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Abstract 
- - . . . . . - > 

The decreasing availability of fossil fuels emphasizes the need to develop systems which 
will produce synthetic fuel to substitute for and supplement the natural supply. An 

i~partant f irzt  step in the synthesis of liquid and qaseous fuels is the production of 
hydrogen. Thermonuclear fusion offers an inexhaustible source of energy for the production 
of hydrogen from water. Depending on design, electric' generation efficiencies of 40-60% and 

hydrogen production efficiencies by high temperature electrolysis of 40-70% are projected 

for fusion reactors using high temperature blankets. 
Introduction 

While emphasis has been placed on the virtually limitless supply of deuterium fuel for 

the fusion process and the subsequent production of electrical energy, the unique properties 

of fusion itself may be signficant to assure an adequate supply of chemical fuels produced 

at high efficiency. To be more precise in the application of fusion energy for synthetic 
fuel production, the greatest interest 1 ies in the production of hydrogen or carbon monoxide, 
both fundamental building blocks for more cunverrlei~l Puelb and otller chemicals [I]. 

The BNL conceptual deslgn [2] coup1 ing fusion with high temperature electrolysis (HTE) for 
the production of hydrogen serves to identify the problems and research areas as well as 
potential pay-off from such a system. The electrochemical decomposition of water is an 
endothermic reaction requiring both electrical and thermal energy. The ratio of these 

respective energies decreases with increase in temperature, thereby, decreasing the electri- 
cal energy requirements. Steam is transported from the fusion blanket system and distrl- 

buted to the electrolyzers in ceramic-lined ducts. The balance of energy supplied to the 

electrolytic cells is generated by converting the remainlng fraction of fusion energy to 
electricity in a standard thermal cycle. A simplified process flow sheet, which couples the 
three basic elements of the system for the production of hydrogen and oxygen, is shown in 

Figure 1. 
The key elements in the design of the system include: i) the fusion blanket in which the 

kinetic energy of the high energy neutrons is converted to useful high temperature process 
heat, for example, steam %1500°c; ii) the high temperature electrolyzers in which the steam 
is decomposed to hydrogen and oxygen; and iii) the overall process design--the coupling of 
the fusion and electrolyzer systems as well as power conversion system. Each of these 
elements are discussed in the body .of the paper, with a brief assessment of economics and 

conclusions reached from the scoping study and conceptual design efforts. More details are 
given in Ref. [21. 
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DESIGN OF BLANKETS 

The b l a n k e t  requ i rements  a r e  such t h a t  i t  must be a b l e  (a )  t o  conve r t  neu t ron  energy t o  
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process heat  (steam) f o r  e l e c t r o l y s i s ;  ( b )  t o  conve r t  neu t ron  energy t o  thermal  energy f o r  

e l e c t r i c a l  needs; and ( c )  t o  breed t r i t i u m .  A l l  o f  these f u n c t i o n s  need n o t  be c a r r i e d  o u t  

,..< 

i n  t h e  same b l a n k e t  as res~b l y .  For example, t h e  l a t t e r  two f u n c t i o n s  may be performed by  

ass ign ing  a f r a c t i o n  o f  t h e  t o t a l  number o f  b l a n k e t  modules f o r  these tasks  a1 though as we 
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s h a l l  see, i t  may be p o s s i b l e  t o  breed t r i t i u m  on t h e  su r face  o f  t h e  process hea t  modules. 

I 

The h i g h  energy neut rons f rom DT f u s i o n  r e a c t i o n s  can p e n e t r a t e  v e r y  deep ly  i n t o  

m a t e r i a l s  b e f o r e  t h e i r  k i n e t i c  energy i s  t rans formed t o  heat .  T h i s  deep p e n e t r a t i o n  o f  t h e  

p r imary  neu t rons  makes two temperature  r e g i o n  b lanke ts  f eas ib le .  I n  t h i s  concept,  a 

r e l a t i v e l y  l ow  temperature m e t a l l i c  s t r u c t u r e  i s  t h e  vacuum/coolant pressure  boundary, whi l 'e 

t he  i n t e r i o r  o f  t h e  b lanke t ,  wh ich  i s ,  a s imple  packed bed o f  n o n - s t r u c t u r a l  m a t e r i a l ,  smal l  

d iameter (%I cm) rods  o r  b a l l s ,  opera tes  a t  v e r y  h i g h  temperatures a 1 5 0 0 ~ ~ .  Separate c o o l a n t  

c i r c u i t s  a r e  r e q u i r e d  f o r  t h e  two temperature  reg ions ,  as w e l l  as a thermal  i n s u l a t o r  between 

