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The F a s t  Breede r  a s  a  Corne r s tone  f o r  

F u t u r e  Large S u p p l i e s  o f  Energy* 

Wolf Hafe le  

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

The purpose  o f  t h i s  pape r  i s  t o  p u t  t h e  development 

of  t h e  f a s t  b r e e d e r  and i t s  deployment i n t o  t h e  p e r s p e c t i v e  

o f  t h e  c u r r e n t  energy problem. Th i s  a p p e a r s  t o  be neces-  

s a r y  as t h e  e a r l y  development s t a g e s  o f  t h e  f a s t  b r e e d e r  

t ook  p l a c e  when t h e  world looked q u i t e  d i f f e r e n t .  Also ,  

more and more t h e r e  appea r s  t o  be a widespread  m i s i n t e r p r e -  

t a t i o n  of  i t s  f e a t u r e s  and c a p a b i l i t i e s .  But b e f o r e  we 

examine t h e  f a s t  b r e e d e r ,  i t  i s  a p p r o p r i a t e  t o  i d e n t i f y  a 

few f e a t u r e s  o f  t h e  g e n e r a l  energy  problem a s  we s e e  i t  today .  

2 .  The P h a s i n g  o f  t h e  Energy Problem 

It i s  v i t a l  t o  r e a l i z e  t h a t  t h e  problem o f  energy 

seems t o  a p p e a r  i n  phases .  During t h e s e  phases  t h e  de- 

t a i l e d  f e a t u r e s  o f  t h e  energy problem w i l l  be  q u i t e  

d i f f e r e n t ,  sometimes even of  a n  o p p o s i t e  n a t u r e .  

Th i s  pape r  i s  t o  be p r e s e n t e d  a t  t h e  P r e p a r a t o r y  
Conference on Energy P o l i c i e s  and t h e  I n t e r n a t i o n a l  System, 
sponsored  by t h e  Cen te r  f o r  t h e  Study o f  Democrat ic  
I n s t i t u t i o n s ,  December 4-7, 1973,  S a n t a  Ba rba ra ,  C a l i f o r n i a ,  
U.S.A. 



We d i s t i n g u i s h  t h e  f o l l o w i n g  t h r e e  p h a s e s  : 

a )  t h e  s h o r t  r a n g e  p h a s e  - 1970 - 1985 ,  

b )  t h e  medium r a n g e  p h a s e  - 1980 - 1 9 9 5 ,  and  

c )  t h e  l o n g  r a n g e  p h a s e  - 1990  - 2050 ( ? ) .  

The y e a r s  g i v e n  above  s h a l l  b e  o n l y  i n d i c a t i v e ;  t h e  p h a s e s  

a r e  o v e r l a p p i n g  a n d  n o t  s o  c l e a r l y  d e f i n e d .  I n  t h e  f o l l o w -  

i n g  a few e x p l a n a t i o n s  a r e  g i v e n  t h a t  may c h a r a c t e r i z e  

t h e s e  t h r e e  p h a s e s  a n d  c a n  p e r h a p s  make t h e i r  i n t r o d u c t i o n  

p l a u s i b l e  ( s e e  a l s o  f o r  t h i s  p u r p o s e  F i g u r e  1).  

a )  The S h o r t  Range P h a s e  (1970  - 1 9 8 5 )  

I n  t h e  s h o r t  r a n g e  p h a s e  o f  t h e  e n e r g y  p r o b l e m  t h e r e  

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

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

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

However, t h i s  r e q u i r e s  t i m e ,  p r o b a b l y  t e n  t o  f i f t e e n  y e a r s .  

T h e r e f o r e  i t  i s  j u s t  t h i s  l e a d  t i m e  t h a t  d e t e r m i n e s  t h e  

t i m e  r a n g e  o f  t h e  f i r s t  p h a s e  o f  t h e  e n e r g y  p r o b l e m  as 

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

e c o n o m i c a l  t o o l s  c a n  b e  e x p e c t e d  t o  b e  o f  h e l p .  

The most  o b v i o u s  p r o b l e m  o f  t h i s  f i r s t  p h a s e  i s  t h e  

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

C o n s i d e r ,  f o r  i n s t a n c e ,  t h e  p r o b l e m  o f  o i l  p r o s p e c t i n g .  

