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1. INTRODUCTION 

P u r p o s e  and O b j e c t i v e s  

The current energy system is based on naturally available fossil fuels. 

As domestic supplies of these fuels dwindle and the energy demand continues 

to g row,  m o r e  and m o r e  f o s s i l  f u e l s  a r e  i m p o r t e d .  In the long  t e r m ,  the 

Uni ted  S t a t e s  m a y  c h a n g e  i t s  e n e r g y  s y s t e m  to one t h a t  i s  s e l f - s u f f i c i e n t ,  

b a s e d  on s o l a r ,  n u c l e a r ,  and  o t h e r  n o n f o s s i l  e n e r g y  s o u r c e s .  The  e n e r g y  

f r o m  t h e s e  s o u r c e s  c o u l d  be u s e d  to m a k e  e l e c t r i c i t y  o r ,  as  h a s  r e c e n t l y  b e e n  

s u g g e s t e d ,  c o u l d  be t r a n s f o r m e d  in to  a s y n t h e t i c  c h e m i c a l  fue l .  Th i s  p r o j e c t  

was  u n d e r t a k e n  to p r o v i d e  the N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  

wi th  t e c h n i c a l  and e c o n o m i c  i n f o r m a t i o n  on the p o s s i b i l i t i e s  of p r o d u c i n g  and  

u t i l i z i n g  j u s t  such  a s y n t h e t i c  e n e r g y  c a r r i e r  _ h y d r o g e n .  

The objectives of this study were -- 

• To i d e n t i f y  and e v a l u a t e  a l l  d e v e l o p e d  p r o c e s s e s  f o r  the p r o d u c t i o n  of  
h y d r o g e n  and  to a s s e s s  any  n o v e l  o r  u n c o n v e n t i o n a l  m e t h o d s  d i s c o v e r e d  
during the study 

• To r e v i e w  p r e s e n t  and  p o t e n t i a l  u s e s  of  h y d r o g e n  as  a fue l ,  in  r e s i d e n -  
t ia l  and i n d u s t r i a l  a p p l i c a t i o n s ,  and  a s  a c h e m i c a l  f e e d s t o c k  

To p r e p a r e  r e c o m m e n d a t i o n s  fo r  a s e r i e s  of  r e s e a r c h  p r o j e c t s  to d e v e l -  
op the t e c h n o l o g i e s  n e e d e d  to b r i n g  abou t  a s i g n i f i c a n t  use  of  h y d r o g e n  fue l  
in the Uni ted  S t a t e s  

• To provide an estimate of the cost of developing these technologies in 
a b r o a d  R ~ D  p r o g r a m  p lanned  fo r  the n e x t  5 y e a r s .  

Th i s  r e p o r t  d i s c u s s e s  known p r o c e s s e s  f o r  the p r o d u c t i o n  of  h y d r o g e n  and  

the p r e s e n t  and  f u t u r e  i n d u s t r i a l  u s e s  of  h y d r o g e n  as  a fue l  and  a s  a c h e m -  

i c a l  f e e d s t o c k .  N o v e l  and  u n c o n v e n t i o n a l  h y d r o g e n - p r o d u c t i o n  t e c h n i q u e s  

have  been  e v a l u a t e d ,  w i th  e m p h a s i s  p l a c e d  on t h e r m o c h e m i c a l  and  e l e c t r o l y t i c  

p r o c e s s e s .  P o t e n t i a l  u s e s  f o r  h y d r o g e n  a s  a fue l  in  i n d u s t r i a l  and  r e s i -  

d c n t i a l  a p p l i c a t i o n s  w e r e  i d e n t i f i e d  and  r e v i e w e d  in the c o n t e x t  of a n t i c -  

ipated U.S. energy supplies and demands. A detailed plan for the period 

from 1975 to 1980 has been prepared for research on and development of 

hydrogen as an energy carrier. 
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Scope and Definitions 

Included in the scope of this study were all hydrogen-production tech- 

niques that have been proposed in the literature; studied in laboratories; 

Sev- or operated on a pilot, demonstration-, or commercial-plant scale. 

eral processes were selected for more detailed study: 

• Hydrogen production by electrolysis of pure and impure water 

• Thermochemical hydrogen-production processes 

• Hydrogen production from coal and water 

• Hydrogen production from sunlight and water by photosynthesis or by 
electrochemical photolysis. 

To survey other hydrogen-production processes, the recent literature was 

was reviewed; and a search was made of U.S patents granted between 1917 

and 1974. 

The transmission, storage, and delivery 3f hydrogen were reported on from 

information presented in the literature. Data on the industrial and residen- 

tial uses of hydrogen were gathered both from the literature and from interviews 

conducted with industry representatives. Hydrogen' s role in the manufacture 

of synthetic hydrocarbon fuels was given special attention and is reported 

on in a separate section. 

The use of hydrogen in transportation - whether for automobiles, air- 

craft, or ships - was specifically excluded from the scope of the study. 

The potential hydrogen demand by these fuel markets should be kept in mind 

as the report is reviewed. 

To put in context the concept of hydrogen as an energy carrier, this re- 

port includes a review of U.S. energy supplies and demands, presented as 

two energy "models. " 

Two energy demand and supply projections (models) are detailed -- an 

optimistic possibility of domestic energy self-sufficiency, as well as a pess- 

imistic possibility of continued dependence on energy imporfs. The projec- 

tions are not intended to be models of energy allocation; rather, they are 

intended to show quantitatively the hypothetical deficits and excesses that 

could exsist in the future. For certain years, the models show energy defi- 

cits that must be filled either by imports or by an energy carrier (such as 

hydrogen) produced from a previously undedicated energy source. 

Z 
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We have  c h o s e n  to i n c l u d e  in . t h i s  r e p o r t  o u r  s u r v e y  of  i n d u s t r i a l  h y d r o g e n  

tha t  is  p r o d u c e d  " o n s i t e "  f r o m  f e e d s t o c k s  s u c h  a s  n a t u r a l  g a s .  A l though  

th i s  " c a p t i v e "  h y d r o g e n  m a y  be r e c o m b i n e d  in to  a n o t h e r  c h e m i c a l  a f ew 

m i n u t e s  a f t e r  i t s  p r o d u c t i o n ,  i t  r e p r e s e n t s  a d e m a n d  tha t  cou ld  b e  s a t i s f i e d  

by  s y n t h e t i c - f u e l  h y d r o g e n ,  shou ld  i t  b e c o m e  a v a i l a b l e  a t  a c o m p e t i t i v e  

COSt. 

In th is  r e p o r t ,  a l l  f i g u r e s  tha t  r e f e r  to  a q u a n t i t y  of  h y d r o g e n  a s  a n u m b e r  

of  Btu  o r  tha t  c i t e  a h y d r o g e n  p r i c e  in t e r m s  of d o l l a r s  p e r  m i l l i o n  BtU a r e  

c a l c u l a t e d  on the  b a s i s  of  g r o s s  (or h i g h e r )  h e a t i n g  v a l u e .  
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2. POTENTIAL DEMANDS FOR HYDROGEN -- 
J. C. Gif l i s  

Introduction 

Two models have been developed to project the U.S. domestic energy 

demand and supply for the period from 1975 to 2000. These models show the 

need for development of more conventional and new (unconventional) energy 

sources and for the conversion of these sources to useful chemical energy 

and electricity. These hypothetical models are based on assumed growth 

rates for energy consumption and energy supply. They are intended to 

delimit the situation that will actually occur in the future in terms of energy 

deficits and maximum hypothetical demands for hydrogen. 

These models do not p r e d i c t  a '~most likely" situation, and they are no__~t 

intended as recornrnendations for energy allocation. They have been con- 

structed to estimate the bounds of the energy deficits and/or excesses 

expected for various domestic market sectors. This allows a prediction 

of the maximum n e e d  for alternative fuels (including hydrogen), synthesized 

from additional or new energy sources, when energy imports from foreign 

sources are excluded. Hydrogen could be synthesized from either additional 

conventional energy sources (including nuclear fission) or new energy sources 

(including solar energy or nuclear fusion). 

The premises on which the two models, denoted Model 1 and Model If, 

a r e  b a s e d  a r e  i l l u s t r a t e d  b e l o w .  M o d e l  I i s  the " o p t i m i s t i c "  c a s e ,  r e q u i r i n g  

the l e a s t  a d d i t i o n a l  e n e r g y  and the l e a s t  h y d r o g e n ;  and M o d e l  II is  the  " p e s s i -  

m i s t i c  '' c a s e  b e c a u s e  of  the p r e d i c t e d  e n e r g y  d e f i c i t s  and the huge  r e q u i r e -  

ments of additional energy. 

E n e r g y  
S u p p l y  

M o d e l  I M o d e l  II 

Ene  r g y  
D e m a n d  

IGT p o s t - 1 9 7 3  e n e r g y  s u p p l y  
p r o j e c t i o n :  h igh l e v e l  of 
supply with  synthesized fuels, 
in the spirit of Project 
Independence 

IGT p r e - 1 9 7 3  e n e r g y  s u p p l y  p r o -  
j e c t i o n :  m o d e r a t e  l e v e l  of s u p p l y ,  
i nc lud ing  s o m e  s y n t h e s i z e d  f u e l s  
u s i n g  c o a l  and o i l  s h a l e  

N P C  "high l e v e l "  of  d e m a n d :  
h igh r a t e s  of  e c o n o m i c  g r o w t h ,  
c h e a p  e n e r g y ,  and l i t t l e  e n e r g y  
cons e r vation 

NPC "low level" of demand: 
low rates of economic growth, 
expensive energy, and energy 
conservation 

4 
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E n e r g y  
T~g571" 

Model  I 

M o d e r a t e  deficits r e q u i r i n g  
new ( m o r e )  e n e r g y  s o u r c e s  
and imported energy, large 
deficits after 1990, complete 
s e l f - s u f f i c i e n c y  un l ike ly  

h~odel I E n e r g y  Demand  and Supply 

Model  II 

896Z 

E x t r e m e  def ic i t s  r e q u i r i n g  huge 
amoun t s  of new e n e r g y  and 
i m p o r t s ,  dome s t ic  s e l f -  s u f f i c i e n c y  
impos  s ible 

The a s s u m p t i o n s  and b a s e s  of the e n e r g y  d e m a n d  and supply  in Mode l  I 

a r e  p r e s e n t e d  below.  This  m o d e l  d e t e r m i n e s  the lower  bound (the l e a s t  

amount)  of h y d r o g e n  and of addi t ional  s y n t h e s i z e d  fuels  and the addi t iona l  

e l e c t r i c i t y  that  wil l  be needed ,  along with i m p o r t s ,  to s a t i s f y  the U.S .  

d o m e s t i c  e n e r g y  d e m a n d  for  the pe r iod  f r o m  1975 to 2000. We e m p h a s i z e  

tha t  t h e s e  e n e r g y  r e q u i r e m e n t s  a r e  in addi t ion to the syn the t i c  fue l  suppl ies  

(e. g . ,  SNG) that  a r e  p r o j e c t e d  (op t imis t i ca l ly )  within the m o d e l  to be 

avai lable  f r o m  coa l  and oil  sha le .  

Model  I B a s e s  and I n f o r m a t i o n  S o u r c e s  

In the fu tu re ,  al l  m a r k e t  s e c t o r s  will  r e c e i v e  p e r c e n t a g e s  of the to ta l  

e n e r g y  supply tha t  d i f fe r  s o m e w h a t  f r o m  the p r e s e n t  p e r c e n t a g e s .  M a r k e t -  

s e c t o r - d e m a n d  g rowth  r a t e s  for  1970 to 1985 a r e  p a t t e r n e d  a f t e r  the " low 

leve l  of d e m a n d "  p r e s e n t e d  in  the au thor i t a t ive  NPC r e p o r t  fo r  1973, U.S.  

E n e r g y  Outlook.  7 F o r  this  m o d e l  and dur ing  this  pe r iod ,  the annual  g rowth  

in the to ta l  e n e r g y  demand  f a l l s ' f r o m  about 3 . 5 ~  to about 3 .3%.  We have  

ex t r apo l a t e d  this  low-level-demand p r o j e c t i o n  to the y e a r  Z000 and have 

used  an a v e r a g e  annual  g rowth  r a t e  of Z. 8% for  the p e r i o d  f r o m  1985 to Z000. 

The growth  r a t e s  f o r  indiv idual  m a r k e t  s e c t o r s  a r e  l i s t ed  in Tab le  Z-I. In 

this  mode l ,  the e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  g rows  at  a r a t e  n e c e s s a r y  to 

adequa te ly  supply the o the r  s e c t o r s ,  but this  r a t e  does  not e x c e e d  5. 5 ~ / y r  

fo r  the supply of e l e c t r i c i t y  to the r e s i d e n t l a l / c o m m e r c i a l  s e c t o r  of 6 . 0 % / y r  

fo r  that  to the i n d u s t r i a l  s e c t o r .  

Tab le  2 - I .  ANNUAL GROWTH RATE OF DEMAND 
(Low Level)  

1970- 1980 1980- )985  1985- 2000 
M a r k e t  S e c t o r  "lol yr. 

Residential/Comxnercial 3.0 2. 5 2. 8 

I n d u s t r i a l  Z. 1 1.9 Z. 8 

Transportation 3.5 3.0 2. 8 

O t h e r  4 .3  5.5 Z. 8 

5 
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F o r  th is  m o d e l ,  the e n e r g y  supp ly  l e v e l s  fo r  the fu tu r e  a r e  p a t t e r n e d  

a f t e r  two s o u r c e s :  "A P r o g r a m  for  Mz~ximizing U.S .  E n e r g y  S e l f - S u f f i c i e n c y "  

by I-I. R. L i n d e n  5 and the  IGT f e a s i b i l i t y  s t udy ,  ' A l t e r n a t i v e  F u e l s  fo r  A u t o -  

m o t i v e  T r a n s p o r t a t i o n ,  " p e r f o r m e d  fo r  the E P A .  8 T h i s  is an o p t i m i s t i c  

m o d e l  fo r  a fu tu re  h i g h - l e v e l  e n e r g y  supp ly .  It t y p i f i e s  the goa l s  of P r o j e c t  

I n d e p e n d e n c e  by a s s u m i n g  the r a p i d  d e v e l o p m e n t  of d o m e s t i c  s o u r c e s  of 
6 f o s s i l e n e r g y ,  s y n t h e s i z e d  fue l s ,  and n u c l e a r  p o w e r .  

M o d e l  I A s s u m p t i o n s  

The  a s s u m p t i o n s  f o r  Mode l  I i nc lude  those  in r e s p e c t  to -- 

• Oi l  supply: 

Oil  Supply  = D o m e s t i c  Crude  Oil + C o n d e n s a t e s  + 
N a t u r a l  Gas L iqu id s  + C o a l  L iqu id s  
( H y d r o c a r b o n s  a n d / o r  M e t h a n o l )  
A f t e r  1980 *+ S y n c r u d e  P r o d u c t s  
F r o m  Oil Shale A f t e r  ]980 

The  t r a n s p o r a t i o n  s e c t o r  r e c e i v e s  i ts  h i s t o r i c  p o r t i o n ,  54.7~o, of  the 
oi l  supp ly  in 1975. A f t e r  1975, th i s  m a r k e t  is s u p p l i e d  wi th  a l l  of the 
sha l e  s y n c r u d e  p lus  at l e a s t  55% of the r e m a i n i n g  oi l  supp ly ,  i nc lud ing  
c o a l  l i qu id s .  

The r e s i d e n t i a l / c o m m e r c i a l  s e c t o r  r e c e i v e s  i t s  h i s t o r i c  p o r t i o n  of  the 
oi l  supp ly ,  e x c l u d i n g  sha l e  oil  p r o d u c t s .  Th i s  is 21~ of  the  c r u d e  and 
c o a l  l i qu ids .  

The industrial sector receives its historic portion of the oil supply, 
excluding shale oil products. This is 17. 5~0 of the crude and coal liquids. 

The o t h e r - u s e s  s e c t o r  r e c e i v e s  0 .6% of the supp ly  of c r u d e  and coa l  
l i q u i d s .  

The  e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  c o n t i n u e s ,  u n t i l  1975, to  i n c r e a s e  i t s  
u s e  of oi l .  T h e r e a f t e r ,  th is  p o r t i o n  r e m a i n s  c o n s t a n t  at  6 . 2 ~  of the 1975 
oi l  supp ly .  E l e c t r i c i t y  is p r o d u c e d  f r o m  oi l  at a 35% e f f i c i e n c y  ( d e l i v e r e d ) .  

• Gas supply: 

Gas Supp ly  ~ ]Domestic N a t u r a l  Gas  + SNG 
( C o a l - B a s e d )  A f t e r  1980 '  

='= Coa l  c o n v e r t e d  to d e l i v e r e d  h y d r o c a r b o n s  at a 65ffc e f f i c i e n c y .  Coal  
c o n v e r t e d  to d e l i v e r e d  m e t h a n o l  at  a 45% e f f i c i e n c y .  

t C o a l  c o n v e r t e d  to d e l i v e r e d  SNG at a 65% e f f i c i e n c y  f r o m  1980 to Z000. 
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The r e s i d e n t i a l / c o m m e r c i a l  s e c t o r  r e c e i v e s  its h i s t o r i c  por t ion ,  about 
32%, of the n a t u r a l  gas in 1975. B e c a u s e  of p r i o r i t i e s  and a l l o tmen t s ,  
this  p e r c e n t a g e  grows  to m o r e  than 36% by the y e a r  2000. About  o n e - h a l f  
of the SNG p r o d u c e d  goes  to th is  m a r k e t .  

The i n d u s t r i a l  s e c t o r  r e c e i v e s  its h i s t o r i c  35.5% of the gas supply.  

The e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  does not  i n c r e a s e  its use  of gas  a f t e r  
1970. Its historic portion is 17.4% of the 1970 supply. No SNG goes to 
this  m a r k e t .  E l e c t r i c i t y  is g e n e r a t e d  f r o m  gas at a 35% e f f i c i ency  
(delive red) .  

The o t h e r - u s e s  s e c t o r  is  suppl ied  with about  15% of the n a t u r a l  gas ,  
plus SNG. 

The t r a n s p o r t a t i o n  s e c t o r  u s e s  negl ig ib le  n a t u r a l  gas and SNG. 

Coal  supply (for d i r e c t  u s e s ,  not  c h e m i c a l  fue l  s y n t h e s i s ) .  The 
e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  u s e s  i ts h i s t o r i c  61.9% of the coa l  supply 
f r o m  1970 to 1975 and 64.3% of the supply  t h e r e a f t e r .  E l e c t r i c i t y  
is g e n e r a t e d  f r o m  coal  a t  a 35% e f f i c i e n c y  (de l ive red ) .  

The i n d u s t r i a l  s e c t o r  u s e s  35.7% of the coa l  supply ( f r o m  1970 to 2000). 

The r e s i d e n t i a l / c o m m e r c i a l  s e c t o r  u s e s  2, 3% of the coal  supply f r o m  
1970 to I975 and negl ig ib le  amoun t s  t h e r e a f t e r .  

Negl ig ib le  coa l  is  u s e d  by  the t r a n s p o r t a t i o n  and o t h e r - u s e s  s e c t o r s .  

E l e c t r i c i t y  consumpt ion .  The r e s i d e n t i a l / c o m m e r c i a l  s e c t o r  c o n s u m e s  
e l e c t r i c i t y  at  a r a t e  tha t  g rows  by 5.5~0 annual ly  f r o m  1975 to 2000. 

Consumpt ion  by the i n d u s t r i a l  s e c t o r  g rows  but the r a t e  does  not e x c e e d  
6%. (In many years, the demand is not satisfied. ) 

The transportation and other-uses sectors consume relatively small 
amounts of electricity, although the amount consumed by the transporta- 
tion s e c t o r  i n c r e a s e s  r ap id ly  (more  than 6~0/year) .  

~ u c l e a r  hea t  (heat  e n e r g y ,  no t  power) .  The e l e c t r i c i t y - g e n e r a t i n g  
s e c t o r  c o n s u m e s  n u c l e a r  h e a t  ~n g e n e r a t i n g  e l e c t r i c i t y .  The e l e c t r i c i t y  
demand  is d e t e r m i n e d  by the o t h e r  m a r k e t  s e c t o r s .  The to ta l  n u c l e a r -  
h e a t  r e q u i r e m e n t  cons i s t s  of the p roduc t  e l e c t r i c i t y  (in hea t  un i t s )  plus 
the was te  hea t  of g e n e r a t i o n .  F o r  p u r p o s e s  of th is  mode l ,  n u c l e a r  hea t  
is not u s e d  by any o the r  s e c t o r ,  a l though the m o d e l  shows tha t  s o m e  
would be ava i lab le  to o t h e r  s e c t o r s  for  p r o c e s s  u s e s  in fue l  s y n t h e s i s .  
E l e c t r i c i t y  is g e n e r a t e d  f r o m  n u c l e a r  h e a t  with an e f f i c i e n c y  that  is at 
l e a s t  35% a f t e r  1985. 

G e o t h e r m a l  hea t  and h y d r o p o w e r .  G e o t h e r m a l  h e a t  is u s e d  for  e l e c t r i c i t y  
g e n e r a t i o n ,  and it is inc luded with h y d r o p o w e r  (as heat )  as an e n e r g y  
supply  fo r  the e l e c t r i c i t y - g e n e r a t i n g  s e c t o r .  In the c a s e  of h y d r o p o w e r ,  
of  c o u r s e ,  was te  hea t  is not  s ign i f ican t ,  and a fue l  supply is not r e q u i r e d .  
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• Hydrogen production. In this model, the total supply of fossil fuels, 
geothermal heat, and hydropower is consumed. However, some 
potential surplus nuclear heat (not used for electricity generation) does 
exist. This heat could be used for hydrogen production as follows: 

Nuclear heat converted to delivered 30% efficient from 1980 to 1985 
hydrogen via electrolysis 35~ efficient from 1985 to 2000 

Nuclear heat converted to delivered 45~ efficient from 1990 to 2000 
hydrogen via thermochenlical 
processes 

Model I Overall Demand and Supply Projections 

Using the model bases for projections, the energy demands and supplies 

can be determined by market sector and by type, respectively. We have 

calculated the market sector demands, and they are presented in Table Z-Z. 

In this table, the electricity-Keneration demand is the quantity of waste heat 

resulting from and required in the generation of electricity. The electricity 

so produced is matched to and included in the projected demands of the other 

market sectors. The Model I energy supply is presented in Table 2-3. 

It should be noted that although the total energy supply numerically 

exceeds the total demand (by a small amount) after about 1985, this does 

not imply domestic self-sufficiency, primarily because some of the energy 

supply, notably the nuclear heat, would be converted to additional useful fuels 

(or electricity), The associated waste heat is not utilized as a fuel and is in 

addition to the heat demand listed in Table Z-Z for the electricity-generating 

sector. This additional waste heat cannot be used to satisfy the demands of 

the other market sectors; hence, energy (fuel) shortfalls will occur. 

Model I Energy Demand and Supply, by Sector 

lye have used the Model I assumptions to determine the apportionment 

of domestic energy supplies to the various market sectors: residential/ 

commercial, industrial, transportation, other uses (miscellaneous and 

nonenergy uses of fuels such as for petrochemical feedstocks, chemical 

commodities, fertilizers, and lubricants), and electricity generating. The 

demand and supply projections for these respective market sectors are pre- 

sented in Tables 2-4 through Z-8. The unfilled demand (the bottom line in 

Tables 2-4 through 2-7) is the energy deficit to be filled by development of 

more of the same energy sources than is predicted by the model, exploitation 

of new energy sources, and energy imports. 
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Table 2-2. MODEL I ENERGY DEMAND BY M.ARKET SECTOR 

1970 197___.55 1980 _ _  1985 1990 1995 200___~0 
Market S e c t o r  1015 Btu' 

Residential/Com- 
mercial 15.8 18.3  Zl.l Z3.9 Z7.5 31.6 36.3 

Industrial Z0.0 2Z. Z Z4.7 ZT. 1 31.1 35.7 41.0 

Transportation 16.3 19.3 23.0 26.7 30.6 35.1 40.3 

Electricity 
Generating* 11.6 IZ.8 16.7 18.3 Z3.4 31.6 41.6 

Other 4.1 5. I 6. Z 8.1 9.3 I0.8 IZ. 3 

Total 67.8 77.7 91.7 104.1 IZI.9 144.8 171.5 

* M a t c h e d  to e l e c t r i c i t y  d e m a n d  in  o t h e r  s e c t o r s ,  T h i s  is  w a s t e  h e a t  on ly .  

Table 2-3. MODEL I DOMESTIC ENERGY SUPPLY 

1970 1 9 7 5  1 9 8 0  1985 1990 1995 2000 
1015 Btu- 

Grade Oil and 
C o n d e n s a t e s  Z l , 0  Z Z . 9  Z 7 . Z  z g .  6 Z 8 . 7  Z 6 . 4  Z 4 . 3  

Natural Gas ZZ.4 Z3.5 Z3.6 Z6.7 Z8.5 26.3 24.1 

Coal (Direct LTse) 13.1 16.0 18.6 21.5 24.9 Z8.9 33.3 

Coal (SNG) 0.0 0.0 1.0 Z. 0 4.0 6.0 8.0 

Coal (Liquids) 0.0 0.0 0. Z I. 1 3.7 6.9 I0. Z 

Shale Syncrude 0.0 0.0 0.6 I. 9 4.7 5.5 6.7 

Hydro- and Geother- 
mal Power (as Heat) Z. 7 3.0 3.5 4.0 4.5 5.0 5.5 

Nuclear Heat 0.Z 3.5 9.5 21.0 30.0 42.0 60.0 

Total 59.4 68.9 84. Z 107.8 1Z9.0 147.0 172.1 
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Table 2-4. 

8962 

M O D E L  I R E S I D E N T I A L  A N D  C O M M E R C I A L  E N E R G Y  
D E M A N D  A N D  S U P P L Y  

( D o m e s t i c )  

1070 1975 1980 lqSg 1990 1995 2000 
10 :s Btu  

D e m a n d  15 .8  18 ,3  21 ,2  2 3 . 9  2 7 . 5  31 .6  36 .3  

F o s s i l - F u e l  Supply  

Oil  (21 50 of C r u d e  
a, C o a l  L i q u i d s )  4 . 4  4 . 8  5 .8  

Gas  ( A v a i l a b l e  
S u p p l y )  7 . 0  7 . 0  8.1 10. 1 12 .0  

Coal (a. 3% of 
Supply) 0.3 0.3 0.0 0.0 0.0 

T o t a l  F o s s i l  11 .7  1Z.7 13.9 16.5  1 8 . 8  

E l e c t r i c i t y  
2.7 3.2 4.2 5. b 7.Z C o n s u m p t i o n  

T o t a l  Supply  1 4 . 4  15.9  18.1 2Z.D 1 6 . 0  

U n f i l l e d  D e m a n d  1 .4  2. 4 3. I 1. ~! 1. 5 

,1.4 6.8 7.0 7.2 

II.8 11.7 

0.0 0.0 

18 .8  18 .9  

9.4 12.3 

2 8 . 2  3 l , Z  

3 .4  5.1 

Table 2-5. MODEL I INDUSTRIAL ENERGY DEMAND AND SUPPLY 
(Domestic) 

1970 1975 1080 1985 1990 1995 Z000 
I015 Btu 

Demand Z0.0 22. Z Z4.7 27. I 31. i 35.7 41.0 

Fos sil -Fuel Supply 

Oil (17.5% of Crude 
÷ C o a l  L i q u i d s )  3.7 4 . 0  4. g q . 4  5 .7  5 .8  6 .0  

Gas  (35,5,% of 
Supply)  7 . 9  8. 5 8. 7 1 0 . l  11. 5 11. 5 11 .4  

C o a l  ( 3 ~ . 7 %  of 
Supply) 4.7 %. 7 ~. ~ 7.7 8.9 I0. 3 I I. 9 

Total Fossll i~.3 18.0 20. I 13.~ 2~.1 27.6 29.3 

E l e c t r i c i t y  
C o n s u m p t i o n  2. 3 3. 0 4 . 0  3. 8 5 . 0  6 .7  9 . 0  

Total Supply 18.6 21.0 24.1 27.1 31,1 34.3 38.3 

Unfi[|ed Demand 1.4 1.2 0. ~ 0.0 0.0 1.4 2.7 

I0 A75102548 
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T a b l e  2 - 6 .  MODEL I TRANSPORTATION ENERGY DEMAND 
AND SUPPLY 

( D o m e  s t i e )  

8962 

1970 1975 1980 1985 1990 1995 Z000 
10 Is Btu. 

Demand 16.3 19.3 Z3.0 Z6.7 30.6 35.1 40.3 

Fos sil-Fuel Supply 

Oil (Shale Syncrttde 
+Balance) II. 5 IZ.5 15.7 19. Z Z3.0 24.4 Z6.3 

Ga s ' ' ~  . . . . . . . . . . . .  

Coal (0.1% of 
Supply) "4 . . . . . . . . . . . . . .  

Total Fossil 11.5 IZ.5 15.7 19.Z Z3.0 Z4.4 Z6.3 

E l e c t r i c i t y  
C o n s u m p t i o n  - -  ~:̀ - -  :'~" 0.  Z 0 . 3  0 . 4  0 . 6  0 . 8  

T o t a l  Supp ly  I I . 5  I Z . 5  15 .9  1 9 , 5  2 3 . 4  Z5 .0  Z7.1  

Unfilled Demand 4.8 6.8 7. I 7. Z 7. Z I0. I 13.2 

4, Neg l£g ib le .  

Table Z-7. MODEL I OTHER-USF~q ENERGY DEMAND AND SUPPLY 
(Domestic) 

197____0_0 1975 198____~0 1985 1990 1995 Z000 
I0 's Btu . . . . .  

D e m a n d  4. I 5 .1  6, Z 8 .1  9 . 3  I 0 . 8  iZ .  3 

Fos sH-Fuel Supply 

o i l  (0.6 f~ of 
Supply) 0.1 0.1 0. Z 0. Z 0. Z 0.2 0.3 

Gas  ( 1 5 . 8 %  of 
Supply) 3.5 3.7 3.9 4.5 5. I 5. I 5. I 

Coa l  (0 .0  % of 
Supply) 0.0 0 .___O0 0.0 0.0 0.0 0.0 0.0 

T o t a l  F o s s i l  3 . 6  3 . 8  4 . 1  4 . 7  5 . 3  5 .3  5 . 4  

E l e c t r i c i t y  
C o n s u m p t i o n *  0 . 1  0 .1  0.  Z 0. Z 0. Z 0 . 3  0 . 3  

T o t a l  Supp ly  3 .7  3 . 9  4 . 3  4 . 9  5 . 5  5 . 6  5 .7  

U n f i l l e d  D e m a n d  0 . 4  1. Z 1 .9  3. Z 3 . 8  5. Z 6 . 6  

::, Expressed as a constant percentage, Z. 5~ of the total demand. 

ii 
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Tab le  Z-8. M O D E L I  E L E C T R I C I T Y  G E N E R A T I O N  

1970 1975 1980 1985 1990 1995 

lO Is Btu 
D e m a n d s  

E l e c t r i c  i ty  
P r o d u c e d  5 .0  6 .3  8 .6  9 . 8  12.8  17.0 ZZ. 4 

Was te  H e a t  
R e q u i r e d  11.3 12.8  16.7 18.3 23 .4  31 .6  4 1 . 6  

T o t a l  H e a t  16.3 19. 1 25.3 28. 1 36.Z 48 .6  64 .0  

F o s s i l -  F u e l  Supply 

Oil (6.2a/~ of 1975 
Supply) I. 3 I. 4 I. 4 I. 4 i. 4 I. 4 I. 4 

Gas (17.4~ of 
1970 Supply) 3.9 3.9 3.9 3.9 3.9 3.9 3.9 

Coal °' 8. 1 9.9 IZ. 0 13.8 16.0 18.6 Zl. 4 

Total Fossil 13.3 15. Z 17.3 19. 1 ZI. 3 Z3.9 Z6.7 

Hydro- and 
G e o t h e r m a l  P o w e r  % Z. 7 3 .0  3 .5  4 . 0  4 . 5  5 . 0  5 .5  

N u c l e a r  Hea t  R e -  
q u i t  ed for  R e m a i n -  
ing D e m a n d  0 .3  0 .9  4 . 5  5 .0  10.4 19. 7 3 1 . 8  

T o t a l  H e a t  

Z000 

Supply  16.3  19. 1 25.3  28. 1 36. 2 48 .6  6 4 . 0  

::~61.9% of supp ly  f r o m  1970 to 1975, 64.3% t h e r e a f t e r .  

Hea t  e q u i v a l e n t  of h y d r o p o w e r  p lus  h e a t  r e q u i r e d  fo r  g e o t h e r m a l  p o w e r .  

M o d e l  I D e m a n d  and P o t e n t i a l s  for  H y d r o g e n  P r o d u c t i o n  

The  d e m a n d s  of the  e l e c t r i c i t y - g e n e r a t i n g  s e c t o r ,  d e p i c t e d  in T a b l e  Z-8, 

do not  u se  a l l  of the p o t e n t i a l l y  a v a i l a b l e  e n e r g y  s u p p l i e s :  A c c o r d i n g  to the 

apportionments in this model, some potential  excess nuclear heat remains 

urltlsed. Alternatively (with different model assumptions), some coal could 

remain unused, instead of this nuclear heat. This nuclear heat is in excess 

only in the sense that the electricity-generating sector does not need it, and 

it is potentially available according to the projections used as a basis for 

Model I. Other sector deficits, summarized in Table Z-9, could be partially 

filled w~th a useful fuel generated from this nuclear heat. If this fuel were 

hydrogen, the potential quantities generated would be as shown in Table Z-9. 

lZ 

T ~ H N ~ L O G Y  
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T able Z- 9. MODEL I M.~XIMUM DEMAND AND POTENTIALS 
FOR HYDROGEN PRODUCTION 

Unfi l led  Demands  p e r  Sector': '  

l%e s i d e n t i a l / C o m m e  r c i a l  

I n d u s t r i a l  

Transportation (25% of Total 
Demand for This Sector) 

Other 

P o t e n t i a l  H y d r o g e n  Demand  

Unused  N u c l e a r - H e a t  
Supply 

P o t e n t i a l  H y d r o g e n  Supply 
(Nuc l ea r  Heat) 

E l e c t r o l y s i s  

T h e r m o c h e m i c a l  

Tota l  H y d r o g e n  

1975 1980 1985 1990 1995 ZOO0 

10'5 B~u 

Z. 4 3.0 1.9 1.5 3.4 5.1 

l.Z 0.6 0.0 0.0 1.4 Z. 7 

1.7 1.8 1.8 1.9 Z. 5 3.3 

1.2 1.9 3.2 3.8 5.2 6.6 

6.5 7.3 6.9 7.2 IZ. 5 17.7 

Z. 6 5 . 0  16 .0  I 9 . 6  2 2 . 3  2 8 . 2  

0.0 1.5 4 .8  6.1 6.1 6.1 

0.0 0.0 0.0 0.0 1.2 3.9 

0.0  1.5 4 .8  6.1 7 .3  10.0 

* Exc lud ing  the e l e c t r i c i t y - g e n e r a t i n g  s e c t o r .  

A l t e r n a t i v e l y ,  of c o u r s e ,  the unf i l l ed  demands  could be s a t i s f i e d  by 

i m p o r t i n g  fuels .  B e c a u s e  i m p o r t s  a r e  not inc luded  in the Model  I a s s u m p t i o n s  

fo r  the e n e r g y  supply,  the po ten t i a l s  fo r  h y d r o g e n  d e m a n d  a re  a m a x i m u m  

c a s e .  The m i n i m u m  c a s e  would be z e r o  d e m a n d  for  fuel  h y d r o g e n  - i . e . ,  

c o m p l e t e  i m p o r t a t i o n  of fuels  and f e e d s t o c k s  to s a t i s f y  def ic i t s  and no need  

fo r  h y d r o g e n  addi t iona l  to i ts conven t iona l  p roduc t ion  f r o m  fos s i l  h y d r o c a r b o n s  

( e s p e c i a l l y  n a t u r a l  gas) .  The ex ten t  of fu tu re  i m p o r t a t i o n  of e n e r g y  suppl ies  

depends  on economic  and po l i t i ca l  f a c t o r s  not  a s s e s s e d  in this  s tudy.  

In Table  Z-9, we have  s u m m e d  the s h o r t f a l l s  of the r e s i d e n t i a l / c o m m e r -  

c ia l  s e c t o r ,  the i n d u s t r i a l  s e c t o r ,  the o t h e r - u s e s  s e c t o r ,  and Z5~ of the 

t r a n s p o r t a t i o n  s e c t o r  to d e t e r m i n e  the potent ia l  d e m a n d  for  h y d r o g e n .  Two 

r e c e n t  s tud ies  on a l t e r n a t i v e  fuels  for  t r a n s p o r t a t i o n ,  conduc ted  fo r  the 

E n v i r o n m e n t a l  P r o t e c t i o n  Agency ,  have r e v e a l e d  that  be fo re  the y e a r  2000 

h y d r o g e n  will  not be among the top t h r e e  a l t e r n a t i v e  fue l s  for  au tomot ive  

t r a n s p o r t a t i o n  ( ca r s ,  t r u c k s ,  and buses  account ing  fo r  about 75% of the e n e r g y  

c o n s u m p t i o n  in this  s e c t o r ) .  A c c o r d i n g l y ,  only a po r t ion  of the t r a n s p o r t a t i o n  

13 
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sector shortfall, Z5% (for airlines, railroads, and water transport), is a 

potential market for hydrogen. The potential demand for hydrogen could be 

satisfied by producing hydrogen from "excess" nuclear heat, from additional 

fossil resources (i.e., in addition to the supplies listed in Table Z-B), or 

from "new" energy sources. These new energy sources include solar heat, 

geothermal heat, waste materials, nuclear fusion, windpower, and ocean 

the rmal gradients. 

Model II Energy Den~and and Supply 

The assumptions and bases for the energy demand and supply in Model II 

are presented below. These differ from Model ! only in the demand-supply 

data used and in certain assumptions in ~vhich Model 11 data necessitate slight 

changes. Basically, both models use the same assumptions for energy 

apportionment. Model 17 determines the upper bound (the greatest amount) 

of hydrogen and of additional synthesized fuels and the additional electricity 

that will be needed, along with imports, to satisfy the U.S. domestic energy 

demand for the period from 1975 to Z000. As in Model l, imports are not 

included in the Model il assumptions on enerKy supply. 

l~iodel II Bases and Information Sources 

Ill the future, all market sectors will re¢:eive percentages of the total 

energy supply that differ somewhat from the present percentages. Market- 

sector-demand growth rates for 1970 to 1985 are patterned after the "high 

level of demand" presented in the authoritative NIDC report for 1973, U.S. 

Energy Outlook. 7 For this model and during this period, the annual growth 

in the total energy demand falls from about 4.5% to about 4.3~o. We have 

extrapolated this high-level-demand projection to the year 2000 and have 

used an average annual growth rate of 3.8% for the period from 1985 to Z000. 

The growth rates for individual market sectors are given in Table Z-10. 

The electricity-generating sector grows at a rate necessary to adequately 

supply the other sectors, but this rate does not exceed 7.0%/yr for supply 

of electricity to the residential/commercial sector or 7.5"/~ for that to the 

industrial sector. 

