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Appl icat ions of Nuclear Power Other 

Than f o r  E l e c t r i c i t y  Generation 

W. Hafele and W. Sassin  

1. In t roduct ion 

The o r i g i n a l  t h r u s t  f o r  t h e  development of peaceful  
app l i ca t i ons  of nuc lear  power was technolog ica l  innovation. 
When i n  1955 nuclear power s t a r t e d  t o  be developed on a broader 
i n t e r n a t i o n a l  b a s i s  it was the  spearhead of modern technology. 
I t  was only l a t e r  t h a t  e l e c t r o n i c s  and space research  a t  l e a s t  
pa ra l l e led  nuc lear  power i n  t h a t  funct ion.  Given t h a t  i n t e n t  
it was most na tu ra l  f o r  nuclear power t o  concent ra te  on e lec-  
t r i c i t y  product ion. One may r e f l e c t  on t h e  f a c t  t h a t  t h e  fus ion 
branch of nuclear power--which is  very much an advanced tech- 
nology--almost automat ica l ly  and without h e s i t a t i o n  concent ra tes 
on the  product ion of e l e c t r i c i t y .  In  s p i t e  of a very in tense  
competi t ion wi th a r t i f i c i a l l y  cheap f o s s i l  f u e l ,  nuclear e lec-  
t r i c i t y  generat ion became commercially compet i t ive and thereby 
f e a s i b l e  dur ing t h e  second ha l f  of t h e  1 9 6 0 s .  

Since only a few years  ago t h e  scope of development has 
included not  only technolog ica l  innovation but  equal ly  t h e  
broader quest ion of providing enough and secure energy f o r  our 
decade and t h e  decades t h e r e a f t e r .  A s  everybody knows t h i s  
requ i res  more than j u s t  t h e  product ion of e l e c t r i c i t y .  I n  
Western Europe 55-65% of t h e  primary energy demand i s  met on 
the  b a s i s  of imported o i l  and only a l e s s e r  p a r t  of it goes 
i n t o  t h e  product ion of e l e c t r i c i t y .  And t h i s  is  where t h e  
problem is. This paper w i l l  t he re fo re  fo l low the  genera l  quest ion 
of what i s  implied i f  more than nuclear e l e c t r i c i t y  i s  t o  be 
produced. Eight  s p e c i f i c  con t r ibu t ions  by d is t ingu ished authors  
a r e  appended t o  t h i s  paper, and re fe rence t o  these  is  made 
throughout. Also, due account i s  taken of t h e  f a c t  t h a t  o the r  
papers on t h e  sub jec t  a r e  t o  be found i n  volume X I 1 1  of t h e  
Proceedings of t h e  European Nuclear Conference on Nuclear Energy 
Maturi ty . 
2.  Primary Energy Shares and End Use of Energy 

Marchet t i  has s tud ied  t h e  energy shares  i n  t h e  US from 
1850 onward. The r e s u l t s  a r e  given i n  Figure 1 .  F is  t h e  
r e l a t i v e  market share.  One can observe t h e  steady dec l i ne  of 
wood which had a share  of p r a c t i c a l l y  1 0 0 %  i n  1850. It took 
60 years  t o  reduce i t s  market share t o  about 50%. A t  t he  same 
time t h e  more convenient primary energy, namely coa l ,  penet ra ted 
t h e  market, and it took coa l  66 years  t o  ga in  a market share of 
50%. The advent of o i l  gradual ly  forced coa l  ou t  of t he  market. 



O i l  i s  now e x p e r i e n c i n g  a  maximum and i s  abou t  t o  d e c r e a s e  i t s  
market  s h a r e .  N a t u r a l  g a s  i s  i n  p r o g r e s s ;  it h a s  had a  s t e a d i l y  
i n c r e a s i n g  market  s h a r e  s i n c e  t h e  beg inn ing  of t h i s  c e n t u r y .  
I t  may be  impor tan t  t o  obse rve  t h a t  t h i s  market  behav io r  does  
n o t  r e f l e c t  conce rns  abou t  r e s e r v e s  o r  r e s o u r c e s .  O i l ,  f o r  
example, pushed c o a l  o u t  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e r e  i s  
less o i l  t h a n  c o a l .  Ra the r ,  t h e  dynamics o f  t h i s  behav io r  o f  
p r imary  energy  s h a r e s  i s  governed by market  f e a t u r e s  and p r i c e  
mechanisms. 

Data o f  t h e  F e d e r a l  Republ ic  of Germany con f i rm  t h i s  
behav io r  o f  t h e  marke t  [ I ] .  I n  F i g u r e  2  o n l y  t h e  d a t a  from 
1950 onward a r e  g i v e n .  One can  s t i l l  see t h e  rest  o f  t h e  
market  s h a r e  o f  wood, b u t  t h e  p r o j e c t i o n s  a s  announced by t h e  
German Government a r e  a l s o  p r e s e n t e d .  For n u c l e a r ,  a  market  
s h a r e  o f  a b o u t  15% i s  expec ted  upon t h e  assumpt ion  t h a t  a l l  o f  
it would go i n t o  t h e  p r o d u c t i o n  o f  e l e c t r i c i t y .  The market  
t r e n d  f o r  c o a l  c o n t i n u e s  t o  p o i n t  downward. But t h e r e  i s  t h e  
component t h a t  i s  l a b e l e d  " a d d i t i o n a l  c o a l " .  

T h i s  means a  q u a l i t a t i v e l y  new approach t o  t h e  u s e s  o f  
c o a l  t h a t  h a s  been induced by t h e  energy  cr is is .  I n  c o n t r a s t  
t o  t h e  p a s t ,  t h e r e f o r e ,  n o t  o n l y  market  f o r c e s  b u t  a l s o  e x p l i c i t  
p lann ing  and exogenous i n f l u e n c e s  may come i n t o  t h e  p i c t u r e .  
The problem o f  adequa te  r e s o u r c e s  and a  s u f f i c i e n t l y  s e c u r e  
supp ly  i s  of  impor tance  h e r e .  To t h e  l a r g e s t  p o s s i b l e  e x t e n t ,  
however, t h i s  a d d i t i o n a l  c o a l  must be made t o  f i t  marke t  t e n -  
d e n c i e s  and f e a t u r e s .  Th i s  poses  a  major  problem f o r  c o a l  and 
r e q u i r e s  much a n a l y s i s  and a t t e n t i o n .  The p o i n t  i s  t o  a s s u r e  
a n  approach t o  what i s  l a b e l e d  a d d i t i o n a l  c o a l  which i s  s u f f i -  
c i e n t l y  d i f f e r e n t  from t h e  downward-trending t r a d i t i o n a l  u s e s  
of  c o a l .  T h i s  i s  probab ly  v e r y  d i f f i c u l t  t o  a c h i e v e ,  ma in ly  
from a n  o r g a n i z a t i o n a l  and i n s t i t u t i o n a l  p o i n t  o f  v iew. But 
t h i s  i s  n o t  t h e  s u b j e c t  o f  t h i s  paper  [ 2 ] .  

W e  h e r e  f o l l o w  t h e  a p p l i c a t i o n s  o f  n u c l e a r  power o t h e r  t h a n  
f o r  e l e c t r i c i t y  g e n e r a t i o n .  T h i s  i s  n o t  r e f l e c t e d  i n  t h e  c u r v e  
of  F i g u r e  2 l a b e l e d  " n u c l e a r  power"; b u t  l i k e  " a d d i t i o n a l  c o a l "  
it a r i s e s  f rom t h e  n e c e s s i t y  t o  e a s e  t h e  energy  cr is is .  

Le t  u s  t h e r e f o r e  c o n s i d e r  t h e  f i n a l  u s e s  o f  ene rgy ,  a g a i n  
by t h e  example of  t h e  F e d e r a l  Republ ic  o f  Germany. F i g u r e  3  
g i v e s  d a t a  o f  1970. 40% o f  t h e  f i n a l  u s e s ,  which a r e  e q u i v a l e n t  
t o  227 M t o n s  o f  c o a l  e q u i v a l e n t ,  go i n t o  t h e  i n d u s t r i a l  s e c t o r .  
Only 6.4% a r e  e l e c t r i c a l ;  24% a r e  f o r  t he rma l  a p p l i c a t i o n s  a t  
more t h a n  2 0 0 ~ ~ ~  9.5% a t  less t h a n  2 0 0 ' ~ .  The s e c t o r  o f  resi- 
d e n t i a l  and commercial  a p p l i c a t i o n s  i s  t h e  l a r g e s t ,  w i t h  42%. 
Here 37.4% go i n t o  the rma l  a p p l i c a t i o n s  a t  less t h a n  2 0 0 ' ~ ~  and 
o n l y  4.6% a r e  e l e c t r i c a l .  The remain ing  18% go i n t o  t r a n s p o r -  
t a t i o n ,  w i t h  e l e c t r i c i t y  c o n s t i t u t i n g  o n l y  0 .4%.  The e l e c t r i c a l  
a p p l i c a t i o n  o n l y  makes up 11.4% o f  t h e  f i n a l  u s e s .  



3 .  Var ious  I n d u s t r i a l  A p p l i c a t i o n s  and Dis t r i c t  Heat ing  

Now, i f  t h e r e  i s  s o  much need f o r  thermal  power below 
and above 200°c ,  why n o t  produce t h a t  energy  by n u c l e a r  
r e a c t o r s ?  Vendryes (see Appendix A )  g i v e s  a  qu i ck  survey  o f  
n o n - e l e c t r i c a l  a p p l i c a t i o n s  i n  g e n e r a l .  A lso D e  ~ e n i  g i v e s  
such a  survey  (see Appendix B ) .  Llewelyn ( ~ p p e n d i x  C )  has  
e l a b o r a t e d  on t h e  t o t a l  power demand and s i z e  o f  t h e  v a r i o u s  
a p p l i c a t i o n s  of  i n d u s t r i a l  h e a t  i n  Grea t  B r i t a i n ,  a s  o u t l i n e d  
i n  F i g u r e  4 .  The t o t a l  c a p a c i t y  is  a s  h igh  a s  81 GW. The 
breakdown is  g i ven .  Food, e n g i n e e r i n g ,  chemica ls  and i r o n  and 
steel  make up t h e  l a r g e s t  s h a r e s .  But most o f  t h e s e  demands 
f o r  p rocess  h e a t  a r e  i n  s m a l l ,  g e o g r a p h i c a l l y  widespread,  b i t s  
and p i e c e s .  T h i s  i s  most obv ious  i n  t h e  c a s e  o f  food and 
t e x t i l e s .  Only i n  t h e  n o t  so  l a r g e  4.1 GW of  t h e  cement s e c t o r  
a r e  t h e s e  ave rage  u n i t  s i z e s  o f  70 MW. A s  i s  w e l l  known, t h e s e  
s i z e s  a r e  t o o  sma l l  f o r  n u c l e a r  power. Only i r o n  and s tee l  
o f f e r  l a r g e r  e s t a b l i s h m e n t  s i z e s ,  and indeed,  t h e  h igh  tempera- 
t u r e  g a s  coo led  r e a c t o r  community h a s  looked i n t o  t h i s  p o s s i b l e  
a p p l i c a t i o n  q u i t e  e x t e n s i v e l y .  Hryn iszak (see Appendix D )  h a s  
e l a b o r a t e d  on such a p p l i c a t i o n s .  But t h i s  is  no more (and n o t  
less)  t h a n  7% o f  t h e  f i n a l  u s e s  o f  energy .  Impor tan t  a s  t h e  
n u c l e a r  s h a r e  o f  t h e s e  7% may be,  it canno t  a l t e r  s i g n i f i c a n t l y  
t h e  p r o f i l e  o f  t h e  g e n e r a l  energy  problem. There i s  a l s o  much 
t a l k  abou t  t h e  u s e  o f  n u c l e a r  energy f o r  d i s t r i c t  h e a t i n g ,  
p a r t i c u l a r l y  s o  i f  was te  h e a t  from n u c l e a r  e lec t r i c  power 
s t a t i o n s  cou ld  be used.  Bonnenberg (see Appendix E )  has  s t u d i e d  
t h e  r e l a t e d  q u e s t i o n s  i n  g r e a t e r  d e t a i l  f o r  t h e  c a s e  o f  t h e  
Federa l  Republ ic  o f  Germany. Again it a p p e a r s  t h a t  o n l y  a  
f r a c t i o n  o f  t h e  demand is  s u f f i c i e n t l y  c o n c e n t r a t e d  t o  a l l o w  
f o r  t h e  a p p l i c a t i o n  o f  n u c l e a r  energy ,  whose o v e r r i d i n g  f e a t u r e  

2 i s  i t s  h igh  d e n s i t y .  Bonnenberg g i v e s  30 Gcal/km h  a s  t h e  
lower l i m i t  f o r  t h e  a p p l i c a b i l i t y  of d i s t r i c t  h e a t i n g .  Th is ,  

by t h e  way, e q u a l s  35 w/m2 w h i l e  t h e  r a d i a t i o n  r e c e i v e d  from 
t h e  sun averaged ove r  a l l  l a t i t u d e s  and l o n g i t u d e s  (and the reby  

2 a l s o  ove r  day and n i g h t )  e q u a l s  160 W/m . Roughly 80 w/m2 of 
2 t h e s e  160 W/m a r e  used t o  d r i v e  t h e  r a i n / e v a p o r a t i o n  c y c l e  

and 70 w/m2 t o  make up f o r  t h e  n e t  I R  r a d i a t i o n  from t h e  s u r -  
f a c e .  I t  may be u s e f u l  t o  keep such f i g u r e s  i n  mind a s  a  
y a r d s t i c k .  

2 The f i g u r e  o f  30 Gcal/km h  i m p l i e s  t h a t  communit ies w i th  
fewer t h a n  20,000 i n h a b i t a n t s  u s u a l l y  d o  n o t  f a l l  i n t o  t h i s  
c a t e g o r y .  But t h e s e  communit ies make up 48% of  t h e  t o t a l  i n  
c a s e  o f  t h e  F.R.G. Nuclear d i s t r i c t  h e a t i n g  t h e r e f o r e  i s  
l i n k e d  t o  l a r g e r  u rban complexes ( c o n u r b a t i o n s ) .  I n  F igu re  5 
t h i s  f a c t  i s  i l l u s t r a t e d .  I n  1972 t h e r e  w e r e  o n l y  f i v e  such 
c o n u r b a t i o n s  i n  Germany t h a t  w e r e  t h u s  s u i t a b l e  f o r  n u c l e a r  
d i s t r i c t  h e a t i n g .  T h e i r  t o t a l  power c a p a c i t y  i s  18.6 GW wi th  
a  l oad  f a c t o r  o f  0 .2.  T h i s  i s  c o n s i s t e n t  w i t h  t h e  d i s t a n c e s  
t o  be b r idged  by the rma l  energy  t r a n s p o r t a t i o n .  I t  i s  seen  
t h a t  d i s t a n c e s  up t o  30 km can be br idged economical ly .  



Bes ides  d i s t r i c t  h e a t i n g ,  a  sma l l  h e a t  supp ly  and i n d u s t r i a l  
u s e s  c a n  a l s o  be adap ted  t o  t h a t  ( F i g u r e  6  i l l u s t r a t e s  t h i s ) .  
Bonnenberg a n t i c i p a t e s  a  p o t e n t i a l  s h a r e  of  32% f o r  h e a t  a t  
t e m p e r a t u r e s  s m a l l e r  t h a n  2 0 0 ' ~  t o  be t r a n s p o r t e d  ove r  d i s t a n c e s  
up t o  30 km o r  so .  Under p r e s e n t  c i r cums tances  (1 975) t h e  
p o t e n t i a l  s h a r e  would be 26% i n s t e a d ,  which would make up 132 
o f  t h e  t o t a l  end u s e  o f  energy .  The requ i remen t  f o r  c a p i t a l  
inves tment  i n  c a s e  o f  t h e  F.R.G. i s  i n  t h e  o r d e r  o f  $75 B. 

The p r e s e n t  tendency  t o  u s e  was te  h e a t  f rom n u c l e a r  e lec t r i c  
power s t a t i o n s  t h e r e f o r e  have a  s o l i d  background. I t  must be 
k e p t  i n  mind, however, t h a t  t h i s  r e q u i r e s  t h e  a d a p t a t i o n  of  
t h e s e  p l a n t s - - a t  p r e s e n t  t h e  was te  h e a t  t e m p e r a t u r e s  a r e  s t i l l  
t o o  low. The c e n t r a l i z e d  supp ly  of  h o t  wa te r  s o  env i saged  is  
a l r e a d y  c o n s i s t e n t  w i t h  t h e  main f e a t u r e  o f  t h e  market  f o r  t h e  
end u s e  of  energy .  The market  p r e f e r s  e a s i l y  a p p l i c a b l e  forms 
of  energy ,  and because o f  t h i s  t r e n d  h a s  become s p e c i a l i z e d  and 
h i g h l y  f ragmented.  I n  f a c t ,  t h i s  is  why t h e  market  f o r c e s  
r e f e r r e d  t o  when pr imary  energy  s h a r e s  were c o n s i d e r e d  c r e a t e d  
p r e s s u r e s  t o  go  from c o a l ,  a  s o l i d  f u e l ,  t o  o i l ,  a  l i q u i d  f u e l ,  
and now t o  n a t u r a l  g a s ,  which by i t s  n a t u r e  is  a  gaseous  f u e l .  

4 .  Secondary Enersv S h a r e s  

I n  F i g u r e  7  t h e s e  t r e n d s  a r e  p r e s e n t e d  f o r  t h e  c a s e  o f  t h e  
F e d e r a l  Republ ic  o f  Germany. One e a s i l y  r e c o g n i z e s  t h e  i n c r e a s -  
i n g  s h a r e s  o f  e l e c t r i c i t y  and g a s  and t h e  d e c r e a s e  i n  t h e  s h a r e s  
of  l i q u i d s  and p a r t i c u l a r l y  o f  t h e  s o l i d  forms o f  energy  end 
u s e s .  C o n s i s t e n t  w i t h  t h e  marks above, t h e r e  i s  t h e  s p e c i a l  
c a s e  o f  h o t  wa te r  from dua l -purpose n u c l e a r  power s t a t i o n s .  
The column "end u s e s "  makes somewhat q u a l i t a t i v e  ( n o t  f u l l y  
s e l f - c o n s i s t e n t )  i m p l i c a t i o n s  abou t  t h e  u s e  o f  t h e s e  secondary  
forms of  energy  i n  t h e  v a r i o u s  s e c t o r s  o f  demand. 

A t  t h i s  p o i n t  i n  o u r  r e a s o n i n g  we c a n  a l r e a d y  see b e t t e r  
t h e  c o n d i t i o n s  f o r  n u c l e a r  power i f  it i s  t o  be a p p l i e d  t o  more 
than  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y :  it must f i t  t h e  f u t u r e  
f e a t u r e s  o f  t h e  end u s e s  o f  energy  a s  c l o s e l y  a s  p o s s i b l e .  And 
t h i s  means t h a t  a  s u b s t i t u t e  f o r  n a t u r a l  g a s  must be produced. 

I n  l i n e  w i t h  t h e  e a r l i e r  argument abou t  " a d d i t i o n a l  c o a l " :  
c o a l  must a l s o  o f f e r  i t s  p o t e n t i a l  i n  i t s  gaseous  r a t h e r  t h a n  
i n  i t s  s o l i d  form. A l l  of  t h e  above a n a l y s i s  e q u a l l y  a p p l i e s  
t o  c o a l .  I n  a d d i t i o n  t h e r e  is  t h e  f o r t u n a t e  f e a t u r e  t h a t  c o a l  
and n u c l e a r  power t o g e t h e r  a r e  a b l e  most n a t u r a l l y  t o  produce 
such  a  s u b s t i t u t e  f o r  n a t u r a l  g a s .  Again w e  r e f e r  t o  t h e  con- 
t r i b u t i o n  by Hryn iszak (see Appendix D) . 

A t  Brookhaven Hoffman e t  a l .  [ 3 ]  have s t u d i e d  t h e  q u e s t i o n  
how l a r g e  t h e  e lec t r i c  s h a r e  o f  t h e  f i n a l  energy  demand might 
be.  They d i d  t h i s  i n  g r e a t  d e t a i l  u s i n g  a n  ex tended l i n e a r  
programming procedure .  The r e s u l t s  of  t h e  s t u d y  a r e  g i ven  i n  
F i g u r e  8 .  While i n  1970 t h e  s h a r e  i s  a s  low a s  102,  it might  
e s s e n t i a l l y  doub le  by t h e  y e a r  2000 and t h e r e b y  a u t o m a t i c a l l y  



i n c r e a s e  t h e  u s e  o f  n u c l e a r  power. The i n t e r e s t i n g  t h i n g  is  
t h a t  even i f  it w e r e  i n tended t o  p u t  more weight  on e l e c t r i c i t y ,  
i t s  s h a r e  would n o t  be  l a r g e r  t h a n  2 4 % .  Th is  t e n t a t i v e l y  under- 
l i n e s  t h e  n e c e s s i t y  t o  look i n t o  o t h e r  a p p l i c a t i o n s  t h a n  t h e  
g e n e r a t i o n  o f  n u c l e a r  e l e c t r i c i t y .  From what h a s  been s a i d ,  it 
f o l l ows  t h a t  such a p p l i c a t i o n s  must overwhelmingly come th rough 
a  gaseous secondary energy system t h a t  complements e l e c t r i c i t y .  

Le t  u s  t h e r e f o r e  c o n s i d e r  t h e  consumer c o s t s  i n  such 
secondary energy  systems.  I n  F igu re  9 consumer c o s t s  f o r  
e l e c t r i c i t y  and f o r  n a t u r a l  g a s  a r e  compared. Na tu ra l  g a s  i s  
a t  p r e s e n t  s t i l l  v e r y  much cheaper  than  e l e c t r i c i t y .  I f  w e  
a l l o w  a  c e r t a i n  i n c r e a s e  o f  consumer c o s t s ,  g a s  p roduc t i on  c o s t s  
a t  2 $/M BTU f o r  such a  s u b s t i t u t e  o f  a  n a t u r a l  g a s  seems t o  
be a c c e p t a b l e .  The g a s i f i c a t i o n  o f  c o a l  has  t o  be  o r i e n t e d  
towards t h a t  f i g u r e .  Coal g a s i f i c a t i o n  means t h e  a d d i t i o n  of  
hydrogen t o  c o a l .  So f a r  hydrogen p r i c e s  have been t o o  h igh  
t o  make t h i s  approach a  smooth one.  The h igh  p r i c e  f o r  hydrogen 
today i n h i b i t s  n o t  o n l y  t h e  commerc ia l ly  e a s i l y  a c c e p t a b l e  c o a l  
g a s i f i c a t i o n ,  b u t  a l s o  t h e  more e x p l i c i t  push forward of  a  
consumer techno logy  adapted  t o  pure  hydrogen a s  a  secondary f u e l .  
Today one h a s  t o  e x p e c t  hydrogen p roduc t i on  c o s t s  a t  4-6 $/M BTU. 
Here i s  t h e  p l a c e  f o r  a  f a i r l y  fundamental  o b s e r v a t i o n  and 
sugges t ion :  t h e  ave rage  load  f a c t o r  o f  n u c l e a r  power s t a t i o n s  
may be 0 . 7  ( o r  even l o w e r ) .  T h i s  i s  s o  because e l e c t r i c i t y  i n  
p a r t i c u l a r  canno t  be  s t o r e d .  But t h e  p roduc t i on  c a p a c i t y  has  
t o  be des igned  f o r  more t h a n  f u l l  load  requ i remen ts .  There fo re  
t h e r e  i s  a  f r e e  b u i l t - i n  p roduc t i on  c a p a c i t y  i n  t h e  g e n e r a t i o n  
of  n u c l e a r  e l e c t r i c i t y .  

5. Off-Peak E l e c t r o l v s i s  

The p roposa l  now i s  t o  make u s e  o f  t h a t  c a p a c i t y  f o r  t h e  
p roduc t i on  o f  e l e c t r o l y t i c  hydrogen. For a  n u c l e a r  p l a n t  t h e  
marg ina l  f u e l  c o s t s  may be a s  low a s  2 mils/kWh. Assuming a  
2500 h r / y r  o f f -peak  s i t u a t i o n  and 80 $/kW c a p i t a l  c o s t s  f o r  
such e l e c t r o l y s i s ,  a t  12% i n t e r e s t  and 9 3 %  e f f i c i e n c y  a n  energy  
p r i c e  f o r  t h e  hydrogen o u t p u t  i s  o b t a i n e d  which amounts t o  
1 .6  $/M BTU. Th is  p i c t u r e  i s  o u t l i n e d  i n  F i g u r e  10. One 
r e a l i z e s  t h e  b i g  d i f f e r e n c e  a s  compared t o  t h e  o t h e r  hydrogen 
p roduc t i on  p r o c e s s e s .  The key h e r e ,  of  c o u r s e ,  i s  t o  c o n s i d e r  
o n l y  t h e  marg ina l  c o s t s  f o r  t h e  p roduc t i on  o f  e l e c t r o l y t i c  
hydrogen from o f f -peak  power. For a  n u c l e a r  power s t a t i o n  t h i s  
f i g u r e  i s  s m a l l .  The o t h e r  key i s  t h e  low c a p i t a l  f i g u r e s  
t h a t  w e r e  assumed f o r  e l e c t r o l y s i s .  W e  w i l l  e l a b o r a t e  on t h a t  
s h o r t l y .  The p o i n t  i s  t h a t  such an  approach makes t h i n g s  move 
smoothly i n  t h e  r i g h t  d i r e c t i o n ,  namely t h e  f o s t e r i n g  o f  a  
s u b s t i t u t e  f o r  n a t u r a l  g a s .  Cheap hydrogen from o f f -peak  
e l e c t r o l y s i s  e x p e d i t e s  t h e  modern u s e s  o f  " a d d i t i o n a l  c o a l "  and 
a t  t h e  same t i m e  s lowly  b u t  s t e a d i l y  p r e p a r e s  t h e  u s e  o f  
hydrogen a s  a  secondary  f u e l .  Such an approach d o e s  n o t  p re-  
c l u d e  t h e  p o s s i b i l i t y  o f  producing hydrogen f o r  i n s t a n c e  by 
thermochemical  wa te r  s p l i t t i n g  o r  o t h e r  means; i n s t e a d ,  it 
p r e p a r e s  t h e  way f o r  o t h e r  means a s  t h e y  a r e  conce ived.  



Such p r e p a r a t i o n  should be s t a r t e d  e a r l y  a s  it r e q u i r e s  
t h e  p e n e t r a t i o n  o f  marke ts  by new t e c h n o l o g i e s .  F i s h e r  and 
Pry of Genera l  E l e c t r i c  have s t u d i e d  t h i s  k ind o f  market  
p e n e t r a t i o n  [ 4 ] .  They found t h a t  a n  e x p o n e n t i a l  l o g i s t i c  
cu rve  (F igu re  1 1 )  f i t s  such market p e n e t r a t i o n s  by new tech-  
n o l o g i e s  exceed ing ly  w e l l .  The l o g i s t i c  c u r v e  used by them 
i s  t h e  r a t i o  of marke t -pene t ra ted  (F)  t o  non-penet ra ted  (1 - F)  
a s  a  f u n c t i o n  o f  t i m e .  I n  f a c t  t h e  market  p e n e t r a t i o n s  of  
pr imary energy  a l s o  f i t  t h a t  l o g i s t i c  c u r v e  behav io r ,  and t h i s  
i s  why t h e y  w e r e  p l o t t e d  i n  t e r m s  of t h e  r a t i o  F/1 - F. I t  i s  
t h e n  impor tan t  t o  r e a l i z e  t h e  t i m e  p e r i o d s  f o r  t h e  g a i n  o r  l o s s  
of  a  market  s h a r e  of  502. M a r c h e t t i  has  e v a l u a t e d  t h e s e  t i m e  
c o n s t a n t s .  They a r e  g i v e n  i n  F igu re  1 2  f o r  t h e  Uni ted S t a t e s .  
A l l  of them a r e  l o n g e r  t h a n  50 y e a r s ;  t h e y  a r e  even l o n g e r  f o r  
t h e  wor ld.  I f ,  because o f  t h e  energy cr is is ,  w e  want t o  a c c e l -  
e r a t e  m a t t e r s  and s t a y  i n  t u n e  w i t h  such marke t  f o r c e s ,  w e  must 
obey and a n t i c i p a t e  t h e s e  market f e a t u r e s  a s  c l o s e l y  a s  p o s s i b l e .  
While t h i s  h a s  been exemp l i f i ed  f o r  pr imary energy  it e s s e n t i a l l y  
a p p l i e s  a l s o  t o  secondary  energy systems.  I t  i s  t h e r e f o r e  a  
key c o n s i d e r a t i o n  t h a t  hydrogen be in t roduced  i n  t h e  secondary 
energy  market  a s  e a r l y  and a s  smoothly a s  p o s s i b l e .  T h i s  cou ld  
be s t i m u l a t e d  by e l e c t r o l y t i c  hydrogen from of f -peak n u c l e a r  
e l e c t r i c i t y .  