A c c o r d i n g  t o  M.K. Hubber t  [l] t h e  amount o f  o i l  d i s c o v e r e d  

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

s i n c e  1 9 3 8  a n d  i s  now o n l y  35 b a r r e l s / f o o t .  F u r t h e r ,  



Hubbert  assumes t h a t  t h e  d i s c o v e r i e s  up t o  1965 r e p r e s e n t  

abou t  82% o f  t h e  p r o s p e c t i v e  u l t i m a t e  t o t a l .  The s i t u a -  

t i o n  f o r  gas  i s  q u a l i t a t i v e l y  s i m i l a r ,  b u t  t h i s  i s  n o t  t h e  

c a s e  f o r  c o a l .  Other  f a c t o r s  i n h i b i t  t h e  easy  use  o f  c o a l  

[2]. There i s  no t  much hope t h a t  new r e s o u r c e s  f o r  o i l  

and gas  can  be d i s c o v e r e d  e a s i l y ,  and an  uncommonly l a r g e  

amount o f  c a p i t a l  would be  r e q u i r e d  f o r  such  d i s c o v e r i e s .  

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

theme i n  t h e  y e a r s  t o  come. I n c r e a s e d  e f f i c i e n c i e s  o f  

energy c o n v e r s i o n ,  t h e  r e d u c t i o n  o f  w a s t e f u l  u s e s ,  b e t t e r  

h e a t  i n s u l a t i o n  o f  o f f i c e s  and homes, and o t h e r  measures 

w i l l  have con t inued  a t t e n t i o n .  The e x i s t i n g  f o r e c a s t s  f o r  

t h e  demand o f  energy must t h e n  be reexamined c o n s i d e r i n g  

such  energy c o n s e r v a t i o n .  T h i s  w i l l  be  e s p e c i a l l y  s o  i n  

t h e  U .  S. [3] where a change from a f f l u e n c e  t o  c o n s e r v a t i o n  

o f  energy  w i l l  be  expe r i enced .  I n  o t h e r  c o u n t r i e s  such  

change w i l l  be  l e s s  d r a s t i c  b u t  i t  w i l l  e x i s t .  

Conse rva t ion  can  merely r educe ,  n o t  e l i m i n a t e  t h e  

problem of' o i l  and gas  s h o r t a g e .  During t h e  s h o r t  r ange  

phase  o f  t h e  energy problem t h e  U.S. h a s  no c h o i c e  b u t  t o  

impor t  t h e  neces sa ry  amounts o f  o i l  from t h e  Middle E a s t  

which h a s  abou t  50% o f  a l l  o i l  r e s o u r c e s  o u t s i d e  t h e  USSR 

and China.  One has  t o  r e a l i z e  however t h a t  J a p a n  g e t s  

c 80% and Western Europe c 60% o f  i t s  o i l  supp ly  from t h e  

Middle E a s t .  The i m p l i c a t i o n s  o f  t h e s e  f a c t s  a r e  o u t l i n e d  

i n  d e t a i l  f o r  i n s t a n c e  by Wal t e r  Levy C4, 51. 



Nuclear  Power w i l l  i n c r e a s e  i t s  s h a r e  i n  t h e  produc- 

t i o n  o f  e l e c t r i c a l  power b u t  t h i s  s h a r e  w i l l  be l i m i t e d  

because  t h e  l e a d  t ime  f o r  t h e  c o n s t r u c t i o n  o f  a  n u c l e a r  

power p l a n t  i s  s t e a d i l y  i n c r e a s i n g .  I n  t h e  U.S. e i g h t  t o  

n i n e  y e a r s  f o r  such  l e a d  t ime  a r e  no t  unusua l .  F u r t h e r ,  

one h a s  t o  r e a l i z e  t h a t  a l l  e l e c t r i c a l  power makes up only  

25% o f  t h e  pr imary  energy demand and only  a s  l i t t l e  a s  10% 

o f  t h e  secondary  energy demand. Nuclear  power w i l l  t h e r e -  

f o r e  have a  s m a l l e r  b u t  n e v e r t h e l e s s  impor t an t  impact  on 

t h e  o v e r a l l  energy  problem i n  t h e  s h o r t  r ange  phase  t h a n  

was expec t ed  p r e v i o u s l y .  

There a r e  many e x i s t i n g  r e g u l a t i o n s  f o r  t h e  u se  o f  

ene rgy ,  impor t ,  t a x e s ,  r a t e s .  Q u i t e  o f t e n  t h e s a  r e g u l a -  

t i o n s  d e r i v e d  from a  fragmented p o i n t  o f  view. Subopt i -  

m i z a t i o n ~  were made when energy  was no t  y e t  a  comprehen- 

s i v e  problem. An example i s  t h e  impor t  q u o t a s  f o r  o i l  i n  

t h e  U.S. But a l s o  i n  t h e  F e d e r a l  Republ ic  o f  Germany, f o r  

i n s t a n c e ,  i t  i s  on ly  now t h a t  a  comprehensive p l a n  f o r  

d e a l i n g  wi th  energy a s  a  whole i s  b e i n g  d e v i s e d .  Addi t ion-  