In Model If, the energy supply levels for the future are patterned after 

the pre-1973 projections included in the study, "A Program for Maximizing 

U.S. Energy Self-Sufficiency," by H. R. Linden. s Presented in this study, 

14 
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Table Z-I0. ANNUAL GROWTH RATE OF DEM.AND 
(High Level) 

1970-1980 1980-1985 1985-2000 
Market Sector ,, ~/yr 

Re sidential/Commercial 4.0 4.0 3.8 

Industrial 3.1 3. Z 3.8 

Transportation 4.1 3.5 3.8 

Other 5.3 6. Z 3.8 

896Z 

in addi t ion  to the c a s e  u s e d  in Mode l  I, is  a l e s s  o p t i m i s t i c  p r o j e c t i o n  of 

the e n e r g y  supply ,  and this  c a s e  c o r r e s p o n d s  to the e n e r g y  e c o n o m i c s  

p r e v a i l i n g  b e f o r e  the 1973 Middle  East oil e m b a r g o .  R e a s o n a b l e  deve lop -  

m e n t  of  d o m e s t i c  n a t u r a l  r e s o u r c e s  and g rowth  of a syn the t i c  fue l  i n d u s t r y  

a r e  a s s u m e d .  L a r g e  amounts  of i m p o r t e d  e n e r g y  a re  n e c e s s a r y  fo r  a 

d e m a n d - s u p p l y  ba l ance ,  and the d o m e s t i c  e n e r g y  supp ly  is n e c e s s a r i l y  l e s s  

than that  in Mode l  I. 

The e n e r g y - d e m a n d  l e v e l s  a re  the "high l e v e l s "  p r e s e n t e d  in the NPC 

s tudy,  U.S .  E n e r g y  Out look.  7 The e f f ec t  of e n e r g y  c o n s e r v a t i o n  in the 

Uni ted S ta tes  is a s s u m e d  ins ign i f i can t  (at l e a s t  f r o m  1975 to 1985); and the 

demand  g rowth  r a t e s  cont inue at high l eve l s ,  s i m i l a r  to those  p r e v a i l i n g  

b e f o r e  the " e n e r g y  c r i s i s "  began.  H o w e v e r ,  t he se  d e m a n d  g r o w t h  r a t e s  

(excep t  that  f o r  e l e c t r i c i t y )  do d e c r e a s e  with t ime .  

Mode l  II A s s u m p t i o n s  

The a s s u m p t i o n s  fo r  Mode l  H include those  in r e s p e c t  to -- 

• Oil supply: 

Oil Supply = Domestic Crude Oil + Condensates + 
Natural Gas Liquids + Coal Liquids After 
1985':" + Syncrude Products From Oil 
Shale A f t e r  1980. 

The d i s t r i b u t i o n  of  the  oi l  supp ly  in Mode l  H fo l lows  the s a m e  p a t t e r n  
as that in Model I. 

Gas supply: 

Gas Supply ; D o m e s t i c  N a t u r a l  Gas + ~NG 
( C o a l - B a s e d )  Af t e r  1980"  

~ Coal converted to delivered hydrocarbons at a 65~ efficiency from 
1985 to 2000. 

~" Coal converted to delivered SNG at a 65~ efficiency from 1980 to Z000. 

15 
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In M o d e l  ]2, the  e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  r e c e i v e s  i ts  h i s t o r i c  p o r t i o n ,  
1 7 . 4 % ,  of the  n a t u r a l  gas  s u p p l y  (a v a r i a b l e  q u a n t i t y ) .  T h i s  is l e s s  gas  
t ha n  in M o d e l  I, in wh ich  th i s  s e c t o r  contSnues  to r e c e i v e  the f i xed  q u a n -  
t i t y  of  I7.4~'0 of the 1970 supp ly .  O t h e r w i s e ,  the  d i s t r i b u t i o n  of the 
gas  s u p p l y  f o l l ows  the s a m e  p a t t e r n  as t ha t  in M o d e l  I. Th i s  m i n o r  
c h a n g e  m a k e s  s l i g h t l y  m o r e  cf  the l i m i t e d  s u p p l y  of n a t u r a l  gas  a v a i l -  
ab le  to h i g h e r  p r i o r i t y  m a r k e t  s e c t o r s .  

C oa l  s u p p l y  ( fo r  d i r e c t  u s e s ,  no t  c h e m i c a l  f u e l  s y n t h e s i s ) .  The  d i s t r i -  
bu t i on  of  the c o a l  s u p p l y  in M o d e l  II f o l l ows  the  s a m e  p a t t e r n  as tha t  
in M o d e l  I. 

E l e c t r i c i t y  c o n s u m p t i o n .  The  r e s i d e n t i a l / c o m m e r c i a l  s e c t o r  c o n s u m e s  
e l e e t r i c t y  at  a r a t e  t ha t  g r o w s  7 . 0 ~  a n n u a l l y  f r o m  1975 to 2000. 
C o n s u m p t i o n  by the i n d u s t r i a l  s e c t o r  g r o w s  but  i t  d o e s  not  e x c e e d  
7 . 5 % .  (In m a n y  y e a r s ,  the  d e m a n d  is not  s a t i s f i e d .  ) 

T h e  t r a n s p o r t a t i o n  and o t h e r - u s e s  s e c t o r s  c o n s u n l e  r e l a t i v e l y  s m a l l  
a m o u n t s  of e l e c t r i c i t y ,  a l t h o u g h  the a m o u n t  c o n s u m e d  by  the t r a n s p o r -  
t a t i o n  s e c t o r  i n c r e a s e s  r a p i d l y  ( m o r e  than  6 ~ / y e a r ) .  

N u c l e a r  h e a t ,  g e o t h e r m a l  hea t ,  and h y d r o p o v v e r .  T h e  d i s t r i b u t i o n  of 
t h e s e  e n e r g y  s o u r c e s  in M ode l  II f o l l ows  the s a m e  p a t t e r n  as t ha t  in  
M o d e l  I.  

H y d r o g e n  p r o d u c t i o n .  In M o d e l  II, the  t o t a l  s u p p l y  of f o s s i l  f u e l s ,  
g e o t h e r m a l  h e a t ,  and  h y d r o p o w e r  is c o n s u m e d .  R e l a t i v e l y  s m a l l  
a m o u n t s  of  n u c l e a r  h e a t ,  p o t e n t i a l l y  in e x c e s s  of the  n e e d s  of the  
e l e c t r i c i t y - g e n e r a t i n g  s e c t o r ,  wou ld  e x i s t  f r o m  1975 to  1990. O t h e r -  
w i s e ,  t h e r e  a r e  n u c l e a r  e n e r g y  d e f i c i t s .  B e c a u s e  of  the  s m a l l  n u c l e a r -  
h e a t  s u p p l y  and the 1 5 - y e a r  t i m e  p e r i o d ,  a h y d r o g e n - p r o d u c t i o n  i n d u s t r y  
in th i s  m o d e l  wou ld  r e q u i r e  s i g n i f i c a n t  e n e r g y  s o u r c e s  o t h e r  t han  n u c l e a r  
f i s s i o n  r e a c t o r s .  F o r  the  n u c l e a r  ( f i s s i o n )  h e a t  t ha t  is  a v a i l a b l e ,  we 
h a v e  a s s u m e d  the  fo l l owing  c o n v e r s i o n  e f f i c i e n c i e s :  

N u c l e a r  h e a t  c o n v e r t e d  to d e l i v e r e d  
h y d r o g e n  v ia  e l e c t r o l y s i s  

30% e f f i c i e n t  f r o m  1980 to  1985 
35% e f f i c i e n t  f r o m  1985 to  1990 

No t h e r m o c h e m i c a l  h y d r o g e n  p r o c e s s e s  b a s e d  on n u c l e a r  ( f i s s i o n )  h e a t  
wi l l  be c o m m e r c i a l i z e d  b e c a u s e ,  a c c o r d i n g  to th i s  m o d e l ,  r e q u i r e d  
n u c l e a r  h e a t  wi l l  no t  be a v a i l a b l e  a f t e r  1990. T h e r m o c h e m i c a l  p r o -  
c e s s e s  b a s e d  on  new  e n e r g y  s o u r c e s  cou ld  be c o m m e r c i a l i z e d .  

M o d e l  II O v e r a l l  D e m a n d  and Supp ly  P r o j e c t i o n s  

As in M o d e l  I, we h a v e  u s e d  the m o d e l  b a s e s  to t a b u l a t e  the e n e r g y  

d e m a n d s  by m a r k e t  s e c t o r  and the e n e r g y  s u p p l i e s  by t ype .  T h e s e  a r e  

p r e s e n t e d  in T a b l e s  2-11 and 2-12 ,  r e s p e c t i v e l y .  The  d e m a n d  of the 

e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  is w a s t e  h e a t  on ly ,  as in M o d e l I .  T h i s  p r e -  

v e n t s  doub le  c o u n t i n g  of  the e l e c t r i c i t y  d e m a n d  fo r  e a c h  m a r k e t  s e c t o r .  

16 
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Table 2-I i. MODEL II ENERGY DEMAND BY M.ARKET SECTOR 

1970 197__5 198____.._00 1985 1990 1995 2000 
M a r k e t  Sector I0 is B~u 

Re sidential/Com- 
mercial 15.8 19.2 23.4 28.5 34.3 41.3 47.9 

Industrial Z0.0 23.8 27.2 31.9 38.4 46.3 55.8 

T r a n s v o r t a t i o n  16 .3  19.9 2 4 . 4  29 .0  34 .9  42 .1  50 .7  

E l e c t r i c i t y -  .~ 
G e n e r a t i n g "  1 1 . 6  13 .2  18 .2  2 4 . 6  34 .2  49 .1  69 .3  

Other 4.___~I 5.3 6.__.~8 9.____~Z II.I 13.4 16.1 

Total 67.8 81.4 I00.0 123.2 152.9 192.2 239.8 

::' M a t c h e d  to e l e c t r i c i t y  d e m a n d s  in o t h e r  s e c t o r s  a s s u m i n g  c e r t a i n  c o n v e r -  
s ion  e f f i c i e n c i e s .  T h i s  is  w a s t e  h e a t  on ly .  

Table Z-12. MODEL II DOMESTIC ENERGY SUPPLY 

197__0 197_._55 198.___~0 1985 1990 1995 2000 
i0 Is Btu.,, 

C r u d e  Oil and  
C o n d e n s a t e s  21 .0  2 1 . 9  2 4 . 3  2 3 . 9  2 4 . 3  2 2 . 7  2 2 . 9  

N a t u r a l  Gas  2 2 . 4  2 1 . 2  1 8 . 8  1 7 . 6  17;1 16 .9  16 .7  

Coa l  ( D i r e c t  Use)  13.1 16 .0  1 8 . 6  2 1 . 5  2 4 . 9  28 .9  33 .3  

Coal  (SNG) 0 . 0  0 . 0  0 . 2  1.1 3 . 3  6 .0  8 .5  

Coal (Liquids) O. 0 ~). 0 O. 0 O. 4 2.4 5, 2 8.2 

Shale Syncrude O. 0 O. 0 O. 2 O. 6 2.5 4.5 6.4 

H y d r o -  and G e o t h e r -  
m a l  P o w e r  (as  Hea t )  2 . 7  3 .0  3 .5  4 . 0  4 . 5  5 .0  5 .5  

N u c l e a r  H e a t  0 . 2  3 .5  9 . 5  2 1 . 0  30 .0  42 .0  60.0  

To ta l  5 9 . 4  65 .6  75 .1  90.1  109 .0  131 .2  161 .5  

17 
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B e c a u s e  of the b a s e s  u s e d ,  the t o t a l  e n e r g y  d e m a n d  and the  d o m e s t i c  e n e r g y  

supp ly  a r e  b a d l y  out  of b a l a n c e  in Mode l  lI .  New, l a r g e - s c a l e  e n e r g y  

s o u r c e s  and i m p o r t s  would  be r e q u i r e d  to m e e t  the d e m a n d s  in th i s  m o d e l  

M o d e l  r[ E n e r g y  D e m a n d  and Supply ,  by S e c t o r  

H e r e ,  as  in M o d e l  I, we have  u s e d  the a s s u m p t i o n s  to d e t e r m i n e  the 

a p p o r t i o n m e n t  of d o m e s t i c  e n e r g y  s u p p l i e s  to the v a r i o u s  m a r k e t  s e c t o r s .  

The  d e m a n d  and supp ly  p r o j e c t i o n s  fo r  t h e s e  m a r k e t  s e c t o r s  a r e  p r e s e n t e d  

in T a b l e s  Z-13 t h r o u g h  Z-17.  The u n f i l l e d  d e m a n d  (the b o t t o m  l ine  in 

T a b l e s  Z-13 t h r o u g h  Z-16) is  the e n e r g y  de f i c i t  to be f i l l ed  by d e v e l o p m e n t  

of  m o r e  of the  s a m e  e n e r g y  s o u r c e s  than  is p r e d i c t e d  by the m o d e l ,  

e x p l o i t a t i o n  of  new e n e r g y  s o u r c e s ,  and e n e r g y  i m p o r t s .  

Table 2-13. 

D e m a n d  

F o s s i l - F u e l  Supply  

Oil (Zl% C r u d e  and 
Coal  Liquids) 

Gas  (Ava i l ab le  
Supply) 

Coal  (Z. 3% of 
Supply) 

T o t a l  

E l e c t r i c i t y  
Consumpt~.on 

Tota l  Supply 

Unf i l l ed  D e m a n d  

M O D E L  I1 R E S I D E N T I A L  AND C O M M E R C I A L  ENERGY 
DEMAND AND S U P P L Y  

( D o m e s t i c )  

1970 1975 1980 1985 1990 1995 
• 101~ Btu- 

ZOO0 

15.8 19.Z 23.4 2_8.5 34.3 41.3 47.9 

4.4 4.6 5.1 5.1 5.6 5.9 6.5 

7.0 6.7 6.0 6.0 7.0 8. Z 9.4 

0.3 0.3 0.0 0.0 0.0 0.0 0.0 

11.7 11.6 ii.i II.I 12.6 14.1 15.9 

2.7 3.3 4.6 6.4 9.0 12.6 17.6 

14.4 14.9 15.7 17.5 ZI.6 Z6.7 33.5 

1.4 4.3 7.7 II.0 12.7 14.6 14.4 

Mode l  II D e m a n d  and P o t e n t i a l s  for  H y d r o g e n  P r o d u c t i o n  

The  d e m a n d s  of the e l e c t r i c i t y - g e n e r a t i n g  s e c t o r ,  d e p i c t e d  in Tab le  Z-17, 

do not r e q u i r e  a l l  of  the a v a i l a b l e  e n e r g y  s u p p l i e s  fo r  the y e a r s  1975 to 1990. 

P o t e n t i a l l y ,  r e l a t i v e l y  s m a l l  a m o u n t s  of  e x c e s s  n u c l e a r  h e a t  e x i s t  d u r i n g  th i s  

18 
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Table 2- 14. 

8962 

MODEL II INDUSTRIAL ENERGY DEMAND AND SUPPLY 
(Domestic) 

Demand 

Fos s i l -Fue l  Supply 

Oil (17.5% of Crude 
and Coal Liquids) 

Gas (35.5% of 
Supply) 

Coal (35.7~ of 
Supply) 

Total Fossil 

E l e c t r i c i t y  
Consumption 

Total  Supply 

Unfilled Demand 

1970 197____~5 1980 1985 1990 1995 Z000 
10 is Btu. 

Z0,0 Z3.8 Z7. Z 31.9 38.4 46.3 55.8 

3.7 3.8 4. Z 4.3 4.7 4.9 5.4 

7,9 7.5 6.7 6.6 7. Z 8.1 8.9 

4.7 5.7 6.6 7.7 8.___~9 10.3 11.9 

16.3 17.0 17.5 18.6 Z0.8 Z3.3 Z6. Z 

Z.____/3 3.1 4.4 6.3 9.____0 IZ.9 18.5 

18.6 Z0.1 Zl.9 Z4.9 Z9,8 36, Z 44.7 

1.4 3.7 5.3 7.0 8.6 10. I II.I 

Table 2-15. MODEL II TRANSPORTATION ENERGY DEMAND AND SUPPLY 
( D o m e s t i c )  

197__0 1975 1980 1985 1990 1995 ZOO0 
I0 Is Btu 

Demand 16.3 19.9 Z4.4 29.0 34.9 4Z.l 50.7 

Fos s i l -Fuel  Supply 

Oil (Shale Syncrude 
and Balance) 11.5 iZ.0 13.7 14.0 17,3 20.0 24.0 

1< 
GaS . . . . . . . . . . . . . .  

Coal (0. l~ or 
Supply) . . . . . . . . . . . . . .  

Total  Foss i l  I i . 5  1Z.0 13.7 14,0 17.3 Z0.0 Z4.0 

E l e c t r i c i t y  
Consumption . . . .  0.2 0.3 0.4 0.6 0.8 

Total Supply 11.5 12.0 13.9 14.3 17.7 Z0.6 Z4.8 

Unfilled Demand 4.8 7.9 I0.5 14.7 17. Z Zl. 5 Z5.9 

Negligible. 
A7510Z549 
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Tab le  2- t6.  MODEL II OTHER USES OF F U E L S  D E M A N D  AND SUPPLY 
(Dome st ic  ) 

19 70 107  ~, ! q 8 0  I c) ,<, "~ I09( )  1 9 9 5  2 0 0 0  

1 ( )~ B t u  

D e , h a n d  4 .  1 5 .  3 b .  8 q.  ~ 11.  l 1 5.4  16.  1 

7 o y s t l  F u e l  S u p ' . : I v  

O i l  ( 0 .  b" o f  C r u d t :  
a n d  C o a l  L i q u i d s )  0.  1 0 .  1 0 .  I 0 .  I u .  Z 0.  2 0 .  2 

G a s  (15. 8 " ,  o f  
S u p p l y }  ~. r, %. "~ ; .  t. ~. I, ~. 2. 3 .  L 4 .  0 

C o a l  . . . . . . . . . . . . .  

T o t a l  F t ) s s i ]  3.  t) B. -I ~. 1 ~,. I 3 . 4  3.  g 4 . . '  

E l e c t r i c i t y  + (2. I C. ] U. ' 0.  ,2 ().'~ 0 . 3  0 . 4  
C o n s u m p t i o n  

T o t a l  S u p p l y  3.  7 3. a "~- 3 3.  ~ 3 .  7 4 .  I 4 . 6  

U n f i l l e d  D e m a n d  0 . 4  1. 8 3 .  ~ q.  ~ 7.  "i 9 .  3 11 .  5 

N e g l i g i b l e .  

~ ' E x p r e s s e d  a s  a c o n s t a n t  p e r c e n t a g t . ,  2. q o  o t  t h e  t o t a l  d e m a n d .  

Table  2=17. M O D E L 1 1 E L E C T R I C I T Y  G E N E R A T I O N  

I(~70 l q T ~  l q g f ,  1 9 8 9  1 9 " 0  19u, 5 , 'OIJ0 

l 0  I~ B t u  

: .  {] (,. g '). 4 

1 1 . 3  1 % . I  1 8 . 2  

I t , .  "; 19.  7 2.7. ~, 

1.% 1 . 4  1 . 4  

3 . 9  3 . 7  3 . ~  

8 .  1 o . O  I 2 . 0  

13.  3 1% 0 16.  7 

o . ~  1. 7 7 . 4  

Demands 

E l e c t r ! c T t y  
P r o d u c e d  

W a s t e  H e a t  
R e q u : r e d  

T u f a !  De n ~ a n d  

F • s s i l -  F u e l  S u p o ! y  

0:i (O. 2~- o f  1975 
S u p p l y ' )  

G a s  ( 1 7 . 4 < ,  o f  N . G .  
S u p p l y l  

C o a l  ( 6 1 . q ~ ' :  o f  S u p p l y ,  
b 4 . 3  < a f t e r  197  r,) 

£ o t a l  F ( , s s l  

H y r l r o =  a n d  G e e t h e r m a l  
p(l~vt, r 

N u c l e a r  l l e a t  R e q u ~ r c , t  
h , r  R ~ . n ~ a i n i n g  l ) e n ' , ~ n d  

I N t o ' l e a r  I t e a t  
A v a i t a b l e  +) ((I. ~ 

T o t a l  H e a t  S u p p l ~  II,. 

t l e a t  r e q u i r e d  f o r  g e h , ' r , t l t ( m .  

{ 'No t  i n c l u d e d  in t o t ~ l .  

( 3 . ~ I  

l q .  7 

1 % . 2  1 8 . 7  2 b . 4  3 7 .  z 

24 .  ,5 a 4 .  2 4 9 .  1 0 9 . 3  

7. x -',2. g 7 %  q 1 0 6 . 6  

1 . 4  1 . 4  1 . 4  1 . 4  

i:;. I 3 . 0  3 . 0  Z . 9  

1 3 . 8  l b . O  1 8 . 6  2 1 . 4  

I8.  ~ 2 f . 4  23 0 25 .7  

4.  I, 4 ,  --, 5 . 0  5 . 5  

I ~ .  ~ 2 8 .  0 4 7 .  q 7 5 . . t  

((). :,~ (.31. Cp ~%0. O) ( 4 L .  O) ( 6 0 . 0 )  

" 7 .  t, "~7. ,  ~; q2.9 7 0 . 0  9 1 . 2  

ORIGINAL PAGE IS A'rs,oz_~5~ 
OF POOR QUALITY 
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pe r iod .  However ,  a f t e r  1990 t h e r e  is a sho r t f a l l  in the e n e r g y  supply  for  

this s e c t o r .  A c c o r d i n g  to the  a s sumpt ions  of Model  II,  the e x c e s s e s  and 

def ic i t s  a r e  n u c l e a r  hea t ;  but  with d i f f e r en t  a s s u m p t i o n s ,  these quan t i t i e s  

could be e x p r e s s e d  as coa l  e n e r g y .  

Table  Z-18 l i s t s  the ind iv idual  e n e r g y  sho r t f a l l s  for  each  s e c t o r  and 

the quant i t i es  of  h y d r o g e n  tha t  a re  po ten t ia l ly  avai lable  f r o m  the e x c e s s  

n u c l e a r  hea t .  As in Model  I, we have  ca l cu l a t ed  the po ten t ia l  d e m a n d  fo r  

h y d r o g e n  by s u m m i n g  up the  s e c t o r  def ic i t s  (using 25~ of the t r a n s p o r t a t i o n -  

s e c t o r  def ic i t ) .  Al though the e l e c t r i c i t y - g e n e r a t i n g  s e c t o r  has  e n e r g y  de f ic i t s  

in Model  II, we have e x c l u d e d  its d e m a n d  f r o m  the to ta l  po ten t ia l  h y d r o g e n  

demand  b e c a u s e  i t  is not c o n s i d e r e d  p r a c t i c a l  to s y n t h e s i z e  h y d r o g e n  fo r  use  

as a fuel to generate electricity. The reasons for this are the large required 

hydrogen capacity and the capital costs that result from the accumu/ative 

energy losses associated with the many consecutive energy-conversion steps. 

Table Z- 18. MODEL H MAXIMUM DEMAND AND POTENTIALS 
FOR HYDROGEN PRODUCTION 

Unfilled Demands 
by Sector" 

R e s idential / C omme rcial 

Indus trial 

T r ans por tation 

O t h e r  

Poten t i a l  H y d r o g e n  Demand  

Unused N u c l e a r  Heat  Supply 

Potential Hydrogen 
Supply (Nuclear Heat) 

Ele c tr olysis 

197..__.~5 198.._...9_0 198__5 1990 1995 ZOO0 
.I0 2s Bt~ 

4.3 7.7 II.0 1Z.7 14.6 14.4 

3.7 5.3 7.0 8.6 I0. I II.i 

7.9 10.5 14.7 17.Z 21.5 25.9 

1.8 3.5 5.9 7.4 9.5 11.5 

11.8 19.1 27.6 33.0 39.4 43.5 

1.8 Z.I 5.5 Z.0 0.0 % 0.0t 

0.0 0.6 1.6 0.7 0.0 0.0 

~:~Excluding the electricib/. 

#Actually a deficit. 

Zl 
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The potential demand for hydrogen might be satisfied by producing 

hydrogen from potential excess nuclear heat, from additional fossil resources 

(i.e, , in addition to the supplies listed in Table Z- Ig), or from new energy 

sources. These new energy sources include solar heat, waste materials, 

nuclear fusion, windpower, and ocean thermal gradients. As is the case 

with Model I, the sector deficits here also might be filled by energy imports. 

As this model does not include imports, the deficits and the attendant hydrogen 

demands constitute a maximum case for hydrogen demand. 

Surnnnary of Potential Hydrogen Demand 

The potential maximum demand for hydrogen is bracketed by using 

the sector demands (for hydrogen) from each model. The lower bound is 

the value from Model I, and the upper bound is the value from Model LI. 

We stress that this potential demand could be filled by hydrogen, or by 

combinations of hydrogen with other synthesized chemical fuels and elec- 

tricity. Imported energy could also contribute. If domestic energy were 

to supplement, new and additional energy sources, beyond those included in 

the models, would be necessary. Assuming, however, that these demands 

are met solely by hydrogen, then the bounds of the potential hydrogen demand 

are as presented in Table 2-19. 

T a b l e  Z-19. 

M a r k e :  Se c t o r  

1975 

BOUNDS OF POTENTIAL MAXIMUM 
DEMAND FCR HYDROGEN 

1980 1985 1990 1995 

101 ~ Btu 

Z000 

Residential/ 
Commercial Z.4- 4.3 3.0- 7.7 l.q-ll.0 ].5-[2.7 3.4-14.6 %1-14.4 

Ind,astrial 1.2- 3.7 0.6- 5.3 0.0- 7.0 0.0- 8.0 1.4-I0. I 2.7-II.1 

Transportation 1.7-Z.0 1.8- Z.6 [.8- 3.7 1.9- 4.~ 1.5- 5.4 3.3- 6.5 

Other I.Z- l.S 1.9- 3.5 3.1- ~.9 %.8- 7.4 5.Z- 9.3 6.6-11.5 

Total ;~.q ll.S 7. ~ 19.1 t,.q 17.! 7.2-~3.0 12.5-39.4 17.7-43.5 

A7510g553 

P r e s e n t  a n d  F u t u r e  D e m a n d s  f o r  S p e c i f i c  U s e s  of  H y d r o g e n  

M o d e l s  I a n d  I I  s h o w  t h e  l i m i t s  of  t he  s i z e  o f  t h e  " e n e r g y  g a p "  t h a t  

c o u l d  be  f i l l e d  b y  a f u e l  s u c h  a s  h y d r o g e n .  E x a m i n a t i o n  of  t h e s e  t w o  m o d e l s  

is  u s e f u l  b e c a u s e  i t  s h o w s  t h a t  the  t r a d i t i o n a l  s u p p l i e s  of  d o m e s t i c  e n e r g y  

2Z 
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will be unable to satisfy a large portion of the future energy market; thus 

there is an opening for a new energy carrier such as hydrogen. In addition, 

one model shows that some nuclear heat, up to Z8.2 quadrillion Btu in the 

year 2000, could potentially be available for hydrogen synthesis. The 

question that remains is: In what fashion could the synthesized hydrogen 

be  u t i l i z e d  ? 

Wc h a v e  s u r v e y e d  p o r t i o n s  of  the  m a r k e t  f o r  p r e s e n t  and f u t u r e  u s e s  of  

h y d r o g e n  to  s h o w  how s o m e  of  the  " e n e r g y  g a p s "  p r e d i c t e d  by  M o d e l s  I and II 

m i g h t  be  f i l l e d  b y  h y d r o g e n .  The  m a r k e t  e s t i m a t e s  a r e  no t  c o m p r e h e n s i v e ,  

a r e  no t  t a k e n  d i r e c t l y  f r o m  e i t h e r  M o d e l  I o r  M o d e l  II ,  and s h o u l d  no t  be  

c o m p a r e d  d i r e c t l y  to t h e m  w i t h o u t  e x p e c t i n g  s o m e  i n c o n g r u i t i e s .  I n s t e a d ,  

the  e s t i m a t e s  a r e  b a s e d  on  the e x t r a p o l a t i o n  of  h i s t o r i c a l  da ta ,  and  m o d e l  

g r o w t h  r a t e s  a r e  u s e d  o n l y  when  n e c e s s a r y .  

E x t r a p o l a t i o n  of  P r e s e n t - D a y  H y d r o g e n  D e m a n d s  

T a b l e  2 -Z0  s h o w s  the  l a r g e s t  p r e s e n t - d a y  u s e s  of  h y d r o g e n  (as  a f e e d -  

s t o c k  o r  i n t e r m e d i a t e ) ,  the  a m o u n t  of  h y d r o g e n  so c o n s u m e d  in  1973, and 

t h e i r  g r o w t h  r a t e s ,  as  g i v e n  b y  v a r i o u s  s o u r c e s .  

T a b l e  Z.-Z0. 

Use 

A m m o n i a  S y n t h e s i s  9 

C h e m i c a t  M e t h a n o l  S y n t h e s i s  z 

Oil  Re f in ing  1 

Hydrotreating 

Hydrocracking 

Others 9 

P R E S E N T - D A Y  H Y D R O G E N  USES AND G R O W T H  R A T E S  

1973 U s a g e ,  10 is B tu  A n n u a l  G r o w t h  R a t e ,  

0 .340  "~ 4 . 5  

0 .076*  6 . 0  

0.176 I0.0 

0.241 < I .  0 

0.049 ~ i0.0 

~ U.S.  B u r e a u  of  M i n e s ,  '2- Iydrogen C o m m o d i t y  S t a t e m e n t  1 9 7 3 , "  u n p u b l i s h e d .  
W a s h i n g t o n ,  D.  C . ,  D e c e m b e r  1974.  

To  e s t i m a t e  the  d e m a n d  f o r  h y d r o g e n  f r o m  t h e s e  s o u r c e s ,  we have  

m a d e  the" f o l l o w i n g  as  s u m p t i o n s :  

• A m m o n i a  and c h e m i c a l  m e t h a n o l  s y n t h e s i s  wi l l  g r o w  at  t h e i r  h i s t o r i c a l  
r a t e s ,  

Z3 
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• Because of recently applied sulfur restrictions, hydrotreating is grow- 
ing at an accelerated rate. This rate was assumed to continue until 
1979, at which point the hydrotreating growth rate would decrease to 

that of oil refining in general. 

• The growth of hydrocracking is currently depressed, primarily by the 
sudden shortage of natural gas. It is assumed that hydrocracking wil l  
b e g i n  to g r o w  a g a i n  at the s~ me r a t e  as oi l  r e f i n i n g  in  g e n e r a l ,  in 1980. 

• T h e  r a t e  of g r o w t h  f o r  o i l  r e f i n i n g  was  a s s u n m d  to be abou t  2% p e r  y e a r ,  
(as i n d i c a t e d  by  M o d e l  12). 

• T h e  ' o t h e r "  u s e s  of h y d r o g e n  have  b e e n  g r o w i n g  at a r a t e  of  10% p e r  
y e a r .  I t  was a s s u m e d  tha t  th i s  g r o w t h  r a t e  would  c o n t i n u e  u n t i l  1985, 
t h e n  d e c r e a s e  to a r a t e  of 5~ p e r  y e a r  a f t e r  tha t .  

T a b l e  2-21 thus  s h o w s  the  e s t i m a t e d  h y d r o g e n  d e m a n d  f o r  t r a d i t i o n a l  u s e s  

( f e e d s t o c k  o r  i n t e r m e d i a t e  tha t  cou ld  b e c o m e  a f e e d s t o c k ) .  

T a b l e  2-21. 

Use  

Arnmo ni a Synthe s i s 

Chemical Methanol 
Synthesis 

Oil Refining 

Hyd r o t r eating 

Hydroc racking 

Other 

Total 

H Y D R O G E N  DEMAND FOR T R A D I T I O N A L  USES 

1973 1980 1985 1 9 9 0  1995 2000 

1015 B t u / y r  

0 .340 0.46 0 . 6 0  0.7 0.9 1.1 

0.076 O. 11 O. 15 O. gO O. 30 O. 4 

0.176 0.34 0.38 0.41 0.46 0.5 

0.241 O.Z6 O,Z9 0.3Z 0.35 0.4 

0.049 O. I0 O. 15 O. 20 O. 25 O. 3 

0.882 1.27 1.57 1.83 2.26 2.7 

Future Uses of Hydrogen as a Chemical Feedstock 

In the next few decades, a number of new markets for hydrogen may 

open up. Hydrogen may be used as a reducing gas in iron ore refining, 

and e s t i m a t e s  have  b e e n  p u b l i s h e d  s h o w i n g  the  q u a n t i t i e s  of  h y d r o g e n  t h a t  

m a y  thus  be n e e d e d .  T a b l e  2-Z2 g i v e s  the e s t i m a t e s  of h y d r o g e n  u s a g e  

p r e s e n t e d  in a r e p o r t  ~ by The  F u t u r e s  G r o u p .  

As wi l l  be s h o w n  in a l a t e r  s c c t i o n  of th i s  r e p o r t ,  t r e m e n d o u s  a m o u n t s  

of h y d r o g e n  wil l  be n e e d e d  f o r  c o a l  l i q u e f a c t i o n  and g a s i f i c a t i o n  p r o c e s s e s .  

Oil s h a l e  p r o c e s s i n g ,  whi le  l e s s  h y d r o g e n  i n t e n s i v e  than  the p r o d u c t i o n  of  

c l e a n  f u e l s  f r o m  c o a l ,  wi l l  a l so  r e q u i r e  l a r g e  a m o u n t s  of h y d r o g e n .  T a b l e  2--23 

s h o w s ,  f o r  e a c h  p r o c e s s ,  the a p p r o x i m a t e  q u a n t i t y  of h y d r o g e n  n e e d e d  p e r  

24 
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Table 2- 22. 

1985 

1990 

1995" 

Z000 

* Inte  r p o l a t e d .  

DEMAND FOR HYDROGEN BY IRON ORE DIKECT- 
REDUCTION PROCESSES 

Demand, 
Year 10 ls Btu/yr 

1980 0. 102 

0. 215 

0. 357 

0.487 

0.65O 

Table 2-23. HYDROGEN DEMAND FOR SYNTHETIC FUEL 
PROCESSES PER UNIT OF OUTPUT 

Demand, 
Process SCF of Hydrogen 

Coa l  G a s i f i c a t i o n  

Coa l  L i q u e f a c t i o n  

Oi l  Shale  

1 . 3 / S C F  of  m e t h a n e  

6000/551 o f  s~mcrude  

1100 /bb l  of  45 ° A . P I - g r a v i t y  s y n c r u d e  

u n i t  o f  p r o d u c t .  T h e s e  h y d r o g e n  d e m a n d s  w e r e  c a l c u l a t e d  f r o m  p r o c e s s  

f low s h e e t s  and  r e p r e s e n t  the a m o u n t  o f  m o l e c u l a r  h y d r o g e n  u t i l i z e d  in  e a c h  

p r o c e s s .  H y d r o g e n  g e n e r a t e d  in  a p r o c e s s  in  a m a n n e r  s u c h  tha t  an o u t s i d e  

s t r e a m  of  h y d r o g e n  cou ld  no t  be s u b s t i t u t e d  f o r  i t  is  not  c o u n t e d .  T a b l e  Z-Z4 

s h o w s  the d e m a n d  f o r  h y d r o g e n  t h a t  wou ld  be c r e a t e d  i f  the  i f  the  s y n t h e t i c -  

f u e l s  i n d u s t r y  w e r e  to g r o w  at  the r a t e  p r e d i c t e d  by M o d e l  IL  

Table 2-24. 

Process 

Coal Gasification 

Coal Liquefaction 

Oil  Shale  

HYDROGEN DEMAND FOR SYNTHETIC FUEL PROCESSES 
(Model II Growth) 

1980 1985 1990 1995 2000 
10 '~ B t ,~ / y r  

O. 09 O. 48 I .  45 2 . 6 5  3 .74  

O. O0 O. 14 O. 84 i .  81 2 .86  

0 .01 0 . 0 4  0 . 1 6  O.Z9 0 .41  

O. I0  O. 66 2 .45  4 . 7 5  7. Ol 

25 
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Hydrogen as a Substitute for Natural Gas 

Hydrogen may be very useful as a supplementary or gaseous fuel. To 

e s t i m a t e  this demand, we have used the projections given in "Futuro Gas 

Consumption of the United States, ' by the Future Requirements Comnaittee 

(FRC) of the American Gas Associstion. 4 This publication presents expecta- 

tions for the gaseous-fuel market during this century if supply were not a 

problem. 

Table Z-25 shows the gas supply predicted by Model H, the demand 

estimated by the FRC (excluding all interruptible supplies), and the unfilled 

demand (the difference between the two a,nounts). 

Table 2-25. 

Demand  (FRC) 

Supply (Mode[ II) 

Unfilled Demand 

':' Extrapolated. 

GASEOUS FUEL SUPPLY AND DEMAND 

1980 1985 1990 1995 Z000 

I0 ~ Btu/yr m 

25. 3 30. I 34.9 41.6 49, 2 

20.0 18.7 Z0.4 ZZ. 9 25. Z 

5.3 11.4 14.5 18.7 24.0 

It should be clear from Table 2-21, 2-22, 2-24, and 2-25 that, although 

there are sizable demands for hydrogen as a chemical, the largest market 

for hydrogen will be its use as a fuel -- if it can be produced and delivered 

cheaply. 
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3, HYDROGEN PRODUCTION BY ELECTROLYSIS - 

I n t r o d u c t i o n  

896Z 

D. P. Gregory 

The  p r o d u c t i o n  of  h y d r o g e n  by the e l e c t r o l y s i s  of w a t e r  i s ,  in p r i n c i p l e ,  

v e r y  s i m p l e .  The  b a s i c  e l e c t r o - i y s i s  c e l t  c o n s i s t s  of a p a i r  of e l e c t r o d e s  

i m m e r s e d  in a c o n d u c t i n g  e l e c t r o l y t e  d i s s o l v e d  in w a t e r .  A d i r e c t  c u r r e n t  

t s  p a s s e d  t h r o u g h  the c e l l  f r o m  one e l e c t r o d e  to the o t h e r .  : H y d r o g e n  is  

e v o l v e d  a t  one  e l e c t r o d e ,  o x y g e n  is  e v o l v e d  at the  o t h e r ,  and w a t e r  is  thus  

r e m o v e d  f r o m  the  s o l u t i o n .  In a c o n t i n u o u s l y  o p e r a t i n g  e l e c t r o l y s i s  cell ,  

r e p l a c e m e n t  of t h e  p u r e  w a t e r  is  c o n t i n u o u s l y  s u p p l i e d :  and a c o n t i n u o u s  

s t r e a m  of  h y d r o g e n  and o x y g e n  m a y  be o b t a i n e d  f r o m  the two e l e c t r o d e s .  In 

p r a c t i c e ,  e l e c t r o l y s i s  c e i l s  a r e  r a t h e r  m o r e  c o m p l i c a t e d  than th i s ,  c o n t a i n i n g  

v a r i o u s  o t h e r  c o m p o n e n t s  tha t  a l l ow t h e m  to w o r k  e f f i c i e n t l y  and e c o n o m i c a l l y .  