,them. Only  t h e  ox ide  r e f r a c t o r i e s  (e.g. , A1;03, e t c .  ) and perhaps some ca rb ides  (e.g., S i c ) ,  
3 

would be compat ib le  w i t h  steam o r  C02 coo lan t .  The l ow  peak power d e n s i t i e s  (%I0 MW/m ) and 

the l a r g e  su r face  area i n  t h e  b l a n k e t  shou ld  r e s u l t  i n  r e l a t i v e l y  l o w  temperature  d i f f e rences  

( a 1 0 0 ~ ~ )  between t h e  c o o l a n t  and t h e  packed bed. 

.4 prom is ing  f a b r i c a t i o n  approach t o  t h e  des ign  o f  t h e  process hea t  modules i s  shown i n  

F igu re  2. Several  l ow  temperature  s h e l l s ,  typi;all.y 30 cm i n  w i d t h  and severa l  meters i n  

length ,  a re  p laced  s i d e  by s i d e  nn a s t r o n g  s t r u c t u r a l  back ing p l a t e .  Modules a r e  i n s e r t e d  

and removed through smal l  access p o r t s  i n  t h e  plasma chamber. 

I n  h i g h  temperature  b lanke ts  f o r  e l e c t r i c  p roduc t i on ,  t r i t i u m  i s  bred i n  a s o l i d  l i t h i u m  

compound (e.g., L iA102) i n  t h e  h i g h  temperature  i n t e r i o r .  The t r i t i u m  d i f f u s e s  i n t o  t h e  

i n e r t  gas c o o l a n t ,  e.g., He, f rom rrhich i t  i s  recovered. W i th  steam coo lan t ,  horrever, t h i s  

mode o f  t r i t i u m  breed ing i s  n o t  f e a s i b l e ,  s i n c e  t h e  t r i t i u m  cannot be r e a d i l y  e x t r a c t e d  f rom 
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t he  steam c i r c u i t .  I ns tead ,  a s o l i d  l i t h i u m  compound can be p laced  on t h e  o u t e r . s u r f a c e s  o f  

t h e  module. The bred t r i t i u m  w i l l  then d i f f u s e  t o  t h e  vacuum chamber and be recovered from 

t h e  plasma exhaust.  

Breeding r a t i o s  o f  %0.4 t o  %0.6 can be achieved w i t h  MgO o r  A'i2U3 i n t e r i o r s ,  b u t  b reed ing 

r a t i o s  o f  ~ 1 . 0  r e q u i r e  Be0 i n t e r i o r s .  T h i s  i m p l i e s  t h a t  two types o f  b l a n k e t  modules may be 

r e q u i r e d  t o  s a t i s f y  t r i t i u m  breed ing requ i rements- - the  steam coo led t y p e  j u s t  descr ibed,  as 

w e l l  as b l a n k e t  modules wh ich have a h i g h  t r i t i u m  breed ing r a t i o .  These c o u l d  be i n e r t  gas 

cooled, h i g h  temperature  s o l i d  breed ing b lanke ts ,  capable o f  ach iev ing  breed ing r a t i o s  of 

51.3 t o  1.8 w i t h  e i t h e r  Pb o r  Be neu t ron  m u l t i p l i e r ,  r e s p e c t i v e l y .  The f a b r i c a t i o n  approach 

t o  t h e  des ign o f  t h e  e l e c t r i c  p r o d u c t i o n  modules i s  e s s e n t i a l l y  t h e  same as t h e  process hea t  

modules. I n s e r t i o n  and/or removal i s  th rough smal l  access p o r t s  i n  t h e  plasma chamber. 

Design e f f o r t s  a r e  c u r r e n t l y  underway t o  b e t t e r  d e f i n e  i n  more d e t a i l  a b l a n k e t  f o r  e i t h e r  

f unc t i on .  