How much energy  can t h e r e f o r e  be expec ted  from n u c l e a r  
s o u r c e s  a t  t h e  end o f  t h i s  c e n t u r y ?  F i g u r e  13  g i v e s  a  pro- 
j e c t e d  answer t o  t h a t  q u e s t i o n .  Le t  u s  assume t h a t  e l e c t r i c i t y  
h a s  a  s h a r e  o f  20% o f  a l l  secondary energy ,  and t h a t  a l l  of  it 
i s  prov ided from n u c l e a r  s o u r c e s .  Then rough ly  7-8% cou ld  be 
ga ined  by e l e c t r o l y s i s  from o f f -peak  n u c l e a r  e l e c t r i c  power. 
C o n s e r v a t i v e l y ,  abou t  5% cou ld  be t a k e n  from waste  h e a t  ( a l -  
though t h e  p o t e n t i a l  i s  l a r g e r ,  a s  w e  saw) ;  6-7% cou ld  be l o c a l  
n u c l e a r  p r o c e s s  h e a t .  The t o t a l  would be a t  40%. Thus t h e r e  i s  
a  p o t e n t i a l  f o r  a p p l i c a t i o n s  of n u c l e a r  power o t h e r  t h a n  f o r  
e l e c t r i c i t y  g e n e r a t i o n  which i s  e s s e n t i a l l y  equa l  t o  t h a t  o f  
e l e c t r i c i t y  g e n e r a t i o n  w i t h o u t  go ing  t o  d r a s t i c a l l y  new ap- 
p roaches  on t h e  n u c l e a r  s ide - - i n  o t h e r  words, mere ly  by e x t r a p -  
o l a t i n g  t h e  p r e s e n t  s i t u a t i o n .  

A q u e s t i o n  t h a t  has  been l e f t  open i s  t h e  fo l l ow ing :  Where 
d o e s  e l e c t r o l y s i s  s t a n d ?  

So f a r  e l e c t r o l y s i s  has  been a p p l i e d  o n l y  f o r  s p e c i a l  
purposes ,  mos t l y  i n  c a s e s  where ex t remely  c l e a n  hydrogen was 
r e q u i r e d .  La Roche h a s  made a  c o n t r i b u t i o n  t o  t h i s  paper  on 
t h i s  s u b j e c t  (see Appendix F ) .  The e x p e r i e n c e  o f  Brown Bover i  
i n  Baden, S w i t z e r l a n d ,  i s  t h a t  t h e  p r e s e n t  c a p i t a l  c o s t s  a r e  a t  
300-500 $/kW, i n c l u d i n g  e l e c t r i c a l  equipment such a s  t r a n s f o r m e r s ,  
r e c t i f i e r s ,  etc.  The s c a l e  t o  which such c a p i t a l  c o s t s  a p p l y  
i s  i n  t h e  few MW range.  One o f  t h e  l a r g e s t  e l e c t r o l y s i s  p l s n t s  
b u i l t  s o  f a r  h a s  been t h a t  f o r  t h e  Assuan Dam. I t  h a s  a  capac-  
i t y  of  140 MW. La Roche e x p e c t s  c a p i t a l  c o s t s  f o r  u n i t s  o f  
a  few hundred 14W t o  be i n  t h e  o r d e r  of  100-150 $/kW i f  t h r e e  
o r  f o u r  y e a r s  of  development work a r e  p u t  i n t o  it. N u t t a l l  and 
T i t t e r i n g t o n  o f  Genera l  E l e c t r i c  r e c e n t l y  r e p o r t e d  [5 ]  334 $/kW 
c a p i t a l  c o s t s  a s  of  today ;  f o r  1985, t h e y  e x p e c t  c a p i t a l  c o s t s  



t o  be  a s  low a s  70 $/kW. C a p i t a l  c o s t s  w i l l  of  c o u r s e  a l s o  
depend on t h e  e f f i c i e n c y  of  e l e c t r o l y s i s .  A t  p r e s e n t ,  f i g u r e s  
o f  70% a r e  o f t e n  r e f e r r e d  t o ,  b u t  851, 90% and more appear  t o  
be  w i t h i n  r e a c h .  

W e  have made t h e  o b s e r v a t i o n  t h a t  an  e x t r a p o l a t i o n  o f  t h e  
p r e s e n t  t e c h n o l o g i c a l  s i t u a t i o n  would y i e l d  secondary  energy  
s h a r e s  of  a s  h i g h  a s  40%. A s  i n d i c a t e d  i n  F i g u r e  13  t h e  re- 
mainder would have t o  be covered  by f o s s i l  s o u r c e s  u n l e s s  a  
new and l a r g e  s c a l e  e f f o r t  w e r e  made t o  pave t h e  way f o r  a  s t i l l  
wider  a p p l i c a t i o n  o f  n u c l e a r  power. 

6 .  Large S c a l e  P roduc t i on  o f  Hydrogen 

One p o s s i b l e  r o u t e  of  e x t e n s i o n  w i t h o u t  t a k i n g  t h e  power 
from o f f -peak  a t  t h e  low l e v e l  o f  marg ina l  c o s t s  would, o f  
c o u r s e ,  be e l e c t r o l y s i s .  I n s t e a d ,  it would be  a  base  l o a d  
approach.  Because hydrogen c o u l d  be s t o r e d ,  a  l o a d  f a c t o r  o f  
c l o s e  t o  100% cou ld  be a n t i c i p a t e d  and might  h e l p  t o  ease t h e  
s i t u a t i o n .  A market  f o r  oxygen migh t  h e l p  a s  w e l l .  I n  any 
e v e n t ,  such an  a p p l i c a t i o n  of e l e c t r o l y s i s  r e q u i r e s  a  much 
more r i g o r o u s  development program t h a n  t h e  mere g r a d u a l  improve- 
ment o f  t h e  p r e s e n t  e l e c t r o l y s i s  techno logy  d i s c u s s e d .  

The o t h e r  major r o u t e  f o r  t h e  p r o d u c t i o n  of  hydrogen i s  
t h e r m o l y s i s  a s  p ioneered  by D e  Beni and M a r c h e t t i  a t  I s p r a  
[ 6 , 7 ] .  The b a s i c  i d e a  is  t h e  fo l l ow ing .  The chemica l  b i n d i n g  
energy  of  wa te r  is  such t h a t  a  t e m p e r a t u r e  o f  a b o u t  3 0 0 0 ~ ~  i s  
r e q u i r e d  t o  s p l i t  t h e  mo lecu le .  For n u c l e a r  h e a t  a  t e m p e r a t u r e  
o f  3 0 0 0 ~ ~  i s  n o t  f e a s i b l e .  I f  i n s t e a d  t h e  chemica l  b i n d i n g  
energy  w e r e  a p p l i e d  i n  s t a g e s ,  however, n u c l e a r  p r o c e s s  h e a t  
cou ld  make it. T h i s  o f  c o u r s e  i m p l i e s  a  s t a g e d  chemica l  p r o c e s s  
whose n e t  r e s u l t  would be t h e  p roduc t i on  o f  hydrogen and oxygen 
from w a t e r ,  r e q u i r i n g  chemica l  a g e n t s  whose f u n c t i o n  i s  t o  
t r a n s f e r  f r e e  ene rgy .  D e  Beni i d e n t i f i e d  t h e  f i r s t  chemica l  
scheme a s  e a r l y  a s  1969 [ 8 ] .  I t  imp l ied  t h e  u s e  o f  bromine, 
mercury and ca l c ium.  The maximum t e m p e r a t u r e  r e q u i r e d  was 
730°C, and t h a t  means 8 5 0 ' ~  a t  t h e  c o r e  o u t l e t  o f  t h e  r e a c t o r .  
The drawbacks w e r e  obv ious :  h i g h  i n v e n t o r y  c o s t s ,  and t h e  
p o s s i b i l i t y  o f  l e a k a g e s  and t h e r e b y  p o l l u t i o n ,  c o r r o s i o n  and 
m a t e r i a l  c i r c u l a t i o n .  

It can  be  expec ted  t h a t  more t h a n  one scheme f o r  t h e  
t h e r m o l y s i s  of wa te r  c o u l d  be i d e n t i f i e d .  Knoche and coworkers  
a t  Aachen, Germany, have computer ized  t h e  comb ina t i ons  o f  
chemica l  p r o c e s s e s  i n  o r d e r  t o  s e a r c h  f o r  f e a s i b l e  combina t ions .  
The f e a s i b i l i t y  o f  such  combina t ions  h a s  been much i n c r e a s e d  by 
t h e  f a c t  t h a t  r e c e n t l y  t h e  a t t a i n a b l e  t e m p e r a t u r e  of h i g h  
t e m p e r a t u r e  gas-coo led  r e a c t o r s  h a s  been r a i s e d  s i g n i f i c a n t l y .  
Throughout 1974 t h e  German AVR r e a c t o r  a t  J u l i c h  s u c c e s s f u l l y  
o p e r a t e d  a t  a n  o u t l e t  t empera tu re  o f  950°C, and f u r t h e r  improve- 
ments  have t o  be  expec ted  [9 ]  . The German e f f o r t  i n  t h e  h igh-  
t empera tu re  gas-cooled r e a c t o r  f i e l d  i s  s i g n i f i c a n t  and h a s  
been more and more c l o s e l y  connec ted  w i t h  t h e  e f f o r t  o f  Genera l  



Atomic i n  t h e  Uni ted S t a t e s  [ l o ] .  A t  t h e  I n t e r n a t i o n a l  I n s t i -  
t u t e  f o r  Appl ied Systems Ana lys i s ,  Manne and M a r c h e t t i  have 
looked i n t o  t h e  q u e s t i o n  o f  op t ima l  RED p o l i c i e s  f o r  more than  
a thousand chemical  p r o c e s s e s ,  and t h e  op t ima l  a l l o c a t i o n  of  
funds  [I I ] .  

M a r c h e t t i  (see Appendix G )  g i v e s  t h e  l a t e s t  t h i n k i n g  i n  
t h i s  f i e l d ,  and w e  f o l l o w  t h i s  c o n t r i b u t i o n ,  h e r e  p a r t l y  
verba t im.  The aim must be t o  i d e n t i f y  a  p r o c e s s  t h a t  a v o i d s  
s c a r c e  and expens ive  e lements ,  t h a t  i s  c o n s i s t e n t  w i t h  env i ron-  
menta l  requ i remen ts ,  t h a t  i s  a c c e p t a b l e  from t h e  c o r r o s i o n  
p o i n t  o f  v iew, and e s p e c i a l l y ,  t h a t  d e a l s  w i t h  gaseous o r  
l i q u i d  chemica l  a g e n t s  on l y ;  and l a s t  b u t  n o t  l e a s t ,  a  p r o c e s s  
t h a t  i s  s imp le .  

I n  view o f  what i s  a t  s t a k e ,  namely t h e  p o t e n t i a l  o f  60% 
of f u t u r e  secondary energy  demands, it seems obv ious  t h a t  
much more e f f o r t  should go i n t o  t h i s  k ind  o f  chemis t r y .  The 
r a c e  has  j u s t  s t a r t e d .  Never the less  it may be u s e f u l  t o  c o n s i d e r  
t h e  r e c e n t l y  proposed Mark 9 p r o c e s s ,  which i s  d e p i c t e d  i n  
F igu re  1 4 .  The advan tages  of  Mark 9 a s  compared w i t h  t h e  e a r l y  
p r o p o s a l s  a r e  t h e  fo l l ow ing :  

- Only cheap and abundant  m a t e r i a l s  a r e  used;  

- There i s  a l a r g e  body o f  e x p e r i e n c e  f o r  hand l i ng  
c h l o r i n e  and i r o n  compounds. 

The s tumbl ing  b lock  s t i l l  is  t h a t  Mark 9 a l s o  r e q u i r e s  
t h e  man ipu la t i on  o f  s o l i d s  and makes t h i s  k ind o f  p r o c e s s  
q u e s t i o n a b l e .  There a r e  p r o p o s a l s  from ~ u l i c h  ( S c h u l t e n )  t h a t  
indeed r e q u i r e  no s o l i d s ,  e x c e p t  perhaps  a s  c a t a l y s t s .  A lso ,  
a t  Los Alamos (Bowman) a v e r y  s imp le  p r o c e s s  h a s  been proposed: 

H2S04 t he rma l  1 
H 2 0  + SO2 + 7 o2 ( 1  

2 H20 + SO2 e l e c t r o l y s i s  H2S04 + H 2  . ( 2 )  

S t e p  ( 1 )  i s  a the rma l  decomposi t ion o f  s u l p h u r i c  a c i d ;  it is  
produced i n  i n d u s t r y  and is  n o t  t o o  d i f f i c u l t .  It o c c u r s  
g r a d u a l l y  from a b o u t  4 0 0 ~ - 8 0 0 ~ ~ .  It p r o v i d e s  85% of  t h e  f r e e  
energy  needed t o  decompose a molecule o f  wa te r .  Only t h e  
remainder  must come i n  t h e  form o f  e l e c t r i c i t y ,  t h a t  i s  through 
e l e c t r o l y t i c  c e l l s  which have t o  be developed ad hoc a s  t h e  
economy of  t h e  c y c l e  r e q u i r e s  a h igh  c o n c e n t r a t i o n  o f  s u l p h u r i c  
a c i d  f o r  s t e p  ( 1 ) .  



7. A S c e n a r i o  f o r  a n  Al l -Nuclear  Supply o f  Energy 

I n  view of  t h e s e  long range  c o n s i d e r a t i o n s ,  l e t  u s  now 
go t o  t h e  ext reme and f o l l o w  t h e  i dea  o f  supp ly ing  a l l  second- 
a r y  energy on t h e  b a s i s  of n u c l e a r  energy .  Le t  u s  f u r t h e r  
assume t h a t  i n  t h e  l ong  range t h e  requ i rement  w i l l  a r i s e  t o  
make u s e  o n l y  of  abundant ly  e x i s t i n g  i s o t o p e s ,  t h a t  i s  U238 
and Th232. T h i s  n e c e s s a r i l y  i m p l i e s  b reed ing .  F o r t u n a t e l y  
combina t ions  o f  developed r e a c t o r s  e x i s t  t h a t  a l l o w  f o r  an  a l l -  
n u c l e a r  supp ly  of  energy .  F igu re  15 shows a  combina t ion  of  
f a s t  b r e e d e r s  w i t h  h igh- tempera ture  gas-cooled r e a c t o r s .  The 
n e t  requ i remen ts  f o r  U233 of  t h e  HTR a r e  m e t  by t h e  p roduc t i on  
of such U233, f o r  i n s t a n c e  i n  t h e  r a d i a l  b l a n k e t s  o f  f a s t  
b r e e d e r s .  Such c r o s s i n g  of  t h e  f u e l  c y c l e s  h a s  been proposed 
by F o r t e s c u e  a t  Genera l  Atomic, and a t  Ka r l s ruhe .  

The scheme g i ven  i n  F igu re  15 assumes t h a t  an  approx imate ly  
equa l  s h a r e  of  energy  goes  i n t o  t h e  p roduc t i on  o f  e l e c t r i c i t y  
and i n t o  t h a t  o f  hydrogen ( o r  a n o t h e r  gaseous secondary e n e r g y ) .  
A r a p i d  expans ion  r e q u i r e s  f o r  i n s t a n c e  t h e  Pu o u t p u t  of LWR's, 
and t o  t h a t  e x t e n t  t h e  use  o f  cheap uranium ( o u t l i n e d  i n  F i g u r e  
1 6 ) .  A t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied Systems Anal- 
y s i s ,  r e a c t o r  s t r a t e g i e s  f o r  t h e  t r a n s i t i o n  from f o s s i l  t o  
n u c l e a r  f u e l s  have been s t u d i e d  by Ha fe le  and Manne [12 ] .  The 
s c e n a r i o s  t h a t  were env isaged p rov ide  f o r  360 m i l l i o n  peop le  
and an  asympto t i c  demand o f  10 kW/capita o r  20 kW/capita. 
F igu re  17 i d e n t i f i e s  c e r t a i n  f e a t u r e s  of  t h e  f u e l  c y c l e  o f  such 
a n  a l l - n u c l e a r  s c e n a r i o  s o c i e t y .  Under asympto t i c  c o n d i t i o n s  
751 t o n s  of  U238 and 951 t o n s  of  Th232 p e r  y e a r  have t o  be 
processed.  T h i s  i m p l i e s  t h e  p rocess ing  of  9 2 4  t o n s  of Pu and 
363 t o n s  o f  U233. The t o t a l  power prov ided i s  2 x 1800 GWth 
o r  3.6 TWth. A l t o g e t h e r  1,382 t o n s  of  f i s s i o n  p r o d u c t s  have 
t o  be handled,  b u t  a l s o  17 t o n s  of  a c t i n i d e s  and 27 t o n s  o f  Pa 
and Np. I n  us ing  t o d a y ' s  techno logy  9 t o n s  o f  Pu and 4 t o n s  o f  
U233 would be l o s t ,  p a r t l y  a s  s c r a p  and p a r t l y  a s  e f f l u e n t s  t o  
t h e  ecosphere .  I t  shou ld  be made abundan t l y  c l e a r  what h a s  
been s a i d :  t h e s e  amounts a r e  d i v e r t e d  from t h e  main s t ream i f  
t h e  s c e n a r i o  o f  a n  a l l - n u c l e a r  s o c i e t y  w i t h  t o d a y ' s  techno logy  
is  be ing  cons ide red .  The p o s s i b l e  r e a l i z a t i o n  of  such s c e n a r i o s  
is ,  however, decades  away and t h e r e  i s  much t i m e  and o p p o r t u n i t y  
f o r  t h e  r e l a t e d ,  t e c h n o l o g i c a l  improvement. 

8 .  D e ~ l o v m e n t  o f  a  Larae  S c a l e  Fue l  Cvc le 

The 9 2 4  t o n s  o f  Pu and 363 t o n s  of U233 which have t o  be 
handled w i t h i n  t h e  360 m i l l i o n  popu la t i on  a l l - n u c l e a r  s c e n a r i o  
p o i n t  t o  t h e  h igh  d e g r e e  o f  me t i cu lousness  t h a t  would have t o  
be e x e r c i s e d .  The p r i n c i p a l  d imension o f  t h i s  problem i s  
i n t roduced ,  however, w i t h  t h e  f i r s t  few e lements  o f  t h e  f u e l  
c y c l e .  T h i s  can  be  exemp l i f i ed  by one o f  t h e  c r u c i a l  i s s u e s ,  
t h a t  o f  r e q u i r e d  p h y s i c a l  p r o t e c t i o n .  F i g u r e  18 i d e n t i f i e s  f o u r  
c l a s s e s  of  p r o t e c t i o n .  I r r a d i a t e d  m a t e r i a l  r e q u i r e s  a lmos t  no 
p r o t e c t i o n ;  it i s  h i g h l y  s e l f - p r o t e c t i n g ,  and l a r g e  amounts 
of  such m a t e r i a l  a r e  bound t o  be  a v a i l a b l e  a s  more and more 
n u c l e a r  power s t a t i o n s  a r e  i n  o p e r a t i o n .  The second c l a s s  is  



made up o f  f r e s h  uranium w i t h  enr ichments  o f  less t h a n  5 5 .  I t  
i s  n o t  s e l f - p r o t e c t i n g  b u t  r e q u i r e s  enr ichment  f o r  e x p l o s i v e  
a p p l i c a t i o n s .  F a i r  amounts o f  such m a t e r i a l  a r e  a l r e a d y  i n  
use .  The t h i r d  c l a s s  c o n s i s t s  o f  Pu and U233. These m a t e r i a l s  
a r e  n o t  r e a l l y  s e l f - p r o t e c t i n g  and no enr ichment  i s  needed; 
they  t h e r e f o r e  do  r e q u i r e  s i g n i f i c a n t  p h y s i c a l  p r o t e c t i o n .  
The l a r g e  amounts o f  such m a t e r i a l  come t i m e w i s e  a f t e r  t h e  
r e p r o c e s s i n g  o f  i r r a d i a t e d  m a t e r i a l .  The f o u r t h  class obv ious l y  
compr ises  90% e n r i c h e d  m a t e r i a l ,  which r e q u i r e s  h igh  d e g r e e s  of  
p h y s i c a l  p r o t e c t i o n .  

The l a r g e  f u e l  c y c l e  t o  be env isaged i f  a l l  o r  a s i g n i f i c a n t  
s h a r e  of  f u t u r e  energy  demand is  t o  be  m e t  by n u c l e a r  power 
r a i s e s  t h e  q u e s t i o n  of  t h e  sequence o f  d e c i s i o n s  t h a t  a r e  s t i l l  
pending. With n u c l e a r  power r e a c h i n g  i t s  m a t u r i t y ,  w e  a r e  a t  
t h e  adven t  o f  n u c l e a r  power on a  t r u l y  l a r g e  s c a l e ,  and it i s  
t h e r e f o r e  a p p r o p r i a t e  t o  c o n s i d e r  t h e  d e c i s i o n  t ree  f o r  t h e  
t r u l y  l a r g e  s c a l e  and p e a c e f u l  deployment o f  n u c l e a r  energy.  
The d e c i s i o n  t ree i s  o u t l i n e d  i n  F igu re  19. The f i r s t  d e c i s i o n  
is  whether o r  n o t  t o  employ n u c l e a r  power. I f  n o t ,  perhaps  
c o a l  o r  s o l a r  cou ld  be  a l t e r n a t e  o p t i o n s .  The n e x t  d e c i s i o n  is  
whether  o r  n o t  t o  r e p r o c e s s  i r r a d i a t e d  m a t e r i a l .  I f  n o t ,  s t o r a g e  
t h a t  can  a f t e r  a l l  be  o f  o n l y  i n t e r m e d i a t e  n a t u r e  must be  op ted  
f o r ;  i f  y e s ,  t h e  d e c i s i o n  whether o r  n o t  t o  use  Pu must be  f a c e d .  
I f  n o t ,  Pu must be  s t o r e d .  I f  f o r  economic a s  w e l l  a s  e c o l o g i c a l  
r e a s o n s  t h i s  i s  cons ide red  t o  be i n f e a s i b l e  and unwise, Pu must 
be used and Pu f u e l  e lements  must be  f a b r i c a t e d .  There fo re  t h e  
n e x t  q u e s t i o n  i s  t h e  c o - l o c a t i o n  o f  such Pu f u e l  f a b r i c a t i o n  
p l a n t s  w i t h  r e p r o c e s s i n g  f a c i l i t i e s .  I f  t h e  answer i s  no, 
r e f i n e d  Pu must b e  t r a n s p o r t e d ,  which i n  t h e  c a s e  o f  o u r  model 
s o c i e t y  i n  t h e  s c e n a r i o  cons ide red  above would be  i n  t h e  o r d e r  
o f  924 t o n s .  I t  is  m a t e r i a l  o f  c l a s s  3  o f  t h e  f o u r  c l a s s e s  o f  
p h y s i c a l  p r o t e c t i o n .  I f  t h e  answer is  p o s i t i v e ,  t h e  n e x t  
q u e s t i o n  is  whether  o r  n o t  t o  e l i m i n a t e  a l s o  t h e  t r a n s p o r t  o f  
f a b r i c a t e d ,  and t o  t h a t  e x t e n t  p r o t e c t e d ,  Pu f u e l  e lemen ts .  
The d e c i s i o n  t ree shown f o l l o w s  bo th  o p t i o n s .  I f  t h e  d e c i s i o n  
i s  t o  t r a n s p o r t  newly f a b r i c a t e d  Pu f u e l  e lements ,  adequa te  
p h y s i c a l  p r o t e c t i o n  f o r  class 3 must be  prov ided f o r  them on 
t h e  way t o  t h e  n u c l e a r  power s t a t i o n s  which produce b o t h  forms 
of secondary energy :  e l e c t r i c i t y  and g a s .  I n  t h e  l ong  run  it 
may be i n t e r e s t i n g  t o  c o n s i d e r  t h e  s t a t u s  of  t h e  imp l ied  
a l l o c a t i o n  of  t h e  f u e l  c y c l e .  I t  cou ld  b e  n a t i o n a l ,  m u l t i -  
n a t i o n a l  o r  even i n t e r n a t i o n a l .  Going back t o  t h e  o t h e r  branch 
o f  t h e  d e c i s i o n  tree, t h e  o t h e r  o p t i o n  would be t o  e l i m i n a t e  
t r a n s p o r t  o f  a l l  c l a s s  3  m a t e r i a l s .  T h i s  n e c e s s i t a t e s  t h e  
c o - l o c a t i o n  n o t  o n l y  of  t h e  f u e l  c y c l e  f a c i l i t i e s  b u t  a l s o  of  
r e a c t o r s  t h a t  a r e  des igned  f o r  t h e  u s e  o f  Pu. Then a  t y p e  of  
r e a c t o r  must be  chosen t h a t  a c c e p t s  t h e  Pu produced a n n u a l l y .  

Le t  u s  c o n s i d e r  a  LWR p o p u l a t i o n  o f  80 GWe.  The y e a r l y  
o u t p u t  of Pu is  i n  t h e  o r d e r  o f  12 t o n s .  T h i s  would make up 
t h e  f i r s t  c o r e  i n v e n t o r i e s  of  f o u r  f a s t  b r e e d e r s  p e r  y e a r .  I t  
would t h e r e f o r e  t a k e  rough ly  20 y e a r s  i f ,  i n  l i n e  w i t h  t h e  
above g i ven  scheme o f  LWR's, FBR's and H T R ' s ,  one wanted t o  
r e p l a c e  80 GWe of LWR's by a  cor respond ing  c a p a c i t y  o f  f a s t  



b r e e d e r s .  Such FBR's would be co - loca ted  w i t h  t h e  Pu f u e l  
c y c l e  f a c i l i t i e s ,  and i n  f a c t ,  a l s o  t h e  HTR's would be 
co - loca ted ,  a s  U233 f a l l s  w i t h i n  t h e  same c l a s s  3  o f  p h y s i c a l  
p r o t e c t i o n ,  a s  e x p l a i n e d  above. Th i s  r e a s o n i n g  t h e r e f o r e  l e a d s  
u s  t o  t h e  c o n c e p t  of  energy  pa rks .  

H e r e ,  t o o ,  t h e  s t a t u s  of such  energy  p a r k s  must be con- 
s i d e r e d .  A s  w i t h  f u e l  c y c l e  c o - l o c a t i o n s  it may be a  n a t i o n a l ,  
a m u l t i n a t i o n a l  o r  even a n  i n t e r n a t i o n a l  one.  Fue l  c y c l e  co- 
l o c a t i o n s  o r  energy  parks- - in  bo th  c a s e s  it may be d e s i r a b l e  
n o t  t o  f o r e c l o s e  o p t i o n s  and t o  choose t h e  s i t e  f o r  t h e s e  co- 
l o c a t i o n s  o r  p a r k s  i n  such  a  way t h a t  i n  t h e  long  r u n  a l l  o p t i o n s  
a r e  k e p t  open a s  much a s  p o s s i b l e .  

