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ABSTRACT 

Th is  rev iew a r t i c l e  presents: ( i )  t he  c u r r e n t  s ta tus  and expected 
progress s ta tus  o f  the fue l  c e l l  research and development programs i n  the 
U.S.A., ( i i )  e lec t rochemica l  problem areas, ( i i i )  techno-economic assess- 
ments o f  f u e l  c e l l s  f o r  e l e c t r i c  and/or gas u t i l i t i e s  and f o r  t ranspor ta -  
t i o n ,  and ( i v )  o t h e r  candidate f u e l  c e l l s  and t h e i r  app l i ca t i ons .  Fo r  
e l e c t r i c  and/or gas u t i l  i t y  appl i c a t i o n s ,  the most 1 i k e l y  candidates are 
phosphoric,  rnol ten  carbonate, and sol  i d  e l e c t r o l y t e  f u e l  c e l l  s. The f i r s t  
w i  11 be coupled w i t h  a reformer ( t o  conver t  na tu ra l  gas, p e t r o l  eum-deri ved, 
o r  biomass f u e l s  t o  hydrogen), w h i l e  the  second and t h i r d  w i l l  be l i n k e d  
w i t h  a coal g a s i f i e r .  A f u e l  ce l  l / b a t t e r y  h y b r i d  power source i s  an 
a t t r a c t i v e  o p t i o n  f o r  e l e c t r i c  veh i c les  w i t h  p ro jec ted  performance charac- 
t e r i  s t i c  s approaching those f o r  i n t e r n a l  combusti on o r  d iese l  engine power- 
ed veh ic les .  For  t h i s  appl i c a t i o n ,  w i t h  coa l -der ived methanol as the f u e l ,  
a f ue l  c e l l  w i t h  an a c i d  e l e c t r o l y t e  (phosphor ic ,  s o l i d  polymer e l e c t r o l y t e  
o r  "super" a c i d )  i s  essen t i a l  ; w i t h  pure hydrogen (ob ta ined by s p l i t t i n g  o f  
water us ing  nuclear ,  s o l a r  o r  hydroel e c t r i c  energy), a1 k a l  i n e  fue l  c e l l  s 
show promi se. A f u e l  c e l l  researcher 's  dream i s  the development o f  a h igh  
performance d i r e c t  methanol-a i r  f ue l  c e l l  as a power p l a n t  f o r  e l e c t r i c  
v e h i c l  es. For  1 ong o r  i n t e r m i t t e n t  duty c y c l e  1 oad 1 eve1 i ng, regenera t i  ve 
hydrogen-ha1 ogen fue l  c e l l  s e x h i b i t  des i rab le  c h a r a c t e r i s t i c s .  

I THE RENAISSANCE OF FUEL CELLS AFTER THE ENERGY C R I S I S  OF 1973 

1 .  The energy c r i s i s  o f  1973 s t imu la ted  the  renaissance o f  f u e l  c e l l s .  

I Fuel c e l l s  are the on ly  energy convers ion devices, which conver t  the chemi- 

ca l  energy o f  f u e l s  d i r e c t l y  to. e l e c t r i c i t y ,  w i t h o u t  the  in te rmed iary  o f  

heat.  Thus, w i t h  the main o b j e c t i v e  o f  p ro long ing  the l i f e  ' o f  f o s s i l  

fue ls ,  petroleum i n  .the near term and coal i n  the  l ong  term, i t  i s  neces- 

sary t o '  develop fuel c e l l  -systems f o r  the generat ion '  o f  e l e c t r i c i t y  and 
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e f f i c i e n t  use o f  na tu ra l  gas and petroleum, t o  s h i f t  towards the u t i l  i za -  

t i o n  o f  t he  more abundant coal reserves and even tua l l y  u t i l  i z e  the renew- 

abl e resources ( nuclear ,  sol a r ,  f us ion ) .  

TYPES OF FUEL CELLS, THEIR ADVANTAGES AND POTENTIAL TERRESTRIAL APPL ICA- 
TIONS 

The essen t ia l  requirements o f  a fue i  c e l l  .power. p l a n t  are h igh  e f f i -  

c iency  ( h i g h e r  than w i t h  conventional p l a n t s ) ,  low c a p i t a l  c o s t  and long  

1 i f e .  Fuel c e l l  s  may be cha rac te r i zed  as modular, p o l l u t i o n  f ree,  and 

h i g h l y  e f f i c i e n t  devices t h a t  o f f e r  a p p l i c a t i o n s  over a wide range o f  power 

l e v e l  s  from wat ts  t o  megawatts. Due t o  the d i f f i c u l  t y  o f  the d i r e c t  u t i l  i- 

z a t i o n  o f  t h e  f o s s i l  f u e l s  i n  f u e l  c e l l  s  (11, i t  i s  necessary to produce 

the  hydrogen by g a s i f i c a t i o n  reac t ions .  Since reformed gases con ta in  car- 

bon d iox ide ,  a C02 r e j e c t i n g  e l e c t r o l y t e  i s  essen t ia l .  The poss ib le  

op t ions  are  acid, mol ten  carbonate o r  sol i d  ox ide e l  e c t r o l  y t e  . f ue l  c e l l  s .  

( 2 ) .  To maximize the  e f f i c i e n c y  o f  f u e l  c e l l s ,  i t  i s  essen t ia l  to u t i l i z e  

t h e i r  waste heat f o r  the, endothermic g a s i f i e r  reac t ions .  Thus reac t i ons  o f  

f u e l  c e l l s  a t  temperatures 2 0 0 ~ ~  are des i rab le .  To minimize e l e c t r o -  

c a t a l y s i  s  problems, h i  gher temperatures are favored. 