No spec ia l  ope ra t i ons  and/or maintenance problems a r e  fo reseen f o r  t h e  HTE and e l e c t r i c  

gene ra t i on  modules. The steam c i r c u i t  w i l l  p robab l y  be s t r o n g l y  a c t i v a t e d  by ~a~~ (15 hour 

h a l f - l i f e )  r e l eased  f rom t h e  h o t  i n t e r i o r  o f  t h e  modules, b u t  t h i s  w i l l  decay t o  n e g l i g i b l e  

l e v e l s  i n  a few days. Other  r e l a t i v e l y  l o n g - l i v e d  a c t i v a t i o n s  f rom b l a n k e t  i m p u r i t i e s  and/or 

c rud  f rom low  temperature p i p i n g  systems w i l l  be p resen t  b u t  ,should p resen t  fewer  problems 

than now faced i n  LWR's. 

The key i ssues  f o r  t h e  b l a n k e t  appear t o  be p r i m a r i l y  r e l a t e d .  t o  m a t e r i a l s .  The b l a n k e t  

modtrl e s t r u c t u r e  has t o  m a i n t a i n  vacuum i n t e g r i t y  i n  t h e  r a d i a t i o n / t h e r m a l  c y c l  i n g  env i  ron-  

ment f o r  seve ra l  years .  T h i s  problem i s  common t o  a l l  f u s i o n  r e a c t o r  b lanke ts  and no new 

c lasss  o f  problems appears t o  be generated by f u s i o n  r e a c t o r s  u s i n g  HTE process. More 

spec ia l  i z e d  m a t e r i a l  problems re1  a t e d  t o  t h e  HTE appl  i c a t i o n s  appear, however. These have t o  

do w i t h  t he  i n t e g r i t y  o f  t h e  ox ide  i n t e r i o r  i n  a steam/hydrogen atmosphere w i t h  r a d i a t i o n  

exposure and thermal c y c l i n g  as w e l l  as t h e  long- term s t a b i l i t y  o f  t h e  thermal i n s u l a t o r .  
3 / 



DESIGN OF HIGll TEMPERATURE ELECTROLYZERS 

I n  essence t h e  des ign o f  a  h i g h  temperature e l e c t r o l y z e r  i s  a  f u e l  c e l l  r un  i n  reverse.  

A t  t h e  cathode water  i s  reduced t o  oxygen i o n s  and hydrogen which mixes w i t h  t h e  steam. The 
oxygen i o n s  move across  t h e  e l e c t r o l y t e ,  v i a  a  vacancy m i g r a t i o n  mechanism, and r e a c t  a t  t h e  

anode. t o  f o rm  oxygen. 

The h i g h  temperature  s o l i d  ox ide  e l e c t r o l y z e r  i s  suppor ted on a  porous z i r c o n i a  tube as 

shown i n  F i g u r e  3. The l e n g t h  o f  each c e l l  depends on t h e  r e s i s t i v i t i e s  o f  t h e  e l e c t r o d e s  

..and t i n t e r c o n n e t t i o n  m a t e f i  $1 s  *but - i s  a b p r ~ ~ i i a w ~ - y  7 .rm -on 't%e 1 '-cm .di  ihe ' ter  4 u i e f .  'The 

c e l l  s tacks  which fo rm tubes a r e  p laced  i n  pressure  vesse ls .  The th i ckness  o f  t h e  e l e c t r o -  

l y t e  can be reduced t o  about  10  pm w i t h  t h e  supported e l e c t r o l y t e  cons t ruc ted  i n  t h i s  manner. 

The e l e c t r o l y t e  must be as t h i n  as p r a c t i c a l  i n  o r d e r  t o  reduce l osses  o r  overvo l tages.  A t  

temperatures  c l o s e  t o  1 6 5 0 ' ~  a  t h i ckness  o f  -1.0 mm i s  acceptab le  whereas dl: 1000% a ID p  

e l e c t r o l y t e  l a y e r  would be requ i red .  The m a t e r i a l s  o f  c o n s t r u c t i o n  are ,  f o r  example, 

Zr02 - Y 0  e l e c t r o l y t e ,  doped In203 anode, a  p e r o v s k i t e  f o r  h i g h  temperatures and n i c k e l  
2  3.  