B e c a u s e  the b a s i c  e l e c t r o l y s i s  c e l l  has  no m o v i n g  p a r t s ,  it  i s  r e l i a b l e  and 

t r o u b l e - f r e e ;  and e l e c t r o l y s i s  r e p r e s e n t s  the l e a s t  l a b o r - i n t e n s i v e  m e t h o d  

of  p r o d u c i n g  h y d r o g e n ,  In a d d i t i o n  to the t r o u b l e - f r e e  o p e r a t i o n ,  e l e c t r o l y s i s  

is  the m o s t  e f f i c i e n t  way  of g e n e r a t i n g  h y d r o g e n  u n d e r  p r e s s u r e .  I n c r e a s i n g  

the p r e s s u r e  of  o p e r a t i o n  of  the c e l l  r e s u l t s  in a h i g h e r  t h e o r e t i c a l  v o l t a g e  

r e q u i r e m e n t  to d r i v e  the ce l l ,  bu t  e l e c t r o l y s i s  c e l l s  n o r m a l l y  w o r k  m o r e  

e f f i c i e n t l y  a t  a h i g h e r  p r e s s u r e ;  and the  gain  in e f f i c i e n c y  u s u a l l y  m o r e  

than o f f s e t s  the e x t r a  e l e c t r i c a l  e n e r g y  r e q u i r e m e n t .  

T h e  m o s t  i m p o r t a n t  c h a r a c t e r i s t i c  of e l e c t r o l y s i s  is no t  tha t  h y d r o -  

gen axtd o x y g e n  a r e  sp l i t  out f r o m  w a t e r ,  but  tha t  t h e y  a r e  s e p a r a t e d  at 

the s a m e  t i m e .  T h i s  b e n e f i t  is  d e r i v e d  a t  the e x p e n s e  of  h a v i n g  to u s e  a 

h igh  " e n e r g y  f o r m , "  n a m e l y  e l e c t r i c  p o w e r ,  as the input  to the ce l l .  E l e c -  

t r o l y s i s  h a s  t r a d i t i o n a l l y  b e e n  c o n s i d e r e d  one  of  the m o r e  e x p e n s i v e  m e t h o d s  

o f  h y d r o g e n  p r o d u c t i o n  and e l e c t r o l y z e r s  have been  a s s u m e d  to be i n e f f i c i e n t  

and e x p e n s i v e .  On the  c o n t r a r y ,  it is the e l e c t r i c - g e n e r a t i o n  s t e p  tha t  is 

e x p e n s i v e  and i n e f f i c i e n t ;  and m o s t  c o m m e r c i a l  e l e c t r o l y z e r s  a v a i l a b l e  t o d a y  

a r e  c a p a b l e  o f  o p e r a t i n g  at e l e c t r i c i t y - t o - h y d r o g e n  e f f i c i e n c i e s  above  75%,  

w h i l e  t h e i r  c a p i t a l - c o s t  p o t e n t i a l  is  f a r  l e s s  than tha t  of the p o w e r  s t a t i o n s  

tha t  wou ld  be r e q u i r e d  to r u n  t h e m .  

In th i s  s e c t i o n ,  the p r i n c i p l e s  of e l e c t r o l y s i s  and the e n e r g y  r e q u i r e m e n t s  

fo r  p r o d u c t i o n  of  e l e c t r o l y t i c  h y d r o g e n  a r e  d i s c u s s e d .  The  v a r i o u s  b a s i c  

d e s i g n s  of  e l e c t r o l y z e r  c e t l s  a r e  d e s c r i b e d ,  as a r e  s o m e  of the a v a i l a b l e  

28 
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units. The status of industrial electrolytic hydrogen production is such that 

this method represents only a small fraction of the total hydrogen-production 

capacity, but a large number of small electrolysis plants exist in various 

parts of the world; and the location and size of some of the larger ones are 

described in this report. The estimated costs of hydrogen produced By various 

eleetrolyzers as a function of el¢ ~tric power costs have been calculated and 

an out l ine  of v a r i o u s  r e s e a r c h  p r o g r a m s ,  l a r g e l y  a i m e d  at r e d u c i n g  the  cos t  of 

e l e c t r o l y t i c  h y d r o g e n  p roduc t ion ,  is given.  

P r i n c  [ple s of E lee  t ro ly s i  s 

When a d i r e c t  c u r r e n t  is  p a s s e d  th rough  wa te r  be tween  two e l e c t r o d e s ,  

w a t e r  d e c o m p o s e s  a c c o r d i n g  to the r e a c t i o n  - 

HzO -~ H2 + 1/z Oz 

Wate r  is ac tua l ly  a poor  conduc to r  of e l e c t r i c i t y ;  and in  o r d e r  fo r  this 

r e a c t i o n  to p r o c e e d ,  a conduct ing e l e c t r o l y t e  m u s t  be added to the wa te r .  

Wate r  e s s e n t i a l l y  d i s s o c i a t e s  into h y d r o g e n  and h y d r o x y l  ions (H + and OHm. 

The pos i t ive  h y d r o g e n  ions m i g r a t e  toward  the ca thode ,  the n e g a t i v e  

e l ec t rode ,  w h e r e  they a r e  d i s c h a r g e d  by picking up e l e c t r o n s  and f o r m i n g  

h y d r o g e n  m o l e c u l e  s: 
ZH+ + Ze - *H 

2 

The hydrogen molecules accumulate on the surface of the electrode until a 

bubble forms, breaks away, and rises to the surface of the electrolyte. At 

the oxygen electrode, a similar process occurs in which hydroxyl ions are 

discharged by giving up their electrons to the electrode and reacting to form 

water and oxygen. The oxygen molecules accumulate into gas bubbles and 

rise to the surface. 

Both of these electrode reactions require some intermediate catalytic 

reaction with a metal surface. It is believed that the hydrogen ions dis- 

charge on the metal surface to form an adsorbed layer of hydrogen atoms, 

which then recombine on the surface to form hydrogen molecules. The ease 

with which the electrode reactions occur is profoundly affected by both the 

physical and chemical natures of the surfaces of %he electrodes. 

A Basic electrolyzer cell consists of the following components: 

• An electrolyte -- a xvater solution made conductive by mixing a 
salt or compound with water. The selection of the electrolyte is important 
because it must have the following characteristics: It must exhibit high 

Z9 
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i on i c  c o n d u c t i v i t y ;  i t  m u s t  no t  be c h e m i c a l l y  d e c o m p o s e d  by v o l t a g e  as 
l a r g e  as  tha t  a p p l i e d  to the c e l l  (so tha t  on ly  w a t e r  is  d e c o m p o s e d ) ;  i t  
m u s t  no t  be v o l a t i l e  e n o u g h  to be r e m o v e d  wi th  the e v o l v e d  gas ;  and,  
b e c a u s e  h y d r o g e n - i o n  c o n c e n t r a t i o n s  a r e  be ing  r a p i d l y  p e r t u r b e d  at  
the e l e c t r o d e s ,  the e l e c t r o l y t e  shou ld  have  a s t r o n g  r e s i s t a n c e  to pH 
c h a n g e s  - i . e . ,  i t  shou ld  be a b u f f e r  s o l u t i o n .  

F o r  the m o s t  p r a c t i c a l  a p p l i c a t i o n s ,  t h e s e  c r i t e r i a  c a n  be m e t  by the 
use  o f  a s t r o n g  ac id ,  such as  s u l f u r i c  a c i d ,  o r  a s t r o n g  a l k a l i ,  s uch  as  
p o t a s s i u m  h y d r o x i d e  ([<OH). M o s t  s a l t s  a r e  t h e m s e l v e s  d e c o m p o s e d  
u n d e r  e l e c t r o l y s i s  a t  v o l t a g e s  l i k e l y  to be e n c o u n t e r e d  in an e l e c t r o l y z e r  
c e l l .  Acid  e l e c t r o l y t e s  p r e s e n t  s e v e r e  c o r r o s i o n  p r o b l e m s  and a r e  no t  
u s u a l l y  s e l e c t e d  f o r  e l e c t r o l y z e r s .  T h e r e f o r e ,  m o s t  c o m m e r c i a l e l e c -  
t r o l y z e r s  o p e r a t e  wi th  an a l k a l i n e  e l e c t r o l y t e .  M a x i m u m  c o n d u c t i v i t y  
o c c u r s  in KOH s o l u t i o n s  a t  a b o u t  a 30% c o n c e n t r a t i o n ,  and th i s  is  the 
c o n c e n t r a t i o n  u s u a l l y  s e l e c t e d .  T h e r e  is  one  n o t a b l e  e x c e p t i o n  to th i s  
u s e  o f  a l k a l i n e  e l e c t r o l y t e s  - the u s e  of a so l id  p o l y m e r i c  i o n - e x c h a n g e  
m a t e r i a l  tha t  a l s o  h a s  good  ion ic  c o n d u c t i v i t y .  I o n - e x c h a n g e  r e s i n s  
h a v i n g  m o b i l e  n e g a t i v e  i o n s  (in o t h e r  w o r d s ,  a l k a l i n e  i o n - e x c h a n g e  r e s i n s )  
a r e  n o t o r i o u s l y  s e n s i t i v e  to c h e m i c a l  d e g r a d a t i o n  at e l e v a t e d  t e m p e r a -  
t u r e s ,  and th i s  r e s t r i c t s  the  c h o i c e  of i o n - e x c h a n g e  e l e c t r o l y t e s  to a c i d i c  
systems. The m o s t  successful work x~zith ion-exchange electrolytes has 
been carried out using a polymerized fluorinated polystyrene sulfonic 
ac id .  

E l e c t r o d e s  t ha t  h a v e  the f o l l o w i n g  c h a r a c t e r i s t i c s  - - t h e y  m u s t  be  e l e c -  
t r o n i c  c o n d u c t o r s ;  t h e y  m u s t  h a v e  a s u i t a b l e  c a t a l y t i c  s u r f a c e  f o r  the  
d i s c h a r g e  of h y d r o g e n  o r  h y d r o x y l  i ons ;  t h e y  m u s t  p r o v i d e  a l a r g e -  
a r e a  i n t e r f a c e  b e t w e e n  the  c a t a l y s t  and  the e l e c t r o l y t e ;  t h e y  m u s t  
p r o v i d e  a d e q u a t e  s i t e s  f o r  the  n u c l e a t i o n  of gas  b u b b l e s ;  and t h e y  m u s t  
p r o v i d e  a r e a s o n a b l e  m e a n s  f o r  the d e t a c h m e n t  of gas  b u b b l e s  so tha t  
t h e y  m a y  s e p a r a t e  t h e m s e l v e s  f r o m  the e l e c t r o l y t e  a t  t he  o p e r a t i n g  
v o l t a g e  of t he  c e l l .  

The  f o r m  of  the e l e c t r o d e s  v a r i e s  c o n s i d e r a b l y  f r o m  one  c e l l  d e s i g n  to 
a n o t h e r .  L a r g e  s u r f a c e  a r e a s  a r e  o b t a i n e d  by the u s e  of s i n t e r e d  s t r u c -  
t u r e s ,  f inned  b o d y s ,  s c r e e n s ,  p e r f o r a t e d  p l a t e s ,  and  f l a t  p l a t e s  wi th  
e l e c t r o c h e m i c a l l y  r o u g h e n e d  s u r f a c e s .  In the  a l k a l i n e  c e l l s ,  n i c k e l  
i s  t he  m o s t  c o m m o n l y  u s e d  c a t a l y t i c  s u r f a c e .  R a t h e r  t han  m a k i n g  
e l e c t r o d e s  out  of  so l id  n i c k e l ,  n i c k e l - p l a t e d  m i l d  s t e e l  is  o f t e n  u s e d .  
T h e  a p p l i c a t i o n  of p r e c i o u s - m e t a l  c a t a l y s t s ,  such  a s  p l a t i n u m ,  a s s i s t s  
t h e  e l e c t r o d e  p r o c e s s e s  c o n s i d e r a b l y  and a l l ows  t h e m  to  p r o c e e d  m o r e  
r a p i d l y  t han  on n i c k e l ,  bu t  the  e x t r a  co s t  of the  p r e c i o u s  m e t a l  is  no t  
u s u a l l y  c o n s i d e r e d  j u s t i f i e d .  In the  c a s e  of the p o l y m e r i c  a c i d  e l e c -  
t r o l y t e ,  e l e c t r o d e s  m u s t  be  m a d e  of m o r e  c h e m i c a l l y  r e s i s t a n t  
m a t e r i a l s  t han  n i c k e l  or  s t e e l .  T a n t a l u m  and gold h a v e  b e e n  u s e d ,  
w h i l e  the  p r e c i o u s  m e t a l s  t h e m s e l v e s ,  p l a t i n u m ,  r h o d i u m ,  i r i d i u m ,  
e t c . ,  a r e  u s u a l l y  c o n s i d e r e d  n e c e s s a r y  as c a t a l y s t s .  When  p l a t i n u m  
is  u s e d ,  a l a r g e  s u r f a c e  a r e a  can  be  o b t a i n e d  by  the  u s e  of s o - c a l l e d  
p l a t i n u m  b l a c k ,  a f i n e l y  d i v i d e d  p o w d e r  of p l a t i n u m  m e t a l  p a r t i c l e s .  
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A s e p a r a t o r  - - r e q u i r e d  b e t w e e n  the two e l e c t r o d e s  and s e r v i n g  the f o l l o w -  
ing p u r p o s e s :  I t  p r e v e n t s  the e l e c t r o d e s  f r o m  t o u c h i n g  e a c h  o t h e r  and  
s h o r t i n g  ou t ,  and i t  p r e v e n t s  the h y d r o g e n  and  oxygen  g a s e s  f r o m  m i x i n g  
t o g e t h e r  i n s i d e  the c e l l ,  To p r o v i d e  t h i s  f u n c t i o n  p r o p e r l y ,  t he  s e p a r a t o r  
m u s t  c o n s i s t  of  a p o r o u s  d i a p h r a g m  o r  m a t r i x  t h r o u g h  w h i c h  the e l e c t r o -  
l y t e  so lu t ion  c a n  p a s s ,  a f f o r d i n g  an ionic  c o n d u c t i n g  pa th  f r o m  one s ide  
of the ce l l  to the  o t h e r .  T h e s e  p o r e s  m u s t  r e m a i n  fu l l  of l i qu id  so t ha t  
ga s  c anno t  p e n e t r a t e  t h e m .  A d d i t i o n a l l y ,  the s e p a r a t o r  m a t e r i a l  m u s t  
no~ be c o r r o d e d  by  the e l e c t r o l y t e  in the  p r e s e n c e  of h y d r o g e n  or oxygen  
g a s .  and it  m u s t  r e m a i n  s t r u c t u r a l l y  s t a b l e  fo r  the e n t i r e  o p e r a t i n g  l i fe  
cf  the c e l l  so t h a t  the p o r e s  do no t  c o l l a p s e .  To k e e p  the i on i c  r e s i s t a n c e  
of  the c e l l  a s  low as  p o s s i b l e ,  the s e p a r a t o r  i s  u s u a l l y  m a d e  in the f o r m  
of a thin s h e e t ,  the t h i c k n e s s  of  which  i s  d e t e r m i n e d  by m e c h a n i c a l  
s t r e n g t h  and  g a s  c r o s s o v e r  l i m i t a t i o n s .  In  the c a s e  of  a l k a l i n e  c e l l s ,  
a s b e s t o s  has  c o m m o n l y  been  u s e d  f o r  the s e p a r a t o r  m a t e r i a l .  Woven  
a s b e s t o s  c lo th  and m a t t e d  a s b e s t o s  f i b e r s  a r e  bo th  u s e d  [11 c o m m e r -  
c i a l  c e l l s .  Some  e x p e r i m e n t a l  m a t e r i a l s ,  i n c l u d i n g  p o t a s s i u m  t i t a n a t e ,  
h a v e  been  u s e d  in o t h e r  a l k a l i n e  c e l l s .  In  the  c a s e  of the p o l y m e r i c  
ac id  i o n - e x c h a n g e  r e s i n ,  th i s  m a t e r i a l  a c t s  as  i t s  own s e p a r a t o r ;  and 
no a d d i t i o n a l  m a t e r i a l  i s  n e e d e d .  

A c o n t a i n e r  - r e q u i r e d  to ho ld  the e l e c t r o l y t e .  In s o m e  c e l l s ,  a n i c k e l -  
p l a t ed  s t e e l  t ank  wi th  a l id  i s  u s e d ,  whi le  in o t h e r s ,  so l id  m e t a l  s h e e t s  
a r e  i n t e r p o s e d  b e t w e e n  the e l e c t r o d e s ,  w h i c h  a r e  then  s t a c k e d  t o g e t h e r  
w i t h  p e r i p h e r a l  g a s k e t s  u s e d  to s ea l  the o u t e r  e d g e s .  T h i s  way ,  no 
s e p a r a t e  c o n t a i n e r  i s  r e q u i r e d ,  and c u r r e n t  is  p a s s e d  f r o m  one e l e c t r o d e  
to the n e x t  t h r o u g h  the m e t a l  s e p a r a t o r  p l a t e .  

In add i t i on  to the b a s i c  c o m p o n e n t s  of the e l e c t r o l y z e r  c e l l  i t s e l f ,  an  

e l e c t r o I y z e r  " s y s t e m "  r e q u i r e s  f u r t h e r  c o m p o n e n t s .  T h e s e  i n c l u d e  p o w e r -  

c o n d i t i o n i n g  e q u i p m e n t  to c o n v e r t  ac p o w e r  to the  dc c u r r e n t  r e q u i r e d  by  the  

ce l l :  e l e c t r i c a l  bus  b a r  e q u i p m e n t  to d i s t r i b u t e  the dc p o w e r  to the v a r i o u s  

e l e c t r o d e s  in an  a s s e m b l y  of  e l e c t r o l y z e r  c e l l s ;  g a s - e x i t  pipe w o r k  to d u e t  

the h y d r o g e n  and  o x y g e n  away  f r o m  the ce l l ;  s e p a r a t i o n  s y s t e m s  to s e p a r a t e  

the g a s e s  f r o m  the e l e c t r o l y t e ,  wh ich  m a y  be e n t r a i n e d  wi th  the gas  o r  

d e l i b e r a t e l y  c i r c u l a t e d  out  o f  the c e l l  wi th  the gas ;  coo l i ng  s y s t e m s  to r e m o v e  

w a s t e  h e a t  f r o m  the  c e l l  i t s e l f ;  and  d r y i n g  s y s t e m s  to d r y  the h y d r o g e n  and 

o x y g e n  a f t e r  t h e y  have  b e e n  g e n e r a t e d .  T h u s ,  an e l e c t r o l y z e r  s y s t e m  m a y  

be s e e n  to be f a r  m o r e  c o m p l e x  than  the s i m p l e  c o n c e p t  of " t w o  e l e c t r o d e s  

in an e l e c t r o l y t e "  t h a t  w a s  p r e s e n t e d  e a r l i e r .  L a t e r  in th i s  s e c t i o n ,  op t ions  

for  e l e c t r o l y z e r  c e l l  and s y s t e m  d e s i g n s  w i l l  be d e s c r i b e d  and d i s c u s s e d  in 

m o r e  de t a i l .  

E n e r g y  R e q u i r e m e n t s  f o r  E l e c t r o l y s i s  

The  o v e r a l l  p r o c e s s  of  w a t e r  d e c o m p o s i t i o n  by e l e c t r o l y s i s  i s  the r e v e r s e  

of  the p r o c e s s  o f  h y d r o g e n  c o m b u s t i o n .  T h e r e f o r e ,  the t h e o r e t i c a l  a m o u n t  of  
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energy required per unit quantity of hydrogen produced is the same as heat 

of combustion. Each hydrogen molecule is formed by the addition of two 

electrons to t~'o hydrogen ions in solution, so that a direct relationship exists 

between the current passed (the electron flow rate) and the rate of hydrogen 

production (Faraday' s law). Deviations from Faraday' ~ law (which implies 

that 15.6 SCF ~ of hydrogen is produce,] per 1O00 A-hr) are characterized 

by the electric-current efficiency of the cell. The current efficiency ;.n most 

cells approaches 100~'o. Any lower efficiencies experienced are the result of 

extraneous electrode reactions during the electrolysis; but, theoretically, 

no alternative chemical reactions can occur except the recombination of 

hydrogen and oxygen in solution. A perfectly efficient cell would require 

94 kWhr of electrical energy for each 1000 SCF of hydrogen produced. Of 

these 94 kWhr, only 79 need be supplied as electrical energy; the remainder 

can be supplied as heat. Because this energy input to the cell is in the form 

of power (the product of voltage and current), each electrolytic process has 

a theoretical voltage corresponding to the energy required for the reaction 

to proceed. 

In electrolysis, only the free energy of reaction, ~G, can be interchanged 

with electrical energy at constant temperature and pressure. The quantity" 

of electric charge corresponding to the molar quantities indicated in the 

balanced chemical equation is nF, where n is the number of electrons trans- 

ferred per molecule and F is the Faraday value. If this quantity of electrical 

charge is transported through a potential difference of E volts, the amount 

of work required is given by nFE. Because this electrical change does not 

involve pressure-volume work and is carried out isothermally, the change 

in Gibbs free energy is given by - 

~G = --nFE (3-i) 

~'here E is the potential difference, or voltage, w.hich by convention is taken 

as positive. If AG is negative for a spontaneous cell reaction and E is taken 

as positive for a spontaneously dischargin~ cell. ~here results a negative 

sign in Equation 3-1. 

The entropy change for an electrolytic-cell reaction may be calculated 

from the temperature coefficient of the electromotive force because - 

":All cubic feet measurements given in this section are at standard conditions, 
680} - and 14.7psi. 
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= 

p 

I n t r o d u c i n g  th i s  i n t o  E q u a t i o n  3 - 1 ,  we  h a v e  -- 

nF( ~-~--)p = AS (3-Z) 

The enthalpy change for the cell reaction may be calculated by substituting 

Equations 3-I and 3-Z into - 

~H =AG + TAS =--nFE+ nJ: ±~#p (3-3) 

It [s apparent from Equation 3-3 that the difference between the free-energy 

change and the total-energy change (enthalpy) is accounted for by an entropy 

change in the process. Because %he entropy change cannot be converted %0 

electricity, it must be supplied or liberated as heat. 

For a water electrolysis cell, we can calculate that the voltage corre- 

sponding to the enthalpy change, or the heat of combustion of hydrogen, is 

I. 47 volts at 25°C (77 ° F), whereas the cell voltage corresponding to the 

free-energy change is only I. 23 volts. 

In an ideal case, then, i. 47 volts applied to a water electrolysis cell at 

Z5°C (77°F) would generate hydrogen and oxygen isothermally -- that is, 

at ]00~ thermal efficiency ~vith no waste heat produced. However, a voltage 

as 1o~v as I. 23 volts would sill1 generate hydrogen and oxygen, but the cell 

would absorb heat from its su~'roundings. The electrical energy required for 

the process is only 83.7~ of the combustion energy of the hydrogen produced; 

the other 16.3~ is supplied as heat. Another way of expressing this is that 

the fuel value of the hydrogen produced is 120~ of the heating value of the 

electrical energy input. 

In practical cells, there is usually an efficiency loss that is greater than 

the difference between the free-energy voltage and the enthalpy voltage. In 

other words, practical cells usually operate at voltages greater than i. 47 volts 

and liberate heat because of a variety of efficiency losses occurring within 

the ceil. The heat required to supply the entropy of reaction is therefore 

provided by some of this waste heat, and practical cells do not absorb heat 

from their surroundings. If an extremely well performing cell could be 

operated at a voltage below I. 47 volts, it would act as a refrigerator, drawing 
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h e a t  f r o m  i t s  s u r r o u n d i n g s  to m a k e  up the  d e f i c i t  in the  e n e r g y  i n p u t .  T h e r e  

seems to be little chance of developing electrolyzer cells that operate so 

close to the ideal that they do, in fact, act as refrigerators. However, 

there seems to be a reasonable chance of obtaining cell operation at 1.47 

v o l t s ,  w h i c h  w o u l d  r e p r e s e n t  an  a p p a r e n t  100% c o n v e r s i o n  o f  e l e c t r i c a l  

e n e r g y  to t h e  f u e l  v a l u e  of  h y d r o g e n .  I5 s u c h  a c e l l  p e r f o r m a n c e  c a n  b e  a c h i e v e d  

and  a n  a p p a r e n t  c e l l  e f f i c i e n c y  o f  100g=. i s  d e m o n s t r a t e d ,  t h i s  w o u l d  s t i l l  

r e p r e s e n t  an  e l e c t r o c h e m i c a l  e f f i c i e n c y  of  o n l v  8 3 % .  I t  i s  c u r i o u s ,  t h e r e f o r e ,  

t h a t  a p r a c t i c a l  d e v i c e  c o u l d  p r o b a b l y  be  p r o d u c e d  t h a t  o p e r a t e s  a t  an  a p p a r e n t  

e f f i c i e n c y  o f  100% w i t h o u t  v i o l a t i n g  the b a s i c  l a w s  of  t h e r m o d y n a m i c s .  T h i s  

o p e r a t i n g  v o l t a g e  o f  1 . 4 7  v o l t s  i s  a g o o d  t a r g e t  to a i m  f o r  in  the  d e v e l o p m e n t  

o f  a d v a n c e d  e l e c t r o l y z e r  c e l l s .  

T h e  f r e e - e n e r g y - c h a n g e  v o l t a g e ,  E ,  o r  " r e v e r s i b l e "  v o l t a g e  a s  i t  i s  

c a l l e d ,  v a r i e s  w i t h  t e m p e r a t u r e  a s  s h o w n  in } - i g u r e  3 - 1 .  A s  c a n  be s e e n ,  

r a i s i n g  the  t e m p e r a t u r e  l o w e r s  the  v o l t a g e  a t  w h i c h  w a t e r  c a n  be  d e c o m p o s e d .  

T h i s  f a c t o r  o p e r a t e s  in f a v o r  of  e l e c t r o l y s i s  c e l l s  b e c a u s e  a t  h i g h e r  t e m -  

p e r a t u r e s  the  e l e c t r o d e  p r o c e s s e s  p r o c e e d  f a s t e r ,  w i t h  l e s s  l o s s ,  w h i l e  the  

r e q u i r e d  e n e r g y  i n p u t  i s  l e s s .  T h i s  is  in c o n t r a s t  to t u e l c e l l s ;  t h e i r  a v a i l a b l e  

e n e r g y  o u t p u t  f a l l s  a s  t he  t e m p e - a t - a r e  i s  r a i s e d .  
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The v o l t a g e  c o r r e s p o n d i n g  to e n t h a l p y  c h a n g e ,  o r  as  we sha l l  t e r m  it ,  the 

" t h e r r u e n e u t r a l  v o l t a g e ,  " v a r i e s  on ly  s l i gh t ly  w i th  t e m p e r a t u r e ,  f r o m  1.47 

vo l t s  a t  2 5 ° C  ( 7 7 ° F )  to 1 .50  vo l t s  a t  340°C  ( 6 4 4 ° £ ' ) .  This  is  a l so  shown  in 

F i g u r e  3 ,1 .  T h r e e  a r e a s ,  t h e r e f o r e ,  can  be i d e n t i f i e d :  1) t ha t  in w h i c h  

no h y d r o g e n  is  e v o l v e d ,  2) t ha t  in w h i c h  h y d r o g e n  is m a d e  at an a p p a r e n t l y  

g r e a t e r - t h a n - 1 0 0 ~  e f f i c i e n c y ,  and  3) tha t  in w h i c h  h y d r o g e n  is  m a d e  at an 

e f f i c i e n c y  of l e s s  than  100% wi th  the p r o d u c t i o n  of w a s t e  hea t .  

E f f e c t  of  P r e s s u r e  on the D e c o m p o s i t i o n  Vo l t age  

In c o n s i d e r i n g  the t h e o r e t i c a l  a s p e c t s  of the e f f e c t  of  p r e s s u r e  on e l e c t r o l y -  

s i s ,  we  h a v e  to i n q u i r e  in to  the  e f f e c t  of  p r e s s u r e  on the d e c o m p o s i t i o n  v o l t -  

age and on the e f f i c i e n c y  l o s s e s  w i th in  the ce l l .  D u r i n g  e l e c t r o l y s i s  the 

f r e e - e n e r g y  c h a n g e  c a n  be w r i t t e n  as  - 

dG = --SdT + VdP (3-4) 

If ~x~e apply this at constant temperature we can'write - 

~.~_ ~]r 
= V p -  V r  ( 3 - 5 )  

w h e r e  G r ,  G p ,  V r ,  and Vp a r e  the Gibbs f r e e  e n e r g i e s  and  v o l u m e s  

o f  the r e a c t a n t s  and p r o d u c t s ,  r e s p e c t i v e l y .  Th i s  e q u a t i o n  m a y  be w r i t t e n  -- 

bAG 
5 P = AV (3-6) 

where ^V is the change in volume during reaction. Substituting dO 

into Equation 3-6 we obtain - -  

-AV 
- n£` ( 3 - 7 )  

If we a s s u m e  tha t  the v o l u m e  of the l iquid  w a t e r  is  s m a l l  c o m p a r e d  wi th  t ha t  

of  g a s e o u s  p r o d u c t s  h y d r o g e n  (Hz) and  o x y g e n  (Or), and if we f u r t h e r  a s s u m e  

the v o l u m e s  of t h e s e  g a s e s  o b e y  the  p e r f e c t  ga s  l aw -- 

PV = ZRT (3-8) 

where Z = number of moles, we derive - 

dE  =(ZRTnF d--P-P ) O P  + .(Z-R-R Tn£` ? ) H  (3-9)  

2 Z 

By integration between ambient conditions and the operating pressure we 

obtain - 
0. 052 0. 058 

Ep = El + 2 log PHz + ~ log Poz (3-10) 
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B e c a u s e  du r i ng  e l e c t r o l y s i s  PH~ -- Poz -- 

E = E :  + 0.043_~ log P (P = a tm)  (3-11) 
P 

T h u s ,  r a i s i n g  the p r e s s u r e  of  o p e r a t i o n  of a w a t e r  e l e c t r o l y z e r  r e s u l t s  

in a t h e o r e t i c a l  i n c r e a s e  in the d e c o m p o s i t i o n  v o l t a g e  of 43 mV fo r  e v e r y  

t e n fo ld  i n c r e a s e  in p r e s s u r e .  The  e n e r g y  r e q u i r e d  to p r o v i d e  th i s  a d d i t i o n a l  

v o l t a g e  i s  e x a c t l y  e q u a l  to the p o t e n t i a l  e n e r g y  c o n t a i n e d  in the h i g h - p r e s s u r e  

h y d r o g e n ,  In p r a c t i c e ,  e l e c t r o l y z e r  c e l l s  operate s l i g h t l y  c l o s e r  to the i d e a l  

a t  h i g h e r  p r e s s u r e s  than t hey  do at a t m o s p h e r i c  p r e s s u r e  - t ha t  i s ,  e f f i -  

c i e n c y  l o s s e s  a r e  l e s s  a t  h i g h e r  p r e s s u r e s .  Th i s  i s  b e c a u s e  of a v a r i e t y  of  

r e a s o n s ,  i nc l ud i ng  the f a c t  t ha t  the gas  bubb l e s  e v o l v e d  a r e  s m a l l e r  and p r o -  

v ide  l e s s  h i n d r a n c e  to the p a s s a g e  of  ionic  c u r r e n t  a c r o s s  the c e l l .  At 

p r e s s u r e s  o f  up to abou t  400 p s i a ,  the  s av ing  m e n e r g y  due to i n c r e a s e d  

e f f i c i e n c y  is  g r e a t e r  than the  e x t r a  e n e r g y  tha t  h a s  to be e x p e n d e d  to o v e r -  

c o m e  the t h e o r e t i c a l  v o l t a g e .  T h u s ,  p r e s s u r i z e d  o p e r a t i o n  of e l e c t r o l y z e r s  

is  an e x t r e m e l y  e f f i c i e n t  way  of g e n e r a t i n g  p r e s s u r i z e d  h y d r o g e n ;  and,  up 

to m o d e r a t e  p r e s s u r e  i n c r e a s e s ,  p r e s s u r e  c a n  be d e v e l o p e d  at  " a p p a r e n t "  

p u m p i n g  e f f i c i e n c i e s  of g r e a t e r  than 100%. 

In a d d i t i o n  to the e n e r g y  r e q u i r e d  to p a s s  c u r r e n t  t h r o u g h  the e l e c t r o l y z e r  

c e i l  i t s e l f ,  c e r t a i n  p a r a s i t i c  e n e r g y  r e q u i r e m e n t s  m u s t  be m e t .  M o s t  

p r a c t i c a l  e l e c t r o l y z e r  s y s t e m s  c o n t a i n  p u m p s  f o r  c i r c u l a t i o n  of the e l e c t r o -  

l y t e ,  gas ,  o r  c o o l i n g  f lu id;  and t h e s e  c o n s u m e  s m a l l ,  bu t  s i g n i f i c a n t ,  q u a n t i -  

t i e s  of  e n e r g y .  The  p o w e r  supp l i ed  to the c e l l  m u s t  be r e l a t i v e l y  low v o l t -  

age de,  a l t h o u g h  p o w e r  s u p p l i e s  a r e  c o n v e n t i o n a l l y  h i g h - v o l t a g e ,  3 - p h a s e  

ac .  The  c o n v e r s i o n  of ac l ine  p o w e r  to dc p o w e r  ts  n o t  c a r r i e d  ou t  wi th  

100G e f f i c i e n c y ;  and the p o w e r - c o n d i t i o n i n g  e q u i p m e n t ,  t h e r e f o r e ,  r e p r e -  

s e n t s  a f u r t h e r  p a r a s i t i c  e n e r g y  load  on the s y s t e m .  T h e s e  p a r a s i t i c  e n e r g y  

l o a d s  a m o u n t  to s o m e w h a t  l e s s  than 551o of the to t a l  e n e r g y  c o n s u m p t i o n  of 

an e l e c t r o l y z e r  s y s t e m .  

R e t a r n i n g  to the e l e c t r o l y z e r  ce l l  i t s e l f ,  the  e n e r R y  r e q u i r e m e n t s  of a 

p r a c t i c a l  c e l l  a r e  alx~.ays g r e a t e r  than  the m i n i m u m  t h e o r e t i c a l  e n e r g y  r e -  

q u i r e m e n t s  d e s c r i b e d  a b o v e .  E f f i c i e n c y  l o s s e s  o c c u r  b e c a u s e  of  a) the 

r e s i s t a n c e  of the e l e c t r o l y t e  i t s e l f ,  b) c h a n g e s  ~n thc v o l t a g e  of  the e l e c -  

t r o d e s  due  to  c o n c e n t r a t i o n  p o l a r i z a t i o n  ( c h a n g e s  in the  c o n c e n t r a t i o n  
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of  h y d r o g e n  ions ,  o x y g e n  i o n s ,  o r  w a t e r  in  the v i c i n i t y  of  the e l e c t r o d e s ) ,  

and c) v o l t a g e  g r a d i e n t s  s e t  up  a t  the e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  i t s e l f  

due  to  the  s l o w n e s s  of  the  e l e c t r o d e  r e a c t i o n s .  A d d i t i o n a l l y ,  t h e r e  a r e  

s m a l l  l o s s e s  in the e l e c t r o n i c  c o n d u c t i o n  o£ c u r r e n t  t h r o u g h  the m e t a l  p a r t s  

of the cell. 

B e c a u s e  a p r a c t i c a l  c e l l  o p e r a t e s  at a h i g h e r  v o l t a g e  than t h e  t h e o r e t i c a l  

v a l u e  of  1 .23  v o l t s  (a t  r o o m  t e m p e r a t u r e  and p r e s s u r e ) ,  the d i f f e r e n c e  b e t w e e n  

the a c t u a l  a p p l i e d  v o l t a g e  and the t h e o r e t i c a l  v o l t a g e  i s  c o m m o n l y  c a l l e d  

o v e r v o l t a g e .  The c h a n g e  in v o l t a g e  a t  i n d i v i d u a l  e l e c t r o d e s  i s  o f t e n  c a l l e d  

p o l a r i z a t i o n ,  and the t e r m s  o v e r v o l t a g e  and  p o l a r i z a t i o n  a r e  u s e d  s y n o n y -  

m o u s I y .  The v o l t a g e  e f f i c i e n c y  o f  the  c e l l  c an  be d e t e r m i n e d  b y  c o m p a r i n g  

the a c t u a l  o p e r a t i n g  v o l t a g e  wi th  the t h e o r e t i c a l  v o l t a g e  a t  the  o p e r a t i n g  

c o n d i t i o n s .  The o p e r a t l n g  vo l t age  of  a c e l l  v a r i e s  a c c o r d i n g  to the c u r r e n t  

tha t  i s  p a s s e d  t h r o u g h  i t .  J u s t  a s  in an o h m i c  r e s i s t a n c e ,  i n c r e a s i n g  the c u r -  

r e n t  r e s u l t s  in an i n c r e a s e  in v o l t a g e .  Thus ,  the v o l t a g e  e f f i c i e n c y  of  an 

e l e c t r o l y z e r  c e l l  i s  a f unc t i on  of  the c u r r e n t  p a s s e d  t h r o u g h  i t ,  d e c r e a s i n g  

a s  the c u r r e n t  i s  r a i s e d .  If the  o p e r a t i n g  v o l t a g e  of  the  c e l l  i s  p l o t t e d  

a g a i n s t  the c u r r e n t  p e r  u n i t  a r e a  of  e l e c t r o d e ,  c o m m o n l y  t e r m e d  the c u r -  

r e n t  d e n s i t y ,  a c h a r a c t e r i s t i c  c u r v e ,  c o m m o n l y  c a l l e d  a p o l a r i z a t i o n  c u r v e ,  

i s  o b t a i n e d .  Th i s  c u r v e  is  a v i t a l  d e s i g n  p a r a m e t e r  f o r  an e l e c t r o l y z e r  s y s -  

t e m  b e c a u s e  i t  s h o w s  the r e l a t i o n s h i p  b e t w e e n  v o l t a g e  fo r  e f f i c i e n c y  and the 

c u r r e n t  d e n s i t y  f o r  the  r a t e  o£ h y d r o g e n  p r o d u c t i o n .  C l e a r l y ,  by  d o u b l i n g  

the r a t e  of  c u r r e n t  d e n s i t y ,  and thus  doub l ing  the h y d r o g e n - p r o d u c t i o n  r a t e ,  

t he  e f f e c t i v e  c a p i t a l  c o s t  of the  c e l l  i s  h a l v e d ,  a l t hough  e f f i c i e n c y  i s  p e n a l i z e d .  

T h e  p o l a r i z a t i o n  c u r v e  can  be  u s e d  to  show a t r a d e - o f f  b e t w e e n  c a p i t a l  c o s t  

and  e f f i c i e n c y  in d e t e r m i n i n g  an o p t i m u m  o p e r a t i n g  poin t .  

The c u r r e n t  r e q u i r e d  to decompd~se w a t e r  i s  d e t e r m i n e d  s i m p l y  by  the 

f a c t  tha t  two e l e c t r o n s  a r e  n e e d e d  to d i s c h a r g e  one  m o l e c u l e  o f  h y d r o g e n .  

