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INTRODUCTION 

v e r s a t i l e  sources  of e l e c t r i c a l  energy. Some of  t h e  d e s i r e d  characteristics of  these 
In our rapidly-advancing technologica l  s o c i e t y ,  t h e r e  is  an i n c r e a s i n g  need f o r  

power sources  
1. 
2. 
3. 
4. 
5. 
6. 
7 .  

a r e :  
High s p e c i f i c  energy (wat t -hours / lb)  
High s p e c i f i c  power ( w a t t s / l b )  
Fas t  r e f u e l  (or  recharge)  
Fas t  response t o  load changes 
C l e a n l i n e s s  (no p o l l u t i o n )  
Low c o s t  
S i l e n c e  

Some f u e l  c e l l s  have some of t h e  d e s i r e d  c h a r a c t e r i s t i c s ,  and some secondary 
c e l l s  have o t h e r s ;  no known power source  possesses  a l l  of then  One p o s s i b l e  solu- 
t i o n  i s  t o  take  advantage of t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of bo th  f u e l  c e l l s  and 
secondary c e l l s  by us ing  a composite power source  conta in ing  both  of . rhese devices .  
In cons ider ing  t h e  c h a r a c t e r i s t i c s  of f u e l  c e l l s ,  i t  becomes c l e a r  t h a t  some f u e l  
c e l l  systems can provide  high s p e c i f i c  energy ( g r e a t e r  than 500 wat t -hours/ lD f o r  
c e l l s  o p e r a t i n g  on a i r ) ,  none can provide very h igh  s p e c i f i c  power ( a l l  f u e l  c e l l  
systems a r e  below 30 w a t t s / l b ) ,  most can be r e f u e l e d  q u i c k l y ,  some w i l l  respond 
quick ly  t o  load changes (systems us ing  reformers  respond s l o w l y ) ,  most can be made 
t o  o p e r a t e  a t  a very low l e v e l  of emission of p o l l u t a n t s ,  none are low-cost y e t ,  
and many a r e  q u i e t .  Some of t h e  shortcomings of f u e l  c e l l s  can be compensated for  
by an a p p r o p r i a t e  secondary c e l l  having a reasonable  s p e c i f i c  energy ( g r e a t e r  than 
40 wat t -hours / lb)  , a h igh  s p e c i f i c  power ( g r e a t e r  than  150 w a t t s / l b )  , and f a s t  charge 
acceptance (15 minutes f o r  f u l l  charge) .  In t h e i r  p r e s e n t  s t a t e  o f  development,  
n e i t h e r  f u e l  c e l l s  nor h igh  s p e c i f i c  power, fas t - recharge  secondary c e l l s  a r e  low- 
c o s t  devices .  In  a p p l i c a t i o n s  where t h e  o t h e r  c h a r a c t e r i s t i c s  are e s s e n t i a l ,  how- 
e v e r ,  a price-premium i s  j u s t i f i e d  a s  f o r  remote power and m i l i t a r y  and space a p p l i -  
c a t i o n s .  

The r e c e n t  advances i n  f u e l - c e l l  development w i l l  b e  summarized below, i n  o r d e r  
t o  inc lude  t h e  b e s t  performance, endurance, and c o s t  e s t i m a t e s  i n  cons ider ing  some 
a p p l i c a t i o n s .  
s p e c i f i c  power and h igh  s p e c i f i c  energy a p p l i c a t i o n s  r e q u i r i n g  f a s t  charge  accep- 
tance ,  the  secondary c e l l s  considered w i l l  be  of t h i s  type .  S p e c i f i c a l l y ,  t h e  Li-Te 
and Li-Se c e l l s ,  wi th  which t h e  a u t h o r s  have t h e  n o s t  exper ience ,  w i l l  s e r v e  a s  t h e  
b a s i s  f o r  t h e  c a l c u l a t i o n s ,  

Because f u s e d - s a l t  secondary c e l l s  show t h e  most promise f o r  high 

RECENT ADVANCES I N  FUEL CELLS 
I n  cons ider ing  t h e  a r e a s  where improvement i n  fuel cells i s  needed,  t h e  t h r e e  - 

most prominent a r e :  a )  E l e c t r o c a t a l y s t s ,  p r i m a r i l y  a s  they  a f f e c t  c o s t  and per for -  
mance, b) Elec t rode  s t r u c t u r e ,  a s  i t  a f f e c t s  c o s t ,  endurance and weight ,  and c )  En- 
g ineer ing ,  a s  i t  a f f e c t s  endurance, weight ,  and volume. O f  c o u r s e ,  improvements i n  
t h e s e  t h r e e  a r e a s  a r e  d e s i r e d  whi le  main ta in ing  a t  l e a s t  t h e  p r e s e n t  l e v e l  of per- 
formance. 

The f u e l  c e l l s  which a r e  expected t o  f i n d  t h e  most widespread a p p l i c a t i o n  a r e  
those  o p e r a t i n g  on a i r .  
cussed here .  In a d d i t i o n ,  because of t h e  t r o u b l e  and expense involved in s t o r i n g  
hydrogen, e i t h e r  a s  a l l q u i d  o r  a s  a g a s ,  only f u e l  c e l l  systems us ing  f u e l s  normally 

For t h i s  reason ,  on ly  c e l l s  wi th  a i r  ca thodes  w i l l  be d i s -  
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s t o r e d  a s  l i q u i d s  w i l l  be considered.  These f u e l  cel l  systems can be c l a s s i f i e d  as  
i n d i r e c t  ( those  using a r e a c t o r  t o  produce hydrogen which i s  then  consumed i n  the 
f u e l  c e l l ) ,  and direct  ( t h o s e  i n  which t h e  u n a l t e r e d  f u e l  is  f e d  d i r e c t l y  t o  t h e  
c e l l ) .  

I n d i r e c t  Fuel  C e l l s  
I n d i r e c t  f u e l  c e l l  systems can b e  arranged SG t h a t :  a )  only very pure 

hydrogen i s  fed to  t h e  anode (most expensive)  , o r ,  b) hydrogen of almost any degree 
of p u r i t y  ( including t h e  u n t r e a t e d  reformer e x i t  gas)  i s  fed t o  t h e  anode. Some of 
t h e  i n d i r e c t  f u e l  c e l l  systems which have been i n v e s t i g a t e d  a r e  diagramed i n  Figure 
1. The i n d i r e c t  sys t ems  which use very p u r e  hydrogen a t  t h e  anode ( p a r t s  a and b 
of Figure 1) a r e  t h e  most well-developed and make use of high-performance f u e l  c e l l s .  
Furthermore,  because of t h e  high r e a c t i v i t y  of hydrogen and t h e  absence of chemical 
and e lec t rochemica l  compl ica t ions  due t o  i m p u r i t i e s ,  a g r e a t  d e a l  o t  progress  toward 
t h e  e l i m i n a t i o n  of expensive plat inoid-element  e l e c t r o c a t a l y s t s  has been made f o r  
t h e s e  c e l l a .  

The amount o f  p l a t i n o i d  element e e c t r o c a t a l y s t s  nfcTsgary i n  hydrogen 
through i n t e r -  f u e l  c e l l s  has b e reduced from 35-50 mg/cm a few y e a r s  ago-'-,- 

mediate  l o a d i n g s s g  t o  v a l u e s  as low as 0.5-2 mg/cm2(on each e l e c t r o d e )  i n  low-  tem- 
p e r a t u r e  a l k a l i n e  systems4s2 and 0.5-4 mg/cm2 (on each e l e c t r o d e )  i n  low-temperature 
a c i d  systems.8,%= 
g o s s i b l e  l a r g e l y  by t h e  use of e l e c t r o c a t a l y s t  suppor ts  such as high-area carbon, 
- , ~ , & % ~  r e s u l t i n g  i n  very  smal l  plat inum c r y s t a l l i t e s  having a high s p e c i f i c  area.  

It  i s  not  on ly  p o s s i b l e  t o  minimize t h e  amount of plat inum i n  hydrogen 
anodes, b u t  f o r  a l k a l i n e - e l e c t r o l y t e  c e l l s  t h e  platinum can be l imina ted  by u s i n g  
n i c k e l  ( h i g h - a r e a , u , g  o r  Raney f o r m % s j  o r  n i c k e l  boride&$ High a r e a  n icke l  
h a s  disadvantages,  however, such a s  t h e  i r r e v e r s i b l e  l o s s  of a c t i v i t y  a f t e r  being 
used a t  t o o  high a p o t e n t i  (ox ida t ion  of t h e  n i c k e l  o c c u r s ) .  Nickel b o r i d e ,  
formed i n  var ious  ways, d k  seems t o  b e  less s e n s i t i v e  t o  overvol tage  excursions 
than n i c k e l ,  and may be an a c c e p t a b l e  hydro en anode e l e c t r o c a t a l y s t  f o r  opera t ion  

1 

T h i s  decrease  i n  t h e  amount of platinum requi red  has  been made 

n e a r  80°C a t  a modest performance p e n a 1 t y . L  f 
I t  is a l s o  p o s s i b l e  t o  e l i m i n a t e  p l a t i n o i d  elements from a i r  cathodes 

f o r  a l k a l i n e  e l e c t r o l y t e  systems. 
such as CoOA1203, I o r  phtha locyanines  such a s  cobal t  p h t h a l o c y a n i n a  i n s t e a d  of 
plat inum, providing an  a d d i t i o n a l  sav ing .  It should be noted ,  however, t h a t  t h e  
advantage of t h e  more f l e x i b l e  e l e c t r o c a t a l y s t  requirement f o r  t h e  a l k a l i n e  e l e c t r o -  
l y t e  ce l l  i s  a t  least p a r t i a l l y  o f f s e t  by t h e  need f o r  C 0 2  removal from t h e  a i r  (or  
p e r i o d i c  e l e c t r o l y t e  replacement) .  

provements i n  e l e c t r o d e  s t r u c t u r e ,  p a r t i c u l a r l y  a t  t h e  a i r  Lathode. I n  t h e  1 s 
f e w  y e a r s ,  t h e  t r e n d  h a s  been t wards very t h i n  e l e c t r o d e s  (0.006 t o  0.03")L9-9- 
with  r e l a t i v e l y  high p o r o s i t y 4 9 8  providing 8 f o r  l i m i t i n  c u r r e n t  d e n s i t i e s  of  severa l  

m e t r i c ) .  Thin, h i g h l y  porous e l e c t r o d e s  a r e  a l s o  e s s e n t i a l  i n  those  systems which 
remove product  water  by evapora t ion  through t h e  porous e l e c t r o d e s .  