f o r  l o w  temperature  cathodes, doped LaCr03 f o r  t h e  i n t e r c o n n e c t i o n  m a t e r i a l s  and conduct ing  
_ ,_  . - . . . ' - 
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HTE CELL DESIGN 
(WESTINGHOUSE FUEL CELL) 

There a r e  a  l a r g e  number o f  v a r i a b l e s  which must be cons idered i n  t h e  o p t i m i z a t i o n  of  

s o l i d  o x i d e  e l e c t r o l y t e s .  . These i n c l u d e  t h e  d iameter  and l e n g t h  o f  t h e  e l e c t r o l y t e  suppor t  

tubes, t h e  c u r r e n t  d e n s i t y ,  t h e  f l o w  r a t e  o f  t h e  steam, e t c .  

Whi le  t h e  R & D requ i rements  a r e  y e t  t o  be f u l l y  de f i ned ,  t h e  issues a r e  centered about:  

1 )  s t r e n g t h  o f  m a t e r i a l s  as i t  r e l a t e s  t o  t h e  porous suppor t  tube, temperature  l i m i t s  o f  t h e  

ox ides  and meta ls ,  pore  s i ze ,  s i n t e r i n g  and mass t r a n s p o r t  e f f e c t s ;  2) e lec t rochemica l  

p r o p e r t i e s  as they  r e l a t e  t o  h i g h  temperature  e l e c t r o n i c  conduct ion  ii~ e l e c t r o l y t e s ,  e l e c t r o -  

chemical k i n e t i c s ;  and 3 )  h i g h  temperature  e lec t rodes .  

PROCESS DESIGN 

The thermal e f f i c i e n c y  o f  hydrogen p r o d u c t i o n  increases as t h e  e l e c t r o l y s i s  r e a c t i o n  

temperature  increases.  I n  o r d e r  t o  m a i n t a i n  a  h i g h  r e a c t i o n  temperature,  t h e  o u t l e t  stream 

o f  steam/hydrogen f rom t h e  HTE i s  sen t  back t o  t h e  b l a n k e t  t o  absorb heat  f o r  temperature 

rehea t .  The m i x t u r e  i s  then sen t  t o  t h e  nex t  e l e c t r o l y z e r  u n i t ,  and t h e  rehea t  process 
4 



repeated. When t h e  hydrogen c o n c e n t r a t i o n  has b u i l t  up t o  t h e  r e q u i r e d  l e v e l  and f o r  a  g i ven  
temperature  drop a long t h e  e l e c t r o l y z e r  tube,  t h e  gas m i x t u r e  then passes i n t o  lower  tempera- 

t u r e  e l e c t r o l y z e r s  where t h e  endothermic r e a c t i o n  c o o l s  t h e  gases d u r i n g  t h e  l a s t  stages of  

e l e c t r o l y s i s  t o  a  temperature a t  wh ich  convent iona l  hea t  exchangers a r e  used f o r  water-  

hydrogen sepa ra t i on .  Fo r  a  maximum steam temperature  o f  1377'~,  t h e r e  a r e  n i n e  e l e c t r o l y z e r s -  
I 

3 

i n  se r i es -ope ra t i ng  a t  t h e  maximum r e a c t i o n  temperature.  These a r e  f o l l o w e d  by t h r e e  

e l e c t r o l y z e r s  o p e r a t i n g  a t  l ower  temperatures,  decreas ing by 1 5 0 ' ~  pe r  e l e c t r o l y z e r  t o  an 

out1  e t  temperature  o f  727'~. Fo r  t h e  maximum steam . temperature -equa.l.Ja 1 , 8 2 ? ~ ~ ,  .the number 

o f  e l e c t r o l y z e r s  a r e  s i x  and .six, r e s p e c t i v e l y .  The oxygen generated i n  t h e  h i g h  temperature 

e l e c t r o l y z e r s  i s  passed d i r e c t l y  t o  t h e  l ow  temperature e l e c t r o l y z e r s  w i t h o u t  rehea t i ng .  

Maximum temperatures w i l l  be f i x e d  by m a t e r i a l  l i m i t a t i o n s  which i n  t u r n  w i l l  s e t  l i m i t s  on 

optimum values. E l e c t r i c a l  i n p u t  t o  t h e  e l e c t r o l y z e r s  i s  supp l i ed  f rom t h e  power convers ion 

cyc le .  