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

a r e  now b e i n g  added a t  an i n c r e a s i n g  r a t e .  To some e x t e n t  

i t  was n u c l e a r  power t h a t  i n i t i a t e d  a n  awareness  f o r  env i -  

ronmenta l  problems.  Of c o u r s e  one r e a l i z e s  t h a t  n u c l e a r  

power f u l f i l l e d  only  a p i l o t  f u n c t i o n  t h e r e ;  t h e  env i ron -  

men ta l  problems a r e  much more g e n e r a l .  N e v e r t h e l e s s ,  t h e  

c o m p l i c a t i o n s  i n  l i c e n s i n g  n u c l e a r  power p l a n t s  due t o  



a c t i o n s  o f  e n v i r o n m e n t a l  g r o u p s  worsen  t h e  p r o b l e m  o f  

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

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

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

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

f r o m  a c o m p r e h e n s i v e ,  s y s t e m s  p o i n t  o f  v iew.  

Some o b s e r v e r s  f e e l  t h a t  a t  p r e s e n t  t h e r e  i s  o v e r -  

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

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

l a t i o n s  s u c h  as power p l a n t s ,  d e e p  water t e r m i n a l s ,  r e f i n -  

e r i e s ,  a n d  h i g h  v o l t a g e  t r a n s m i s s i o n  l i n e s .  It i s  e x p e c t -  

e d  t h a t  t h e  n e x t  t e n  y e a r s  w i l l  b r i n g  a c e r t a i n  e q u i l i b r i -  

um be tween  e n v i r o n m e n t a l  a n d  e c o n o m i c a l  r e q u i r e m e n t s .  

Such e s t a b l i s h m e n t  o f  a r e a s o n a b l e  e q u i l i b r i u m  i s  p r o b a b l y  

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

p r o b l e m .  

A l s o  e n e r g y  p r i c e s  w i l l  b e  p u t  i n  e q u i l i b r i u m  w i t h  

t h e  g e n e r a l  economy o f  t h e  n e x t  d e c a d e .  The i n s t a l l a t i o n  

o f  new f a c i l i t i e s  l i k e  r e f i n e r i e s ,  e n h a n c e d  e x p l o r a t i o n  o f  

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

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

o t h e r  r e q u i r e m e n t s  w i l l  a l l  t e n d  t o  i n c r e a s e  t h e  e n e r g y  

p r i c e s .  It r e m a i n s  t o  b e  s e e n  where  t h i s  e q u i l i b r i u m  w i l l  

o c c u r .  

Much h a s  b e e n  p u b l i s h e d  o n  t h e s e  q u e s t i o n s  i n  t h e  

r e c e n t  p a s t .  I n  p a r t i c u l a r  a n  a r t i c l e  of  S t .  D.  B e c h t e l [ 6 ]  



h e l p s  make neces sa ry  d i s t i n c t i o n s  and t h e r e f o r e  s h a l l  be 

mentioned h e r e .  

b )  The Medium Range Phase (1980 - 1995)  

A s  mentioned b e f o r e ,  t echnology can  h e l p  s o c i e t y  

a d j u s t  mainly t o  new c o n d i t i o n s  and c o n s t r a i n t s  i n  t h e  

problem o f  energy .  The neces sa ry  l e a d  t ime  f o r  t h e  

implementa t ion  o f  such measures de t e rmines  t h e  beg inn ing  

o f  t h e  medium range  phase  of  t h e  energy  problem. Th i s  i s  

t h e  phase  where t e c h n o l o g i c a l  ad jus tmen t s  can  be f e l t .  In 

o r d e r  t o  s e e  roughly  where such  a d j u s t m e n t s  have t o  be 

made i t  i s  impor t an t  t o  r e a l i z e  t h a t  a s  a  r u l e  o f  thumb 

t h e  energy consumption s p l i t s  i n  t h e  r a t i o s  1:l:l;l. 25% 

o f  t h e  primary energy demand goes  i n t o  households  and 

commercial b u i l d i n g s ,  25% is  f o r  i n d u s t r i a l  pu rposes ,  25% 

i s  f o r  t r a n s p o r t a t i o n  and 25% i s  t h e  primary energy  demand 

f o r  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 .  Because of conve r s ion  

i n e f f i c i e n c i e s  t h i s  l a s t  25% c o n s t i t u t e s  only  10% o f  t h e  

secondary  form o f  o v e r a l l  energy  demands. Nuclear  energy  

h a s  been developed  a lmost  e x c l u s i v e l y  w i t h  a  view t o  

produce  e l e c t r i c a l  power. Even i f  n u c l e a r  power t a k e s  

o v e r  t h e  m a j o r i t y  o f  e l e c t r i c a l  power p l a n t s  (and i t  

p robab ly  w i l l ) ,  t h e  problem o f  p r o v i d i n g  s u f f i c i e n t  energy  

w i l l  p r e v a i l  i n  t h a t  p e r i o d ,  because  i t  i s  no t  r e a d i l y  

c l e a r  t h a t  a n  a l l - e l e c t r i c  economy i s  a  f e a s i b l e  s o l u t i o n .  