The requirement o f  minimum c e l l  i n t e r n a l  r e s i s t a n c e  has  l e d  t o  t h e  use 
of t h i n ,  porous, absorbent  m a t r i c e s  t o  hold t h e  e l e c t r o l y t e ,  r e s u l t i n g  i n  i n t e r -  
e l e c t r o d e  d i s t a n c e s  of 0.010'' t o  0.030". The use of t h i n  e l e c t r o d e s  (about  0.020'' 
each) and t h i n  absorbent  e l e c t r o l y t e  m a t r i c e s  (0.020") al lows t h e  c o n s t r u c t i o n  of 2o 
r e l a t i v e l y  compact f u e l  b a t t e r i e s ,  wi th  c e l l  s t a c k s  of about seven c e l l s  per  inch.- 
This  s t a c k i n g  f a c t o r  cor responds  t o  s t a c k  power d e n s i t i e s  i n  t h e  range 7-8 kw/ft3 f o r  
160 w / f t 2  c e l l s .  
corresponding t o  18 lb/kw f o r  f u t u r e  f u e l  c e l l  s t a c k s .  
should be increased  by 10  t o  20 percent  f o r  c e l l s  wi th  l i q u i d  e l e c t r o l y t e s .  

i n g  t h  
van- - which i s  powered by Union Carbide hydrogen-oxygen c e l l s . 2 3  T h i s  i s  a 

Some of t h e s e  cathodes use s i l v e r L s x s 1 8  o r  s p i n e l s  

A l m o s t  a s  important  as t h e  advances i n  e l e c t r o c a t a l y s t  use are t h e  im-  

1 6  

hundred m a / c m 2  on a i r  a t  only  moderate a i r  f low r a t e s  - 9 8 9 2  B (1.5-3 t i m e s  s t o i c h i o -  

The d e n s i t y  o f  the  s t a c k s  is  estimated t o  be about 140 l b / f t 3 ,  
The weights  and volumes 

The present  state of f u e l  c e l l  engineer ing  can b e  a p p r e c i a t e d  by consul t -  
papers  d e s c r i b i n g  t h e  des ign ,  development and o p e r a t i o n  of t h e  GM Electro-  

2 1 3 2  
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remarkable ach i  vement, e s p e c i a l l y  when one cons ide r s  t h e  r e l a t i v e l y -  s o p h i s t i c a t e d  

vantage 
c e l l s  (3,380 l b : )  made necessa ry  by r h e  peak power requirement (160 kw) of flve - t i m e s  t h e  nominal r a t i n g  (32 kw). 
of a f a s t  charge,  high s p e c i f i c  power secondary cell. 
i n  more d e t a i l  below. . D e s p i t e  t h e  d i sadvan tages ,  t h e  Electrovan proves t h a t  f u e l  
c e l l  engineer ing has  progressed t o  t h e  p o i n t  t h a t  v e h i c l e s  can be powered by hydrogen 

c o n t r o l  system- 22 and t h e  high performance o f  t h e  v e h i c l e .  The . m o s t  n o t a b l e  disad-  

Of  t h i s  f u e l - c e l l  powered v e h i c l e  is  t h e  excess ive  weighL o f  t h e  f u e l  

T h i s  weight  p e n a l t y  could b e  minimized by use 
T h i s  p o i n t  w i l l  b e  discussed 

f u e l  c e l l s  and can r e t a i n  reasonable  performance and range.  . .  :. 
The combined ' e f f e c t  of improved use  of electrocatalyscs,.thinner, high- 

p o r o s i t y  e l e c t r o d e  s t r u c t u r e s ,  and small i n t e r e l e c t r o a e  d i s t a n c e s  y i e l d s  che pe r fo r -  
mances shown i n  Figure 2. 
us ing  t h i n  matrices and moderate. c a t a l y s t  l oad ings  (9-10 mg Pt/cm ) on 
bonded elect .rodes.L&& Replacement of t h e  P t  at  t h e  anode w i t h  N i  B' y i e l d s  
s l i g h t l y  lower vo l t ages  as  shown. 
t u t i o n  of  H SO 
odes i n  ac i3  e f e c t r o l y t e s  is r e s p o n s i b l e  f o r  t h i s  dec rease  i n  c e l l  vo l t age .  
nex t  lower set  of curves  wi th  t h e  somewhat h ighe r  s l o p e s  corresponds t o  t h e  use of 
l i q u i d . e l e c t r o l y t e s ,  w i t h  l a r g e r  i n t e r e l e c t r o d e  d i s t a n c e s  and consequent ly  a h ighe r  
i n t e r n a l  r e s i s t a n c e . l * k , =  The lowest  curve of Figure 2 corresponds t o  t h e  use of 
dua l  ion exchange membranes.25 The h ighe r  i n t e r n a l  r e s i s t a n c e  of t h i s  arrangement 
is  ev iden t .  

uppermost curves  f o r  des ign  purposes ,  assuming a c a t a l y s t  l oad ing  of 1 mg Pt/cm2 (or 
i t s  c o s t  equ iva len t  o f  Ni B and Ag o r  CoOA1203).on each e l e c t r o d e .  Only a small per- 
formance pena l ty  would b e  paid i f  t h e  plat inum i n  t h e  cathode were replaced by s i l v e r  
o r  C o O A l 2 O 3 . L  and t h e  plat inum i n  t h e  anode by n i c k e l  boride.15916 T h i s  performance 
is what would b e  expected from t h e  c e l l  i n  any i n d i r e c t  system supp ly ing  pure hydro- 
gen ( o r  hydrogen with non-adsorbing i n e r t s ,  such as  N 2 )  t o  t h e  anode. 

A f i ve -k i lowa t t  i n d i r e c t  system us ing  a KOH e l e c t r o l y t e  and an a i r  scrub- 
b e r  has  been cons t ruc t ed  by Englehard ( former) and Allis-Chalmers ( f u e l  b a t t e r y )  
and has  been t e s t e d  a t  For t  B e l v o i r . a S E  Thzs system o p e r a t e s  on a s u l f u r - f r e e  
hydrocarbon f u e l  (JP 150, a Udex raf f i nace )  ,& and uses a s i lve r -pa l l ad ium a l l o y  
d i f f u s e r  t o  p u r i f y  t h e  hydrogen (an expensive method). The o p e r a t i n g  p o i n t  was 
0.83 V a t  135 ma/cm2. 
d i f f u s e r ,  but  methanol as t h e  f u e l  t o  t h e  reformer,  w a s  c o n s t r u c t e d  by S h e l l  Re- 
s e a r c h ,  L t d . a -  

CH4,  H 0), as i n  case  c of Figilre 1, a c i d  e l e c t r o l y t e s  must b e  used  i f  t i e  anode 2 is porous,  in orde r  t o  re ject  t h e  CO and COz. 
inum, and t h e  low r a t e  of e l ec t rochemica l  o x i d a t i o n  of the.CO make plat inum an un- 
s u i t a b l e  anode e l e c t r o c a t a l y s t  a t  temperatures  below about  13OoC, as  shown by the  
lowest curve i n  Figure 3. A t  h i g h e r  t empera tu res ,  w i th  H PO as  t h e  e l e c t r o l y t e ,  
Pt w i l l  provide adequate  performance as shown by t h e  upper cu rve  of Figure 3. A t  
150.C, about 110 ma/cm2 can be ob ta ined  a t  0.75 V u s ing  90% H2 and 10% CO w i t h  an 
anode con ta in ing  2,8 mg Pt/cm2, supported on' boron c a r b i d e . 3  
show moderate a c t i v i t y  w i t h  CO-containing reformer gases  and H2S04 a s  t h e  e l e c t r o -  
l y t e , , a s  i n d i c a t e d  in F i g u r e . 3 ,  b u t  t h e  e l e c t r o c a t a l y s t  l oad ings  used (34 mg 
Pt -Ru /cm2)z  must be considered t o , b e  about an o r d e r  of magnitude too h i g h . t o  be 
practical. For t h e  p r e s e n t ,  i t  appea r s  t h a t  t he  o x i d a t i o n  of reformer gases  con- 
t a i n i n g  more than a few ppm of CO r e q u i r e s  t h e  use of a c i d  e l e c t r o l y t e s  a t  tempera- 
t u r e s  nea r  150'C.. The improvements i n  CO tolerance-shown by Pt-Ru a l l o y s  are en- 
couraging,  however', and i t  is expected t h a t  alloy c a t a l y s t s  w l l l  b e  improved f u r t h e r ,  
making t h e  use 'of u n p u r i f i e d  reformer gases  p r a c t i c a l  at  t empera tu res  below loo°C. 

hydrogen /a i r  cel ls  a r e  a l s o  u s e f u l  in reformer g a s / a i r  c e l l s .  

The upper curves  correspond t o  a l k a l l n s  e l e c t r o l y t e  c e l l s ,  
h i n ,  PTFE- 

The nex t  lower curve corresponds $0 t h e  s u b s t i -  
f o r  KOH as t h e  e l e c t r o l y t e .  The poorer  performance of oxygen cath- 

The 

Based on t h e  r e s u l t s  shown i n  F igu re  2,  i t  seems reasonab le  t o  adopt t h e  

2 .  

A second 5 kw i n d i r e c t  system us ing  a s i lve r -pa l l ad ium 

For i n d i r e c t  systems invo lv ing  t h e  use of unpa r i f i ed . . gases  iH , CO,' C 0 2 ,  

The scrong a d s o r p t i o n  of CO on p l a t -  
, .  

