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INTRODUCTION 

I n  reviewing t h e  s ta te-of- the-ar t  I wish t o  include a l l  hydrocarbon- 
a i r  s y s t e m  conf igura t ions .  This  i s  def ined broadly t o  inc lude  a l l  f u e l  c e l l  
systems which u t i l i z e  a hydrocarbon f u e l  and an a i r  oxidant. The f o u r  v a r i a t i o n s  
which have been under i n v e s t i g a t i o n  a t  t h i s  labora tory  are shown schematical ly  i n  
Figure 1. 

EXTERNAL REFORMER INDIRECT SYSTEM 

The e x t e r n a l  reformer i n d i r e c t  systems are based on t h e  use of s e p a r a t e  
hydrocarbon reformers t o  l i b e r a t e  the  bound hydrogen energy of a l i q u i d  hydro- 
carbon fue l .  
reforming process  has  been of commercial importance f o r  some t i m e .  
however, has emphasis been placed on s i m p l i f i c a t i o n  and minia tur iza t ion  of these 
process  p l a n t s  t o  become compact hydrogen genera tors  f o r  f u e l  c e l l  systems. The 
f i r s t  hydrogen generators  f o r  f u e l  cel l  systems which w e r e  constructed over t h e  
l a s t  few years  using n a t u r a l  gas ,  methanol, o r  JP-4 a s  t h e  f u e l  were q u i t e  bulky 
and heavy because they u t i l i z e d  l a r g e l y  s ta te -of - the-ar t ,  off-the-shelf type 
process  components. These hydrogen genera tors ,  themselves, weighed between 100 
and 200 lbs/KW equivalent  of hydrogen produced. 
Engelhard reformer f a b r i c a t e d  under cont rac t  t o  USAERDL, a s p e c i a l  f u e l  and 
water  pump and a i r  blowers were developed t o  g r e a t l y  reduce t h e  weight and t h e  
e l e c t r i c a l  power consumed by these  a u x i l i a r i e s .  
placed on t h e  design of very l ightweight  systems. 
systems which are s t i l l  a t  t h e  design (Contract DA-44-009-AEiC-967(T) with P r a t t  
and Whitney A i r c r a f t )  or very e a r l y  development s tage ,  i t  is est imated t h a t  about 
40-45 lbs/KW must be  assigned t o  t h i s  major component. 

Hydrogen produced from hydrocarbons by t h e  conventional steam 
Only recent ly ,  

I n  one ins tance ,  with the  

Only recent ly  has  emphasis been 
Based on hydrogen reformer 

A second major component of an i n d i r e c t  system is  t h e  hydrogen-air f u e l  
c e l l  s tack  o r  module. Based on e l e c t r o d e  performances of g r e a t e r  than 200 amps 
per  square f o o t  a t  0.8 v o l t s  per  s i n g l e  ce l l ,  t h i s  component should have a weight 
of 15-20 l b s  per  KW f o r  a 28 v o l t  s t a c k  i n  t h e  2-10 KW s i z e  range. 

A t h i r d  major component f o r  an a.c. fuel  c e l l  powerplant i s  t h e  combination 
vol tage  regula tor  and i n v e r t e r .  
USAERDL i n d i c a t e s  t h a t  i n v e r t e r  weights are within t h e  range of 10-15 lbs/KW of 
n e t  a .c .  output .  
evident  t h a t  only about 20 t o  30 lbs/KW are allowable f o r  t h e  a u x i l i a r i e s  i f  a 

Recent experience with hardware procured by 

By adding toge ther  t h e  weights of these  major components i t  is 
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power dens i ty  of 100-110 lbs/KW i s  t o  b e  obtained f o r  a t o t a l  a.c. output ,  
f u e l  c e l l  powerplant. 
with conventional engine genera tors .  

A power dens i ty  of 100 lbs/KW i s  roughly t h a t  obtained 

Therefore, f o r  a f u e l  c e l l  powerplant t o  be weight competitive, a major 
emphasis m u s t  be placed on process  s i m p l i f i c a t i o n .  
is b e s t  achieved by e l i m i n a t i o n  of unneeded components. To c i t e  one example, 
i n  an Army f u e l  c e l l  powerplant f o r  operat ion i n  the  f i e l d ,  adequate moisture 
must be reclaimed f o r  use i n  the  steam reformer t o  avoid t h e  need f o r  makeup 
water. In the  present  A l l i s  Chalmers 5 KW system (USAERDL Contract DA-44-009- 
AMC-240(T)), Figure 2 ,  p a r t  of  t h i s  moisture is  reclaimedfmm t h e  a i r  exhaust ,  
but t h e  major por t ion  comes from t h e  evaporation and condensation i n  an a i r  
s t ream of water removed from a c i r c u l a t i n g  KOH stream. 
water  removal p l a t e  be  included next  t o  each hydrogen e lec t rode  i n  each s i n g l e  
c e l l  t o  allow the  excess  moisture  t o  come i n  contac t  with and d i l u t e  t h e  
c i r c u l a t i n g  KOH. In  t h i s  system p a r t  of t h e  water is  reclaimed a l s o  from t h e  
reformer combustion exhaust .  