A t  l e a s t  i t  seems obvious  t h a t  a i r p l a n e s  cannot  f l y  on an  



e l e c t r i c a l  b a s i s .  F o s s i l  f u e l  w i l l  c o n t i n u e  t o  p l ay  a n  

i m p o r t a n t  r o l e  and f o r t u n a t e l y  t h e r e  i s  much f o s s i l  f u e l  

i n  t h e  form o f  c o a l .  The e x p l o i t a t i o n  o f  c o a l  h a s  been 

c o n s t a n t  o r  d e c r e a s i n g  i n  t h e  p a s t .  T h i s  i s  l a r g e l y  due 

t o  t h e  p r e s e n t  p r a c t i c e s  o f  mining,  b u t  improved s t a n d a r d s  

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

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

i n d u s t r i e s  have expe r i enced  i n  t h e  p a s t  decade [2]. The 

t e c h n o l o g i e s  t h a t  have been mentioned above w i l l  t h e r e f o r e  

probably  a t t a c k  t h e  problem o f  making use  o f  c o a l  by o t h e r  

means t h a n  conven t iona l  mining,  t h e  most obvious  schemes 

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

o f  such  f u e l  th rough p i p e  l i n e s  [7 ] .  Such a  scheme a l l ows  

f o r  a  smooth t r a n s i t i o n  from t h e  u se  o f  n a t u r a l  ga s  t o  t h e  

s u b s t i t u t e  o f  n a t u r a l  ga s  (SNG). G a s i f i c a t i o n  o f  c o a l  

r e q u i r e s  p r o c e s s  h e a t .  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  

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

of  such  p r o c e s s  h e a t .  T h i s  cou ld  l e a d  t o  an enhanced 

development o f  t h e  High Temperature Gas Cooled Reac to r  

(HTGR). 

Probably ,  a l s o  t h e  problem o f  s i t i n g  cou ld  be t h e  

s u b j e c t  f o r  s i g n i f i c a n t  t e c h n o l o g i c a l  advancements .  The 

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

s t a t i o n s  on f l o a t i n g  p l a t f o r m s  h a s  t o  be  mentioned h e r e .  

T h i s  a l l ows  f o r  cheape r  f a b r i c a t i o n  under  s t r i c t  q u a l i t y  

c o n t r o l  p r o v i s i o n s  and it h e l p s  t o  e a s e  t h e  e v e r - i n c r e a s i n g  



d i f f i c u l t i e s  o f  choos ing  s i t e s  f o r  power p l a n t s  and o t h e r  

t e c h n i c a l  i n s t a l l a t i o n s  i n  crowded a r e a s .  But o t h e r  

developments  on t h e  g e n e r a l  problem of  s i t i n g  must a l s o  be  

env i saged .  Another g o a l  f o r  t e c h n o l o g i c a l  r e s e a r c h  and 

development c o u l d  be abatement  measures f o r  t h e  u s e  o f  

f o s s i l  f u e l s .  Also s p e c i a l  u s e s  of s o l - a r  power have t o  be  

mentioned. For  i n s t a n c e ,  l o c a l  s p a c e  h e a t i n g s  i n  warmer 

c l i m a t e s  f a l l  under  t h i s  ca t ego ry .  Such s p e c i a l  use  o f  

s o l a r  energy i s  t a k i n g  p l a c e  a l r e a d y  today .  

More impor t an t  however w i l l  be  t h e  major  ad jus tment  

o f  t h e  economy and i n f r a s t r u c t u r e s  of  modern s o c i e t i e s  t o  

t h e  t h i r d  phase ,  t h e  l o n g  r ange  phase  of  t h e  energy prob- 

lem. A s  we w i l l  s e e  i n  t h e  n e x t  c h a p t e r ,  f o s s i l  f u e l  

r e s o u r c e s  a r e  l i m i t e d ,  and i n  t h e  l o n g  run  one o r  two o f  

t h e  few e x i s t i n g  o p t i o n s  f o r  a  p r a c t i c a l l y  i n f i n i t e  supply  

o f  energy has  t o  be  p repa red  f o r .  Th i s  p robab ly  r e q u i r e s  

a d j u s t m e n t s .  For  i n s t a n c e ,  i t  might be  neces sa ry  t o  

change t h e  boundary between t h e  e l e c t r i c a l  and t h e  non- 

e l e c t r i c a l  form o f  energy u s e s ,  o r  t o  c o n s i d e r  more 

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

energy  and t h e  a v a i l a b i l i t y  o f  w a t e r .  Adjustments  o f  t h a t  

k ind  w i l l  have s i g n i f i c a n t  consequences .  