3 4  

A t  85'C, Pt-Ru a l l o y s  

The same t h i n ,  h igh ly  porous e l e c t r o d e  s t r u c t u r e s  f o m d  t o  b e  u s e f u l  with 
The lower performance 
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obta ined  from t h e  l a t t e r  cel ls  is p r i m a r i l y  r e l a t e d  t o  e l e c t r o c a t a l y t i c  problems 
a t  both e l e c t r o d e s ,  and not  e l e c t r o d e  s t r u c t u r e  problems. 

complete f u e l  c e l l  systems o p e r a t i n g  on reformer gas  i s  j u s t  beginning. 
systems a r e  probably being b u i l t ,  and only  one low-temperature b a t t e r y  has  been 
r e p o r t e d . 2  S i g n i f i c a n t  performance l o s s e s  were observed, wi th  only  20 ppm of  
CO i n  t h e  feed  t o  t h e  f u e l  b a t t e r y ,  which used  9 mg P t / c m 2  e l e c t r o d e s  and H SO 
e l e c t r o l y t e  a t  65°C ( s e e  F i g u r e  3 ) .  It is l i k e l y  t h a t  t h e  i n d i r e c t  systems2bul l t  
i n  t h e  near  f u t u r e  w i l l  u s e  f u e l  c e l l s  which o p e r a t e  a t  temperatures  above lOO"C, 
and w i l l  have performances l i k e  t h a t  shown by t h e  uppermost curve i n  Figure 3. 

750°C i s  capable of consuming reformer gases  conta in ing  r e l a t i v e l y  l a r g e  amounts- 
of CO (10-20%) with e x c e l l e n t  performance. A t  an o p e r a t i n g  temperature  of 750"C, 
i t  i s  conceivable  t h a t  t h e  ce l l  and reformer might be i n t e g r a t e d  i n  such a manner 
t h a t  t h e  r e j e c t  f u e l  c e l l  h e a t  is used by t h e  endothermic reforming r e a c t i o n ,  in- 
c r e a s i n g  t h e  o v e r a l l  system e f f i c i e n c y .  Furthermore, t h e  carbonate  c e l l  employs 
r e l a t i v e l y  inexpensive e l e c t r o c a t a l v s t s  such as  n i c k e l  a t  t h e  anode and copper 
oxide ( o r  s i l v e r )  a t  t h e  ca thode ,= -x  making t h i s  an economically a t t r a c t i v e  
system. During t h e  l a  t few y e a r s ,  cons iderable  improvements i n  p e r f o r m a n c a  
and opera t ing  l i f  _30.3$ have been made, br inging  t h i s  system t o  t h e  poin t  where 
it is  ready f o r  an i n c r e a s e d  engineer ing  e f f o r t .  A reasonable  des ign  poin t  f o r  
a molten carbonate  system would be 200 ma/cm2 a t  0 - 7 5  V ,  a s  shown i n  Figure 4 .  
The l i f e  expectancy f o r  a s i n g l e  c e l 1 3 i s  now more than  s i x  m o n t h s , g  and 36-cell 
modules opera te  f o r  about 1000 hours.- 

t i o n  of t h e  f u e l  c e l l  and t h e  reformer,  p lac ing  t h e  reforming c a t a l y s t  i n  t h e  f u e l  
compartment of t h e  c e l l x  ( c a s e  d of Figure 1 ) .  
i s  a non-porous hydrogen d i f f u s i o n  e l e c t r o d e  (Ag-Pd a c t i v a t e d  with Pd black on both 
s i d e s )  .36-38 
l e n t  t o  t h a t  of about  20 mg Pt/cm2 f o r  a 0.001" t h i c k  e l e c t r o d e  a c t i v a t e d  on both 
s i d e s .  

a t  t h e  same temperature  (2O0-25O0C, 
f u e l  b a t t e r y  can supply t h e  endothermic h e a t  f o r  t h e  reforming r e a c t i o n .  
t i o n ,  s i n c e  t h e  f u e l  c e l l  r e a c t i o n  e x t r a c t s  hydrogen d i r e c t l y  from t h e  reforming 
zone, t h e  response of t h e  reformer t o  t h e  demands of t h e  f u e l  c e l l  i s  r e l a t i v e l y  
rap id .  Start-up is  n o t  v e r y  f a s t ,  however, and e x t e r n a l  h e a t i n g  energy must be 
suppl ied .  

t h e  performance of which i s  given i n  Figure 5. 
carbon cells show poorer  per5grygnce and s h o r t  c a t a l y s t  l i f e t i m e s ,  even a t  t h e  
h igher  temperature of  25O0CS-*- as shown i n  F igure  5.  These systems, espec ia l ly  
t h e  methanol system, could g a i n  p o p u l a r i t y  dur ing  t h e  i n t e r i m  per iod  before  d i r e c t  
methanol o r  hydrocarbon c e l l s  show high performances a t  c a p i t a l  c o s t s  comparable 
t o  t h o s e  f o r  present  hydrogen-air  cells. 

ments of t h e  a p p l i c a t i o n  w i l l  probably d i c t a t e  t h e  optimum combination of refozmer. 
hydrogen p u r i f i e r  ( i f  any) and f u e l  b a t t e r y .  For f a s t  s t a r t - u p ,  a low-temperature 
f u e l  b a t t e r y  is d e s i r a b l e .  This  may r e q u i r e  t h e  use of  pure hydrogen ( a s  from a 
s i lver-pal ladium d i f f u s e r ) ,  but  i t  is p o s s i b l e  t h a t  a ce l l  using a Pt-Ru anode 
e l e c t r o c a t a l y s t  could be s t a r t e d  quick ly  from room temperature  on unpur i f ied  re- 
former gases. Where s teady  o p e r a t i o n  without  shut-down is needed, t h e  molten car- 
bonate  system probably o f f e r s  t h e  lowest  c a p i t a l  cost and h ighes t  e f f i c i e n c y .  A 
reasonable  compromise system wi th  medium s t a r t - u p  t i m e  and medium c o s t ,  us ing no 
scrubbers  o r  p u r i f i e r s  would be a c e l l  wi th  2-3 mg Pt/cmZ at  t h e  anode, H3P04 

Engineering work r e s u l t i n g  i n  t h e  c o n s t r u c t i o n  of f u e l  b a t c e r i e s  o r  
Several  

The molten carbonate  c e l l ,  opera t ing  a t  temperatures  i n  t h e  range 600 - 

An i n t e r e s t i n g  r e c e n t  approach t o  t h e  i n d i r e c t  f u e l  c e l l  is t h e  integra-  

This  i s  bes t  done when t h e  anode 

These e l e c t r o d e s  a r e  expensive,  t h e i r  m a t e r i a l s  c o s t s  being equiva- 

Because of  t h e  f a c t  t h a t  t h e  f u e l  b a t t e r y  and i n t e g r a t e d  reformer opera te  
85% KOH e l e c t r o l y t e ) ,  t h e  r e j e c t  hea t  from t h e  

I n  addi- 

36 38 
The best-performing i n t e g r a t e d  system is t h a t  opera t ing  on methanol,-*- 

The corresponding i n d i r e c t  hydro- 

In choosing among t h e  var ious  i n d i r e c t  systems,  t h e  o p e r a t i n g  require-  
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e l e c t r o l y t e ,  and 3-4 mg Pt/cm 2 a t  t h e  cathode.- 3 This  seems t o  be t h e  s imples t  s y s t e m  
i n  concept ,  and could be t h e  s i m p l e s t  i n  p r a c t i c e .  

Direct Fuel Cells 
The d i r e c t  f u e l  c e l l  which shows t h e  h ighes t  performance on a l i q u i d  f u e l  

i s  t h e  hydrazine c e l l .  Th i s  c e l l  has  r ece ived  more eng inee r ing  a t t e n t i o n  than any 
o t h e r  except  f o r  hydrogen-oxygen.a& 
c e l l s  are  shown i n  F igu re  6 .  
and nickel-based e l e c t r o c a t a l y s t s u  (high-area n i c k e l  and n i c k e l  bo r ide )  have been 
used SuCceSSfully w i t h  hydrazine hydra t e  as t h e  f u e l .  
a c i d s ,  an a l k a l i n e  e l e c t r o l y t e  i s  necessa ry .  
from t h e  a i r  f e d  t o  t h e  cathode. 
are used, and t h e  e l e c t r o l y t e  is u s u a l l y  h e l d  i n  a ma t r ix .  

a p p l i c a t i o n s ,  i nc lud ing  a 20 kw system f o r  an Army M-37 t r u c k . ' l  Because n i c k e l  
bo r ide  can be used a t  t h e  anode and s i l v e r  o r  a s p i n e l  a t  t h e  cathode,  t h e  hydra- 
z i n e  c e l l  looks promising from a c a p i t a l  c o s t  viewpoint ,  bu t  the  h igh  c o s t  of hy- 
d r a z i n e  w i l l  probably res t r ic t  t h i s  c e l l  t o  s p e c i a l  a p p l i c a t i o n s .  S t rong  p o i n t s  a r e  
t h e  admirable  performance ob ta ined  w i t h  r e l a t i v e l y  s imple systems and t h e  use of  non- 
p l a t i n o i d  e l e c t r o c a t a l y s t s .  

hydrazine c e l l s ,  and r e q u i r e  unreasonably l a r g e  amounts of precious-metal  e l e c t r o -  
c a t a l y s t s .  These o t h e r  systems must s t i l l  b e  considered t o  b e  i n  t h e  r e sea rch  s t a g e  
and should no t  be included in any des igns  invo lv ing  c o s t  as an important  c r i t e r i o n  
f o r  t h e  near-term f u t u r e .  

Typical  performance curves f o r  hydrazine-air  
Both p l a t i n o i d  element e l e c t r o c a t a l y s t s % u  (Pt and Pd) 

Because hydrazine r e a c t s  with 
Th i s  means t h a t  the  C 0 2  must be removed 

A s  i n  t h e  hydrogen c e l l s ,  t h i n ,  porous e l e c t r o d e s  

Seve ra l  complete hydrazine f u e l  c e l l  s y s t e m s  have been b u i l c  f o r  v e h i c l e  

A l l  o t h e r  non-hydrogen d i r e c t  f u e l  c e l l s  show poorer  performance than 

Seve ra l  advances i n  t h e  d i r e c t  use of carbonaceous f e l s  a r e  n o t a b l e ,  
however. A few yea r s  ago, l a r g e  amounts of plat inum (x 50 mg/cm ) were necessary 
i n  o r d e r  t o  o b t a i n  c u r r e n t  d e n s i t i e s  n e a r  100 ma/cm2 from propane a t  c e l l  p o t e n t i a l s  
of 0 .2  t o  0.3 v o 1 t . U - u  
as low as 5 t o  10 mg Pt/cm2 can be used wi th  propane, wh i l e  s t i l l  o b t a i n i n g  c u r r e n t  
d e n s i t i e s  of 100 ma/cm2 a t  c e l l  p o t e n t i a l s  of 0 .4  volt.-s-'- 49 50 51 Some of t h e  r ecen t  
d a t a  are summarized i n  F igu re  7 .  The l i q u i d  hydrocarbons which y i e l d  t h e  h ighes t  
performance are propane and butane;  t h e  h i g h e r  molecular  weight f u e l s  g i v e  decreas- 
i n g  performance with i n c r e a s i n g  molecular weight .%#47-%56 Some of t h e  problems 
which remain t o  be so lved  are t h e  c y c l i n g  behavior  of t h e  anode r e a c t i o n  ra te  when 
phosphoric  a c i d  i s  used as t h e  e l e c t r o l y t e , s  
a d d i t i o n  t o  t h e  obvious problems of e l e c t r o c a t a l y s i s  and co r ros ion .  