With na tu ra l  gas o r  petroleum-derived f u e l s ,  a system composed o f  a 

steam reformer, phosphoric a c i d  fue l  c e l l  , and power cond i t i one r  , appears 

b e s t  f o r  a p p l i c a t i o n s  such as sp inn ing reserves o r  i n t e g r a t e d  energy sys- 

tems. With coal g a s i f i e r s ,  the molten carbonate and sol i d  e l e c t r o l y t e  fue l  

c e l l s  have d i s t i n c t  advantages f o r  base and in termedia te  l o a d  power 
I genera t ion  from the  p o i n t s  o f  view o f  d i r e c t  u t i l i z a t i o n  o f  CO and 

I i n c r e a s i n g  the  system e f f i c i e n c y .  As l ong  as petroleum-derived fue l  s  a re  

a v a i l a b l e ,  i t  w i l l  be d i f f i c u l t  f o r  fuel '  cel l -powered veh ic les  to compete 

w i t h  i n t e r n a l  combustion o r  d iese l  engine veh ic les .  With coa l -der ived 

methanol , f u e l  c e l l  / b a t t e r y  h y b r i d  veh ic les  w i l l  be more advantageous than 

convent ional  veh ic les  ( 3 ) .  I n  a hydrogen economy, a1 k a l  i ne  f u e l  c e l l  s  

cou ld  p l a y  a d i s t i n c t  r o l e  f o r  d ispersed power generat ion and as power 

sources f o r  e l e c t r i c  veh ic les .  . Sol i d  'polymer e l e c t r o l y t e ,  "super" a c i d  and 

d i r e c t ,  methanol f u e l  c e l l  s  are 1 ong-range shots f o r  t e r r e s t r i a l  appl i c a -  

t i ons .  Regenerat ive fue l  c e l l  s  (e.g., hydrogen-ha1 ogen) may f i n d  appl i c a -  

t i o n .  f o r  l ong  o r .  i n t e r m i t t e n t  duty c y c l e  energy storage ( 4 ) .  . , . ' . 



PHOSPHORIC A C I D  FUEL CELLS 

S i n g l e  C e l l  s - Design, Reactions, E lec t rode  K i n e t i c s  and ' ~ l e c t r o c a t a l ~ s i s  

The b u i l d i n g  b lock - the s i n g l e  c e l l  -' o f  the most advanced phosphoric 
. . 

a c i d  f u e l  c e l l  o f  t he  Un i ted  Technologies Corporat ion (UTC) (51, i s  

schematical l y  represented i n  ~ i i u r e  1. The ~ ~ f l o n - b o n d e d  porous gas 

d i f f u s i o n  e lec t rodes c o n s i s t  o f  p la t inum c a t a l y s t  p a r t i c l e s ,  suppo,rted on a 

conduct ive carbon and he1 d together  by a T e f l o n  b inder ,  and backed by a 

porous conduct ive support sheet.. The s t a t i c  e l e c t r o l y t e  i s  contained i n  an 

i n e r t  i no rgan ic  o r  organic mat r ix .  
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F igure  1. S ing le  Ce l l  i n  UTC Phosphoric Ac id  Fuel C e l l .  

The reac t i ons  i n .  the  c e l l  are as fo l l ows :  # 

Anode 2H2 + 4H20 - 4 ~ 3 0 '  .+ 4'0 ( 1  ) 

Cathode O2 + 4 ~ 3 0 '  + 4 e i  ,, 6H20 ( 2 )  

. Ce l l  2H2 + 02 - 2H20 ( 3 )  ' 

The t y p i c a l  c e l l  performance (6 )  as a f u n c t i o n  o f  c u r r e n t  dens i ty  i s  

shown i n  F igure  2. This f i g u r e  a1 so i l l u s t r a t e s  the anode, cathode and 



ohmic overpotential s.  , I t  i s  obvious that the irreversibil  i ty  of the oxygen 

electrode reaction i; the dominant cause for the loss in electrochemical 
cell efficiency of about  45%. 
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Figure 2 .  Single Cell Performance in UTC Phosphoric Acid Fuel Cell ( 6 ) .  

Platinum i s  the best known ele.ctrocatalyst for both the hydrogen and 

oxygen .electrode reactiqns. During the 1 a s t  10 years, the noble metal 
loading has been reduced from 'about 10 mg a t  each electrode, to about 

0.75 mg cn-2 on b o t h  electrodes, mainly due t o  the successful development 
of carbon ' supported electrodes. A t  a current density of 200 mA ~ m - ~ ,  the 

development a t  the hydrogen electrode i s  only 20 mV,  whereas a t  the oxygen 

electrode, i t  i s  400 mV.  A remaining problem a t  the hydrogen ,electrode i s  

the'poisoning due t o  impurities, such as carbon monoxide or hydrogen sul- 
fide (with a synergistic effect  of CO and H2S). Finding better and more 
stable oxygen electrodes i s  a major problem area. First ly,  i t  i s  essential 

to reduce i t s  overpotential by a t  leas t  100 mV.  Secondly, side effects of 

corrosion of b o t h  the carbon and p l a t i n u m  a t  close t o  the open c i rcui t  

potential are encountered. Thirdly, there i s  a s l ight  decrease in activity 

with time due t o  sintering of  the el ectrocatalyst particles. Possible 



approaches in finding sol utions to  these 'problems are by a1 1 oyi ng,  a1 ter- 
ation of support material, pretreatment of support or change i n '  proton ac- 
tivity of the electrolyte. 

Mu1 t i  -cell s - Desi gn , Operation and Performance 
The fuel cell stack consists of a series of repeating units - anode, 

electrolyte matrix, cathode, and graphite bipolar plate. In the UTC fuel 
cells ,  the stacks are liquid cooled, while in the Energy Reserch Corpora- 
tion ( E R C )  fuel cell (7), the. stacks are air cooled. In the ERC cells ,  the 
same a i r  i's used for electrochemical combustion and for cooling, which 
simplifies heat removal from the stack and i s  reliable and inexpensive. 

An important recent development i s  the ribbed substrate cell stack by 

UTC (8 ) .  A comparison w i t h  a conventional stack i s  shown in Figure 3 .  
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Figure 3 .  UTC Phosphoric ~ c i  d Fuel  el 1 -1mprovemknts in Stack Configura- 
tion .( 8 ) . Thi s new confi guration reduces stack cost and mainten,ance inter- . 
val s ,  and improves el ectrochemical efficiencies. 