The o u t l e t  oxygen and steam/hydrogen m i x t u r e  f rom t h e  l a s t  s e t  o f  HTE's i s  sen t  t o  heat  

exchangers where hea t  i s  recovered by t h e  i n l e t  make-up water  stream. The make-up water  

stream from t h e  o u t l e t  o f  t h e  hea t  exchanger w i l l  t a k e  up hea t  f rom t h e  he l ium l o o p  o f  t h e  

superheater  be fo re  r e t u r n i n g  t o  t h e  breed ing b l a n k e t  o f  t h e  f u s i o n  r e a c t o r .  Hydrogen i s  

separa ted frm steaa i n  t h e  hea t  exchanger. The separa ted water  w i l l  combine w i t h  t h e  make- 

up water  f o r  r e c y c l e .  Oxygen produced can be used as an o x i d i z i n g  agent.  

The e l e c t r i c a l  power gene ra t i on  p l a n t  i s  s i m i l a r  t o  a  convent iona l  power p l a n t .  Low 

temperature  steam f rom t h e  l ow  temperature  b l a n k e t  r e g i o n  i s  pumped through a  superheater  

where t h e  temperature  o f  steam i s  r a i s e d  by hea t  a b s o r p t i o n  f rom t h e  he l i um loop.  Power i s  

generated th rough  h i q h  or i n t e r m e d i a t e  pressure  t u r t r i t ~ e b .  Steam f rom t h e  t u r b i n e  i s  con- 

densed i n  a  l ow  pressure  condenser be fo re  r e t u r n i n g  t o  t h e  b lanke t .  The c y c l e  e f f i c i e n c y  i s  

shown t o  be ~ 3 8  percent .  The un ique a b i l i t y  o f  f u s i o n  neut rons t o  d i r e c t l y  hea t  t h e  i n t e r i o r  

of  a  b l a n k e t  t o  v e r y  h i g h  temperatures  o f f e r s  g r e a t  p o t e n t i a l  f o r  h i g h  e f f i c i e n c y  power 

c y c l e s  u s i n g  f u s i o n  heat .  T y p i c a l  va lues may be ~ 5 5 - 6 0  pe rcen t  w i t h  a  FAST (Fus ion Augmented 

Steam L u r b i n e )  c y c l e  (d iscussed i n  Ref. [ 2  ] ) .  T h i s  imp1 i e s  t h a t  t h e  o v e r a l l  hydrogen - - 
process e f f i c i e n c i e s  would be h igh ,  ~ 6 0  percent ,  f o r  h i g h  temperature  e l e c t r o l y s i s .  

RESULTS OF DESIGN STUDY 

1. E f f i c i e n c y  Cons ide ra t i ons  

The c o n s t r a i n t  p l aced  on t h e  system i s  t h a t  i t  must be e n e r g e t i c a l l y  balanced. T h i s  

means t h a t  t h e  energy genera ted by  t h e  f u s i o n  r e a c t o r  i s  o n l y  used t o  produce hydrogen gas. 

W i th  r e f e r e n c e  t o  F igu re  4, t h e  c y c l e  e f f i c i e n c y  o f  t h e  e n t i r e  system i s  d e f i n e d  as con- 

v e r s i o n  o f  t o t a l  f u s i o n  energy t o  hydrogen f u e l  gas energy f o r  bo th  t h e  l ower  hea t i ng  va lue  

(LHV) and t h e  h i g h e r  h e a t i n g  va lue  (HHV) o f  hydrogen. There i s  approx imate ly  7  t o  8  pe r -  

centage p o i n t s  improvement i n  HHV ove r  LHV. The e f f i c i e n c i e s  as,calculated a r e  i d e a l i z e d  i n  

t h a t  pumping and heat  l osses  f rom t h e  va r i ous  process u n i t s  w i l l  reduce t h e  e f f i c i e n c y .  I n  

a d d i t i o n  a t  v e r y  h i g h  temperatures  (>2300°K) m a t e r i a l  temperature  l i m i t a t i o n s  may impose 

p r a c t i c a l  o p e r a t i n g  l i m i t s .  Below 1 0 0 0 ~ ~  t h e  ove r - vo l t age  problem may impose a  lower  

o p e r a t i n g  l i m i t .  Furthermore, 40 pe rcen t  e f f i c i e n c y  may be t o o  h i g h  a  va lue  f o r  t h e  con- 

v e n t i o n a l  power cyc le .  A l l  these a d d i t i o n a l  i n e f f i c i e n c i e s  a r e  taken i n t o  account i n  t h e  

a c t u a l  process des ign o f  t h e  re fe rence  system. 

