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INTRODUCTION 

High temperature f u e l  c e l l s  have not received as much 
a t t e n t i o n  i n  the United S ta t e s  as t h e i r  low temperature counterparts. 
A s  a result, from t h e  viewpoint of a t o t a l  system, t h e  high temperature 
fue l  c e l l  is  f a r  less developed. The reason f o r  t h i s  i s  simple. High 
temperature f u e l  c e l l s  are not as a t t r a c t i v e  for most m i l i t a r y  and 
space applications as low temperature f u e l  c e l l s .  

In  Europe, especial ly  i n  France, England, and Holland, a 
much l a r g e r  portion of fuel c e l l  development i s  d i rec ted  toward 
commercial applications.  The high temperature f u e l  c e l l  i s  being 
more extensively investigated because it has a much more a t t r a c t i v e  
economic potent ia l .  A t  the I n s t i t u t e  o f  G a s  Technology, i n t e r e s t  
i n  fuel c e l l s  i s  very d e f i n i t e l y  directed toward comercdal goals. 
Bnphasis on both high and low temperature f u e l  c e l l  research i s  
aimed at t h e  development of inexpensive systems. This paper on t h e  
High-Temperature Molten Carbonate Fuel Cell  reports  on work which 
has been i n  progress a t  I G T  since 1960. 
work already appear i n  the l i t e r a t u r e .  

c e l l  a r e  the  elimination of expensive electrode c a t a l y s t s  from 
t h e  system and t h e  a b i l i t y  t o  operate with a va r i e ty  of f'uels 
and unpurified air. 

Detai ls  of much of t h i s  

The p r inc ip l e  advantages o f  the high temperature fuel 

However, r a i s ing  the  t'emperature t o  a t y p i c a l  f igure of 
900°F o r  above-in a f u e l  c e l l  which employs a water e l e c t r o l y t e  
would require  a r e l a t i v e l y  high pressure system. This would be 
undesirable from both a technical  a s  w e l l  as an economic viewpoint. 

To avoid t h i s  d i f f i c u l t y ,  two solut ions are possible.  
The e l ec t ro ly t e  can be e i t h e r  1) a s a l t  t h a t  m e l t s  a t  a high 
temperature and which has a very low vapor pressure at this  high 
temperature, o r  2 )  an ion conducting so l id  used at s t i l l  higher 
temperature (about 2000'F). Operating a t  this l a t t e r  very high 
temperature requires t h e  use of noble metals f o r  s t a b i l i t y  r a t h e r  
than f o r  c a t a l y t i c  purposes. This w e  want t o  avoid. For this  
reason, t h e  f u e l  c e l l  work a t  IGT i s  focused on t h e  use of a 
molten salt e l e c t r o l y t e  operating i n  t h e  range of 900 t o  1300~~. 
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The IGT moltgn carbonate fuel c e l l  i s  patterned a f t e r  
t h e  concept o f  Broers. I n  t h i s  system, a eu tec t i c  mixture of 
two or t h ree  a l k a l i  metal carbonates i s  mixed with an i n e r t  
mater ia l  such as a m e t a l  oxide. This forms a ceramic t i le- l ike 
s t ruc tu re  a t  room temperatures which becomes a non-Newtonian 
f l u i d  o r  paste a t  t h e  operating temperature. 

I n  t h e  IGT system, t h e  paste e l ec t ro ly t e  i s  held between 
a s i l v e r  film cathode about 10  microns t h i c k  and a porous f i b e r  
nickel  anode. The cathode i s  supported by a s t a i n l e s s  s t e e l  gr id .  
A completa fuel  c e l l  element of th i s  type with an ac t ive  area of one 
square foot  is shown i n  Figure 1. These elements can be stacked 
i n  various ways t o  produce b a t t e r i e s  of any voltage desired. 

reformed natuilal gas which i s  prepared by steam reforming i n  
t h e  presence o f  commercially avai lable  ca t a lys t s .  