9. comprehensive Co-Locat ions 

The c o n s i d e r a t i o n s  above t h e r e f o r e  h i g h l i g h t  t h e  problem 
of  s i t i n g .  But t h e  s t r i v i n g  f o r  e c o l o g i c a l  c o n s i s t e n c y  a l s o  
enhances t h i s  problem. One may r e c a l l  t h e  f u e l  c y c l e  d a t a  
g i ven  i n  F i g u r e  17.  

F i g u r e  20 i d e n t i f i e s  t h e  power o u t p u t  o f  such  comprehensive 
c o - l o c a t i o n s  o r  energy  pa rks .  On a  v e r y  l a r g e  s c a l e  t h e y  would 
p rov ide  bo th  secondary  forms of  energy .  E l e c t r i c i t y  would have 
t o  be t r a n s p o r t e d  i n  t h e  h i g h  GW range .  On t h a t  s c a l e  t h e  
t r a n s p o r t a t i o n  of  hydrogen may be cheaper .  Such hydrogen may be 
used i n  r e f i n e r i e s ,  a s  a n  a d d i t i o n a l  i n p u t  t o  n a t u r a l  g a s  p ipe-  
l i n e s ,  o r  it may be t r a n s p o r t e d  t o  c o a l  mines f o r  c o a l  g a s i f i c a -  
t i o n ,  o r ,  f i n a l l y ,  t o  produce e l e c t r i c i t y  a t  t h e  l e v e l  o f  t h e  
s u b s t a t i o n s .  

F i g u r e  21 g i v e s  a  rough i d e a  of  t h e  p r e s e n t  p i p e l i n e  system 
i n  Western Europe. The r e a s o n  f o r  u s i n g  t h i s  f i g u r e  i s  s imp ly  
t o  show t h a t  a l r e a d y  such  p i p e l i n e s  a r e  b r i d g i n g  l a r g e  d i s t a n c e s ,  
and t h a t  a l r e a d y  t h e  i n p u t  t o  such p i p e l i n e s  i s  a l m o s t  p o i n t -  
w i s e .  T h i s  is  i ndeed c o n s i s t e n t  w i t h  t h e  scheme of energy  p a r k s .  
I t  f u r t h e r ,  somehow s u g g e s t s  a  s p l i t .  The n u c l e a r  power s t a t i o n s  
of  such  p a r k s  may p r e f e r a b l y  be  used f o r  t h e  p roduc t i on  o f  hydro- 
gen--but it i s  obv ious  t h a t  much more a n a l y s i s  i s  r e q u i r e d  
b e f o r e  a  f i r m e r  s t a t e m e n t  o f  t h i s  k ind  c a n  be made. 

Before t h i s  r e a s o n i n g  i s  c o n t i n u e d ,  one shou ld  r e c a l l  t h a t  
t h e s e  c o n s i d e r a t i o n s  a r e  f o r  a  medium-term and long- term range ,  
and d e f i n i t e l y  go beyond 1985. T h e i r  background i s  t h e  t r a n -  
s i t i o n  from f o s s i l  f u e l s  t o  n u c l e a r  f u e l s  and t h e  a p p l i c a t i o n s  
of  n u c l e a r  power o t h e r  t h a n  f o r  e l e c t r i c i t y  g e n e r a t i o n .  

10.  A r t i f i c i a l  I s l a n d s  

The p i p e l i n e  system of  Western Europe i n  p a r t i c u l a r  p o i n t s  
t o  Rotterdam and Antwerp. 



I n  a  much b roader  c o n t e x t  Langeraar  h a s  c o n s i d e r e d  t h e  
problem of  b u i l d i n g  a r t i f i c i a l  i s l a n d s  f o r  s p e c i f i c  i n d u s t r i a l  
p r o c e s s e s  i n  t h e  Nor th  Sea. I n d u s t r i e s  f rom t h e  Uni ted King- 
dom, France and Sweden, b u t  ma in ly  from t h e  Ne the r lands  w e r e  
i n t e r e s t e d  and p a r t i c i p a t e d  i n  t h e  i n v e s t i g a t i o n s .  A pre-  
l i m i n a r y  s t u d y  was conc luded i n  March 1972. Langeraar  h a s  
made a  s p e c i a l  c o n t r i b u t i o n  t o  t h i s  paper  (see Appendix H ) ,  
which w i l l  be fo l l owed  c l o s e l y  and p a r t l y  v e r b a t i m  i n  t h e  
fo l l ow ing .  

The main s u b j e c t  o f  t h i s  i n v e s t i g a t i o n  was a  r e l a t i v e l y  
s m a l l  i s l a n d  which was t o  be used f o r  t h e  hand l i ng  of  s p e c i f i c  
was te  m a t e r i a l s  of d i f f e r e n t  o r i g i n s ,  such  a s  u rban,  chemica l ,  
steel ,  etc.  One of  t h e  c o n c l u s i o n s  r u n s  a s  f o l l o w s :  

"Techno log i ca l  e x p e r i e n c e ,  e x p e r t i s e  and know how i n  
t h e  Ne the r lands  a r e  s u f f i c i e n t  and a v a i l a b l e  f o r  t h e  
c o n s t r u c t i o n  o f  a r t i f i c i a l  i s l a n d s  i n  t h e  s o u t h e r n  
Nor th  Sea a t  a  p r i c e  p e r  s q u a r e  meter which i s  n o t  
un reasonab ly  h i g h e r  t h a n  t h a t  on t h e  main land."  

I t  i s  - n o t  t h e  purpose o f  t h i s  paper  t o  s u g g e s t  t h a t  energy  
p a r k s  w i l l  n e c e s s a r i l y  be b u i l t  on such  a r t i f i c i a l  i s l a n d s .  
The i n t e n t i o n  is  r a t h e r  t o  p o i n t  t o  t h e  wide spec t rum o f  p o s s i -  
b i l i t i e s  t h a t  must be  c o n s i d e r e d  i n  t h e  e v a l u a t i o n  o f  t h e  
l o c a t i o n  o f  energy  p a r k s .  A lso,  t h e  i d e a l  is  n o t  . to  p ropose - 
such i s l a n d s  f o r  n u c l e a r  was te  d i s p o s a l ,  even though Lageraa r  
e t  a l .  w e r e  i ndeed t h i n k i n g  of  t h e  d i s p o s a l  o f  o r d i n a r y  was te .  
Here t h e  i d e a  i s  r a t h e r  t o  p o i n t  o u t  how c l o s e  p l a c e s  i n  o r  on 
t h e  Nor th  Sea a r e  t o  t h e  si tes of  b i g  r e f i n e r i e s ,  p a r t i c u l a r l y  
i n  Rotterdam and Antwerp. Hydrogen produced by n u c l e a r  power 
i n  g e n e r a l  and t h a t  o f  n u c l e a r  energy  p a r k s  i n  p a r t i c u l a r  c o u l d  
r e a d i l y  be used i n  t h e s e  r e f i n e r i e s .  T h i s  would have a  d i r e c t  
impact on t h e  o i l  s i t u a t i o n  a s  t h e  l i g h t e r  f r a c t i o n  c o u l d  be 
made t o  have a  l a r g e r  s h a r e .  But t h e  u s e  of  such hydrogen f o r  
c o a l  g a s i f i c a t i o n  must be e q u a l l y  k e p t  i n  mind. 

Fo l lowing o u r  r e a s o n i n g  of  t h e  deployment o f  l a r g e  s c a l e  
n u c l e a r  power and i t s  f u e l  c y c l e ,  w e  have been l e d  t o  t h e  
scheme o f  energy  p a r k s  and consequen t l y  t o  t h e  problem of  
secondary  energy .  I t  i s  t h e r e f o r e  i n t e r e s t i n g  t o  c o n s i d e r  a 
d e c i s i o n  t ree n o t  o n l y  f o r  t h e  deployment o f  n u c l e a r  energy  
b u t  a l s o  i n  more g e n e r a l  t e r m s  f o r  advanced energy  systems.  

1 1 .  A Dec is ion  T ree  f o r  Advanced Energy Systems 

One a g a i n  f o l l o w s  t h e  d e c i s i o n  t ree a s  g i v e n  i n  F i g u r e  22 
and f a c e s  t h e  d e c i s i o n  whether  o r  n o t  t o  employ n u c l e a r  power. 
I f  n o t ,  t h e n  a t  l e a s t  f o r  Europe, t h e  o n l y  a l t e r n a t i v e  t o  



nuc lea r  power c a n  be  a d d i t i o n a l  c o a l  i f  a  t r u l y  
l a r g e  system ( a  few TW) i s  t o  be cons ide red .  I n  t h a t  
c a s e  a s i m i l a r  d e c i s i o n  t ree must be used.  The n e x t  s t e p  i s  
t o  d e c i d e  whether o r  n o t  t o  employ n u c l e a r  power f o r  t h e  genera-  
t i o n  of  e l e c t r i c i t y  on l y .  I f  y e s ,  t h e n  t h e  nex t  q u e s t i o n  i s  
whether o r  n o t  t o  i n t e n t i o n a l l y  i n c r e a s e  t h e  e l e c t r i c a l  s h a r e .  
I f  n o t ,  a d d i t i o n a l  c o a l  comes i n t o  t h e  p i c t u r e  a g a i n ,  a s  o n l y  
up t o  20% of secondary  energy  c a n  be s u p p l i e d  by n u c l e a r .  I f  
t h e  e l e c t r i c a l  s h a r e  i s  i n t e n t i o n a l l y  i n c r e a s e d ,  t h e  n u c l e a r  
s h a r e  w i l l  have t o  r ise accord ing l y .  I f  i n s t e a d  t h e  answer i s  
t o  produce n o t  o n l y  e l e c t r i c i t y  from n u c l e a r  s o u r c e s ,  t h e  nex t  
d e c i s i o n  t o  be  f a c e d  i s  t h a t  on s t o r a g e  and t r a n s p o r t a t i o n .  I f  
t h e r e  should be  no l a r g e  s c a l e  s t o r a g e  and t r a n s p o r t a t i o n ,  o n l y  
l o c a l ,  autonomous a p p l i c a t i o n s  c a n  be env isaged.  W e  saw t h a t  
o n l y  a  s h a r e  o f  5-7% of  secondary energy  c a n  be env isaged.  I f  
t h e  d 'ec is ion  i s  i n  f a v o r  of  s t o r a g e  and t r a n s p o r t a t i o n ,  a  network 
o f  a  gaseous secondary energy  must be i n s t a l l e d  i n  which energy  
i s  f e d  i n  a t  c e n t r a l i z e d  p l a c e s  such a s  l a r g e  power s t a t i o n s  o r  
energy p a r k s  and perhaps  a c e n t r a l  g r i d  f o r  h o t  wa te r .  The nex t  
q u e s t i o n  i s  whether o r  n o t  t o  make t h e  secondary energy  forms 
mutua l l y  c o n v e r t i b l e .  I f  no,  t h e  answer i s  t h a t  t h e  r e l i a b i l i t y  
of each o f  t h e s e  forms must be e s t a b l i s h e d  s e p a r a t e l y  and elec- 
t r i c i t y  remains non-s to rab le .  I f  y e s ,  t h e n  hydrogen i s  t h e  most 
immediate cho ice .  E l e c t r o l y s i s  and f u e l  ce l l s  would a l l o w  f o r  
such mutual  conve rs ion .  

I f  hydrogen w e r e  t h e  second c a r r i e r  o f  secondary energy  it 
cou ld  a l s o  i n t e g r a t e  o t h e r  s o u r c e s  o f  p r imary  energy  a s  t h e y  
may come up. T h i s  a p p l i e s  t o  s o l a r  energy  i n  p a r t i c u l a r .  I f  
s o l a r  energy eve r  becomes cheap enough t o  be  used on a t r u l y  
l a r g e  scale t h e n  it w i l l  be i n  s o u t h e r n  p a r t s ,  and l a r g e  d i s -  
t a n c e s  have t o  be br idged.  S o l a r  power a l s o  n e c e s s a r i l y  r e q u i r e s  
s t o r a g e .  Da i l y  and y e a r l y  c y c l e s  o f  s o l a r  r a d i a t i o n  must be 
b r idged ,  and t h i s  c a n  be accompl ished by a l a r g e  hydrogen p ipe-  
l i n e  system by i t s  v e r y  n a t u r e .  But a l s o  i f  f o r  i n s t a n c e  l a r g e  
s c a l e  s o u r c e s  f o r  hydropower which a r e  f a r  away w e r e  engaged, 
hydrogen i s  t h e  n a t u r a l  p a r t n e r .  Such hydropower would pro- 
duce ammonia and/or  hydrogen, it would be  t r a n s p o r t e d  accord-  
i n g l y  and would be  r e a d i l y  accep ted  a t  t h e  f e e d i n g  p o i n t s  o f  
t h e  env isaged k ind  o f  coup led  secondary energy  system. To t h a t  
e x t e n t  such a n  approach a l l o w s  a l s o  f o r  t h e  p o s s i b l e  d i v e r s i -  
f i c a t i o n  o f  p r imary  energy .  

1 2 .  Modes o f  Geograph ica l  Deployment 

Both from t h e  s i d e  o f  p r imary  energy and from t h a t  of  
secondary energy  w e  have been l e d  i n t o  c o n s i d e r a t i o n s  o f  t h e  
geograph ica l  deployment o f  energy  systems.  A l ready s e v e r a l  
y e a r s  ago,  when major t e c h n o l o g i c a l  developments w e r e  t o  be  
env isaged,  t h e  d imension o f  t i m e  was w e l l  recogn ized.  T h i s  
awareness l e d  t o  t e c h n o l o g i c a l  s t r a t e g i e s  such a s  phased 
approaches and t a r g e t  d a t e s  f o r  c e r t a i n  i d e n t i f i e d  p a r t i a l  
s t e p s .  A s  n u c l e a r  energy  i s  matur ing  t h e  d imension o f  space  
must a l s o  be recogn ized.  A f t e r  embracing t h e  d imension o f  



t i m e ,  t e c h n o l o g i c a l  s t r a t e g i e s  must now a l s o  embrace t h e  
dimension o f  space.  T h i s  may be  i l l u s t r a t e d  i n  F i g u r e  23 
which t r ies  t o  summarize t h i s  reason ing .  It shows modes f o r  
t h e  geograph ica l  deployment o f  n u c l e a r  energy.  

I n  t h i s  scheme t i m e  i s  g iven  a s  t h e  a b c i s s a  and t h e  
o r d i n a t e  i s  t h e  s c a l e  o f  pr imary energy .  One sees t h e  down- 
ward t r e n d  o f  c o n v e n t i o n a l  c o a l  and t h e  maximum of t h e  u s e  of  
o i l  a s  e x p l a i n e d  e a r l i e r  i n  F i g u r e s  1 and 2 .  

LWR's u s i n g  U235 a s  a  f u e l  a r e  then  used i n  l o c a l  n u c l e a r  
p l a n t s  much i n  t h e  way t h e y  a r e  used today .  A s  t h e s e  s t a t i o n s  
o p e r a t e  t h e y  produce Pu which poses  i t s  own problems. Pu and 
U233--and t h a t  i m p l i e s  t h e  Thorium cycle--somehow tend towards 
t h e  mode o f  comprehensive c o - l o c a t i o n s  o r  energy  pa rks .  T h i s  
l e a d s  t o  c e n t r a l i z e d  s u p p l i e s  o f  secondary energy  i n  bo th  forms,  
e l e c t r i c a l  and gaseous.  The gaseous c a r r i e r  a l l o w s  f o r  s t o r a g e  
and t r a n s p o r t a t i o n  and t h e r e b y  a l s o ,  i f  f e a s i b l e ,  t o  t h e  g r a d u a l  
d i v e r s i f i c a t i o n  of  pr imary energy.  Other  o p t i o n s  o f  pr imary 
energy t h e r e f o r e  may o r  may n o t  e n t e r  t h e  p i c t u r e .  

Such a  bu i ld -up  and e x t e n s i o n  of a  modern energy system 
w i l l  probab ly  u s e  a d d i t i o n a l  c o a l  f o r  purposes  o f  c o a l  g a s i f i -  
c a t i o n .  Accord ing ly ,  such a d d i t i o n a l  u s e s  o f  c o a l  w e r e  shown 
i n  F igu re  2. Of c o u r s e ,  a l l  c u r v e s  a r e  q u a l i t a t i v e  and n o t  t h e  
r e s u l t  o f  numer ica l  c a l c u l a t i o n s .  

I n  c l o s i n g  it should be  s t r e s s e d  t h a t  t h e  c o n s i d e r a t i o n s  
of  t h e  second p a r t  o f  t h i s  paper  were l ong  range ones  and o f  
a  concep tua l  n a t u r e .  They w e r e  meant t o  i n d i c a t e  t h e  c o n t e x t  
w i t h i n  which t h e  l a r g e  s c a l e  deployment o f  n u c l e a r  power f o r  
a l l  energy needs h a s  t o  be seen .  The f i r s t  p a r t  o f  t h e  paper ,  
on t h e  o t h e r  hand, was meant t o  p o i n t  t o  t h e  more medium t e r m  
a p p l i c a t i o n s  o f  n u c l e a r  power o t h e r  t h a n  e l e c t r i c i t y  g e n e r a t i o n  
But t h e  l o g i c  o f  t h e s e  o t h e r  a p p l i c a t i o n s  l e a d s  t o  t h e  c o n c e p t s  
o f  t h e  second p a r t  o f  t h i s  p r e s e n t a t i o n .  
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FINAL ENERGY USE IN THE F R G  ( 1  9 7 0 )  
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TOTAL POWER DEMAND FOR INDUSTRIAL HEAT IN GREAT BRITAIN 
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SIZE OF DISTRICT HEATING NETWORKS IN THE FRG (1972 ) 
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DISTRICT HEAT SUPPLY IN T H E  F R G 
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PARTITIONING AND F l  N A L  USE OF SECONDARY ENERGY (FRG)  
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PROJECTED SHARES OF ELICTRICITY IN F INAL 
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SOME COST COMPONENTS O F  SECONDARY ENERGY 
S Y S T E M S  ( F R G , 1 9 7 3 )  
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H Y D R O G E N  PRODUCTION COSTS 
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PENETRATION OF MARKETS 
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PROJECTED SHARES OF SECONDARY ENERGY 
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A F U E L  CYCLE FOR AN A L L  NUCLEAR 
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DECISION TREE FOR THE DEPLOYMENT OF PEACEFUL NUCLEAR ENERGY 
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A DECISION TREE F O R  ADVANCED ENERGY SYSTEMS 
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A P P E N D I X  A  

C a t e a o r i e s  of N o n - E l e c t r i c a l  A D D l i c a t i o n s  

of N u c l e a r  P o w e r  

G.  V e n d r y e s  
C o m m i s s a r i a t  2 1 ' E n e s g j  e A t o m i q u e ,  France 

- The energy  c r i s i s  f o l l o w i n g  t h e  i n c r e a s e  of  t h e  f u e l  

p r o d u c t s  reminded us  t h a t  a  n u c l e a r  r e a c t o r  can  a l s o  

produce h e a t  o r  vapor  b e f o r e  p roduc ing  e l e c t r i c i t y ,  

and t h a t  f o r  o t h e r  a p p l i c a t i o n s  ( i n d u s t r i a l  h e a t ,  

u rban  h e a t i n g ,  s h i p  p r o p u l s i o n  . . . )  n u c l e a r  energy  was 

a b l e  even now t o  show i t s  c o m p e t i t i v e n e s s .  

- One can  d i s t i n g u i s h  -Lwo t y p e s  o f  LWR and HTR which by 

way of d i f f e r e n t  q u a l i t i e s  o f  t h e  s team produced n a t u r a l -  

l y  have two d i s t i n c t  f i e l d s  of a p p l i c a t i o n .  

1) Low and Medium Heat ,  t e m p e r a t u r e  below 300' 

Impo r tan t  p e r c e n t a g e  ( 7 5 % )  o f  t h e  q u a n t i t y  o f  t o t a l  s team 

produced f o r  t h e  i n d u s t r y  i n  F rance .  

1) I n d u s t r i a l  h e a t  produced by t h e  b i g  mixed p l a n t s  

( e l e c t r i c i t y ,  s team)  

- R e c a l l i n g  c h a r a c t e r i s t i c s  of s team produced by a LWR: 

40 o r  60 b a r s  and 250 t o  3 0 0 ' ~ .  



- E s t i m a t i o n  o f  c o s t s  o f  t h e  s t eam p roduced  depends  on 

t h e  d i s t r i b u t i o n  o f  t h e  t o t a l  c o s t s  t o  p r o d u c t i o n  o f  

e l e c t r i c i t y  and o f  s t eam and on t h e  c o s t s  o f  e l e c t r i c i t y .  

- Compar ison o f  t h e  c o s t s  o f  s t eam p roduced  and t h e  c o s t  

of  t h e  s t eam o b t a i n e d  f rom p l a n t s  u s i n g  f u e l  depends  on :  

- f u e l  p r i c e  

- r a t i o  o f  e n e r z y  and s t eam p roduced  

- t o t a l  c a p a c i t y  ( s t e a m  + e l e c t r i c i t y )  o f  t h e  

mixed n u c l e a r  p l a n t .  

- P r e s e n t  e l e c t r o - n u c l e a r  p l a n t s ,  t h e  o r d e r  o f  magn i t ude  

o f  t h e  c o s t  o f  s t eam p r o d u c t i o n  would b e  a b o u t  40% o f  

t h a t  o f  p r o d u c t  i o n .  

2) I n d u s t r i a l  h e a t  p roduced  by small p l a n t s  (power  1500 ~ W t h )  

- N u c l e a r  e n e r g y  i s  c o m p e t i t i v e  f o r  a p r i c e  o f  f u e l  of  

3 c e n t i m e s  i f  t h e  s i z e  o f  r e a c t o r s  ( o n l y  h e a t  p r o d u c t i o n )  

r e a c h e s  100 MWth. 

- The CEA h a s  d e v e l o p e d  two t e c h n i q u e s  w i t h  l i m i t s  o f  

a b o u t  3Q0 MWth. 

- The i n t e g r a t e d  CAS r e a c t o r  t y p e  (CAP p r o t o -  

t y p e  i n  Cada rache )  f o r  t h e  r a n g e  o f  135,250 

and 330 TJIWth. P r o d u c t i o n  up t o  500 t / h  s a t u -  

r a t e d  s t e a m  a t  45 b a r s .  

- The PRIAM s team l o o p  r e a c t o r s  f o r  more power.  

P r o d u c t i o n  o f  o v e r h e a t e d  s t eam a t  56 b a r s  

fo rm 500 t / h r .  



3 )  Urban h e a t i n g  

- E s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  demand f o r  h e a t  

- Main n u c l e a r  h e a t i n g  systems which can  be f o r e s e e n  

A .  Mixed r e a c t o r  ( e l e c t r i c i t y - h e a t )  s u p p l y i n g  

b i g  u rban  a r e a  o f  t h e  c o u n t r y ,  

B.  Hybrid p l a n t  u s i n g  bo th  n u c l e a r  f u e l  and o i l  

from t h e  b i g  e x i s t i n g  ne tworks ,  

C .  Hybrid p l a n t  ( n u c l e a r  and f u e l  o i l )  connec ted  

t o  t h e  h e a t i n g  network at  a low t e m p e r a t u r e (  110~) .  

D e s a l i n a t i o n  

I f  we a c c e p t  t h a t  small n u c l e a r  p l a n t s  a r e  now c o m p e t i t i v e  

from 100 MWth i n  t h e  c a s e  100% h e a t ,  t h e  whole market  o f  

3  the f u t u r e  d i s t i l l a t i o n  p l a n t s  o f  more t h a n  30,000 m /day 

i s  open t o  them. T h i s  i n c l u d e s  p l a n s  f o r  small p l a n t s  

s t u d i e d  by t h e  CEA: 

I n t e g r a t e d  LWR: CAS 

V a r i a b l e  c a p a c i t y  135 250 o r  330 MWth 
3  F r e s h  wa te r  produced 30000 80000 t o  100000 m /day 

E l e c t r i c i t y  complement 20 30 t o  50 MWe 

5 )  Sh ip  p r o p u l s i o n  

- I n  t h i s  f i e l d  t h e  CEA developed i t s  own t e c h n i q u e .  The 

PAT p r o t o t y p e  r e a c t o r  ( p r o t o t y p e  2 t e r r e  on l and  p r o t o -  

t y p e )  o f  t h e  submar ine r e a c t o r s  s t a r t e d  i n  1964 and up t o  

now has  had 40 000 h o u ~ s  o f  o p e r a t i o n .  I n s p i t e  o f  t h e  r e -  

c e n t  t r o u b l e s  of  t h e  Mutsu, t h e  CEA c o n s i d e r s  t h i s  f i e l d  



very  impo r tan t  f o r  t h e  f u t u r e .  Va r i ous  n u c l e a r  equipment 

f i r m s  have now i n i t i a t e d  t o  work t o g e t h e r  t o  a p p l y  t h i s  

t e c h n i q u e  t o  n o n - m i l i t a r y  pu rposes .  With t h e  i n c r e a s e  o f  

f u e l  o i l  p r i c e s ,  i t  w i l l  be  c o m p e t i t i v e  a t  around 80 000 cv  

and many p o s s i b i l i t i e s  a r e  o f f e r e d :  

- t a n k e r  

- methane s h i p  

- c o n t a i n e r .  

11) I n d u s t r i a l  a p p l i c a t i o n s  o f  HTR 

1) I n  t h e  r e f i n e r i e s  

- d i r e c t  h e a t i n g  by he l ium i n  t h e  secondary  h e a t  l o o p  

f o r  h e a t i n g  a t  7 5 0 ' ~  o f  t h e  d i s t i l l a t i o n  and re form-  

i n g  f u r n a c e s .  

- u s e  o f  s team t o  480°, 80 bars.  

2 )  I n  t h e  s t e e l  i n d u s t r y  

- t r a n s f o r m a t i o n  o f  methane and i r o n  o r e  p r e - r e d u c t i o n .  

3 )  G a s i f i c a t i o n  o f  c o a l  and l i g n i t e  

For  the SNG p r o d u c t i o n .  

Method o f  l e s s  i n t e r e s t  t o  P rance  t h a n  t o  t h e  FRG and 

t h e  USA. 

4 )  Hydrogen p r o d u c t i o n  

P r e l i m i n a r y  s t u d i e s  have been c a r r i e d  o u t .  It i s  n e c e s s a r y  

t o  choose among t h e  numerous thermochemica l  c y c l e s  t h a t  

have been p roposed.  



A P P E N D I X  B  

G. D e B e n i  
E r a t o m ,  CCR I S P R A  

A p p l i c a t i o n s  o f  n u c l e a r  e n e r g y  a r e  i n  e v e r y  c a s e  p o s s i b l e  

o n l y  t h r o u g h  a n  e n e r g y  v e c t o r .  Even t h e  p r i m a r y  c o o l a n t  

i s  a  v e c t o r  which t r a n s f e r s  t h e  h e a t  o f  f i s s i o n  (why n o t  

f u s i o n ? )  t o  t h e  u t i l i s a t i o n .  

F o r  s t a t i o n a r y  a p p l i c a t i o n s  many ene rgy  v e c t o r s  o t h e r  t h a n  

e l e c t r i c i t y  c a n  b e  c o n s i d e r e d :  h e l i u m ,  s t eam o r  h o t  w a t e r ,  

r e f o rmed  g a s  (EVA-ADAM), hyd rogen  ( o r  S .N .G . ) .  