The va lue  o f  t h e  HTE system can be compared t o  convent iona l  f u s i o n  power w i t h  l ow  temper- 

a t u r e  o r  convent iona l  e l e c t r o l y z e r s .  The well-known L u r g i  e l e c t r o l y t i c  c e l l s  ope ra te  a t  
5 - 
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30 atm and 80°c a t  an e f f i c i e n c y  o f  80 percent .  The advanced GE-so l id  polymer e l e c t r o l y z e r s  

(SPE) ope ra te  a t  1 2 5 ' ~  and a r e . r e p o r t e d  t o  y i e l d  e f f i c i e n c i e s  o f  90 percent .  When combining 

these e f f i c i e n c i e s  w i t h  t h e  40 pe rcen t  conven t i ona l  power c y c l e ,  t h e  range o f  LllV e f f i c i e n c y  

va lues of  32 t o  36 pe rcen t  a r e  ob ta ined  and t h e  HHV e f f i c i e n c e s  a r e  42.2 t o  45.4 percent .  

A t  1 7 0 0 ' ~  (1426.8°~),which i s  a  reasonab ly  h i g h  temperature  f o r  HTE c e l l s ,  a  HHV e f f i c i e n c y  

of 56.9 pe rcen t  can be obta ined.  Thus, t h e  HTE c y c l e  y i e l d s  f rom 14.5 t o  17.7 percentage 

p o i n t s  h i g h e r  than a  conven t i ona l  e l ec t ro l ,< .e r  c y c l e  and thus y i e l d s  an inlpt.uvelnent o f  Vrom 

31.2 t o  42.0 pe rcen t  i n  e f f i c i e n c y  ove r  conven t i ona l  systems on a  comparable bas i s .  T h i s  

improved e f f i c i e n c y  shou ld  be t r a n s l a t e d  t o  l ower  o p e r a t i n g  and c a p i t a l  c o s t  f o r  a  s y n t h e t i c  

f u e l  process. 

I n  a d d i t i o n  t o  t h e  H2 e f f i c i e n c y  ga ins  as a  consequence o f  h i g h  temperature,  a  sub- 

s t a n t i a l l y  h i g h e r  H2 e f f i c i e n c y  can be ach ieved w i t h  t h e  i n c l u s i o n  o f  an advanced power c y c l e  

(60% e f f i c i e n c y )  i n  t h e  system. Fo r  example, a t  1 7 0 0 ' ~  a  HHV e f f i c i e n c y  o f  72 pe rcen t  can be 

r e a l i z e d  (compared w i t h  57% w i t h  a lower  .power c y c l e  e f f i c i e n c y ) .  T h i s  improved e f f i c i e n c y  

s h o u l d ' l i k e w i s e  be t r a n s l a t e d  i n t o  l ower  o p e r a t i n g  and c a p i t a l  c o s t  f o r  a  s y n t h e t i c  f u e l  

process. 

Two p o i n t  des igns were c a r r i e d  o u t  f o r  t h e  maximum steam temperatures equal  t o  1 3 7 7 ' ~  and 

1827'~.  The power c y c l e  e f f i c i e n c y  i s  found t o  be ~ 3 8 %  ( t h e  n e t  e f f i c i e n c y  account ing  f o r  

pumps, e t c ) .  I t i s  assumed t h a t  t h e  r e a c t o r  opera tes  i n  an i g n i t e d  s t a t e ,  w i t h  l o n g  plasma 

burn  and minimal e x t r a  r e c i r c u l a t i n g  power f o r  spec ia l  p o r t i o n s  o f  t h e  f u s i o n  r e a c t o r ,  i . e . ,  

beams, magnets, t r i t i u m  r e c y c l e ,  e t c . ,  t h a t  would n o t  be i n c l u d e d  i n  t h e  r e c i r c u l a t i n g  power 

r e q u i r e m ~ n t s  assoc ia ted  w i t h  t h e  power convers ion.  T h i s  accounts f o r  2% o f  e l e c t r i c a l  