Y 
It has  been r epor t ed  r e c e n t l y  t h a t  e l e c t r o c a t a l y s t  loadings 

and t h e  conse rva t ion  of water, in 

No presently-known hydrocarbon c e l l s  w i l l  s t a r t  up from room temperature,  
so e x t e r n a l  hea t  f o r  s t a r t - u p  must be provided. 
t e r y  o r  systems work has  been done y e t ,  bu t  t h e  t i m e  is approaching when t h i s  w i l l  
be a p p r o p r i a t e .  

expected of i t  a few y e a r s  ago. 
o f  20 t o  40 mg/cm2 of p l a t i n o i d  e l e c t r o c a t a l y s t s % z  a t  t h e  anode. 
l o a d i n g s ,  t h e  performance i s  s t i l l  r e l a t i v e l y  modest,  as shown i n  F igu re  8. 
of t h i s  d l sadvan ta  e. some eng inee r ing  work has  been completed,  r e s u l t i n g  I n  a ba t t e ,y  

v o l t a g e . 6 0  

No apprec iab le  amount o f  f u e l  bat-  

The d i r e c t  methanol c e l l  h a s  n o t  shown t h e  p rogres s  t h a t  might have been 

Even wi th  these 
T h i s  c e l l  s t i l l  r e q u i r e s  e l e c t r o c a t a l y s t  loadings 

I n  s p i t e  

de l ivermg300wat t& 5 and a compact system d e l i v e r i n g  about  100 w a t t s  a t  a r egu la t ed  

Summary of Fuel  C e l l  Performance 
The p resen t  s t a t e  o f  a f f a i r s ,  w i th  r e s p e c t  t o  c e l l  c h o i c e s ,  r e f l e c t i n g  a l l  

of t h e  r ecen t  advances d i scussed  above i n c o r p o r a t i n g  new, low e l e c t r o c a t a l y s t  loadings,  
and improved performances on a i r  ( i n  some cases  e s t ima ted  by t h e  a u t h o r s ) "  i s  

* All a s t e r i s k s  i n  t h e  f i g u r e s  i d e n t i f y  t h o s e  c u r r e n t  dens i ty -vo l t age  cu rves  which have 
been converted from oxygen performance t o  a i r  performance by the  a u t h o r s ,  based on pub- 
l i s h e d  da ta .  
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summarized i n  Table I. 
ings  may be s l i g h t l y  o p t i m i s t i c .  The systems which a r e  expected t o  have t h e  lowest 
c a p i t a l  c o s t  a r e  t h e  molten carbonate  ( i n d i r e c t )  and t h e  hydrazine ( d i r e c t ) ,  followed 
by t h e  reformer gas ( i n d i r e c t )  and t h e  i n t e g r a t e d  methanol reformer-fuel  c e l l .  The 
hydrazine system is t h e  most well-developed, followed by reformer gas  ( i n d i r e c t ) ,  the  
o t h e r  d i r e c t  c e l l s  being f a r t h e r  behind. 
s t i l l  conta in  too  much expensive e l e c t r o c a t a l y s t  and r e q u i r e  a g r e a t  d e a l  more engineer- 

The performance values  f o r  t h e  i n d i c a t e d  e l e c t r o c a t a l y s t  load- 
, 

Direc t  hydrocarbon and d i r e c t  methanol c e l l s  

i n g  work before  they can compete wi th  t h e  o t h e r  systems. ci 
The c u r r e n t  s t a t u s  of  t h e  systems j u s t  discussed is  a l s o  presented i n  

Table I ,  together  wi th  t h e  a u t h o r s '  es t imates  of  t h e  s p e c i f i c  power of t h e  f u e l  c e l l  
s t a c k s  and systems ( i n c l u d i n g  reformers  and plumbing but not  f u e l  and tank)  which could 
b e  cons t ruc ted  us ing  t h e  p r e s e n t  research  and engineer ing  resul ts .  The s p e c i f i c  power 
va lues  f o r  some of t h e  s y s t e m s  of Table I ,  t o g e t h e r  wi th  t h e  s p e c i f i c  energy values 
(wat t -hr / lb)  of t h e  f u e l  p l u s  tank al low t h e  d i r e c t  c a l c u l a t i o n  of s p e c i f i c  power 
( w a t t s / l b )  versus  s p e c i f i c  energy (wat t -hr / lb)  curves  f o r  f u e l  celQ systems contain- 
i n g  v a r i o u s  weight f r a c t i o n s  of f u e l  c e l l  and f u e l .  These r e s u l t s  a r e  summarized i n  
Figure 9. This f i g u r e  i s  p a r t i c u l a r l y  u s e f u l  i n  s e l e c t i n g  f u e l  c e l l  systems which must 
meet s p e c i f i c  power and energy requirements .  This  w i l l  be  d iscussed  i n  more d e t a i l  
b e l o w .  

SECONDARY CELLS WITH FUSED-SALT ELECTROLYTES 
In o r d e r  t o  augment t h e  c h a r a c t e r i s t i c s  of f u e l  c e l l s  t o  form a high-performance 

hybr id  system, i t  i s  necessary  t h a t  t h e  secondary c e l l  have t h e  a b i l i t y  t o  d e l i v e r  
large amounts of power per  u n i t  weight ,  on a repeated b a s i s ,  wi th  no damage t o  t h e  
c e l l .  
c a t i o n s ,  and values  a s  high a s  500 watts per  pound a r e  d e s i r a b l e .  Furthermore, i t  
is necessary t h a t  t h e  secondary c e l l  have t h e  a b i l i t y  t o  accept  charge very rap id ly  
without  de t r imenta l  e f f e c t s .  This  f e a t u r e  is  important i n  v e h i c l e  propuls ion and 
o t h e r  a p p l i c a t i o n s  where f a s t  recharge i s  e s s e n t i a l .  A f u l l  charge should b e  achiev- 
a b l e  i n  1 5  minutes o r  l e s s  f o r  some a p p l i c a t i o n s .  

The l i th ium-te l lur ium and li thium-selenium c e l l s  possess  both  of t h e  character-  
i s t i c s  discussed above.66,67 These c e l l s  a r e  s t i l l  in t h e  e a r l y  s t a g e s  of develop- 
ment, but laboratory-model c e l l s  have i n d i c a t e d  t h a t  t h e s e  systems have t h e  required 
f a s t  charge-discharge c h a r a c t e r i s t i c s  and high s p e c i f i c  powers .%E 

e l e c t r o d e ) ,  fused l i t h i u m  h a l i d e s  a s  t h e  e l e c t r o l y t e ,  and molten t e l l u r i u m  a s  t h e  
cathode ( p o s i t i v e  e l e c t r o d e ) .  
i n g  p o i n t  of t h e  t e l l u r i u m  (449.8OC) ,68 hence thermal  i n s u l a t i o n  must be provided 
t o  prevent  excessive h e a t  loss. Under normal o p e r a t i n g  condi t ions ,  t h e  i n t e r n a l  
hea t  generat ion w i l l  b e  s u f f i c i e n t  t o  maintain o p e r a t i n g  temperature ,  whi le  on 
stand-by, t h e  c e l l  temperature  may be maintained by means of a small  h e a t e r .  

The o v e r a l l  c e l l  r e a c t i o n  is t h e  e lec t rochemica l  t r a n s f e r  of l i t h i u m  through 

S p e c i f i c  power v a l u e s  above 100 w a t t s  per  pound a r e  necessary f o r  many appl i -  

The l i th ium-te l lur ium c e l l  makes u s e  of molten l i t h i u m  as  t h e  anode (negat ive 

The minimum o p e r a t i n g  temperature  is set by t h e  m e l t -  

t h e  e l e c t r o l y t e  i n t o  t h e  t e l l u r i u m ,  r e s u l t i n g  i n  t h e  formation of a l i th ium-te l lur ium 
a l l o y  a t  t h e  cathode, On recharge ,  t h e  l i t h i u m  is e lec t rochemica l ly  e x t r a c t e d  from 
t h e  cathode a l l o y  and re turned  t o  t h e  anode compartment. The e l e c t r o d e  r e a c t i o n s  
on d ischarge  a re :  

(1) + -  
L i  -+ L i  + e 

L i +  + e- + Te (excess)  + L i  ( i n  Te) (2 )  

Typica l  s teady-s ta te  c u r r e n t  densi ty-vol tage curves f o r  two Li-Te c e l l s  opera- 
The open c i r c u i t  v o l t a  e of 1.7-1.8 v o l t s  i s  t i n g  a t  47OoC are 'shown i n  Figure 10 .  

i n  good agreement wi th  t h e  v a l u e s  repor ted  by Fos te r  and L i u . 2  Current  d e n s i t i e s  
i n  excess  of 7 amp/cm2 were obta ined  on both charge and discharge.  Because of t h e  
f a c t  t h a t  t h e  open c i r c u i t  v o l t a g e s  of t h e  c e l l  are i n  good agreement wi th  t h e  
publ i shed  r e v e r s i b l e  emf  v a l u e s ,  and because t h e  vol tage-cur ren t  d e n s i t y  d a t a  l i e  

f 
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on s t r a i g h t  l i n e s ,  it i s  concluded t h a t  t h e r e  a r e  no s i g n i f i c a n t  a c t i v a t i o n  o r  
concen t r a t ion  ove rvo l t ages  p re sen t .  
c u r r e n t  d e n s i t y  cu rves  ag ree  wi th  t h e  measured c e l l  r e s i s t a n c e ,  t h e  on ly  apprec i ab le  
i r r e v e r s i b i l i t l e s  i n  t h e  o p e r a t i o n  of t h e  L i -Te  c e l l  a t  c u r r e n t  d e n s i t i e s  up t o  
8 amps/cm2 are those a s s o c i a t e d  w i t h  ohmic l o s s e s .  
e l e c t r o l y t e  r e s i s t a n c e  and t h e  r e s i s t a n c e s  a s s o c i a t e d  wi th  c u r r e n t  c o l l e c t i o n  from 
t h e  e l e c t r o d e s ,  p r i m a r i l y  t h e  t e l l u r i u m  e l e c t r o d e .  