Now we ha.ve t o  c o n s i d e r  t h e  f o l l o w i n g  p r o p e r t i e s :  

1 )  I n t e r f a c e  between n u c l e a r  r e a c t o r  and t h e  ene rgy  v e c t o r  

2 )  D i s t a n c e  a t  which  e n e r g y  c a n  be e c o n o n i c a l l y  transported 

by t h e  ene rgy  v e c t o r  ( a n d  p o s s i b i l i t y  o f  s t o r a g e )  

3 )  Maximum t e m p e r a t u r e  a t  which ene rgy  c a n  b e  made a v a i l a b l e  

by t h e  ene rgy  v e c t o r  ( o r ,  more i n  g e n e r a l ,  k i n d  o f  u s e s  

t h a t  c a n  be  f e d  by t h e  ene rgy  v e c t o r ) .  

Hot he l i um  

1) No i n t e r f a c e  i f  we c o n s i d e r  t h e  p r i m a r y  h e l i u n  

2) No d i s t a n c e  i n  i n t e g r a t e d  r e a c t o r s ,  o t h e r w i s e  n o t  more 

t h a n  50 - 100  m e t e r s  ( g a s  t u r b i n e ,  methane steam r e -  

f o r m i n g  o r  o t h e r  a p p l i c a t i o n s  j u s t  o u t s i d e  t h e  n u c l e a r  r e -  

a c t o r ) .  No s t o r a g e  p o s s i b i l i t y .  



3 )  Temperature o f  t h e  n u c l e a r  r e a c t o r  i t s e l f .  

Steam o r  ho t  wa te r  

1) Very s imp le  i n t e r f a c e :  h e a t  exchanger  

2 )  D i s t a n c e  i s  e v a l u a t e d  up t o  20 - 30 km, A c e r t a i n  s t o r a g e  

p o s s i b i l i t y :  underground ho t  wa te r  w i t h  i t s  prob lems.  

5 )  200 - 3 0 0 ~ ~ .  

Reformed gas (EVA-ADAM c o n c e ~ t )  

1) Some more complex t h a n  a h e a t  exchanger :  s imp le  chemi- 

c a l  r e a c t o r  

2 )  D i s t a n c e  can  be 50 km, may be more ( t r a n s p o r t  c o s t  p e r  

c a l o r i e  i s  abou t  11 t i m e s  more t h a n  n a t u r a l  g a s ) "  

A c e r t a i n  p o s s i b i l i t y  o f  s t o r a g e  underground,  b u t  a l s o  

p o s s i b i l i t y  o f  d i f f e r e n t  l eakage  r a t e  between H 2  and CO 

w i t h  d e v i a t i o n  f rom t h e  s t o e c h i o m e t r i c  r a t i o ,  

3 )  500 - 6 0 0 ' ~  f o r  CH4 + H20 sys tem.  

Hydrogen ( o r  S.W.G.made by H3 from wa te r  s p l i t t i n g  and c o a l )  - 

1) Q u i t e  complex;  s o p h i s t i c a t e d  chemica l  p l a n t ,  

2 )  500 - 1000 km. Grea t  p o s s i b i l i t y  o f  underground s t o r a g e .  

3 )  2 0 0 0 ~ ~  o r  more;  chemica l  u s e s ,  l o c a l  e l e c t r i c i t y  p r o d u c t i o n ,  

e t c .  

9 

Let  u s  suDpose t h a t  t h e  t r a n s p o r t a b i l i t y  o f  CO+3H2 m i x t u r e  
i s  s i m i l a r  t o  H 2 ;  i t s  h e a t i n g  power i s  49 Kca l ,  i . e .  abou t  
12 Kcal /mol ,  H h a s -  60 Kcal /mol ,  s o  t h e  t r a n s p o r t  o f  t h e  
m i x t u r e  c o s t s  5 t i m e s  more t h a n  H . H t r a n s p o r t  c o s t s  i s  
1 . 4  t i m e s  t h e  t r a n s p o r t  c o s t  o f  c?14; t g e n  5 0 1 . 4  = 7 t i m e s  
t h e  CH4 t r a n s p o r t  c o s t .  When t r a n s f o r m e d  i n  C H 4 ,  t h i s  CH4 
has  an  "appa ren t  h e a t i n g  v a l u e "  o f  4 9  Kcal /mol ,  i . e .  t h e  
c o s t  o f  back t r a n s p o r t  i s  4 t i m e s  t h a t  o f  C H 4 ;  t h e  sum i s  
I I 



Summarizing t h e  f i r s t  two p r o p e r t i e s  i n  a  scheme we have:  

It i s  c l e a r  t h a t  t h e  a b i l i t y  of a n  energy  v e c t o r  t o  t r a n s -  

p o r t  energy  o v e r  l o n g  d i s t a n c e s  has  t o  be p a i d  by a  more 

compl i ca ted  (and  e x p e n s i v e ) i n t e r f a c e .  

Apart  from f ~ w  p a r t i c u l a r  r e g i o n s  t h e  d i s t , r i b u -  

t i o n  of energy  demand i s  such  t h a t  hydrogen h a s  t h e  b e t t e r  

chances  as energy  v e c t o r  f o r  l a r g e  power p l a n t s  and t e n d s  

t o  be t h e  o n l y  s o l u t i o n  o f  o f f - s h o r e  power p l a n t s .  

Compared t o  e l e c t r i c i t y ,  hydrogen h a s  t h e  advan tages  o f  t h e  

s t o r a b i l i t y ,  p e r m i t t i n g  t h e  con t i nuous  f u l l  power o p e r a t i o n  

o f  t h e  p r o d u c t i o n  p l a n t ;  and t h e  economic t r a n s p o r t a b i l i t y  

ove r  ve ry  l o n g  d i s t a n c e s ,  p e r m i t t i n g  v e r y  l a r g e  p r o d u c t i o n  

p l a n t s  i n s e r t e d  on t h e  t r a n s m i s s i o n  network .  

The p r o d u c t i o n  o f  o t h e r  s y n t h e t i c  f u e l s  (me thano l ,  S.N.G.) 

c a l l s  f o r  hydrogen and c o a l  as raw m a t e r i a l s ,  and l imi ta-  

t i o n s  on s i t i n g  c a n  be  caused  by t h e  c o a l  a v a i l a b i l i t y .  

D i s t a n c e  

50 - 100 m 

20 km 

50 - 100 km 

500 - 1000 km 

Energy v e c t o r  

Helium 

Hot w a t e r  
o r  s team 

EVA-ADAM 

H 2  (S.N.G.)  

I n t e r f a c e  

No i n t e r f a c e  

Heat exchanger  

S imple chemica l  
r e a c t o r  

Complex chemi- 
c a l  p l a n t  



(Ammonia can be produced by nuclear energy, water and air, 

but its use as energy vector seems not well accepted). 

As a consequence: hydrogen, produced by nuclear energy and 

via a thermochemical process. 

A thermochemical process is a sequence of chemical reactions 

running at different temperatures, in which the chemical com- 

pounds are continuously recirculated, and whose overall re- 

sult is the splitting of water in its elements, hydrogen 

and oxygen, consuming only heat. A thermochemical process 

behaves as a heat engine and thus needs a high temperature 

heat source and a heat sink at low temperature; the product 

of this "engine", however, is not "work", but a chemical sub- 

stance, so it can be calculated that its theoretical effi- 

ciency is about 10% higher than that calculated for work pro- 

duction within the same temperature conditions. 

A comparison has to be made with hydrogen produced by water 

electrolysis. The frame of this comparison is simple because 

the theoretical efficiency for the transformation of heat into 

hydrogen is the same for both processes. The comparison will 

be made on the basis of practical efficiency, fixed and ope- 

rating costs. 

The efficiency of water electrolysis is quite low in spite 

of all the efforts rnade during the many years of industrial 

exploitation of this technique. 



Ame l io ra t i ons  can  s u r e l y  be  o b t a i n e d ,  bu t  wa te r  e l e c t r o l y s i s  

i s  s t i l l  a p r o c e s s  w i t h  low e f f i c i e n c y  and w i th  r e l a t i v e l y  

low power d e n s i t y ,  

I n  thermochemica l  p r o c e s s e s  c a u s e s  o f  i n e f f i c i e n c y  a r e  p r e s e n t  

because  t h e  p r o p e r t i e s  of e lemen ts  and compounds do n o t  match 

w i t h  t h e  i d e a l  working compound, The c h o i c e  o f  e lemen ts  and 

r e a c t i o n s  i s  l i m i t e d  by t h e  n e c e s s i t y  o f  a  complete  r e c i r c u -  

l a t i o n  of t h e  chemica l s .  

N e v e r t h e l e s s  a  w ider  c h o i c e  i s  a v a i l a b l e  i f  it i s  p o s s i b l e  

(and  c o n v e n i e n t )  t o  c l o s e  t h e c y c l e  w i t h  a n  e l e c t r o c h e m i c a l  

r e a c t i o n .  The conven ience  o f  hyb r i d  c y c l e s  ( p a r t i a l l y  chemi- 

c a l  and p a r t i a l l y  e l e c t r o c h e m i c a l )  i s  a l s o  mo t i va ted  by t h e  

f r e q u e n t  a v a i l a b i l i t y  o f  e l e c t r i c i t y  i n  hydrogen p roduc t i on  

p l a n t s  because t h e  thermochemica l  p r o c e s s  consumes o f t e n  

o n l y  t h e  h o t t e s t  p a r t  o f  t h e  h e a t  a v a i l a b l e  from t h e  n u c l e a r  

r e a c t o r ,  t h e  rema in ing  h e a t  b e i n g  used f o r  e l e c t r i c i t y  pro-  

d u c t i o n ,  

A s imp le  scheme i s  t h e  f o l l o w i n g ;  

c o o l a n t  * 
thermcche- 

cycle 

che~nical 
react ions 

e l e ~ p i c i -  

~ ! y -  
br i6  

Cy- 
cle 



F i x e d  and o p e r a t i n g  c o s t s  can  b e  e v a l u a t e d  o n l y  v e r y  

r o u g h l y  b e c a u s e  i n f o r m a t i o n  on t h e  b e h a v i o u r  o f  c o n s t r u c -  

t i o n  materials and on r e a c t i o n  k i n e t i c s  i s  s t i l l  i n s u f f i -  

c i e n t .  

N e v e r t h e l e s s  we c a n  s a y  t h a t ,  i n  o r d e r  t o  b e  c o m p e t i t i v e ,  

t h e  c h e m i c a l  p l a n t  c a n  c o s t ,  w i t h i n  a l a r g e  a p p r o x i m a t i o n ,  

two times t h e  c o s t  o f  t h e  n u c l e a r  r e a c t o r  s o u r c e  o f  h e a t .  



APPENDIX C 

The P o s s i b l e  b larke t  f o r  Nuc lea r  P r o c e s s  Hea t  

G.  J . W .  L lewe lyn  
U . K . A . E . A . ,  Economics and  Programmes Branch 

London, Eng land  

D e f i n i t i o n s  

I n d u s t r i a l  p r o c e s s  h e a t  i s  t a k e n  t o  b e  t h e  e n e r g y  c o n t e n t  

o f  a l l  p r i m a r y  f u e l s  consumed by i n d l i s t r y .  It t h e r e f o r e  

e x c l u d e s  e l e c t r i c i t y  p r o v i d e d  f rom a n  e x t e r n a l  s o u r c e .  I n -  

d u s t r y  i n  t h i s  c o n t e x t  means m a n u f a c t u r i n g  i n d u s t r y  and ex-  

c l u d e s  t h e  s e r v i c e  s e c t o r s  and t h e  e n e r g y  " i n d u s t r i e s " .  

T h i s  d e f i n i t i o n  must  be  r e g a r d e d  a s  a  v e r y  g e n e r a l  one  a s  

some i n d u s t r i e s  g e n e r a t e  e l e c t r i c i t y  f rom t h e i r  f u e l  i n p u t  

and a l l  i n d u s t r i e s  u s e  p a r t  o f  t h e i r  f u e l  f o r  s p a c e  h e a t i n g .  

The o v e r a l l  UK e n e r g y  s c e n e  

The f o l l o w i n g  comments a p p l y  t o  t h e  UK b u t  a r e  p r o b a b l y  a l s o  

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

The t o t a l  UK p r i m a r y  ene rgy  u s a g e  i s  some 9 x  l o6  TJ o f  which 

some 3% i s  consumed by t h e  ene rgy  s e c t o r  i t s e l f ,  45% i s  con- 

sumed i n  e n e r g y  c o n v e r s i o n  p r o c e s s e s  (ma in l y  e l e c t r i c i t y  and 

6  coke  o v e n s ) ,  and 52% o r  4 . 5  x  1 0  TJ i s  consumed d i r e c t l y  i n  



such sectors as domestic heating, transportation, industry, 

etc. 

The total industrial consumption is some 2.3 x lo6 TJ of 

6 which 0.6 x 10 TJ is taken by the iron and steel sector 

6 
which is considered separately. The remainder (1.7 x 10 TJ) 

may be divided as below. 
r, P 

Engineering (including non-ferrous metals) 

Food, drink and tobacco 

Chemicals 

Textiles 

Paper and printing 

Bricks, tiles, etc. 

China, glass 

Cement 

Others 

How nuclear energv could meet industrial needs 

Industrial needs for heat embrace a wide range of processes 

but the majority fall into one of two catexories: 

1) processes involving the removal of water or the heating 

of a wide variety of materials. This in general involves 

steam at conditions up to about 250 p.s.i.saturated, i.e. 

temperature of up to 200'~; and 

2) processes involving the firing of kilns, melting of 

metals, heat treatment, etc. where temperatures general- 

ly in excess of 1 , 0 0 0 ~ ~  are necessary. 



These i n d u s t r i a l  needs  must be c o n s i d e r e d  f rom two v iew- 

p o i n t s ,  v i z . ,  

a )  t h e  p r e s e n t  p r o c e s s  t e c h n o l o g i e s  and spec t rum o f  p r o d u c t s ,  

b )  new p r o c e s s e s  and p r o d u c t s .  

I n  t h e  c a s e  o f  a ) ,  n u c l e a r  p l a n t  which may be r e g a r d e d  as 

h a v i n g  been deve loped  and a v a i l a b l e  c o u l d  meet t h e  t e c h n i c a l  

needs  o f  t h e  low t e m p e r a t u r e  c a t e g o r y  1) above .  I n  g e n e r a l  

t h e s e  a r e  t h e  A G R ,  PWR, BWR and SGHWR. The needs  o f  c a t e g o r y  

2 ) ,  however,  r e q u i r e  f u r t h e r  deve lopment  o f  n u c l e a r  t e c h n o l o g y  

o r  a l t e r n a t i v e l y  t h e  l i n k i n g  t o g e t h e r  o f  n u c l e a r  and f o s s i l  

s o u r c e s  t o  " top-up"  t h e  q u a l i t y  o f  ene rgy  f rom t h e  n u c l e a r  

s o u r c e .  

I n  t h e  c a s e  o f  b )  such  a c t i v i t i e s  as c o a l  g a s i f i c a t i o n  and 

l i q u e f a c t i o n  and hydrogen p r o d u c t i o n  c a n  be e n v i s a g e d .  I n  

a d d i t i o n  t o  t h e  r e q u i r e m e n t s  t o  d e v e l o p  s u i t a b l e  n u c l e a r  

h e a t  s o u r c e s ,  t h e  t e c h n o l o g y  o f  t h e  p r o d u c t i o n  p r o c e s s e s  

t h e m s e l v e s  r e q u i r e  deve lopment ,  and work would a l s o  be  needed 

t o  d e v e l o p  t h e  i n t e r f a c e  between t h e  r e a c t o r  and p r o c e s s  s i d e s .  

These c o n s i d e r a t i o n s  s u g g e s t  t h a t  n u c l e a r  ene rgy  cou ld  be  ex -  

p e c t e d  t o  p e n e t r a t e  t h e  i n d u s t r i a l  f i e l d  i n i t i a l l y  by mee t i ng  

t h e  low t e m p e r a t u r e  r e q u i r e m e n t s  w i t h  e x i s t i n g  p roven  c o n c e p t s  

and ,  on a  l a r g e r  t i m e s c a l e ,  b e g i n  t o  meet t h e  h i g h e r  t e m p e r a t u r e  

r e q u i r e d .  The r a t e  o f  p e n e t r a t i o n  would be  d e t e r m i n e d ,  i n  l a r g e  

measure ,  by t h e  c o s t  o f  t h e  deve lopment  work and t h e  r e s u l t a n t  

p r o c e s s  a s  ment ioned  above .  Few r e l i a b l e  c o s t  e s t i m a t e s  y e t  

e x i s t .  



I f  i t  were n e v e r t h e l e s s  assumed t h a t  n u c l e a r  ene rgy  cou ld  

e v e n t u a l l y  meet t h e  whole o f  t h e  p r e s e n t  needs  o f  t h e  above 

i n d u s t r i a l  s e c t o r s  a t  a n  a n n u a l  l o a d  f a c t o r  o f  s a y  0 . 8 ,  t h e  

a g g r e g a t e  c a p a c i t y  r e q u i r e d  would be abou t  65 GW(H) d i s t r i b -  

u t e d  as f o l l o w s :  

E n g i n e e r i n g  

Food, d r i n k ,  t o b a c c o  

Chemica ls  

T e x t i l e s  

Paper  and p r i n t i n g  

B r i c k s ,  t i l e s ,  e t c .  

Ch ina ,  g l a s s  

Cement 

O t h e r s  

MW(H\ 
a g g r e g a t e  

12,300 

TOTAL 65.100 

MW(H) 
a v e r a g e  e s t a b l i s h m e n t  

I f  we made some f u r t h e r  b road  assump t i ons  on l i f e  o f  p l a n t  

and growth o f  demand t h e  a n n u a l  r equ i remen t  would be some 

4-6 GW(H) as a maximum. Such a r equ i remen t  would i n  f a c t  no t  

be  much l e s s  t h a n  t h e  a n t i c i p a t e d  a n n u a l  n u c l e a r  c a p a c i t y  f o r  

e l e c t r i c i t y  consumpt ion .  

I f ,  however,  t h e  d i s t r i b u t i o n  o f  energy  consumpt ion w i t h i n  a 

s e c t o r  i s  c o n s i d e r e d  t h e  second column above may be  d e r i v e d .  

T h i s  i n d i c a t e s  t h e  a v e r a g e  consumpt ion by e s t a b l i s h m e n t s  and 

i t  i s  e v i d e n t  t h a t  t h e  a p p l i c a t i o n  o f  n u c l e a r  epe rgy  " i n  house"  

i n  i n d u s t r y  would i n v o l v e  v e r y  small u n i t s .  Such aver;ge 

f i g u r e s  o b v i o u s l y  c o n c e a l  wide v a r i a t i o n s  b u t  a v a i l a b l e  e v i -  

dence  i n d i c a t e s  t h a t  t h e r e  a r e  p robab l y  fewer  t h a n  t e n  e s t a b -  



l i s h m e n t s  w i t h  demands i n  e x c e s s  o f  200 M W ( H )  i n  t h e  U K .  

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

n u c l e a r / i n d u s t r i a l  complexes where i t  i s  env i saged  t h a t  

i n d u s t r y  would be l o c a t e d  n e a r  n u c l e a r  p l a n t s  t o  p rov ide  

t h e  n e c e s s a r y  demand. I n d u s t r y  however s e l e c t s  i t s  l o c a -  

t i o n  f o r  a  number o f  r e a s o n s ,  i . e .  raw m a t e r i a l ,  s u p p l y ,  

l abou r  demand, market  c o n s i d e r a t i o n s ,  e t c .  and such  a  p ro -  

p o s a l  i n v o l v e s  major  i n f r a s t r u c t u r a l  changes .  

C o n s i d e r a t i o n  would t h e r e f o r e  be g i v e n  t o  t h e  concept  o f  a  

l o c a l i s e d  " t he rma l  u t i l i t y "  i n  which s team, g e n e r a t e d  a t  a  

n u c l e a r . s o u r c e ,  i s  d i s t r i b u t e d  by p i p e  l i n e  t o  a  number o f  

i n d u s t r i a l  e s t a b l i s h m e n t s .  A one me t re  p i p e  can  t r a n s p o r t  

some 300 M W ( H )  wi th  a  h e a t  t r a n s f e r  o i l ,  700 M W ( H )  w i t h  h o t  

wate r  and more t h a n  1 ,000  P ~ W ( H )  wi th  s team a t  SGHWR cond i -  

t i o n s .  The i n f o r m a t i o n  a v a i l a b l e  s u g g e s t s  t h a t  t h e  techno lo -  

gy e x i s t s  t o  t r a n s p o r t  s team of  BWR/SGHWR c o n d i t i o n s ,  i . e .  

p i p e  manufac tu re ,  accommodation o f  expans ion ,  t r a p s  and v a l v e s  

and t h a t  t he rma l  l o s s e s  can  be l i m i t e d  t o  low l e v e l s  w i t h  

p r a c t i c a l  i n s u l a t i o n  t h i c k n e s s .  A c u r r e n t  U.K.A.E.A.-spon-- 

s o r e d  s t u d y  i s  examining t h i s  concept  f o r  d i s t a n c e s  up t o  

20 km o r  s o ,  T h i s  s t u d y  may be ex tended t o  h i g h e r  s team 

q u a l i t i e s  where t h e  consumer may e l e c t  t o  g e n e r a t e  e l e c t r i c i -  

t y  i n  back p r e s s u r e  o r  condens ing  p l a n t  i n  a d d i t i o n  t o  meet ing  

h i s  p r o c e s s  s team needs .  



F o r  t h e  new p r o c e s s  a p p l i c a t i o n s ,  work i s  c u r r e n t l y  i n  

hand t o  e s t a b l i s h  o v e r a l l  e n e r g y  b a l a n c e s  f o r  t h e  l a r g e  

number o f  p o t e n t i a l  p r o c e s s e s  and t h e  q u a l i t y  o f  e n e r g y  

r e q u i r e d .  

A ma jo r  p rob lem i n  s t u d y i n g  i n d u s t r i a l  e n e r g y  r e q u i r e m e n t s  

i s  t h e  p a u c i t y  o f  s t a t i s t i c a l  i n f o r m a t i o n ,  The F e d e r a l  

German Government p r o p o s a l  t o  d e r i v e  a n  e n e r g y  a t l a s  i s  an  

app roach  which  d e s e r v e s  w i d e r  c o n s i d e r a t i o n .  

Nuc lea r  steel ma kin^ 

Of t h e  h e a t  u s e d  by i n d u s t r y  r e f e r e n c e  h a s  been made above 

t o  t h e  h i g h  p r o p o r t i o n  t h a t  i s  consumed by t h e  i r o n  and s t e e l  

s e c t o r ,  where t h e  u n i t s  c o u l d  b e  o f  s u f f i c i e n t  s i z e  t o  j u s t i -  

f y  c o n s i d e r a t i o n  o f  n u c l e a r  h e a t  a p p l i c a t i o n  t o  s i n g l e  p radus -  

t i o n  s i t e s .  App rehens ions  r e g a r d i n g  t h e  p r i c e  and  a v a i l a b i l i t y  

o f  c o k i n g  c o a l  i n  t h e  l ong - t e rm  i n c r e a s e  t h e  a p p a r e n t  a t t r a c -  

t i o n s  o f  a n u c l e a r  s t e e l m a k i n g  r o u t e ,  

A c t i v i t y  t o  a s s e s s  and o p t i m i s e  t h e  p o s s i b i l i t i e s  o f  t h i s  

a p p l i c a t i o n  o f  n u c l e a r  h e a t  h a s  i n t e n s i f i e d  o v e r  t h e  l as t  

f o u r  y e a r s .  The European  Nuc lea r  S t e e l m a k i n g  Club was i n i -  

t i a t e d  i n  1973  and  h a s  a l r e a d y  r e p o r t e d  on  s t u d i e s  on ene rgy  

consumpt ion  p a t t e r n s  i n  s t e e l m a k i n g  p r o c e s s e s ,  and  on reduc:.ng 

g a s  p r o d u c t i o n  o p t i o n s ,  and  embarked on  f u r t h e r  s t u d i e s .  

F e a s i b i l i t y  s t u d i e s  have  been  a r r a n g e d  by t h e  German I r o n  

and S t e e l  I n s t i t u t e ,  and  a Task F o r c e  on  N u c l e a r  Energy  i n  



Steelmaking has been set up by the American Iron & Steel 

Institute. In Japan, the Research Association for Nuclear 

Steelmaking Engineering is conducting a six-year develop- 

ment programme. 

The analyses of the first working party of ENSEC indicated 

that the blast furnace/oxygen steelmaking route could acquire 

up to 80% of its total energy requirement from nuclear sources. 

Processes based upon direct reduction followed by electric arc 

steelmaking could draw almost 100% of their energy require- 

ments from a high temperature reactor integrated with the 

gas-making plant. However, a steelmaking complex has to ope- 

rate at a high availability level, and the decision was made 

by ENSEC at its first general meeting in November last year 

that if nuclear heat is to be based on integration of the 

nuclear and steelmaking stages, the additional nuclear role 

then becomes one of ensuring availability of reducing agent. 

Introduction of a nuclear contribution to steelmaking must 

essentially be a long-term proposition and at best a demonstra- 

tion plant is unlikely to be in operation before the mid- to 

late-1980's. If all the problems of scale, plant availability, 

materials and reactor performance can be overcome and the eco- 

nomics of the route demonstrated on this timescale, it has been 

estimated that in the early years of the 21st century the cu- 

mulative potential UK market for nuclear plant for the pro- 

duction of reducing gases will be about equivalent to one year's 



installation of nuclear plant for electricity generation 

at that time. 

Nuclear desalination 

~ollowing the example of oil-fired generating/distillation 

plants producing electricity and desalinated water, hopes 

ran high in the 1960's for nuclear-powered plants to do the 

same. Until recently these hopes have remained unfulfilled 

No nuclear powered desalination plant has been constructed 

outside Russia. 

The reasons for this are complex: 

1) Only sizeable affluent industrial/urban communities need 

large quantities of water. 

2) Only those living in coastal areas with unrealiable con- 

ventional water supplies (e.g. either through climate or 

dependence on foreign sources) will turn to desalinated 

water, since even at times of low oil prices, desalinated 

water by the nature of the distillation process, is several 

times more expensive than most conventional water supplies. 

3 )  Large developed communities do not settle in arid areas 

without some special attraction. Oil provided this attrac- 

tion, cheap fuel for desalination plants, and surplus rev- 

enues with which to industrialise and expand desert communi- 

ties. Hence, a large part of the market for desalination 

plant has been in oil producing states. Industrialise? 

countries such as the U.K., with adequate rainfall but with 

distribution problems, were daunted not only by the cost 



o f  d e s a l i n a t i o n  b u t  a l s o  by t h e  p rob lem o f  managing a  

l a r g e  i n t e g r a t e d  power /wa te r  s ys tem,  and are f i n d i n g  

o t h e r  s o l u t i o n s  t o  t h e i r  d i s t r i b u t i o n  p rob lems .  

4 )  I n  a n  e r a  o f  f a l l i n g  r e a l  o i l  p r i c e s ,  n u c l e a r  power c o u l d  

no t  compete e i t h e r  f o r  e l e c t r i c i t y  g e n e r a t i o n  o r  as a 

s o u r c e  o f  h e a t  f o r  d e s a l i n a t i o n .  A t t emp ts  t o  r e d u c e  u n i t  

c o s t s  by s c a l i n g - u p  were s e l f - d e f e a t i n g  b e c a u s e  t h e y  p u t  

t h e  p l a n t s  beyond t h e  n e e d s  o f  most  o f  t h e  ma rke t  ( e v e n  

i n  t h e  U , S . A . ) .  