requ i rements .  The hydrogen thermal process e f f i c i e n c i e s  a r e  49% and 51% f o r  t h e  maximllm ; 

steam temperatures,  1377 '~  and 1 8 2 7 ~ ~ .  Whi le  t h e  e f f i c i e n c y  increases w i t h  temperature,  t h e  

i nc rease  i s  n o t  t h a t  g r e a t  between ~ 1 4 0 0 ~ ~  and 1 8 0 0 ~ ~  as born o u t  by t h e  t h e o r e t i c a l  c a l c u l a -  

t i o n s .  

2. Economics 

Whi le  complete economic s t u d i e s  o f  t h e  system were n o t  at tempted, es t imates  o f  t h e  c a p i t a l  

investment  c o s t s  as w e l l  as f u e l  p r o d u c t i o n  c o s t  eva lua t i ons  were made. T h i s  phase o f  t he  



s tudy  r e l i e d  on c o s t  e s t i ~ ~ ~ a t e  a s s u l ~ ~ p t i o n s  f o r  i n d i v i d u a l  colllponents, such as t he  fus ion '  r e -  

a c t o r ,  c o a l - s y n t h e t i c  f ue l  p l a n t ,  e t c .  

Be fo re  any c o s t i n g  can be done, some i dea  as t o t h e  f u e l  p roduc t i on  c a p a c i t y  f o r  a  g i ven  

f u s i o n  r e a c t o r  s i z e  i s  necessary. For  a  f i x e d  r e a c t o r  thermal r a t i n g ,  t h e  hydrogen produced, 

i ,e., s tandard  c u b i c  f ee t / day  ( s c f / d )  , increases i n  d i r e c t  p r o p o r a t i o n  w i t h  t h e  system 

e f f i c i e n c y .  I n  terms o f  e q u i v a l e n t  g a s o l i n e  p roduc t i on  i n  bar re ls /day,  a  2000 MW(th) f u s i o n  

reactor-HTE system i s  a  r e l a t i v e l y  smal l  f u e l s  p l a n t .  Such a  p l a n t ,  ope ra t i ng  a t  70 pe rcen t  

e f f - i c i 'ency  .for H2 -product fan w o u l d  "produce the ene rgy  aqwlval ent o f  20,000 b b l  /day. .A f a c t o r  

o f  t h r e e  r e d u c t i o n  i n  coa l  f eed  ( tons /day)  i s  achieved i n  syngas (methane) p roduc t i on  i f  

f u s i o n  produced hydrogen i s  used, as compared t o  a  conven t i ona l  syngas p l a n t  f e d  by  c o a l .  

T h i s  l a r g e  sav ings i n  coa l  usage r e a l i z e d  w i t h  t h e  f u s i o n  produced hydrogen would g r e a t l y  

ex tend c o a l  resources and reduce env i ronmenta l  e f f e c t s .  

The assumed c o s t s  o f  t h e  f u s i o n  r e a c t o r  p l u s  e l e c t r o l y z e r s  a r e  taken t o  be i n  t h e  range 

o f  $400 t o  800/KW(th) [ $ I000  - 2000/KW(e) e q u i v a l e n t ]  based on re fe rence  des igns f o r  f u s i o n  

r e a c t o r s  produc ing e l e c t r i c i t y  a t  convent iona l  e f f i c i e n c y  (30 - 40 pe rcen t ) .  A convent iona l  

syngas f u e l  p l a n t  c o s t s  one b i l l i o n  d o l l a r s  and an a d d i t i o n a l  one b i l l i o n  d o l l a r s  i s  'needed 

f o r  coa l  f eed  o p e r a t i n g  c o s t s  wh ich  can be cons idered as a  t r a d e o f f  f o r  t h e  a d d i t i o n a l  c a p i t a l  

investment  f o r  t h e  f u s i o n  r e a c t o r  process. Resu l t s  show t h a t  t h e  c o s t  o f  t h e  fusion-HTE 

system based on t h e  lower  f u s i o n  c o s t s  i s  s l i g h t l y  more than  t h e  t o t a l  c o s t  o f  a  syngas 

system a t  t h e  l ower  e f f i c i e n c y  ('50 pe rcen t )  and s l i g h t l y  l e s s  a t  t h e  h i g h e r  e f f i c i e n c y  (70 

p e r c e n t ) .  Doub l ing  t h e  f u s i o n  p l u s  e l e c t r o l y z e r  c o s t s  i nc rease  t h e  t o t a l  c o s t s  acco rd ing l y .  