A t  t h e  present time, t h e  f u e l  for t h e  I G T  c e l l  i s  

PERFOFUUNCE CHARACTERISTICS 

Performance cha rac t e r i s t i c s  of  high temperature molten 
carbonate fuel c e l l s  are usual ly  i n f e r i o r  t o  those obtained i n  
low temperature systems. Since t h e  elevated temperature should 
improve reaction rate k ine t i c s ,  an explanation f o r  t h e  poorer 
performance must be sought i n  terms of e lectrade propert ies  and mass 
t r a n s f e r  processes. Low temperature f u e l  c e l l  e lectrodes can be 
prepared w i t h  very high real t o  geometric surface areas .  This may 
be achieved using high surface area carbons, nickels  and precious 
metal blacks. I n  t h e  high temperature c e l l s ,  such a c t i v e  surfaces 
are unstable. They tend t o  s i n t e r  t o  form r e l a t i v e l y  low surface 
a rea  electrodes.  

A second f a c t o r  a f f ec t ing  performance l e v e l s  i s  t h e  
nature of tk gas-liquid-solid in t e r f ace  a t  t h e  electrode. I n  
low temperature c e l l s ,  i t  has been possible t o  achieve a r e l a t ive ly  
e f f ec t ive  in t e r f ace  i n  terms of mass t r a n s f e r  properties,  f o r  
example, a t h i n  f i l m  o f  e l e c t r o l y t e  on t h e  bulk of t h e  electrode, 
using e i t h e r  a double porosi ty  e lectrode s t ructure ,  waterproofing, 
ion exchange membranes, or matrices. In  molten carbonate f u e l  c e l l s ,  
t he re  has always been evidence o f  macros-copic flooding on electrodes 
which have been i n  operat ion f o r  some t i m e  - e.g.  over several  
hundred hours. 

B r o e r s 7  and we a t  IGT' have observed evidence f o r  
diff 'usion control i n  t h e  l i q u i d  f i l m  f o r  t h i s  type cel l .  
measurements i n  terms of  f i lm  theory have not been possible because 
of lack of information on t h e  s o l u b i l i t y  of hydrogen, oxygen, 
carbon monoxide, carbon dioxide, and water vapor i n  carbonate 
m e l t s .  Nevertheless, more e f f ec t ive  use of e lectrode surface i s  
c l e a r l y  warranted. 

To see i f  improved i n t e r f a c i a l  cha rac t e r i s t i c s  could be 
achieved, experiments a t  IGT have been conducted with a var ie ty  of 
matrix materials with d i f f e r e n t  surface areas  and p a r t i c l e  sizes. 
The use of high su r face  area metal oxides has l ed  t o  t h e  developrent 
of c e l l s  which show no evidence of macroscopic flooding after 
prolonged operation. 
Of t h e  type shown i n  Figure 2. 
shown i n  t h i s  Figure for comparison. 

Quantitative 

They have yielded performance cha rac t e r i s t i c s  
E a r l i e r  perfomance l eve l s  a r e  a l so  

I 
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All t e s t s  at  IGTaare performed on hot pressed e l ec t ro ly t e  

To prevent extrusion of t h e  e l ec t ro ly t e  
discs .  Those d iscs  are prepared by pressing e l ec t ro ly t e  powders 
at 8000 lbs/ in2 and g5OoF. 
between sect ions of t he  d ies ,  aluminum discs  are inser ted  i n  the  
pressing uni t .  
d i f ference i n  coef f ic ien t  of thermal expansion between the  s t e e l  
and aluminum t o  insure a sea l  t i g h t e r  than that which could be 
achieved by mechanical tolerances alone. 
f o i l  i s  placed between tLe e l ec t ro ly t e  powders and t h e  aluminum 
t o  f a c i l l i t a t e  re lease  of  t he  e lec t ro ly te  d iscs  from the  d i e  assembly. 

electrodes shown i n  Figure 3 ,  have yielded polar iza t ion  charac te r i s t ics  
shown i n  Figure 4. Higher density electrodes,  such as 43 and 62 
percent nickel,  show a high l eve l  of po lar iza t ion  and t h e  appearance 
of l imi t ing  currents.  Electrodes having a densi ty  of 15, 20, and 
33 percent y i e ld  equivalent performance within experimental e r ror .  
These d a t a  were taken with c e l l s  having an electrode area of three 
square centimeters. Results have since been duplicated with c e l l s  
having surface areas of 32 square centimeters. Cell l i fe t imes  of I 

850 hours a t  t h e  indicated performance l e v e l  is t h e  bes t  achieved so 
far. These c e l l s  a r e  s t i l l  being tes ted.  From these r e su l t s ,  it 
appears t ha t  f 'urther optimization o f  e l ec t ro ly t e  and electrodes 
may yield even b e t t e r  performance leve ls ,  placing a whole new 
perspective on t h e  use o f  t h i s  type fue l  c e l l  system. 