Th is  c o r r e s p o n d s  to 15 .6  S C F  of h y d r o g e n  p r o d u c e d / 1 0 0 0  A - h r .  In p r a c t i c a l  

c e l l s ,  high c u r r e n t  e f £ i c l e n c i e s ,  a p p r o a c h i n g  100%, a r e  u s u a l l y  a c h i e v e d  

b e c a u s e  t h e r e  u s u a l l y  i s  no o t h e r  pa th  fo r  the c u r r e n t  to t ake .  When  m u l t i p l e  

c e l l s  a r e  c o n n e c t e d  t o g e t h e r  in s e r i e s  and u s e  a c o m m o n  e l e c t r o l y t e ,  s o m e  

c u r r e n t  can  s h o r t - c i r c u i t  f r o m  one  end of the c e l l  s t a c k  to the o t h e r  t h r o u g h  

the e l e c t r o l y t e  f e e d  c h a n n e l s .  Th i s  on ly  o c c u r s  wi th  c e r t a i n  c e l l  d e s i g n s  and 

r e s u l t s  in a s l i g h t  l o s s  of  c u r r e n t  e f f i c i e n c y .  A n o t h e r  s o u r c e  of  e f f i c i e n c y  
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l o s s  i s  the r e c o m b i n a t i o n  of  h y d r o g e n  and o x y g e n  b e c a u s e  they  d i s s o l v e  to 

s o m e  e x t e n t  in the e l e c t r o l y t e  and c r o s s o v e r  into the s e p a r a t o r .  Th i s  l o s s  

b e c o m e s  m o r e  p r o n o u n c e d  when  c e l l s  a r e  o p e r a t e d  at  h igh  p r e s s u r e s  b e c a u s e  

of the i n c r e a s e  in s o l u b i l i t y .  In p r a c t i c a l  l o w - p r e s s u r e  c e l l s ,  c u r r e n t  e f f l -  

c i e n c i e s  in e x c e s s  of 98~0 a r e  u s u a l l y  o b t a i n e d .  The  e n e r g y  e f f i c i e n c y ,  o r  

p o w e r  e f f i c i e n c y ,  of a c e l l  i s  t h e r e f o r e  l a r g e l y  d e p e n d e n t  upon the v o l t a g e  

l o s s e s  o r  p o l a r i z a t i o n  o f  the ce l l ,  which  r e m a i n s  the m o s t  i m p o r t a n t  c h a r -  

a c t e r i s t i c  in d e t e r m i n i n g  the e n e r g y  r e q u i r e m e n t s  f o r  the p r a c t i c a l  e l e c t r o -  

l y z e r  c e l l .  

B a s i c  D e s i g n s  of  E l e c t r o l y z e r  C e l l s  4 

The  o l d e s t  f o r m  of i n d u s t r i a l  e l e c t r o l y s i s  of w a t e r  u s e s  the tank  e l e c t r o -  

l y z e r  in w h i c h  a s e r i e s  of  e l e c t r o d e s ,  a n o d e s  and c a t h o d e s  a l t e r n a t e l y ,  a r e  

s u s p e n d e d  v e r t i c a l l y  and p a r a l l e l  to one  a n o l h e r  ir a tank  p a r t i a l l y  f i l l e d  wi th  

e l e c t r o l y t e .  A l t e r n a t e  e l e c t r o d e s ,  u su~ l ]y  c a t h o d e s ,  a r e  s u r r o u n d e d  by d i a -  

p h r a g m s  tha t  p r e v e n t  the p a s s a g e  of gas  f r o m  one  e l e c t r o d e  c o m p a r t m e n t  to 

a n o t h e r ,  The d i a p h g r a m  is  i m p e r m e a b l e  to ga s ,  but  p e r m e a b l e  to the c e l l '  s 

e l e c t r o l y t e .  T h e  who le  a s s e m b l y  is hung f r o m  a s e r i e s  of  gas  c o l l e c t o r s .  

A s i n g l e  t a n k - t y p e  c e l l  u s u a l l y  c o n t a i n s  a n u m b e r  of e l e c t r o d e s ,  and a l l  e l e c -  

t r o d e s  of  the s a m e  p o l a r i t y  a r e  c o n n e c t e d  in p a r a l l e l ,  e l e c t r i c a l l y ,  as p i c -  

t u r e d  in F i g u r e  3-Z.  Th i s  a r r a n g e m e n t  a l l o w s  an i n d i v i d u a l  tank  to o p e r a t e  

a c r o s s  a 1,9 to Z. 5 vo l t  dc supp ly .  In g e n e r a l ,  the c o s t  of  e l e c t r i c a l  

c o n d u c t o r s  i n c r e a s e s  as the c u r r e n t  load  i n c r e a s e s ,  bu t  the c o s t  of  a c - d c  

r e c t i f i c a t i o n  e q u i p m e n t  p e r  un i t s  of ou tpu t  d e c r e a s e s  as  the ou tpu t  v o l t a g e  

i n c r e a s e s .  T h i s  is  one  i m p o r t a n t  c o n s i d e r a t i o n  in the d e s i g n  of  t a n k - t y p e  

e l e c t r o l y z e r  s. 

T h e r e  a r e  two m a j o r  a d v a n t a g e s  to t a n k - t y p e  e l e c t r o l y z e r s :  

1. R e l a t i v e l y  fex~, p a r t s  a r e  r e q u i r e d  to bu i ld  a t a n k - t y p e  e l e c t r o l y z e r ,  and 
t hos e  p a r t s  t ha t  a r e  n e e d e d  a r e  r e l a t i v e l y  i n e x p e n s i v e .  B e c a u s e  of  t h i s  
f e a t u r e ,  t a n k - t y p e  e l e c t r o l y z e r s  t end  to o p t i m i z e  at  a l o w e r  t h e r m a l  
e f f i c i e n c y  than do m o r e  s o p h i s t i c a t e d  e l e c t r o l y z e r  s t r u c t u r e s .  T h e r e -  
f o r e ,  t a n k - t y p e  e l e c t r o l y z e r s  a r e  u s u a l l y  s e l e c t e d  when  e l e c t r i c - p o , , v e r  
c o s t s  a r e  a t  t h e i r  l o w e s t .  

Z. I n d i v i d u a l  c e l l s  m a y  be i s o l a t e d  fo r  r e p a i r  o r  r e p l a c e m e n t  s i m p l y  by  
s h o r t - c i r c u i t i n g  the two a d j a c e n t  c e l l s  with a b u s  b a r .  Th i s  f e a t u r e  
a l l ows  m a i n t e n a n c e  to be c a r r i e d  ou t  wi th  a m i n h ] l u m  of  d o w n t i m e  f o r  
the e n t i r e  p l a n t .  
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Figure 3-2. SCHEMATIC DIAGRAM OF A UNIPOLAR 
(Tank-Type )  ELECTROLYZER *4 

The major disadvantages of tank-type electrolyzers are a) their inability 

to operate at high temperatures because of heat losses from the large surface 

areas; b) their requirements for more floor space than other types of electro- 

l y z e r s  (a point d i spu ted  b y  s o m e  p roponen t s  of t a n k - t y p e  e l e c t r o l y z e r s ,  who 

s t a t e  that  tank ce l l s  can be  a c c o m m o d a t e d  in as s m a l l  a f l o o r  s p a c e  as the  

f i l t e r - p r e s s  type) ,  and c) the d i f f icu l ty  of des igning  the tanks  to o p e r a t e  at  

high p r e s s u r e s .  

As an a l t e rna t ive  to t ank - type  e l e c t r o l y z e r s ,  m o r e  r e c e n t  e l e c t r o l y z e r  

de s igns  use  s t acks  so that  the pos i t i ve  e l e c t r o d e  of one ce l l  i s  d i r e c t l y  

connected to the negatlve electrode of the next. An assembly of cells has 

superficial resemblance to a filter press because the electrolyte is mani- 

folded to flow through each cell in parallel while hydrogen and oxygen exit 

lines are similarly manifolded through the stack. 

Figure 3-3 is a schematic of a filter-press cell construction. This type 

of cell is sometimes called a bipolar cell (in contrast to the monopolar assembly 

in the tank-type cell) because each electrode is used with one face as the posi- 

tive electrode of one cell and the opposite face as the negative electrode of the 

next cell. In practice, filter-press-type cells are usually constructed with 

separate electrodes in each cell that are electrically connected through a 

solid metal separator plate that serves to keep the hydrogen cavity of one 

cell separate from the oxygen cavity of the next. Because the cells of the 
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f i l t e r - p r e s s - t y p e  e l e c t r o l y z e r  can  be r e l a t i v e l y  th in ,  a l a r g e  ga s  o u t p u t  can  

he a c h i e v e d  f r o m  a r e l a t i v e l y  s m a l l  p i e c e  of e q u i p m e n t .  It i s  u s u a l l y  n e c e s -  

s a r y  to coo l  the c e l l s  by c i r c u l a t i n g  the e l e c t r o l y t e  t h r o u g h  t h e m ,  and the 

e l e c t r o l y t e  e x i t i n g  f r o m  the c e l l  c a r r i e s  wi th  it the gas  p r o d u c e d .  In m a n y  

d e s i g n s ,  s e p a r a t i o n  of  the gas  f r o m  the e l e c t r o l y t e  is  a c c o m p l i s h e d  in a 

s e p a r a t i n g  d r u m  m o u n t e d  on lop  of  the e l e c t r o l y z e r .  The  e l e c t r o l y t e ,  f r e e  

of  gas ,  is  r e c i r c u l a t e d  t h r o u g h  the c e l l s .  The  m a j o r  a d v a n t a g e s  of  f i l t e r -  

p r e s s - t y p e  e l e c t r o l y z e r s  a r e  t h a t  a) t hey  take up l e s s  f l o o r  s p a c e  than the 

t a n k - t y p e  d e s i g n ,  b) t hey  a r e  m o r e  a m e n a b l e  to o p e r a t i o n  at  h igh  p r e s s u r e s ,  

and c) t h e y  a r e  m o r e  a m e n a b l e  t o  o p e r a t i o n  at h igh  t e m p e r a t u r e s .  T h e  m a j o r  

d i s a d v a n t a g e s  a r e  t ha t  a) t h e y  r e q u i r e  a m u c h  c l o s e r  t o l e r a n c e  in c o n s t r u c t i o n  

b e c a u s e  of s e a l i n g  p r o b l e m s ,  and b) t h e y  a r e  m o r e  d i f f i c u l t  to m a i n t a i n  b e -  

c a u s e  if one c e l l  f a i l s ,  the e n t i r e  b a t t e r y  has  to be d i s m a n t l e d ,  and p r o d u c t i o n  

oi h y d r o g e n  is  l o s t .  

F i l t e r - p r e s s  e l e c t r o l y z e r s  u s u a l l y  p r e s e n t  h i g h e r  c a p i t a l  c o s t s  p e r  un i t  

a r e a  than t a n k - t y p e  c e l l s ;  and ,  to c o m p e n s a t e  f o r  th i s ,  t h ey  a r e  o p e r a t e d  a t  

h i g h e r  c u r r e n t  d e n s i t i e s ,  

C e l l s  t ha t  u s e  a s o l i d - p o l y m e r  e l e c t r o l y t e  a r e  u s u a l l y  c o n s t r u c t e d  on the 

f i l t e r - p r e s s - t y p e  d e s i g n .  T h e y  do not  r e q u i r e  e l e c t r o l y t e  c i r c u l a t i o n  b e c a u s e  

the e l e c t r o l y t e  i s  i m m o b i l i z e d  in the f o r m  of an i o n - e x c h a n g e  r e s i n .  The  

e l e c t r o d e s  a r e  e i t h e r  e m b e d d e d  in the s u r f a c e  of the r e s i n  s h e e t s  o r  p r e s s e d  

c l o s e l y  a g a i n s t  the t~,o o p p o s i n g  f a c e s  of the s h e e t  of r e s i n  m a t e r i a l .  A 

r i bbe d  o r  c o r r u g a t e d  s o l i d - m e t a l  s e p a r a t o r  p la te  is  i n t e r p o s e d  b e t w e e n  c e l l s ,  

p r o v i d i n g  e l e c t r i c  c o n t i n u i t y  b e t w e e n  o n e  c e l l  and the nex t  wh i l e  s e p a r a t i n g  

the h y d r o g e n  f r o m  the o x y g e n  in a d j a c e n t  c e l l s .  Th i s  type of  c e l l  is u s u a l l y  

4O 
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cooled by c i r c u l a t i n g  w a t e r  t h r o u g h  the c a v i t y  b e t w e e n  the m e t a l  s e p a r a t o r  

and fhe e l e c t r o d e  p la te .  H y d r o g e n  o r  o x y g e n  e v o l v e d  into th i s  c a v i t y  is  s w e p t  

ou t  by  the c o o l a n t  s t r e a m  and i s  s e p a r a t e d  f r o m  the w a t e r  o u t s i d e  the c e l l .  

The a d v a n t a g e s  of  the s o l i d - p o l y m e r - t y p e  c e l l  a r e  tha t  a) the  e l e c t r o l y t e  

m e m b r a n e  o r  d i a p h r a g m  c a n  be m a d e  v e r y  thin,  a l l o w i n g  high c o n d u c t i v i t y  

w i t h o u t  r i s k  of  gas  c r o s s o v e r ,  and b) the e l e c t r o l y t e  i s  i m m o b i l i z e d  and 

c a n n o t  b e  l e a c h e d  out  of  the  c e l l .  T h e  d i s a d v a n t a g e s  of  the  s o l i d - p o l y m e r -  

e l e c t r o l y t e  (SPE)  c e l l  a r e  tha t  a) the e l e c t r o l y t e  c o s t s  m o r e  than the c o n v e n -  

t iona l  a l ka l i ne  s o l u t i o n s  and  b) the  e l e c t r o l y t e  i s  c o r r o s i v e  and r e q u i r e s  m o r e  

e x p e n s i v e  m e t a l  c o m p o n e n t s  to be  u s e d  in the c e l l .  F o r  t h e s e  r e a s o n s ,  s o l i d -  

p o l y m e r - e l e c t r o l y t e  c e l l s  a r e  u s u a l l y  o p e r a t e d  a t  s o m e w h a t  h i g h e r  c u r r e n t  

d e n s i t i e s  than c e l l s  tha t  u s e  a l iqu id  a lka l ine  e l e c t r o l y t e .  

E l e c  t r o l y z e r - S y s t e m  De s i g n s  

A to ta l  e l e c t r o l y z e r  s y s t e m  c o n s i s t s  of  a l l  the  e q u i p m e n t  n e c e s s a r y  f o r  

the p r o c e s s ,  f r o m  the inpu t  of  e l e c t r i c a l  p o w e r  to the o u t p u t  of  h y d r o g e n  

and o x y g e n  gas  a t  the a p p r o p r i a t e  p u r i t y  and p r e s s u r e  l e v e l s .  In a d d i t i o n  to 

the e l e c t r o l y z e r  c e l l  m o d u l e  i t s e l f ,  w h i c h  h a s  a l r e a d y  been  d e s c r i b e d ,  t h r e e  

m a j o r  s u b s i d i a r y  s y s t e m s  can  be u s e d  in v a r i o u s  f o r m s .  

P o w e r  S u p p l y  

F o r  r e l a t i v e l y  l a r g e - s c a l e  e l e c t r o l y z e r  s y s t e m s ,  p o w e r  i s  u s u a l l y  

s u p p l i e d  f r o m  a t h r e e - p h a s e ,  h i g h - v o l t a g e  l ine .  To c o n v e r t  th i s  into the 

r e l a t i v e l y  low v o l t a g e  dc p o w e r  n e e d e d  f o r  the e l e c t r o l y z e r  c e l l ,  a c o m b i n a -  

t ion trans£ormer-rectlf£er unit is usually used. There is a trade-off to be 

to be made in the design of the transformer-rectifier system, which can pro- 

vide dc at relatively high or relatively low voltages. By connecting the cells 

in series, high-voltage dc systems can be used, and this can have some cost 

advantages in the requirements for transformers and rectifiers. For reason- 

ably large systems, de voltages of 70 to I00 volts are usually used. Clearly, 

this is not possible with very small units because a large number of very 

small cells would be needed. 

The  c o s t  of  a t r a n s f o r m e r - r e c t i f i e r  s y s t e m  is c o n s i d e r a b l e  and  can  r e p r e -  

sen t  a s  m u c h  a s  I / 3  to 1 /2  of  the c o s t  of  the e n t i r e  s y s t e m .  I f  e l e c t r i c  p o w e r  

i s  b e i n g  g e n e r a t e d  o n s i t e ,  s o m e  c o n s i d e r a t i o n  shou ld  be  g iven  to the d i r e c t  

g e n e r a t i o n  of  dc  p o w e r  and  to  the  u s e  of th i s  f o r  e l e c t r o l y s i s .  T h e r e  s e e m  to  
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b e  no  e x a m p l e s  o f  t h i s  in o t h e r  e l e c t r o c h e r n i c a ~  i n s t a l l a t i o n s ,  f o r  e x a m p l e ,  in 

c h l o r i d e - c a u s t i c  p l a n t s  o r  a l u m i n u m - s m e l t i n g  i n s t a l l a t i o n s  t h a t  u s e  o n s i t e  

p o w e r .  H o w e v e r ,  r e c e n t  d e v e l o p m e n t s  in tJ~e t e c h n o l o g y  of  a c y c l i c  o r  dc  

g e n e r a t o r s  m a y  m a k e  the  d i r e c t  r e d u c t i o n  of dc p o w e r  m o r e  p r o m i s i n g .  

M o d e r n ,  a c y c l i c  dc  g e n e r a t o r s  o p e r a t e  o n l y  a t  l ow  v o l t a g e s  a n d  t h i s  i m p l i e s  

the  u s e  o f  v e r y  l a r g e  c u r r e n t s ,  v e r y  l a r g e  b u s  b a r s  to d i s t r i b u t e  the  p o w e r  

to the  e l e c t r o l y z e r  c e l l s ,  a n d  v e r y  c o n ~ p l i c a t e d  s w i t c h  g e a r  f o r  h a n d l i n g  h i g h -  

c u r r e n t ,  l o w - v o l t a g e  do .  O n  the  o t h e r  h a n d ,  dc g e n e r a t o r s  a p p a r e n t l y  c a n  

b e  p r o d u c e d  f o r  a b o u t  the  s a m e  c o s t  a s  ac  g e n e r a t o r s ;  a n d  the  u s e  of  the  dc  

s y s t e m  cou][d c o n s i d e r a b l y  r e d u c e  c a p i t a l  c o s t s  t h a t  w o u l d  o t h e r w i s e  be r e -  

q u i r e d  in the  p r o v i s i o n  of  t r a n s f o r m e r - r e c t i f i e r  u n i t s .  A t  p r e s e n t ,  n o t  e n o u g h  

i n f o r m a t i o n  ~s a v a i l a b l e  to dram- a n y  c o n c l u s i o n s  a b o u t  the  r e l a t i v e  m e r i t s  and  

d i s a d v a n t a g e s  of  the  ac  v e r s u s  dc s u p p l y  s y s t e m s .  

Cooling System s 

Because electrolyzer cells are not, in fact, I00% efficient, a considerable 

amount of waste heat is generated in the electrolyzers and must be removed 

from the cells. There are several ways of doing this: a) by circulating 

electrolyte, b) by circulating hydrogen, c) by circulating water through the 

cell, and d) by circulating water through a heat exchanger in contact with the 

cell. 

Circulation of electrolyte requires a pump capable of handling a corrosive 

liquid at relatively high temperatures and possibly at a high pressure. If 

electrolyte is circulated through a connmon manifold through a large number 

of cells connected in series, then a high voltage is apDlied to it from one end 

of the manifold to the other. This induces a short circuit through the elec- 

trolyte, thus utilizing only the electrodes at either end of the cell stack. 

T h e r e  i s  a t r a d e - o f f  b e t w e e n  t h e  r e d u c t i o n  of  t h i s  s h o r t - c i r c u i t  c u r r e n t  ¢~r 

" s h u n t  c u r r e n t , "  w h i c h  r e s u l t s  i n  l o w  c u r r e n t  e f f i c i e n c y  of  t h e  e n t i r e  c e l l  s t a c k ,  

a n d  t h e  d e l i b e r a t e  i n t r o d u c t i o n  o f  h i g h - r e s i s t a n c e  p a t h s  in  t h e  e l e c t r o l y t e  

c i r c u l a t i o n  l o o p ,  w h i c h  r e s u l t  i n  a r e q u i r e m e n t  f o r  h i g h  c i r c u l a t i n g  p u m p i n g  

p o w e r ,  in s o m e  t y p e s  o f  c e l l s ,  n o t a b l y  the  t a n k - t y p e  c e l l s  in w h i c h  the  e l e c t r o -  

l y t e  in e a c h  c e l l  i s  k e p t  e n t i r e l y  s e p a r a t e  f r o m  t h a t  in a l l  o t h e r s ,  t h e s e  s h u n t  

c u r r e n t s  a r e  n o t  p o s s i b l e .  T h e  c i r c u l a t i o n  of  e l e c t r o l y t e  in t h e s e  c e l l s  i s  

u s u a l l y  p r o v i d e d  b y  the  g a s - l i f t  e f f e c t  of  t he  g a s e s  b e i n g  e v o l v e d  a t  t he  e l e c -  

t r o d e s ,  T h u s ,  v e r y  l i t t l e  p a r a s i t i c  e n e r g y  i s  r e q u i r e d ,  a n d  no e l e c t r o l y t e  
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circulating pump is needed. However, the circulation rates achieved by this 

means are not usually sufficient to remove the generated heat from the cell, 

but simply serve to stir up the electrolyte to reduce concentration gradients 

resulting from the removal and replacement of water. 

Hydrogen itself can be used as a heat transfer material by circulating it 

repeatedly through the cell. Again, a circulating pump is required that can 

handle hydrogen, sometimes in the presence of traces of electrolyte. Hydro- 

gen is withdrawn from the circulating loop at the rate at which it is produced 

at the electrode, and the circulating loop contains the heat exchanger by which 

the waste heat of the cell is removed. 

In the Sl°E-type cell, it is possible to circulate water through the cell, in 

contact with the electrolye, without leaching out the electrolyte itself. This 

approach is not possible in a cell that uses an aqueous electrolyte solution; 

and, in this case, a separate water compartment must be used. This is easier 

to achieve in a tank-type cell than in a filter-press type, although water-cooled 

plates can be built into stack-type cells. In some tank cells, a water chest, 

to act as a heat-removing mechanism, is incorporated into the design of the 

tank itself. 

One of the problems of operating electrolyzer cells at very high pressures 

is that the auxiliary equipment, including the cooling system, would also have 

to be operated at high pressures; and thus the cost of even electrolyte and 

feedwater pumps, which in an atmospheric system would be insignificant, can 

become con side table. 

Gas-Removal System s 

Once gas has been generated at the electrodes, it must be removed from 

the electrolyzer cell and conditioned to the temperatures, pressures, and purity 

levels required by the customer. There are two ways of removing the gas 

from the cell: One is to allow it to be entrained in the flowing stream of 

electrolyte, bring both out from the cell together, and pass the stream through 

an external separator. This usually makes the design of the electrolyzer 

cell itself more simple, ]out requires extra equipment for the separation of 

electrolyte from t/le gas. Clearly, two separator systems would be required -- 

one for hydrogen and one for oxygen, The second method is to allow the gas 

to separate itself from the electrolyte within the cell and then remove i£ as a 
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gas stream only. In this case, it is likely to carry over a spray of electrolyte, 

and a spray trap of some sort is needed. Once hydrogen and oxygen have 

been removed from the cell, they must be dried because they are produced 

f r o m  the c e l l  s a t u r a t e d  w i t h  w a t , : r  v a p o r .  A f t e r  d r y i n g ,  t h e y  m u s t  b e  c o m -  

p r e s s e d  if  the c e l l  i s  n o t  o p e r a t i n g  a t  the  r e q u i r e d  d e l i v e r y  p r e s s u r e .  T h i s  

n e e d  f o r  an  e x t e r n a l  c o m p r e s s o r  i n c r e a s e s  the  p a r a s i t i c  l o a d  o r  e n e r g y  

r e q u i r e m e n t  of the o v e r a l l  c e l l  s y s t e m .  T h e  r e m o v a l  o f  s m a l l  t r a c e s  of  o x y g e n  

f r o m  the  h y d r o g e n  s t r e a m  c a n  be a c c o m p l i s h e d  hv u s e  of  a s o - c a l l e d  " d e o x o "  

c a t a l y s t .  T h i s  c a t a l y s t  i s  u s u a l l y  a h i g h - s u r f a c e - a r e a  p a l l a d i u m  c a t a l y s t ,  

s u p p o r t e d  on  a s b e s t o s ,  t h a t  h a s  the e f f e c t  of  c a u s i n g  the  t r a c e s  of  o x y g e n  

to c o m b i n e  w i t h  h y d r o g e n  to f o r m  w a t e r .  B e c a u s e  o x y g e n  a n d  w a t e r  v a p o r  

a r e  the  o n l y  m a j o r  i m p u r i t i e s  l i k e l y  to be  fo,rTd in e l e c t r o l y t i c  h y d r o g e n ,  

d r y i n g  and  o x y g e n  r e m o v a l  a r e  the  o n l y  p u r i f i c a t i o n  s t e p s  n e c e s s a r y  f o r  

o b t a i m n g  v e r y  h i g h  p u r i t y  h y d r o g e n .  

S u r v e y  of T y p e s  of  I n d u s t r i a l  E l e c t r o l y z e r s  

T h e  E l e c t r o l y s e r  C o r p o r a t i o n  

T h e  E l e c t r o l y s e r  C o r p o r a t i o n  L t d . ,  o f  T o r o n t o ,  C a n a d a ,  p r o d u c e s  t a n k -  

t y p e  e l e c t r o l y z e r s  t h a t  u s e  p o t a s s i u m  t ~ y d r o x i d e  a s  the e l e c t r o l y t e .  T h e i r  c e l l  

d e s i g n s  a r e  k n o w n  a s  S t u a r t  c e l l s  a n d  a r e  s o l d  in  m a n y  p a r t s  o f  the  w o r l d .  

A S t u a r t  c e l l  c o n s i s t s  of  a n i c k e l - p l a t e d  s t e e l  c e l l  t a n k  w i t h  p o s i t i v e  a n d  

n e g a t i v e  e l e c t r o d e s  a r r a n g e d  a l t e r n a t i v e l y  and  s u s p e n d e d  f r o m  the eel . l  c o v e r ,  

] E l e c t r o d e s  in  a s i n g l e - c e l l  t a n k  a r e  c o n n e c t e d  in p a r a l l e l ,  and  the  c e l l  t a n k s  

a r e  c o n n e c t e d  in  s e r i e s  to f o r m  a c e l l  b a t t e r y  a n d  to p r o m o t e  a h i g h e r  o v e r a l l  

v o l t a g e ,  c o n s e q u e n t l y  l o w e r i n g  r e c t i f i c a t i o n  c o s t s .  T h i s  a r r a n g e m e n t  r e s u l t s  

i n  a n  o p e r a t i n g  v o l t a g e  of  a p p r o x i m a t e l y  Z v o l t s  do ,  e v e n  in l a r g e  c e l l s .  

E l e c t r o d e s  u s e d  in  t h e s e  c e l l s  a r e  m a d e  o f  h i g h - c o n d u c t i v i t y ,  h i g h - s u ~ ' f a c e -  

a r e a ,  s a n d - b l a s t e d  s t e e l ;  t h e  a n o d e s  a r e  n i c k e l  p l a t e d  to p r e v e n t  c o r r o s i o n .  

As  in  m o s t  t a n k  e l e c t r o l y z e r s ,  e a c h  a n o d e  i s  s u r r o u n d e d  by  a w o v e n  a s b e s t o s  

c l o t h  d i a p h r a g m  t h a t  p r e v e n t s  the  m i x ' i n g  o f  h y d r o g e n  a n d  o x y g e n .  I t  a l s o  

c h a n n e l s  the  o x y g e n  g e n e r a t e d  t o w a r d  a s t o r a g e  c h a m b e r  b e n e a t h  t h e  c e l l  

c o v e r .  H y d r o g e n  f o r : n e d  a t  the  c a t h o d e s  r i s e s  b e t w e e n  the  d i a p h r a g m  to th~ 

h y d r o g e n  c o m p a r t m e n t  u n d e r  the  c o v e t ' .  I t  i s  n o l  u n c o m m o n  f o r  t h e s e  d i a -  

p h r a g m s  to l a s t  w e l l  o v e r  20 y e a r s  w i t h o u t  r e p l a c e m e n t .  

A c c o r d i n g  to A. K.  S t u a r t ,  the u n i q u e  and  p r o p r i e t a r y  c o n s t r u c t i o n  o f  

the S t u a r t - c e l l  e l e c t r o d e s  p r o v i d e s  a l a r g e  s u r f a c e  f o r  e l e c t r o l y s i s  tn a m i n i -  
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mum of space. Because of the large active surfaces of the electrodes, Stuart 

says the cells are able to operate at a high total current with the surfaces 

exhibiting low current densities. Details of electrode construction are not 

publ ic  ly available. 

The low c e l l - o p e r a t i n g  v o l t a g e  and the p h y s i c a l  s e p a r a t i o n  of  e a c h  c e l l  

tank s i m p l i f i e s  e l e c t r i c a l  i n s u l a t i o n  wi th in  e a c h  c e l l  and e n a b l e s  e f f i c i e n t  

s e a l i n g  a g a i n s t  l o s s  of  the e l e c t r o l y t e  and gas  p r o d u c t .  The e l e c t r o l y t e  is  

c i r c u l a t e d  i n d e p e n d e n t l y  wi th in  the  c e l l  by  m e a n s  of  the  l i f t ing  e f f e c t  o f  the 

r i s i n g  g a s  b u b b l e s .  Th i s  m e t h o d  r e q u i r e s  no m o v i n g  p a r t s  and a v o i d s  the 

h a z a r d s  and c o m p l e x i t y  a s s o c i a t e d  w i th  e x t e r n a l  e l e c t r o l y t e  p u m p i n g  s y s t e m s .  

A 10 to 15 y e a r  o r  m o r e  l i fe  span  i s  c u s t o m a r y  b e f o r e  the e l e c t r o l y t e  n e e d s  

to be r e p l a c e d .  A 28% p o t a s s i u m  h y d r o x i d e  s o l u t i o n  i s  the r e c o m m e n d e d  

e l e c t r o l y t e  f o r  the S t u a r t  c e l L  

E a c h  of  the S t u a r t  c e l l s  is a u t o m a t i c a l l y  s u p p l i e d  wi th  f e e d w a t e r  t h r o u g h  

i n d i v i d u a l  v a l v e s  s e t  to m a i n t a i n  c o r r e c t  e l e c t r o l y e  l e v e l s  and c o n c e n t r a t i o n s .  

A c o o l i n g - w a t e r  h e a d e r  p a s s e s  a long  the  r e a r  of  the c e l l  tank,  supp ly ing  i nd i -  

v idua l  h y d r o g e n  and o x y g e n  s c r u b b e r s  a t  the c e l l '  s gas  o u t l e t s  and a c o o l i n g  

j a c k e t  on the b a c k  of  e a c h  ce l l .  The w a t e r  f low is  a d j u s t e d  to m a i n t a i n  o p t [ -  

m u m  c e l l  t e m p e r a t u r e ;  the e f f l u e n t  w a t e r  i s  s u i t a b l e  f o r  r e c y c l i n g .  A s  i s  

c o m m o n  wi th  m a n y  t ank  e l e c t r o l y z e r s ,  the S t u a r t  c e l l  o p e r a t e s  a t  a r a t h e r  

low t e m p e r a t u r e ,  1 5 8 ° F  (70 ° C),  and low c u r r e n t  d e n s i t y ,  w h i c h  m i n i m i z e s  

w a s t e - h e a t  p r o d u c t i o n .  U n d e r  t h e s e  c o n d i t i o n s ,  o v e r a l l  c e l l  e f f i c i e n c y  i s  

h i g h e r  at  a l l  l e v e l s  o f  h y d r o g e n  o u t p u t  than i t  wou ld  be if  the c e l l  w e r e  

o p e r a t e d  a t  h igh current densities. 

The S t u a r t  c e l l  is  r u g g e d  and  s i m p l e  to a s s e m b l e  and m a i n t a i n ,  and the 

c o m p o n e n t  p a r t s  a r e  i n e x p e n s i v e l y  f a b r i c a t e d .  H y d r o g e n  i s  p r o d u c e d  a t  a 

9 9 . 9 %  p u r i t y .  B e c a u s e  the S t u a r t  c e l l  i s  c o n t a i n e d  in  a c l o s e d  s y s t e m  (not 

e x p o s e d  to the a t m o s p h e r e ) ,  the  p r o b l e m  of f o r m a t i o n  of  p o t a s s i u m  c a r b o n a t e  

f r o m  c o m b i n a t i o n  w i th  the  c a r b o n  d i o x i d e  in  the  a i r  i s  not  e x p e r i e n c e d .  

The b a s i c  S t u a r t  h y d r o g e n  p l an t  i s  o f  m o d u l a r  c o n s t r u c t i o n  in tha t  an  u n -  

l i m i t e d  n u m b e r  of  c e l l s  m a y  be c o n n e c t e d  in s e r i e s .  T h u s ,  h y d r o g e n  

p r o d u c t i o n  c a p a c i t y  m a y  be i n c r e a s e d  b y  s i m p l y  adding  m o r e  c e l l s .  14 P l a n t s  

c o n s i s t  of  a s s e m b l i e s  of  c e l l s ,  e a c h  44 i n c h e s  long and 49 i n c h e s  high,  r a n g i n g  

in w id th  f r o m  12 to 33 i n c h e s  a c c o r d i n g  to the n u m b e r  of  e l e c t r o d e s  and ou tpu t  

c a p a c i t y .  S t a n d a r d  c e l l s  p r o d u c e  f r o m  6 3 . 6  to 350 CF  o f  h y d r o g e n  p e r  h o u r  
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and weigh from 1665 to 5135 pounds. Standard production rates for these 

cells, per I000 amperes of current, are 15.9 CF of hydrogen per hour and 

7.95 CF of oxygen per hour. The dc power co1~sumption is 128 kWhr/'1000 

CF of hydrogen. Maximum gas production pressure i.~ slightly above atmos- 

pheric (10 inches, water column). 

Typical Stuart hydrogen plants produce hydrogen at the rate of tens of thou- 

sands of cubic feet per hour. The utility requirements of a typical Stuart 

electrolyzer plant are as follows: For i0~0 CF of hydrogen and 500 CF of 

oxy. gen, electric power consumption (ac) is 133 to 145 kWhr; the demlne~alized 

feedwater required is 0.895 CF: and the cell cooling water required is 38.77 

CF. 

Some uses for hydrogen outputs in the tens o~ thousands of cubic feet per 

hour include the manufacture of semiconductor materials; that of hydrogen 

coolant at thermal and nuclear power stations; the synthesis of chemical in- 

termediates for long-chain polymer production; the hydrogenation of oils and 

fats in margarine, shortening, and soap production; the direct reduction of 

metal o×[des; the annealing of stainless and electrical steels; and that In 

float-glas s manufacture. 

Electrolyser Corporation rnakcs a smaller unit known as the Stuart 

Packaged Hydrogen Generator. The generator is a self-contained, factory- 

assembled unit capable of producing pure hydrogen in quantities of from Z0 

to 1000 CF/hr. 

Some applications for these smaller uniLs [nclude hydrogen for labora- 

tories, the inflation of meteorological balloons, hydrogen and oxygen for cuttlng 

and welding, and the sintering of metal powders. 

According to Stuart, both cell improvements and total hydrogen plant develop- 

rne,t are necessary to improve Stuart-cell hydrogen production. An increase 

in cell operating temperatures (a 2-year goal), from the current 158 ° to 194°F, 

is  e x p e c t e d  to i n c r e a s e  the o v e r a l l  t h e r m a l  e f f i c i e n c y  by l o w e r i n g  th~ o p e r a t i n g  

v o l t a g e .  S t u a r t '  s 2 to 3 y e a r  g o a l s  fo r  e l e c t r o l y z e r  d e v e l o p m e n t  i nc lude  an 

e l e c t r i c - p o w e r  c o n s u m p t i o n  of  22 .9  to 24 .6  k W h r / l b  of h y d r o g e n  p r o d u c e d ,  

an o p e r a t i n g  v o l t a g e  of 1.9 to 2 . 0 4  v td t s ,  a n d a  t h e r m a l  e f f i c i e n c y  of 77%.  

S t u a r t  f e e l s  fl~at s o m e  e x p l o r a t i o n  c~f a d v a n c e d  d i a p h r a g m  m a t e r i a l s ,  to 

ha nd l e  t2~e h i g h e r  t e m p e r a t u r e s  of  o p e r a t i o n ,  wi l l  be n e c e s s a r y .  P r e s e n t  
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a s b e s t o s  d i a p h r a g m s  can  p o s s i b l y  h a n d l e  t h e s e  t e m p e r a t u r e s ,  bu t  the u p p e r  

l i m i t s  c o n s i s t e n t  w i th  a s a t i s f a c t o r y  l i fe  span a r e  no t  y e t  known.  L i fe  t e s t i n g  

i s  now being p e r f o r m e d .  C o n t i n u e d  d e v e l o p m e n t  of  e l e c t r o d e s  h a s  the 

p o t e n t i a l  of l o w e r i n g  c e l l  o v e r v o l t a g e ,  

Some  s c a l e - u p  of p r e s e n t  c e l l s  i s  e x p e c t e d ;  h o w e v e r ,  o v e r a l l  p l a n t  d e v e l o p -  

m e n t  i s  n e c e s s a r y  to p r o v i d e  the b e s t  e c o n o m i c s .  The  e c o n o m i c  c o n v e r s i o n  

of  shaf t  p o w e r  to h igh dc c u r r e n t  i s  c o n s i d e r e d  b y  S t u a r t  to p r o v i d e  the b e s t  

o p p o r t u n i t y  f o r  i m p r o v e d  o p e r a t i o n  of  h is  c e l l s .  A c y c l i c  g e n e r a t o r s  r a t e d  

at  Z50 ,000  a m p e r e  s {de) w o u l d  be c o n n e c t e d  d i r e c t l y  to h i g h - c u r r e n t  c e l l s .  

A c y c l [ c  g e n e r a t o r s  w o u l d  n o t  r e q u i r e  the  s w i t c h g e a r  o r  t r a n s f o r m e r s  n e e d e d  

wi th  the  m o r e  c o n v e n t i o n a l  a c - d c  r e c t i f i c a t i o n  e q u i p m e n t .  The c a p i t a l  c o s t s  

f o r  c o n v e n t i o n a l  a c - d c  c o n v e r s i o n  a r e  a p p r o x i m a t e l y  $ 4 0 / k W ,  w h e r e a s  

c a p i t a l  c o s t s  f o r  an a c y c l i c  g e n e r a t o r  a r e  e x p e c t e d  to be  a b o u t  $ 1 0 / k W .  

A c c o r d i n g  to S t u a r t ,  no h e a t - t r a n s f e r  p r o b l e m  i s  e x p e c t e d  w h e n  h i s  c e l l s  

o p e r a t e  f r o m  a 2 5 0 , 0 0 0 - a m p e r e  dc s o u r c e .  H e a t  t r a n s f e r  a s s o c i a t e d  wi th  

S t u a r t - c e l l  s c a l e - u p  h a s  no t  p o s e d  any  p r o b l e m  in a s e r i e s  of  s c a l e - u p s .  

S t u a r t  c e l l s  o p e r a t e  a t  a c u r r e n t  d e n s i t y  o f  125 A / s q  f t  and  have  gone up  to 

500 A / s q  f t  w i t h o u t  e v i d e n t  h e a t  d i f f i c u l t y .  13 

T e l e d y n e  i s o t o p e s  , Inc .  4,s,  16 

T e l e d y n e  I s o t o p e s ,  of B a l t i m o r e ,  Md.  , a c q u i r e d  the  f u e l - c e l l  and  e l e c -  

t r o l y z e r  R&D t e c h n o l o g y  t ha t  had  b e e n  d e v e l o p e d  b y  A l l i s - C h a l m e r s  C o r p .  

up un t i l  1967. T e l e d y n e  m a n u f a c t u r e s ,  o r  can  bu i ld  to  su i t  a u s e r ' s  r e q u i r e -  

m e n t s ,  t h r e e  f a m i l i e s  of  h y d r o g e n  p r o d u c i n g  e l e c t r o l y z e r s :  1) g e n e r a t o r s  

tha t  p r o d u c e  f r o m  O. 177 to  O. 353 CF/min, Z) s y s t e m s  t h a t  p r o d u c e  f r o m  

O. 177 to  7 . 0 6  CF/min, and  3) p l a n t s  tha t  p r o d u c e  s e v e r a l  t o n s / d a y .  4 P l a n t s  

in c a t e g o r i e s  1 and 2 h a v e  b e e n  so ld  c o m m e r c i a l l y ,  b u t  p l a n t s  in c a t e g o r y  

3 h a v e  y e t  to be o r d e r e d  and bu i l t .  