Assuming f i x e d  charges t o  be 15 pe rcen t  i n  a  f u s i o n - s y n f u e l s  p l a n t ,  t h e  f u e l  cos t s  based 

on t h e  l ~ w e r  f u s i n n  cos ts  a r e  c o m p c t i t i v c  w i t h  tl~use based on a  convent iona l  coa l -synfue ls  

p l a n t .  Fuel  c o s t s  r e s u l t i n g  f rom t h e  fus ion -syn fue l s  p l a n t  would be approx imate ly  one -ha l f  

t h a t  o f  a  comparat ive  f i s s i o n  e lec t rochemica l  system. Looked a t  f rom another  pe rspec t i ve ,  

t h e  hydrogen produced f rom a f u s i o n - s y n f u e l s  p l a n t  i s  e q u i v a l e n t  t o  any energy c o s t  co r res -  

ponding t o  c 4 5 t  t o  60Q/ga l lon  o f  gaso l i ne .  S ince a l l  o f  these comparisons a r e  based on 

assumed cos ts ,  no d e f i n i t i v e  conc lus ions  can be drawn except  t h a t  i f  t h e  c o s t  pe r  u n i t  o f  

thermal o u t p u t  o f  a  f u s i o n  HTE p l a n t  i s  comparable t o  t h a t  p r o j e c t e d  f o r  f u s i o n  e l e c t r i c  

p l a n t s ,  f u s i o n  produced hydrogen shou ld  be economica l ly  compe t i t i ve .  

SUFlf.1ARY 

Based on r e s u l t s  ob ta ined  f rom t h e  s tudy  as w e l l  as comparisons w i t h  o t h e r  methods of 

hydrogen p roduc t i on ,  t h e  f o l l o w i n g  t e n t a t i v e  conc lus ions  reached a re :  1 )  HTE has t h e  h igh -  

e s t  p o t e n t i a l  e f f i c i e n c y  f o r  p r o d u c t i o n  o f  syn fue l s  f rom f u s i o n ;  a  f u s i o n  t o  hydrogen energy 

e f f i c i e n c y  o f  c70  pe rcen t  appears p o s s i b l e  w i t h  1 8 0 0 ~ ~  HTE u n i t s  and 60 pe rcen t  power c y c l e  

e f f i c i e n c y ;  an e f f i c i e n c y  o f  c50  pe rcen t  appears p o s s i b l e  w i t h  1400~c.HTE u n i t s  and 40 p e r -  

cen t  power c y c l e  e f f i c i e n c y .  2 )  R e l a t i v e  t o  thermochemical o r  d i r e c t  decomposi t ion methods 

HTE techno logy i s  i n  a  more advanced s t a t e  o f  development, e.g., s i n g l e  c e l l  u n i t s  have been 

b u i l t  and t e s t e d  a t  1 0 0 0 ~ ~ .  3 )  Based on e f f i c i e n c y  r e s u l t s  HTF. methods would appcar t o  

have p o t e n t i a l l y  l ower  u n i t  process o r  c a p i t a l  cos t s  compared w i t h  thermochemical o r  d i r e c t  

decompos i t ion  methods. 4 )  Whi le  des ign e f f o r t s  a r e  r e q u i r e d  HTE u n i t s  o f f e r  t h e  p o t e n t i a l  t o  

be q u i c k l y  r u n  i n  r e v e r s e  as f u e l  c e l l s  t o  produce e l e c t r i c i t y  f o r  r e s t a r t  o f  Tokamaks and 

p o s s i b l e  sp inn ing  rese rse  f o r  a  g r i d  system. 
[I ] "Fus ion Energy App l i ed  t o  .Syn the t i c  Fuel  P roduc t i on " ,  DOE Report ,  CONF-770593, Oct. 1977. 
[21  "Fus ion Reactors-High Temperature E l e c t r o l y s i s  (HTE)", DOE Repor t ,  HCP/T0016-01, Jan. 1978. 
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