One of the problems in the mu1 ti-cel 1 stack is the small loss of el ec- 
trolyte by evaporation, absorption in the carbon components, or corrosion 
o f  cell components. This loss gay make i t  necessary for electrolyte 
replenishment or for finding methods t o  minimize i t .  Efforts are underway 

t o  improve cell performance and reduce capital costs by operating a t  higher 

temperatures ( u p  t o  2 2 5 O ~  and pressures ( a b o u t  10 atmos. ). 

Power Plants - Design, Development, Applications, Performances and E ~ O -  
nomi cs 

The most advanced fuel cell power p l a n t  i s  the one using phosphoric acid 

el ectrolytes . 
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F i g u r e  4. Schematic o f  UTC Phosphoric Ac id  Fuel C e l l  Power P lan t .  The 
power p l a n t  (5 )  cons is t s  o f  t h ree  major sub systems: ( i )  f ue l  processor, 
which conver ts  the hydrocarbon o r  a lcohol  f ue l  to hydrogen, ( i i )  f u e l  c e l l  
module, which produces dc power by the  e lectrochemical  combustion o f  hydro- 
gen and oxygen, and ( i i i )  power cond i t i one r ,  which converts dc to ac. A 
program i s  underway a t  UTC t o  develop, i n s t a l l  and t e s t  a  4.8 MW f ue l  c e l l  
power p l a n t  i n  New York C i t y  ( 9 ) .  The fue l  processor, which incorpora tes  a  
hydrodesu l fu r izer ,  reformer and s h i f t  converter ,  i s  designed to operate on 
naphtha, w i t h  na tu ra l  gas as an a1 t e r n a t e  fue l .  The fue l  c e l l  module con- 
s i s t s  of two t ruck  t ranspor tab le  p a l l e t s ,  each con ta in ing  ten  240 kW fue l  
c e l l  stacks. The fue l  c e l l  stacks are arranged i n  a  ser ies-  para1 l e l  
arrangement to produce 3000 vo l  t s  dc. The dc power i s  fed to the power con- 
d i  t i o n e r ,  which converts the 4.8 MW to three-phase 60-cycle ac a t  13.8 kV 
and 4.5 MW. The 4.8 MW f ue l  c e l l  power p l  an t  designed to operate a t  25 t o  
100% o f  r a t e d  power and w i t h  any change i n  power l e v e l  t o  be e f f e c t e d  i n  15 
sec. Such a  power p l a n t  i s  being considered f o r  peaking device o r  a  spin-  
n i n g  reserve by an e l e c t r i c  u t i l i t y .  The o v e r a l l  e f f i c i e n c y  o f  t h i s  power 
p l a n t  (chemical - e l e c t r i c a l  energy) i s  p ro jec ted  t o  about 40%, which i s  a  
cons iderab le  improvement over the val ues ( 2 5 3 5 % )  f o r  gas tu rb ines .  The 
c a p i t a l  cos ts  o f  the F4W s i ze  fue l  c e l l  power p l a n t s  are p ro jec ted  to be o f  

I t he  order  o f  $350/kW. Though t h i s  i s  h igher  than t h a t  o f  gas tu rb ines  the 
c o s t  o f  e l e c t r i c i t y  f o r  f u e l  c e l l  power p l a n t s  and gas tu rb ines  should be 
o f  the same order ,  when one takes i n t o  account the fue l  e f f i c i e n c y ,  l i f e -  
t ime, and env i ronmen t a l  f ac to rs .  

I 



A novel a p p l i c a t i o n  o f  kW s i z e  phosphoric a c i d  fue l  c e l l  power p l a n t s  i s  

f o r  "on s i t e  i n t e g r a t e d  energy systems" (10-12). The generat ion of e lec-  

t r i c i t y  and heat by fue l  c e l l s ,  p a r t i c u l a r l y  i n  the power range 40-500 kW, 

i s  an o p t i o n  w i t h  1  i t t l e  compet i t ion  f o r  appl i c a t i o n s  i n  i ndus t r i es ,  apar t -  

ment b u i l d i n g s ,  shopping centers,  hosp i ta l  s, etc .  The idea i s  to use 

n a t u r a l  gas, o r  s y n t h e t i c  gas, d i s t r i b u t e d  by p ipe l i nes ,  reform i t  t o  

hydrogen and conver t  i t s  energy to e l e c t r i c  and heat  energy i n  a  phosphoric 

a c i d  f u e l  c e l l .  Th is  system i s  made even more e f f i c i e n t  by coup l ing  i t  

w i t h  a  heat  pump. The o v e r a l l  e f f i c i e n c y  f o r  u t i l i z a t i o n  o f  . the pr imary 

energy source i s .  p ro jec ted  t o  be c lose t o  90%, which e a s i l y  surpasses t h a t  

o f  any o the r  energy conversion device. The ongoing programs a t  UTC, ERC- 

~ e s t i  nghouse Corporat ion, and Engel hard  I n d u s t r i e s ,  w i  11 soon 1  ead t o  

demonstrations, t e s t i n g ,  and market assessments. 

MOLTEN CARBONATE FUEL CELL POWER PLANTS 

Sing1 e  C e l l  s  - Design, Reactions, E lec t rode  K i n e t i c s ,  and Mate r ia l  s  

The s i n g l e  c e l l  i n  a  molten carbonate fue l  c e l l  (13)  cons is t s  o f  a  

porous s t a b i l i z e d  n i cke l  anode, an e l e c t r o l y t e  t i l e  and porous n i cke l  ox ide  

cathode ( F i g u r e  5 ) .  The e l e c t r o l y t e  t i l e ,  1-2 mm t h i c k ,  cons is t s  o f  sub- 

micron p a r t i c l e s  (30% by volume), and a  molten m i x t u r e  o f  1  i t b i u m  and 

potassium carbonates (optimum composit ion f o r  opera t ing  a t  650°c i s  40% 

Li41O2, 28% K2C03, and 32% Li2C03). It i s  h e l d  between two s t a i n l e s s  s tee l  

c e l l  housings, which form the anode and cathode c a v i t i e s .  The s t a i n l e s s  

s tee l  housing ensures 1  ow con tac t  r e s i  stance o f  the e l  ectrodes and prov ides  

a  wet-seal f o r  the fue l  and ox idant  gases. The anode i s  a  s in te red  n i cke l  

s t ruc tu re ,  con ta in ing  small amounts o f  add i t i ves ,  such as C r ,  to prevent  

s i n t e r i n g  o f  the micron-s ize n i cke l  p a r t i c l e s .  The n i cke l  oxide cathode i s  

doped w i t h  2-3% 1  i t h i u m  t o  enhance i t s  e l e c t r o n i c  c o n d u c t i v i t y .  The reac- 

t i o n s  occu r r i ng  in' the c e l l  are: 

Anode 

Cathode C02 + 1/202 + 2eo- - CO$- (6) 

Overa l l  2H2. .+ 02 . -----r 2 ~ 2 0  
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F i g u r e  5 .  : S ing le  C e l l  i n  UTC-IGT Mol ten Carbonate Fuel C e l l  (13). 