The d i sc s  are designed t o  take advantage of the  

A t h i n  palladium-silver 

A s e r i e s  of experiments on d i f f e ren t  density f i b e r  nickel 

In  the  next sect ions the  impact of these new polar izat ion 
curves on heat t r ans fe r  and overal l  system ef f ic iency  w i l l  be 
outlined. 

HEAT TRANSFER 

Considering the  voltage cha rac t e r i s t i c  shown i n  Figure 2, 
i t  i s  apparent that the  maximum voltage-current performance i s  
desired.  The volume, weight, and cost  of t he  fue l  c e l l  system i s  
decreased. It i s  of i n t e r e s t ,  however, t o  examine the  engineering 
implications espec ia l ly  as t o  how heat t r ans fe r  i s  a f fec ted  by the  
d i f fe ren t  voltage-current charac te r i s t ics .  

t r ans fe r  problem i n  a fuel c e l l  bat tery.  Figure 5, i s  a 
simplified diagram of the  f'uel ce i l .  Heat t r ans fe r  i n  such a 
c e l l  depends mainly on such fac tors  as ba t t e ry  dimensions, the  
voltage-current charac te r i s t ic ,  the degree of fue l  and air  
conversion, and the  physical propert ies  of t he  mater ia ls  used t o  
construct t he  c e l l .  The complete problem i s  too broad t o  discuss 
here. However, i n  Figure 6 t he  temperature d i s t r i b u t i o n  within 
such a f u e l  c e l l  i s  shown for the  voltage-current cha rac t e r i s t i c s  
o f  Figure 2. I n  a l l  cases, t h e  operating c e l l  po ten t i a l  would be 
800 mfl l ivol t  s. 

A t  IGT, w e  have considered thesthree dimensional heat 

It can be seen t h a t  t he  maximum temperature r i s e  from the 
center  of the  ba t te ry  t o  the  assumed isothermal walls ( i n  the  case of 
the 1963 voltage-current cha rac t e r i s t i c )  i s  only about 7'F. However, 
when the  performance of t he  c e l l  i s  improved (Best 1965), the  
maximum temperature rise increases t o  about 4 8 O O F .  
course, the w a l l s  of the  f u e l  c e l l  would not be isothermal. 
one can deduce from the experimental data that the  l o w  performance f u e l  
c e l l  would require  the  addi t ion of heat t o  keep it at  operating 
temperature. 
f r o m  the system having the  high performance charac te r i s t ic .  

In  pract ice ,  of 
Nevertheless, 

On the  other  hand, it would be necessary t o  remove heat 

P 
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This has been p a r t l y  ver i f ied  by constructing the  32-cell 
stack o f  elements shown i n  Figure 7. The performance of t h i s  
b a t t e r y  was based on t h e  1963 charac te r i s t ic .  
necessary t o  add heat t o  the  system. 
cha rac t e r i s t i c s  suggests another poss ib i l i t y .  
reforming ca t a lys t s  near  t he  electrodes so tha t  waste heat from the  
fie1 c e l l  can be used t o  sus t a in  the  endothermic reforming reaction. 
A t  t h e  sane time, t h i s  would provide a means f o r  cooling the c e l l .  