The c u r r e n t  T e l e d y n e  E l e c t r a  c e l l  s y s t e m s  a r e  of f i l t e r - p r e s s  type  and, 

in g e n e r a l ,  c o n s i s t  of  m o d u l e s  m a d e  of  m u l t i p l e  e l e c t r o l y s i s  c e l l s  c o n n e c t e d  

in s e r i e s ,  e l e c t r i c a l l y ,  b y  c o m m o n  b i p o l a r  p l a t e s .  The  e l e c t r o d e s  a r e  

s e p a r a t e d  by  a m a t r i x  s a t u r a t e d  wi th  e l e c t r o l y t e .  The m a t r i x  p r e v e n t s  m i x i n g  

of  the g a s e s  and p r o v i d e s  a c o n d u c t i v e  pa th  f o r  the e l e c t r o d e  c u r r e n t .  As the 

h y d r o g e n  and o x y g e n  a r e  f o r m e d ,  they  a r e  kep t  a p a r t ;  and the g a s e s  f r o m  e a c h  

c e l l  a r e  d u c t e d  i n t e r n a l l y ,  t h r o u g h  n~ani fo lds ,  to s t o r a g e  c o n t a i n e r s .  
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The  e l e c t r o l y z e r  u s e s  a p o t a s s L u m  h 3 ' d r o x i d e - w a t e r  s o l u t i o n  (Z5~0 by we igh t )  

e l e c t r o l y t e  wi th  a d v a n c e d - d c s L g n ,  p o r o u s  n i c k e l  e l e c t r o d e s  and o p e r a t e s  at  

m o d e r a t e  t e m p e r a t u r e s ,  100 ° to Z 0 0 ° F .  The  c e l l  c o n t a i n s  no p r e c l o u s ~  

m e t a l  c a t a l y s t s .  

V a r i o u s  s u b s y s t e m s  s u p p o r t  the e l e c t r o l y s i s  m o d u l e  by r e c i r c u l a t i n g  and 

c o o l i n g  the e l e c t r o l y t e ,  adding  w a t e r ,  c o n d i t i o n i n g  the p r o d u c t  g a s e s ,  and  

s upp ly ing  e l ec  t r i c  i ty .  

s m a l l  h y d r o g e n  g e n e r a t o r s  t ha t  p r o d u c e  f r o m  0. 177 to 0. 353 CF of h y d r o -  

ge n , /m in  a r e  u s e d  f o r  such a p p l i c a t i o n s  as p r o d u c i n g  c a r r i e r  g a s e s  f o r  gas  

c h r o m a t o g r a p h s  and  fue l  f o r  f l a m e - i o n i z a t i o n  i n s t r u m e n t s ,  p r i m a r i l y  ~n the 

p o l l u t i o n - c o n t r o l  and m o n i t o r i n g  i n d u s t r y .  T h e s e  s m a l l  g e n e r a t o r  u n i t s  o p e r a t e  

f r o m  a s t a n d a r d  110 vo l t  (ac) p o w e r  s o u r c e  and d e l i v e r y  h y d r o g e n  at f r o m  

0 to 35 ps ig  wi th  a p u r i t y  of b e t t e r  than 99 .99%: .  

A s c h e m a t i c  d i a g r a m  of  the g e n e r a t o r  s y s t e m  is p r o v i d e d  in F i g u r e  3-4 .  

The e l e c t r o l y t e  is r e c { r c u l a t e d  on the oxygev, s ide of  the m o d u l e  to supp ly  

e a c h  c e l l  with w a t e r  and to r e m o v e  h e a t .  The  g e n e r a t i o n  of o x y g e n  gas  in 

the c e l l  p r o v i d e s  a g a s - l i f t  e f f e c t  f o r  c o r : v e c t i v e  c i r c u l a t i o n ,  t h e r e b y  e l i m i n a -  

t ing the n e e d  fo r  a p u m p .  Whi le  a u x i l L a r i e s  a r e  a v a i l a b l e  to p r o v i d e  f o r  c o n .  

OZ V¢~l 
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Fkfiure 3-4. SMALLEST TELEDYNE HYDROGEN GENERATOR ~ 
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t inuous w a t e r  r e p l a c e m e n t ,  the bas ic  s y s t e m  o p e r a t e s  on a b a t c h - f e e d w a t e r  

r e f i l l  technique.  In m o s t  c a s e s ,  h e a t  is r e m o v e d  at the e l e c t r o l y t e  r e s e r v o i r  

by n a t u r a l  convec t ion  to the ambien t  a i r ,  aUowing the s y s t e m  to ope ra t e  ~t 

less than 130°F. 

Larger quantities of hydrogen are produced with the Teledyne intermediate- 

size e l e c t r o l y s i s  systems. Where  l a r g e r  quan t i t i e s  of h y d r o g e n  a re  needed  

for  £ndus t r ia l  p r o c e s s i n g ,  such as in the p roduc t ion  and s i n t e r i n g  of m e t a l  

powde r s  of i ron,  n ickel ,  cobal t ,  and m o l y b d e n u m ,  f o r  the b r i g h t  annea l ing  

of s t a i n l e s s  s t e e l s ,  o r  in e l e c t r i c a l - u t i l i t y  u s e ,  Te ledyne  e l e c t r o l y s i s  uni t s  

have been s ized  to p rov ide  f r o m  0. 177 to 7.06 CF of h y d r o g e n / r a i n .  I n c r e a s e d  

c a p a c i t y  and op t imum e q u i p m e n t  u t i l i za t ion  can  be p rov ided  by us ing  mul t ip l e  
unitS. 

This system differs from the smaller generator in that the electrolyte 

is recirculated on the oxygen side of the module by a centrifugal pump. This 

arrangement resupplies each cell ~th water, removes heat, and carries away 

generated oxygen. A tube-and-shell type heat exchanger is provided to trans- 

fer heat to a water cooling loop. Usual system operating temperatures are 

less than 185 OF. Oxygen is separated from the electrolyte in the electrolyte 

reservoir, where the supply of water is also renewed. The separated oxygen 

flows through a condenser to remove excess moisture and then flows to a 

pressure-control device to regulate and control the oxygen and electrolyte 

loop pressure. Hydrogen generated in the module is manifolded and is piped 

directly to a condenser for removal of most of the water vapor and then to 

a mo]ecular sieve dryer. 

These larger systems weigh from i000 to Z000 pounds per cabinet and 

have dimensions of 33 x 74 x 64 inches. Facilities to supply 460-volt (ac), 

three-phase electricity, cooling water, feedwater, and a small amount of 

inert gas are the only other facilities required. This system requires a 

minimum of maintenance. The electrolyte is sampled once a month to de- 

termine its specific gravity. After the initial electrolyte change at the end 

of the first month of operation, the electrolyte is changed only semiannually. 

Semiannual changing of the electrolyte filter, water-flushlng of the solenoid 

valves, and calibration of the pressure switches are recommended. 
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When qui te  l a r g e  q u a n t i t i e s ,  ~ e v e r a l  tons p e r  day ,  of h y d r o g e n  a r e  r e q u i r e d ,  

T e l e d y n e  r e c o m m e n d s  a c o n s i d e r a b l y  d i f f e r e n t  s y s t e m  of  h y d r o g e n  p r o d u c t i o n .  

A s c h e m a t i c  d i a g r a m  of th i s  sys te ,m is shown in F i g u r e  3 -5 .  In th i s  s y s t e m ,  

the e l e c t r o l y t e  c i r c u l a t e s  to bo th  s i d e s  of the e l e c t r o l y s i s  m o d u l e ,  w h i c h  a l l o w s  

fo r  m o r e  e f f i c i e n t  h e a t  r e m o v a l  and s i m p l i f i e s  the p r e s s u r e - c o n t r o l  f u n c t i o n .  

The e l e c t r o l y t e  is r e c i r c u l a t e d  by a s ing le  p u m p  to both  the h y d r o g e n  and 

o x y g e n  c a v i t i e s  of the m o d u l e .  E a c h  gas  and e l e c t r o l y t e  m i x t u r e  is  then r e -  

t u r n e d  to a d i f f e r e n t  r e s e r v o i r  and s e p a r a t o r  w h e r e  the gas  and l iqu id  p h a s e s  

a r e  s e p a r a t e d .  The  e l e c t r o l y t e  is  c o o l e d  in a h e a t  e x c h a n g e r  and then m i x e d  

wi th  e l e c t r o l y t e  f r o m  the o p p o s i t e  p o r t i o n  of the s y s t e m .  R e p l a c e m e n t  w a t e r  

is  c o n t i n u o u s l y  a d d e d  at the m i x i n g  c h a m b e r .  The  g a s e s  a r e  p i p e d  t h r o u g h  

conc]ensers to remove excess moisture and then through a pressure-control 

device and are finally delivered for use. With this system of "double flooding" 

the gas-collection chambers, there ks a) no pressure differential across the 

diaphragm or pushing away of the electrodes, which may occur with a large 

enough pressure differential, b) no concentration gradient across the cell, 

and c) a more economical production of hydrogen because more hydrogen is 

l ~ m ~  a r e  
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being p roduced  while the c o s t s  and r e q u i r e m e n t s  of a u x i l i a r y  e q u i p m e n t  r e -  

main  the s ame .  Simple  p r e s s u r e - c o n t r o l  d e v i c e s  a r e  i n c o r p o r a t e d  in this  

ce l l  s y s t e m  to al low an o p e r a t i o n  of up to a p p r o x i m a t e l y  100 psig .  

These  s y s t e m s  can be con t ro l l ed  to p rov ide  c o n s t a n t  g a s - p r o d u c t i o n  r a t e s  

and a spec i f i ed  leve l  of gas pur i ty .  M u l t i p l e - s y s t e m  p a c k a g e s  can  be i n s t a l l e d  

to supply v i r t u a l l y  an un l imi t ed  quant i ty  of  hydrogen .  Each  s y s t e m  o c c u p i e s  

a p p r o x i m a t e l y  260 cu it of  f loo r  space  and wi l l  g e n e r a t e  hyd rogen  at an 

e f f i c i e n c y  of 140 kWhr /1000  SCF.  

Although none have b e e n  bui l t ,  Mr .  W. C. Kincaide  of Te l edyne  s t a t e s  

that  the h y d r o g e n  plants  p roduc ing  1 to 4 tons  of h y d r o g e n / d a y  would o p e r a t e  

at  an e l e c t r i c a l - c o n d i t i o n i n g  e f f i c i ency  of 9 5 ~  and at an e l e c t r o l y s i s  e f f i c i e n c y  

of  8 Z ~ .  

F u t u r e  e x p e c t a t i o n s  fo r  Z to 5 - y e a r  d e v e l o p m e n t s  include e l e c t r o l y z e r  

ce l l s  c o n s u m i n g  19-g2 k W h r / l b  a t  an o p e r a t i n g  vol tage  of  be tween  1.6  and 

1.8 vol t s  and an o v e r a l l  t h e r m a l  e f f i c i ency  of  be tween  8Z and 92% o Ul t ima te  

goals project the development of a cell that consumes 15 kWhr/Ib of hydrogen 

and has an operating voltage of I. Z4 volts at a I18~ thermal efficiency, which 

is a l m o s t  c o n g r u o u s  with the t h e r m o d y n a m i c  l imi t .  

Te ledyne  men t ions  c e r t a i n  goals  ye t  to be a t ta ined .  I n c r e a s e d  o p e r a t i n g  

e f f i c i e n c i e s  can  be ach i eved  by the use  of n o b l e - m e t a l  c a t a l y s t s  on the e l e c -  

t r o d e s  in the modu le s ;  but,  in some  c a s e s ,  the addi t iona l  i n c r e a s e  in cap i t a l  

c o s t s  can m o r e  than o f f s e t  any advantage  gained.  Te ledyne  is  c u r r e n t l y  

engaged  in cont inuing the d e v e l o p m e n t  of  l o w - c o s t  c a t a l y s t s  tha t  would  l o w e r  

o re  rvo ltage s, 

Te ledyne  s t a t e s  that  i m p r o v e m e n t s  in c e l l  o p e r a t l n g - t e m p e r a t u r e  c a p a -  

b i l l ty  a re  e x p e c t e d  within the next  Z y e a r s  and should p roduce  o p e r a t i n g -  

efficiency improvements of 15%. Improvements in cell materials must also 

be developed to withstand the increased temperatures. It is expected that 

present asbestos diaphragms or gas separators will not be able to vcithstand 

increased temperatures of operation, and research is being undertaken to 

alleviate this problem. 

Teledyne revealed that it has had problem s in obtaining good commer- 

cially manufactured parts for its electrolyzers. In many instances it has 

developed its own system parts to meet close tolerances and specifications. 
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All  T e l e d y n e  s y s t e m s  c u r r e n t l y  o ~ e r a t e  at  p r e s s u r e s  h i g h e r  than  a m b i e n t .  

An i n s i g n i f i c a n t  p o w e r  p e n a l t y  (0 .431  k W h r / l b  of h y d r o g e n  at 100 ps ia)  is  

r e a l i z e d  when c o m p a r e d  wi th  c o n v e n t i o n a l  c o m p r e s s o r s .  T e l e d y n e  r e a l i z e s  

the i m p o r t a n c e  of the g e n e r a t i o n  of h y d r o g e n  at  tfigh p r e s s u r e  to s t o r i n g  and 

t r a n s m i t t i n g  l a r g e  a m o u n t s  of the gas .  The o p e r a t i n g  p r e s s u r e s  of p r e s e n t  

s y s t e m s  a r e  l i m i t e d  by s t r u c t u r a l  f e a t u r e s .  One s p e c i f i c  q u e s t i o n  be ing  

r e v i e w e d  by T e l e d y n e  is  w h e t h e r  to de s ign  a c e l l  s t a c k  to w i t h s t a n d  p r e s s u r e  

o r  to p l a c e  a p r e s s u r i z e d  tank a r o u n d  an e x i s t i n g  s t a c k .  S tud ie s  a r e  be ing  

p e r f o r m e d  to d e t e r m i n e  the d e m a n d  and c o s t  e f f e c t i v e n e s s  of h i g h - p r e s s u r e  

s y s t e m s  in c o m m e r c i a l  app l i ca t ; . ons .  T e l e d y n e  is bu i l d ing ,  fo r  the U . S .  Navy ,  

e l e c t r o l y t i c  gas  g e n e r a t o r s  tha t  o p e r a t e  at  p r e s s u r e s  of  up to 3000 p s i g .  

P o w e r  p e n a l t i e s  f o r  g e n e r a t i n g  ga s  d i r e c t l y  at this  p r e s s u r e  a r e  l e s s  than  

1. 197 k W h r / l b .  

G e n e r a l  E l e c t r i c  C o m p a n y  2, 11, ~s, 19 z0 

G e n e r a l  E l e c t r i c  Co.  of  Lynn ,  M a s s . ,  h a s  b e e n  d e v e l o p i n g  ~ w a t e r - e l e c -  

t r o l y s i s  s y s t e m  b a s e d  on  s o l i d - p o l y r n e r - e l e c t r o l y t e  (SPE)  fue l  c e l l  t e c h n o l o g y .  

S1DE fue l  c e l l s  w e r e  f i r s t  u s e d  in s p a c e  d u r i n g  the G e m i n i  P r o g r a m ,  [n ~.hich 

they  p r o v i d e d  p r i m a r y  o n - b o a r d  ~ o w e r  fo r  s e v e n  of the s p a c e c r a f t  f l i g h t s .  

A c c o r d i n g  to  s t a f f  at GE c e r t a i n  t e c h n o l o g i c a l  a d v a n c e s  in t h e  d e s i g n  of 

t he  S P E  h a v e  r e s u l t e d  in a w a t e r - e l e c t r o l y s i s  uni t  of  c o n s i d e r a b l e  s i m p l i c i t y  

in  d e s i g n  and o p e r a t i o n  t ha t  can  m a i n t a i n  s t a b l e  and e f f i c i e n t  u s e  of  r e l a t i v e l y  

e x p e n s i v e  e l e c t r i c i t y  s u p p l i e s .  

The  SPE is a th in ,  so l i d ,  p l a s t i c  s i l ee t  of p e r f l u o r i n a t e d  su l fon ic  a c id  

p o l y m e r ,  wh i ch  h a s  m a n y  of  the p h y s [ c a l  c h a r a c t e r i s t i c s  of  T e f l o n .  C h e m i -  

c a l l y ,  the p o l y m e r  a p p r o x i m a t e s  z ° -  

(CF -- CF ) CFz -- CF~n 
(-)-H (÷) x 

Unlike  Te f l on ,  h o w e v e r ,  when a th in  s h e e t  of th~,s m a t e r i a l  is s a t u r a t e d  wi th  

w a t e r ,  the p o l y m e r  b e c o m e s  an e x c e l l e n t  ionic  c o n d u c t o r ,  p r o v i d i n g  low e l e c -  

t r i c a l  r e s i s t a n c e .  Used  in an e l e c t r o l y s i s  c e l l .  it is tt~e on ly  e l e c t r o l y t e  r e -  

q u i r e d ;  t h e r e  a r e  no f r e e  a c i d s  o r  a l k a l i s  in the s y s t e m .  Ionic  c o n d u c t i v i t y  
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is p rov ided  by the mob i l i t y  of the h y d r a t e d  hyd rogen  ions (H + XHzO), which 

move  through the s h e e t  of e l e c t r o l y t e  by pass ing  f r o m  one sulfonic acid  group 

to ano the r .  Because  the s y s t e m  is  solid, the sulfonic ac id  g roups  a r e  fixed, 

keeping the acid c o n c e n t r a t i o n  within the e l e c t r o l y t e  cons tant .  

An i m p o r t a n t  f e a t u r e  of the SPE s y s t e m  is  the s imp l i c i t y  of  the e l e c t r o d e s .  

Because  the e l e c t r o l y t e  is  a sol id,  the ca ta ly t i c  e l e c t r o d e s  a r e  not r e q u i r e d  

e i t h e r  to r e t a i n  o r  suppor t  the e l e c t r o l y t e ,  and can t h e r e f o r e  be op t imized  

fo r  ca ta ly t i c  ac t iv i ty  a t  m i n i m u m  cost .  C u r r e n t l y ,  a thin l a y e r  of h i g h - c a t a -  

l y t i c - a c t i v i t y  p la t inum black is a t t ached  to the SPE su r f ace  to f o r m  the h y d r o -  

gen e l e c t r o d e .  A s i m i l a r  l a y e r  of a p r o p r i e t a r y  p r e c i o u s - m e t a l - a l l o y  c a t a l y s t  

f o r m s  the oxygen e l e c t r o d e .  Addi t ional  m e t a l  c u r r e n t c o l l e c t o r s  a r e  p r e s s e d  

aga ins t  the ca ta ly t i c  l a y e r s .  To date ,  the s y s t e m  has  i n c o r p o r a t e d  the use  

of n iobium or  t i t an ium as the c u r r e n t - c o l l e c t o r  and s e p a r a t o r - s h e e t  m a t e r i a l .  

F i g u r e  3-6 is a s c h e m a t i c  d i a g r a m  of the SPE e l e c t r o l y s i s  cel l .  

,qolid Polymer Elect rolyte  

Cathode , , ~  ~ ~ Anode 

411 + + 4e 4 112 

Pure  
Hydrogen 

% 

(-I 

4e" 

ill 4 

Pure 
Oxygen 

T 
, ' ~  2 11,20 ~ 411 + + 4e- + 02 

411]" a te r  (reactant and coolant) 

7 

Figure 3-6. SCHEMATIC DIAGRAM OF AN SPE 
ELECTROLYSIS CELL II 

In this configuration, water is supplied to the oxygen-evolving electrode 

(the anode), where it is electrochemically decomposed to provide oxygen, hy- 

drogen ions, and electrons. The hydrogen ions move to the hydrogen-evolving 

electrode (the cathode) by migrating through the SPE. The electrons pass 
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through the external circuit and to the hydrogen electrode. At the hydrogen 

electrode, the hydrogen ions and electrons recombine electrochemically and 

produce hydrogen gas. An excess of water is usually supplied to the system 

and is recirculated to remove any waste heat. 

The  g a s e s  p r o d u c e d  by the SPE  a r e  g e n e r a t e d ,  at  any p r e s s u r e ,  in the 

s t o i c h i o m e t r i c  r a t i o  of  h y d r o g e n  to o x y g e n .  The  e l e c t r o l y t e  s h e e t  can  w i t h -  

s t and  p r e s s u r e  d i f f e r e n c e s  of  up to 1000 ps i ,  as w e l l  a s  high g e n e r a t i n g  

p r e s s u r e s  (up to 3000 ps i ) ,  s i m p l y  by b a c k - p r e s s u r i n g  the s y s t e m .  The  

high g e n e r a t i n g  p r e s s u r e s  m a y  be u s e f u l  in so lv ing  t r a n s m i s s i o n  and s t o r -  

age p r o b l e m s .  

A c c o r d i n g  to s t a f f  a t  G E , u s e  of the SPE  r e s u l t s  in the fo l l owing  a d v a n t a g e s  Ls, z0: 

• The  c e l l  can  o p e r a t e  wi th  h igh  d i f f e r e n t i a l  p r e s s u r e s  (> 1000 ps ia)  in 
a d d i t i o n  to h igh  g a s - g e n e r a t i n g  p r e s s u r e s .  

• The  c o n c e n t r a t i o n  of  the e l e c t r o l y t e  ts f ixed ,  and  the e l e c t r o l y t e  i s  no t  
m o b i l e .  

• T h e r e  is  no p o s s i b i l i t y  of a c id  c a r r y - o v e r  in to  the e f f l u e n t  gas .  

• T h e r e  a r e  no c o r r o s i v e  e l e c t r o l y t e s  to c o n t r o l  o r  tha t  can  l e a k  In the 
s y s t e m .  

• The e l e c t r o l y t e  is  e s s e n t i a l l y  i n v a r i a n t  in o p e r a t i o n .  

• The  a c i d - S P E  e l e c t r o l y s i s  un i t  r e s u l t s  in a m i n i m u m  p o w e r  r e q u i r e m e n t  
p e r  un i t  of  gas  g e n e r a t e d .  

• H i g h - c u r r e n t - d e n s i t y  c a p a b i l i t y  can  r e s u l t  in an o p t i m u m  d e s i g n  fo r  low 
c a p i t a l  c o s t ,  a s  w e l l  as f o r  low o p e r a t i n g  c o s t .  

A l though  m o s t  of the SPE d e v e l o p m e n t  was  done f o r  the s p a c e  p r o g r a m  and 

fo r  a i r c r a f t  a p p l i c a t i o n s ,  GEnow p r o d u c e s  two s m a l l e r  h y d r o g a n  g e n e r a t o r s  

f o r  c o m m e r c i a l  a p p l i c a t i o n s .  A p p l i c a t i o n s  f o r  t h e s e  g e n e r a t o r s  i nc lude  the 

p r o d u c t i o n  of  h y d r o g e n  fo r  gas c h r o m a t o g r a p h s  and f o r  f l a m e - i o n i z a t i o n  

d e t e c t o r s .  At p r e s e n t ,  ZZ k W h r  of p o w e r  a r e  a b s o r b e d  p e r  pound of hFd l ' ogen  

p r o d u c e d  at  an o p e r a t i n g  v o l t a g e  of Z.00 vo l t s  and a t h e r m a l  e f f i c i e n c y  of 7 4 ~ .  

The f u t u r e  of  the GE c e l l  s e e m s  to lie in o p e r a t i o n s  at  v e r y  h igh e f f l -  

c i e n c i e s ,  thus m i n i m i z i n g  p o w e r  c o s t s  and j u s t i f y i n g  the r e l a t i v e l y  h igh 

c a p i t a l  c o s t s .  B e c a u s e  t he se  c e l l s  wi l l  a l so  o p e r a t e  at h i g h e r  c u r r e n t  d e n s i -  

t i e s .  a g r e a t e r  h y d r o g e n - p r o d u c t i o n  r a t e  p e r  un i t  c o s t  w i l l  be a c h i e v e d .  GE '  s 

o b j e c t i v e s  a r e  to f u r t h e r  i m p r o v e  the t h e r m a l  e f f i c i e n c y  of the S P E - c e l l  s y s t e m  
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~. :.-,c co~t c~: the boiler is less; and, rr~ore importantly, the p l a n t  is rrmre 

~:. t  i~,, r o n ~  %01 to  7 ~ ,  a g a i n  d e p e n d i n g  o n  t h e  t y p e  o f  h i g h - t e m p e r a t u r e  

~ - s t e m  ~. used as a comparison. 

~.. i .  v, - ~ : r p e ~ : . t u r e  s h i f t  c a t a l y s t  c a n n o t  b e  u s e d  w i t h  a g a s  t h a t  c o n t a i n s  

,: . 3,, _~:se li-c acid-gases (hydrogen sulfide and'carbon dioxide) must be 

-~_~.-,, ~-~: ~c.-m,c stage of the process, iz is desirable in our design to remove 

: : ~ ,  p, : : a i ,  ic:e p r i o r  t o ,  t h e  c a r b o n  d i o x i d e  a f t e r ,  t h e  c a r b o n  m o n o x i d e  

La[,]L' :,--~. (:-GAS HYDROGEN-FROM-COAL PLANT 
,:-Sa2ed on the Use of Montana Subbituminous Coal) 

Gaslfier R a w - G a s  P r o d u c t - G a s  
C o m p o s i t i o n  C o m p o s i t i o n  

t o o l  ~7,, ( d r y  b a s i s ) - -  

c a r b o n  M , , , n o x i d e  50 .  1 0.  1 
C - r ! : c m  D i o x i d e : :  1 l .  5 - -  
~ i \ . ~ r ~ , g e n  3 5 . 3  9 4 . 3  
M e t h a n e  Z. 1 4 . 8  
2 : i t r o g e n  and Argon 0.7 0.8 

} T y d r o c e n  S e l f ; d e  0 . 3  - -  

T a t a ~  I00.0 I00.0 

% I'~. C ppn-,  

- r , - : , r  tc  h y d - - , ; g e n  s u l f i d e  r e m o v a l ,  t h e  g a s  i s  c o n ~ p r e s s e d  t o  7 0 0  p s i g .  

-: f:.~~iitat~s acid-gas removal because a physical absorption system has 

::: z[:c.~<~ ~c,r ti-e p]an;, and higher partial pressures are favorable for 

_".,:n. -~'h> unit selected for acid-gas rernoval is a two-stage Rectisol 

- m .  ;~.:~t is similar :o units that have been successful in copamercial opera- 

....... ~h~` .:.:z!-O~,,~n sulfa.de absorption system produces hydrogen sulfide-rich 

-. : _~,.ut v~,-;:',~ 7c, i :,¢ng tr, ns of ~olten sulfur per day in the sulfur-recovery 

__ : v:iLh Z~0 :-~7:-~ of sulfur remaining in the gas vented to the atmosphere. 

_-,~t~r ~ :f~i,,~. - .e ~:~:.rbon dxox~de is r~n~oved in the second stage of the 

" u r : : .  7 '  is ,:,~ :q-,~:, : i : o : : d e - r i c , :  s : r e a n z  i s  v e n t e d  to  t h e  a t m o s p h e r e .  

~,J-,_:r , ont,,;~, -~; cla:naed to bc less than 5 ppn~. ) A methanationunit is 

• ~r ,-cdu,-,,, t},: t-,w, :n n~onoxide conten: of the product gas from I. 5¢0 to 

- _- s ~ c e, ~,uonz~cal t-q-~;, usin.$ the shif t reaction to convert all of 

" '~ ~: , __,~oxme. i-he un:t :.~ ~ single-stage, adiabatic reactor similar to 

us,,~d : ~r, , : o : : ; x  F~ier, t s  ~n r e m o v i n g  c a r b o n  o x i d e s .  W a t e r  i s  r e m o v e d  

q 6  
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and to develop lower  c o s t  m a t e r i a l s  and m a n u f a c t u r i n g  p r o c e s s e s  to ach ieve  

an o v e r a l l  cos t  for  l a r g e - s c a l e  e l e c t r o l y t i c  h y d r o g e n  p roduc t ion  of SZ to $ 3/  

mi l l ion  Btu (based on 1974 cos t s ) ,  a s s u m i n g  e l e c t r i c a l - p o w e r  cos t s  in the 

range of 5 to i0 m i l l s / k W h r .  

W. A. Titterington lists four specific elements to be included in a long- 

range development program: I) electrolysis-module development, 2) system 

definition, 3) demonstration of a 5-1V[W prototype, and 4) incorporation of 

advanced technology. 

SPE electrolysis-module technology is limited mainly by the cell operat- 

ing temperature and By the lack of suitable cell-component materials. The 

importance of cell operating temperature is reflected by the fact than an in- 

crease in ten~perature from 80 o to ZZ0°F decreases power consumption 

by I0% with the same amount of hydrogen produced. At 300°F, if cell 

operating temperatures as high as this can be attained, the theoretical 

decomposition voltage of water decreases from i. 18 volts (at 180°F) to 

I. IZ volts. However, at 300°F the cell-sealing techniques or gasket 

materials may be a problem because they cannot withstand high temperatures 

and %vet environments. 

E x p e r i e n c e  has  a lso  been  obta ined at  h y d r o g e n  gas gene ra t i on  p r e s s u r e s  

of up to 3000 ps ia .  The r e su l t i ng  e f fec t  on p e r f o r m a n c e  is  shown in F i g u r e  

3-7. 

g 

Io  ~o d~ l a  Ao IL~,) 7oo ~oo 6oo too  ioo~ ~)oo ~x)o 

Figure 3-7. EFFECT OF HYDROGEN 
PRESSURE ON GE-CELL VOLTAGEZ0 
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To da te ,  the SlmE e l e c t r o l y s i s  s y s t e n l s  have  u s e d  n i o b i u m  or  t i t a n i u m  

as the c o l l e c t o r  and s e p a r a t o r - s h e e t  m a t e r i a l ,  ~n sp i t e  of  s t a t e m e n t s  tha t  the 

SImE is  n o n c o r r o s i v e .  N~obium is  qu i t e  e x p e n s i v e ,  $40  to $50 /1b ;  t i t a n i u m ,  

h o ~ , e v e r ,  has  a m o r e  d e s i r a b l e  p r i c e ,  $8 /1b .  GE s t a t e s  tha t  a l t e r n a t i v e  

m a t e r i a l s ,  i n c l ud i ng  m o l y b d e n u m ,  z i r c o n i u m ,  and v a r i o u s  a l l o y s  of t h e s e  

m a t e r i a l s ,  should  be t e s t e d  f o r  co~npa t i b i l i t y  in h i g h - t e m p e r a t u r e  SlmE 

e l e c t r o l y s i s  c e l l s .  

The  S P E  in the c u r r r e n t l y  m a n u f a c t u r e d  c e l l s  is  Ig m i l s  th i ck .  Con -  

s i d e r a b l e  v o l t a g e  r e d u c t i o n s  cou l d  be a t t a i n e d  t:~ h a l v i n g  th i s  t h i c k n e s s .  

R e p r e s e n t a t i v e s  f r o m  GE have  s u g g e s t e d  that  m i n o r  m o d i f i c a t i o n s  in bo th  

the c e l l - f a b r i c a t i o n  t e c h n i q u e  and the h a r d w a r e  de sign wou ld  then  be r e q u i r e d .  

F u r t h e r  r e d u c t i o n  in the t h i c k n e s s  of  the SPE cou ld  f u r t h e r  l o w e r  the e l e c t r i -  

c a l  r e s i s t a n c e s ;  t h e r e f o r e ,  m o r e  e x p e r i m e n t s  a r e  to be c o n d u c t e d  a long  this 

l i ne .  I t  m u s t  a l so  be r e m e m b e r e d  tha t  as the SlmE ~ s t h i c k n e s s  is  d e c r e a B e d ,  

i t s  c o s t  is a l s o  d e c r e a s e d .  A l t e r n a t i v e ,  l ower  c o s t  S P E t s  (a t  as  low as  $ Z / s q  ft) 

a r e  c u r r e n t l y  u n d e r  d e v e l o p m e n t .  

Two o t h e r  a r e a s  of  r e s e a r c h  tha t  m a y  p r o v i d e  e c o n o m i c  a d v a n t a g e s  f o r  the 

SlOE c e l l  a r e  d e c r e a s e s  in  the c a t a l y s t  l o a d i n g s  on the e l e c t r o d e s  and a d v a n c e -  

m e n t  o f  the c a t a l y t i c  e l e c t r o d e s .  P r o g r e s s  in t h e s e  a r e a s  cou ld  r e s u l t  in l o w e r  

c a p i t a l  c o s t s  f o r  the  e n t i r e  c e l l  and in lox~er o v e r v o l t a g e s  a t  bo th  the anode  

and the c a t h o d e .  The  p r e s e n t  c a t h o d e  c a t a l y s t  is  p l a t i n u m  b l a c k ,  wi th  l o a d i n g $  

o f  4 m g / s q  c a .  A p r o p r i e t a r y  m e t a l - a l l o y  c a t a l y s t  is  a p p l i e d  to the anode ,  

a l so  at  a load ing  of 4 m g / s q  c a .  E x p e c t a t i o n s  of  c a t a l y s t  l o a d i n g s  as  low a s  

1 m g / ' s q  c m  on e a c h  e l e c t r o d e  a r e  no t  u n r e a s o n a b l e .  

L i fe  S y s t e m s ,  Inc .3 ,1z  

The  s t a t i c  f e e d w a t e r  e l e c t r o l y s i s  s y s t e m  d e v e l o p e d  by L i fe  S y s t e m s ,  I n c . ,  

u n d e r  NASA s p o n s o r s h i p ,  ha s  p o t e n t i a l  a p p l i c a b i l i t y  f o r  t e r r e s t r i a l  h y d r o g e n  

p r o d u c t i o n .  D e v e l o p e d  f o r  the s p a c e  p r o g r a m ,  the s t a t i c  w a t e r  e l e c t r o l y s i s  

s y s t e m  u s e s  a) an a l k a l i n e  e l e c t r o l y t e ;  b) a m e t h o d  w h e r e b y  the e l e c t r o l y t e  

is  r e t a i n e d  in a thin,  p o r o u s  m a t r i x ,  e l i m i n a t i n g  bulk e l e c t r o l y t e ;  and c) a 

s t a t i c  w a t e r  f e ed  m e c h a n i s m  ( d e p e n d i n g  on d i s t i l l a t i o n  of w a t e r  i n s i d e  the  

cell} to p r e v e n t  e l e c t r o d e  and e l e c t r o l y t e  c o n t a m i n a t i o n  and to e l i m i n a t e  the 

n e e d  f o r  v e r y  p u r e  f e e d w a t e r .  
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In the s tat ic  w a t e r  feed  s y s t e m ,  the w a t e r  to be e l e c t r o l y z e d  is  suppl ied  

to the ce l l  e l e c t r o l y t e  as a vapor .  Each  ce l l  is d iv ided into th ree  ma in  c o m -  

p a r t m e n t s :  a w a t e r - f e e d  c o m p a r t m e n t ,  a h y d r o g e n - g a s  c o m p a r t m e n t ,  and an 

o x y g e n - g a s  c o m p a r t m e n t .  C o m p a r t m e n t  s e p a r a t i o n  and l i q u l d - v a p o r  phase  s e p -  

a r a t i o n  a r e  a c h i e v e d  by  the c a p i l l a r y  ac t ion  p rov ided  b y  l i qu ld - f i l l ed  a s b e s t o s  

shee t s .  Ca t a lyzed  p o r o u s - n i c k e l  p laques  suppo r t  the ce l l  m a t r i x ,  f o r m i n g  a 

c o m p o s i t e  e l e c t r o l y s i s  s i te .  P l a s t i c  s c r e e n s  s i m i l a r l y  suppor t  the w a t e r  feed  

m a t r i x .  The c e l l  conf igu ra t ion  is  g iven in s c h e m a t i c  f o r m  in F i g u r e  3-8, 

and F i g u r e  3-9 shows the p r inc ip l e  of ce l l  ope ra t ion .  The l a t t e r  f igure  

r e p r e s e n t s  a t h e r m a l l y  insu la ted  box e n c l o s i n g  two bowls  of e l e c t r o l y t e .  When 

p o w e r  ~s app l ied  to the e l e c t r o d e s ,  w a t e r  in the ce l l  e l e c t r o l y t e  is  c o n s u m e d .  

As a r e s u l t ,  the c o n c e n t r a t i o n  of the ce l l  e l e c t r o l y t e  i n c r e a s e s ,  c aus ing  i t s  

v a p o r  p r e s s u r e  to d rop  be low that  of the f e e d - c o m p a r t m e n t  e l e c t r o l y t e .  This  

d i f f e r e n c e  in v a p o r  p r e s s u r e  is  the dr iv ing  f o r c e  that  c a u s e s  the w a t e r  vapor  

to d i f fuse  a c r o s s  the hyd rogen  cav i ty  to the ce l l  m a t r i x .  

Two major advantages to this cell system are apparent: I) the product 

g a s e s  need not be s e p a r a t e d  f rom the f e e d w a t e r  or  e l e c t r o l y t e ,  and p) s e m i p u r e  

w a t e r  m a y  be u s e d  b e c a u s e  con t aminan t s  r a r e l y  lower  the vapo r  p r e s s u r e  of 

the f e e d w a t e r .  The e l e c t r o d e s  and e l e c t r o l y t e  r e m a i n  uncon tamina t ed  b e c a u s e  

the w a t e r  c o m e s  to the hyd rogen  e l e c t r o d e  as pure  vapor .  The only f a c t o r  

l imi t ing  i m p u r i t i e s  i s  the even tua l  b lockage  of the f e e d w a t e r - m a t r i x  p o r e s .  

The amount  of  w a t e r  t r a n s f e r r e d  is  d i r e r c t l y  p r o p o r t i o n a l  to the d i f f e r e n c e  

in w a t e r  vapo r  p r e s s u r e s  of  the ce l l  and f eed  e l e c t r o l y t e .  