i n  F igu re  10, was 3.5 watts/cm2, i n d i c a t i n g  t h a t  high power d e n s i t i e s  can b e  ob- 
t a ined .  
charge r a t e s  can be used. I n  a d d i t i o n ,  o p e r a t i o n  a t  even h i g h e r  power d e n s i t i e s  
can be achieved f o r  s h o r t  pe r iods  of t i m e .  F igu re  11 shows t h e  c e l l  performance 
f o r  s h o r t  d i scha rge  t i m e s  (w i th in  one minute  a f t e r  s t a r t  o f  d i s c h a r g e  from t h e  
ful ly-charged c o n d i t i o n ) ,  corresponding to  a cathode composition of about  5 a/o 
L i  i n  T e .  The 

Furthermore,  s i n c e ' t h e  s l o p e s  o f  t h e  vol tage-  

The ohmic losses ar ise  from t h e  

The maximum power d e n s i t y  ob ta ined  from t h e  c e l l s ,  whose r e s u l t s  are shown 

The use of charging c u r r e n t  d e n s i t i e s  up t o  7 amp/cm2 shows t h a t  f a s t  re- 

eak power h e r e  was 5 watts/cm2; t h e  s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  

The L i -Te  c e l l s  were charged and discharged r epea ted ly  ove r  p e r i o d s  of up t o  
300 hours  a t  temperatures  of 450 t o  500°C wi th  no s i g n s  of  deg rada t ion .  
d i scha rge  coulombic e f f i c i e n c i e s  a t  t h e  1-hour and 45-minute rates were 85 t o  91  per- 
cen t .  

was 1 2 . 7  amplcm s . 
I 

The charge- 

A l i thium-selenium c e l l  was a l s o  ope ra t ed  us ing  t h e  same c e l l  p a r t s  a s  f o r  t h e  

The c u r r e n t  dens i ty -vo l t age  cu rve  f o r  th i s  c e l l  
l i t h ium- te l lu r ium c e l l .  
me l t ing  p o i n t  of S e  i s  only 217°C. 
i s  shown i n  Figure 12. 

The o p e r a t i n g  temperature  w a s  reduced t o  350aC, s i n c e  t h e  

Based on t ie .  vo l t age -cu r ren t  d e n s i t y .  curves  of F igu re  1 0 ,  secondary b a t t e r i e s  
can be d e s i  ned. The des igns  i n c l u d e  b i p o l a r  c u r r e n t  c o l l e c t o r s  and r i g i d  p a s t e  
e l e c t r o l y t e h  of minimal t h i c k n e s s  (% 1 mm). A r e a l i s t i c  des ign ,  a l lowing f o r  5 ' 

c e l l s  per inch corresponds t o  a s p e c i f i c  energy of 80-100 wa t t -h r / lb  f o r  t h e  L i - T e  
b a t t e r y  a t  a 1.5-hr d i s c h a r g e  ra te ,  and a s p e c i f i c  power of 300 w a t t s / l b  a t  t h e  115 
hour r a t e .  The curve of s p e c i f i c  power v s  s p e c i f i c  energy on which t h e s e  p o i n t s  l i e .  
i s  shown i n  Figure 9 ,  t o g e t h e r  w i th  s e v e r a l  o t h e r  cu rves  corresponding to va r ious  
c e l l  spacings.  The method u s e d ' f o r  c a l c u l a t i n g  t h e  L i -Te  b a t t e r y  curves i n  Figure 
9 is  explained i n  d e t a i l  elsewhere.= 
systems are  used i n  p re l imina ry  des ign  c a l c u l a t i o n s .  
Figure 9 are t h e  h igh  s p e c i f i c  power v a l u e s  o b t a i n a b l e  a t  reasonably h igh  s p e c i f i c  
e n e r g i e s ,  s i n c e  high-performance hybrid systems depend upon, t h e  secondary c e l l  f o r  
high peak-power c a p a b i l i t y .  

These cu rves  and t h o s e  f o r  t h e  f u e l  c e l l  
The important  f e a t u r e s  o f  

FUEL CELL-SECONDARY CELL HYBRID SYSTEMS 
A s  can be seen by i n s p e c t i o n  o f  Figure 9 ,  f u e l  c e l l  systems have t h e  a b i l i t y  

t o  d e l i v e r  low t o  moderate s p e c i f i c  powers f o r  l ong  p e r i o d s  o f  t i m e ,  but  are no t  
a b l e  t o  provide s p e c i f i c  powers in t h e  range of 100 w a t t s / l b  o r  h ighe r .  In  f a c t ,  
s u s t a i n e d  power d e n s i t i e s  i n  excess  of 30-35 w a t t s / l b  are n o t  p o s s i b l e  with pre-  
sent-day a i r - b r e a t h i n g  f u e l  c e l l  systems. Furthermore,  a i r  e l e c t r o d e s  i n  gene ra l  
cannot support  heavy ove r loads  f o r  even a few minutes  because o f  oxygen d i f f u s i o n  
l i m i t a t i o n s .  This  s i t u a t i o n  r e s u l t s  i n  the n e c e s s i t y  o f  des ign ing  f u e l  c e l l  systems 
around t h e  6 power requirements  of t h e  a n t i c i p a t e d  a p p l i c a t i o n .  The d i sadvan tage  
of t h i s  p r a c t i c e  i s  t h a t  t h e  f u e l  c e l l  system t h e n  is  very heavy and bulky,  and h a s  
a s i g n i f i c a n t l y  h ighe r  c a p i t a l  cost than would b e  r equ i r ed  i f  t h e  des ign  were f o r  
t h e  ave rage  power demand. 

By combining a f u e l  c e l l  system with a high s p e c i f i c  power secondary ce l l ,  a 
hybrid system is ob ta ined .  The hybr id  system is designed t o  take advantage of the 
high s p e c i f i c  power secondary c e l l  t o  supply t h e  peak load  r e q u i r a n e n t s ,  wh i l e  t h e  
f u e l  c e l l  system is designed t o  meet o n l y  t h e  time-average power requirements .  
This  r e s u l t s  i n  a t o t a l  system which is l i g h t e r  t han  e i t h e r  a f u e l  c e l l  system o r  
a secondary b a t t e r y  designed t o  do t h e  j o b  alone.  In v e h i c l e  a p p l i c a t i o n s  o f  t h e  
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hybr id  system, i t  is  p o s s i b l e  t o  take  advantage of t h e  f a s t - r e c h a r g e  c h a r a c t e r i s t i c s  
of t h e  secondary ce l l  by us ing  r e g e n e r a t i v e  braking.  This  p r a c t i c e  can recover  a 
l a r g e  f r a c t i o n  of t h e  energy expended i n  a c c e l e r a t i o n ,  providing an  extended vehic le  
range. Thus, f u e l  ce l l - secondary  ce l l  hybr id  systems provide  the  fol lowing f e a t u r e s :  

1) The high energy:weight r a t i o  of f u e l  c e l l s .  
2 )  The h igh  power:weight r a t i o  of b i m e t a l l i c  c e l l s .  
3) The high charge-discharge rate of b i m e t a l l i c  c e l l s .  

These f e a t u r e s  permi t  t h e  des ign  of compact p o r t a b l e  power sources ,  p a r t i c u l a r l y  
wel l - su i ted  f o r  a p p l i c a t i o n s  where power p r o f i l e s  having high peak t o  average power 
r a t i o s  a r e  encountered.  These p o i n t s  w i l l  be i l l u s t r a t e d  i n  t h e  fol lowing s e c t i o n  
by means of p r a c t i c a l  des igns  r e l a t i n g  t o  a p p l i c a t i o n s  i n  automobiles ,  homes, and 
submarines. 

Automobile Power Sources  
The e l e c t r i c  propuls ion  of automobiles  h a s  been viewed a s  a p o t e n t i a l  means 

f o r  reducing a i r  p o l l u t i o n  and o t h e r  urban i r r i t a n t s . 2  However 
l i m i t a t i o n s  due t o  t h e  low s p e c i f i c  energy of p r e s e n t  b a t t e r i e s &  it is  unl ike ly  
t h a t  an economically compet i t ive  e l e c t r i c  automobile with a range of more than 40 
m i l e s  powered by p r e s e n t l y - a v a i l a b l e  secondary c e l l s  w i l l  be  a v a i l a b l e  i n  t h e  near 
f u t u r e .  

Fuel ce l l s  have a l s o  been proposed f o r  automobile propuls ion ,  but t h e  
s e v e r e  l i m i t a t i o n  of  a l o w  over load  c a p a b i l i t y  r e q u i r e s  t h a t  t h e  f u e l  c e l l  system 
b e  s i z e d  according t o  peak power requirements ,  r e s u l t i n g  i n  a heavy, bulky system. 

c a p a b i l i t y  of secondary cel ls  and t h e  high s p e c i f i c  energy of f u e l  c e l l s .  
be i l l u s t r a t e d  by t h e  fo l lowing  c a l c u l a t i o n s  for an automobile  s u i t e d  f o r  urban dr iv-  
ing  where an a i r  p o l l u t i o n  problem e x i s t s  and where t h e  f u e l  c e l l  f a i l s  t o  meet the 
requirements  of t h e  f r e q u e n t  s t o p s  and starts i n  t h e  d r i v i n g  p a t t e r n  which requi re  a 
high s p e c i f i c  power. l i k e  t h e  Volks- 
wagen (1960) was chosen, P e r t i n e n t  d a t a  f o r  the Volkswagen ( 1 9 6 0 ) c  a r e  l i s t e d  be- 
low : 

because of range 

The hybr id  des ign  provides  a combination of t h e  high s p e c i f i c  power 
This w i l l  

For t h i s  d r i v i n g  p a t t e r n ,  a l i g h t  automobile  

* 
Unladen c a r  weight  * 1,600 l b  
Laden c a r  weight (passengers  i n c l u s i v e )  2,000 l b  
Engine brake horsepower 
Engine weight * ( t r a n s m i s s i o n  i n c l u s i v e )  

36 hp a t  3,700 rpm 
250 l b  

* 
Numbers have been rounded o f f .  