c )  The Long Range Phase (1990 - 2050 ( ? ) )  

The main c h a r a c t e r i s t i c s  o f  t h e  l o n g  r a n g e  phase  o f  

t h e  energy  problem cou ld  be  t h e  f o l l o w i n g :  



- One o r  two of  t h e  few e x i s t i n g  o p t i o n s  t o  

have an a lmost  i n f i n i t e  supply  o f  energy  

have been i d e n t i f i e d  and f u l l y  i n v e s t i g a t e d  

f o r  l a r g e  s c a l e  implementa t ion .  

- The s i z e  o f  t h e  g l o b a l  energy demand has  

been i n c r e a s e d  by a t  l e a s t  a f a c t o r  of  t e n .  

The deve lop ing  n a t i o n s  a r e  among t h o s e  w i th  

t h e  h i g h e s t  i n c r e a s e  of  energy  consumption.  

- Boundary and c o n s t r a i n t s  f o r  t h e  g l o b a l  u s e  

o f  energy  have been i d e n t i f i e d  and modes 

f o r  t h e  p r o d u c t i o n  and use  of  energy  t h a t  

a r e  c o n s i s t e n t  w i t h  such bounda r i e s  and 

c o n s t r a i n t s  have been developed .  

- The medium range  phase  o f  t h e  energy  problem 

h a s  been used f o r  a  smooth t r a n s i t i o n  i n t o  

t h i s  l o n g  range  phase  o f  t h e  energy problem. 

The emphasis  i s  more on t h e s e  c h a r a c t e r i s t i c s  t h a n  on  

t h e  p a r t i c u l a r  d a t e  o f  1995. P r e d i c t i o n s  o f  d a t e s  come 

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

c h a r a c t e r i s t i c s  a s  such .  

3 .  Long Range Energy Demands 

I n  t h e  f o l l o w i n g  w e  w i l l  d e a l  w i t h  l a r g e  amounts o f  

energy .  It i s  t h e r e f o r e  u s e f u l  t o  i n t r o d u c e  t h e  u n i t  o f  

Q = l o l a  BTU. I n  Tab le  1 t h e  e q u i v a l e n t  o f  Q i n  s e v e r a l  

u n i t s  i s  g i v e n .  



I n  Tab le  2  a  few f i g u r e s  a r e  g iven  t h a t  c h a r a c t e r i z e  

t h e  consumption o f  energy .  It shou ld  be no ted  t h a t  t h e  

world consumption o f  energy  i n  1970 i s  roughly  1 / 4  & / y e a r  

whereas t h e  consumption f o r  t h e  y e a r  2050 cou ld  be 6 & / y e a r .  

T h i s  i s  a  f a c t o r  o f  25 l a r g e r  t h a n  t h e  v a l u e  f o r  1970. The 

f i g u r e  of  lo1' f o r  t h e  p o p u l a t i o n  i s  a n  u n s o p h i s t i c a t e d  

s t r a i g h t f o r w a r d  guess  and can  be h e a v i l y  deba t ed .  It 

s h o u l d  be  r e a l i z e d  however t h a t  t h i s  f i g u r e  does not imply 

e x p o n e n t i a l  growth.  A key f i g u r e ,  on t h e  o t h e r  hand, i s  

t h e  v a l u e  o f  20 kW/capita .  T h i s  f i g u r e  was i n t r o d u c e d  by 

Weinberg and Hamrnond [8] a f t e r  hav ing  s t u d i e d  i n  somewhat 

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

A breakdown o f  t h a t  f i g u r e  i s  g iven  i n  Tab le  3 .  Again i t  

s h o u l d  be no ted  t h a t  a l s o  i n  t h e  kW/capita  f i g u r e s  no 

e x p o n e n t i a l  growth o f  any k ind  has  been assumed. The p o i n t  

t h a t  ha s  t o  be made h e r e  i s  t h a t  we have t o  c o n s i d e r  t h e  

l i f e  c o n d i t i o n s  of  f u t u r e  decades  when t h e  p o p u l a t i o n  i s  

h i g h  and r e c y c l i n g  of  r e s o u r c e s  and i n  p a r t i c u l a r  w a t e r  i s  

probably  n e c e s s a r y .  I n  o r d e r  b e t t e r  t o  unde r s t and  such  

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

l i f e  s t y l e  d e s c r i p t i o n s  a r e  r e q u i r e d .  But t h e  argument 

goes  f u r t h e r .  F i g u r e  2  [9] shows t h a t  a t  p r e s e n t  t h e  u se  

o f  energy  i s  non-uniformly d i s t r i b u t e d  o v e r  t h e  g lobe .  