The optimum opera t i ng '  temperature o f  the c e l l  i s  about 650°c. A t y p i c a l  

c e l l  p o t e n t i a l  - vs. c u r r e n t  dens i t y  ' p l o t  f o r  a  s i n g l e  c e l l  i s  shown i n  

F i g u r e  6. The power' dens i t y  a t  p resent  i s  about 125 mW ~ r n - ~  and i s  q u i t e  

c l o s e  t o  t h e  goal o f  135 mW &-*. ' ~ t  a b o u t 2 0 0  mA cm-', the a c t i v a t i o n  and 

mass t r a n s f e r  ove rpo ten t i a l  s  add up to' about 250 mV, whi1.e the ohmic con- 

t r i b u t i o n '  i s  about 7 5  mV. From an e lec t rode  k i n e t i c  p o i n t '  o f  view, the  

advantages o f  t h i s  c e l l  are t h a t  ( i )  carbon monoxide i s  no t  a  poison b u t  a  

reac tan t ,  and ( i i noble metal s .  are n o t  requ i red .  As seen from equat ions  4 

: t o  7, C02 i s produced a t  t h e  anode: b u t  i s  a  r e a c t a n t  a t  the cathode.. . Thi  s  .. .  
. . 

n e c e s s i t a t e s  the supply o f  C02 from the  anode e f f l u e n t  t o  t h e  cathode o x i -  

dant'. stream. The s u l f u r  and c h l o r i n e  to1 erances o f  the c e l l  are only.  a  'few 

p a r t s  per  m i  11 ion. . . 
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Figure 6.  . Single Cell Performance in UTC-IGT Mol ten Carbonate Fuel Cell 
(13 1. 

Mu1 t i  -Cell s - Design, Operation and Performance 

The mu1 t i -cel l  development activity on a mol ten carbonate fuel cell has 

been rather 1 imited until the present time. A fuel cell stack, consisting 

of 20 c e l l  s ,  (active area of electrodes about ,900 cm2 1, was designed, 
developed, and tested jointly by the Ins t i tu te  of Gas Technology (IGT) and 
the UTC for about .a 1000-hour period ( 1 4 ) .  . The work to date has revealed 
the following major problem areas in molten carbonate fuel cell s: ( i l  

tolerance t o  sulfur and chlorine impurities i s  only a few parts per 

million, ( i i )  electrolyte loss due to vaporization ( i t  can be partially 
overcome by hav ing  an el ectrolyte reservoir for sufficient rep1 eni shment to 

achieve the design goal of 40,000 hours), ( i i i )  corrosion i n  the wet seal 

area ( t h i s  i s  minimized by coating with alumina, b u t  i t s  lifetimes are 

uncertain), ( i v )  phase transformations in t i l e  due to thermal cycling, and 

( v )  mode of separating C02 from anode effluent and transfer to in le t  

cathode gas stream. 



Power Pl ants - Design , Development, Appl i cat i  ons, Performance, and Eco- 
nomi cs 

The mol ten carbonate fuel cell power plant, for base load and intermedi- 
a te  1 oad power generation, will include as i t s  principal components, a coal 
gas i f ier ,  fuel cell module, bottoming cycle, and power conditioner (Figure 
7 ) .  The expected goals for th is  system are: a current density o f  150 mA 

cm2 a t  a cell potential of 0.85 volts ,  an overall efficiency (coal t o  elec- 
t r i c i t y )  of 45-50%, 1 ifetime of over 40,000 hours, and a .capital cost of 
$60/kW for the electrochemical cell stack. A second application of molten 
carbonate fuel cell power plants i s  for cogeneration of e lect r ic i ty  and 
heat. The high grade waste heat' from. mot ten carbonate fuel cell s could be 
used for d i s t r i c t  heating or for industries requiring such high qua1 i ty 
heat. The active industrial participants in the U .S.A. mol ten carbonate 
fuel cell program are UTC, GE,  ERC,  and IGT. The current 30-month program, 
supported by the U.S. Department of Energy ( D O E )  and the Electric Power 
Research Ins t i tu te  ( E P R I  1, focuses on cell and stack design, development, 
and testing. This ,will be followed by .the design and construction of pro- 
totype coal based mol ten carbonate fuel cell power plants. The results of 
these programs will be essential in deciding whether such types of power 
pl ants wi 11 satisfy the following, requirements: ( i )  re1 iable performance, 
( i i )  long l i f e  40,000 hours for cell s tack),  and ( i i i )  cost of electr ici ty 
to be competitive with t h a t  of advanced gasification/combined cycie gas 
turbine power plants. 

CONDENSATE 

l tER DEAERATOR 

GASIFIER & FUEL CELL 
TURBO COMPRESSORS 

Figure 7 .  UTC Mol ten Carbonate Fuel Cell Power Pl a n t  Design (13) .  



SOLID ELECTROLYTE FUEL CELL POWER PLANTS 

Sinsle and Multi-Cells - Desisn. Reactions. Electrode Kinetics. and Mater- 
ial s 

With the aim of minimizing ohmic overpotential s ,  the Westinghouse , Re- 
search and Development Center i s  concentrating on the design and fabri- 
cation of thin film solid electrolyte fuel ce l ls ,  usiilg electrochemical 
vapor deposition methods for the electrodes, el ectrolytes, and intercon- 
nections (Figure 8) (15) .  