Here t h e  e f fec t  of conversion on temperature d i s t r ibu t ion  i s  shown. 
In  t h e  d i r ec t ion  of a i r  flow (Z), it can be seen tha t  as the 
conversion of oxygen i s  increased, two things happen. The f i r s t  
e f f e c t  i s  a r i s e  i n  the maximum temperature i n  the ba t te ry .  This would 
be expected since l e s s  gas i s  ava i lab le  t o  remove heat.  The second 
e f f e c t  i s  somewhat l e s s  expected. The flow of gas through thb c e l l  
causes a temperature d i s t r i b u t i o n  i n  the  c e l l  tha t  i s  not sy-mnetrical. 
Physically, t h i s  s i t u a t i o n  can be in te rpre ted  as follows: A t  a 
high r a t e  of' gas flow, heat i s  being removed f rm the  sec t ion  of 
t h e  ba t t e ry  near t he  gas  i n l e t  and i s  being red is t r ibu ted  t o  t h e  
sec t ion  near the  o u t l e t .  In  the  case o f  a low r a t e  of gas flow, 
complete symmetry i n  the Z d i r ec t ion  can be expected. 

As expected, it w a s  

This i s  t o  incorporate 
The improved performance 

A fur ther  va r i a t ion  i n  c e l l  performance i s  seen i n  Figure 8. 

/ 
The purpose of these heat t r ans fe r  considerations was t o  

determine some fee l ing  for the s i ze  and shape o f  f u e l  c e l l s  which 

however, it permits assumptions on t h e  nature of heat inputs  i n  
the system. It a l s o  es tab l i shes  what t h e  overal l  e f f ic iency  of 
such a system might be. 

w i l l  be b u i l t  at IGT within the next few years. More important, 1 

0 

EFFICIEXVCY 

I n  the high temperature molten carbonate f u e l  c e l l ,  a 
typ ica l  operating vol tage that i s  compatable v i t h  the mater ia ls  
from which the c e l l  i s  b u i l t  i s  about 0.7 t o  0.8 vol t s .  From the 
previous discussion, w e  have seen that c e l l s  operating a t  t h i s  
voltage l eve l  can be thermally self-sustaining.  Thus, t he  overa l l  
e f f ic iency  of t h e  system depends on the  e f f ic ienc ies  o f  f u e l  and 
a i r  conversion, and the refcrming requirements. A i r  conversion i s  
espec ia l ly  important i n  high temperature f ie1 c e l l s  where the  heat 
content o f  t he  oxidant i s  subs tan t ia l .  In  Figure 9, the overa l l  
e f f ic iency  of an ex terna l  reformer-molten carbonate fue l  c e l l  i s  
shown as a function of  the ef f ic iency  of fuel and oxygen conversion. 
The oxidant i s  a i r .  

the  external  reformer w a s  60 percent e f f i c i e n t  and 2 )  t h a t  no gas-to-gas 
heat exchange i s  poss ib le  but heat exchange from gas-to-boiling 
l i q u i d  i s  feas ib le .  These assumptions are based on the need f o r  
unreasonably la rge  gas-to-gas heat exchangers espec ia l ly  f o r  low 
oxygen conversion. While such heat exchangers could be b u i l t ,  they 
would cost  more than t h e  f u e l  c e l l  i t s e l f .  However, from a p rac t i ca l  
viewpoint, s t e m  generation i s  more feas ib le ,  and heat recovery f o r  
t h i s  purpose has been assumed. 

It can be seen that at low oxygen conversion, t h e  overa l l  
eff ic iency i s  not g rea t ly  affected by the  eff ic iency of f i e 1  conversion. 
It does become more important as the ef f ic iency  of t he  oxygen 
conversion improves. The reason f o r  this i s  that when t h e  f u e l  
conversion i s  high, but t h e  oxygen conversion i s  low, it i s  
necessary t o  maintain a separate  fuel supply t o  preheat the  air. 
A t  low fuel conversion, the  air  can be preheated by burning 
spent f ie l .  
system without gas-to-gas heat exchange w i l l  probably be between 
35 and 39 percent. 

For purposes of t h i s  example, it was assumed tha t  1) 

The maximum ef f ic iency  f o r  the  external  reforming 

I 

' F  
I 

i 

r 
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I n  Figure 10,  a s imilar  analysis  i s  made f o r  an i n t e r n a l  
r e f O m I ! . r x  system. In  t h i s  case, t h e  heat f o r  t he  ref'ormer i s  
supplied by the  polar izat ion and entropic heats from t h e  f i e 1  
c e l l .  Again, t h e  concept of gas-to-gas heat exchange f o r  preheating 

f o r  t h i s  system i s  somewhat higher as might be expected. A f i gu re  
of about 40-43 percent seems t o  be possible with present technology. 