Con t r a ry  t o  t h a t ,  any c o n s i d e r a t i o n  o f  a s y m p t o t i c  s o l u t i o n s  

o f  t h e  energy problem must s t a r t  from t h e  assumpt ions  t h a t  

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



t h e  wor ld  p o p u l a t i o n ,  and f u r t h e r ,  t h e  a c t u a l  v a l u e  o f  t h a t  

f i g u r e  w i l l  co r r e spond  t o  t h e  h i g h e s t  f i g u r e  i n  q u e s t i o n ,  

i . e .  t h e  f i g u r e  f o r  t h e  U.S; It i s  i m p o s s i b l e  t h a t  a  non- 

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

e v e r  come i n t o  e f f e c t .  Even tua l ly  t h e  same comfor t  f o r  

a l l  o f  t h e  wor ld  p o p u l a t i o n  must be f e a s i b l e  and a c c e s s i b l e ,  

a t  l e a s t  p o t e n t i a l l y ,  and t h a t  means t h a t  any a sympto t i c  

s o l u t i o n  of  t h e  energy problem must be  based  on t h a t  

assumpt ion  o f  e q u a l i t y .  On t h e  b a s i s  o f  t h e s e  few concep- 

t u a l  c o n s i d e r a t i o n s  a l o n e  one c a n  s e e  t h a t  t h e  demand o f  

energy a s  compared w i t h  t o d a y ' s  v a l u e s  w i l l  b e  s i g n i f i c a n t l y  

l a r g e r ,  a t  l e a s t  1 0  t imes  b u t  probably  more. 

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

phases  o f  t h e  energy problem h a s  been  g iven .  The t h i r d  

phase- - the  l o n g  r ange  phase--has been  c h a r a c t e r i z e d  by t h e  

f a c t  t h a t  one o r  two o f  t h e  few o p t i o n s  f o r  p r a c t i c a l l y  

u n l i m i t e d  f u e l  supply  was chosen  f o r  implementa t ion ;  f o s s i l  

f u e l  cannot  be  employed on a  l a r g e  s c a l e  any more. A s  we 

w i l l  s e e  i n  t h e  n e x t  c h a p t e r  t h i s  happens when t h e  energy  

consumption r eaches  a  few Q / y e a r .  T h i s  i n  t u r n  depends 

l a r g e l y  on t h e  s i z e  of  t h e  wor ld  p o p u l a t i o n  and on t h e  r a t e  

a t  which t h e  d e v e l o p i n g  n a t i o n s  a r e  keep ing  up i n  t h e i r  

s t a n d a r d  o f  c i v i l i z a t i o n .  T h i s  may happen soone r  o r  l a t e r  

t h a n  1995 and t h e  l ong  r ange  phase  of  t h e  energy  problem 

w i l l  t h e n  a p p e a r  s o o n e r  o r  l a t e r  a c c o r d i n g l y .  The d a t e  of  

1995 i s  t h e r e f o r e  only  i n d i c a t i v e  a s  has  been  mentioned 



a b o v e .  

'I'he r e l e v a n c e  o f  s u c h  c o n s i d e r a t i o n s  c a n  b e  f e l t  i f  

F i g u r e  3 i s  c o n s i d e r e d .  It d e m o n s t r a t e s  t h e  l i n e a r i t y  

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

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

i n c r e a s e s  i n  t h e s e  f i g u r e s  a r e  e v a l u a t e d .  T h e r e  i s  d e b a t e  

t o d a y  as t o  wha t  e x t e n t  t h i s  l i n e a r i t y  i s  a n e c e s s i t y .  

Much work h a s  t o  b e  d o n e  t h e r e .  

4 .  Ene rgy  R e s o u r c e s  

The f u e l  t h a t  h a s  b e e n  e x c l u s i v e l y  u s e d  up t o  now i s  

f o s s i l  f u e l .  I n  v iew o f  f u t u r e  p h a s e s  we h a v e  t o  compare  

f o s s i l  f u e l  r e s o u r c e s  w i t h  t h o s e  f r o m  o t h e r  s o u r c e s .  

a )  F o s s i l  F u e l  

Widely  d i f f e r e n t  f i g u r e s  f o r  f o s s i l  f u e l  r e s o u r c e s  a r e  

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

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

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

i t s  as r e s o u r c e s .  E a r l  Cook [lo] makes t h e  o b s e r v a t i o n  

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

o f  r e s o u r c e s .  One i s  t h e  economic  method t h a t  s i rnp ly  

p r o j e c t s  h i s t o r i c  t r e n d s  a n d  demand e l a s t i c i t i e s  t o g e t h e r  

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

c o n d i t i o n s  o n e  wou ld  l o o k  f o r  f u e l ,  i t  w i l l  b e  t h e r e .  