1. El ec trol yte 
2. Fuel Electrode 
3 .  Air Electrode 
4. Interconnection 

Figure 8. Si-Cell in Westinghouse Solid Electrolyte Fuel Cell ( 1 6 ) .  The 
total thickness of a cell stack ( i . e . ,  electrodes, electrolytes, and inter- 
connections), i s  about 100 P .  Since such a thin film fuel cell stack would 
be f ragi le ,  i t  i s  deposited on a porous zirconia support tube. The order 
and mode of deposition of the respective layers are as follows: ( i )  a slur- 
ry of nickel oxide and yttria-stabilized zirconia i s  sintered on the porous 
support tube. The nickel oxide i s  reduced with hydrogen, leaving a porous 
cermet, 20 P thick. This nickel i s  partially dissolved electrochemically to 
achieve a band and ring structure for multi-cell fabrication; ( i i )  elec- 
troc hemical vapor deposition of magnesi um and a1 umi num doped 1 anthanum 
chromite - a gas t ight  interconnection layer with a thickness of approxi- 
mately 20 p. An alternate method which may be of value t o  attain the pro- 
per composition i s  RF sintering; ( i i i )  el ectrochemical vapor deposition of 
y t t r ia-s tabi l  ized zirconia , (electrolyte 1 ayer) 20 p thick. During this  
deposition, interconnections are masked; ( iv)  chemical vapor deposition of 
t in  doped indium oxide, the a i r  electrode current collector (more recently, 
lanthanum mangani t e ,  was found to be more stable during fuel cell opera- 
t ion).  The porous electrolyte layer under the a i r  electrode i s  then im- 
pregnated with praseodymium nitrate sol ution, which i s  thermal l y  decomposed 
t o  the oxide. Praseodymi um oxide reduces the a i r  el ectrode overpotential. 

The conducting species in the electrolyte i s  the oxide ion. Cell stacks 
(consisting of 5,  7 and  18 ce1l.s) have been fabricated and tested. The 
projected performance of 400 mA a t  0.66 vol t s ,  necessary t o  meet power 
plant goals, was met ( 1 6 ) .  Yowever, a performance degradation, due to 



f l a k i n g  o f  the  indium oxide i n  spots over the i n te rconnec t ion  ma te r ia l ,  was 
observed. The s u b s t i t u t i o n  . o f  1 anthanum mangani t e  f o r  indium oxide appears 
t o  .overcome t h i s  problem. I n v e s t i g a t i o n s  o f  the e lec t rode k i n e t i c s  o f  the 
o x i d a t i o n  o f  the f u e l  and o f  reduc t ion  o f  oxygen, us ing  d i r e c t  c u r r e n t  and 
a1 t e r n a t i n g  cu r ren ts  are i n  progress. Even a t  1 0 0 0 ~ ~  ( t h e  c e l l  opera t ing  
temperature),  c a t a l y t i c  e f f e c t s  o f  t he  oxygen e lec t rode  m a t e r i a l  are 
apparent. The slow step f o r  oxygen reduc t ion  o' some metal s  ( eg., P t )  i s  
the  d i s s o c i a t i v e  adsorp t ion  o f  oxygen (17). 

The reac t i ons  occur ing i n  the fue l  c e l l  may be ' represented as fo l l ows :  

Anode 2H2 + 202- -, H ~ O  + 4'0 

o r  zco + 202- -* 2 ~ 0 2 +  4e; 

Cathode 02 + 4 e i  -- 202- (10 

Overa l l  . 2ti2 + O2 - 2H20 ( 3  

A photograph o f  the  fue l  c e l l  stack i s  shown i n  F igu re  9. 

Exhaust 

From Coal 
Reactor 
H2. CO 

F i g u r e  9. Mu1 t i - C e l l  i n  Westinghouse Sol i d  E l e c t r o l y t e  Fuel Ce l l  (16). 

Power P l  ants - Design, Devel opment, A p p l  i c a t i o n s ,  Performance, and Eco- 
nomi cs . . 

Coal w i l l  p lay  a dominant r o l e  as the pr imary energy source, p a r t i c u l  a r -  

l y  i n  the U.S.A., b u t  it w i l l  s t i l l  be necessary t o  use i t  most economical- 

l y  w i t h  the  aim o f  extending i t s  1 i f e t i m e .  O f  the th ree fue l  c e l l  systems 



(phosphoric, molten carbonate, sol id electrolyte), which are currently 
under development in the U.S.A., sol id electrolyte fuel cell s integrated 
with coal gasification plants are expected to have the highest overall ef- 
ficiencies ( a b o u t  50%) for the conversion of the chemical energy of coal t o  
electrical energy (for  base load power generation in an electric ut i l i ty) .  
A schematic representation of a coal gasification - solid electrolyte fuel 
cell power plant i s  .found in Figure 10. The high grade heat required for 
the coal gasification i s  partially supplied by the waste heat from the 
electrochemical subsystem. For efficient heat transfer, i t  has been pro- 
posed t h a t  the fuel cells be located within the reactor. Carbon monoxide, 
a product of coal gasification, i s  a reactant and not  a poison, as in phos- 
phoric acid fuel cells. Carbon dioxide i s  not  a cathodic reactant in the 
sol i d  electrolyte fuel cell b u t  i s  so in the ml ten carbonate fuel cell.  
The sol id electrolyte fuel cell technology i s  a t  i t s  infancy in comparison 
with the other two technologies, described in the preceding sections. I t  

i s  rather premature t o  make any economic assessments. However, a t  this' 
stage, i t  appears that this technology has some distinct advantages (18)  - 
use of low cost materials, no 1 iquids involved in electrochemical subsys- 
tem, invariant electrolyte, no cool ing water required, and minimal air pol- 

lution levels. Some of the apparent problems are the fabrication tech- 
n i  ques and the 1 arge number of small cell s in megawatt size plants. 

. , 
, , ~ i g h  Voltage, 

Direct Cur ren t  

Nitrogen 
H2. CO 

Air 

Reactor Spent Fuel H20, C 0 2  
1000°C I Electrical Energy 

Fi gure 
(16). 