The ce l l  de s ign  u t i l i zed  in the s ta t ic  f eed  s y s t e m  inc ludes  a b i p o l a r - p l a t e ,  

f i l t e r - p r e s s  c o n s t r u c t i o n  with we lded  bus  b a r s  p rov id ing  i n t e r c e l l  c u r r e n t  

connect ion ,  The h y d r o g e n  e l e c t r o d e  is  p laced  d i r e c t l y  on the ca thodic  c u r r e n t  

c o l l e c t o r .  C u r r e n t  then f lows f r o m  the ca thode ,  th rough  the m a t r i x ,  and 

to the o x y g e n  e l e c t r o d e .  An expanded n i cke l  s c r e e n  is  p l aced  on the b a c k  

of  the anode,  p r o v i d i n g  both a path fo r  the c u r r e n t  and a space  fo r  oxygen 

evolu t ion .  A m a j o r  por t ion  of the ce l l '  s i n e f f i c i e n c y  in the e l e c t r o l y s i s  of 

w a t e r  o c c u r s  a t  the anode,  and this i ne f f i c i ency  r e s u l t s  in w a s t e  hea t  that  

m u s t  be r e m o v e d .  The ce l l  coo lan t  p a s s a g e s  w e r e  p l aced  d i r e c t l y  o v e r  the 

bipolar plate opposite the oxygen cavity. If air cooling is desired, this 

plate is extended out past the cell frame, forming external fins for con- 

vection or forced air cooling. 3 
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B e c a u s e  Li fe  S y s t e m '  s e l e c t r o l y s i s  d e s i g n s  w e r e  d e v e l o p e d  fo r  the s p a c e  

p r o g r a m ,  e x p e n s i v e  m a t e r i a l s  w e r e  u t i l i z e d  to p r o v i d e  r e l i a b i l i t y  and e f f i c i e n c y .  

The s y s t e m  c e l l  f r a m e s  a r e  i n j e c t i o n - m o l d e d  f r o m  f l a m e - r e s i s t a n t  p l a s t i c .  

Al l  m e t a l l i c  p a r t s  a r e  m a d e  f r o m  n i c k e l  a l l o y ,  w h i c h  is  t hen  g o l d - p l a t e d .  

Both  the f e e d w a t e r  m a t r i x  and the c e l l  m a t r i x  a r e  m a d e  of  L i fe  S y s t e m '  s r e -  

c o n s t i t u t e d  a s b e s t o s .  O t h e r  c e l l  m a t e r i a l s  i n c l u d e  s t a i n l e s s - s t e e l  end  p l a t e s  

and p o l y p r o p y l e n e  s c r e e n s  u s e d  to p r o v i d e  s t r u c t u r a l  s u p p o r t  f o r  the m a t r i c e s .  

The e l e c t r o l y t e  u s e d  is  a 35% p o t a s s i u m  h y d r o x i d e - w a t e r  s o l u t i o n  i n s t e a d  

of  the m o r e  e l e c t r i c a l l y  c o n d u c t i v e  2 5 ~  to 2 8 ~  so lu t ion .  3 At  h i g h e r  e l e c t r o l y t e  

c o n c e n t r a t i o n s  and  a t  h i g h e r  t e m p e r a t u r e s ,  d i f f e r e n c e s  in  the c o n c e n t r a t i o n s  

of  the w a t e r  f e e d  and a l l  the c e l l - m a t r i x  e l e c t r o l y t e  r e s u l t  in g r e a t e r  w a t e r  

vapor partial-pressure differences. Because this difference is the driving 

force for the amount of water transferred, this phenomenon is accelerated, 

The projected 1975 capabilities for Life Systems' s cells are - 

• k~axirnum pressure, 2000 psi 

• A{aximum temperature, 300 o F (for short periods) 

• Maximum current density, 1500 A/sq ft 

• Power requirement, 129 kWhr/1000 SCF of hydrogen at 1500 A/sq ft 

• S i n g l e - c e l l  a r e a ,  0 . 1 0  sq f t .  

At Life Systems, studies are under way on an alternative diaphragm 

material suitable for high-temperature (>200°F) electrolysis. Potassium 

fitanate has shown some excellent high-temperature and long-life stability 

capabilities. Additional studies are also being conducted on the availability 

of alternative structural materials suitable for high-temperature applications 

a~d e~abl~ng cell operation with lower electrolysis power requirements. 

Advanced designs, using zirconia and yttria-thoria ceramics for solid electro- 

lyres, are being evaluated. These electrolytes conduct only at temperatures 

above about 1490 o F. Advanced catalyst development is also being performed 

to increase electrode performance and to lower costs. This work is being 

conducted in parallel with the high-temperature research in order to develop 

high-pre s sure, large -scale hydrogen gene rationfl 
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Lurgi GmbH 8, zz 

Of the many electrolyzers produced in other countries, the Zdansky-Lonza 

electrolyzers, manufactured by  Lurgi GnabH, Germany, are particularly 

noteworthy because these electrolyzers, working under a pressure of 30 at- 

mospheres, are very economical, compact, and reliable. The Lurgi 

electrolyzer is basically of the filter-press type. 

in each cell of the electro]yzer, between two round, nickel-plated discs 

pressed in nickel-plated gaskets, are pressed-metal screen electrodes, 

pressed-asbestos diaphragms, and sealing and insulating gaskets. The gas 

manifolds are located within the cells and are formed of Teflon rings: The 

holes in these provide passages from the inner space of the cells to the gas 

channels. The cells are very narrow, making it possible to connect several 

hundred cells (up to 500 cells in the largest electrolyzer) in one single apparatus. 

F o r c e d  e l e c t r o l y t e  c i r c u l a t i o n  is  u s e d  in the L u r g i  e l e c t r o l y z e r .  A 

p u m p  f o r c e s  coo l  e l e c t r o l y t e  t h r o u g h  an a s b e s t o s  f i l t e r  and into the l o w e r  

m a n i f o l d  o f  the c e l l  bund le .  The  e l e c t r o l y t e  ts  c o o l e d  in the gas  s e p a r a t o r s  

by m e a n s  of co i l s  b u i l t  in to  s t o r a g e  d r u m s  t h r o u g h  wh ich  the c o o l a n t  and  c o n -  

d e n s a t e  c i r c u l a t e .  T h e  c o n d e n s a t e  is p u m p e d  t h r o u g h  a c l o s e d  loop  and is 

c o o l e d  in an a d i a b a t i c  h e a t  e x c h a n g e r .  The to t a l  v o l u m e  of c o n d e n s a t e  in the 

c oo l i ng  s y s t e m  of an e l e c t r o l y z e r  c o n s i s t i n g  of  250 c e l l s  wi th  a c a p a c i t y  of 

10 ,543  C E / h r  of h y d r o g e n  i s  2 8 . 2 5  C F .  

H y d r o g e n  and  o x y g e n  a r e  m a n i f o l d e d  in to  s e p a r a t e  c o l l e c t i o n  c h a m b e r s .  

A f l o a t i n g  va l ve  is  i n s t a l l e d  in the o x y g e n  gas  s e p a r a t o r  to r e g u l a t e  the e s c a p e  

of  o x y g e n  and to m a i n t a i n  a c o n s t a n t  e l e c t r o l y t e  l e v e l  in the gas  s e p a r a t o r ,  

D e s a [ i n a t e d  f e e d w a t e r  is  p r o v i d e d  to the c e l l s  by m e a n s  of  a v a r i a b l e - r a t i o  

punap, the c a p a c i t y  of  wh ich  ts a d j u s t e d  m a n u a l l y ,  d e p e n d i n g  on the e l e c t r o l y z e r  

load .  

If the I e v e l  of the e l e c t r o l y t e  in any  of the  g a s - s e p a r a t o r  d r u m s  d r o p s ,  t he  

c o r r e s p o n d i n g  s a f e t y  f l o a t i n g  v a l v e  is o p e n e d ;  and the ga s ,  the p r e s s u r e  of 

wh ich  w a s  too h igh ,  is  v e n t e d  ~nto the a t m o s p h e r e .  If the e l e c t r o l y t e  l e v e l  

in one of the gas separators continues to drop, a magnetic relay shuts the 

electrolyzer down. 

Lurgi produces only one size of electrolvzer, circular in shape and about 

5 feet in diameter. Electrolyzer cells are assembled, at the factory, in blocks 
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of from 70 to 139 cells. These preassembled cell blocks can be installed at 

the operation site. Each block is pressed together by end plates coupled 

with tie rods. The pressure exerted by the tie rods is so great that totally 

reliable sealing is obtained in all the cells. A typical electrolyzer unit has 

an output capacity of from Ii0 to 750 standard cubic meters (or 4100 to 

Z8,300 SCF) of hydrogen per hour. The delivery pressure is 30 kg/sq cm 

(or 440 psig). The electrolyte is Z5% KOH, and the specific power con- 

sumption is from 4.3 to 4.6 kYfhr per standard cubic meter of hydrogen 

(or 116 to 124 kWhr/1000 SCF of hydrogen). A typical plot of specific 

power consumption versus current for a cell with a diameter of I. 6-meter 

is shown in Figure 3-I0. 

According to staff at Lurgi, improvements in performance can be expected 

if they can find a way to increase the operating temperature of the cell. They 

believe that the factor limiting the temperature increase is the asbestos dia- 

phragm. Researchers at Lurgi are also working on improved catalysts for 

the electrode structures, but information on these remains proprietary. 
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F i g u r e  3-10. OPERATING CHARACTERISTICS OF ELECTROLYZER 
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A typical Lurgi high-pressure e]ectrolyzer is shown in Figure 3-II. 

C o m i n c o ,  L t d .  9,1~ 

O n e  of  the  l a r g e s t  h y d r o g e n  p l a n t s  in t he  w o r l d  i s  l o c a t e d  in  T r a i l ,  B r i t i s h  

G o l u m b i a ,  G a n a d a .  A l t h o u g h  i t  h a s  b e e n  s h u t  do~,n f o r  o v e r  a y e a r  n o w  b e -  

c a u s e  of  r i s i n g  p o w e r  c o s t s ,  t h i s  p l a n t  r e p r e s e n t s  the f i r s t  N o r t h  A m e r i c a n  

a t t e m p t  a t  l a r g e - s c a l e  h y d r o g e n  p r o d u c t i o n .  

I n d i v i d u a l  c e l l s  a r e  of  C o m i n c o  p a t e n t e d  d e s i g n .  T h e  c h a r a c t e r i s t i c  f e a t u r e  

o f  t h i s  t a n k - t y p e  c e l l  i s  a c o n c r e t e  t op  t h a t  s u p p o r t s  the  e l e c t r o d e s ,  a s b e s t o s  

d i a p h r a g m s ,  a s b e s t o s  c o l l e c t i n g  s k i r t ,  f e e d w a t e r  p i p e s ,  b u s  b a r ,  and  g a s -  

m a i n  c o n n e c t i o n s .  In  t h i s  c o n c r e t e  c o v e r  a l s o  a r e  the  two  g a s  c h a m b e r s  

f o r  h y d r o g e n  a n d  o x y g e n  and  the  n a r r o w ,  i n v e r t e d - t r o u g h - l i k e  c o l l e c t i n g  b~ns .  

T h e  c e l l  t a n k  i s  m a d e  o f  i r o n ,  and  the  e l e c t r o d e s  a r e  m a d e  of m i l d  s t e e l  

p l a t e s .  T h e  a n o d e  i s  n i c k e l - p l a t e d  a n d  h a s  a c u r r e n t  d e n s i t y  of  67 A / s q  f t .  Is 

T h i s  h y d r o g e n  p l a n t  c o n t a i n s  3229 i n d i v i d u a l  c e l l s  a n d  h a s  a t o t a l  t h e o -  

r e t i c a l  h y d r o g e n - p r o d u c i n g  c a p a c i t y  of  41 t o n s  o f  h y d r o g e n / d a y .  T h e  c e l l s  

o p e r a t e  a t  a b o u t  2. 1 v o l t s ,  the  c u r r e n t  e f f i c i e n c y  i s  c l o s e  to 100% a t  a t m o s -  

p h e r i c  o p e r a t i n g  p r e s s u r e ,  a c - d c  r e c t i f i c a t i o n  i s  p r o v i d e d ,  a n d  the  o v e r a l l a c  

p o w e r  c o n s u m p t i o n  i s  a b o u t  6 0 , 0 0 0  k W h r / t o n  o f  h y d r o g e n ,  l° At  a u s u a l  o p e r a t -  

i.ng t e m p e r a t u r e  of  1 4 0 ° F ,  s o m e  c e l l s  h a v e  l i f e  s p a n s  o f  o v e r  20 y e a r s .  

De Nora, S.p.A. 

De Nora, S.p.A. , of N~ilan, Italy, manufactures large, industrial, elec- 

trochemical processing plants that include the electrolysis of w-ater in their 

range of applications. Of the three large electrolysis installations built since 

1945, De Nora built the 1,059,300 GF/hr plant at Nangal, India. (The other 

two are a 2, 118,600 CF/hr plant in Raikon, Nor~x, ay, with its own Zdansky- 

type electrolyzers, and a 1,412,400 CF/hr plant at B[irna, Egypt, built by 

Dernag of Germany.) All these units are of bipolar, filter-press construction. 

The standard De Nora electrolyzer I consists of rectangular cells 16.4 feet 

wide by 5.25-feet high. These are stacked in series on either side of a cool- 

ing chamber and are surmounted by an electrolyte gas separation unit. Figure 

3-12 is a photograph of a typical cell stack. 

A unique feature of the De Nora design is the use of a double diaphragm. 

Two distinct layers of woven asbestos are used. These are in physical con- 

tact with each other, but the space between them is vented to the atmosphere. 
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Figure 3-I I. LURGI HIGH-PRESSURE ELECTROLYSIS PLANT 
(5100 S£andard cu rn of Hydrogen and 2550 Standard cu rrl of 

Oxygen per Hour) 8 
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Dur ing  n o r m a l  o p e r a t i o n ,  the  d i a p h r a g m s  a r e  p r e s s e d  a g a i n s t  one a n o t h e r ;  bu t  

any  p e n e t r a t i o n  of  gas  bubb l e s  r e s u l t s  in  the f o r m a t i o n  of a l a r g e r  bubble  

het~veen the d i a p h r a g m s ,  w h i c h  i s  t hen  v e n t e d  to the o u t s i d e ,  and  thus  c a n n o t  

i n t e r m i x  wi th  the o p p o s i n g  gas ,  

The e l e c t r o d e s  a r e  s i n g l e - l a y e r  s h e e t  m e t a l , p e r f o r a t e d  to a l low gas  to ex i t ,  

and have  a p r o p r i e t a r y  e l e c t r o l y t l c  s u r f a c e  t r e a t m e n t  tha t  c r e a t e s  a l a r g e  

s u r f a c e  a r e a .  No p r e c i o u s - m e t a l  c a t a l y s t s  a r e  u s e d .  The e l e c t r o d e s  a r e  of 

l o w - c a r b o n  s t e e l ,  and the anode  is  n i c k e l - p l a t e d .  The  e l e c t r o l y t e  is  25% IKOH. 

The N a n g a l  p lan t  c o n s i s t s  of 60 u n i t s ,  e a c h  wi th  108 c e l l s .  E a c h  c e l l  

s t a c k  i s  16 .4  x 5 .25  x 4 9 . 2  f e e t  in  s i z e  and  c o n s u m e s  12,0fl0 a m p e r e s  at  

f r o m  2 .2  to 2 .3  vo l t s  p e r  c e l l  (250 v o l t s  o r  3 MW p e r  uni t ) .  T h u s ,  the 

e n t i r e  p lan t  c o n s u m e s  180 MW (dc). 

De N o r a ' s  s t a n d a r d  ce l l  S izes  a r e  2500,  4500 and  I 0 , 0 0 0  a m p e r e  c a p a c i t y  

and e p e r a t e  a t  about  180 to 2 0 0 / s q  f t .  The Nanga l  p lan t ,  bu i l t  in 1960, h a d  

a g u a r a n t e e d  p e r f o r m a n c e  of  2.1 vo l t s  p e r  c e l l  a t  10 ,000 a m p e r e s .  Any  

new p lan t  d e l i v e r e d  t o d a y  w o u l d  h a v e  a g u a r a n t e e d  p e r f o r m a n c e  of 1 .85 vo l t s  

a t  12.0O0 a m p e r e s ,  zl m a d e  p o s s i b l e  by b e t t e r  a c t i v a t i o n  t r e a t m e n t  of  the 

e l e c t r o d e .  A p e r f o r m a n c e  of  1 .80 vo l t s  a t  18 ,000 a m p e r e s  (300 A / s q  ft) 

m i g h t  be m a d e  p o s s i b l e  by d i s s o l v i n g  a h o m o g e n e o u s  c a t a l y s t  in  the  e l e c t r o -  

l y t e ,  an a p p r o a c h  tha t  s e e m s  to be un ique  to De N o r a .  

C o m p a r a t i v e  E v a l u a t i o n  of V a r i o u s  Electrolyzers 

F i g u r e  3-13 is  a c o m p a r i s o n  of the c e l l  o p e r a t i n g  p e r f o r m a n c e s  of  v a r i o u s  

e l e c t r o l y z e r s .  T h e s e  d a t a  a r e  m e a n t  to give  on ly  a t e c h n o l o g i c a l  c o m p a r i -  

son of c e l l  t y p e s ,  no t  a c o m p a r i s o n  of  the e c o n o m i c s ;  bu t  a c e l l  c o m p a r i s o n  

b a s e d  on v o l t a g e - c u r r e n t  r e l a t i o n s h i p s  i s  m e a n i n g l e s s  u n l e s s  c e l l  c o s t  is  

included, 

I n t e r e s t i n g l y ,  d a t a  f o r  s o m e  a d v a n c e d  c e l l  t y p e s  a r e  shown n e a r  and  be low 

the 1 . 4 7 - v o l t  po in t  at  c u r r e n t  d e n s i t i e s  as  h igh  as  50 A / s q  f t .  Unde r  t h e s e  

c o n d i t i o n s ,  the c e l l  o p e r a t e s  " t h e r m o n e u t r a l l y ,  " and  the a p p a r e n t  t h e r m a l  

e f f i c i e n c y  is  100%, Th i s  g i v e s  s o m e  r e a s s u r a n c e  t h a t e l e c t r o l y z e r  e f f i c i e n c i e s  

a p p r o a c h i n g  100~o can  be a c h i e v e d  in p r a c t i c a l  u n i t s .  At  p r e s e n t ,  h o w e v e r ,  
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F i g u r e  3-13.  C O M P A R A f l V E  P E R F O R M A N C E  
OF E L E C T R O L Y Z E R  SYSTEMS 

o p e r a t i o n  of the GE c e l l  a t  c u r r e n t  d e n s i t i e s  b e l o w  1000 A / s q  ft  wi l l  c a u s e  

p r o p o r t i o n a t e  i n c r e a s e s  in the e f f e c t i v e  c a p i t a l  c o s t .  

S u r v e y  of  E l e c t r o l y z e r  M a n u f a c t u r e  r s 

S e v e n  c o m m e r c i a l  m a n u f a c t u r e r s  of  fue l  c e l l s  w e r e  c o n t a c t e d  t h r o u g h  e i t h e r  

p e r s o n a l  v i s i t s  o r  c o r r e s p o n d e n c e .  In add i t i on ,  two c h e m i c a l  c o m p a n i e s  tha t  

m a n u f a c t u r e  and o p e r a t e  t h e i r  own c e l l s  s u p p l i e d  l i m i t e d  i n f o r m a t i o n  f o r  the 

s u r v e y ,  as  did one  c o m p a n y  tha t  m a k e s  e l e c t r o l y z e r s  f o r  s p a c e  a p p l i c a t i o n s .  

(See T a b l e  3 -1) .  M a n u f a c t u r e r s  w e r e  a s k e d  to d e s c r i b e  t h e i r  s y s t e m s ,  to 

p r o v i d e  da t a  on c e l l  p e r f o r m a n c e  and e f f i c i e n c y ,  and to p r o v i d e  e n o u g h  c o s t  

i n f o r m a t i o n  to e n a b l e  us  to d e r i v e  the c o s t  of h y d r o g e n  p r o d u c e d  as a f u n c t i o n  

of  the a m o u n t  of  e l e c t r i c  p o w e r  s u p p l i e d .  It is n o t e w o r t h y  t ha t  a) m a n u -  

f a c t u r e r s  of the l a r g e r  i n s t a l l a i i o n s  of e l e c t r o l y z e r s  a r e  l o c a t e d  in E u r o p e ,  

not  in N o r t h  A m e r i c a ,  b) v e r y  fe~v of the m a n u f a c t u r e r s  p r o d u c e  c e l l s  c a p a b l e  

of  d e l i v e r i n g  h y d r o g e n  a t  p r e s s u r e ,  alld c) m o s t  of the m a n u f a c t u r e r s  p r e f e r  

the s t a c k  o r  f i l t e r - p r e s s  d e s i g n  to the tank type .  
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Tab le  3-1. MANUFACTURERS SURVEYED 

N a m e  

E l e c t r o l y s e r  Corp. 
T e l e d y n e  I s o t o p e s ,  Inc. 
De N o r a ,  S . p . A .  
L u r g i  GmbH 
C o n s t r u c t i o n  John B r o w n ,  Ltd.  
B r o w n - B o v e r i  
G e n e r a l  E l e c t r i c  Co. 

N o r s k - H y d r o  
Corn inco ,  Ltd. 

Li fe  S y s t e m s ,  Inc. 

8962 

Pressure, 
Location Type psig 

Canada  Tank 0 . 4  
U.S.A. Stack 35-3000 
Italy Stack 1 
W. G e r m a n y  Stack  440 
U.K. Stack 440-3000 
Switzerland Stack 0.4 
U. S. A. Stack  Z-3000 

N o r w a y  Tank t 
Canada Tank 0. 1 

U.S.A. Stack 600 

Status  of Indus t r i a l  E l e c t r o l y t i c  Hydrogen  P r o d u c t i o n  

F i v e  l a rge  i n d u s t r i a l  e l e c t r o l y z e r  p lants  (none in the Uni ted S ta tes )  a re  

c u r r e n t l y  p roduc ing  hydrogen ,  for  use  in a m m o n i a  p roduc t ion ,  f r o m  h y d r o -  

e l e c t r i c  p o w e r .  In addiffon,  m a n y  s m a l l e r  un i t s  a r e  l oca t ed  in a l m o s t  e v e r y  

country in the world. These smaller units are used in applications in which 

high-purity hydrogen is required and in which operational manpower has to 

be kept to a minimum (See Table 3-2). Electrolytic hydrogen production 

is by no means the major way of producing hydrogen; but, on the other hand, 

it does represent a technology that is used to a significant extent in industry. 

Electrolytic processes are widely used in industry, for other than hydro- 

gen production; for example, most of the chlorine, caustic soda, and aluminum 

produced today are made by electrolytic processes. Process electrochemistry 

is thus a major arm of chemical technology. 

Hydrogen Production by the Electrolysis of Impure Water 

Electrolysis of Seawater 

Seawater contains about 3.5~ sodium chloride and smaller quantities of 

other dissolved salts. When a dilute sodium chloride solution is electrolyzed, 

various reactions are possible, including the following: 

HzO -~ H z + ] / z  O,  

and 

2HzO + 2NaCl -p ZNaOH + C12 + H 2 
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L a r g e  Units 

Table  3-2. 

Loca t i on  

Rjakon ,  N o r w a y  

Kima ,  Egypt  

Nangal ,  India 

T r a i l ,  Canada  

C u r c o ,  P e r u  

STATUS OF E L E C T R O L Y T I C  HYDROGEN P R O D U C T I O N  

H y d r o g e n  Output,  P o w e r  
M a n u f a c t u r e r  10 6 C F / h r  In nput,  MW 

N o r s k - H y d r o  g. 2 250 

Demag (BBC) 1 .4 (0 .5 )  170(60) 

De N o r a ,  S . p . A .  1.1 125 

Gominco ,  Ltd.  0 .7  90 

Lurgi  GmbH 0 .2  25 

Year  Bui l t  

1965 

1960(197Z? 

1958 

1939 

1958 

S m a l l e r  Units 

Many units in s e r v i c e  used f o r - -  

F a t s  and soaps  
M e t a l l u r g y  
S e m i c o n d u c t o r  s 
F l o a t  g l a s s  
G e n e r a t o r  cool ing 
C h e m i c a l  f e e d s t o c k s  
M e t e o r o l o g i c a l  s ta t ions  
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In p r a c t i c e ,  both r e a c t i o n s  o c c u r  t o g e t h e r ;  and,  wh i l e  h y d r o g e n  is  e v o l v e d  

at  the c a t h o d e ,  a m i x t u r e  of  oxygen  and c h l o r i n e  i s  e v o l v e d  a t  the anode .  

This  p r e s e n t s  s e v e r e l y  c o r r o s i v e  c o n d i t i o n s  a t  the anode  and m a k e s  the 

s e l e c t i o n  of anode  m a t e r i a l s  v e r y  c r i t i c a l .  M o r e o v e r ,  the c h l o r i n e  evo lved  

p r e s e n t s  a s e v e r e  d i s p o s a l  p r o b l e m ,  u n l e s s  m e a n s  of u t i l i z i n g  the  c h l o r i n e  

can  be  found .  

The c o n d u c t i v i t y  o f  s e a w a t e r  i s  v e r y  low; and t h e r e f o r e ,  the  r e s i s t a n c e  

of  thc s e a w a t e r  e l e c t r o l y s i s  c e l l  i s  too h igh  f o r  the p r o c e s s  to be c o n s i d e r e d  

as  a c o m m e r c i a l  m e a n s  of  h y d r o g e n  p r o d u c t i o n .  T h e r e  a r e  two p o t e n t i a l  w a y s  

of  o v e r c o m i n g  th is  p r o b l e m .  One i s  to c o n c e n t r a t e  the s e a w a t e r  in to  b r i n e .  

The o t h e r  i s  to add a s u p p o r t i n g  e l e c t r o l y t e ,  such  as  s o d i u m  h y d r o x i d e .  In 

the f i r s t  c a s e ,  the p a r t i a l  d e h y d r a t i o n  of  s e a w a t e r  to c o n c e n t r a t e d  s o d i u m  

c h l o r i d e  w i l l  r e s u l t  in  the  a l m o s t - c o m p l e t e  s u p p r e s s i o n  of  the  f i r s t ,  o x y g e n -  

evo lv ing  r e a c t i o n  and  in  t he  c o m p l e t e  d o m i n a t i o n  of t h e  s e c o n d ,  c h l o r i n e -  

p r o d u c i n g  r e a c t i o n .  I ndeed ,  th i s  is  the p r o c e s s  u s e d  in  i n d u s t r y  to p r o d u c e  

c h l o r i n e  and c a u s t i c  s o d a  in  l a r g e  q u a n t i t i e s .  In a c h l o r i n e - p r o d u c i n g  ce l l ,  

m e a n s  m u s t  be p r o v i d e d  f o r  r e m o v i n g  the s o d i u m  h y d r o x i d e  p r o d u c e d  and  

fo r  r e p l a c i n g  the s o d i u m  c h l o r i d e .  A l though  th i s  type  of  c e l l  d o e s ,  in  f a c t ,  

p r o d u c e  l a r g e  q u a n t i t i e s  of h y d r o g e n ,  i t s  u se  as  a p r i m a r i l y h y d r o g e n - p r o -  

duc ing  c e l l  is  n o t  f e a s i b l e  b e c a u s e  of  the l a r g e  a m o u n t s  of  b y p r o d u c t s .  I f  

h y d r o g e n  i s  to be p r o d u c e d  in the q u a n t i t i e s  t h a t  a r e  of  i n t e r e s t  f o r  l a r g e -  

s ca l e  c h e m i c a l  f e e d s t o c k s  and fue l s ,  then  the d i s p o s a l  of bo th  the sod ium 

h y d r o x i d e  and the c h l o r i n e  p r e s e n t s  s e r i o u s  p r o b l e m s .  

The o t h e r  a l t e r n a t i v e ,  the add i t i on  of  s o d i u m  h y d r o x / d e  as  a s u p p o r t i n g  

e l e c t r o l y t e ,  is  on ly  s l i g h t l y  m o r e  a t t r a c t i v e .  As  the c e l l  is  o p e r a t e d ,  i t  

p r o d u c e s  i t s  own s o d i u m  h y d r o x i d e ;  t h e r e f o r e  the c o n c e n t r a t i o n  o f  th i s  

e l e c t r o l y t e  wi l l  a u t o m a t i c a l l y  i n c r e a s e  to a po in t  a t  w h i c h  the s o d i u m  h y d r o x -  

ide i t s e l f  m u s t  be d u m p e d  f r o m  the c e l l .  I f  the c o n c e n t r a t i o n  of s o d i u m  

c h l o r i d e  can  be kep t  low,  the e v o l u t i o n  of  c h l o r i n e  c a n  be kep t  to a m i n i -  

m,~rn and,  in  p r i n c i p l e ,  the c e l l  cou ld  be r e t a i n e d  as  a h y d r o g e n - o x y g e n  

ce l l .  H o w e v e r .  b e c a u s e  the c e l l  i s  o n l y  e x p e l l i n g  h y d r o g e n  and  o x y g e n  wi th  

an i n t e r m e d i a t e  p u r g i n g  of  s o d i u m  h y d r o x i d e  and  b e c a u s e  i t  is  c o n s t a n t l y  

being fed a s o d i u m  c h l o r i d e  so lu t i on ,  the c h l o r i d e - i o n  c o n c e n t r a t i o n  i n -  

e v i t a b l y  b u i l d s  up in the ce l l .  This  u l t i m a t e l y  r e s u l t s  in an i n c r e a s e  in 

c h l o r i n e  e v o l u t i o n ,  r e s u l t i n g  in the s a m e  p r o b l e m s  as  h a v e  p r e v i o u s l y  b e e n  

d i s c u s s e d .  
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We conclude that the electrolysis of seawater to produce hydrogen alone 

is not a practical propo:;ition, and research in this area does not appear to 

be justified. 

Electrolysis of Unpur[fied Water 

The electrolysis of water that contains only sznall levels of impurities 

results in the production of hydrogen and oxy, ~en° but also in the continual 

accumulation of the impurities in ~e cell. This occurs because the cell is 

only able to produce hydrogen and oxyge:l; and if even the smallest amounts 

of impurities are present in the ~ater fed to the cell, these impurities cannot 

escape from the cell and ultimately reach a high degree of concentration. The 

results of the accumulation of impurities include: I) corrosion of the elec- 

trodes, 2) the onset of side reactions that give rise to undesirable byproducts, 

and 3) contamination of the ion-exchange nnernbranc in the SPE-type cell. 

Inhibiting the accumulation of impurities by purging the electrolyte In the cell 

does not appear to be an attractive solution because of the cost of the continual 

replenishment of the KOH electrolyte. Thus, there does not seem to be a 

reasonable prospect for the econon~ic elec! rolysis of impure water as long as 

water-purification costs remain reasonably low. 

Electrolyzer-Feedwater Quality Standards 

Most electrolyzer manufacturers stipulate feedwater quality in their spe- 

cifications, in general, feedwater must be purified to a level approxlmat|ng 

that of boiler-feedwater quality or "distilled-water" standards. ]v[ost elec- 

trolyzers have den~neralizers in the -:eedwater stream that remove the last 

traces of dissolved salts. Thus the e!ectrolyzer can be fed replacement water 

continuously for periods of up to 6 months. Lurgi specifies feed%vater of an 

initial purity equivalent to that of heating-steam condensate, the feedwater 

then being passed through a_n active carbon filter and through a dernlnerali- 

zat/on unit containing a mixed-bed ion exchanger that provides the water %vith 

a minimum specific resistance of i megohm-centimeter. Usually, the purity 

of the feedwater is monitored hy a conductivity meter installed in the systen%. 

Energy Required for Water Purification 

Upon first consideration, the requirements for a pure-water feed may appear 

to be prohibitively expensive. However, the an~ount of water required to feed 

an electrolyzer is relatively small compared "~'ith the amount of hydrogen pro- 
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duced.  F o r  example ,  the e l e c t r o l y s i s  of 1600 gal lons  of w a t e r  wi l l  p roduce  

166,000 SCF of hyd rogen .  Thus  both the e n e r g y  c o s t  and the do l l a r  c o s t  of 

t r ea t ing  1000 gal lons  of w a t e r  should be debi ted  f r o m  the se l l ing p r i c e  of the 

166,000 SCF of hyd rogen  p r o d u c e d .  The la ten t  hea t  of  v a p o r i z a t i o n  (or the 

e n e r g y  r e q u i r e d  for  s t r a i g h t  d is t i l l a t ion)  is  9 . 8  kca l / rno le ,  whi le  t yp i ca l  

~vater desa l t i ng  m e t h o d s  appea r  to u se  be tween  1 and 10 kca l /mole ;" :  " This  

i s  to be c o m p a r e d  with the typ iza l  e l e c t r i c a l  input, 93 k c a l / m o l e ,  to the 

c o m m e r c i a l  e l e c t r o l y z e r  o p e r a t i n g  a t  2 vo l t s .  Thus the e n e r g y  r e q u i r e d  for  

w a t e r  pu r i f i ca t ion  is  10% or  l e s s  of the e l e c t r i c a l  e n e r g y  r e q u i r e d  fo r  the 

e l e c t r o l y s i s  i t se l f .  The e n e r g y  r e q u i r e d  to d e s a l t  w a t e r  is of a f a r  l o w e r  

g rade  than that  needed  to run  an e l e c t r o l y s i s  plant ,  which  of c o u r s e  has  to 

be in the f o r m  of e l e c t r i c i t y .  Re l a t i ve ly  low grade  heat ,  p o s s i b l y  ava i lab le  

f r o m  the p o w e r  s ta t ion supplying the e l e c t r i c i t y ,  could  be u s e d  to pu r i fy  the 

e l e c t r o l y z e r  f e e d w a t e r .  

The c o s t  of desa l t ing  s e a w a t e r  to i r r i g a t i o n  s t a n d a r d s  was  e a r l i e r  e s t i m a t e d  

at a p p r o x i m a t e l y  $ 0 . 8 0 / 1 0 0 0  gal. The  1000 gal lons  would,  in tu rn ,  p r o d u c e  

166,000 SCF of hydrogen ;  thus the ra t io  o f  the w a t e r  desa l t ing  c o s t  to the 

heat ing  va lue  of  the h y d r o g e n  p roduced  would be about  1 . 4 d / m i l l i o n  Btu. This  

is  c o n s i d e r a b l y  l e s s  than 1% of the e x p e c t e d  se l l ing  p r i c e  of the h y d r o g e n .  

It is  l ike ly  that  the ful l  t r e a t m e n t  of s e a w a t e r  to the 1 m e g o h m - c e n t i m e t e r  

s t anda rd  r e q u i r e d  by an e l e c t r o l y z e r  wi l l  in fac t  c o s t m o r e  than $ 0 . 8 0 /  

1000 gal; but  in any eve:at, the o v e r a l l  c o s t  of pur i fy ing  the w a t e r  is  l ike ly  

to be l e s s  than Z% or  3% of the an t i c ipa t ed  o v e r a l l  c o s t  of p roduc ing  the h y d r o -  

g e n .  

We conc lude ,  then, tha t  r a t h e r  than e m b a r k i n g  on a r e s e a r c h  p r o g r a m  

to solve the d i f f icul t  p r o b l e m s  of e l e c t r o l y z i n g  s e w a t e r  o r  b r a c k i s h  w a t e r ,  

i t  i s  b e t t e r  to su f f e r  the s m a l l  e n e r g y  and c o s t  pena l t i e s  involved in p u r i f y -  

ing the w a t e r  to acce  ~table s t a n d a r d s .  

R e c e n t  t echnology  i n d i c a t e s  6 that  a m u l t i p l e - e f f e c t  d i s t i l l a t ion  s y s t e m  has  a n  
e n e r g y  r e q u i r e m e n t  of 1 mi l l ion  B t u / 1 0 0 0  gal ,  o r  a p p r o x i m a t e l y  1 .2  k c a l / g -  
mole .  
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Note  tha t  any  p r o c e s s  tha t  c o n v e r t s  w a t e r  to h y d r o g e n  and oxygen  is l i k e l y  

to r e q u i r e  the s a m e  c o n s i d e r a t i o n  of  f e e d w a t e r  s t a n d a r d s .  Any p r o c e s s  tha t  

sp l i t s  w a t e r  into h y d r o g e n  and oxygen  wil l  depos i t  f e e d w a t e r  i m p u r i t i e s ,  thus  

c o n t a m i n a t i n g  the p lant .  It is t h e r e f o r e  a n t i c i p a t e d  tha t  t h e r m o c h e m i c a l  

p r o c e s s e s ,  a s  we l l  a s  e l e c t r o c h e m i c a l p r o c e s s e s ,  wi l l  r e q u i r e  w a t e r - t r e a t m e n t  

p l an t s  and t h e r e i n  i n c u r  a s i m i l a r  e x p e n s e .  
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4. COST OF ELECTROLYTIC HYDROGEN - l<. G. Darrow, Jr. 

The basis for the costs contained in this section is information supplied 

by three major vendors of electrol?'sis systems. We contacted several such 

companies by mail and/or in person and requested technical and economic 

data regarding capital costs, operating parameters, scale-up factors, and 

polarization curves. The General ~21ectric Co., Lurgi Apparate-Technlk 

of Germany, and Teledyne Isotopes each supplied us w'ith enough |nformat|on 

to allow for an estimate of ove~rall capital and uperating costs. 

Factors Considered in Overall Hydrogen-Cost Calculations 

W i t h  t h e  d a t a  p r o v i d e d  b y  t h e  m a n u f a c t u r e r s ,  we  w e r e  a b l e  to c a l c u l a t e  

t h e  c o s t  o f  e l e c t r o l y t i c  h y d r o g e n  p r o d u c t i o n  a s  a f u n c t i o n  of  e l e c t r i c  p o w e r .  

S u c h  c u r v e s  f o r  e l e c t r o l y s i s  s y s t e m s  h a v e  a p p e a r e d  in m u c h  of  the  r e c e n t  

l i t e r a t u r e  c o n c e r n i n g  h y d r o g e n ,  bu t  t h e r e  h a s  b e e n  no u n i f o r m  b a s e  f o r  

d e t e r m i n i n g  t h e s e  c o s t s .  D i f f e r e n t  f i n a n c i a l  a s s u m p t i o n s  c a n  l e a d  to  v e r y  

different figures for the cost of hydrogen, even when utilizing the same 

equipment. Some vendors include more equipment within their quoted 

costs than do others. At the same time, certain systems need more auxiliary 

equipment than do others. Although the information received from the vendors 

was not complete in all cases, we have attempted the analysis of a standard- 

sized plant producing 10 million SCF/day of hydrogen. Respecting the 

proprietary nature of the information provided and market position 

of the respondents, we have elected to somewhat limit the degree of detail 

presented in this section. 

To provide a clear idea of all that is involved in building a large-scale 

electrolysis plant, the equipment and auxiliary facilities of a typical alkaline- 

electrolyte, "filter-press" design systern are given below. The major equip- 

ment components of such a system are -- 

• Electrolyzer modules 

• Gas separators 

• Gas cooling system 

• Electrolyte cooling system 

• Feedwater supply system 

• Electrolyte preparation and storage tank 

• Nitrogen tank and purge system. 
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A l s o  r e q u i r e d ,  and g e n e r a l l y  inc luded by the vendor  as  p a r t  of the equ ip -  

merit cost, are -- 

• Pumps and pump motors 

• Instrumentation and control facilities 

• iMaintenance equipment 

• Valves and piping. 

If any of these items are not included as part of the quoted equipment costs, 

they must be added to the overall plant costs. 

In addition to the cost of plant equipment, the costs of the following 

items and services must be added to the investment to derive the cost of 

a complete facility: 

• An electrical plant consisting of ac-to-dc rectification and transformers 

• Packing, shipping, and installation of the equipment 

• Additional electrical equipment and its installation, (e. g., bus bars, 
switches, cables) 

• A building, foundation, and other support structures, including lighting 
and painting 

• Facilities for services such as water treatment, water distribution, air 
c o m p r e s s i o n ,  c o m m u n i c a t i o n s ,  and f i re  p r o t e c t i o n  

• Eng inee r ing  and s u p e r v i s i o n  dur ing c o n s t r u c t i o n  and s t a r t - u p  

• Contractors 

• Land, site preparation and yard improvements, and administrative 
f ac i l i t i e s .  