T h i s  was p e r h a p s  a r e a s o n a b l e  a p p r o a c h  i n  t h e  p a s t  when t h e  

s c a l e  o f  e n e r g y  p r o d u c t i o n  was small if compared  w i t h  g l o b a l  



y a r d s t i c k s .  Here we a r e  concerned  w i t h  a  d i f f e r e n t  o r d e r  

o f  magnitude o f  t h e  energy problem. The n e x t  method is  t h e  

geo log i c - ana logy  method which i s  supp ly  o r i e n t e d  and n o t  

demand o r i e n t e d  a s  i s  t h e  economic method. E x t r a p o l a t i o n s  

a r e  made on t h e  b a s i s  o f  g e o l o g i c a l  c o n s i d e r a t i o n s .  The 

t h i r d  method i s  t h e  e x p l o i t a t i o n - h i s t o r y  method o f  M . K .  

Hubbert [ll] t h a t  t a k e s  i n t o  accoun t  t h e  h i s t o r y  o f  t h e  

p r o d u c t i o n  c u r v e ,  t h e  proved r e s e r v e  cu rve  and t h e  cu rve  o f  

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

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

I n  T a b l e  4 we p r e s e n t  i n f o r m a t i o n  t h a t  was g i v e n  by 

V. E. McKelvey and  D. C .  Duncan 1121 and M. K .  Hubbert [ll] . 
The l a r g e  d i f f e r e n c e  between t h e  lower  and  t h e  upper  l i m i t  

i n  t h e  c a s e  o f  t h e  McKelvey-Duncan d a t a  and t h e  d a t a  o f  

M . K .  Hubbert t h a t  a r e  i n  between i l l u s t r a t e  t h e  above 

remarks .  It s h o u l d  a g a i n  be  n o t e d  t h a t  t h e  upper  v a l u e s  

a r e  no l i m i t  i n  a  p h y s i c a l  s e n s e .  I n  t h e  c a s e  o f  c o a l ,  f o r  

i n s t a n c e ,  t h e  f i g u r e  r e f e r s  on ly  t o  r e s o u r c e s  above a  dep th  

o f  1800 m. 

O i l  r e s o u r c e s  a r e  somewhere between 2  Q and 20 Q .  It 

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

a  few & / y e a r  must be  a n t i c i p a t e d  i n  t h e  n o t  s o  d i s t a n t  

f u t u r e .  The f i g u r e s  i n  Tab l e  4 t h e r e f o r e  i n d i c a t e  t h a t  

such  consumptions cannot  be  ba sed  on o i l ,  i t  must be  c o a l  

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

t e n  o r  s o .  It  i s  t h e r e f o r e  i ndeed  r e a s o n a b l y  p o s s i b l e  t o  



make c o a l  a  c o r n e r s t o n e  f o r  t h e  medium range  phase o f  t h e  

energy  problem. It  cou ld  l a s t  f o r  a  few decades  i f  s imple-  

minded s t r a i g h t f o r w a r d  a l g e b r a  would be  a p p l i e d .  One has  

t o  t h i n k ,  however, about  t h e  c o n d i t i o n s  t h a t  would charac-  

t e r i z e  such  h a r v e s t i n g  o f  c o a l  a t  a  l a r g e  s c a l e .  It r e -  

q u i r e s  world-wide major  o p e r a t i o n s .  A s  we w i l l  s e e  i n  t h e  

nex t  c h a p t e r  t h i s  l e a d s  i n t o  sys tem problems-- i . e .  s i d e  

e f f e c t s  t h a t  were secondary  when t h e  h a r v e s t i n g  o f  r e -  

s o u r c e s  were modest w i l l  become f i r s t  o r d e r  e f f e c t s .  For  

i l l u s t r a t i o n  t h e  problems o f  s u r f a c e  mining c o u l d  be 

mentioned.  S i m i l a r  remarks s h o u l d  be made a l s o  f o r  t h e  

c a s e  o f  s h a l e  o i l .  