IT[-[ N it r oge n 

Bank 
# 1' Air 

I I "2, CO, n20. coz . l  
10. Nestinghouse Sol id Electrolyte Fuel ,Cell Power P 1 a n t  Schematic: 



FUEL C E L L S  FOR TRANSPORTATION APPLICATIONS 

Rationale for  Fuel Cell Powered Vehicles 
As long as petroleum derived liquid fuels are available, there will be 

I very 1 i t t l  e competition for internal combustion .eng j ne or diesel powered 
vehicles. In the "coal era" and the following "nuclear, solar and fusion 
era" with methanol or hydrogen being the synthetic fuels, the high e f f i -  

I ciency and low pollution characteristics of a fuel . cell makes this energy 

I converter an appealing alternative as a power source for  automotive 

I propulsion. 

I Several conventional and advanced batteries are being considered for 

I elect r ic  vehicles. The Ragone plot (Figure 11) i s  a very useful il lustra- 

I tion for  predicting performance characteristics of electr ic  vehicles (19). 
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Figure 11. Ragone Plots for Batteries, Fuel Cells, and Various Heat 
Engines . 



The specific power ' versus specific energy re1 ations for internal and 

external combustion engines and for gas turbines are also shown in Figure 
1.1. These plots are horizontal for the energy converters (including fuel 
cells)  b u t  vertical for the energy storers. The m'echanical energy con- 
verters have the desi rabl e characteristics of high power/we'ight ( requi red 
for start-up, acceleration) and energylweight ( required for range) ratios, 
while the fuel' cell s have low power/weight ratios b u t  can attain h i g h  

energylweight ratios (the '1  at ter,  , for the mechanical and electrochemical 
energy converters, are determined by the amount of fuel carried o n  board' 
the vehicle). Batteries can attain high power/weight ratios b u t  have 
re1 at i  vely low energylweight ratios. 

The Fuel Cell /Battery Hybrid Power Source 
Figure 11 demonstrates t h a t  the only way in which electric vehicles can 

reach the performance characteristics of engi ne-powered vehicles i s  by use 
of  a fuel celllbattery hybrid power source (Figure 12). In  this type of 

vehicle, f i r s t  demonstrated by Kordesch (20) ,  the fuel cell provides the 
power required for cruising and the battery for start-up and acceleration. 
Batteries will havi a much longer l i fe  in the shallow depths o f .  discharge 
during such a fuel cell /battery hybrid operation. Deep discharges, which 
will occur in a battery electric vehicle, considerably shorten cycle l i fe .  
The battery will be charged by the fuel cell during cruising. A fuel cell /  
battery hybrid vehicle offers high efficiency for fuel util ization, power 
requirements for start-up, cruising and acceleration, 1 ong range and fast  
refueling. The fuel distribution network will not be a1 tered with this 
concept (as will be the case with battery powered vehicles). Furthermore, 
a fuel cell /battery hybrid vehicle requires no breakthrough in battery 
techno1 ogy--presently avail able 1 ead acid or nickel -zinc batteries will be 
more than adequate. 

Reformed Carbonaceous Fuel s and Acid Fuel Cell s 

No single factor has inhibited the development of fuel cells as much as 
the fact t h a t  bydrocarSons from petroleum cannot be used directly in a fuel 
cell . Much of the compl exi t y  , bu l  k ,  and weight of present day fuel cell s 
accrues from the fact t h a t  natural gas and petroleum derived fuels require 
a high degree of processing prior t o  use in the fuel cell stack. For 
instance, if n a p h t h a  is  used as a fuel , the fuel processor requires a 
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Figure 12. : Fuel Cell/Battery Hybrid Power Plant for Electric Vehicles 
(23). 

I hydrodesul furi zer, a high temperature ( 7 0 0 ~ ~ )  steam reformer, a high 
temperature shift  reactor, a low temperature shift  reactor, and heat 
exchangers and pl  umbi ng for the fuel processor. With a1 coho1 fuel s from 

coal or biomass, processing becomes simpler. A 1:l  by volume mixture of 

methanol and water can easily be reformed a t  1 9 0 ~ ~  and the reformate ( H z  + 

C02 + trace C O )  fed directly into a phosphoric acid fuel cell operating a t  
200°C. No shift  converter i s  necessary. Such a fuel cell power p l a n t  i s  

compact, simple, and attractive for transportation appl ications. 

The phosphoric acid fuel cell , techno1 ogicall y requi res p l  atinum el ec- 
trocatalysts. however, as stated in the third section, the catalyst load- 

l ing has decreased t o  0.75 mg cK2 cell area. This has been achieved in 
conjunction with extension of l i f e  to many thousand hours, scale-up to 
stacks of 400 cell s (3.25 f t 2  being area of electrodes) and an increase of 

I power density to 200 mW ~ m - ~ .  Undoubtedly, the platinum loading will be 
I 

further reduced. More recently, other acid el ectrolytes such as t r i  f l  uoro- 

methanesulfonic acid (TFMSA) have been investigated (21). Cell s w i t h  6 F.4 

TFMSA exhibit a performance a t  90°c superior t o  t h a t  of phosphoric acid 
fuel cells  a t  200°c. Other sulfonic and phosphoric acids are now being 
synthesized for potential use in fuel cell s ( 2 2 ) .  Reduction of the p l  at i-  

num loading to an amount in the vicinity of 1 g/kW appears possible. A t  

these 1 ow operating temperatures, 10oO~,  with these a1 ternate el ectrolytes 



i n  f ue l  c e l l  s, i t  may be poss ib le  to dispense w i t h  p la t inum and use metal - 
organic complexes (e.g., porphyr ins,  ph tha l  ocyanins) as e l  ec t roca ta l  ys ts .  

I n  the development o f  phosphoric a c i d  fue l  c e l l s  f o r  i n teg ra ted  energy 

systems and u t i l i t y  networks, the focus has been on improving e f f i c i e n c y .  

