

brosdband devices ocours, There is presently & GORNGLUSIGN

severe basic cost penally associated with the use of

large batteries, o gain higher energy contents, In Cwer the next 5 years, thelr development level
particular the mz[mhy Li-ton battery. This is due to will remch the realization of plants of significant size
the relatively higher cost of the t}-mic hatterigs  for diversified application. Buch powasr g}%&mf* will
materiads compared with the cost of the fuel for & use hydrogen produced from reforming and will be

fuet cell.

The main fuel cell power plant constraint for
vehivle spplicafion are grouped in Table 9 The
challenge for on board fuel cell is the production of

integrated with a systern for OO, sequestration and
utitization, as a ransifionat Sai}kmzm They can éw
mtegrated inte advanced genevation cycles tha
combine fuel cells with gas turbing for achieving

Tobsde & The Fuel Coll Bonefits

High energy
SBCHHY

redace off consusaption, cut oi ieports, and fncrease the amount of the
country’s svatiable eloctricity supnty

Hellnhility

of the time

achiove cperating thnes i exocss of 90% and power avallability 59.9%4%

i Low operating

st

efficiency of the fuel eell svstem reduces drastically the energy Bill {n
the case of 2 mase production of fael celis)

Constant power
production

Grenerate power continuously uniike backup pererutors, diesel engines
or Uninternupted Fower Sapoly (UPE)

hoose of fugd

aklow fuel selection: hydrogen may be exiracted from natursl gas,
propane, butane, methancl and diesel fuel

Clean ernissions

of €Oy ) and compared with traditional combustion power plants, stops
WO ad SOX from he mg released into the savirorment, eliminates
FLO080 kg of acld raln snd smog-causing poliutants from the
environment ad reduces the carbon dtgmda epnissions by more then
twor miliion fg noy veay

1001000 tmes clewner thar the 1998 Armerioan bus standards (35 pome

Crabed operation

quiet enough o be instalied Wucors, AOTME] conversaton possible near
fuel cells and hearing protection s no¥ reguired as for combustion
engines

- High efficiency

comverts up fo S0-T0% of avaitable fucl 1o eleciricity (9095} with heat

recovery and reducas fuel cost and conserves natural resoures
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potentially higher efficiencies and lower emissions
than the individual system separately. Electrical
conversion efficiencies of over 70% are calculated
for these hybrid configurations. The following key
areas need to be addressed to produce successfully
the desired high performance, lightweight, ambient
temperature and pressure, fuel cell system (Chu et.al
2001): (1)Thermal and heat transfer management;
(2) Water management; (3) Environment factors;
(4) Hydrogen storage conditions; (5) Determination
of the optimum stoichiometry of fuel and oxidant;
(6) System integration for high-performance
PEMFCs.

Several kinds of fuel cell exist but the most
important is the PEMFC. This fuel cell uses an acidic
membrane electrolyte and gives excellent results, but
the price is too expensive and limits the development
of this kind of cell. So many systems have been
considered to check the possibility of using an
anomic exchange membrane or an alkaline solid
polymer electrolyte in the fuel cell { Agel et.al. 2002,
Agel et.al 2001). For a fuel other than hydrogen,
the sensitivity of the PEMFC to CO requires the
installation of at least two reforms rate purification
stages, which results in increasing the volume and
complexity of the fuel supply system. The cost of a
PEMFC drive train is still expansive as compared
with the traditional engine. Lately a direct methanol
fuel cell (DMFC) based drive train has been

demonstrated in a prototype by Daimler-Chrysler
and solid oxide fuel cell as a power unit by BMW.

PEMFC is an emerging technology, which offers
many advantages over conventional methods of
electricity generation. PEMFC is under development
for both transportation and stationary power
application. Research efforts are presently focused
on issues such as stack performance (Brujin et.al
2002; Lee et.al 2002; Qi et.al 2002; Michael et.al
2002; Jiang & Chu 2001; Dohle et.al 2001, Robert
et.ak 2000; Scholta et.al 1999, Chu & Jiang 1999;
Lee & Lalk 1998), durability (Ahn et.al 2002;
Handley et.al 2002, Peter et.al 2000; Jiang & Chu
2001), and cost (Dufour 1998; Teagean et.al 1998;
Makkus et.al 2000; Teagen et.al 1998; Ayoub Kazim
2002; Xue & Dong 1998; ). Information on the
present status of PEMFC development can be found
in (Bar-On 2002; MacKerron 2000; Bird (1996);
Stone & Morrison 2002; Bernay et.al 2002;;
Escudero et. al 2002; Handley et.al 2002, Ogdean
et.al 1999 Yang et.al 2001).

Further more, these systems offer the best
solution for reducing pollution to zero in city centers.
Other advantage of PEMFCs include: (1) the
flexibility with respect to power and capacity-
achievable devices for energy conversion and energy
storage, (2) the long lifetime and service life, (3) the
good ecological balance, and (4) very low self-
discharge.

Table 9: Fuel Cell Power Plant Constraint for Vehicle Application

Power plant Corresponding single cell and stack constraints (possibly power,

Constraints if significant)

Mass, Volume Single cell and stack power density, stack-operating pressure, fuel
cell power plant density

System efficiency | Stack and fuel power plant efficiency

Cost Fuel cell stack raw material and process cost, corresponding
system cost, potential stack fuels

Kind of fuel Acceptable stack contaminant percentage and associated single
cell or stack performance decrease and reversibility

Emission Pollutants at the fuel cell stack outlet

Lifetime and Fuel stack lifetime and maintenance operation, fuel stack

maintenance operating temperature

operations

Starting and Stack, system and power plant thermal management, stack

response problems associated with start, stop, sudden power change, stack
performance

Safety and Stack stop of operation, electrolytes loss, mixing of Hy-O,, etc

reliability
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