Finally,  i t  should be noted t h a t  oxygen conversions higher 
than 60 percent may be possible i n  t h e  future.  
efficiency of t h e  ove ra l l  system w i l l  be .even higher. However, it 
is not l i k e l y  t o  be g r e a t e r  than 50 percent unless l o w  cost  

ECONOMICS 

' feeds has been assumed t o  be impractical. The overal l  eff ic iency 

In,such a case, the 

8 gas-to-gas heat exchangers can be developed. 
n 

The only r e a l  basis f o r  economic evaluation of f u e l  c e l l s  
a t  t h e  present time i s  t h e  cost of materials.  Lack o f  knowledge 
and/or experience with manufacturing components and systems 
prohibi ts  any more extensive analysis.  To a c e r t a i n  extent,  
storage ba t t e ry  hardware can serve as  a guide but t h i s  breaks 
6own when confronted with a new component l ike  the  paste  e l ec t ro ly t e  
i n  t he  high tempeidature f u e l  c e l l .  

of molten carbonate f u e l  c e l l s  and related these costs  t o  t h e  
performance of IGT c e l l s .  
again presented our performance data  i n  t h i s  fashion, (Fig.  11). Material 

\,costs a r e  e s sen t i a l ly  t h e  same a s  i n  the  earlier publication. 
\can be readi ly  seen that progress has been made which gives r i se  t o  

1 considerable optimism f o r  t h e  economics of th is  type me1 c e l l .  
: '&pica1 performance. cha rac t e r i s t i c s  indicate  t h a t  material cos t s  of 

11 about $45 per kilowatt  can be achieved and t h e  best  performance 
data reduces t h a t  f i gu re  t c  l e s s  than $20 per kilowatt .  

With respect t o  f u r t h e r  improvement, w e  might look t o  

$ 

! 
In  an ea r ly  publication3 w e  estimated t h e  material costs  

Applying a s imilar  method, w e  have once 

It 

\ 
1 

, h u s L ~ g  copper i n  place of  s i l v e r  a t  t h e  cathode and t o  reducing 

) c e l l .  
I carbonate fuel c e l l .  Only more intensive experimental work can 

the amount of s t a i n l e s s  steel  used f o r  t he  current co l l ec to r  i n  the 
Lifetime remains t h e  big f a c t o r  i n  t h e  case o f  t h e  molten 

'find a solut ion t o  t h i s  problem. 
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Fig. 1. -SINGiX ELEMENT OF IGT HIGH-TEMPFXATLJlB FlTEL CEXG BATTERY 
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Fig. 3 .  -CIFFZRErJT CENSITY FIBER NICKEL ELECTRODES USED I N  IGT MOLTEN 
CARBONATE FUEL CELL (12OX) 
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Fig. 7.  -IGT 32-CELL HIGH-TEMPERATURE BATTERY 



-263-  

Fic. q .  -F,FF" OF A I R  CONVERSION AT HIGH PERFORMANCE LFvELs ON 
TEMPERt.TURE PISTRIBUTION I N  PIRECTION O F  GAS FLOW 

HYDROGEN CONVERSION, % 

~ ? g .  2 .  -0IERCLL SYSTEPI EFFICIENCY A S  A FUNCTION OF FUEL AND OXTJPrJT 
ZC:?T=RSIO?T 7 rITH /IT EXTERNAL REFORMER 
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HYDROGEN CONVERSION, x 
Fig. 10.  -OVERALL SYSTEM EFFICIENCY AS A FUNCTION OF FUEL AND 

OXIDANT CONVERSION WITH AN INTERNAL REFORMER 

'4 i 
/ .  

CURRENT DENSITY, AMP60 F T  

Fig. 11. -ECONOMICS OF MATERIALS USEE I N  HIGH TEMPERATURF: MOLTEN 
CARBONATE FUEL CELLS 
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