There has been l i t t l e  i n c e n t i v e  t o  reduce volume and weight. For veh icu la r  

app l i ca t i ons ,  i t  i s  necessary t o  opt imize  power d e n s i t i e s  and costs. Th is  

would necess i ta te  a complete redesign o f  c e l l  stacks, heat  removal equip- 

ment, etc.  

Hydrogen Fuel  and A l k a l i n e  Fuel C e l l s  

I f  pure hydrogen were avai 1 abl  e ( e .g . , from renewabl e energy resources) , 
the  a1 k a l  i n e  f u e l  c e l l  w i l l  be q u i t e  a t t r a c t i v e  because i t  does no t  r e q u i r e  

p l  atinum e l  e c t r o c a t a l y s t s  and i t  del i v e r s  i t s  ra ted  power (which i s  about 

the  same as the  phosphoric a c i d  f u e l  c e l l  a t  2 0 0 ~ ~ )  a t  low temperatures 

(100°~) :  As a r e s u l t ,  s ta r t -up  t ime i s  f a s t .  An impor tant  aspect o f  the 

a1 k a l  i ne f u e l  c e l l  i s  t h a t  n i cke l  p l  ated s tee l  p a r t s ,  can be incorpora ted . i n  

the s t r u c t u r e  and rugged power p lan ts ,  sui tab1 e f o r  mobi le appl i c a t i o n s ,  

can be constructed.  Pure hydrogen may a lso  be av.aila.ble if advanced gas 

separat iqn f a c i l  i t i e s  f o r  syngas streams are 'devel oped. Another 'source o f  

hydrogen i s  e l  e c t r o l y s i  s i n  con junc t ion  w i t h  . i n t e r m i t t e n t  pr imary energy 

sources such as s o l a r  o r  wind energy. The disadvantages o f  t h i s  system are 

the  Cop re'moval problems, hydrogen storage i n  the v e h i c l e  and r e f u e l  ing .  

APPLICATIONS SCENARIO STUDY OF FUEL CELL POWERED VEHICLES 

An a p p l i c a t i o n s  scenari.0 study (231, which . inc luded a d e t a i l e d  techn ica l  

and economic eva lua t ion  o f  p o t e n t i a l  a p p l i c a t i o n s  o f  f ue l  c e l l s  i n  t rans-  

p o r t a t i o n ,  was r e c e n t l y  c a r r i e d  ou t  a t  Los A1 amos ~ c f  e n t i  f i c  Laboratory 

(LASL). Four v e h i c l e  types w e 6  ev'al uated: c i t y  bus, highway bus, d e l i v e r y  

van, and consumer car. Typical  d r i v e  cyc les  and economics f o r  ' these 

v e h i c l  es were gathered and comparisons made. between conventional ( i n t e r n a l  

combustion engine o r  d iesel  ) and f l ie l  c e l l  / b a t t e r y  h y b r i d  vehic les.  The 

resu l  t s  s t r o n g l y  suggest the f e a s i b i l i t y  o f  f ue l  c e l l  veh ic les  i n  the l a t e  , 

1990's. I t s h o u l d b e  enphasized t h a t  no fue l  c e l l ,  b a t t e r y ,  motor, o r  

v e h i c l e  aerodynamic performance improvements were p ro jec ted  i n  making these 

assessments. Technical f e a s i b i l i t y  was demonstrated f o r  each o f  the four 

veh ic les  . s tudied. Economic v i a t j i l  i t y  was more d i f f i c u l t  t o  prove because . . ' 

o f  t h e  s c a r c i t y  o f  , data on un i fo rm v e h i c u l a r  performance, duty cyc le,  and 



costs ,  as w e l l  as the l a c k  o f  experience wi'th fue l  c e l l s  i n  the veh icu la r  

env i  ronment. However, s ince conservat ive  est imates were used i n  . the  

ana lys i s ,  f i r s t - o r d e r  economic v i a b i l i t y  i n  the 1990's t ime frame was pre- 

d i c ted .  These s tud ies  suggested more design, development, and t e s t i n g  pro- 

grams f o r  fue l  c e l l  / b a t t e r y  h y b r i d  veh ic les ,  Since maintenance p lays a  

s t rong  r o l e  i n  assessing economic f e a s i b i l  i t y ,  experience w i t h  fue l  c e l l s  

i n  v e h i c u l a r  environments must be obtained. 

PRESENT AND PROJECTED PERFORMANCE CHARACTERISTICS OF FUEL CELL POWERED 
VEHICLES 

I n  Table I a r e  shown t h e  demonstrated and p ro jec ted  performance charac- 

t e r i s t i c s  o f  f u e l  c e l l  .powered passenger veh ic les .  The f i r s t  case c i t e d  i s  

t h a t  o f  the  General Motors E lec t rovan w i t h  a  Union Carbide Hydrogen-Oxygen 

A l k a l i n e  .Fuel Ce l l  as the  on ly  power p l a n t  (24). The fue l  c e l l  reac tants  

were c a r r i e d  on board the v e h i c l e  as cryogenic l i q u i d s .  The main drawbacks 

o f  t h i s  v e h i c l e  were the excessive weight o f  . t he  power ' t r a i n  and the  l ong  

t ime  f o r  acce le ra t i on  from 0-100 km/h. 

- 

TABLE I 
Demonstrated and Pro jec ted  Performance C h a r a c t e r i s t i c s  o f  Fuel C e l l  
Power Veh ic l  es 

LASL-BNL-ERC 
P r o j e c t i o n s  

GM Kordesch f o r  Subcompact 
E l  ec t rovan Car Car 

Power T r a i n  

Rated Power, kW 
Peak power, kW 
Curb weight ,  kg 
Power t r a i n  wei h t ,  kg  
Top speed, kmh' 9 
Cru i  s i  ng speed, kmh-l 
.Accel e r a t i o n  

0-100 kmh-l, sec . ' 

0- 50 kmh-1, sec. ' 

S tar t -up  t ime,  min 
Fuel consumption 

H2/O2 'Fuel 
C e l l  

Fuel C e l l /  
B a t t e r y  

Hybr id  
H7 - A i  r 

6  
22 

91 0  
320 

90 
65 

--- 
--- 
- - - 

40 kmlkg, 
'42 

Fuel C e l l  / 
B a t t e r y  Hybr id  

Me'thanol H2 - A i  r/ 
Lead Ac id  

methanol - . 