As a des ign  s p e c i f i c a t i o n  f o r  t h e  e lec t r ica l ly-powered  automobile, the  
weight of t h e  power s o u r c e  w a s  set a t  400 l b  o r  25% of t h e  unladen c a r  weight ,  in-  
c luding  f u e l  and tank .  

The t r a c t i o n  r e q u i r e d  t o  d r i v e  t h e  automobile c o n s i s t s  of t i r e  r e s i s t a n c e  
F f ,  air  r e s i s t a n c e  F , g r a v i t y  r e s i s t a n c e  Mg s i n  a ,  where M i s  t h e  mass of  t h e  Car 
and sin u is  grade,  2nd a c c e l e r a t i o n  % , where v is t h e  c a r  v e l o c i t y  and t is  the. 
The t o t a l  t r a c t i o n  r e q u i r e d  is t h e r e f o r e :  

dv Et = Ff + Fa + Mg s i n  a + M (3: 

The power requirement  i s  obtained by m u l t i p l y i n g  each term by t h e  c a r  

dv P = P  + P  + M g v s i n a + M v h - ;  

. 
v e l o c i t y  : 

(4) 
t f a  

The t i r e  r e s i s t a n c e  f o r  passenger -car  tires, w i t h  v a r i o u s  percentages  of  s y n t h e t i c  
rubbers  l i e  i n  t h e  range 1 . 2  t o  1.4% of t h e  l o a d  c a r r i e d ,  and i n c r e a s e s  t o  1.6-2.oz 
a t  70  mph .U The a i r  r e s i s t a n c e  v a r i e s  wi th  t h e  square  of  t h e  c a r  v e l o c i t y  and may 
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(5) 

! where CD i s  t h e  drag c o e f f i c i e n t  of t h e  c a r  (0.6 f o r  a Volkswagen), Af is t h e  
I f r o n t a l  a r e a  of t h e  car t20 f t 2  f o r  a Volkswagen) and p is  t h e  a i r  d e n s i t y  

' (2.38 x l b s - sec* / f t  ). 
Volkswagen a t  30 mph on a 1% grade ,  having a t y p i c a l  a c c e l e r a t i o n  o f  15  t o  30 mph 
i n  4 seconds r e q u i r e s  26.6 hp, 20.9 hp o f  which i s  r equ i r ed  f o r  a c c e l e r a t i o n .  

3 are  p l o t t e d  toge the r  with t h e  performance o f  t h e  Volkswagen (1960) us ing  f o u r  
s t anda rd  gea r  r a t i o s  i n  Figure 1 4 ,  i l l u s t r a t i n g  t h e  power requirements  f o r  t h i s  
automobile.  

The s i m p l i f i e d  urban d r i v i n g  p r o f i l e  p re sen ted  i n  F igu re  13a has  been 
adopted f o r  t h e  p re sen t  des ign  purposes .  

The power p r o f i l e  c a l c u l a t e d  from t h i s  f i g u r e  and Equation 4 i s  shown 
i n  Figure 13b. This  power p r o f i l e  shows t h a t  in t y p i c a l  urban d r i v i n g ,  t he  power 

From t h e  above equa t ions ,  i t  fo l lows  t h a t  f o r  a 

1 The t r a c t i o n  requirements  a t  va r ious  speeds c a l c u l a t e d  from Equation 

I requirement a t  t h e  wheels c o n s i s t s  of 

continuous power: 5 hP (3.75 kw) 
pu l se  power: 25 hp (18.8 kw) 

By providing a 25 hp e l e c t r i c  motor,  t h e  des ign  w i l l  e s s e n t i a l l y  produce t h e  per- 
formance of t h e  Volkswagen as can be seen  f rom. the  curve l a b e l e d  as 25 hp i n  Figure 
1 4 .  Table  I1 summarizes t h e  d e s i g n  s p e c i f i c a t i o n s  f o r  t h e  urban a u t o  which w i l l  
perform according t o  t h e  d r i v i n g  p r o f i l e  of Figure 13a. 

The design c a l c u l a t i o n s  f o r  t he  urban automobile  powered by t h e  hydra- 
z i n e / a i r  f u e l  c e l l  - Li -Te  secondary c e l l  hybrid system are  summarized i n  Table  111.. 
The weight ,  energy, and power c a p a b i l i t i e s  o f  t h i s  hybrid system are compared t o  
those  f o r  o t h e r  power sou rces  i n  Table  I V .  Note t h a t  no f u e l  c e l l  system used alone 
could meet t h e  s p e c i f i c  power requirement of ,58 w a t t / l b .  However, i f  t h e  car i s  re- 
designed t o  a l low more weight f o r  t h e  f u e l  c e l l ,  it is  p o s s i b l e  t o  b u i l d  an auto- 
mobile  powered s o l e l y  by f u e l  c e l l s  as shown in column 3 of Table  I V  and demonstra- 
t e d  by t h e  Electrovan.  The lead-acid b a t t e r y  may b e  t h e  l e a s t  expensive power sou rce  
a t  p r e s e n t ,  however, no lead-acid b a t t e r i e s  can meet t h e  s p e c i f i c  energy r equ i r ed  f o r  
a p r a c t i c a l  range (column 4 ,  Tab le  IV). The s i l v e r - z i n c  and l i t h ium- te l lu r ium systems 
are both very a t t r a c t i v e  wi th  r e s p e c t  t o  t h e  power-to-weight r a t i o .  In p a r t i c u l a r ,  
t h e  f a s t  charge-acceptance c a p a b i l i t y  of t h e  l i t h ium- te l lu r ium c e l l  p r e s e n t s  i n t e r -  
e s t i n g  p o s s i b i l i t i e s  i nc lud ing  r e g e n e r a t i v e  b r a k i n g , S  which is n o t  p r a c t i c a l  f o r  
c e l l s  unable  to  accept  charge ve ry  r ap id ly .  I n  t h e  p re sen t  a n a l y s i s  Ag-Zn b a t t e r i e s  
show only a marginal range. 
f e a t u r e s  of t h e  hybrid system ove r  t h e  o t h e r  systems. 

I n  summary, Table  I V  c l e a r l y  i l l u s t r a t e s  t h e  s u p e r i o r  

b Power Source f o r  t h e  Home 
I n  many a r e a s ,  t h e  l a r g e s t  component o f  t h e  consumer's  cost of e lectr i -  

purchasing p o w e r  from a l a r g e  u t i l i t y ,  t h i s  c o s t  i s  approximately 50% of t h e  

I 

c i t y  is t h e  c o s t  of t r ansmiss ion  from t h e  power g e n e r a t i n g  s t a t i o n .  
owner 

While t h i s  c o s t  seems t o  b e  a l a r g e  f r a c t i o n  of 
t h e  t o t a l ,  i t  i s  s t i l l  a c c e p t a b l e  when t h e  economics o f  c e n t r a l  power g e n e r a t i o n  a r e  
considered.  A t  p r e s e n t ,  o r  i n  t h e  nea r  f u t u r e ,  it is  u n l i k e l y  t h a t  any type of f u e l  
c e l l  w i l l  be economical enough t o  be used f o r  supplying e l ec t r i ca l  power t o  homes, 
r ep lac ing  a v a i l a b l e  power l i n e s .  However, because of t h e  ve ry  r a p i d  p rogres s  made 
i n  t h e  l a s t  few y e a r s ,  some f u e l  c e l l s ,  p a r t i c u l a r l y  molten c a r b o n a t e  cel ls ,  a r e  be- 
coming a t t r a c t i v e  i n  s p e c i a l  s i t u a t i o n s  such as areas which are n o t  a l r e a d y  se rv iced  
by power l i n e s .  
and economically a t t r a c t i v e ,  w i th  t h e  advantage t h a t  t h e  t r a n s m i s s i o n  o f  a f u e l  such 
as n a t u r a l  gas is much more economical than t r ansmiss ion  o f  e l e c t r i c i t y .  

For t h e  home 

i '  consumer p r i c e  f o r  t h e  e l e c t r i c i t y .  

\> 
{ 
1 

\ 
) I  
, 
I 

\ 

Under t h e s e  c o n d i t i o n s ,  f u e l  ce l l s  and hybr id  systems may be s u i t a b l e  
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The energy and power requirements  f o r  a home e x h i b i t  a c y c l i c  prof i :e ,  
as shown i n  Figure 15. Four peaks appear,  corresponding t o  b r e a k f a s t  time, lunch 
t ime,  af ternoon work, and the  evening hours .  A d e t a i l e d  l i s t i n g  o f  t h e  power and 
energy d e m a n d s , z  is shown i n  Tab le  V. Because o f  t h e  high r a t i o  of peak power t o  
average power shown i n  F igu re  15, i t  is t o  be expected that  a hybr id  system w i l l  have 
an advantage over  a f u e l  c e l l  system. 
weighs less than h a l f  t h a t  o f  t h e  f u e l  c e l l  system. A lower system weight means i n  
g e n e r a l  a lower i n i t i a l  investment  and a lower maintenance expense.  
may t a k e  advantage of t h e  h igh  f l u e  temperature o f  t h e  molten ca rbona te  c e l l  i n  the  
hybr id  system by us ing  i t  t o  ma in ta in  t h e  o p e r a t i n g  temperature  of  t h e  Li-Te c e l l .  Th 
hea t  balance shown i n  F igu re  1 6  i n d i c a t e s  t h a t  under t h e  given cond i t ions  assuming 30% 
f u e l  c e l l  e f f i c i e n c y , a  and us ing  an af ter-burner  t o  combust the  r e s i d u a l  hydrogen i n  
t h e  f l u e ,  t he  f l u e  gas  from t h e  a f t e r -bu rne r  w i l l  have a thermal  energy of approximate 
12,000 BTU/hr. This  energy can be used t o  o p e r a t e  an ammonia abso rp t ion  r e f r i g e r a t i o n  
u n i t  t o  produce approximateiy 6000 BTU/hr r e f r i g e r a t i o n ,  which i s  more than enough t o  
run s e v e r a l  r e f r i g e r a t o r s  and dehumid i f i e r s  bu t  n o t  s u f f i c i e n t  t o  provide c e n t r a l  
a i r  cond i t ion ing  (which r e q u i r e s  36,000 BTU/hr r e f r i g e r a t i o n  f o r  an average home). 
The a d d i t i o n a l  energy f o r  c e n t r a l  a i r  cond i t ion ing  and hea t ing  would be suppl ied by 
d i r e c t  combustion of n a t u r a l  g a s ,  and would be independent o f  t h e  hybrid system. 