S i n c e  t h e n  improvements ,  p a r t i c u l a r l y  i n  d e s i g n  o p t . i m i s a t i o n ,  

have  been  made i n  t h e  e f f i c i e n c y  b o t h  o f  n u c l e a r  r e a c t o r  de -  

s i g n s  and  o f  d e s a l i n a t i o n  plantY,which have  made t h e  economics  

o f  a combined p l a n t  more a t t r a c t i v e ,  Added t o  t h i s ,  t h e  

sudden f o u r f o l d  i n c r e a s e  i n  o i l  p r i c e s  h a s  made n u c l e a r  gene-  

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

c o m p e t i t i v e  w i t h  o i l - f i r e d  p l a n t  - a l t h o u g h  t h e  compa r i son  

w i t h  t h e  c o s t  o f  c o n v e n t i o n a l  w a t e r  s u p p l i e s  h a s  n o t  o f  o o u r s e  

improved t o  any  u s e f u l  e x t e n t .  

Because  t h e y  c a n  s e l l  t h e i r  o i l  a b r o a d  a t  p r i c e s  much h i g h e r  

t h a n  t h e  c o s t  o f  e x t r a c t i o n ,  t h e  o i l  p r o d u c i n g  c o u n t r i e s  have  

a n  i n c e n t i v e  t o  s u b s t i t u t e  impo r t ed  f u e l s  f o r  t h e i r  own do-  

m e s t i c  p u r p o s e s ,  T h e r e  s h o u l d  t h u s  b e  a n  expand ing  ma rke t  f o r  

n u c l e a r  p l a n t  b o t h  f o r  e l e c t r i c i t y  and f o r  d e s a l i n a t i o n ,  and  

t h e  h i g h  c a p i t a l  c o s t  o f  t h e s e  p l a n t s  o f f e r s  a n  a t t r a c t i v e  

a p p l i c a t i o n  f o r  o i l  f u n d s .  



Power consuming r a t h e r  t h a n  h e a t  consuming d e s a l i n a t i o n  p l a n t  

u s i n g  h i g h  e f f i c i e n c y  t e c h n i q u e s  l i k e  Vapour Compress ion 

E v a p o r a t i o n  w i l l  g i v e  l o w e s t  w a t e r  c o s t s ,  w i t h  t h e  added  ad-  

v a n t a g e  o f  g r e a t e r  f l e x i b i l i t y  o f  s i t i n g ,  o f  d e s i g n  o p t i m i s a -  

t i o n  and o f  i n d e p e n d e n t  o p e r a t i o n .  To a s s e s s  t h e  p o s s i b i l i t i e s ,  

i n d i v i d u a l  economic s t u d i e s  a r e  needed u s i n g  "shadow"pr i ces  f o r  

impo r t ed  c a p i t a l  goods and r e a l  i n t e r e s t  r a t e s  a p p r o p r i a t e  t o  

e a c h  c o u n t r y  c o n c e r n e d .  

Nuc lea r  ~ r o ~ u l s i o n  

Merchant  s h i p  p r o p u l s i o n  by n u c l e a r  means h a s  been  c o n s i d e r e d  

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

o f  t h e  S o v i e t  Un ion 's  i c e - b r e a k e r  "Len in "  b rough t  i n t o  o p e r a -  

t i o n  i n  1959 ,  t h e  Un i t ed  S t a t e s  c a r g o  and  p a s s e n g e r  s h i p  

"Savannah" i n  1962 ,  and  t h e  F e d e r a l  Repub l i c  o f  Germany's b u l k  

c a r r i e r  " C t t o  Hahn" 1968 ,  h a s  e n a b l e d  v a l u a b l e  p r o t o t y p e  

n u c l e a r  s h i p  e x p e r i e n c e  t o  be a c c u m u l a t e d .  I n  t h e  c o n t e x t  o f  

a h i g h l y  c o m p e t i t i v e  i n d u s t r y ,  however,  i t  was d i f f i c u l t  t o  

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

t o  a t t r a c t  s h i p  owners .  The d e c i d i n g  f a c t o r  i n  t h e  compa r i son  

i s  t h e  p r i c e  o f  bunke r  f u e l ,  and  w i t h  a  l a r g e  p r i c e  r i s e  i n  

t h i s  commodity i n  l a t e  1973 ,  t h e  p r o s p e c t s  o f  n u c l e a r  p r o -  

p u l s i o n  were  r a d i c a l l y  a l t e r e d .  

A programme aimed a t  t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  a 

n u c l e a r  l e a d  s h i p  c o u l d  r e a l i s t i c a l l y  hope t o  have  t h e  s h i p  

i n  commerc ia l  o p e r a t i o n  i n  a b o u t  7  y e a r s .  The p r i c e  and 



a v a i l a b i l i t y  o f  bunker  f u e l  i n  1980-2000 t h e r e f o r e  seems t o  

be t h e  main r e l e v a n t  f a c t o r  i n  a s s e s s i n g  t h e  economic v i a b i l i t y  

o f  t h e  f i r s t  s h i p ,  t h e  s u c c e s s  o f  which c o u l d  i n f l u e n c e  t h e  

p a t t e r n  o f  m a r i n e  p r o p u l s i o n  f o r  q u i t e  a l o n g  t i m e .  The p r i c e  

o f  n u c l e a r  f u e l ,  which c a n  a l s o  be  e x p e c t e d  t o  r i s e ,  a l s o  a f -  

f e c t s  t h e  compa r i son  b u t  t o  a much l e s s e r  e x t e n t .  

The 'most p r o m i s i n g  i n i t i a l  a p p l i c a t i o n s  o f  ma r i ne  n u c l e a r  p ro -  

p u l s i o n  on  a s i g n i f i c a n t  s c a l e  seem t o  b e  i n  f a s t  c o n t a i n e r  

s h i p s  a n d / o r  i n  l a r g e  o i l  t a n k e r s .  Compar ison o f  t h e  r e s o u r c e  

c o s t  of o p e r a t i o n  o f  t h e s e  s h i p s  when powered by n u c l e a r  means 

w i t h  t h a t  of  c o n v e n t i o n a l  such  c o n t a i n e r  s h i p s  and t a n k e r s  i n -  

d i c a t e s  t h a t  n u c l e a r  a t  p r e s e n t - d a y  o i l  p r i c e s  h a s  a marked 

a d v a n t a g e .  T h i s  c o n c l u s i o n  seems t o  a p p l y  f o r  t a n k e r s  i n  t h e  

r a n g e  250,000-500,000 t o n s  ( 16 -18kno t s )  and c o n t a i n e r  s h i p s  

o f  c a p a c i t y  1800-2500 c o n t a i n e r s  ( -  27 k n o t s ) ,  even  a t  uran ium 

p r i c e s  as h i g h  as $ 5 0 / l b  U3O8.  Most p e o p l e  do  n o t  a n t i c i p a t e  

a r a d i c a l  f a l l  i n  o i l  p r i c e s  f rom t o d a y ' s  v a l u e s  ( a l t h o u g h  

t h e r e  may be  some f a l l  i n  r e a l  t e r m s  o v e r  t h e  n e x t  few y e a r s ,  

b e f o r e  t h e  upward t r e n d  i s  resumed)  s o  t h a t  t h e  n u c l e a r  ad -  

v a n t a g e  i s  u n l i k e l y  t o  b e  n u l l i f i e d .  It s h o u l d  be  s t r e s s e d  

t h a t  t h i s  compa r i son  i s  based  on r e s o u r c e  c o s t  and a sh ipowner  

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

f l o w  o f  t h e  i n v e s t m e n t  programme. 

A s  w e l l  as t h e  economic a s p e c t s ,  o t h e r  o p e r a t i o n a l  f e a t u r e s  

o f  t h e  n u c l e a r  s h i p  must  b e  e v a l u a t e d ,  e . g .  s i t i n g  o f  o p e r a -  



tional berths, maintenance yards, and refuelling facilities, 

insurance and legal aspects, routing, crew training, possible 

salvage problems, and eventual dismantling and disposal. 

Studies to remove the uncertainties associated with these 

aspects will of necessity be international in character and 

it is encouraging that steps in this direction have already 

been taken. The outcome of the evaluation of these safety 

and operational aspects could, of course, affect the economic 

comparisons referred to above. 



APPENDIX D 

P r o c e s s  H e a t  f r o m  R e a c t o r s  

W. H r y n i s z a k  
C l a r k  Chapman L i m i t e d  

Gateshead,  Durham, E n g l a n d  

Coal and the high temperaturz gas cooled reactor. Important factors 

i n  evolving a future energy pattern. 

I n  view of the importance of deciding on a short, medium and long 

term er,ergy policy, the highly industrialised as well as industrialising countries 

are at present engaged i n  comparing different "energy models" so as to establish 

their advantages and discdvantages. Different ways of producing, converting, 

transporting and f inal ly distributing energy carriers on a regional as wel l  as national 

basis are studied so as to decide on pol icy as v ~ e l l  as strategy. In  such endeavour 

the importance of using an optimum "mix" of fossil as well as fissile fuels becomes 

increasingly clear, whereby i t  i s  understood that such optimum w i l l  change with 

time. For short and medium term applications making the most purposeful use of 

indigenous as well as imported fuels i s  apparent i n  this context. The importance of 

blending nuclear energy into the established conventional energy pattern i s  definitely 

real ised . 
Such emphasis could for instance be on electricity generation (Fig. 1 ) 

arid transmission over long distances. An adequate number of large, highly eff icient 

fossil and fissile fuel burning powerplants can give a mu1 tifuel capability, especially 

i f  a regional or national grid i s  available. However, i t  must be remembered that 

only about a quarter of the OECD powerplants for instance are polyvalent, i.e. can 

alternatively burn one or two different fuels i n  addition. Planning ahead with regard 

to achieving the optimum fuel mix nay therefore prove di f f icul t  not least because of 

the long time i t  tckes to complete such powerplants. 

A t  present about one third o i  the total energy required of highly 

industrialised countries l ike the UK i s  provided for by electricity. Although the 

contribution of nuclear powerplants i s  sti l l  relatively small, a gradual increase i n  

their number i s  foreseen i n  many countries which could i n  due course change the 

pattern. Whenever electricity i s  taken from the mains i t  should be remembered that 

about three quarters of the energy provided for by the fuel burned i n  the powerplant 

has already been wasted, making employment of such electricity where further en3rgy 



losses must be expected rather uneconomical. Seeing that the difference hetw een 

maximum and average efficiency of modern plants or, one hand and this efficiency 

and the average efficiency of a l l  plants on the other hand can be more than six 

percentage points each, the importance of raising this efficiency by bringing more 

modern powerplants into operation and by using them as far as possible at maximum 

efficiency becomes otvious. 

Such operation can be facilitated by employing electric heating, 

although less economic when compared with other systems, as we1 l as extending the 

usage of electricity to cover energy requirements of transport. As far as the latter 

application i s  concerned, difficulties encountered when trying to store electricity 

either i n  batteries or i n  the form of hydrogen makes progress rather slow. However, 

provided that compact light-weight batteries could (Je furthei developed to  a 

satisfactory state, electric propulsion of road vehicles may become economic, but 

i t  has to be remembered that not a l l  energy requirements can be met by electricity, 

a i r  transport being a typical example. Therefore for this and other reasons the future 

usage of hydrogen not only as a fuel but also an essential for many important 

chemical processes, i s  becoming more evi dant . 
A t  present nuclear heat produced i n  different types of reactor i s  mainly 

used for generating either saturated or superheated steam, which i n  turn i s  employed in 

furbogenemtors for electricity production. Additional application of the steam produced say for 

district heating or process purposes such as desalination i s  possible. I n  view of the 

relatively low temperature level a t  which the reactors are opercting, hydrogen c o l ~ l d  

only be produced by electrolosis of water. Even when employing the most advanced 

methods, the cost of hydrogen, especially when used as a fuel would be at present 

prohibitive. However, this picture may change i f  the advantages wi th regard to fuel 

costs clairned for the fast breeder reactor are realised. 

Achieving stability i n  energy supply i s  essential fcr further raising the 

standard of l iv ing on a worlckwide basis. I t  i s  therefore necessary to aim for a fuel mix, 

where the possibility of endangering its supply i s  reduced to a minimum. Even i f  only 

one half of the present known coal deposits can be eccnomically exploited by using 



proven mining methods, they may last for at least a century i f  a l l  present-day energy 

demands have to be met. (Fig.2). However, i t  i s  assumed that the actual deposits may be 

more than ten times larger than ihose already known. This could mean that long 

after deposits of crude oi l  and natural gas have been exhausted, even when employing 

improved methods c f  exploitation, there could still be coal available. As such coal 

i s  indigenous to most industrialised as well as industrialising countries, using i t  on an 

increased scale seems to be worthwhile considering, especially i f  i n  addition and 

possibly i n  combination, nuclear fliels can be employed. Such fuel strategy could 

i n  a l l  Frobability be continued unti l  the time when other sources of energy (e.g. 

solar) can gradually affect the energy pattern. 

Gaseous fuels burn with the highest efficiency, leading to minimum 

demand of energy as well as minimum air pollution. Short necessary residence time 

for the fuel i n  the combustion space allows high volumetric, rating, thus compactness 

with a l l  i ts consequential advantages. High thermal loading i s  facil i tated by the use 

of modern engi neering ceramics. 

Proven processes for the gasification of coal are known. Their further 

development, partly already i n  a p i  lot stage i s  proceeding. Curing such gasification, 

agents contributing to air  pollution can be removed to a large extent. The calorif ic 

value of the gas produced can be increased considerably by hydrogenation, the result 

i s  a synthetic gas very similar i n  property to that of natural gas. 'The hydrogen required 

can i n  turn be produced either by reforming say such gases or splitting water, either 

thermochemically or thermally. An important characteristic affecting economy i s  the 

high temperature level a t  which such processes have to be operated. Under normal 

circumstances the heat req~~ i red  to  perform such gasification i s  derived from the coal 

itself. If however nuclear heat i s  employed, then the investment of cocl can be 

almost halved. By doing so coal reserves can be stretched, and at  the same time 

pollution of the atmosphere further reduced. 

I t  i s  anticipated that i n  raising the operating temperature of  the HTR, 

nuclear energy can be employed for such a purpose. Other advantages of the HTR 

have already been highlighted. Possibility of using both uranium as well as thorium, 

of thermal as well as fast breeding, of simplificotion as well as improvement i n  

efficiency by using a single closed gas turbine cycle, especially when the development 



to a higher ternpercture level sc-cceeds, have been mentioned i n  this context. I t  has 

also been pointed out that the technology develcped could find further application i f  

fusion becomes a reality i n  the futurs. Furthermore, advantages when converting heat 

directly into electricity have been underlined. 

Thus, as an alternative, emphasis could be on gaseous fuels transported 

i n  a network of pipelines to the centres of usage. (Fig. 1 ). Such transport being less energy 

consuming than that of electricity. When supply of natural gas starts to decline, 

synthetic gas could gradually subsidise it. If i n  the f inal stage of  such development 

hydrogen only has to be used, appropriate adjustment to the pipelines would be 

required. Such gaseous fuels can be employed for domestic and industrial heating. 

The usage of very compact light-weight ceramic space heaters could lead to a considerable 

increase i n  their efficiency, especially i f  they are combined with a v~aste heat 

recovering heat exchanger of a similar type. Reduction i n  a i r  pollution i s  another 

important advantage. Univalent powerplants burning either o i l  or coal can be converted 

to gaseous fuels without undue diff iculty. However such conversion does not lead to a 

powerplant making the best use of the advantageous properties of gaseous fuels. They are 

a "natural" for gas turbines capable of further improvement i n  their eff iciency by raising 

their maximum operating temperature. Very high temperatures could be achieved i f  

ceramic engineering materials are employed. Combining such gas turbines with waste heat 

recovering steam turbines can raise the efficiency of the combined powerplants by up to 

ten percentage points when compared with present-day powerplants using solely steam 

turbines. Combined gas/steam iurbi ne plants could i n  due course consist of standardised 

modules produced i n  workshops thus reducing considerably construction t i  me as we1 l as 

improving availabil i ty and reliabil i ty. 

I n  the transport sector a gradual switching from present-day l iquid fuels 

to those produced say by l iquifaction of gaseous fuels and finally to those derived from 

hydrogen, as for instance methanol, could be envisaged. 

Decisive for the choice of an energy pattern, which could be an optimised 

combination of the two patterns mentioned, must be amongst others reduction i n  waste 

i n  energy and resources as well as of pollution of environment. In  the former endeavour 

widened outlook comparing total er.ergy output with total energy input must affect 

economic considerations. In  the latter, emphasis on either economic or ecoiogical 

advantages cculd affect decision making. In  this connectian, and as far as nuclear 

energy i s  concerned, minimising inherent risks by further advancing technology so as to 

make i t  acceptable to the public may be affected by the desire for high l iv ing standards. 



Raising further standards, muy :hey be related to reaciors or their 

fuel and waste management, w i l l  demand more, expensive research and development. 

Thus expanding the use of nuclear energy into industrig1 activities other than electricity 

generation has to be carefully ~ i a n n e d  so as to minimise costs as well as time taken. 

I n  a l l  these development trends a safer and at  the same time more extensive use of 

nuclear energy wt l l require international col labomtion. Although the need for such 

collaboration i s  obvious, achieving i t  on the basis of an agreed international operation 

backed by an adequate organisation w i l l  not prove easy. However, the first and 

foremost requirement for success w i l l  be a specific development aim from which the 

necessary research and development requirements w i l  l arise. 

I t  seems important that as early as possible a selective method can be 

employed so as to reduce the number of development alternatives to a minimum. The 

step from a p i lo t  to a commercial plant stage, especially i n  view of the large amount 

of heat which has tc be generated i n  a nuclear reactor so as to become economical, 

w i l l  prove both money as well as time consuming. Reaching as boon as possible a state 

where such selection can be made i s  therefore imperitive. 

There are basically three approaches feasible when deciding on the 

development route of process plants employing nuclear heat: 

1. Integration of a l l  three processes, nuclear heat generation, production of 

hydrogen and its employment i n  say gaseous fuel conversion of coal i n  one plant. 

2. Separation of the nuclear process from the nort-nuclear processes resulting 

i n  two plants i n  close proximity so as to minimise temperature and pressure losses of the 

helium linking these plants. 

3. Separation of a l l  processes whereby the nuclear and the hydrogen plant 

would have to be next to each other because of the above reason, although the third 

plant linked with the latter by piped hydrogen could be situated wherever convenient. 

In this case hydrogen could also be used by those industries needing it, but not i n  

quantities large enough to justify a nuclear plant for sole use. 

I t  seems on reflection that plant arrangements which permit a separation 

of the nuclear from the non nuclear part of the process plant a,-e a t  present preferred. 

I n  this case not only development time, but costs can be minirnised. The different 

separate plants concerned can be developed i n  parallel applying the kind of technology 

required and i n  part at least already established. Ini t ia l  operational risks can also be 

reduced by sepcrating the nuclear part of the plant from the rest. Furthermore, especially 

when a gaseous fuel such as hydrogen i s  used as the l ink there seems to be a greater 

versatility, an extension of application. 



If the employment of separate plcnts for each of  the three processes i s  

acceptable, then the fol lowing development programme could be envisaged. 

1 .  Nuclear heat generating plant. 

Such plant w i l l  consist of an HTR core, heat exchangers to transfer 

the heat from the contaminated helium to the heat transporting gas preferably helium 

as well, and the gas circulation system. 

Important development goals w i l l  be to increase the temperature 

capability of  the core from 803 to 1 0 0 0 ~ ~ .  To facil i tate an early start o f  the 

development, the possibility of using in i t ia l ly  additional electric or gas heating to 

increase the temperature of the helium until such time when i t  f inal ly can be heated 

i n  the core only to  its ultimate temperature i s  contemplated. Furthermore, a reliable 

heat exchanger operating a t  such high temperatures has to be provided for. This means 

producing a compact design minimising heat losses as wel l  as accommodating i n  the plant 

ihe core, the heat exchangers and the circulatio:, system i n  a useful manner. 

To a large degree the development aims of both the core as wel l  as 

the heat exchangers are closely linked with the application of advanced ceramic 

engineering materials. 

2. Hydrogen generating plant. 

A great deal of development work has already been undertaken, 

especially with regcrd to finding suitable thermochemical processes. A large number 

of such processes seem to exist, demanding different temperature levels for their 

operation. I n  a l l  these processes the final product i s  hydrogen and oxygen. Although 

the main aim i s  to produce the former, finding a suitable usage of  the latter i n  a way 

which improves economy i s  an important development goal as well. 

The thermochemical processes employ chemicals of different kinds. Again 

application of cercrnic materials may be asked for as many of such materials can resist 

corrosion at  even high temperature levels. 

3. Actual process plant. 

Many processes can benefit from nuclear heat. Apart from fuelmaking 

as already mentioned, steelmaking but also smelting, chemistry of basic materials and 

others come into the picture i n  this context. Especially i n  view of the energy situation 



there i s  a continuous trend of development mainly towards reducing energy required 

as well as resources. I t  may wel l  be that the possibility of employing quclear heat 

w i l l  accentuate such trends, as a matter of fact there are already signs of increased 

activities, some of them having reached pi lot  plant stage, whereby apart from 

reliabil i ty and availability, improvements i n  process efficiency i s  one important goal. 

Although each of the three developments mentioned i s  necessary so 

as to realise a process plant employing nuclear heat, the development of the part 

producing this heat i s  essential. When assessing requirements concerning research 

and development but also design and production aspects, the overwhelming importance 

of developing a ceramic engineering capability becomes obvious. 

Operation of the gas cooled reactor i n  question demands materials, 

baing reliable over extended periods under very high temperatures and pressures, as 

well as suffering no adverse effects due to the attack from the heat transporting gas 

helium, with which the structures are i n  contact. The essential parts of the nuclear 

heat producing system are heat exchangers which have to be developed to high 

efficiencies as well as reduction i n  size i n  order to ascertain economy. 

The usefulness of metals decreases as operating temperature incieases. 

'thus, with the high temperatures being demanded, the use of metals must come to an 

end, particularly i f  - as i n  the case of  heat exchangers - arf i f ic ial  cooling of  most 

of their structure i s  out of the question, hence metals have to be replaced by cemmics, 

and i t  seems of great importance that such ceramics are not only indigenous to, but 

also available i n  large quantities i n  industrialised covntries. Most of the cemmics have 

the additional advantage that investment i n  energy to produce them i s  considerably 

lower than that for high'temperature metals. (Table 1 )  Such advantage has a favourable effect 

on cost. 

2. Non metallic materials and reactor core development. 

I t  has been stated that the core of the HTR i s  a particular type of non 

metal l i c  heat exchanger. 'the materials used are, apart from gmphi te, oxides, carbides 

and nitrides of the fuel as well as of silicon. These materials can stand up to 1 6 0 0 ~ ~  



i n  a non oxidising atmosphere s ~ c h  as helium. 

On one side of the matrix, i.e. the heat exchanging part, the fuel 

provides the "heating medium", on the other the helium absorbs the heat released 

by this fuel. This matrix may consist of stationary, hexagonaliy shaped graphite 

elements penetrated by suitably arranged circular fuel and flow channels (Fig.3). The fuel 

oxide - carbide or - nitride, i s  used i n  the form of a multitude of very small 

particles surrounded by graphite as well as silicon carbide shells. The matrix can 

also be made up from mobile spherical elements with such coated fuel particles 

suitably dispersed i n  the graphite. Such elements being randomly arranged i n  the 

form of a pebble bed. 

Consistency of quality, matching the different properties of the 

ceramics employed, as well as dimensions to ensure safe operation under very high 

temperatures (and internal prwsures) i s  an important development trend. l mprovzment 

i n  graphite prop,?rties by further advancing methods of forming, baking and impregnating 

as well as graphitising during the processing of low ash petro!eu!n cokes, binders and 

resin materials and reduction of porosity are other development aims. 

3. Compact ceramic helium to helium heat exchangers. 

(a) Opera tiona I considerations. 

Adhering to the principles of maintaining small pressure differentials 

between the two heat exchanging gases facilitates the design as wel l  as the operation 

of the heat exchangers at the high temperatures required. In the case of such a pressure 

balance i t  seems ~ossible to consider not only the recuperative (heat exchange performed 

continuously by conducting heat through the material separating the heat exchanging 

gases) but also the regenerative (heat exchange performed periodically due to charging 

and discharging o f  heat by the material surrounded by the heat exchanging gases) mode 

of heat exchange as well. Such considerations must be favourably affected by the 

relaxation i n  the performance required from the seals separating the gases at similar 

przssure. However, the carry over of the contaminated into the non contaminated gas 

must be prevented by a suitable system of scavenging. 



b) Ceramic Material Considerakions. 

Silicon carbide i s  one of the best known carbide ceramics. In  recent 

years i t  has been recognised as a leading candidate for advanced techno1cjay, and 

i t  has already made inroads into some areas of general engineering application. 

Of a l l  the known ceramics silicon nitride has probably the most 

favourable engineering properties. I t  has a high strength, its value depending on 

the manufacturing process adopted. I t  i s  excellent as far as corrosion resistance 

at  high temperatures i s  concerned, and exhibits a superior thermal shock resistance 

when compared with most other ceramics. 

Recent work i n  the f ieid of nitrogen ceramics has led to the development 

of sialones, i.e. silicon - aluminium - oxygen - nitrogen compounds. These materials 

seem to have attractive properties which are st i l l  being evaluated. 

Engineering components (Fig.4) can be produced from these advanced ceramic 

materials by a number of fabrication routes which have received much a t t e n t i ~ n ~ i n  

recent years. The engineering properties of these ceramics, such as their strength, 

their i mpermeabi li ty are somewhat dependent upon density, and i t  i s  therefore desirabl e 

to achieve its maximum value. Thus there i s  a constant search for new processing 

techniques which could meet this requirement. 

C)  General Design Considerations. 

Designing with ceramics requires a different approach than when 

designing with metals. Most designers due to their education and training are "metal 

minded" and as the use of ceramics spreads, design methods may have to change. 

Great strides have been made i n  evolving such methods. 

The size as well as the shape of the helium to helium heat exchangers 

affect possibilities of location as well as ways and means of support. Size, location 

and support i n  turn affects containment as well as costs. 

The size of the matrix, i.e. the heat exchanging and thus by far 

largest part, depends on the area and length of flow paths for the heat exchanging 

gases and the volume of walls separating them, say i n  the case of a recuperator. 

The flow path area i s  inversely proporiional, the flow path length i s  proportional to 

the operating pressure. As this pressure i s  very high, emphasis must be on reducing 

the length of the flow path. This affects the chcice of the type of matrix considerably. 



Adopting the regenerative mode of hect exchange offers the 

advantage of a wider choice. The rotary type of regenerative heat exchanger (Fig.5) 

can i n  additior? lead to a simple space saving duct and header system, important where 

high temperature operation i s  required. As a result, some attractive solutions to the 

problem of designing a compact heat exchanger suited to work i n  conjunction wifh the 

core of an HTR can be envisaged. On the other hand, i n  the case of such a 

regenerative heat exchanger, the provision for the rotor drive can add to the problem 

of containment. 

For ducting as well as insulating purposes the non metallic materials 

which can also be produced i n  the form of foams could play an important role. 

Historical Technological Development. 

A t  an early stage the UK took the ini t iat ive to develop advanced 

ceramic engineering materials. These materials are not only important for the core 

c f  the HTR, but their application i s  also the key to the successful employment of  

nuclear heat for essential industrial processes. Studies relating to direct conversion 

of  heat into electricity were undertaken by the Central Electricity Generating Board, 

the National Coal Board, International Research Development Company, and industry. 

For direct conversion, heat exchangers are required which have to operate at  temperatures 

as high as 1 6 0 0 ~ ~ .  I t  was therefore imperitive to investigate the possibility of using 

ceramic materials. Thus an extensive study concerning the behaviour o f  most of the 

known cerumics as well as ways and means for their application was mounted. Tesfs 

wers undertaken for 1 000 hours duration under the expected operational conditions (Fig. 6) 

Based on such tests, design studies, extensive i f  their exploratory nature i s  taken into 

account, led to the establishment of  a t  least a basic knowledge as far as large, 

recuperative and regenerative ceramic heat exchangers are concerned. 