F i n a l l y ,  c o m p r e s s i o n ,  t r a n s m i s s i o n ,  and s t o r a g e  c o s t s ,  which  a r e  de -  

ve loped  s e p a r a t e l y  in this  r e p o r t ,  m u s t  be inc luded .  Th is  sec t ion ,  h o w e v e r ,  

is  devo ted  s o l e l y  to p r o d u c t i o n  c o s t s .  

To indica te  the magn i tude  of  the add i t iona l  c o s t s  tha t  m u s t  be added  to the 

equ ipmen t  c o s t s ,  we have d e v e l o p e d  f a c t o r s  for  these  o the r  i t e m s  b a s e d  on 

p e r c e n t a g e s  of equ ipmen t  c o s t s  r e a s o n a b l e  for  c h e m i c a l  p r o c e s s e s  in g e n e r a l  

and for  spec i f i c  e l e c t r o l y t i c  p lan t s .  Tab le  4-1 p r e s e n t s  two c o s t  w o r k - u p s  -- 

one for  a p r e s s u r i z e d  a lka l ine  ce l l  that  r e p r e s e n t s  a c o m p o s i t e  of Lurg i  and 

T e l e d y n e  i n f o r m a t i o n  for  c u r r e n t l y  ava i l ab le  equ ipmen t  and the o the r  fo r  the 
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T a b l e  4 -  I. 

E q u i p m e n t  C o s t s  

E l e c t r o l / z e r  and A u x [ l i a r y  

P o w e r  C o n d i t i o n i n g  
( 5 4 5 / k W  ae in) 

T o t a l  

C A P I T A L  COSTS FOR E L E C T R O L Y S I S  P L A N T S  

A l k a l i n e  P r e s s u r e  
E l e c t r o l y z e r  
$/kW 

Z55 

P r o j e c t e d  GE 
1980 C o m m e r c i a l  

$ / kW (out)  

~,4 

60 

315 

57 

141 

O0 

-.l 

0"- 
I n s t a l l e d  P l a n t  Cost 

E q u i p m e n t  X 1. 5 4 7 2 / k W  (out)  21z/kw (out) 

S/k \V  (out) -- d o l l a r s  p e r  k i l o w a t t  of p r o d u c t  h y d r o g e n ,  
h i g h e r  hea t ing  va l ue ;  i. e . - -  

c o n v e r t e d  on the b a s i s  of 

C a p i t a l  C o s t  
S C F / h r  X 325 B t u / S C F  • 3413 B t u / k W h r  

Xhe f a c t  tha t  the  GG c e l l  w i l l  o p e r a t e  a t  abou t  10 t i m e s  the  c u r r e n t  d e n s i t y  of the 
a l k a l i n e  ce i l  e x p l a i n s  i t s  r e l a t i v e l y  low c o s t  (on an e q u i v a l e n t  o~ tpu t  b a s i s ) ,  in 
s p i t e  of  the  fac t  t ha t  the GE c e l l  a c t u a l l y  u s e s  m o r e  e x p e n s i v e  n ] a t e r i a ~ s  than  the 
a l k a l i n e  ce l l .  

00 
~0 
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r e p o r t e d  G~. S o l i d - P o l y m e r  E l e c t r o l y t e  (SPE)  s y s t e m  tha t  i s  to be d e v e l o p e d  

b y  lq77  and c o m m e r c i a l i z e d  b y  1980. The  p e r c e n t a g e s  q u o t e d  fo r  GE i n s t a l l a -  

t-ions a r e  h i g h e r  ( tha t  i s ,  the a u x i l i a r y - e q u i p m e n t  c o s t s  f o r  the  GE s y s t e m  

a r e  a g r e a t e r  p e r c e n t a g e  o i  the t o t a l  c a p i t a l  c o s t )  b e c a u s e  G E '  s c e l l s  a r e  

e x p e c t e d  to be  c h e a p e r  (on a u n i t - o u t p u t  b a s i s )  than c u r r e n t l y  a v a i l a b l e  c e l l s ,  

bu t  the c o s t s  of  t he i r  a u x i l i a r y  e q u i p m e n t  w i l l  be a b o u t  the s a m e  a s  / o r  

p r e  s e n t - d a y  c e l l s .  

The  a c c u r a c y  of  th i s  k ind of  c o s t  p r o j e c t i o n  i s  on the o r d e r  of  p l u s  o r  

m i n u s  30%.  H o w e v e r ,  the  i n f o r m a t i o n  on o v e r a l l  c o s t s  f o r  l a r g e - s c a l e  w a t e r  

e l e c t r o l y s i s  s y s t e m s  i s  s c a n t y ,  a t  b e s t .  A l though  such  s y s t e m s  h a v e  b e e n  

bu i l t ,  t y p i c a l l y  t h e y  a r e  f e w  in  n u m b e r ;  w e r e  bu i l t  a s  m a n y  a s ,  o r  m o r e  

than,  20 y e a r s  ago;  and w e r e  b u i l t  in n o n i n d u s t r i a l  a r e a s ,  and  c o s t  b r e a k -  

d o w n s  w e r e  n e v e r  p u b l i s h e d .  

T a b l e  4 -2  s u m m a r i z e s  the s y s t e m  o p e r a t i n g  c h a r a c t e r i s t i c s  r e p o r t e d  by  

the t h r e e  r e s p o n d i n g  c o m p a n i e s .  W h e r e  i n f o r m a t i o n  w a s  l a c k i n g ,  we w e r e  

f o r c e d  to m a k e  a s s u m p t i o n s ,  o f t e n  b a s e d  on i n f o r m a t i o n  s u p p l i e d  by  o t h e r  

v e n d o r s ,  B e c a u s e  the c o s t  of  e l e c t r i c  p o w e r  is the  m o s t  i m p o r t a n t  o p e r a t i n g  

c o s t ,  we  have  a s s i g n e d  f i x e d  v a l u e s  to a l l  o t h e r  o p e r a t i n g  c o s t s  and  have  

c o m p u t e d  the h y d r o g e n  c o s t s  p a r a m e t r i c a l l y  a s  a f unc t i on  o f  e l e c t r i c a l  c o s t s .  

O t h e r  o p e r a t i n g  c o s t s  a r e  s h o w n  b e l o w  in o r d e r  of  t h e i r  i m p o r t a n c e :  

I. M a i n t e n a n c e ,  Z~o of  t o t a l  i n v e s t m e n t  

Z. C o o l i n g - t o w e r  w a t e r ,  1 5 ¢ / 1 0 0 0  gal  

3. D i r e c t  l a b o r  (Z p e r s o n s  p e r  sh i f t ) ,  8 . 4  p e r s o n - y e a r s  at $6.00/hr 

4. O v e r h e a d ,  5 0 ~  of  d i r e c t  l a b o r  

5. D e m i n e r a l i z e d  f e e d w a t e r ,  1 m e g o h m - c m  m i n i m u m  r e s i s t a n c e ,  
$ 1 . 9 0 / 1 0 0 0  gal .  

In add i t i on  to t h e s e  o p e r a t i n g  c o s t s ,  c a p i t a l  c h a r g e s  r e p r e s e n t i n g  d e p r e c i a -  

t ion ,  i n c o m e  t a x e s ,  i n t e r e s t  on d e b t ,  r e t u r n  on e q u i t y ,  and ad v a l o r e m  t a x e s  

and i n s u r a n c e  m u s t  be  t a k e n  in to  a c c o u n t .  We a d o p t e d  a s t r a i g h t f o r w a r d  

f inanc ing  m e t h o d  in an a t t e m p t  to r e p r e s e n t  an a v e r a g e  u t i l i t y  s i t u a t i o n .  The 

p a r a m e t e r s  we  u s e d  a r e  a s  f o l l o w s :  

• 60:40 d e b t - t o - e q u i t y  r a t i o  

• 4% i n t e r e s t  on d e b t  

I N ~ 1" 1 T I I  T I :  
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T a b l e  4- 2. OPERATING CHARACTERISTICS OF THREE ELECTROLYZERS 

T e l e d y n e  L u r g i  GE ( P r o j e c t e d )  

00 

Size  of S y s t e m  C o m p a r e d ,  
MW e q u i v a l e n t  of h y d r o g e n  39.9 53.3 51.6 

Mil l ion  SCN of H y d r o g e n /  S t r e a m  D a y  10 13 .44  13 .0  

DC E l e c t r i c  Input  ( M a x . ) ,  kW 5 8 , 4 0 0  6 9 , 0 0 0  6 5 , 3 0 0  

S p e c i f i c  C e l l  E f f i c i e n c y  

A C - D C  C o n v e r t e r  E f f i c i e n c y  

A u x i l i a r y - S y s t e m  E f f i c i e n c y  

68~o-70 °/o 77% 82. 2, 

97% 97% 
86"/° 

NA 99% 

O0 

O v e r a l l  E f f i c i e n c y  

O p e r a t i n g  P r e s s u r e  

58. 7-  6 0 . 4  

100 ps ig  

74. 7 

440 ps i a  

7 8 . 9  

P r e s s u r e  v e s s e l  d e s i g n e d  
f o r  o p e r a t i n g  p r e s s u r e s  of 
up to  3000 ps ig  

Cool ing  W a t e r ,  g a l / h r  NA 1 8 4 , 9 4 0  Closed cycle, dry cooling 
rowe  r 

F e e d w a t e r ,  g a l / 1 0 0 0  S C F  

N i t r o g e n  p e r  S t a r t - u p  

C a u s t i c - P o t a s h  In i t i a l  C h a r g e ,  l b s  

L a b o r ,  m e n / s h i f t  

6 . 3 6  

Y e s  

NA 

NA 

6.36 

74,640 SCF 

344,000 

2 

6.36 

No 

N o n e  

NA 

Mode of O p e r a t i o n  

N o t e :  NA = not  a v a i l a b l e .  

F u l l y  a u t o m a t i c  Fully" a u t o m a t i c  F u l l y  a u t o ~ l a t i c  
¢o 
. D  

t~  
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• t 5%,  a f t e r  tax, r e t u r n  on equ i ty  

• 48% i n c o m e - t a x  r a t e  w i th  no i n v e s t m e n t  t ax  c r e d i t s  

• ZO y e a r s '  s u m  of  y e a r '  s d ig i t s  d e p r e c i a t i o n  on t o t a l  p l a n t  i n v e s t m e n t ,  
for  t a x e s ,  and  ZO y e a r s '  s t r a i g h t - l i n e  d e p r e c i a t i o n ,  fo r  c o s t  a c c o u n t -  
int. (Note that all three vendors specified a Z0-year life.) 

The weighted average cost of capital for this capital structure is 11.4%. 

The annual fixed-charge rate that would exactly yield this return for the 

overall firm was computed to he 18.6~, the sum of a capital-recovery factor 

of IZ. 8~, an income-tax factor of 3.8~0, and an allowance of Z~ for ad valorem 

t a x e s  and insurance. 

We then developed a unit hydrogen cost t h a t  satisfies the minimum reve- 

nue requiren%ents of the firm -- i.e., it covers all operating costs and 

yields a return on investment equivalent to the cost of capital. Figures 4-i 

and 4-Z show hydrogen costs (as a function of electricity rates) for systems 

functioning at a 90~ plant-opera~ion factor - i0~ of the total possible 

operating time having been set aside from the otherwise continuously run 

systenl to allow for downtime for scheduled maintenance. (Note that Figure 

4-I is based on present-day cells while Figure 4-Z is a projection based on 

the expected 1980 technology.) 

Optimization of Operating Characteristics 

It should be pointed out that the operating characteristics of a given electro- 

lyzer can be "tuned" to provide hydrogen at the minimum cost possible under 

a given set of economic conditions. This is one reason for some vendors' 

reluctance to make generalized cost statements. 

The hydrogen output of a given electrolyzer varies directly with the cur- 

rent applied to the cell (based on the relationship of 15.6 SCF of hydrogen/ 

1000 A-hr). However, as the current density on the electrodes is increased, 

efficiency decreases. Hence, as current density is increased, unit capital 

costs decrease and electric power requirements increase. At some current 

density,, hydrogen costs will be minimized. 

The point of minimum cost is determine by describing capital costs and 

efficiency as functions of current density and by then substituting these functions 

into the overall cost equation. The partial derivative of the cost equation 

with respect to current density is then used to find the point of minimum cost. 

I N ,~ I" I T I I  I" I: n 
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Plant life, however, is also a function of current density. In our analysis, 

plant life was assumed constant, with the added constraint that current density 

not exceed the manufacturer' s recommended maximum value. 

Any conclusions drawn f r o m  an inspection of Figure 4-I and 4-2 are true 

only for the situation described by our technical and economic assumptions. 

Any other assumptions could conceivably change the relative positions of these 

curve s. 

It  should be noted that c o m p a r a t i v e l y  l a r g e  i n d u s t r i a l  units  a r e ,  today,  

ava i lab le  for  p u r c h a s e  f r o m  some  m a n u f a c t u r u e r s  whi le  o t h e r s  r e p r e s e n t e d  

in this f i gu re  a r e ,  at  p r e s e n t ,  unable  to m e e t  l a rge  i n d u s t r i a l  o r d e r s .  Thus ,  

in some  c a s e s  this  f igu re  c o m p a r e s  c u r r e n t  se l l ing p r i c e s  with p r o j e c t e d  

prices. 
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5. THE MAMUFACTURE OF HYDROGEN FROM COAL-- C. L. Tsaros, 
J. Arora, an-d K. B. Burnham 

As part of the NA~qA-Langley Research Center project being conducted by 

IGT, process flow diagrams for she conversion of coal to high-purity hydro- 

gen were prepared and are herein presented. The process flow diagrams, 

energy balances, and efficiencies reported herein are preliminary, and the 

reader is referred to the NASA-LRC report ~'~ for finalized information: Plant 

capacities that would yield total product heating values of Z50 billion Btu/day 

were established. Because of small variations in product heating value, pro- 

duction rates range from 698 to 767 million SCF/day. This capacity is typical 

for the standard methane- or pipeline-gas-from-coal plant and is considered 

to be beyond the point at which economy of scale is significant. It also meets 

the supply required by a major airport for aircraft fueling. 

Processes were selected purposely to represent different technologies. 

Process designs have been ,made in sufficlent detail to allow determination 

of overall plant efflciencies on a comparable basis. In addition, capital and 

operating costs for one of the processes were estimated for comparison with 

the costs of methane and kerosene produced from coal, as estimated in other 

phases of the project. The processes selected are -- 

• The Koppers-Totzek Process -- a commercially available process based 
on the suspension gasification of pulverized coal by steam and oxygen at 
essentially atmospheric pressure under slagging conditions in excess of 
3000°F. Since the first commercial installation of the Koppers-Totzek 
Process in Oulu, Finland, in 195Z, Z0 plants have been ordered that use 
a total of 52 Koppers-Totzek gasifiers. Four of these plants were ordered 
after 1970. The most common use of the product gas has been for ammo- 
nia synthesis. A hydrogen-production facility would utilize the same gasi- 
fying principles as an ammonia plant, but would require different down- 
stream process operations, which are described in this report. A com- 
plete list of the Z0 commercial installations, none of which is in the United 
States, is presented in Table 5-I. 

;:~ Tsaros, C. L., Arora, J. and Burnham, K. B., "Study of C o n v e r s i o n  
of Coal  to H y d r o g e n ,  Methane ,  and Liquid F u e l s , "  IGT P r o j e c t  8963, 
Cont rac t iNAS 1-136Z0,  7Chicago, 1975. 

8Z 



8/75 8962 

Table 5-1. COMMERCIAL PLANTS FOR GASIFICATION OF ALL 
KINDS OF FUELS BY THE EDPPERS-TOTZEK PROCESS 

Afrle~n Fx'~lo~ives and Chemical 
L~dustries Lid. , Johannesburg, 
hio~de~font~in Plant,  So~/th Afr ica  

Arnoni~co P.~'t:~gUfs S . A . R . b . .  
Lisbon, g : t a r r e j a  Plant 
Port~gal 

A,~or ~anayli T .A.S.  , Ankara, 
g~tahya Work~, Turkey 

Charb~nnages de France ,  Par i :~ 
,MazIng~rbc Wori<± ( p .  d. C. ) 
Franc,, 

Chemical FeTt~]izer Company 
Ltd. , Thailand, 
Syn:he~l~ ~ e r l i l i z e r  Plant al 

Chemienr~l~ge~ ]Export-Import 
Gmh]-;, B~rhn f~r VEB Germania ,  
Chorn~a~iag~n nnd Apparateba~ 
Karl-gis t 'x-Star t  VFTH gt.i tz Wo~'ks 

Er~pre~a National  "'Cah.o ~nl~, lo"  
de Combustibles Liqu~dox y 
Lubricantes .  $ .A . ,  Madrid.  
?Iltrcger~ %V~rks in Puentes de 
Garc ia  R~,drigtlez. Coru*~a, Spain 

~nlpres~t ~Jac~o~al 'Ca | vo  SOleIO" 
de Culnhus~b]t's Lxqu~dos y 
Labrican~cs, S.A. ,  Madrid.  
~ilrog~.n Works irl Ptlonleg de 
Garc[a ~odrig~e~, Coru~a, Spain 

Fiobe Steel Ltd., Kobe Japan for 
I~dua~rlal Development Corp,0 
?.~mhi~, at lqa~ue l%'e~r L~saka 
Zambia, Africa 

Nlhon S,3iso K~gyo Kaisha.  Ltd..  
Tokyo, Japan 

Nitrogenou~ F e r t i l i z e r s  lnd,=stry 
S.A.,  At h,~n~. 
Nitrogenous g~r t i l i ze r~  Plan~ 
Ptoler~a(~, Greece  

~.htrogenc,us F e r t i l i z e r s  Industr T, 
~.A.,  Athens, 
Nitrogenou¢ P e r t i l i z c r ~  Plato 
bgclemais,  Greece  

~.A. Un~.~n Chirnique Beige,  
/~rusgelt. Zan~voo rde  Works 
Be|~i,orm 

Tht' Fer: i t lzer  Corporation of 
l~di~ L'~. .  New Delhi, 
Korba Plan~. Ir~dta 

The F e r t H i z ~  Corporation of 
india Ltd. ,  .%'e~ Delhi# 
~amagur~dan~ Plant ,  India 

The F c r t l l i : e r  C o r p o r a t i o n  of 
h~di~ Ltd. ,  }.%¢¢ Delhi. 
~alcber  Plant, India 

The General Orggniz=~tlon for 
Cxcutlng ~b~ Five Year l~dustr ial  
~ l a n ,  C a i r o ,  Nitrogen Works of 
~q~ci6t6 el N a i r  d 'Engra i s  et 
.~xLn~ul~r~¢-~ Ch~rniq~e~t Att~ka, 
Suez. [ r ~ t e d  Arabian Republiq~e 

Th~ G ~ - e r r r ~ e ~  of the Kingdon~ ol 
Gre¢~e. The ~ i ~ i s t r y  ~f Co~rdl- 
n.x~lo1% At[long: ?-'~trogenout; F e r -  
t shzers  ~u'i3~t, gtnlema,~,  Gret,¢e 

i yppi t h  
( }11|11, I tnlatl¢i 

Coal dt lg !  

Hea~3' gasoline, 
pianl e.xt vndabl e 
to l ignite-  and 
anthracl tc-dust  
gasil icat  gun 

Lignite dust 

Coal dual, 
~ oke-ovcn gas, 
tail  gas 

Lignile dust 

Vacuum residue 
and 'o r  fuel oil 

I.tgnltv d .a t  

Lil2nile dust or 
naphtha 

Coat dus, 

Coa l  dusz 

L~gnite d . s t  

Lxgnile dust 

Bunker-C oil ,  
plant convertible 
for coal-dust  
gaafficat*en 

Coal dust 

Coa l  dust  

Coal duet 

Refinery off-ga~, 
LPG, and ligh! 
naphtha 

Lignite d~xst. 
bunker-C oll 

oal  ehl~l, oih 
a,~d p,,nl 

i i ,a l  lhl~[, o[I 
,lltd lll%tl 

. '~,,. ,h,.r o( { , IL . ;~  T ~, ael~,,,* g:, , . t ,X[, l t  
t,a : ,~;..;t' .~.,,I I /~.t /r .g,, I  L !.L~'.'I I!J') t l ~v  ,,f r 

>ta.f~ard c su "3 . . .5( . I -~  . . . . .  Synthl,si~ t;a~ - O r d . r  

6 2, 1 ~0.00it .-.I. 0.~'%, tHh* ..~;monia lq7~ 
synthegia 

1~% 000 6 , 3 0 0 , 0 0  Ammonia 19~6 
~ynthe~is 

77~0000 20,350.000 A~*monia 1966 
synthesis 

7~,000- 2, 7qt.. 0OO° Methanol and 1949 
l ~ll, 900 ~, 580. O00 ammonia 

synthc.~is 

217,000 %070 ,000  Ammonia 1963 
synfhegi~ 

360,000 13.d0¢,,000 Raw gas to pro- 196b 
duce hydrogen tot 
hydrogenation 

242.000 "t. ODI).00O Ammonia 1954 
gynlho~ig 

17%000 6 ,500 .000  Ammonia 1961 
synthesis 

[Onedas 
. ta .dbyt  

4 
(On~ as  
standbyl 

( On e4a s 
~tandbT6 

3 

I 214,320 T. "80,000 Amn*onia 1967 
synthesis 

~.10.000 7.820.000 Ammonia 1954 
synthesis 

l )O%000 t,. I ~O, O i l0  Ammonia 196q 
synthesis 

~'42,000 

lTb,GOO 

2.t)00,00O 

2,000,000 

2,000,000 

778,000 

% 0119. UI;O A m m o n i a  1970 
synthesis 

fi. ;~bf), (]()U Ammonia 1955 
synthesis 

74 ,450,000 Ammonia 1972 
synthes is  

" I ,  4~0,t l( l ( ,  AmmonicL 1960 
synthesis 

• I, 4~0,00U Arnmont~ 1970 
tyn the t t s  

~8 .9~0 ,000  An~nonia 1963 
synthesis 

I , ~ " l  o O U O  .~" ~. -t ~0, tlt)l A n l m o n l a  19 ~,3 
syn thes is  

I,II~,OPlI . ,  ~' I II, t)00 ~ , m l . o . L i  19~o 

I IOl t'tlt) ., .LI0,tHI l l  A l t l t l l t l n i l l  I " l " *  
~y . l h , . qh ,  

It7'~l l ] . ' ( ,  17 

R e p r o d u c e d  f rom I 
best  ava i lab le  c o p y  I 

I 
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• The U-GAS TM Process 

8962 

-- c u r r e n t l y  u n d e r g o i n g  p r o c e s s  d e v e l o p m e n t  on 
a f l u i d i z e d - b e d  g a s i f i e r .  The  o p e r a t i n g  p r e s s u r e  is s u b s t a n t i a l l y  above  
atnmspheric,  300 psig being t y p i c a l .  G a s i f i c a t i o n  o c c u r s  in the p r e s e n c e  
of s t e a m  and  o x y g e n ,  but  u n d e r  n o n s l a g g i n g  c o n d i t i o n s  a t  l$00  ° F .  The  
U-GAS P r o c e s s  is p r i m a r i l y  i n t e n d e d  to p r o d u c e  a l o w - B t u  fuel  gas .  A 
4 - f o o t - d i a m e t e r  g a s i f y i n g  r e a c t o r  is now in o p e r a t i o n .  The  p r o j e c t  is 
j o i n t l y  f unded  by the E n e r g y  R e s e a r c h  and  D e v e l o p m e n t  A d m i n i s t r a t i o n  
and  the A m e r i c a n  Gas  A s s o c i a t i o n  as  p a r t  of  the IGT HYGAS p r o g r a m .  

The  S t e a m - I r o n  P r o c e s s -  a m o d e r n ,  c o n t i n u o u s  v e r s i o n  of  the old 
b a t c h  m e t h o d  of  g e n e r a t i n g  h y d r o g e n .  To m a k e  a p r o d u c e r  gas ,  coa l  is 

. . . . . .  O 
gasified by steam and alr in a flu~d~zed bed at 1900 F. Thls gas is used 
to regenerate iron oxide, which, in the reduced state, decomposes steam 
in a separate vessel to provide the hydrogen. The iron oxide is circu- 
lated between the oxidizer (hydrogen-generation vessel) and the reductor. 
Because the hydrogen is not derived from the producer gas, the nitrogen 
introduced in the use of air does not contaminate the product. The new 
process is designed to operate at a pressure of 350 psi, which allows for 
smaller reactors than does the old, atmospheric-pressure batch process. 
This modern system is being developed at IGT to supply hydrogen for the 
HYGAS Process. Construction of a continuous steam-iron pilot plant 
has begun. 

The above  p r o c e s s e s  p r o d u c e  h y d r o g e n  r a n g i n g  in p u r i t y  f r o m  93% to 96 9 ,  

the i m p u r i t i e s  be ing  n i t r o g e n  and  m e t h a n e  ( p r o d u c e d  in the g a s i f i e r ) .  B e c a u s e  

of v a r i a t i o n s  in the m e t h a n e / n i t r o g e n  p r o p o r t i o n s ,  t h e r e  a r e  s m a l l  v a r i a t i o n s  

in h e a t i n g  v a l u e .  

250 B i l l i o n  Btu of  H y d r o g e n  p e r  Day F r o m  M o n t a n a  S u b b i t u m i n o u s  
C oa l  by  the  K o p p e r s - T o t z e k  P r o c e s s  

The  K o p p e r s - T o t z e k  P r o c e s s  i n v o l v e s  the p a r t i a l  o x i d a t i o n  of  p u l v e r i z e d  

c o a l  in s u s p e n s i o n  wi th  o x y g e n  and s t e a m .  ( T h i s  d e s i g n  is b a s e d  on the g a s i -  

f i c a t i o n  of  M o n t a n a  s u b b i t u m i n o u s  c o a l . )  ]7he c o n v e r s i o n  of  coa l  to h y d r o g e n  

is a c o m p l e x  p r o c e s s  tha t  r e q u i r e s  m a n y  o p e r a t i o n s .  T h e s e  m a y  be g r o u p e d  

u n d e r  t h r e e  m a j o r  h e a d i n g s :  

i .  C o a l  s t o r a g e  and  p r e p a r a t i o n  

Z. C o a l  g a s i f i c a t i o n  fo r  p r o d u c t i o n  of  s y n t h e s i s  gas  

3. U p g r a d i n g  of  the r a w  s y n t h e s i s  gas  to p r o d u c e  h y d r o g e n .  

F i g u r e  5-1 is a f low d i a g r a m  of  the p r o c e s s i n g  s t e p s  r e q u i r e d  f o r  th is  p lan t .  

C o a l  S t o r a g e  and P r e p a r a t i o n  

The h y d r o g e n  p l an t  is a s s u m e d  to be l o c a t e d  n e a r  a c o a l  m i n e  tha t  wi l l  

p r o v i d e  c o a l  fo r  a t  l e a s t  25 y e a r s .  Raw c o a l  is b r o u g h t ,  by t r u c k ,  f r o m  the 
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m i n e  to a s t o r a g e  a r e a  w h e r e  a 6 0 - d a y  s u p p l y  of c o a l  ( b r o k e n  to 1 - 1 / Z - i n c h  

x 0 s i z e  -- i . e . ,  v e r y  s m a l l  to 1 - 1 / Z - i n c h - d i a m e t e r  p i e c e s )  is a c c u m u l a t e d .  

The  p l a n t  r e q u i r e s  a c o n t i n u o u s  f low of 25 ,01Z  tons  of  r a w  c o a l  (ZZ% m o i s t u r e )  

pe r  da y  f r o m  the m i n e .  P r o v i s i o n  is m a d e  to s t o r e  the c o a l  in such  a way  tha t  

i t  is u n i f o r m l y  d i s t r i b u t e d  in the s t o r a g e  pi le ;  and the r e c l a i m e d  coa l  fed  to the 

g a s i f i e r s  a p p r o a c h e s  a u n i f o r m  c o m p o s i t i o n ,  e v e n  t h o u g h  the run  c o m p o s i t i o n  

of  the c o a l  v a r i e s .  A b o u t  Z4.,t% of  the f e ed  c o a l  is u s e d  as  b o i l e r  and  d r y e r  

fue l .  

in  c o m b i n a t i o n  g r i n d e r - d r y e r  m i l l s ,  c o a l  is d r i e d  to Z% m o i s t u r e  and is 

p u l v e r i z e d  so tha t  70~o of  the m a s s  p a s s e s  t h r o u g h  Z00 m e s h  ( 7 4 - m i c r o n  o p e n -  

ing) .  The  p u l v e r i z e d  c o a l  is c o n v e y e d  to the s t o r a g e  b ins  b e f o r e  be ing  fed  to 

the  g a s i f i e r s .  

C oa l  G a s i f i c a t i o n  f o r  P r o d u c t i o n  of  S y n t h e s i s  Gas  

F i g u r e  5-Z is a s k e t c h  of  the K o p p e r s - ] : o t z e k  g a s i f i e r .  The  p u l v e r i z e d  

c o a l  is c o n t i n u o u s l y  d i s c h a r g e d  in to  a m i x i n g  n o z z l e  in w h i c h  it  is e n t r a i n e d  

in  o x y g e n  and  l o w - p r e s s u r e  s t e a m .  M o d e r a t e  t e m p e r a t u r e  and  h igh  b u r n e r  

velocity prevent reaction of the coal with the oxygen until entry into the gasi- 

fication zone. The quantities of coal, steam, and oxygen required for the 

gasifier are shown in Table 5-Z. 

Table 5-Z. KOPPERS-TO]?ZEK GASIFIER FEED QUANTITIES 
(For a Z50 X 109 Btu/Day Hydrogen Plant That Uses 

Montana Subbitunlinous Coal) 

C o a l ,  l b / h r  ( d r y  bas i s )  
S t e a m ,  l b / h r  
O x y g e n ,  t o n s / d a y  (98~0 pure )  

A m o u n t  

i, ZZ9, 590 
ZT0, 164 

1Z, 09Z 

The  o x y g e n ,  s t e a m ,  and  coa l  r e a c t  a t  a p r e s s u r e  s l i g h t l y  a b o v e  a t m o s -  

p h e r i c  and  a t  3 3 0 0 ° F  in a r e f r a c t o r y - l i n e d ,  h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  wi th  

c o n i c a l  e n d s .  The  f i x e d  c a r b o n  and v o l a t i l e  m a t t e r  in the c o a l  a r e  g a s i f i e d  

to p r o d u c e  r a w  s y n t h e s i s  gas  and m o l t e n  s lag  at  Z 7 3 0 ° F .  Abou t  50% of the 

molten slag drops into a water-f~lled quench pot, thus for,ning a Z00°F slag- 

water slurry. This slurry is cooled to IZ5°F and is sent to a slag-settling 

pond. The water is recycled to the slag quench pot. The composition of the 

raw gas from the gasifier is shown in Table 5-3. 
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Table 5-3. COMPOSITION OF THE RAW GAS FROM A 
KOPPERS-TOTZEK GASIFIER 

(Pressure, 6. Z pslg; Temperature, Z730°F) 

A c t u a l  D r y  B a s i s  
- -  m o t e  % 

C a r b o n  M o n o x i d e  5 1 . 3  5 8 . 3  
C a r b o n  D i o x i d e  8 . 8  1 0 . 0  
H y d r o g e n  Z 6 . 8  3 0 . 4  
W a t e r  V a p o r  1 2 . 0  - -  
M ethane . . . .  
l'4itrogen and Argon 0.9 i. 0 
Hydrogen Sulfide and 

Carbonyl Sulfide 0. Z 0.3 

Total 100.0 100.0 

U p g r a d i n g  o f  t he  R a w  G a s  to P r o d u c e  H y d r o g e n  

The synthesis gas leaving the gasifier [s cooled to ZI00°F by direct quench- 

ing with water, which also helps to solidify the entrained slag droplets. The 

quenched gas is cooled to 180°F in the waste-heat recovery boiler where a sig- 

nificant portion of the 1200-psig, 900°F, superheated steam for driving the 

turbines is generated. The cooled gas is washed with water in a venturi scrub- 

ber to reduce entrained solids to a concentration of between 0.00Z and 

0.005 grains/SCF. The gas is cleaned further, in electrostatic precipitators, 

before it is compressed to 700 psig. The slag and fine particles removed in 

the vemturi scrubber are disposed of. 

In order to upgrade the gas to the desired hydrogen product, the dust-free 

compressed gas undergoes hydrogen sulfide removal, carbon monoxide shift, 

carbon dioxide removal, methanation and drying, and final compression. To 

increase the hydrogen yield, the carbon monoxide and water in the gas are con- 

verted to carbon dioxide and hydrogen by the well-known carbon monoxide shift 

reaction performed with a shift catalyst: 

CO + HaO ~ COz + Hz 
c a t a l y s t  

C o m m e r c i a l  c a t a l y s t s  f o r  r e a c t i o n s  in  two  t c m p c r a t u r e  r a n g e s  ( f r o m  350 ° 

to 5 0 0 e F  a n d  i r o m  600 ° to 9 5 0 ° F )  a r e  a v a i l a b l e .  T h e  u s e  of  a l o w - t e m p e r a t u r e  

s h i f t  c a t a l y s t  r e q u i r e s  m u c h  l e s s  s t e a m  t h a n  d o e s  u s e  o f  a h i g h - t e m p e r a t u r e  

s h i f t  s y s t e m  b e c a u s e  o f  t he  m o r e  f a v o r a b l e  e q u i l i b r i u m  a n d  g r e a t e r  c a t a l y s t  

a c t i v i t y  w i t h  t he  f o r m e r ,  t h e  l o w e r  s t e a m  r e q u i r e m e n t  i n c r e a s e s  t h e  p l a n t  

t h e r m a l  e f f i c i e n c y  a n d  r e d u c e s  t h e  b o i l e r  c o s t .  H o w e v e r ,  t he  l o w - t e m p e r a t u r e  
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shift catalyst cannot be used with gases that contain sulfur. Because the 

acid gases (hydrogen sulfide and carbon dioxide) must be removed at some 

stage o£ the process, it is desirable to remove the hydrogen sulfide prior 

to, and the carbon dioxide after, the carbon monoxide shift. 

In this design, the carbon monoxide concentration is shifted from 59~0 in 

the feed to 3% in the effluent. This is less expensive than shifting to an even 

lower carbon monoxide level and still results in a 93~ hydrogen product gas. 

A total of 53,938 moles of carbon monoxlde/hr are shifted in four seven-stage 

reactors, with a steam-to-dry gas ratio of 0.3 for each stage. The total 

gas flow is divided into four parallel trains to minimize the pressure drop 

through the seven stages. Quench water and steam are added between the 

stages to cool the previous stage effluent to 370°F and to bring the steam-to-dry 

gas ratio to 0.3. A total of 44,826 moles of steam/hr and 45, 104 moles of 

quench water/hr is required. 

Prior to the carbon monoxide shift, hydrogen sulfide is removed in the first 

stage of a two-stage l%ectisol system, which has been successfully demonstrated 

in cornn~erclal operations (e. g., in the Sasol plant of the South African Coal, 

Oil, and Gas Corp. ). The sulfur compounds are removed completely by wash- 

ing the gas with methanol that has been charged with carbon dioxide at 115°F 

and 700 psig. The higher operating pressure of the Rectisol system favors the 

physical absorption of acid gas by methanol. The regeneration of this sol- 

vent yields a mS. 5% hydrogen sulfide-rich gas that yields 86. I long tons of 

sulfur/day in the sulfur-recovery plant, with Z50 ppm of sulfur remaining in 

the g a s  vented to the atmosphere. 

After the carbon monoxide shift, and before going to the second-stage of 

the Rectisol system for carbon dioxide removal, the effluent is cooled to 

115°F by waste-heat recovery and water cooling. The carbon dioxide-rich 

stream is vented to the atmosphere because it contains less than 5 ppm sulfur. 

To achieve a pipeline-gas standard of a maximum of 0. i% carbon monoxide, :~ 

the effluent from the second stage of the l~ectisol system, which contain 4.8~0 

carbon monoxide, is methanated. A single-stage, recycle-quench methanation 

::'Because the pipeline gas, which contains toxic carbon monoxide, will 
eventually be delivered to individual residences, the maximum carbon 
monoxide level must be this low. 

I N S T i T U T F (% F: 
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system with a feed temperature of 550°F and an effluent temperature of 900°F 

is used. The methanation effluent is cooled to IZ5°F, with a portion of the gas 

being used as the recycle quench stream. The product gas is dried in a stan- 

dard glycol drying unit t o  7 ib of water/million SCF of gas. 

The dried gas is compressed to I000 psig in a single-stage, product-gas 

compressor and is sent to the pipeline. Because the heating value of hydrogen 

is approximately one-third that of n~ethane, per SCF of gas, the volume of the 

hydrogen product gas is approximately three times that of SNG for a compara- 

ble 250 X 109 Btu/day plant, or 698 ,niIlion SCF of hydrogen/day. Table 5-4 

shows the composition of the hydrogen product gas. 

Table 5-4. COMPOSITION OF T H E  GAS PRODUCED BY 
KOPIDERS-TOTZEK GASIFICATION 

(For a 250 X 109 Btu/Day Hydrogen Plant, Operating at 140°F and 1000 psig, 
That Uses Montana Subbituminous Coal) 

Amount, 

Carbon l~4onoxide 0. I 
Carbon Dioxide* -- 
Hydrogen 93. I 
iki ethane 5.5 
Nitrogen and Argon I. 3 

Total I00.0 

* 50 ppm 

T a b l e  5-5  shows  the p r o c e s s  t h e r m a l  e f f i c i e n c y .  A p p r o x i m a t e l y  56 .8% 

of  the h i g h e r  h e a t i n g  va lue  of  the f e ed  c o a l  is c o n v e r t e d  to h i g h e r  h e a t i n g  v a l u e  

in the p r o d u c t  ga s ,  and 0. Z% of  the f e e d  coa l  is p r o d u c t  s u l f u r .  The  o t h e r  m a j o r  

h e a t  l o s s e s  a r e  shown  in T a b l e  5 -6 .  The  r e m a i n i n g  3 .3% loss  is  a t t r i b u t a b l e  

to w a s t e - h e a t  r e c o v e r y ,  the v e n t i n g  of c a r b o n  d iox ide  to the a t m o s p h e r e ,  

reactor ash, etc. 

In summary, production of 250 X 109 Btu of hydrogen/day from Montana 

subbiturninous coal, using a l~oppers-Totzek gasifier operating at 6 to ? psig 

and at 2700 ° to 3300°F, requires 25,01Z tons of ZZ%-moisture coal per day, 

thus converting 56.8% of the HHV of the coal to HHV in the product hydrogen. 

9O 
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Table 5-5. KOPPERS-TOTZEK PROCESS EFFICIENCY 
(For a 250 X 109 Btu/Day Hydrogen Plant That Uses 

Montana S u b b i t u m i n o u s  Coal)  

Amount 

R e a c t o r  Coal ,  l b / h r  (d ry  b a s i s )  

B o i l e r  Coal ,  l b / h r  (dry  b a s i s )  

To ta l  Coal, l b / h r  (d ry  b a s i s )  

HHV* of the  To ta l  Coal ,  10 6 B t u / h r  
(at 1 I, Z90 Bm/Ib) 

HHV of the Product Gas, 106 Btu/hr 

Converted to Product Gas 

Converted to Sulfur 

Total % Converted to Products 

1,229,590 

396, Z18 

I, 6Z5, 808 

18, 355 

I0, 4Z9 

56.8 

0. Z 

57.0 

896Z 

' : 'High hea t ing  va lue .  