It is seen from Table  V I  t h a t  the hybrid system 

In add i t ion ,  one 

Submarine Power Source 
The use  o f  f u e l  c e l l s  f o r  propuls ion of combat submarines i s  r a t h e r  un- 

l i k e l y  i n  view o f  t h e  almost  un l imi t ed  submergence c a p a b i l i t y  o f  nuclear-powered sub- 
marines ,  However, many unique f e a t u r e s  of f u e l  cells make them a t t r a c t i v e  f o r  s u e c i a l  
purpose submarines. Some o f  t h e  a t t r a c t i v e  f e a t u r e s  are:  low f u e l  and oxidant  weight 
requirements  r e s u l t i n g  i n  smaller displacement v e h i c l e s  w i th  g r e a t e r  depth c a p a b i l i t y ,  
q u i e t  ope ra t ion ,  and s i m p l i c i t y .  From t h e  po in t  of view o f  buoyancy and weight-dis- 
placement r a t i o ,  t h e  h i g h  energy d e n s i t y  o f  f u e l - c e l l  systems makes them very a t t r a c -  
t i v e  i n  a p p l i c a t i o n s  where weight-to-energy and volume-to-energy r a t i o s  are c r i t i c a l .  
Although secondary c e l l s  are s u p e r i o r  from t h e  s t andpo in t  of power-to-weight r a t i o ,  
they a r e  only s u i t e d  f o r  mis s ions  o f  a few hours '  du ra t ion .  A s  t h e  mission length 
i n c r e a s e s  t o  days o r  weeks, t h e  weight of t h e  b a t t e r y  pack i n c r e a s e s  much more r ap id ly  
than t h a t  of f u e l  c e l l  systems.  

{ 

A ower s o u r c e  f o r  a s m a l l  submarine r e q u i r i n g  l o 3  kw o f  power f o r  pro- 
p u l s i o n  and 1 0  B kw a s  p u l s e  power f o r  sona r  can make good use o f  t h e  f a s t - cha rge  
f a s t -d i scha rge  c a p a b i l i t i e s  o f  t h e  Li-Te c e l l ,  a s  shown by t h e  r e s u l t s  i n  Table  V I I .  

rl Other  A p p l i c a t i o n s  
A s  i l l u s t r a t e d  i n  t h e  preceding t h r e e  examples, t h e  hybrid system sur- 

pas ses  t h e  o t h e r  energy and power sou rces ,  i nc lud ing  t h e  system wi th  a f u e l  c e l l  
a lone  O K  s t o r a g e  b a t t e r i e s  a l o n e  i n  a p p l i c a t i o n s  where p e r i o d i c  h igh  peak energy 
demands e x i s t .  
charged a t  high rates,  i t  can b e  combined w i t h  a r e g e n e r a t i v e  b rak ing  system which 
recovers  a p a r t  of t h e  energy which would o the rwise  be wasted. 
of t h e  hybrid system make many p o s s i b l e  a p p l i c a t i o n s  f o r  t h e  f u e l  c e l l  much more 
a t t r a c t i v e .  For example, i n d u s t r i a l  t r u c k s ,  commuter buses ,  commuter t r a i n s ,  passen- f 
g e r  b o a t s ,  speed b o a t s ,  submarines,  h y d r o f o i l  b o a t s ,  p o r t a b l e  communication u n i t s ,  \ 

and e l e c t r o l y t i c  machining equipment a r e  a l l  p o t e n t i a l  a p p l i c a t i o n s  of f u e l  cel l -  
f 

Since  t h e  b i m e t a l l l c  b a t t e r y  is capab le  o f  be ing  charged and d i s -  

These unique f e a t u r e s  

high r a t e  secondary c e l l  hybr id  systems. 

CONCLUSIONS 

p o s i t i o n  than  they were j u s t  a few y e a r s  ago. 
amounts of  p l a t i n o i d  metal e l e c t r o c a t a l y s t  have been d r a s t i c a l l y  reduced t o  t h e  
p o i n t  where p l a t i n o i d  elements  can b e  e l imina ted  from hydrogen-air  ce l l s  using 
a l k a l i n e  e l e c t r o l y t e s ,  and o n l y  1-4 mg/cm2 o f  p l a t i n o i d  elements  are requ i r ed  
when a c i d  e l e c t r o l y t e s  are used i n  hydrogen-air ce l l s ,  
f i e d  reformer gases  ( c o n t a i n i n g  more than about  20  ppm CO) i s  p r e s e n t l y  on ly  

The r ecen t  advances i n  f u e l  c e l l s  have placed them i n  a much more competi t ive 
The p rev ious  requirements  f o r  l a r g e  

1 

f 
i 

The d i r e c t  u se  o f  unpuri-  I 
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2 f e a s i b l e  wi th  low-loading ( c  5 mg p l a t i n o i d  metal/cm ) e l e c t r o d e s  a t  temperatures  
above 130°C. The d i r e c t  use of hydrocarbon f u e l s  i s  not  y e t  p r a c t i c a l ,  a l though 
very encouraging progress  has  been made, reducing t h e  e l e c t r o c a t a l y s t  l o a d i n g s  by 
a f a c t o r  of about 10 from t h e  o r i g i n a l  requirements  of a few years  ago. Molten 
carbonate  cells have improved s i g n i f i c a n t l y  i n  both  performance and endurance,  t o  
t h e  p o i n t  where they can compete wi th  o t h e r  f u e l  c e l l s  on a performance b a s i s ,  and 
a r e  most a t t r a c t i v e  from an economic viewpoint .  

The choices  among t h e  most advanced f u e l  c e l l s  a r e  governed by t h e  s p e c i f i c  
requirements  of each a p p l i c a t i o n .  For s i m p l i c i t y  and high power d e n s i t y ,  d i r e c t  
hydrazine c e l l s  a r e  a t t r a c t i v e ;  f o r  use wi th  convent iona l  carbonaceous f u e l s ,  i n -  
d i r e c t  systems opera t ing  e i t h e r  on pure o r  impure hydrogen appear t o  be t h e  b e s t  
a t  p resent .  
weight due t o  t h e  necessary a i r  sc rubber  f o r  t h e  a l k a l i n e  e l e c t r o l y t e  is counter-  
balanced by t h e  lower performance of t h e  a i r  e l e c t r o d e  i n  t h e  ac id  system, SO t h a t  
t h e  choice  should be based on system s i m p l i c i t y  ( a c i d )  o r  system cost ( a l k a l i n e ) .  

S ince  f u e l  c e l l s  a r e  s t i l l  r e l a t i v e l y  low s p e c i f i c  power devices  (maximum of  
30 w a t t / l b  f o r  a sys tem) ,  t h e  s p e c i f i c  power requirements  of  many a p p l i c a t i o n s  cannot 
be s a t i s f i e d  by f u e l  c e l l  systems,  u n l e s s  a method i s  a v a i l a b l e  f o r  provid ing  the 
peak power. 
hybrid system should provide  t h e  a b i l i t y  t o  meet t h e  demands of h igh  peak-to-average 
power p r o f i l e  wi th  a system weight lower than  t h a t  a v a i l a b l e  us ing  e i t h e r  f u e l  c e l l s  
o r  secondary c e l l s  a lone .  
f o r  t h e  e a r l y  use of f u e l  c e l l s  i n  h igh  s p e c i f i c  power a p p l i c a t i o n s .  

Work performed under t h e  a u s p i c e s  of t h e  U. S. Atomic Energy Commission, 
opera ted  by t h e  Univers i ty  of Chicago under Contract  No. W-31-109-eng-38. 
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TABLE I1 

Design S p e c i f i c a t i o n s  f o r  Power Sources 

For a Light  Urban Automobile. 

Design Requirement 

Unladen c a r  weight 

Laden car weight 

Maximum speed on l e v e l  road - 

Acce le ra t ion  0 t o  30 mph 

Brake horsepower (pu l se )  

Power sou rce  (pu l se )  

Brake horsepower (cont inuous)  

Power sou rce  (cont inuous)  

Weight allowance f o r  power sou rce  

System s p e c i f i c  power (peak) 

* 

1600 l b  

2000 l b  

60 mph 

8 sec 

25 hp 

23.2 kw 

5 hP 

4.65 kw 

400 l b  

58 w a t t / l b  

I * 
Exclusive of motor,  c o n t r o l s  and g e a r  t r a in .  The motor and 

24 
c o n t r o l s  w i l l  weigh 90 1b.- 
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TABLE 111 

Hybrid System f o r  t h e  Urban Automobile 

Fuel C e l l  

System N2H4-H20/Alr 

Continuous power r equ i r ed  

S p e c i f i c  power of  f u e l  cel l  

Weight f o r  4.65 kw 

Battery 

System Li-Te 

Power Requirement 

Design s p e c i f i c  power (with 

Spec i f  i c  energy 

Weight f o r  18.55 kw 

Energy s t o r e d  

3.6 ce l l  p e r  i nch  from Fig.  9) 

Fuel and Tank 

Weight a l lowance  

Energy a v a i l a b l e  

T o t a l  energy a v a i l a b e  

System s p e c i f i c  energy 

System s p e c i f  i c  power (peak) 

Range i n  t h e  t y p i c a l  urban d r i v i n g  
(from F igure  13a)  

4.65 kw 

30 w a t t f l b  (From Table  I) 
155 l b s  

23.2 kw - 4.65 kw 18.55 kw 

300 w a t t l l b  

58 wa t t -h r / lb  

62 l b  

(58)(62) = 3.6 kw-hr 

400 - 155 - 62 183 l b  

(183)(680.2)* = 125 kw-hr 

3.6 + 125 = 128.6 kw-hr 

1128.6)(10)3 = 322 wa t t -h r / lb  400 

(23.2)(10)3 . = 58 w a t t f l b  400 

(128.6 kw-hr) (3.75 milesfkw h r )  
= 481 m i l e s  

* 
S p e c i f i c  energy of f u e l  and t ank  f o r  t h e  N2H4.H20/Air f u e l  ce l l  i s  
t aken  as 680.2 wat t -hr / lb .  
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TABLE I V  

Comparison of Various E l e c t r i c  Power Sources  for an  Urban Automobile 

Hybrid Fuel Ce l l  Lead-Acid Ag-Zn 
N H .H O / A i r  N 2 H 4 . H 2 0 / A i r  
and Li-Te System 2 4 . 2  

Weight 
Fuel c e l l  and 

f u e l ,  l b  338 970 - - - 
Bat te ry ,  l b  62 - 400 400 400 

To ta l ,  l b  400 970 400 400 400 

System Power, kw 23.2 2 3 . 2  23.2 23.2 23.2 

System Energy, kw-hr 128.6 66 0.96 28 56 * 
Range, miles  481 246 3.6 105 210 

Recharging t i m e  <15 min ~ 1 5  min > 8 hr .8 h r  <15 min 

* 
Based on a t y p i c a l  urban d r i v i n g  p r o f i l e  shown i n  F igu re  13 a ,  
3.75 miles/kw-hr i s  ob ta ined . .  