The experience gained i n  these studies has proved valuable i n  connection 

with the development of advanced ceramic materials for a number of engineering 

applications (Fig.7), important to energy conversion such as further development of  piston 

engines as wel l  as gas turbines. Under the auspices of the National Research and 

Development Corporation and the Atomic Energy Research Establishment i n  Harwell, 

industry i n  the UK i s  involved i n  the development of compact, recuperative and 

regenerative ceramic heat exchangers similar i n  design i f  not i n  size to the proposed 

helium to helium heat exchanger i n  question. To avoid duplication of  effort, to reduce 



outlay, i t  may prove advantageous to extend development to include such nuclear 

applications, especially as some international collaboration i s  already progressing. The 

USA and the Federal German Republic are already suppcrting industry i n  the advancement 

of the ceramic material technology. 



TABLE 1. 

COMMRISON OF THE NAIIABILITY OF H W I  TEMRrUrrURE ALLOYS AND SILICON NITRIDE 

AS WELL AS COUNTRIES OF ORIGIN AND ENERGV INVESTMENT 
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2 0  

18 

2 
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100 

COUNTRIES OF 
SOURCE ORIGIN(ORE) 

ALBANIA. CANADA. 
CELEBES. CUBA. 

NEW CALEDONIA. 
GREECE. GUATEMALA. 
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FIG 1. ALTERNATIVE ENERGY PATTERNS 

ENERGY PATTERN 2. ENERGY PATTERN 1. 
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FIG. 6 HIGH. TEMPERATURE WBULAR MATRIX IN TEST POSITION. 
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APPENDIX E 

D i s t r i c t  Hea t  f rom N u c l e a r  Power P l a n t s  - 
A d j u s t i n g  t o  Customer Needs? * 

H .  Bonnenberg 
Aachen,  Germany 

Due t o  a  l o n g  t e r m  s h o r t a g e  o f  t h e  e n e r g y  s o u r c e s  o i l  

and n a t u r a l  g a s ,  a s  w e l l  a s  t o  economic r e a s o n s  ( p o s s i b l e  

p r i c e  r i s e s ,  p a r t i c u l a r l y  o f  t h e  f o s s i l  e n e r g y  s o u r c e s ) ,  

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

With r e g a r d  t o  power p l a n t s ,  t h i s  means a  more c o m p r e r e n s i v e  

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

o f  p r i v a t e  and p u b l i c  h o u s e h o l d s  and f o r  i n d u s t r i a l  p u r p o s e s .  

T h i s  a l s o  a p p l i e s  t o  t h e  f u t u r e  u s e  o f  w a s t e  h e a t  f rom n u c l e a r  

power p l a n t s ,  p e r h a p s  t o  a n  e v e r  g r e a t e r  e x t e n t  f o r  o t h e r  

r e a s o n s  t h a n  t h o s e  g i v e n  above .  The FRG is one of  t h e  most 

i n t e n s e l y  used  a r e a s  i n  t h e  wo r l d :  b o t h  w i t h  r e g a r d  t o  po- 

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

t h i s  c o u n t r y  r a n k s  among t h e  f i r s t  t o g e t h e r  w i t h  Be lg ium,  

t h e  N e t h e r l a n d s  and  J a p a n .  On t h e  a v e r a g e ,  a l l  t h e  o t h e r  

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

somet imes t o  a  c o n s i d e r a b l e  e x t e n t ,  s u c h  a s  t h e  US, which i s  

used  t o  a  l e s s e r  d e g r e e  by a f a c t o r  o f  f i f t e e n .  T h e r e f o r e  and  

* 
T r a n s l a t i o n  f r om  t h e  o r i g i n a l  German v e r s i o n  "Fernw2rme aus 
K e r n k r a f t w e r k e n  - e i n e  m a r k t g e r e c h t e  Fo rde rung  ? "  



a l s o  i n  t h e  l i g h t  of t h e  p l anned  a d d i t i o n a l  n u c l e a r  

i n s t a l l a t i o n  p rog rams,  t h e  FRG w i l l  have  t h e  h i g h e s t  ene rgy  

d e n s i t y  i n  t h e  wo r l d  b e s i d e s  J a p a n .  The ene rgy  progr3 .n  

o f  t h e  government  o f  t h e  F e d ~ r a l  Repub l i c  o f  Germany 

r ~ ~ o j e c t s  power g e n e r a t i o n  f rom n u c l e a r  r e a c t o r s  o f  a p p r o x i -  

m a t e l y  50 000 MW f o r  1985 - 1988 .  F o r e c a s t s  f o r  1995 - 2000 

e s t i m a t e  a  p r o d u c t i o n  of  abou t  100  000 M W ,  wh ich ,  a c c o r d i n g  

t o  t h e  p r e s e n t  s i t i n g  p o l i c y ,  would n e c e s s i t a t e  

abou t  50 n u c l e a r  power p l a n t  s i t e s  w i t h  one ,  two,  t h r e e  

and f o u r  u n i t s .  T h i s  means t h a t  t h e  FRG w i l l ,  on  t h e  a v e r a g e ,  

have  one n u c l e a r  power p l a n t  e v e r y  70 km by t h e  end o f  t h e  

1990 ' s .  F u r t h e r m o r e  t h i s  i m p l i e s  [ I ]  t h a t  in o u r  s m a l l  c o u n t r y  

a p p r o x i m a t e l y  3000 t o n s  o f  heavy m e t a l  would have  t o  be 

r e n r o c e s s e d  a n n u a l l v  and t h a t  v a s t  amounts o f  r a d i o a c t i v e  

m a t e r i a l  would have  t o  be  t r a n s p o r t e d .  F o r  100  000  MW t h e  

a n n u a l  amounts t o  b e  t r a n s p o r t e d  have  been e s t i m a t e d  as 

f o l l o w s :  5800 t o n s  o f  s p e n t  f u e l  e l e m e n t s  ( 80% LWR, 20% HTR), 

abou t  325 t o n s  o f  f i s s i o n  p r o d u c t s ,  a b o u t  790 t o n s  o f  c l a d d i n g  

m a t e r i a l ,  and  a b o u t  15000 t o n s  of o p e r a t i o n a l  w a s t e s  f rom 

n u c l e a r  power p l a n t s  and r e p r o c e s s i n g  p l a n t s .  These  h i g h  

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

ene rgy  s a v i n g ,  b u t  a l s o  s h ~ w  c l e a r l y  t h a t  n u c l e a r  ene rgy  

h a s  t o  be  used  i n  a n  o p t j m a l  way and t h a t  t h e  p l a n n i n g  of  

u u n n e c e s s a r y "  n u c l e a r  power p l a n t s  must be a v o i d e d .  

T a b l e  1 shows t h e  w a s t e  h e a t  c a p a c i t y  and t h e  w a s t e  h e a t  

ene rgy  o f  t h e  n u c l e a r  power p l a n t s  c a l c u l a t e d  f o r  g i v e n  

f u l l  l o a d  o p e r a t i o n  h o u r s .  



T a b l e  1: I n s t a l l e d  c a p a c i t y ,  w a s t e  h e a t  c a p a c i t y  and 

w a s t e  h e a t  e n e r g y  used  o f  t h e  n u c l e a r  power 

p l a n t s  

I n s t a l l e d  w a s t e  h e a t  waste h e a t  e n e r g y  Mio tSKE* 
c a p a c i t y  c a p a c i t y  used  

The q u e s t i o n  a r i s e s  a s  t o  whe the r  t h e s e  amounts c o u l d  be  

employed i n  t h e  F e d e r a l  R e p u b l i c  o f  Germany t h r o u g h  t h e  

u s e  o f  d i s t r i c t  h e a t i n g .  On t h e  one hand t h i s  i s  a q u e s t i o n  

o f  t h e  ma rke t  s t r u c t u r e ,  on  t h e  o t h e r  hand i t  i s  a q u e s t i o n  

of t h e  d i s t a n c e s  of n u c l e a r  pdwer p l a n t s  f rom t h e  d i s t r i c t  

h e a t i n g  m a r k e t s .  

The marke t  s t r u c t u r e  i s  c h a r a c t e r i s e d  by t h e  t y p e  o f  c u s t o m e r s  

a s  w e l l  a s  by t h e  cus tomer  d e n s i t y .  The marke t  f o r  low- 

t e m p e r a t u r e  h e a t  up  t o  a b o u t  200°c, i s  d i v i d e d  i n t o  two 

s p h e r e s :  room h e a t i n g  and h o t  w a t e r  s u p p l y  f o r  house-  

h o l d s  and small s c a l e  u s e r s ,  and p r o c e s s  h e a t  f o r  i n d u s t r i a l  

p u r p o s e s .  The t e m p e r a t u r e  r a n g e  f o r  room h e a t i n g  and h o t  

w a t e r  s u p p l y  l i e s  between a b o u t  7 0 ' ~  hnd l l o O c ,  t h a t  o f  p ro -  

c e s s  h e a t  be tween  1 0 0 ~ ~  and 2 0 0 ~ ~ .  

A s  t o  h o u s e h o l d s ,  t h e  o n l y  p o t e n t i a l  cus tomers  of  d i s t r i c t  

h e a t i n g  a r e  c o l l e c t i v e l y  h e a t e d  f l a t s  i n  m u l t i - f a m i l y  h o u s e s  - 

new and o l d  a l i k e  p r o v i d e d  t h e y  a r e  r e s t o r e d  u n d e r  r e o r g a n i -  
A * 1 t SKE ( " c o a l  u n i t s " )  = 2 . 7 3  * l o l o  Watt s e c o n d s  



zation schemes and/or switched over from single to collec- 

tive heating. As to the customer density mentioned above, 

its present lower marginal value for district heating 

2 applicability lies at about 30 Gcal/km . This marginal 

value cannot be reached in ].ow housing areas. This parti- 

cularly applies to rural areas and to regions where single- 

family houses prevail. Such regions would not come into 

the scene even if the marginal value were lowered due to a 

possible rise in fuel prices. Thus co~munities with 

less than 20 000 inhabitants do not fall into this category 

since the percentage of stove-heated flats (about 61% in 

1975) as well as that of single-family houses (about 75% 

in 1975) is very high. In 1975, communities with less than 

20 000 inhabitants account for about 48% of the total housing 

stock of the FRG. So, if we return to the assumption that 

these communities can be neglected and that district heating is 

applicable only to collectively heated flats in multi-family 

houses, and if we take into account the declining heat de- 

mand in new buildings and the rising average number of full- 

load operative hours of 2900 h/a as a maximum, we obtain a 

realistic district heating potential of private house- 

holds for room heating and hot water supply of 21 Tcal/h 

(8.85 Mio tSKE/a) for 1985, and of a maximum of 41 Tcal/h 

(17.1 Mio tSKE/a) for the year 2000. For the years 1985 

and 2000, this corresponds to a share of 14% and almcst 

of 26%, respectively, of the total heat demand of households 

to be foreseen for the years in question [ 2 1 .  



I n  t h e  s e c t o r  s m a l l  s c a l e  u s e r s  we assume t h a t  a l l  p u b l i c  

b u i l d i n g s  and abou t  60% o f  t h e  o t h e r  s m a l l  s c a l e  u s e r s  a r e  

p o t e n t i a l  cus tomers  o f  d i s t r i c t  h e a t i n g .  Given t h e  same 

p e r i o d  o f  u s e  a s  w i t h  t h e  h o u s e h o l d s ,  t h e  1985 maximum 

d i s t r i c t  h e a t i n g  p o t e n t i a l  o f  t h i s  s e c t o r  i s  63 T c a l / h  

( 2 6  Mio t S K E / a ) ,  w h i l e  t h a t  f o r  t h e  y e a r  2000 i s  7 9  T c a l / h  

( 3 3  Mio t S K E / a ) .  

Thus t h e  t o t a l  d i s t r i c t  h e a t i n g  p o t e n t i a l  o f  t h e  s e c t o r  

househo lds  and small s c a l e  u s e r s  a p p e a r s  t o  be - a t  b e s t  - 
84 T c a l / h  ( 3 5  Mio tSKE/a )  f o r  1985 ,  and 120  T c a l / h  ( 5 0  Mio 

tSKE/a)  f o r  t h e  y e a r  2000.  

It i s  d i f f i c u l t  t o  a s s e s s  t h e  d i s t r i c t  h e a t i n g  p o t e n t i a l  

o f  p r o c e s s  h e a t  be low 2 0 0 ' ~  f o r  i n d u s t r i a l  p u r p o s e s  because  

of u n c e r t a i n t i e s  i n  p r o d u c t i o n  f o r e c a s t i n g  and t h e  i n t r o -  

d u c t i o n  o f  new p r o d u c t i o n  methods.  The f o l l o w i n g  i n d u s t r i e s  

a r e  r e l e v a n t  t o  t h e  t e m p e r a t u r e  r a n g e  i n  q u e s t i o n :  t h e  

c h e m i c a l ,  t e x t i l e ,  s y n t h e t i c s ,  woodpulp and p a p e r  i n d u s t r i e s ,  

as w e l l  as t h e  p r o d u c t i o n  o f  food and l u x u r i e s .  The chem ica l  

i n d u s t r y  canno t  r e a l i s t i c a l l y  be  connec ted  t o  communal h e a t -  

i n g  sys tems  b e c a u s e  o f  t h e  h i g h  d e g r e e  o f  o p e r a t i o n  r e l i a b i l i t y  

r e q u i r e d ,  b e c a u s e  o f  t h e  p l a n t  i n t e r n a l  i n t e r e a c t i o n s  

and because  o f  t h e  h i g h  p e r c e n t a g e s  o f  s e l f - p r o d u c e d  

a n d / o r  u t i l i z e d  was te  h e a t  e n e r g y .  A s  t o  t h e  o t h e r  i n d u s t r i e s ,  

t h e r e  a r e  c e r t a i n  r e s t r i c t i o n s  on a c c o u n t  o f  t h e i r  s e a s o n a l  

f l u c t u a t i o n s  ( e . g .  t h e  s u g a r  i n d u s t r y ) . I n  v iew o f  t h e s e  a s p e c t s ,  



and g i v e n  a n  assumed a v e r a g e  p e r i o d  o f  u s e  o f  t h e  maximum 

l o a d  o f  4950 h ,  we may p r e d i c t  a d i s t r i c t  h e a t i n g  p o t e n t i a l  

f o r  i n d u s t r i a l  p u r p o s e s  o f  11 T c a l / h  ( 7 . 7  Mio tSKE/a)  f o r  

1985,  and a p o t e n t i a l  o f  1 4  T c a l / h  ( 9 . 6  Mio tSKE/a )  f o r  

t h e  y e a r  2000 [ 2 ] .  

I n  a l l ,  t h e  maximum d i s t r i c t  h e a t i n g  p o t e n t i a l  c a l c u l a t e d  

f o r  1985 amounts  t o  95 T c a l / h  ( 4 2 . 7  Mio tSKE /a ) ,  w h i l e  

f o r  t h e  y e a r  2000 i t  would be  134 T c a l / h  ( 5 9 . 6  Mio t S K E / a ) .  

F o r  1985 ,  t h i s  c o r r e s p o n d s  t o  a b o u t  27%,  and f o r  2000,  t o  

a b o u t  32%,  o f  t h e  t o t a l  demand f o r  h e a t  below 2 0 0 ' ~ .  ( F i g . 1 )  

1s 50 1970 1980 
15 103 Tccl  ?: L.;8.10 J 

F i g .  1: h e a t  demand f o r e c a s t s  and d i s t r i c t  h e a t i n g  p o t e n t i a l  
f o r  room h e a t i n g  and  h o t  w a t e r  s u p p l y  i n  t h e  s e c t o r  
h o u s e h o l d s  and small s c a l e  u s e r s  and f o r  p r o c e s s  h e a t  
be low 2 0 0 ' ~  i n  i n d u s t r y  ( w i t h o u t  t h e  chem ica l  i n d .  ) 



The h e a t  demand o u t l i n e d  above  i s  s u b j e c t  t o  s e a s o n a l  

and day t ime  f l u c t u a t i o n s .  The s o - c a l l e d  o r d e r e d  a n n u a l  

demand l i n e  b r o a d l y  r e f l e c t s  t h e s e  f l u c t u a t i o n s .  

The r e a l c u s t o m e r  p o t e n t i a l  w i l l  be  s m a l l e r  t h a n  t h e  c a l c u -  

l a t e d  d i s t r i c t  h e a t i n g  p o t e n t i a l  s i n c e  i n  many c a s e s  e n e r g y  

s u p p l y  s y s t e m s  c o n n e c t e d  t o  a  ne two rk  have  a l r e a d y  been  i n -  

s t a l l e d .  

A s  t o  t h e  q u e s t i o n  o f  s i t e s  f o r  f u t u r e  n u c l e a r  power p l a n t s  

w i t h  r e g a r d  t o  t h e  r e g i o n a l  d i s t r i b u t i o n  o f  p o t e n t i a l  d i s t r i c t  

h e a t i n g  c u s t o m e r s ,  t h e  f o l l o w i n g  can  be s a i d :  a s  men t ioned  

nSove,  a b o u t  487; o r  t h e  f l ~ t s  i n  t h e  FRG - and t h i s  y e r c e n t a g e  

i s  simi lar t o  t h a t  o f  t h e  p o p u l a t i o n  - a r e  t o  be  found  i n  

commun i t i es  w i t h  l e s s  t h a n  20 000 i n h a b i t a n t s  where d i s t r i c t  

h e a t i n g  i s  n o t  c o n s i d e r e d  a p p l i c a b l e .  Of t h e  r e m a i n i n g  52%, 

around 81%,  i . e .  42% i n  a l l ,  a r e  i n  t h e  s o - c a l l e d  c o n u r b a t i o n s ,  

which a c c o u n t  f o r  o n l y  6 . 3 %  o f  t h e  t o t a l  a r e a  o f  t h e  F e d e r a l  

Repub l i c  [ 3 1 .  The F e d e r a l  Repub l i c  o f  Germany h a s ,  i n  a l l ,  24 

a r e a s  wh ich  a r e  d e f i n e d  a s  c o n u r b a t i o n s ,  p l u s  Wes t -Be r l i n .  I n  

1972 [ 4 ]  t h e  sum o f  t h e  r a t i n g s  f o r  d i s t r i c t  h e a t i n g  i n  t h e  

F e d e r a l  R e p u b l i c ,  i n c l u d i n g  Wes t -Be r l i n ,  was 1 6 . 1  T c a l / h ;  o f  

t h i s  p e r c e n t a g e ,  o n l y  1 1 , 8 %  was i n t e n d e d  f o r  i n d u s t r i a l  h e a t .  

The f e e d  f o r  t h a t  was 3 2 . 1 0 ~  T c a l / a  ( 4 . 5  Mio tSKE /a ) ,  t h e  max- 

imum t h e r m a l  l o a d  was 1 0 . 5  T c a l / h ,  and t h e  p e r i o d  o f  u s e  of  t h e  

maximum l o a d  was a b o u t  3000 h / a .  I n  1972,  86% o f  t h e  sum o f  t h e  

r a t i n g s  f o r  d i s t r i c t  h e a t i n g  was t o  b e  f ound  i n  t h e  24 conurba-  



t i o n s  men t ioned  above ,  i n c l u d i n g  Wes t -Be r l i n  ( 8 4 %  w i t h o u t  West 

~ e r l i n ) .  The r e m a i n i n g  1 4 %  o r  16% r e s p e c t i v e l y ,  r e f e r r e d  

t o  commun i t i es  wh ich ,  a l t h o u g h  n o t  l o c a t e d  i n  t h e  conu rba -  

t i o n s ,  have  c l e a r l y  more t h a n  20 000 i n h a b i t a n t s .  

Thus d i s t r i c t  h e a t i n g  up t o  now h a s  p r i m a r i l y  been  used  

i n  t h e  d e n s e l y  p o p u l a t e d  areas o f  t h e  F e d e r a l  R e p u b l i c ;  

t h i s  c o n f i r m s  t h e  above  s t a t e m e n t s  on cus tomer  d e n s i t y .  

Ano ther  a p p l i c a t i o n  o f  d i s t r i c t  h e a t i n g  w i l l  a l s o  p r i m a r i l y  

t a k e  p l a c e  i n  t h e s e  a r e a s  o n l y  i n  which - as ment ioned  above  - 

42% o f  t h e  p o p u l a t i o n  i s  c o n c e n t r a t e d  i n  6 . 3 %  o f  t h e  t o t a l  

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

power p l a n t s  f o r  d i s t r i c t  h e a t i n g  t h e  q u e s t i o n  ar ises  o f  

what c a n  be  t h e  maximum d i s t a n c e  between t h e  n u c l e a r  power 

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

f o r  r e a s o n s  of  n u c l e a r  s a f e t y  on t h e  one hand ,  and f o r  

economic r e a s o n s  on t h e  o t h e r .  An a n a l y s i s  [ 5 ]  o f  t h e  s i t e s  

o f  n u c l e a r  power p l a n t s  p r i m a r i l y  d e s i g n e d  f o r  power gene-  

r a t i o n  which a r e  t o  b e  e x p ~ c t e d  by t h e  m idd le  o f  t h e  1980's 

and which a r e  now b e i n g  o p e r a t e d ,  b u i l t ,  p l anned  o r  d i s c u s s e d ,  

shows t h a t  o f  t h e  38 000 MW unde r  c o n s i d e r a t i o n  a l r e a d y  65% 

a r e  l e s s  t h a n  30 km f rom t h e  r e g i o n s  w i t h  c o n s i d e r a b l e  demand 

f o r  d i s t r i c t  h e a t i n g .  42% a r e  n e a r e r  t h a n  20 km. D e t a i l e d  

s t u d i e s  have  shown t h a t  such  a d i s t a n c e  c e r t a i n l y  i s  s t i l l  a c c e p t -  

a b l e  f rom a n  economic p o i n t  o f  v iew as f a r  as t h e  t r a n s p o r t -  

a t i o n  o f  h o t  w a t e r  i s  c o n c e r n e d .  If we a p p l y  t h i s  42% s h a r e  

t o  t h e  l a t e  1990 ' s  w i t h  t h e i r  100 000 M W ' s  - c o r r e s p o n d i n g  t o  

a waste h e a t  c a p a c i t y  o f  163  T c a l / h  - t h e  w a s t e  h e a t  c a p a c i t y  



o f  n u c l e a r  power p l a n t s  would b e  68 T c a l / h  f o r  t h e  above  

c a l c u l a t e d  d i s t r i c t  h e a t i n g  p o t e n t i a l  o f  134 T c a l / h .  

The i n i t i a l  p o s t u l a t e  t o  u s e  f u t u r e  n u c l e a r  power p l a n t s ,  

if p o s s i b l e ,  a s  h e a t i n g  p l a n t s  w i t h  r e g a r d  t o  a "min imiza-  

t i o n "  o f  n u c l e a r  t e c h n o l o g y  i s  p u t  o n  a r e a l i s t i c  b a s i s  by 

t h e  d e l i b e r a t i o n s  a d d r e s s e d  i n  t h i s  c o n t e x t .  

A t  t h e  same t i m e  it seems t o  become o b v i o u s  t h a t  a r e g i o n a l  

d i s t r i c t  h e a t i n g  ne twork  based  on c o n u r b a t i o n s  would b e  

p r e f e r a b l e  compared t o  a s u p r a r e g i o n a l  ne twork  t h a t  would 

have  t o  c r o s s  many r e g i o n s  w i t h o u t  d i s t r i c t  h e a t i n g  a p p l i -  

c a b i l i t y .  
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APPENDIX F 

Modern Techno logy  E l e c t r o l y s i s  

f o r  Power A p p l i c a t i o n  

U. L a  Roche 
Brown B o v e r i  Co. 

Baden, Switzerland 

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

The re  i s  now a  v e r y  w e l l  deve loped  l i t e r a t u r e  a v a i l a b l e  on 

t h i s  t o p i c  wh ich  d o e s  g i v e  t h e  i m p r e s s i o n  t h a t  a f a i r  j udge-  

ment o f  i t  s h o u l d  b e  p o s s i b l e .  T h i s  i s  however i n  c e r t a i n  

v e r y  i m p o r t a n t  a s p e c t s  n o t  t h e  c a s e .  We w i l l  t r y  t o  b r i n g  

o u t  t h e s e  and show t h a t  t h e  e l e c t r o l y s i s  r o u t e  t o  hyd rogen  

h a s  a v e r y  good p o t e n t i a l  no t  o n l y  t o  o f f e r  a n  immed ia te l y  

a v a i l a b l e  means t o  s t a r t  w i t h  t h e  n u c l e a r  hyd rogen  p r o d u c t i o n  

b u t  t o  s t a y  i n  b u s i n e s s .  It i s  a t  l e a s t  a n  open q u e s t i o n  

whe the r  t h e r m o l y s i s  o f  w a t e r  w i l l  i n  t h e  end be a more eco-  

nom ica l  r o u t e .  

Thermodynamical  e f f i c i e n c i e s  

A f t e r  some m i s u n d e r s t a n d i n g s  on thermodynamic d e f i n i t i o n s  i t  

i s  by now a g a i n  c l e a r  t h a t  b o t h  t h e r m o l y s i s  and e l e c t r o l y s i s  

a r e  t h e o r e t i c a l l y  c o n s t r a i n e d  by t h e  same r e l a t i o n s h i p ;  

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

e q u a l  t o  t h e  amount o f  work r e c o v e r a b l e  o f  t h e  h e a t  i n p u t  de-  



graded, be it directly in a thermolysis process or in the 

combination of a thermoelectrical process. 

A first assumption to reconsider is that the work generating 

efficiency by turbo-generators is constant. Development of 

helium driven gas turbines to exploit the temperature of gas- 

cooled high-temperature reactors demonstrates that the turbine- 

generator unit will certainly not stay restricted to compara- 

tively low temperatures and low,constant efficiency. 

Moreover, since high temperature stress corrosion and corrosion 

in high temperature chemical reactors are intimately related, 

it is at least unlikely that turbines will not climb the same 

temperatures as chemical reactor vessels and heat exchangers 

needed for thermolysis. A more realistic assumption is there- 

fore to allow efficiencies in both cases to climb proportional 

to the Carnot efficiency possible with the degraded heat. 

This reduces the analysis at the situation to discussion of 

the losses. 

In electrolysis we incur the following losses: 

- work extraction by heat engine generator 

- electrolyser losses 

ohmig resistance of electrolyte and structure, 

including d.c. - a.c. converters 

- overvoltage on electrolyser cells 

concentration polarization 

activation overpotential on electrode 



which gives total loss 

These losses are very well understood. 

Comparing to thermolysis we have there: 

- heat exchanger losses 

,AT F, of the order 0.05 per exchanger 

0.1 ; 0.4 

- diffusion losses (e.g. as in coal gasification) 

~ T / ~ . . w h i c h  for optimum process devices 

should have roughly the same order of magnitude 

as heat transfer losses (Onsager-Casimir theorem) 

- material transport and product separation losses 

(very dependent on process, high for solid reactants) 

- mismatch of thermochemical cycle to ideal Carnot 

cycle (could be alleviated by combining with elec- 

tricity generating system. Using not used excess 

heat of different temperature levels) 

A quite general statement is that the losses on the thermolysis 

route do not tend by any principle to be smaller than on the 

electrolysis route. 

By the above discussion we tried to show that there is no 

ground for a statement that one or the other route to convert 

degradable heat into chemical energy, e.g. hydrogen by splitting 

water, has by principle superior potential. 