Major weight reduct ion 

This requi res  t h a t  a 

I n  a much s impl i f ied  s y s t e m  now being s tudied  (Contract DA-44-009-AMC-967(T) 
with P r a t t  and Whitney A i r c r a f t )  a l l  of t h e  moisture from t h e  c e l l  is  removed 
i n  t h e  a i r  exhaust which i s  used as the  combustion a i r  f o r  the  reformer burner. 
A s i n g l e  condensor is t h e r e f o r e  a l l  t h a t  would be required t o  condense t h e  
required water from t h e  burner  exhaust. This s i m p l i f i c a t i o n  would el iminate  
two condensors, blowers, va lves  and piping as  wel l  as  s implifying the  c e l l  s tack  
cons t ruc t  ion. 

Future  wide a p p l i c a t i o n  of i n d i r e c t  systems w i l l  be dependent on research 
t o  achieve grea t ly  improved cur ren t  d e n s i t i e s  and t o  p r o t e c t  the  reformer c a t a l y s t  
from the  s u l f u r  impur i t ies  found i n  present ly  ava i lab le  l i q u i d  hydrocarbon f u e l s .  
Research now i n  progress  i n d i c a t e s  t h a t  cur ren t  d e n s i t i e s  s e v e r a l  times t h e  200 
ASF a t  0.8 V ,  which is now state-of- the-ar t ,  may be achieved i n  hydrogen-air c e l l s  
with very l o w  o r  no platinum metal content  of t h e  e lec t rodes .  Likewise, research 
s t u d i e s  i n d i c a t e  t h a t  t h e  "guard c a t a l y s t " ,  renewable c a r t r i d g e ,  technique may be 
a p p l i c a b l e  t o  pro tec t  t h e  compact hydrogen generator  c a t a l y s t  from excessive 
degradat ion due t o  s u l f u r  impur i t ies .  

INDIRECT ACID ELECTROLYTE SYSTEMS 

The d e s c r i p t i o n  and weight pred ic t ions  already given a r e  based on a pure 
hydrogen a l k a l i n e  e l e c t r o l y t e  system which involves  a major weight penal ty  due t o  
t h e  inc lus ion  of a scrubber t o  remove the small  amounts of carbon dioxide present  
i n  t h e  incoming a i r  and f o r  a hydrogen d i f f u s i o n  membrane p u r i f i c a t i o n  system. 
For an i n d i r e c t  system based on an a c i d  e l e c t r o l y t e  hydrogen-air f u e l  c e l l  module, 
t h e  carbon dioxide scrubber would not  be required and a l s o  the  p o s s i b i l i t y  e x i s t s  
t h a t  an impure hydrogen contaminated with small o r  moderate amounts of carbon 
monoxide, may b e  u t i l i z e d  d i r e c t l y .  The a t t r a c t i v e n e s s  of t h e  acid e l e c t r o l y t e  
system, however, depends l a r g e l y  on t h e  power dens i ty  which can be achieved i n  
t h e  hydrogen-air c e l l  s tack  and t h e  e f f i c i e n c y  with which hydrogen and a i r  can 
b e  e lectrochemical ly  converted i n  t h e  ac id  e l e c t r o l y t e  system. Because of the  
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s i g n i f i c a n t  system s i m p l i f i c a t i o n s ,  research  emphasis is being placed on 
e lec t rode  s t r u c t u r e s  and e l e c t r o c a t a l y s t s  f o r  t h e  anodic oxida t ion  of hydrogen- 
carbon monoxide mixtures with a i r .  Under Contract DA-44-009-AMC-479(T) with 
General E l e c t r i c  a tungsten oxide-platinum black e l e c t r o c a t a l y s t  system has  
shown high a c t i v i t y  f o r  t h i s  mixture. 
p l a s t i c  c e l l  components and a c i r c u l a t i n g  e l e c t r o l y t e  coolant ,  a module of com- 
parable  power dens i ty  t o  t h a t  of an a l k a l i n e  system may be  achieved even with 
t h e  lower vol tages  of t h e  a c i d  e l e c t r o l y t e  s i n g l e  cell.  