TABLE V 

Power Kequirements f o r  a Home 

Continuous Loads Thermal B T U / H r  E l e c t r i c ,  Watts 

H e a t i n g  - 80,000 
76 

Home app l i ances  - 1,000 

Pulse  Loads 

Cooking 10,000 - 
Household chores  - 2,000 

Clothing d rye r  15,000 - 
Home app l i ances  - 3,000 

TV and Radio - 600 

L igh t s  - 1,000 

Durat ion.  H r  

24 
24 

2 

0.5 

0.5 

0 . 5 ,  
7 

7 
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TABLE V I  

Designs of Power Sources f o r  a Home 

Design Requirements 
E l e c t r i c  power and energy requirements:  

Continuous power 
P u l s e s  i n t e g r a t e d  over  24 h r  per iod  
Energy of  l a r g e s t  p u l s e  
Peak p u l s e  power 

C a l c u l a t i o n s  are made f o r  b o t h  hybr id  system and 
f u e l  c e l l  system. 

Hybrid System 
Fuel c e l l  system: Molten carbonate  c e l l  wi th  a reformer.  

C e l l  o p e r a t i n g  tempera ture  
Fuel :  Natura l  gas  (methane) from gas supply l i n e  
Average power requirement  : 

S p e c i f i c  power of t h e  f u e l  c e l l  system (Table  I) 
(reformer i n c l u s i v e )  

Weight: 

Peak power requirement 
Energy s t o r a g e  requirement  (from Figure 15) 

B a t t e r y  system: Li-Te 

1 kw 
22.5 kwh 

16 kwh 
6.6 kw 

650°C 

10 w a t t / l b  

(1 .95)(10)3/(10)  - 195 1 

4.65 kw 
8 kwh * 

From t h e  d e f i n i t i o n  of s p e c i f i c  energy,  aE and s p e c i f i c  power, 
P 

- =  - u = 0.58 uE or 4.65 

P 
By f i n d i n g  t h e  i n t e r s e c t i o n  of t h e  above equat ion  and t h e  L i -Te  l i n e  i n  
F igure  9 ,  we have t h e  fo l lowing  p o i n t s  f o r  t h e  Ci-Te b a t t e r y  wi th  2 .1  
c e l l s  per inch.  

P O E  
0 

s p e c i f  i c  energy 136 wat t -hr / lb  
s p e c i f  i c  power 68 w a t t / l b  
weight r e q u i r e d  
combined weight 

(8) (10)3/(136) - 59 1b  
195 + 59 = 254 l b  

Fuel  C e l l  System 
Fuel ce l l :  
Fuel : 
Power requirements:  
S p e c i f i c  power: 
Weight : 

molten carbonate  cel l  wi th  a reformer 
n a t u r a l  gas (methane) 
6.6 kw - 10 w a t t / l b  ( reformer i n c l u s i v e )  
(6 .6) (10)3 / (10)  = 660 l b .  

* oE is w a t t - h r / l b  and u is  w a t t / l b .  
P 
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TABLE V I 1  

Designs of Power Sources f o r  Small Submarines 

Design Requirements 

Search, rescue,  s a lvage  o r  r e sea rch  mis s ions  with sona r s  

Continuous power requirement:  
T o t a l  propuls ion energy: 4.8 x 10 kw-hr 
Pulse ,power requirement:  

T o t a l  pu l se  energy: 
T o t a l  mission energy requirement:  

1,000 kw4 48 hours 

10,000 kw f o r  1 0  seconds 
1,000 pu l ses  a t  100 second i n t e r v a l s  
2 . 7 8  x l o 4  kw-hr 
7.58 x l o 4  kw-hr 

Hybrid System 

Ba t t e ry  

System Li-Te 
Power requirement 10,000 kw 
Energy requirement f o r  a sona r  p u l s e  27 .8  kw-hr 
S p e c i f i c  power ( f o r  t h e  L i - T e  b a t t e r y  

wi th  8.5 c e l l s  p e r  i nch )  500 w a t t l l b  
Weight f o r  10,000 kw 20,000 l b  
S p e c i f i c  energy (from Figure 9)  20 wa t t -h r / lb  
Energy s t o r e d  (20,000)(20) = 400 kw-hr 

The s t o r e d  energy i s  more than s u f f i c i e n t  
t o  produce s e v e r a l  p u l s e s  without  recharge.  

Fuel  C e l l  

System 
Energy requirement 

Ammonia ( i s s o c i a t o r ) / A i r  
7.58 x 1 0 ,  kw-hr 4 

Power requirement 7*58  lo4  = 1,580 kw 
4 8  

From t h e  d e f i n i t i o n  of s p e c i f i c  energy and power L-3 
4 

0*158 lo o r  o = 0.0208 a E  7.58 l o 4  = 
P 

O E  O P  

\\ 

a 

By drawing t h e  above r e l a t i o n  on t h e  coord ina te s  of Figure 9 ,  
we f i n d  t h e  l i n e  i n t e r s e c t s  w i t h  t h e  ammonia ( d i s s o c i a t o r ) / a i r  
l i n e  a t  t h e  fo l lowing  p o i n t s  

S p e c i f i c  energy 605 wa t t -h r / lb  
S p e c i f i c  power 12.5 w a t t / l b  

These numbers correspond t o  t h e  f u e l  c e l l  system c o n s i s t i n g  o f  

5 
43 w/o f u e l  c e l l  and 57 w/o t ank  p l u s  f u e l  ’”* lo = 1.25 x 10 l b  Weight r equ i r ed  

Power a v a i l a b l e  1 .25 x 10 x 12.5 x = 
1.56 x l o 3  kw 

This  power is s u f f i c i e n t  to  meet t h e  mis s ion  requirement .  

T o t a l  system weight 

7 

605 

=(0.2 + 1.25)105 = 145,000 l b  
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TABLE VI11 

Submarine Power Source Designs 

Hybrid Fuel Cell 
NH3/Air and M13/Air 

Li-Te  

Weight . 
Fuel cell, lb 125,000 398,000 
Battery, lb 20,000 - .  

Total, lb 145,000 398,000 

System Power, Mw 10 10 
System Energy, Mw-hr 75.8 75.8 

Ag-Zn Li-Te 
Ag-Zn Li-Te 

- 
1,080,000 

1,080,000 

10 
75.8 

- 
525,000 

525,000 

io 
75.8 
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1' - . '  r i ~ .  1 Some i n d i r e c t  hydrocarbon f u e l  c e l l  systems. 
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H2(9 mg PtlcmZ)/KOW(B mg PUcrnz) Air. Refs. 3, 207 

HZ(9 mg Pt/cm2VH~S0,$(9 mg PtfcmZi Air, 65OC. Ref. 25 
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F i g .  2 Voltage-current d e n s i t y  curves  f o r  h;drogen/air  f u e l  ce l l s .  
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H 2 - C O I A I R  FUEL CELLS 

W 

\ \ ' 80* H2. 201 COP. rn ppm COlP mg PVcm~I/H~SOd/lP mq PVcm21 Air. 6 5 Y .  Re1 25 
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T-e. 3 Pol tage-cur ren t  d e n s i t y  curves  f o r  H -CO/air f u e l  c e l l s .  
4 ,  ma/cm2 
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1 2  I I I I I I I I I 

REFORMATEIMOLTEN CARBONATE/AIR FUEL CELLS 

I I  

I 

0 2 0  40 60 80 I O 0  I20 I 4 0  

F i g .  4 Voltage-current d e n s i t y  curves  ma/cm2for molten carbonate  c e l l s  opera t ing  
i n  reformer g a s e s  and air .  
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2 I I I 1 I I I I I 

INTEGRATED REFORMER-FUEL CELLS 

GasolinelCAT. AgPdJ/KOW(NiO/Ni) A i r ,  
w l  ,.-+ 2M'C. Ref. 36 \ -  

0'5 t 
0 20 4 3  60 80 I00 120 140 I 6 0  180 200 

I. rno/cm2 

F i g .  5 boltage-current density curves for  integrated reformer/air fue l  c e l l s .  

1 2  I I I I I. I I I I 

N2 H4/AIR FUEL CELLS 

t 

0.5 I I I I 1 1 I I 1 

i. mo/cm2 
Fig, 6 Voltage-current density curves for  d irec t  hydrazine/air f u e l  c e l l s .  
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Fig. 9 Spec i f i c  power-specific energy curves f o r  f u e l  c e l l  systems and Li-Te  
bat ter i e s .  
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CAPACITY = 9.55 amp-tu 
TEMPERATURE a 470% 
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CATHODE AREA= IO ad 
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DISTANCE = 0.5 cm 
CAPACITY = 1.55 amp-hi 

CHARGE 
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F i g ,  10 Steady-state voltage-current dens i ty  curves f o r  L i / T e  c e l l s ,  
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Li(.tI/~i+/Li in Te(.t) 
ANODE AREA = I O  cm2 
CATHODE AREA = I O  cm2 
INTERELECTRODE DISTANCE = 0.5 cm 
CAPACITY = I .55 amp-hr 
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TEMPERATURE = 475OC 
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Fig. 11 Short-time voltage-current density curves f o r  a LiiTe c e l l .  
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AN DE CURRENT DENSITY, arnp/cm2 r i g .  1 2  Steady-state vopttage-current density curve for a Li/Se c e l l .  
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F i g .  15 Electric power requirements f o r  a home. 
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