Table 5-6. HEAT-LOSS SUMMARY FOR THE 
KOPPERS- TOTZEK PROCESS 

Amounts, 
10 6 B t u / h r  

of HHV of 
To ta l  Coal  

Air-Cooling Units 
R e j e c t e d  by Cool ing  W a t e r  
B o i l e r  L o s s e s  
Coal  D r y i n g  

T o t a l  

58 .3  0 .3  
6 1 1 3 . 2  33 .3  

591 .7  3, Z 
5Z9.1 Z. 9 

7292-. 3 3 9 . 7  

D e s c r i p t i o n  of a ZS0 Bi l l i on  B t u / D a y  P l a n t  P r o d u c i n g  H y d r o g e n  F r o m  
M o n t a n a  S u b b i t u m i n o u s  Coa l  by the  U-GAS P r o c e s s  

The U-GAS Process utilizes single-stage, fluidized-bed gasifiers. The 

major advantages of this type of operation include-- 

• High r e a c t i o n  r a t e s  b e c a u s e  of good g a s - s o l i d s  c o n t a c t  

• A u n i f o r m  and e a s i l y  c o n t r o l l e d  bed t e m p e r a t u r e  

• A high c o n c e n t r a t i o n  of c a r b o n  in the  f luid bed,  thus  e n s u r i n g  r e d u c i n g  
cond i t i ons ;  g iv ing  good p r o d u c t  gas ;  and e n s u r i n g  tha t  s u l f u r  is c o n v e r t e d  
to h y d r o g e n  su l f ide ,  w h i c h  is r e a d i l y  r e m o v e d  

• An  a s h - r e m o v a l  s y s t e m  tha t  is un ique  b e c a u s e  it a l lows  fo r  the  r e c y c l i n g  
and s u b s e q u e n t  g a s i f i c a t i o n  of f ines  and for  r e m o v a l  of only  l o w - c a r b o n  
a sh .  Th i s  s y s t e m  r e s u l t s  in high c a r b o n  c o n v e r s i o n  and,  h e n c e ,  is h igh ly  
e f f i c i en t .  
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O u r  p r o c e s s  d e s i g n s  f o r  h y d r o g e n  p r o d u c t i o n  a r e  b a s e d  on the u s e  of 

M o n t a n a  s u b b i t u m i n o u s  c o a l ,  w h i c h  is n o n c a k i n g  and thus  n e e d s  no p r e t r e a t -  

r ne n t .  Coa l  (ZZ% m o i s t u r e )  is r e c e i v e d  f r o m  the  n e a r b y  m i n e  a t  the r a t e  of 

2 1 , 4 4 3  t o n s / d a y .  F o r  the  c o a l - d r y i n g  s y s t e m ,  16 ,760  tons  of  p r o c e s s  c o a l  

(2Z~ m o i s t u r e )  p e r  day  a r e  r e q u i r e d ,  and the  b o i l e r  r e q u i r e s  4148 tons  of  coa l  

(ZZ% m o i s t u r e )  p e r  d a y .  (See F i g u r e  5 - 3 . )  

C o a l  is s i m u l t a n e o u s l y  c r u s h e d  to 1 / 4 - i n c h x  0 s i z e  and d r i e d  to a m o i s t u r e  

c o n t e n t  of 10% b e f o r e  be ing  c o n v e y e d  to the r e a c t o r  f eed  s y s t e m .  L o c k  h o p p e r s  

have  b e e n  ~ h o s e n  f o r  t h i s  f eed  s y s t e m  b e c a u s e  t h e y  have  b e e n  c o m m e r c i a l l y  

p r o v e d  in s y s t e m s  o p e r a t i n g  at th i s  r e a c t o r  p r e s s u r e  (335 ps ig ) .  Coa l  is  

d r o p p e d  f r o m  a f eed  b in  in to  an open  lock  h o p p e r .  A f t e r  be ing  i s o l a t e d  by the  

lock  h o p p e r  v a l v e s ,  the  l ock  h o p p e r  is p r e s s u r i z e d  (with n i t r o g e n  f r o m  a 

r e c y c l e  n i t r o g e n  c o m p r e s s o r )  to  the  r e a c t o r  p r e s s u r e .  The  lock  h o p p e r  d i s -  

c h a r g e  v a l v e  is t h e n  o p e n e d ;  and the  c o n t e n t s  of  the lock  h o p p e r  f low,  by 

g r a v i t y ,  into a c o n t i n u o u s  r e a c t o r  f e ed  bin.  The  p r e s s u r e  in the  lock  h o p p e r  

is t h e n  r e l e a s e d  to a s u r g e  d r u m  u p s t r e a m  of  the  r e c y c l e  c o m p r e s s o r ,  and 

the c y c l e  beg ins  a g a i n .  

G e n e r a t i o n  of  S y n t h e s i s  Gas  

T h i s  p lan t  r e q u i r e s  two g a s i f i e r s ,  e a c h  wi th  an  i n s i d e  d i a m e t e r  of 31 f e e t  

and a 6 8 - 1 / Z - f o o t  s t r a i g h t  s h e l l .  T h e s e  two un i t s  c o n s u m e  8631 tons  of  98% 

o x y g e n  p e r  day ,  c o m b i n e d  wi th  3 7 5 , 7 7 6  lb of s t e a m / h r .  T h e  s t e a m  and o x y -  

y e n  s e r v e  as a f l u i d i z i n g - g a s i f y i n g  m e d i u m  f o r  the 14, 5Z5 t o n / d a y  g a s i f i e r  

c o a l  f e e d .  T a b l e  5 - 7  shows  the  g a s i f i e r  f e ed  q u a n t i t i e s  and the  s t e a m  r e q u i r e d  

f o r  the  c a r b o n  m o n o x i d e  sh i f t .  

T a b l e  5 -7 .  U-GAS G A S I F I E R  F E E D  Q U A N T I T I E S  
( F o r  a ZS0 X l09 B t u / D a y  P l a n t  T h a t  Uses  M o n t a n a  S u b b i t u m i n o u s  Coa l )  

A m o u n t  

Coa l ,  l b / h r  ( d r y  b a s i s )  
S t e a m ,  l b / h r  
O x y g e n ,  t o n s / d a y  
S t e a m  f o r  the  Shif t ,  l b / h r  

1 , 0 8 9 , 3 9 9  
37B, 776 

8 ,631  
790 ,7B8  

The  coa l  is g a s i f i e d  in a s i n g l e - s t a g e  f l u i d i z e d  bed at  1 9 0 0 ° F  and 335 ps ig .  

R e a c t o r  r e s i d e n c e  t i m e  is 80 m i n u t e s ,  and the f l u i d i z i n g  v e l o c i t y  is 1. 5 f t / s .  

B e c a u s e  the  c o a l  is i n j e c t e d  be l ow  the  s u r f a c e  of  the  f l u d i d i z e d  bed ,  m e t h a n e  
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formation is minimized; and, because of the high temperature, devolatilization 

products are decomposed. The gasifier is unique in its method of ash removal 

and fines handling. (See Figure 5-4. ) Simultaneous with the gasification of the 

coal, the ash is agglomerated into larger, heavier particles that eventually fall 

out of the bed, 

The ash agglomerates fall into a water-filled quench pot, thus forming a 

slurr~ that is cooled and then depressurized across a valve before being chan- 

neled to one of two slurry-settling ponds. The water is recycled to the slurry 

quench pot. The ash is reclaimed from the unused pond and is disposed of in 

the mining area. 

The raw gasifier product is cooled from 1900 ° to 300°F in a waste-heat 

reuovery boiler that generates about 90% of the required process steam (the 

remaining process steam required being generated in the carbon monoxide- 

shift waste-heat recovery unit). 

S1nall dust particles (less than 5 microns in diameter) carried over from 

the cyclones are removed in a jet venturi scrubber that has a high removal 

efficiency for particles of from 1 to g microns in size. This completely 

removes particulate matter from the gas before it is compressed. 

The Manufacture of Hydrogen From Synthesis Gas 

Table 5-8 shows the composition of raw synthesis gas and product gas. 

To increase the hydrogen yield, the carbon monoxide and water in the gas are 

converted to carbon dioxide and hydrogen by the well-known shift reaction 

(CO + HzO -* CO z + Hz) performed in a catalytic reactor. Cornrnercial cata- 

lysts for reactions in two temperature ranges (from 350 ° to 500°F and from 

600 ° to 950°F) are available. The use of a low-temperature shift catalyst 

requires much less steam than does use of a high-temperature shift system 

because of the more favorable equilibrium with the former. In this case, 

45, 275 Ib-mol of carbon monoxide/hr are being shifted. The low-temperature 

shift system saves either I. Z million or Z million Ib of shift steam/hr, depend- 

ing on vchether the system used as a comparison is a) an all-high-temperature 

shift catalyst with no water quench between stages or b) a combination high 

temperature-low temperature shift catalyst with a water quench between each 

stage. Also, because the low-temperature shift system decreases steam 

94 



8/75 8962 

FROM REACTOR 
FEED SYSTEM 

I't 
{, 

; 

GASIFIER 

RAW GAS TO 
WASTE-HEAT 
RECOVERY 

~[--L-2ND STAGE 
- - /  DUST 

REMOVAL 
DUST 
REMOVAL 

/ 

TO REACTOR 
DISCHARGE SYSTEM 

SOL,DS 
FEEDER 

OXYGEN 
AND STEAM 

A 7 5 0 7 1 7 6 1  

Figure 5-4. SIMPLIFIED DIAGRAM OF THE GASIFIER 
TO BE USED IN THE IGT U-GAS SYSTEM WHEN 

PRETREATMENT IS NOT REOUIRED 

I ~ c " r  

95 



8/75 8962 

usage, the cost of the boiler is less; and, more important]y, the plant is more 

efficient by from 3% to 7%, again depending on the type of high-temperature 

shift system used as a comparison. 

The low-temperature shift catalyst cannot be used with a gas that contains 

sulfur. Because the acid-gases (hydrogen sulfide and carbon dioxide) must be 

removed at some stage of the process, it is desirable in our design to remove 

the hydrogen sulfide prior to, the carbon dioxide after, the carbon monoxide 

shlft. 

Table 5-8. U-GAS HYDROGEN-FROIVi-COAL PLANT 
(Based on the Use of Montana Subbituminous Coal) 

G a s i f i e r  R a w - G a s  P r o d u c t - G a s  
C o m p o s  it i on  C o m p o s  i t i o n  

t o o l  % ( d r y  b a s i s )  

C a r b o n  M o n o x i d e  50.  1 0. 1 
Carbon Dioxide ~'~ I 1.5 -- 
Hydrogen 35.3 94.3 
Methane 2. 1 4. 8 
IYitrogen and Argon 0.7 0.8 
Hydrogen Sulfide 0.3 -- 

T o t a l  1 0 0 . 0  1 0 0 . 0  

'" 5 0 . 0  p p m  

Prior to hydrogen sulfide removal, the gas is compressed to 700 psig. 

This facilitates acid-gas removal because a physical absorption system has 

heen chosen for the plant, and higher partial pressures are favorable for 

absorption. The unit selected for acid-gas removal is a two-stage Rectisol 

plant that is similar to units that have been successful in commercial opera- 

tions. The hydrogen sulfide absorption system produces hydrogen sulfide-rich 

gas that yields 76. I long tons of molten sulfur per day in the sulfur-recovery 

unit, with Z50 ppm of sulfur remaining in the gas vented to the atmosphere. 

After shifting, the carbon dioxide is removed in the second stage of the 

Rectisol unit. This carbon dioxide-rich strean~ is vented to the atmosphere. 

(The sulfur content is claimed to be less than 5 ppm. ) A methanation unit is 

used to reduce the carbon monoxide content of the product gas from I. 5% to 

0. i%. This is 1~lore economical than using the shift reaction to convert all of 

the carbon monoxide. The unit is a single-stage, adiabatic reactor similar to 

those used in ammonia plants in removing carbon oxides. Water is removed 
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f r o m  the gas exit ing the m e t h a n a t o r  by a s t a n d a r d  g lyco l  d ry ing  unit .  The 

d r i e d  gas is c o m p r e s s e d  to 1000 ps ig  by the p r o d u c t - g a s  c o m p r e s s o r  and is 

sent  to the p ipel ine .  

In t e r m s  of v o l u m e s  of gas  handled,  this  plant  is l a r g e r  than  the s t a n d a r d -  

s i zed  Z50 bi l l ion  B t u / d a y  SNG plant.  This plant  p r o d u c e s  705 m i l l i o n  SCF of 

h y d r o g e n / d a y ,  w h e r e a s  an SING plant  p r o d u c e s  only about Z50 m i l l i o n  SCF of 

hydrogen/day. 

The plant  cap i t a l  i n v e s t m e n t  has  b e e n  e s t i m a t e d  in t e r m s  of mid -1974  

cos t s ,  and the  h y d r o g e n  cos t  has  been  c a l c u l a t e d  by the d i s coun t ed  c a s h  flow 

(DCF) m e t h o d  used  in the F ina l  R e p o r t  of  the S u p p l y - T e c h n i c a l  A d v i s o r y  T a s k  

F o r c e ,  Synthe t ic  G a s - C o a l  p r e p a r e d  fo r  the S u p p l y - T e c h n i c a l  A d v i s o r y  

C o m m i t t e e  fo r  the  Nat iona l  Gas S u r v e y  by  the F e d e r a l  p o w e r  C o m m i s s i o n .  

The capital cost breakdown is shown in Table 5-9.  

Table 5-9. CAPITAL-COST BREAKDOWN 
(Mid- 1974 Basis) 

P r o c e s s  Units 

Ut i l i t i es  and Of f s i t e s  

I n s t a l l e d -  P l an t  Cost  (Excluding 
Cont ingency)  

Contingency at 15~ 

Tota l  B a r e  Cos t  

Contractors' Overhead and Profit at 15~ 

Tota l  P lan t  I n v e s t m e n t  

R e t u r n  on I n v e s t m e n t  Dur ing  C o n s t r u c t i o n  

Start-Up Costs 

Working  Capi ta l  

Total Capital Required 

$1o 6 

151.1 

158.4 

309.5 

46 .4  

355.9  

53.4  

409 .3  

9Z. 1 

20.5  

17.9 

539.8  

The largest costs are for the hydrogen sulfide and carbon dioxide removal 

unit  and for  the oxygen plant .  These  two plants  t o g e t h e r  c o m p r i s e  44% of the 

i n s t a l l e d - p l a n t  cos t .  Based  on a 16% DCF r a t e  of r e t u r n  wi th  coal  cos t ing  

$ 0 . 3 0 / m i l l i o n  Btu, the  cos t  of the p roduc t  h y d r o g e n  is $ 2. 17 / rn i l l ion  Btu. 

F i g u r e  5-5 shows the c a l c u l a t e d  p r i c e  of h y d r o g e n  as a func t ion  of the p r i ce  

of coal. 
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The p r o c e s s - e f f i c i e n c y  c a l c u l a t i o n  is shown in Table  5-10.  About  66. Z% 

of the high heat ing  value  (HHV) in the coal  is c o n v e r t e d  to HHV in the p roduc t  

gas.  W a s t e - h e a t  r e c o v e r y  uni ts ,  which  r e d u c e  the amoun t  of hea t  los t  to the 

cooling m e d i a ,  have been  used  to the m a x i m u m  ex ten t  p r a c t i c a b l e .  The to ta l  

HHV of the coal  u s e d  in th is  p r o c e s s  is 15, 736 mi l l i on  B t u / h r ,  of which  1972 

mi l l i on  B t u / h r  (12. 5%) is r e c o v e r e d  by w a s t e - h e a t  r e c o v e r y  uni ts .  The p rod -  

uct  gas has a total HHV of i0, 425 million Btu/hr (66. Z% of the total HHV of 

the coal). Other major heat losses are shown in Table 5-1 I. 

Table 5- 10. 

R e a c t o r  Coal ,  l b / h r  (dry  bas i s ,  11, Z90 Btu / lb)  

Boiler Coal and Dryer Fuel, ib/hr 
(d ry  basis) 

Total Coal, Ib/hr (dry basis) 

HHV of the Coal Used, 106 Btu/hr 

HHV of the Product Gas, 10 6 Btu/hr 

% C o n v e r t e d  to Product Gas 

U-GAS PROCESS EFFICIENCY 

Amount 

I, 089,399 

304,363 

I, 393, 76Z 

15,736 

I0,425 

66.2 

Table 5-ii. SOURCES OF HEAT LOSS IN THE U-GAS PROCESS 

Air-Cooling Units 
Rejected by Cooling Tower 
Boiler Losses 

Heat Loss, % of Total 
10 6 Btu/hr HHV of Coal 

8 9 8 . 8  5 . 7  
3050.9 19.4 
456.6 2.9 

The r e m a i n i n g  l o s s e s  a r e  each  l e s s  than  2~o of the  to ta l  HHV of the  coal  

c o n s u m e d  and a r e  a t t r i bu t ab l e  to such  things as the  vent ing  of c a r b o n  dioxide 

to the a t m o s p h e r e ,  the  coal  d r y e r ,  the c o m b u s t l o n - g a s  vent ,  b y - p r o d u c t  su l -  

fur ,  and r e a c t o r  ash .  

In conclusion, the U-GAS Process, which involves operation of a single- 

stage, fluidized-bed gasifier at 335 psig and 1900°F , will produce hydrogen 

f r o m  Montana  subb i tuminous  coa l  in an  e n v i r o n m e n t a l l y  a ccep t ab l e  m a n n e r .  

The e f f i c i ency  of c o n v e r s i o n  of the to ta l  coa l  HHV to p roduc t  gas HHV is 66. Z% • 

The plant  capac i ty  is 250 b i l l ion  Btu of p roduc t  gas (94.3% h y d r o g e n )  p e r  day 

and the to ta l  cap i t a l  i n v e s t m e n t  is $ 528 mi l l ion .  
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250 Billion Btu of Hydrogen per Day From Montana Subbituminous Coal 
by the Steam-lron Process ........ 

In  th~s p r o c e s s ,  t he  c r u s h e d  and d r i e d  c o a l  is r e a c t e d  wi th  s t e a m  and a i r  

to m a k e  p r n d u c e r  g a s ,  w h i c h  is u s e d  to r e d u c e  the  o x i d i z e d  i r o n  f r o m  the  s t e a m -  

i r o n  r e a c t o r .  H y d r o g e n  is d e r i v e d  f r o m  w a t e r  a c c o r d i n g  to the  r e a c t i o n s  

d i s c u s s e d  in  a l a t e r  p o r t i o n  of  t h i s  r e p o r t  s e c t i o n .  

p r o c e s s  i n c l u d e -  

@ 

@ 

The a d v a n t a g e s  of  th i s  

P r o d u c t i o n  of  h i g h - p u r i t y  h y d r o g e n  

iNo ne ed  f o r  an  o x y g e n  p lan t  b e c a u s e  a i r  is u s e d  d i r e c t l y  

NO need for a carbon monoxide shift 

Production of a large amount of by-product electric power. 

Any type of coal from bituminous to lignite can be gasified in this process. 

F o r  the  cak ing  c o a l s ,  p r e t r e a t m e n t  wi th  a i r  at  700 ° to  8 0 0 ° F  is  r e q u i r e d  to  

r e d u c e  the  a g g l o m e r a t i n g  t e n d e n c y .  F o r  th i s  d e s i g n ,  M o n t a n a  s u b b i t u m i n o u s  

c o a l  was  g a s i f i e d ,  so  no p r e t r e a t m e n t w a s  n e c e s s a r y .  T h e  s t e p s  r e q u i r e d  in 

the  c o n v e r s i o n  of  c o a l  to  h y d r o g e n  by th i s  p r o c e s s  a r e  s h o w n  in F i g u r e  5 -6 .  

T h e s e  s t e p s  m a y  be g r o u p e d  u n d e r  the  fo l l owing  m a j o r  h e a d i n g s :  

• C o a l  s t o r a g e  and p r e p a r a t i o n  

• F u n c t i o n s  of the  p r o d u c e r - g a s  g e n e r a t o r  and s t e a m - i r o n  r e a c t o r  

• U p g r a d i n g  of  the  o x i d i z e r  e f f l u e n t  to the  d e s i r e d  h y d r o g e n  p r o d u c t  

• P o w e r  g e n e r a t i o n  f r o m  r e d u c t o r  o f f -gas  u s ing  a c o m b i n e d  p o w e r  c y c l e .  

CoaI  S t o r a g e  and P r e p a r a t i o n  

T h e  h y d r o g e n  p l an t  is  a s s u m e d  to be l o c a t e d  n e a r  a c o a l  m i n e  tha t  wi l l  

p r o v i d e  c oa l  f o r  at l e a s t  25 y e a r s .  Raw c o a l  is b r o u g h t ,  by t r u c k ,  f r o m  the  

m i n e  to  a s t o r a g e  a r e a  w h e r e  a 6 0 - d a y  s u p p l y  is m a i n t a i n e d .  T h e  p l an t  

requires a continuous flow of 31, 583 tons of the raw coal (gZ% moisture) per 

day from the mine. About 3. Z% of the feed coal is used as dryer fuel. 

The plant feed is ground so that 80% of the mass is below INo. i0 U.S. 

Sieve Series size (Z. 00-millimeter opening) and is dried to a moisture con- 

tent of 5.77% in combination grinder-dryer mills. A lock-hopper feed system, 

which has been used successfully at 300 to 400 psig in commercial Lurgi 
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p l a n t s ,  is u s e d  to f e e d  coa l  to the  p r o d u c e r - g a s  g e n e r a t o r .  Coa l  is fed  to a 

l ock  h o p p e r  f r o m  a s t o r a g e  bin.  A f t e r  the  lock  h o p p e r  v a l v e s  a r e  c l o s e d ,  the  

v e s s e l  is p r e s s u r i z e d  wi th  an  i n e r t  gas  (plant  s t a c k  gas )  to the r e a c t o r  p r e s -  

s u r e  l eve l .  The l o c k - h o p p e r  d i s c h a r g e  va lve  is t h e n  opened;  and the  c o n t e n t s  

of  the  lock  hoppe r  f low,  by g r a v i t y ,  into a c o n t i n u o u s  p r o d u c e r - g a s  g e n e r a t o r  

f e e d  bin.  The  lock  h o p p e r  is t h e n d e p r e s s u r i z e d ,  and  the  cyc l e  is r e p e a t e d .  

The  i n e r t  gas  is r e c o v e r e d ,  r e c o m p r e s s e d ,  and r e c y c l e d .  

P r o d u c e r - G a s  G e n e r a t o r  and S t e a m - I r o n  R e a c t o r  

The s t e a m - i r o n  g a s i f i c a t i o n  s y s t e m  is shown in F i g u r e  5-7.  The g round  

and  d r i e d  coa l  is c o n t i n u o u s l y  d i s c h a r g e d  to the f l u i d i z e d - b e d  p r o d u c e r - g a s  

g e n e r a t o r ,  wh ich  is o p e r a t e d  at  1950°F  and 355 ps ig .  A h igh  p e r c e n t a g e  of 

the  c a r b o n  is g a s i f i e d  in the p r o d u c e r - g a s  g e n e r a t o r .  The fo l lowing  g a s i f i c a -  

t i o n  r e a c t i o n s  take  p l ace  in the p r o d u c e r :  

C + HzO .I CO + H z -- H e a t  

C + 1 /ZO z+ 2N z 4 CO + ZN z+ H e a t  
(air) 

S m a l l  q u a n t i t i e s  of c a r b o n  d iox ide ,  m e t h a n e ,  and h y d r o g e n  su l f ide  a r e  a l s o  

f o r m e d .  

The  q u a n t i t i e s  of  coa l ,  s t e a m ,  and a i r  r e q u i r e d  fo r  the  p r o d u c e r - g a s  

g e n e r a t o r  a r e  shown  in Table  5-1Z. Tab le  5-13 shows  the c o m p o s i t i o n  of the  

r aw  p r o d u c e r  g a s .  The  r e s i d u e  f r o m  the  p r o d u c e r - g a s  g e n e r a t o r  is coo l ed  

to 2 0 0 ° F  in a w a t e r - f i l l e d  q u e n c h  tank .  The r e s i d u e - w a t e r  s l u r r y  is f u r t h e r  

coo l ed  to 1ZS°F, is d e p r e s s u r i z e d ,  and is sen t  to a s l u r r y - s e t t l i n g  pond.  

The w a t e r  is  r e c y c l e d  to the q u e n c h  pot,  and the  r e s i d u e  in the pond is d i s -  

posed of. 

Table 5- i 2. STEAM-IRON GASIFICATION FEED QUANTITIES 
(For a 250 Billion Btu/Day Hydrogen Plant That Uses 

M o n t a n a  S u b b i t u m i n o u s  Coa l )  

P r o d u c e r - G a s  G e n e r a t o r  
S t e a m - I r o n  R e a c t o r  

T o t a l  

Coa l  
(Dry  B a s i s )  S t e a m  A i r  

l b / h r  

2 , 0 0 4 , 0 7 9  265 ,442  6 , 1 4 3 , 2 1 5  
- -  4 , 3 3 3 , 7 6 7  149,57Z 

Z, 004,079 4,599, Z09 6, Z9Z, 787 

IOZ 
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F i g u r e  5-7. STEAM-IRON REACTOR SYSTEM FLOW SCHEME 

Table 5-13. STEAM-IRON PRODUCER GAS COMPOSITION 
(For a 250 X 109 Btu/Day Hydrogen Plant, Operating at 1950°F 

and 355 psig, That Uses Montana Subbituminous Coal) 

mole  % 

Carbon  Monoxide  Z7.4 
C a r b o n  Dioxide  3.9 
H y d r o g e n  14.3 
Wa te r  Vapor  4 .3  
Methane  O. 4 
H y d r o g e n  Sulfide 0.1 
Nitrogen 49.6 

Total 100.0 

I M ¢: T 
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The steam-iron reactor consists of an oxidizer and a reductor. A stream 

of iron oxide is cyclically reduced with producer gas in the reductor and is 

rcoxidized by decomposition of steam, the hydrogen-forming reactor, in the 

oxidizer. The following reactions take place in the steam-iron reactor: 

Reductor Fe304+ CO 4 3FeO + CO z 

Fe304 + H z -~ 3FeO + HzO 

Oxidizer 3FeO + HzO -, Fe304+ H z 

In  a d d i t i o n  to  p r o d u c e r  g a s ,  t h e  s t e a m - i r o n  r e a c t o r  r e q u i r e s  a d d i t i o n a l  

a m o u n t s  of  s t e a m  a n d  a i r ,  t he  q u a n t i t i e s  o f  w h i c h  a r e  s h o w n  in T a b l e  5- 12. 

T w o  e f f l u e n t  s t r e a m s ,  o n e  f r o m  t h e  o x i d i z e r  a n d  o n e  f r o m  th e  r e d u c t o r ,  a r e  

a v a i l a b l e  f o r  f u r t h e r  p r o c e s s i n g .  T h e  c o m p o s i t i o n s  of  b o t h  s t r e a m s  a r e  s h o w n  

in T a b l e  5 - 1 4 .  

T h e  o x i d i z e r  e f f l u e n t  c o n t a i n s  p r i m a r i l y  h y d r o g e n  a n d  s t e a m  a n d  is  t h u s  

u p g r a d e d  to  t he  d e s i r e d  h y d r o g e n  p r o d u c t ,  w h e r e a s  t h e  r e d u c t o r  o f f - g a s  ( s p e n t  

p r o d u c e r  g a s )  is  u s e d  f o r  p o w e r  g e n e r a t i o n .  

T a b l e  5 - 1 4 .  S T E A M - I R O N  R E A C T O R  R A W - G A S  C O M P O S I T I O N S  
( F o r  a 250 B i l l i o n  B t u / D a y  H y d r o g e n  P l a n t  T h a t  U s e s  

M o n t a n a  S u b b i t u m i n o u s  C o a l )  

R e d u c t o r  O f f  G a s  
(a t  1 5 Z 0 ° F  and  350 p s i g )  

O x i d i z e  r E f f l u e n t  
( a t  1 5 6 5 ° F  and  350 p s i g )  

A c t u a l  D r___._yy A c t u a l  D r___.~y 
n l o l e  % 

C a r b o n  M o n o x i d e  8 . 8  1 0 . 4  0 . 5  1 . 4  
C a r b o n  D i o x i d e  Z 0 . 7  2 4 . 7  0. 1 0. Z 
H y d r o g e n  6. 2 7 . 4  37. 1 9 5 . 9  
W a t e r  V a p o r  1 6 . 0  - -  6 1 . 3  - -  
M e t h a n e  0 . 4  0. 5 . . . .  
N i t r o g e n  and  A r g o n  4 7 . 8  5 6 . 9  I .  0 Z. 5 
H y d r o g e n  S u l f i d e  a n d  

C a r b o n y l  S u l f i d e  0. 1 0. I . . . .  

Total i00. 0 I00.0 I00.0 I00. 0 

O x i d i z e r - E f f l u e n t  U p g r a d i n g  

T h e  o x i d i z e r  e f f l u e n t  c o n t a i n s  v e r y  s m a l l  q u a n t i t i e s  of  c a r b o n  m o n o x i d e  

and  c a r b o n  d i o x i d e ,  bu t  no h y d r o g e n  s u l f i d e .  T h i s  e l i m i n a t e s  t h e  n e e d  f o r  a 

c a r b o n  m o n o x i d e  s h i f t  a n d  a c i d - g a s  r e m o v a l ,  s o  o n l y  m e t h a n a t i o n  is  r e q u i r e d  

to  u p g r a d e  t h e  g a s  to  t h e  d e s i r e d  h y d r o g e n  p r o d u c t .  B e c a u s e  a t e m p e r a t u r e  

o f  5 5 0 ° F  is  d e s i r a b l e  f o r  t h e  m e t h a n a t i o n - r e a c t o r  f e e d ,  t h e  e f f l u e n t  is c o o l e d  
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to 500°F in a waste-heat boiler; and thusly generates about 50% of the steam 

r e q u i r e d  fo r  the s t e a m - i r o n  r e a c t o r .  B e f o r e  m e t h a n a t i o n ,  d u s t  p a r t i c l e s  a r e  

r e m o v e d  by c y c l o n e  s e p a r a t o r s  and  e l e c t r o s t a t i c  p r e c i p i t a t o r s .  The  gas  

p a s s e s  t h r o u g h  a z inc  oxide  bed  as  a p r e c a u t i o n a r y  s t ep  a g a i n s t  m e t h a n a t i o n -  

c a t a l y s t  p o i s o n i n g  by -any  s u l f u r  c o m p o u n d  ~hat m a y  h a v e  b e e n  c a r r i e d  f r o m  

the  r e d u c t o r  to the  o x i d i z e r  by  the i r o n  ox ide .  

T h e  a m o u n t s  of c a r b o n  m o n o x i d e  and c a r b o n  d iox ide  m e t h a n a t e d  a r e  s u c h  

t h a t  the  f ina l  h y d r o g e n  p r o d u c t  c o n t a i n s  a m a x i m u m  of O. l~0 of  bo th  c a r b o n  

m o n o x i d e  and c a r b o n  d iox ide .  The m e t h a n a t i o n  r e a c t o r  is  a s i n g l e - s t a g e  a d i a -  

ba t i c  reactor. The effluent (at 615°F) is used in waste-heat recovery, is 

c o o l e d  to 100°F ,  is  d r i e d  in a g l y c o l  d r y e r  to 7 pounds  of w a t e r  p e r  m i l l i o n  

S C F  of  g a s ,  is  c o m p r e s s e d  to 1000 ps ig  in  a p r o d u c t - g a s  c o m p r e s s o r ,  and  is  

s e n t  to  p ipe l ine .  The  c o m p o s i t i o n  of  the  p r o d u c t  gas  is  g iven  in T a b l e  5- 15. 

The  p r o d u c t - g a s  r a t e  is  768 m i l l i o n  S C F / d a y .  

Tab le  5-15.  S T E A M - I R O N  GASIFICATION P R O D U C T  GAS COMPOSITION 
( F o r  a g50 B i l l i o n  B t u / D a y  H y d r o g e n  P l a n t ,  O p e r a t i n g  a t  l d 0 ° F  

and  1000 ps ig ,  T h a t  U s e s  M o n t a n a  S u b b i t u m i n o u s  Coal )  

A m o u n t ,  
tool °'/o 

C a r b o n  M o n o x i d e  O. 1 
C a r b o n  Dioxide 0.1 
Hydrogen 95.7 
M e t h a n e  I. 5 
Nitrogen and Argon Z. 6 

Total I00.0 

P o w e r  G e n e r a t i o n  F r o m  R e d u c t o r  O f f - G a s  
Us ing  a C o m b i n e d  P o w e r  C y c l e  

To e x t r a c t  m a x i m u m  p o w e r ,  the  s y s t e m  i n c o r p o r a t e s  the  u s e  of a gas  

t u r b i n e ,  an  e x p a n d e r ,  c o m p r e s s o r s ,  and  a s t e a m  t u r b i n e .  The  a m o u n t  of  

h y d r o g e n  s u l f i d e  in the  r e d u c t o r  o f f - g a s  is so low t h a t  the  pounds  of s u l f u r  

d iox ide  p e r  m i l l i o n  Btu of t o t a l  c o a l  to  the  p l an t  is  be low the  s p e c i f i e d  l i m i t .  

T h u s ,  no s u l f u r - r e m o v a l  s y s t e m  is  s p e c i f i e d .  A f t e r  the  r e m o v a l  of  d u s t  by 

c y c l o n e  s e p a r a t o r s  and e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  t he  e f f l u e n t  is  e x p a n d e d  

to 125 ps ig  and 1165°F ,  r e c o v e r i n g  p o w e r  to d r i v e  the p r o d u c e r  a i r  c o m p r e s -  

SOT. The  e x p a n d e d  g a s  is b u r n e d  w i t h  a i r ,  in a c o m b u s t o r ,  a t  125 ps ig  and  

2 4 0 0 ° F .  The  e f f l uen t  f r o m  the  c o m b u s t o r  is e x p a n d e d ,  in  a gas  t u r b i n e ,  to 
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Z0 ps ig  and 16q0°F .  A p o r t i o n  of  the  e x p a n s i o n  p o w e r  is u s e d  to  d r i v e  c o m -  

b u s t o r  and p r o d u c e r  a i r  c o m p r e s s o r s  tha t  a r e  on the s a m e  sha f t .  The  r e m a i n -  

ing p o w e r  is c o n v e r t e d ,  in a g e n e r a t o r ,  to b90 MW of e l e c t r i c  p o w e r .  The  

c u r r e n t  m a x i m u m  t e m p e r a t u r e  r a n g e  zs a p p r o x i m a t e l y  f r o m  1800 ° to Z000°F ,  

but gas  t u r b i n e s  w i t h  an i n l e t  t e m p e r a t u r e  of  2 4 0 0 ° F  a r e  e x p e c t e d  to  be a v a i l -  

ab le  by  the  t i m e  th i s  p r o c e s s  is c o m m e r c i a l i z e d .  

T h e  e x p a n d e d  gas  is u s e d  in a s t e a m - p o w e r  c y c l e  to g e n e r a t e  372 MW of 

e l e c t r i c  p o w e r  f r o m  l Z 0 0 - p s i g ,  9 0 0 ° F  s t e a m  ( g e n e r a t e d  in a w a s t e - h e a t  b o i l e r )  

and to g e n e r a t e  a p o r t i o n  of the  p r o c e s s  s t e a m  r e q u i r e d  f o r  the o x i d i z e r .  The  

c o o l e d  c o m b u s t o r  gas  l e a v e s  t he  w a s t e - h e a t  b o i l e r  at  3 5 0 ° F .  A t o t a l  of 

1062 MW of p o w e r  is g e n e r a t e d ,  in a d d i t i o n  to sha f t  p o w e r  u s e d  fo r  a i r  c o m -  

p r e s s i o n .  Of th i s  a m o u n t ,  95 MW is u s e d  w i th in  the  p lan t  f o r  m o t o r  d r i v e s ,  

e t c . ,  l e a w n g  967 MW of p o w e r  as  a b y - p r o d u c t .  

T a b l e  5-16 shows  the  t h e r m a l  e f f i c i e n c y  of th i s  p r o c e s s .  A p p r o x i m a t e l y  

44. 6% of  the  h i g h e r  h e a t i n g  v a l u e  of  the f e e d  coa l  is c o n v e r t e d  to  h i g h e r  h e a t -  

ing v a l u e  in the  p r o d u c t  gas ,  and 14. 1% b e c o m e s  b y - p r o d u c t  p o w e r  ( t a k e n  at 

the  v a l u e  of 3413 B t u / k W h r ) .  T h e  o t h e r  m a j o r  hea t  l o s s e s  a r e  s h o w n  in 

T a b l e  5 -17 .  

Table 5-16. STEAM-IRON-GASIFICATION PROCESS EFFICIENCY 
(For a 250 Billion Btu/Day Hydrogen Plant That Uses 

Montana Subbitun~inous Coal) 

K e a c t o r  C o a l ,  l b / h r  ( d r y  b a s i s )  
B o i l e r  and D r y e r  Coa l ,  l b / h r  ( d ry  b a s i s )  

T o t a l  Coa l ,  l b / h r  (d ry  bas i s~  
HHV of the  T o t a l  Coa l ,  106 B t u / h r  (at 11 ,290  B t u / l b )  
HHV of the  P r o d u c t  G a s ,  106 B t u / h r  
% C o n v e r t e d  to P r o d u c t  Gas  
B y - P r o d u c t  P o w e r ,  kW 
B y - P r o d u c t  P o w e r ,  106 B t u / h r  (at 3413 B t u / k W h r l  
% C o n v e r t e d  to B y - P r o d u c t  P o w e r  

T o t a l  P r o d u c t s ,  106 B t u / h r  
T o t a l  % C o n v e r t e d  to P r o d u c t s  

A~mount 

Z, 0 0 4 , 0 7 9  
66, 347 

Z3, 375 
10, 4Z5 

4 4 . 6  
967, 000 

3, 300 
14.1 

13, 7Z5 
58 .7  
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Table 5-17. HEAT-LOSS SUMMARY FOR THE STEA/V[-IROIN PROCESS 
(For a 250 Billion Btu/Day Hydrogen Plant That Uses 

Rlontana Subb[turninous Coal) 

A i r - C o o l i n g  Units  
R e j e c t e d  by Cooling W a t e r  
Cooled  C o m b u s t o r  Of f -Gas  
With Producer Char 
Dryer Off-Gas 

Total 

Amount, % of HHV of 
I06 Btu/hr Total Coal 

1798.9 7.7 
3051.3 13. I 
Z474.6 I0.6 
1704.2 5.2 
536.6 Z. 3 

9065.6 38.9 

The r e m a i n i n g  2 .4% lo s s  is a t t r i b u t a b l e  to w a s t e - h e a t  r e c o v e r y  and s ens ib l e  

heat  l o s s e s  a s s o c i a t e d  with v a r i o u s  plant s t r e a m s .  

In s u m m a r y ,  a 250 b i l l ion  B t u / d a y  h y d r o g e n  plant that  u s e s  Montana  s u b -  

b i tuminous  coa l  and the s t e a m - i r o n  g a s i f i c a t i o n  p r o c e s s  r e q u i r e s  31 ,853  tons 

of raw coal (22% moisture) per day. Of the HHV of the coal, 44.6% is converted 

to HHV in the hydrogen product, and 14. l~o becomes by-product power. 
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