So l e t  u s  c o n s i d e r  where we a r e  now: w a t e r  e l e c t r o l y s i s  i s  

a t e c h n o l o g y  t h a t  h a s  been a round  f o r  some 60 y e a r s ,  a l t h o u g h  

deve loped  and u s e d  f o r  s p e c i a l  a p p l i c a t i o n s  o n l y .  So t h e  

a p p l i c a t i o n  t o  power c o n v e r s i o n  i s  a new one .  The u s e  o f  

modern t e c h n o l o g y  i n  t h i s  f i e l d  i s  a l s o  c o m p a r a t i v e l y  new and 

it i s  t h e r e f o r e  r e a s o n a b l e  t o  assume good p o t e n t i a l  f o r  f u r t h e r  

deve lopment  down t h e  l e a r n i n g  c u r v e  o f  e l e c t r o l y s i s  f o r  l a r g e  

s c a l e  power a p p l i c a t i o n s .  However, wha t  w e  f i n d  i n  l i t e r a -  

t u r e  t o d a y  i s  l i t t l e  more t h a n  e x t r a p o l a t i o n s  based  on l a b o r a -  

t o r y  work, and i f  one  d o e s  s e a r c h  t h i s  down t o  i t s  o r i g i n a t o r s  

i t  i s  a v e r y  r e s t r i c t e d  body o f  i n f o r m a t i o n .  

It i s  r e m a r k a b l e  t o  what a  d e g r e e  r e a l  deve lopment  work o n  t h e  

e l e c t r o l y s i s  r o u t e  i s  m i s s i n g  compared t o  t h e  f u n d s  t h a t  a r e  

b e i n g  poured  i n t o  t h e  t h e r m o l y s i s  r o u t e .  The more s o  i f  one  

c o n s i d e r s  t h a t ,  j udged  f rom p r e s e n t  knowledge o f  t h e  e l e c t r o -  

l y s e r  r o u t e  t o  hyd rogen ,  i t  a p p e a r s  t o  b e  f e a s i b l e  t o  r e a c h  

t h e  g o a l  o f  dep loyment  o f  l a r g e  power e l e c t r o l y s i n g  p l a n t s  

w i t h i n  some 5 y e a r s  f rom now. 

Of t h e  t h r e e  b a s i c  s t e p s  and t e c h n o l o g i e s  t h a t  compr i se  t h e  

e l e c t r o l y s i s  r o u t e  t o  hyd rogen  two a r e  v e r y  w e l l  m a s t e r e d  a l -  

r e a d y  on a l a r g e  s c a l e  

- power e x t r a c t i o n  f rom h e a t  d e g r a d a b l e  by c o n v e n t i o n a l  

e l e c t r i c i t y  g e n e r a t i n g  equ ipment  

- c o n v e r s i o n  o f  a . c .  t o  d . c .  power,  e . g .  equ ipment  f o r  d . c .  

power t r a n s m i s s i o n  l i n k s  



The t h 2 r d ,  e l e c t r o l y s i s  o f  w a t e r ,  h a s  been  d e v e l o p e d  s i n c e  

some 60 y e a r s  f o r  s p e c i a l  a p p l i c a t i o n s  on a v e r y  l i m i t e d  

s c a l e ,  Major  s t e p s  of ha rdware  deve lopment  i n c o r p o r a t i n g  

modern materials t e c h n o l o g y  l i e  ahead  and  l o o k  f e a s i b l e ,  

s f n c e  t h e  p rob lems  t o  be m a s t e r e d  a r e  w e l l  u n d e r s t o o d .  

The p o i n t  w e  t r i e d  t o  make c l e a r  was n o t  t o  show e l e c t r o l y s i s  

t o  b e  a s u p e r i o r  r o u t e  t o  hydrogen bu t  t h e  one o f  two t h e o -  

r e t i c a l l y  e q u f v a l e n t  methods t h a t  h a s  good p o t e n t i a l  t o  show 

up as comb in ing  less t e c h n o l o g i c a l  r i s k  w i t h  a much e a r l i e r  

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

Power a p p l i c a t i o n s  o f  w a t e r  e l e c t r o l y s i s  - 

A g a i n s t  t h i s  background l e t  u s  p u t  t o g e t h e r  a b r i e f  a n a l y s i s  

o f  t h e  p o s s i b i l i t i e s  and  c o n s t r a i n t s  t h a t  t h e  f u t u r e  deve lop -  

ment of water e l e c t r o l y s i s  f o r  power a p p l i c a t i o n  i s  l i k e l y  

t o  e n c o u n t e r  . 

The f i r s t  c o n s t r a i n t  i s  t h e  e x i s t e n c e  o f  a  minimum c o s t - e f f i -  

c i e n c y  t h a t  d o e s  make hydrogen  p r o d u c t i o n  a t t r a c t i v e ,  Here  

q u i t e  a  l o t  o f  s y s t e m  a n a l y s i s  work h a s  been done which  we d o  

n o t  t r y  t o  r e p r o d u c e  h e r e ,  b u t  t h e r e  may b e  a few p o i n t s  t o  

b e  made, 

Depend ing on c l i m a t e  t h e r e  a r e  two f o s s i l  f u e l  s u b s t i t u t i o n  

mode ls :  e , g ,  

1) heavy s p a c e  h e a t i n g  w i l l  r e s u l t  i n  a s y s t e m  o f  

e l e c t r i c i t y ,  d i s t r i c t  h e a t i n g  by w a s t e  h e a t  and 

hydrogen  by d a i l y  and  s e a s o n a l  o f f - p e a k  power,  



which w i l l  r e s u l t  i n  up t o  15% o r  more 

o f  t h e  t o t a l  demand i n  t h e  form o f  hydrogen.  

2 )  minor  s p a c e  h e a t i n g  w i l l  r e s u l t  i n  a n  a lmos t  d u a l  

sys tem o f  e l e c t r i c i t y  and hydrogen o n l y .  Then 

hydrogen w i l l  have t o  be produced by d e d i c a t e d  

p l a n t s  i n  a d d i t i o n  t o  o f f - p e a k  p l a n t s .  

The f i r s t  c a s e  w i l l  b e  predominant  i n  Europe ,  where i n c i d e n t l y  

a l s o  t h e  t i m e  s c a l e  o f  f o s s i l  f u e l  s u b s t i t u t i o n  i s  much more 

u r g e n t  t h a n  i n  o t h e r  r e g i o n s ,  e . g .  t h e  U S A ,  where moreover  t h e  

second  c a s e  i s  p redominan t .  

C a l c u l a t i o n  f o r  t h e  minimum c o s t  c o n s t r a i n t  i s  v e r y  dependen t  

on t h e  s u b s t i t u t i o n  model ,  and i t  i s  e a s y  t o  s e e  why a n  a n a l y -  

s i s  made e l s e w h e r e  canno t  b e  a p p l i e d ,  i f  t h e  breakdown o f  

ene rgy  and h e a t  demand by t h e  end u s e r  d i f f e r s .  

I f  hydrogen by o f f - peak  power may w e l l  b e  a n  i m p o r t a n t  f e a t u r e  

i n  Europe ,  a f u l l  l o a d  f a c t o r  d e d i c a t e d  p l a n t  t echno logy  c o u l d  

be t h e  answer  e l s e w h e r e .  

C o s t s  

P r e s e n t  c o s t  o f  e l e c t r o l y s i s  i s  a n o t h e r  s t a t e m e n t  which needs  

c l a r i f i c a t i o n .  By t h e  f i g u r e s  g i v e n  i n  t h e  t a b l e  below i t  i s  

s e e n  t h a t  t h e  i n r o r m a t i o n  based  on l a b o r a t o r y  work t e n d s  t o  be  

o p t i m i s t i c .  C o s t s  f o r  p r e s e n t  hardware show t h a t  s t i l l  a d e t e r -  

mined e f f o r t  i s  n e c e s s a r y  t o  r e a l i s e  t h e  deve lopment  p o t e n t i a l  

o f  t h e  a g e o l d  s p e c i a l  a p p l i c a t i o n  t e c h n o l o g y .  



1 $ = 3 SFr. 

All is-Chalmers * 
(68)  

Al l i son ,  Energy Depot **  
(65)  

SFr. 

* based on labo ra to ry ,  Costa & Grimes 

**  based on labo ra to ry ,  p r o j e c t  energy depot 

***  based on l ~ b o r a t o r y .  E T L ~  s n a l l  scale special app l i z .  

BBC f i g u r e s  p r i c e s  of  a c t u a l  hardware 

(...) with  s c a l e  up f a c t o r  0 .93  ex t rapo la ted  t o  100 MTP p l a n t  s i z e .  

Y e t  s t i l l  a n o t h e r  p o i n t  i s  t h a t  n o t  n e c e s s a r i l y  a l l  s u b s t i -  

t u t i o n  e n e r g y  f o r  f o s s i l  f u e l s  i s  d e l i v e r e d  by n u c l e a r  h e a t ,  

even i n  t h e  immed ia te  f u t u r e  t h e r e  a r e  p o t e n t i a l s  l i k e  hydro -  

e l e c t r i c  power i n  G reen land ,  which a p p e a r  t o  b e  o f  a s i z e  

a p p r o a c h i n g  1 TW a t  bus -ba r  e l e c t r i c i t y  c o s t s  a round  3-7 mils/kWh. 

T h i s  i n  o u r  o p i n i o n  i s  a c a s e  where o n l y  e l e c t r o l y s i s  w i t h  i t s  

d i r e c t  c o u p l i n g  t o  e l e c t r i c  e n e r g y  i s  a p p l i c a b l e .  It w i l l  b e  

a l s o  t h e  e s s e n t i a l  means t h a t  s o l v e s  t h e  p rob lem how t o  c o l l e c t ,  

s t o r e  and t r a n s p o r t  t h e s e  huge amounts  o f  h y d r o e l e c t r i c  e n e r g y  

a v a i l a b l e .  



Again r e f e r e n c e  i s  made t o  t h e  work done  on e n e r g y  d e p o t  f o r  

t h e  U.S. army i n  t h e  s i x t i e s .  Hydrogen i s  made t r a n s p o r t a b l e  

e i t h e r  by l i q u e f a c t i o n ,  wh ich  c o s t s  a b o u t  27% o f  t h e  e n e r g y  

c o n t e n t ,  o r  by s y n t h e s i s  o f  ammonia, wh ich  c o s t s  some 5-8% 

o f  t h e  o r i g i n a l  e n e r g y  c o n t e n t .  The c o s t  e s t i m a t e s  p r e s e n t l y  

a v a i l a b l e  a r e  shown i n  t h e  t a b l e  be low.  

100  MW p l a n t  s i z e  

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

NH - s y n t h e s i s  
3  

I n  a w o r s t  c a s e  a s s u m p t i o n ,  t a k i n g  t h e  NH3-synthes is  c o s t  t o  

s t a y  c o n s t a n t  a t  abou t  $ 3OO/eb NH3/hr, t h i s  w i l l  g i v e  w i t h  

8000 h r  f u l l  l o a d  o p e r a t i o n  a b o u t  2  t o  3  rnils/kWh a d d i t i o n a l  

c o s t  compared t o  a b o u t  6 mils/kWh f o r  t h e  l i q u e f a c t i o n .  

( 1 1 0 )  

( 4 7  

So even  w i t h  t h e  e l e c t r o l y s i s  ha rdware  a v a i l a b l e  a t  p r e s e n t  

t h i s  would r e s u l t  i n  ammonia f . 0 . b .  G reen land  a t  a b o u t  1 0  - 

- 14  mils/kWh, wh ich  a s  a  r ough  e s t i m a t e  a l r e a d y  i s  n o t  way 

o f f  a compar i son  w i t h  d i s t i l l e d  o i l  p r o d u c t s .  (The p r e s e n t  

OPEC n e t  r e n t  i s  a round  5-8 mils/kWh e n e r g y  c o n t e n t . )  

70% 
p r o j e c t  "energy  d e p o t "  
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APPENDIX G 

On Thermochemica l  W a t e r s p l i t t i n g  

C. M a r c h e t t i  
I IASA 

Laxenburg ,  A u s t r i a  

F i s s i o n  and  f u s i o n ,  wh ich  a p p e a r  t o  be t h e  most  r e l i a b l e  

r e l a y  t o  t h e  f o s s i l  f u e l s ,  g e n e r a t e  ene rgy  i n  fo rm o f  h e a t .  

I n  o r d e r  t o  make t h i s  e n e r g y  t r a n s p o r t a b l e  and s t o r a b l e ,  and  

g i v e  i t  maximum f l e x i b i l i t y  i n  u s e ,  i t  h a s  been  p roposed  t o  

t r a n s f o r m  i t  i n t o  two ene rgy  v e c t o r s ,  e l e c t r i c i t y  and  hydrogen .  

Fo r  mak ing e l e c t r i c i t y  f rom h e a t ,  f rom a l m o s t  a c e n t u r y  o f  

l a b o r i o u s  i n v e n t i o n  and  deve lopment  ma rke t  f o r c e s  have  s e l e c t e d  

a few v a r i a n t s  o f  a  s i m p l e  methodo logy ,  t h a t  o f  p r o d u c i n g  

mechan i ca l  e n e r g y  w i t h  a  the rmomechan ica l  c y c l e ,  t o  be  t r a n s f o r m e d  

i n t o  e l e c t r i c a l  e n e r g y  i n  a n  AC-Generator .  

A l l  o t h e r  methods have been  r u t h l e s s l y  e l i m i n a t e d  by t h e  

r u l e s  o f  c o m p e t i t i o n ,  o r  r e l e g a t e d  i n  q u a n t i t a t i v e l y  u n i m p o r t a n t  

b i o l o g i c a l  n i c h e s ,  o r  s t i l l  a w a i t i n g  t h e i r  chance  i n  t h e  l a b o r a -  

t o r i e s  ( s e e  t h e  M H D ) .  

Hydrogen,  on wh ich  t h e  c o n s e n s u s  o f  t h e  e n e r g y  community h a s  

c o n c e n t r a t e d  f o r  t h e  second  e n e r g y  v e c t o r ,  h a s  t o  be  p roduced  f rom 

w a t e r ,  and  t h e  methodo logy o f  i t s  p r o d u c t i o n  i s  s t i l l  a n  open 

q u e s t i o n ,  as i t  was f o r  e l e c t r i c i t y  a c e n t u r y  a g o ,  and  i t  may 

w e l l  t a k e  a few t e n s  o f  y e a r s  b e f o r e  s e l e c t i o n  w i l l  i n d i c a t e  t h e  

f i n a l  w i n n e r .  



We w i l l  resume h e r e  t h e  r e a s o n  why we t h i n k  the rmochemica l  

( o r  h y b r i d )  c y c l e s ,  have  t h e  b e s t  c h a n c e s  o f  b e i n g  f i n a l l y  v i c t o r i o u s ,  

even i f  t h e  i n t e r m e d i a t e  p h a s e s  may w e l l  be  b e t t e r  p l a y e d  by o t h e r  

c o n c e p t s  ( ~ d i s o n  h e a r t i l y  p r e f e r r e d  DC t o  AC f o r  many good r e a s o n s .  

The o n l y  bad o n e ,  t h e  a b s e n c e  o f  a  s t a t i c  t r a n s f o r m e r ,  d i d  f i n a l l y  

p rove  t o  b e  t h e  A c h i l l e s  h e e l  o f  DC). 

What t h e  sys tem i s  demanding:  

1 )  To decompose w a t e r  i n t o  hyd rogen  and oxygen.  I n  chem ica l  

terms, t h i s  p rob lem c a n  b e  s t a t e d  a s  t h a t  o f  t r a n s f e r r i n g  

f r e e  e n e r g y  ( 5 8 ~ c a l / m o l e )  i n t o  t h e  w a t e r  m o l e c u l e .  Now t h e  

s h o r t e s t  r o u t e  t o  t r a n s f e r  f r e e  e n e r g y  f rom a  h i g h  t e m p e r a t u r e  

h e a t  s o u r c e  t o  a  chem ica l  s ys tem i s  t o  h e a t  i t ,  and  u s e  

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

t o  impede t h e  l o s s  on  c o o l i n g  o f  t h e  f r e e  e n e r g y  a c q u i r e d  by 

h e a t i n g  t h e  s y s t e m .  

To decompose w a t e r  on a n  immense s c a l e .  The a n a l y s i s  o f  t h e  ---- 

hydrogen s y s t e m ,  due  t o  t h e  f l e x i b i l i t y  i n  u s e ,  and t r a n s -  

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

s c a l e ,  i f  hyd rogen  i s  g a s e o u s ,  o r  o f  wo r l d  s c a l e ,  i f  hyd rogen  

i s  l i q u i d .  

The consequence  o f  t h a t  w i l l  b e  t h e  c o n c e n t r a t i o n  o f  t h e  

g e n e r a t i o n  i n  f ewe r  and  f ewe r  p o i n t s  i n  o r d e r  t o  r e a p  t h e  

b e n e f i t s  o f  t h e  economies  o f  s c a l e  wh ich  may b e  huge i f  t h e  

t e c h n o l o g y  c a n  f o l l o w  t h e  demand f o r  s i z e .  

Now c h e m i c a l  p l a n t s  a p p e a r ,  i n  t h e  l a s t  two c e n t u r i e s ,  t o  have  

grown w i t h  demand, t o  s i z e s  overshadowing  a l l  o t h e r  t e c h n o -  

l o g y  i n  t e r m s  o f  m a t e r i a l s  p r o c e s s e d ,  ene rgy  m a n i p u l a t e d ,  

mass o f  mach ine ry  o r  i n v e s t m e n t  p e r  p l a n t  and  s o  on .  



3 )  To m in im ize  c a p i t a l  i n v e s t m e n t .  

The p rob lem o f  i n v e s t m e n t s  i n  t h e  e n e r g y  sys tem w i l l  a p p e a r  

as c e n t r a l  i n  w e s t e r n  economies a s  soon  a s  t h e y  w i l l  move o u t  

o f  t h e  r e l a t i v e l y  cheap  o i l .  Hydrogen w i l l  i n s u r e  maximum 

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

u s e d ,  b u t  i t  must be  c l e a r  t h a t  t h e  p r o c e s s  h a s  t o  be  g e n u i n e l y  

a d a p t e d  t o  s c a l e  up.  M u l t i p l y i n g  modu la r l y  small p l a n t s  d o e s  

n o t  r e a l l y  h e l p .  The economies o f  number n e v e r  won o v e r  t h e  

economies o f  s c a l e .  

4) To b e  c o m p a t i b l e  w i t h  n u c l e a r  t e c h n o l o g y ,  i f  p o s s i b l e  t h e  one  

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

v s .  t e m p e r a t u r e  a v a i l a b l e  f rom a  r e a c t o r  ma tches  s n u g l y  w i t h  t h a t  

r e q u i r e d  f rom t h e  p r o c e s s .  Second t h a t  t h e  i n t e r f a c e  d o e s  n o t  

r e q u i r e  a t o o  complex c h e m i s t r y  and m e t a l l u r g y .  

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

i n d i c a t e d  i n  p o i n t s  1-3  i s  t h a t  a  champion p r o c e s s  c a n  be  f ound ,  

s a t i s f y i n g  t h e  p r i n c i p l e s  o f  s i m p l i c i t y  and f i t n e s s  wh ich  i s  

t h e  key t o  s u c c e s s .  Now as e v e r y  t r a i n e r  knows, i n  o r d e r  t o  

f i n d  a champion one  h a s  t o  have  a l a r g e  p o p u l a t i o n  b a s e .  A lso  

t h i s  p o i n t  i s  s a t i s f i e d  by t he rmochem ica l  c y c l e s ,  o f  wh ich  a t  

l e a s t  f o u r  t h o u s a n d  a r e  known t o d a y  and many more a r e  p o s s i b l e .  

I t  i s  i n  t h e  n a t u r a l  r e s i s t a n c e  o f  n a t u r e  t h a t  t h e  good one w i l l  

b e  found a f t e r  some e f f o r t ,  b u t  i t  i s  v e r y  imp robab le  t h a t  t h e  

good one d o e s  n o t  e x i s t .  

Thermochemical  c y c l e s  have  been  s t u d i e d  i n  I s p r a  s i n c e  1969,  

and p e r h a p s  i n  a  dozen  p l a c e s  now, i n  Europe ,  US, and  J a p a n .  

The t i m e  p a s t  and  t h e  e x p e r i e n c e  g a i n e d  s ta r t  t o  b e  s u f f i c i e n t  

f o r  a f i r s t  l o o k  a t  t h e  e v o l u t i o n a r y  l i n e s .  



The first process studied in Ispra, Mark I: 

2) Hg t 2HBr loo0 HgBr2 t H2 

25O 3 )  HgBr2 t CaO - -  HgO t CaBr2 

has the merit of being the first, and compatible with High 

Temperature Reactor technology, at least for what concerns the 

quality of the heat required. But the defects are numerous and 

they will be listed here in order to define desirable targets 

for the new processes. 

a) It uses scarce and expensive elements, Hg and Br 

b) It uses poisonous and environmentally objectionable 

elements and compounds 

c) It uses very corrosive compounds for which the proper 

metallurgy has to be developed 

d) It requires manipulation of solids which have to be separated 

from liquids, dried, and transferred to high temperature 

reactors and back 

e) It is generally speaking, too complicated. 



It must b e  c l e a r  t h a t  a l l  p o i n t s  are d a i l y  b r e a d  f o r  t h e  chem ica l  

i n d u s t r y ,  b u t  t h e y  have  a lways  been  a h i n d r a n c e  t o  v e r y  l a r g e  

s c a l e  v e r y  low c o s t  o p e r a t i o n s  w e  a r e  a i m i n g  a t .  

A l o t  o f  work h a s  been s p e n t  i n  d e l v i n g  i n t o  t h e  p h y s i c a l  

c h e m i s t r y  o f  Mark-1, and t h e  f i r s t  consequence  o f  we igh t  

h a s  been  t h a t  t h e  d a t a  f o r  a r ough  d e s i g n  o f  a  p l a n t  have  been  

made a v a i l a b l e .  T h i s  d e s i g n  h a s  shown t h a t  i n  s p i t e  o f  t h e  

many d rawbacks  a p r o c e s s  l i k e  Mark-1 may f a l l  i n  t h e  r i g h t  

b a l l  p a r k  e c o n o m i c a l l y  s p e a k i n g .  A v e r y  s t i m u l a t i n g  r e s u l t  

f o r  f u r t h e r  s e a r c h i n g .  

The second  p r o c e s s  I w i l l  q u o t e ,  i n  o r d e r  t o  g i v e  a f e e l i n g  

f o r  t r e n d s ,  i s  Mark-9. 

The a d v a n t a g e s  o f  Mark-9 o v e r  Mark-1 a r e  t h a t :  

p o i n t  ( a )  i s  s o l v e d  a s  Fe and  C 1  a r e  c h e a p  and  a b u n d a n t .  

P o i n t s  ( b )  and  ( c )  a r e  e a s e d  i n  t h e  s e n s e  t h a t  a l a r g e  body 

of e x p e r i e n c e  e x i s t s  i n  t h e  m a n i p u l a t i o n  o f  C 1  and  Fe com- 

pounds.  

P o i n t  ( d )  i s  s t i l l  open as l o t  o f  s o l i d s  e x i s t  and  t h i s  h a s  i n  

f a c t  p roven  t o  be  a s t u m b l i n g  b l o c k  f o r  k i n e t i c  r e a s o n s .  T h i s  

i s  p e r h a p s  a more i m p o r t a n t  p o i n t  t h a n  t h e  p rob lems o f  mani-  

p u l a t i o n .  F l u i d i z e d  beds  and  f l u i d i z e d  t r a n s f e r  a r e  r e a s o n a b l y  

e f f i c i e n t ,  b u t  a r e p r o d u c i b l e  k i n e t i c  f o r  a s o l i d  c y c l e d  t h r o u g h  



a chemical process thousands or million of times may be 

a pure dream. 

Point (e) is eased by three reactions only and a lower maximum 

temperature. 

The third process I am quoting (Julich) has no solids, except, 

if necessary,ns catalysts. 

Water has not been explicitly indicated but it exists all 

over the process. 

This process is superior to Mark-1 on all points (a) to (d). 

It is still a bit too complicated. Reactions tend to be 

incomplete with some need for separations. Reaction (3) is 

thermodynamically possible but its kinetics and univocity 

is still to be explored. 

The fa~rth process (Los Alamos), is the quintessence of simpii- 

city, at a cost. 

1) H2S04 
thermal -3 H20 + SO2 + ; o2 

2) 2H20 + SO2 Electrolysi H2S04 t H2 



The s t e p  1, t h e r m a l  decompos i t i on  o f  s u l p h u r i c  a c i d ,  i s  

p r a c t i c e d  i n  i n d u s t r y  and i t  i s  n o t  t o o  d i f f i c u l t .  It 

o c c u r s  g r a d u a l l y  f rom a b o u t  400' t o  8 0 0 ' ~ .  It p r o v i d e s  

85% o f  t h e  f r e e  ene rgy  t o  decompose a molecu le  o f  w a t e r .  

The r e s t  s h o u l d  come i n  fo rm of e l e c t r i c i t y ,  t h r o u g h  e l e c t r o -  

l y t i c  c e l l s  wh ich have  t o  b e  deve loped  ad  hoc as t h e  economy 

of  t h e  c y c l e  r e q u i r e s  h i g h  c o n c e n t r a t i o n s  o f  H2S04 f o r  s t e p  1. 

A hydrogen  a c c e p t o r  w i t h  a f r e e  ene rgy  o f  f o r m a t i o n  a t  room 

t e m p e r a t u r e  o f  p e r h a p s  lOkca l /mo le  H 2 ,  c o u l d  s u b s t i t u t e  e lec t r -0 -  

l y s i s  a c c o r d i n g  t o  t h e  f o rmu la  

v a r i o u s  l a b o r a t o r i e s  a r e  engaged i n  t h e  c l o s u r e  o f  r e a c t i o n  1 

v i a  2  o r  2b p l u s  3. 

The s e p a r a t i o n  o f  oxygen f rom r e a c t i o n  1 d o e s  n o t  a p p e a r  t o o  

d i f f i c u l t ,  t h r o u g h  c o n d e n s a t i o n  and wash ing w i t h  f e e d  w a t e r .  

E l e c t r o l y s i s  may p r o v i d e  H 2  a l r e a d y  a t  h i g h  p r e s s u r e  f rom 

r e a c t i o n  2 .  S u l p h u r  compounds have  t o  be  p r o p e r l y  i n t e r f a c e d  

w i t h  t h e  env i r onmen t ,  b u t  t h e y  b e l o n g  t o  t h e  n a t u r a l  c y c l e .  

Not t o  c o u n t  t h e  hundred  m i l l i o n  o f  t o n s  o f  SO2 p roduced  i n  

t h e  combus t ion  o f  f o s s i l  f u e l s .  



My o p i n i o n  i s  t h a t  t h i s  f o u r t h  p r o c e s s  a l r e a d y  shows t h e  

s i g n s  of convergence  i n  t h e  s e a r c h  o f  thermochemica l  w a t e r  

s p l i t t i n g  and pe rhaps  most o f  t h e  R&D f o r  t h e  n e x t  f i v e  

y e a r s  shou ld  c o n c e n t r a t e  around t h a t  c o r e .  

The b a s i c  c r i t i c i s m  has  been r a i s e d  a g a i n s t  thermochemica l  

w a t e r  s p l i t t i n g ,  t h a t  t h e  amount o f  m a t e r i a l s  t o  be man ipu la ted  

l a r g e l y  exceeds  e x i s t i n g  chemica l  o p e r a t i o n s ,  and t h a t  even 

s m a l l  f rac t iona l  l o s s e s  can  have impor tan t  e f f e c t s  on t h e  

economy and t h e  env i ronmen ta l  embedding o f  t h e  sys tem.  