Using very t h i n  e l e c t r o d e s  and l ightweight  

INTERNAL REFORMER INDIRECT SYSTEM 

The p r i n c i p a l  disadvantages of an e x t e r n a l  reformer are t h e  need t o  opera te  
t h e  reformer a t  temperatures  of about 1400'F t o  produce s i g n i f i c a n t  q u a n t i t i e s  
of hydrogen, and t h e  need t o  cont ro l  t h e  hydrogen production rate t o  match ex- 
a c t l y  t h e  f u e l  requirements of t h e  c e l l  a t  a l l  t i m e s .  
c e l l  developed by P r a t t  and Whitney (Contract DA-44-009-AMC-756(T) f o r  operat ion 
with hydrocarbons and a i r  may overcome some of these  problems. 
t h e  hydrocarbon-steam r e a c t i o n  occurs i n  a c a t a l y s t  bed which i s  i n  d i r e c t  
contact  with the  f u e l  c e l l  anode. With a concentrated potassium hydroxide 
e l e c t r o l y t e  the  c e l l  can be operated a t  500°F, a t  which t h e  equi l ibr ium f o r  
hydrocarbon-steam r e a c t i o n s  i s  such t h a t  only a s m a l l  percentage of hydrogen is 
produced. However, a s  t h e  f u e l  c e l l  anode consumes t h e  hydrogen by d i f f u s i o n  
through t h e  s i lver-pal ladium anode, t h e  equi l ibr ium is  s h i f t e d  so t h a t  it is  
poss ib le  t o  convert a high proport ion of  t h e  f u e l  t o  hydrogen and t o  u t i l i z e  
t h i s  hydrogen i n  t h e  anode reac t ion .  
s i n c e  t h e  endothermic reform reac t ion  takes  i t s  h e a t  requirement d i r e c t l y  from 
t h e  waste h e a t  of the c e l l .  Such a system is l a r g e l y  s e l f - c o n t r o l l i n g  s i n c e  
hydrogen is produced only as f a s t  as it is  required by t h e  anode. 

The i n t e r n a l  reforming 

In  t h i s  cel l ,  

This type of c e l l  can be more e f f i c i e n t  

The s t a t u s  of t h i s  system and i ts  a b i l i t y  t o  u t i l i z e  hydrocarbon f u e l s  w i l l  
be discussed i n  d e t a i l  i n  another  paper i n  t h i s  symposium. 

The p r i n c i p a l  research problem is t o  f i n d  t h e  optimum reforming c a t a l y s t .  
The c a t a l y s t  should have very high a c t i v i t y  ( f a s t  k i n e t i c s  f o r  t h e  hydrocarbon 
t o  hydrogen reac t ion)  a t  500'F and be s t a b l e  f o r  long term operat ion.  The 
commercially a v a i l a b l e  r e f o n i n g  c a t a l y s t s  designed f o r  higher  temperature  
(1500OF) operat ion a r e  not  n e c e s s a r i l y  t h e  b e s t  f o r  t h i s  lower temperature 
reforming. Ser ious c a t a l y s t  a c t i v i t y  decay problems have been encountered. 
The r e l a t i v e  a t t r a c t i v e n e s s  of t h e  i n t e r n a l  reforming hydrocarbon-air system w i l l  
depend l a r g e l y  on what improvements a r e  poss ib le  i n  t h e  long term s t a b i l i t y  of 
t h e  reformer c a t a l y s t s .  

PARTIAL OXIDATION OF L I Q U I D  FUELS 
AND MOLTEN CARBONATE FUEL CELLS 

The a i r  p a r t i a l  ox ida t ion  of l i q u i d  hydrocarbon f u e l s  is i n s e n s i t i v e  t o  
t h e  f u e l  type o r  t h e  amounts of s u l f u r  found i n  m i l i t a r y  f u e l s .  Under Contract 
DA-44-009-AMC-S4(T) (Texas Instruments) ,  marine white  gaso l ine ,  JP-4, kerosene, 
Number 2 d i e s e l  f u e l ,  and CITE engine f u e l ,  ranging i n  s u l f u r  content  from 30 ppm 
t o  3,200 ppm, were successfu l ly  converted t o  e l e c t r i c a l  power i n  a p a r t i a l  
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oxida t ion  molten carbonate  f u e l  c e l l  system. The unpurif ied product of 
p a r t i a l  oxidat ion i s  u t i l i z e d  d i r e c t l y  i n  the  molten carbonate f u e l  c e l l .  
The s u l f u r  is  car r ied  i n t o  the  anode a s  hydrogen s u l f i d e  but  does not  adversely 
a f f e c t  performance. The molten carbonate e l e c t r o l y t e  system, Figure 3 ,  due t o  
i t s  higher  temperature of opera t ion  tends t o  be more rugged and heavier  than 
competing systems. The a u x i l i a r i e s  a r e  s impl i f ied ;  no l i q u i d  water  must be  
condensed and the s t a c k s  can probably be a i r  cooled. The ce l l  s t a c k  i n  t h i s  
case represents  about 50% o f  the t o t a l  weight. This.means t h a t  t h e  current  
d e n s i t i e s  which can b e  achieved a r e  a very important f a c t o r  i n  determining 
t h e  t o t a l  weight of the  system. Today 30 wat t s / sq  f t  i s  rout ine ly  achievable 
and 40-60 watts /sq f t  can most l i k e l y  be achieved by minor engineering improve- 
ments. Power d e n s i t i e s  of g r e a t e r  than 100 watts/sq f t  a r e  requi red ,  however, 
i f  t h e  molten carbonate system i s  t o  be competitive i n  t h e  3-10 KW power range. 
S i g n i f i c a n t l y  more research  emphasis m u s t  be placed on understanding the e lec t rode  
l i m i t a t i o n s  with t h i s  mixed f u e l  and a i r  and t h e  design and t e s t i n g  of more a c t i v e  
e lec t rode  s t r u c t u r e s .  