The f i r s t  fuel ,cell /battery hybrid vehicle was designed, .developed and 
tested by Kordesch, while a t  Union Carbide Corporation (20). The power 

plant consisted of a hydrogen-air a1 kal ine fuel cell and a lead acid bat- 

tery. The hydrogen was stored as compressed gas in five small cyl inders. 

The vehicle was capable of cruising a t  70 km/h and the range wi t h  1.6 kg of 

hydrogen was 300 km. The vehicle was tested for a period of one year and 
the distance covered was 24,000 km. 

Assessments have been made of the expected performance of fuel cell 
powered vehicles by the Ins t i tu te  of French Petrole and Renaul t ~utomob'ile 

Company i n  France (25). ELENCO, a conglomerate of Bekaert, Belgian Nuclear 
Center and Dutch State Mines i s  engaged in a mu1 ti-mil lion dollar program 

to develop fuel cell powered vehicles (26). The technoeconomic assessments 
a t  ELENCO reveal that the f i r s t  impact of fuel cell powered vehicles will 
be with buses. ' The present program i s  t o  design, develop and t e s t  10 ' kW 

a1 kal .ine fuel cell s. 
Because the phosphoric acid fuel cell i s  in the qost advanced . s ta te  of 

devel opment , expected performance and cost assessments .of 15  kw . ( for pas- 
senger vehicles) and 6 0  k w  (for  buses) systems were made a t  E R C  ( 2 7 ) .  The 

results of this study were used in projecting performance characteristics , 
of fuel cell powered vehicles (Tab1 e . I ) .  For th is  case, a vehicle . similar 

in size t o  the Vol kswagen R a b b i t  was considered. The ' expected performance 
of the fuel celllbattery hybrid vehicle will match t h a t  of a diesel powered 

vehicle. I t  i s  estimatid that the electr ic  vehicle will cost about $3000 
more than the diesel one and also exceed in weight by about 200 kg .  How- 

ever, the efficiency of fuel utilization and maintenance costs are more 
favorable for the fuel cell /battery. vehicle. 

OTHER C A N D I D A T E  FUEL CELLS AND THEIR POTENTIAL APPLICATIONS 

There i s  Dnly a low level of effort  for the development of sol id polymer 
electrolyte'  fuel ce l l s ,  and this  too . i s  mainly for space appl ications 

(28).  This system offers nearly the same .characteristics as the phosphoric 

acid fuel cell system b u t '  suffers from the ,additional disadvantages of a 
high .cost sol id polymer. el ectrolyte and , a d i f f i cu l t  water management 

. . 

problem.: . . 

A 1  kal  ine fuel c e l l .  development has' decl ined in the  USA, particularly 

because ' o f  the emphasis 'on ut i l  ization of fossil fuel s.  However, according 
t o  the views of.  several European and Canadian sc ient is ts ,  in the nuclear, 

. . 
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s o l a r  and fus ion  era, a1 k a l  i n e  fue l  c e l l s  w i l l  have a  d i s t i n c t  r o l e  i n  a  

I Hydrogen Energy Scenario. Siemens A.G., i n  West Germany, i s  developing a  7 

I kW hydrogen-oxygen a1 k a l  i n e  fue l  c e l l  f o r  m i l  i t a r y  appl i c a t i o n s  (29) .  Such 

a  system a1 so shows value f o r  stand-by power, say i n  hosp i ta l s .  ELENCO i s  

engaged i n  the design, development and t e s t i n g  o f  a1 k a l  i n e  fue l  c e l l  s  f o r  

I t r a n s p o r t a t i o n  appl i c a t i o n s  (26) .  There i s  a  small e f  Fo r t  a t  Brookhaven 

I Na t iona l  Laboratory,, w i t h  the , ass is tance o f  Pro fessor  K.V. Kordesch, t o  

I ' op t im ize  a1 k a l  i n e  f u e l  c e l l s  as power sources f o r  e l e c t r i c e  veh ic les  (30) .  

I .  The i d e a l '  f ue l  c e l l  f o r  t r a n s p o r t a t i o n  a p p l i c a t i o n s  . i s  the d i r e c t  

I methano l -a i r  f u e l  c e l l .  Unfor tunate ly ,  the  power dens i t y  i s  too low, a t  

I l e a s t  by a  f a c t o r  o f  s ix .  The second problem i s  the po ison ing.  o f  the fue l  

I e lec t rode,  presumable by an in termedia te  formed d u r i n g  methanol ox ida t ion .  

I There i s  a  low l e v e l  o f  e f f o r t  a t  She1 1  Research Labora to r ies  i n  England to 

I i n v e s t i g a t e  d i r e c t  methanol-a i r  f u e l  c e l l  s  (31). 

1 . .  p r a c t i c a l l y  a l l  fue l  c e l l  s, which have been developed, use oxygen (pure 

I o r  from a i r )  as the  ca thod ic  reac tant .  The e f f i c i e n c y  losses, p a r t i c u l a r l y  

i n  the  low temperature fue l  c e l l  s, are main ly  due t o  the h igh  overpotent ia l  

a t  t he  oxygen electrode.  S u b s t i t u t i o n  o f  c h l o r i n e  f o r  oxygen g r e a t l y  

I enhances fue l  c e l l  performance. The prospects f o r  an energy. storage system 

u t i l  i z i  ng a  regenera t ive  hydrogen-ha1 ogen fue l  c e l l  were examined i n  d e t a i l  

j o i  n t l y  by Brookhaven Nat iona l  Lab'oratory, General E l  e c t r i c  Company, 

1 Oronzio de Nora, Clarkson College, Energy Development Associates and Gould, 

I I nc .  ( 4 ) .  The general conclus ions were t h a t  such a  system shows promise 

I f o r  coup1 i n g  ' w i t h  i n t e r m i t t e n t  energy sources (e.g. ,. sol  a r  wind) o r  w i t h  

I remote . nuclear  power p l  ants.  
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