It i s  c e r t a i n l y  t r u e  t h a t  t h e  c i r c u l a t i o n  o f  m a t e r i a l s  i s  

t e r r i f i c ,  bu t  i t  i s  i n  t h e  same b a l l p a r k  o f  t h e  m a t e r i a l s  

c i r c u l a t e d  t o  produce e l e c t r i c i t y  o r  t o  coo l  a  r e a c t o r  f o r  

s i m i l a r  power o u t p u t s .  E .g .  i n  c a s e  o f  p r o c e s s  4 ,  i f  t h e  

e l e c t r o l y t i c  s t e p  can  produce H2S04 a t  s u f f i c i e n t  c o n c e n t r a t i o n ,  

t h e  amount o f  H2S04 c i r c u l a t i n g  i n  t h e  h e a t  exchange rs  w i l l  be 

l e s s ,  molewise,  t h a n  t h e  c i r c u l a t i o n  of s team i n  a  power p l a n t  

o f  s i m i l a r  o u t p u t .  

Concern ing t h e  l o s s e s ,  a  s i m i l a r  ana logy  can  be i d e n t i f i e d .  

The l e a k t i g h t n e s s  o f  a n  HTGR r e a c t o r  sys tem o r  o f  t h e  s team 

system of  a  b o i l i n g  wa te r  power s t a t i o n  p rov ide  a n  example o f  

t e c h n o l o g i c a l l y  and economica l l y  a c h i e v a b l e  t i g h t n e s s  l a r g e l y  

s u f f i c i e n t  f o r  a thermochemica l  p l a n t .  



APPENDIX H 

A r t i f i c i a l  I s l a n d s  f o r  Waste D i s p o s a l  

TV. Lange raa r  
Mar i t ime  I n s t i t u t e  

Ro t te rdam,  N e t h e r l a n d s  

Histoi-y -- 

Dur ing  t h e  summer o f  1971  t h e  Board o f  D i r e c t o r s  o f  Bos 

Kalis Westmins te r  Dredg ing  Group NV d e c i d e d  t o  i n i t i a t e  

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

t i o n  of a n  a r t i f i c i a l  i s l a n d  i n  t h e  Nor th  Sea .  T h i s  p r e -  

l i m i n a r y  s t u d y  was conc luded  i n  March 1972;  i t  was p r e s e n t e d  

t o  t h e  N e t h e r l a n d s  Government a t  t h e  end o f  t h a t  month. The 

main s u b j e c t  o f  t h i s  i n v e s t i g a t i o n  was a r e l a t i v e l y  small 

i s l a n d  t o  be  used  f o r  t h e  d i s p o s a l  o f  was te  of d i f f e r e n t  

o r i g i n s ,  such  as u rban ,  chem ica l ,  s t e e l ,  e t c .  

Two c o n c l u s i o n s  o f  t h i s  p r e l i m i n a r y  s t u d y  must be  h i g h l i g h t e d :  

1 )  T e c h n o l o g i c a l  e x p e r i e n c e ,  e x p e r t i s e  and know-how i n  t h e  

N e t h e r l a n d s  a r e  s u f f i c i e n t  and a v a i l a b l e  f o r  t h e  c o n s t r u c -  

t i o n  o f  a r t i f i c i a l  i s l a n d s  i n  t h e  s o u t h e r n  Nor th  Sea  a t  a 

p r i c e  p e r  s q u a r e  m e t e r  which i s  n o t  u n r e a s o n a b l y  h i g h e r  

t h a n  t h a t  on t h e  ma in land .  



2 )  P rov i ded  t h e  N e t h e r l a n d s  Government h a s  a t  i t s  d i s p o s a l  

comprehens ive  e n v i r o n m e n t a l  l e g i s l a t i o n  w i t h  t h e  c o n t r o l  

o r g a n i z a t i o n  i n h e r e n t  t h e r e t o ,  i t  might  be  p u r p o s e f u l  t o  

c r e a t e  on t h e  i s l a n d  a l a r g e  n a t i o n a l  w a s t e  d i s p o s a l  and 

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

e a s i e r  t o  c o n t r o l .  

I n  a c o n s e r v a t i v e  c o s t - e f f e c t i v e n e s s  a n a l y s i s  t h i s  s t u d y  

h a s  shown t h a t  s u c h  a was te  d i s p o s a l  and r e c y c l i n g  i n d u s t r y  

would be  p r e f e r a b l e  f rom a g e n e r a l  e n v i r o n m e n t a l  p o i n t  o f  

v iew and would be  a b l e  t o  o p e r a t e  a t  a l owe r  p r i c e  and more 

e f f i c i e n t  t h a n  i s  p o s s i b l e  unde r  t h e  p r e s e n t  s i t u a t i o n  where 

government  and i n d u s t r y  p r o c e e d  i n d e p e n d e n t l y .  

Q u i t e  a number of  i n d u s t r i e s  became i n t e r e s t e d  i n  t h e  p o s s i -  

b i l i t i e s  men t ioned  i n  t h e  s t u d y  and a s k e d  a b o u t  t h e  moda l i -  

t i e s  o f  p a r t i c i p a t i o n  i n  f u r t h e r  i n v e s t i g a t i o n s .  These  i n -  

d u s t r i e s  came f rom t h e  U n i t e d  Kingdom, F r a n c e ,  Sweden, b u t  

ma in l y  f rom t h e  N e t h e r l a n d s .  Du r i ng  t h e  summer o f  1972 p r e -  

l i m i n a r y  d i s c u s s i o n s  t o o k  p l a c e  between i n t e r e s t e d  i n d u s t r i e s  

and a f t e r  h a v i n g  u n d e r s t o o d  t h e  Government 's  v i e w p o i n t  t o  be  

t h a t  a f u r t h . e r  f e a s i b i l i t y  s t u d y  was a t a s k  f o r  t h e  i n d u s t r i e s  

conce rned ,  Bos -Ka l i s  was a s k e d  t o  a c t  as t h e  p r o j e c t  manager 

f o r  s u c h  a f u r t h e r  s t u d y .  On 27 F e b r u a r y  1973  t h e  Nor th  S e a  

I s l a n d  Group was o f f i c i a l l y  e s t a b l i s h e d .  A t  p r e s e n t  t h i s  

Group h a s  26 i n d u s t r i a l  p a r t i c i p a n t s .  Government o b s e r v e r s  

i n  t h e  Group come f rom t h r e e  m i n i s t r i e s ,  i . e .  



- t h e  m i n i s t r y  o f  t r a n s p o r t a t i o n  and wa te rways ,  

- t h e  m i n i s t r y  o f  economic a f f a i r s ,  

- t h e  m i n i s t r y  o f  n a t i o n a l  h e a l t h  and e n v i r o n m e n t a l  h y g i e n e .  

A lso  some e m b a s s i e s  o f  c o u n t r i e s  a round  t h e  Nor th  S e a  a r e  

r e p r e s e n t e d  as o b s e r v e r s  i n  t h e  Group. 

P a r t i c i p a t i o n  and c o o p e r a t i o n  between members o f  t h e  Group 

i s  based  on t h e  f a c t  t h a t  any  i n d u s t r y  o r  i n s t i t u t i o n  c a n  

a d h e r e  t o  i t ,  p r o v i d e d  t h e y  b r i n g  i n  e x p e r i e n c e  and know-how 

complementary  t o  t h o s e  a l r e a d y  p r e s e n t  i n  t h e  members o f  t h e  

Group,  o r  when t h e i r  p a r t i c i p a t i o n  may b e  e x p e c t e d  t o  i n -  

f l u e n c e  p o s i t i v e l y  t h e  r e a l i z a t i o n  o f  t h e  a ims  and p u r p o s e s  

o f  t h e  Group.  

These  a ims  and p u r p o s e s  can  be  d e s c r i b e d  a s  f o l l o w s :  

" t o  i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  o f  c o n s t r u c t i o n  and ex-  

p l o i t a t i o n  o f  a n  i s l a n d  f o r  i n d u s t r i a l  p u r p o s e s  i n  t h e  Nor th  

S e a ,  t h r o u g h  t h e  c o n c e r t e d  a c t i o n  and e f f o r t s  o f  t h e  p a r t i c i -  

p a t i n g  members; a l s o  w i t h  a v iew t o  e n a b l i n g  t h e  r e a l i z a t i o n  

o f  such  c o n s t r u c t i o n  p o s s i b l y  t h r o u g h  government  c o n t r a c t s " ,  

A l l  p a r t i c i p a t i n g  i n d u s t r i e s  have  one  r e p r e s e n t a t i v e  i n  t h e  

G e n e r a l  Mee t i ng  o f  t h e  Group.  P r o f e s s o r  W .  L a n g e r a a r  i s  

t h e  Chairman o f  t h e  G e n e r a l  M e e t i n s .  

The S t e e r i n g  Commit tee unde r  t h e  G e n e r a l  Mee t ing  c o n s i s t s  o f  

seven  members and h a s  a s  i t s  Chairman t h e  p a s t - P r e s i d e n t  

o f  t h e  Chamber o f  Commerce o f  Ro t t e rdam,  M r .  W.H. Fockema 

Andreae.  



The S t e e r i n g  Committee i s  a s s i s t e d  i n  i t s  t a s k  by a 

number o f  Working Groups.  

Dur ing t h e  f i rs t  s e s s i o n  o f  t h e  Genera l  Meet ing a  p re l im-  

i n a r y  o u t l i n e  f o r  t h e  f e a s i b i l i t y  s tudy  was accep ted  a s  

w e l l  a s  a  budget  o f  2,000,000.-  g u i l d e r s .  A t  a  l a t e r  s e s -  

s i o n  t h e  Eng inee r i ng  Bureau o f  Hydronamic BV a t  S l i e d r e c h t  

was charged w i t h  t h e  o v e r a l l  management o f  t h e  f e a s i b i l i t y  

s t u d y ,  The s t u d y  s t a r t e d  i n  June  1973. It c o n s i s t s  o f  two 

p h a s e s .  

The s u b j e c t s  t o  be s t u d i e d  d u r i n g  phase A were: 

- J u r i d i c a l  a s p e c t s ,  i n t e r n a t i o n a l  law q u e s t i o n s  

- Economic c o n s i d e r a t i o n s  

- Techn. ica1 c o n s i d e r a t i o n s ,  c o n s t r u c t i o n  and l o c a t i o n .  

For  t h o s e  who have occup ied  themse lves  w i t h  t h e  q u e s t i o n  

o f  c o n s t r u c t i o n  o f  a r t i f i c i a l  i s l a n d s  i n  t h e  s e a ,  p o s s i b l y  

o u t s i d e  o f  t e r r i t o r i a l  w a t e r s  and consequen t l y  beyond t h e  

l i m i t s  o f  n a t i o n a l  s o v e r e i g n t y ,  i t  w i l l  n o t  come a s  a  s u r -  

p r i s e  t h a t  t h e  i n t e r n a t i o n a l  law q u e s t i o n s  a r e  coming f i r s t  

on t h e  l i s t  of prob lems t o  be i n v e s t i g a t e d .  I f ,  under  i n t e r -  

n a t i o n a l  law, t h e  c o n s t r u c t i o n  o f  such i s l a n d s  e i t h e r  w i t h i n  

o r  o u t s i d e  t e r r i t o r i a l  w a t e r s  under  no c i r cums tance  were per -  

m i t t e d ,  t h e  whole f e a s i b i l i t y  s t u d y  cou ld  be d i s c o n t i n u e d .  

It was dec ided  t o  a s k  a  s m a l l  group o f  well-known i n t e r n a -  



t i o n a l  l a w y e r s  t o  p r e p a r e  t h e  r e p o r t  on t h e  j u r i d i c a l  p rob -  

lems. The No r t h  S e a  I s l a n d  Group was p l e a s e d  t o  f i n d  a v a i l -  

a b l e  D r .  L . J .  Bouchez ( U n i v e r s i t y  of  U t r e c h t ) ,  P r o f .  R . Y .  

J e n n i n g s  Q . C .  ( c a m b r i d g e ) ,  and P r o f . D r .  G .  J a e n i c k e  ( H e i d e l -  

b e r g ) ,  t o  p r e p a r e  t h i s  s t u d y .  T h e i r  r e p o r t  i s  now a v a i l a b l e  

f o r  t h o s e  i n t e r e s t e d  o u t s i d e  t h e  Nor th  S e a  I s l a n d  Group and 

can  b e  o b t a i n e d  f rom t h e  S e c r e t a r i a t  o f  t h e  Group a t  20 Ros- 

molenweg, P a p e n d r e c h t ,  N e t h e r l a n d s .  

T h i s  e x t r e m e l y  v a l u a b l e  and h i g h l y  i n t e r e s t i n g  r e p o r t  s ta r t s  

f rom t h e  a s s u m p t i o n  t h a t  t h e  Nor th  S e a  I s l a n d  Group would 

n o t  v e n t u r e  upon t h e  c o n s t r u c t i o n  o f  a n  a r t i f i c i a l  i s l a n d  

i n  t h e  Nor th  Sea  w i t h o u t  t h e  a u t h o r i s a t i o n  and s p o n s o r s h i p  

o f  t h e  a p p r o p r i a t e  government  as such  a u t h o r i s a t i o n  would,  

i n  t h e i r  v iew,  b e  a l e g a l  r e q u i r e m e n t .  One would h a r d l y  con- 

t e m p l a t e  mak ing,  w i t h o u t  government  b a c k i n g ,  s o  l a r g e  a n  i n -  

ves tmen t  i n  a v e n t u r e  wh ich  would m a n i f e s t l y  e n t a i l  i n t e r n a -  

t i o n a l  r e s p o n s i b i l i t i e s  and r e p e r c u s s i o n s .  

However, as t h e r e  i s  as y e t  no body o f  i n t e r n a t i o n a l  law 

which e x p r e s s l y  r e g u l a t e s  t h e  c o n s t r u c t i o n  o f  a r t i f i c i a l  i s -  

l a n d s ,  even  t hough  i t  i s  one o f  t h e  s u b j e c t s  i n  t h e  v e r y  l o n g  

agenda  o f  t h e  ongo ing  i n t e r n a t i o n a l  Con fe rence  on t h e  Law o f  

t h e  S e a ,  i t  h a s  been n e c e s s a r y  t o  d i s c o v e r  t h e  l e g a l  p o s i t i o n  

by a p r o c e s s  o f  d e d u c t i o n  f rom t h e  c o r o l l a r i e s  o f  g e n e r a l  

p r i n c i p l e s  o f  i n t e r n a t i o n a i  law and f rom t h e  r u l e s  o f  i n t e r -  

n a t i o n a l  law a p p l i c a b l e  t o  a n a l o g o u s  s i t u a t i o n s  and a c t i v i t i e s .  



On t h e  b a s i s  o f  t h e s e  d e d u c t i o n s  t h e  j u r i d i c a l  r e p o r t  comes 

t o  t h e  c o n c l u s i o n  t h a t  s i n c e  t h e  Nor th  S e a  h a s  c o n t i n u o u s  

c o n t i n e n t a l  s h e l f ,  a n  a r t i f i c i a l  i s l a n d  i n  t h e  h i g h  s e a s  

of  t h e  Nor th  Sea  c a n  o n l y  b e  c o n s t r u c t e d  on t h e  c o n t i n e n t a l  

s h e l f  o f  one  o f  t h e  c o a s t a l  s t a t e s .  And s i n c e  a n  a r t i f i c i a l  

i s l a n d  may s u b s t a n t i a l l y  a f f e c t  t h e  " s o v e r e i g n  r i g h t s "  o f  t h e  

c o a s t a l  s t a t e  i n  r e s p e c t  o f  t h e  n a t u r a l  r e s o u r c e s  o f  t h e  con-  

t i n e n t a l  s h e l f ;  and s i n c e  t h e  c o a s t a l  s t a t e ' s  i n t e r e s t s  a r e  

d i r e c t l y  a f f e c t e d  by permanent  s t r u c t u r e s  b e f o r e  i t s  c o a s t ;  

i t  f o l l o w s  t h a t  t h e  c o a s t a l  s t a t e  h a s  t h e  r i g h t  t o  g i v e  o r  

r e f u s e  i t s  c o n s e n t  t o  t h e  c o n s t r u c t i o n  and u s e  o f  s u c h  a n  

i s l a n d .  

F o l l o w i n g  t h i s  i t  i s  c l e a r  t h a t  t h e  r e p o r t  c o n t i n u e s  t o  s t a t e  

t h a t  t h e  c o a s t a l  s t a t e  may t a k e  t h e  n e c e s s a r y  measu res  t o  

p r o t e c t  i t s  e x c l u s i v e  competence t o  a u t h o r i s e  t h e  c o n s t r u c -  

t i o n  o f  a n  a r t i f i c i a l  i s l a n d  and t o  p r e v e n t ,  i n  t h e  l as t  r e -  

s o r t  w i t h  a p p r o p r i a t e  en fo r cemen t  measu res ,  any  u n a u t h o r i s e d  

c o n s t r u c t i o n  o f  a n  a r t i f i c i a l  i s l a n d  on i t s  c o n t i n e n t a l  s h e l f .  

The c o a s t a l  s t a t e  h a s  j u r i s d i c t i o n  t o  r e g u l a t e ,  i n  i t s  muni- 

c i p a l  law, t h e  p r o c e d u r e  u n d e r  wh ich  s u c h  a u t h o r i s a t i o n  may 

b e  o b t a i n e d ,  and t o  a p p l y  c r i m i n a l  s a n c t i o n s  t o  any unau tho -  

r i z e d  c o n s t r u c t i o n .  I n  e x e r c i s i n g  i t s  l e g i s l a t i v e  and en-  

f o r cemen t  j u r i s d i c t i o n  o v e r  a r t i f i c i a l  i s l a n d s ,  t h e  c o a s t a l  

s t a t e  may i n  p r i n c i p l e  e x t e n d  any  r u l e  o f  i t s  m u n i c i p a l  law 

t o  a c t i v i t i e s  t a k i n g  p l a c e  on t h e  i s l a n d  i f  i t  c o n s i d e r s  s u c h  

e x t e n s i o n  n e c e s s a r y .  



It i s  e v i d e n t  t h a t  t h e  r e p o r t  g o e s  i n t o  a  number o f  o t h e r  

q u e s t i o n s  a s  w e l l ,  s u c h  a s  t h e  need f o r  s a f e t y  zones  d u r i n g  

t h e  c o n s t r u c t i o n  s t a g e ,  t h e  c o n s t r u c t i o n  o f  i s l a n d s  w i t h i n  

t e r r i t o r i a l  w a t e r s ,  t h e  p rob lems o f  l i a b i l i t y  o f  t h e  a u t h o -  

r i z i n g  c o a s t a l  s t a t e ,  u n j u s t i f i a b l e  i n t e r f e r e n c e  w i t h  o t h e r  

p e r m i t t e d  u s e s  o f  t h e  s e a s  by t h i r d  s t a t e s  o r  t h e i r  n a t i o n a l s ,  

b u t  f o r  t h e  t i m e  b e i n g  t h e  most  i m p o r t a n t  outcome o f  t h e  r e -  

p o r t  f o r  t h e  No r t h  Sea  I s l a n d  Group was t h e  c e r t a i n t y  t h a t  

no ma jo r  l e g a l  o b s t r u c t  i o n s  e x i s t  p r o h i b i t i n g  t h e  c o n s t r u c -  

t i o n .  

I n  March 1974 t h e  I n t e r i m  Repor t  on p h a s e  A o f  t h e  f e a s i b i l i t y  

s t u d y  was comp le ted  and  i t s  t h r e e  volumes were  g i v e n  r e s t r i c -  

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

p o r t .  Only t h e  f o u r t h  volume, t h e  J u r i d i c a l  R e p o r t ,  c a n  be 

c o n s i d e r e d  f i n a l .  I n  p h a s e  A t h e  c o n c l u s i o n  i s  r e a c h e d  t h a t  

on t h e  b a s i s  o f  t e c h n i c a l  and economic c o n s i d e r a t i o n s  t h r e e  

l o c a t i o n s  a r e  t o  be  s t u d i e d  f u r t h e r ,  i . e .  West o f  Hook o f  

Ho l l and ,  E a s t  o f  G r e a t  Yarmouth, and  t h e  l o c a t i o n  on t h e  

Brown R idge  n e a r  t h e  t i d a l  amphidromic p o i n t  i n  t h e  s o u t h e r n  

p a r t  o f  t h e  Nor th  S e a .  

Phase  B of  t h e  s t u d y  h a s  now s t a r t e d  i n  wh ich  s o c i a l  z s p e c t s  

and  t h e  i n h e r e n t  l a b o u r  p rob lems ,  e . g .  t h e  c o s t  f a c t o r  o f  t h e  

l a b o u r  a s p e c t ,  w i l l  b e  s t u d i e d ,  t o g e t h e r  w i t h  management and 

e x p l o i t a t i o n  p rob lems  a s  w e l l  as e n v i r o n m e n t a l  q u e s t i o n s . A l s o  

t h e  p rob lem o f  f i n a n c i n g  w i l l  be  gone i n t o  and  t h e  economic 

a s p e c t s  r e l a t e d  t o  t h e  e s t a b l i s h m e n t  o f  a  c l u s t e r  o f  d i f f e r e n t  



industries on the island, enabling to make provisions for 

collective infrastructural layout and arrangements. 

It is especially the environmental problem, not only re- 

lated to the construction of the island itself, but also 

to its occupation and the need of the industries thereon 

to dispose of their waste and effluents, that has to be 

studied carefully. Related thereto is the establishment 

on the island of a multi-purpose waste disposal and re- 

cycling plant and its influence on the total environmental 

impact of the island. 

For this reason the North Sea Island Group has set up a 

Working Group consisting of a number of "user-industries" 

which consider construction of plants on the island. They 

could invite whoever they deemed necessary to guide them in 

their deliberations and in proposing applicable and adequate 

measures to reduce the negative impact of the island on the 

environment to a minimum. At the same time a governmental 

Working Group started its work and as this group comprises 

representatives from all ministries which are in one 

way or another responsible for certain environmental aspects, 

it is justified to express the hope that their findings will 

reflect the viewpoint of the Government as a whole. At a 

later stage it may be necessary to reconcile what is politi- 

cally and governmentally desirable, with what is scientifi- 

cally justified and industrially feasible. This "user-in- 



d u s t r y "  g roup  and t h e  governmenta l  g roup  t o g e t h e r  c a r r y  

o u t  t h e  r e q u i r e d  t e c h n o l o g y  assessmen t  n e c e s s a r y  t o  e n a b l e  

us  t o  f o r e s e e  what w i l l  be  t h e  impact  on t h e  env i ronment  

o f  such  a n  a r t i f i c i a l  i s l a n d  i n  t h e  chosen  l o c a t i o n .  The 

r e q u i r e d  t e c h i ~ o l o g i c a l - e c o n o m i c - s o c i a l - j u r i d i c a l  a s s e s s -  

ment i s  c a r r i e d  o u t  by t h e  Nor th  Sea I s l a n d  Group as a 

whole .  

Now t h a t  phase  B o f  t h e  s t u d y  h a s  p roceeded  f o r  e i g h t  months 

i t  l o o k s  a s  i f  t h e  l o c a t i o n  West o f  Hook o f  Ho l l and  becomes 

t h e  most i n t e r e s t i n g .  The re  a r e  f o u r  p o l i t i c a l  ma ins t reams  

which i n f l u e n c e  t h e  West Hook o f  Ho l land  l o c a t i o n  i n  a  p o s i -  

t i v e  way. They a r e :  

1) t h e  d e e p e n i n g  o f  t h e  app roach  c h a n n e l  t o  Ro t te rdam and 

Eu ropoo r t  and  t h e  need f o r  c o n s t r u c t i o n  o f  a n  o f f s h o r e  

s h e l t e r  h a r b o u r  f o r  damaged s h i p s ,  

2 )  t h e  f u t u r e  f u l l  o c c u p a t i o n  o f  t h e  l a n d  a round  t h e  Eu ropoo r t  

h a r b o u r  f o r  wh ich a n  a r t i f i c i a l  i s l a n d  w i l l  become a  com- 

p l e m e n t a r y ,  i f  n o t  a l s o  a supp lemen ta ry ,  a s p e c t ,  

3 )  t h e  prob lems r e l a t e d  t o  t h e  a c c e p t a n c e  o f  LNG t a n k e r s  i n  

h a r b o u r s  w i t h  a c o n s t a n t  h i g h - d e n s i t y  t r a f f i c  s t r e a m ,  and 

4) t h e  n e c e s s i t y  o f  n u c l e a r  ene rgy  f o r  t h e  N e t h e r l a n d s  and 

t h e  f a c t  t h a t  a n  o f f - s h o r e  power p l a n t  w i l l  f i n d  u n l i m i t e d  

amounts o f  c o o l i n g  w a t e r  w i t h  l i t t l e  impac t  on t h e  e n v i r o n -  

ment .  



It i s  t h e  v i e w p o i n t  of  t h e  No r t h  Sea  I s l a n d  Group t h a t  a f t e r  

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

1 9 7 5 ,  i n d u s t r i e s  i n t e r e s t e d  t o  c a r r y  t h e  c o n c e p t  o f  a n  a r t i -  

f i c i a l  i s l a n d  f u r t h e r  i n t o  t h e  s t a g e  o f  a c t u a l  c o n s t r u c t i o n ,  

s h o u l d  p o o l  t h e i r  r e s o u r c e s  i n  a  deve lopment  and e x p l o i t a t i o n  

company o f  which t h e  fo rm and m o d a l i t i e s  a r e  now u n d e r  con-  

s i d e r a t i o n .  It i s  a l r e a d y  c l e a r ,  however,  t h a t  government  

s u p p o r t  and  p a r t i c i p a t i o n  i n  one way o r  a n o t h e r ,  i s  d e s i r a b l e .  

A f t e r  t h e  t e r m i n a t i o n  o f  t h e  f e a s i b i l i t y  s t u d y  t h e  No r t h  Sea  

I s l a n d  Group may c e a s e  t o  e x i s t  o r  may be  a s k e d  t o  c a r r y  o u t  

f u r t h e r  complementary  s t u d i e s .  A t  t h e  same t i m e ,  however,  

a new body s h o u l d  be  i n  e x i s t e n c e  c o n s i s t i n g  o f  i n d u s t r i a l  

p a r t n e r s  who want t o  be  f i n a n c i a l l y  i n v o l v e d  i n  t h e  p o s s i b l e  

r e a l i z a t i o n  and  e x p l o i t a t i o n  o f  a n  a r t i f i c i a l  i s l a n d ,  wh ich  

body s h o u l d  have  l e g a l  s t a t u s  and s h o u l d  c a r r y  on t h e  d e l i b -  

e r a t i o n s  w i t h  t h e  government  a u t h o r i t i e s .  

The c o n s t r u c t i o n  o f  a n  a r t i f i c i a l  i s l a n d  i n  t h e  Nor th  Sea  

i s  l e g a l l y  a c c e p t a b l e  and  t e c h n o l o g i c a l l y  p o s s i b l e .  The 

f e a s i b i l i t y  s t u d y  a l r e a d y  h a s  shown t h a t  i t  i s  e c o n o m i c a l l y  

i n t e r e s t i n g .  S o c i a l  and  l a b o u r  i m p l i c a t i o n s  w i l l  p rove  t o  

be  most  i m p o r t a n t  p a r a m e t e r s  on which f u r t h e r  c o s t - b e n e f i t  

a n a l y s e s  a r e  t o  be b a s e d ,  whe reas  t h e  e n v i r o n m e n t a l  impac t  

w i l l  i n f l u e n c e  o u r  w e l l - b e i n g  f o r  b e t t e r  o r  f o r  wo rse ,  b u t u n -  

l e s s  I am v e r y  much m i s t a k e n ,  f o r  t h e  b e t t e r .  Government 

s u p p o r t ,  p a r t i c i p a t i o n  and  p r o t e c t i o n ,  however ,  a r e  needed ,  

e s p e c i a l l y  i n  t h i s  v e r y  f i r s t  endeavour  i n  t h e  No r t h  S e a .  