D I R E C T  OXIDATION 

The s t a t u s  of d i r e c t  ox ida t ion  hydrocarbon f u e l  c e l l  research and preliminary 
engineer ing i s  being ably d iscussed  by o t h e r s  i n  t h i s  symposium. I wish t o  add 
t o  t h i s  only by s t r e s s i n g  two major po in ts .  

Tremendous progress  h a s  been made over the  l as t  s e v e r a l  years  i n  anodical ly  
oxid iz ing  hydrocarbon f u e l s  a t  an e lec t rode .  Whereas, t h r e e  years  ago the  
a b i l i t y  t o  oxidize s a t u r a t e d  hydrocarbons a t  lower temperature (150-200°C) and 
atmospheric pressure w a s  quest ioned,  today 10-15 wat t s / sq  f t  with n-octane can 
b e  rout ine ly  obtained with e lec t rodes  with usefu l  l i v e s  of over 1000 hours. 
Twenty watts/sq f t  is a l e g i t i m a t e  goal f o r  t h i s  year. The cur ren t  dens i ty  a t  
a c e l l  vo l tage  of 0 .5  t o  0.6 v o l t s ,  however, must be g r e a t l y  increased f o r  a 
d i r e c t  oxidat ion system t o  become a t t r a c t i v e .  A s e v e r a l  f o l d  increase  i n  current  
dens i ty  m u s t  be achieved whi le  a t  the  same t i m e  g r e a t l y  reducing t h e  platinum 
content  of t h e  e l e c t r o d e s .  The progress  has been very encouraging but a 
tremendous amount of research  must s t i l l  be  devoted t o  understanding the complex 
na ture  of hydrocarbon anodic oxidat ion.  

Most of the work t o  d a t e  has been done on pure s i n g l e  component hydrocarbon 
f u e l s .  Work now i n  progress  is determining t h e  to le rance  of e lec t rodes  t o  
o l e f i n i c ,  naptha l in ic  and aromatic  components. The f u t u r e  " fue l  c e l l  fuel"  
may not be what we burn i n  our automobiles today, but economics d i c t a t e  t h a t  it 
w i l l  be a multi-component f u e l  which can be  produced from a petroleum ref inery .  
Greater  research emphasis m u s t  be placed on t h e  d i rec t  oxidat ion of  r a f f i n a t e s  
and o ther  complex f u e l  mixtures .  

CONCLUSIONS 

I n d i r e c t  hydrocarbon f u e l  c e l l  s y s t e m s  a r e  c l o s e s t  t o  t h e  hardware s tage  
but requi re  addi t iona l  research  t o  s implify a u x i l i a r y  systems, t o  increase  
cur ren t  d e n s i t i e s  with l e s s  c o s t l y  e lec t rodes ,  and t o  p r o t e c t  reformers 
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from the  e f f e c t  of s u l f u r  impur i t i e s  present  i n  l i q u i d  hydrocarbon f u e l s .  
An i n t e r n a l  reformer system can Rchieve major e f f i c i ency  and c o n t r o l  advantages 
i f  present  research aimed a t  long l i f e  low temperature reformer c a t a l y s t s  is 
success fu l .  
s y s t e m  to  be competit ive f o r  po r t ab le  power p l an t s .  Tremendous progress  has  
been made with d i r e c t  ox ida t ion  bu t  much h ighe r  cu r ren t  d e n s i t i e s  must b e  
achieved wi th  multi-component f u e l s  f o r  a p r a c t i c a l  system. 
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SYSTEM 