Much e f f o r t  i s  r e q u i r e d  t o  i d e n t i f y  such  sys t em 

problems.  It i s  no t  s u f f i c i e n t  t o  s imply p o i n t  t o  a  s i n g l e  

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

d u r i n g  which one can r e l y  on c o a l  might be  t h e r e f o r e  more 

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

on t h e  phases  o f  t h e  e n e r a  problems s a y i n g  t h a t  t h e  medium 

range  phase  s h o u l d  be p r i m a r i l y  a  phase  f o r  smooth t r a n s i -  

t i o n .  

b )  Uranium and Thorium Resources 

The remarks on t h e  d i f f i c u l t i e s  o f  h a v i n g  meaningfu l  

e s t i m a t e s  o f  f o s s i l  f u e l  r e s o u r c e s  apply  e q u a l l y  t o  r e -  

s o u r c e s  f o r  n u c l e a r  f i s s i o n  r e a c t o r s ,  i . e .  uranium and 

thor ium.  There a r e  many p u b l i c a t i o n s  on t h i s  q u e s t i o n .  I n  



t h e  middle s i x t i e s  t h e  q u e s t i o n  o f  uranium r e s e r v e s  was 

h e a v i l y  deba t ed  [13]. It s h o u l d  be  r e a l i z e d ,  however, t h a t  

a l l  t h e  f i g u r e s  on t h a t  t ime r e f e r r e d  t o  known d e p o s i t s  o r  

d e p o s i t s  t h a t  cou ld  be  d i s c o v e r e d  ~ i t h  a  h igh  deg ree  o f  

c e r t a i n t y .  F u r t h e r ,  on ly  uranium p r i c e s  o f  up t o  $jO/pound 

o f  U 0 were c o n s i d e r e d .  I n  o r d e r  t o  a p p r e c i a t e  t h i s  one 3  8 
h a s  t o  r e a l i z e  what t h e  o r e  c o s t s  p e r  kwh r e l a t i v e  t o  t h e  

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

They a r e  g iven  i n  Table  5. An i n c r e a s e  of  o r e  p r i c e s  from 

$10/pound t o  $3O/pound would i n c r e a s e  i n  c a s e  o f  a  l i g h t  

w a t e r  r e a c t o r  t h e  busba r  c o s t s  by about  1 mill/kWh. Such 

c o n s i d e r a t i o n s  were s e t t i n g  t h e  l i m i t s  i n  t h e  d i s c u s s i o n s  

o f  t h e  s i x t i e s .  However, i n  t h a t  t ime  t h e  main cons ide ra -  

t i o n  was t h e  commercial compe t i t i on  between n u c l e a r  and 

f o s s i l  power. I n  t h e  c o n t e x t  o f  t o d a y ' s  energy cons ide ra -  

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

n o t  t h e  only  v a l i d  v iewpoin t  now. I n  Tab le  6 we have ,  

t h e r e f o r e ,  a l s o  g i v e n  e s t i m a t e s  f o r  h i g h e r  uranium p r i c e s .  

A t  $100/pound t h e  c o s t  i n c r e a s e  f o r  e l e c t r i c a l  power from 

LWR would be  a t  5 mill/kWh and t h e  r e s o u r c e s  would s t i l l  

b e  on ly  a  few hundred Q. These a r e  q u a n t i t i e s  t h a t  a r e  

comparable t o  f o s s i l  r e s o u r c e s .  So f a r  a s  f u e l  r e s o u r c e s  

a r e  concerned ,  p r e s e n t  n u c l e a r  power p l a n t s  do not  d i f f e r  

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

d i f f e r e n t  f o r  t h e  b r e e d e r  r e a c t o r .  Its n e a r  t e rm impor- 

t a n c e  i s  t h a t  i n c r e a s e s  i n  p r i c e s  f o r  uranium o r e s  a r e  



p r a c t i c a l l y  not  f e l t  i n  t h e  busba r  c o s t s  of a  b r e e d e r  power 

s t a t i o n .  P r i c e s  exceed ing  $500/pound o f  U3O8 can  be a f -  

fo rded .  Vast amounts o f  r e s o u r c e s  t h e r e f o r e  become acces-  

s i b l e  and t h o s e  r e s o u r c e s  a r e  b e t t e r  conve r t ed  t o  energy  by 

a  f a c t o r  o f  about  100. Table  6 t h e r e f o r e  i n d i c a t e s  t h a t  

t h e  energy  r e s o u r c e s  a c c e s s i b l e  through t h e  n u c l e a r  b r e e d e r  

r e a c t o r  a r e  p r a c t i c a l l y  u n l i m i t e d ;  t h i s  i s  t h e  l o n g  te rm 

impor tance  o f  t h e  b r e e d e r .  M . K .  Hubbert [ll] g i v e s  t h e  

example f o r  uranium d e p o s i t s  t h a t  become mean ing fu l ly  

a c c e s s i b l e  by b r e e d e r  t echno logy .  I n  t h e  U.S., t h e  

Chat tanooga  s h a l e  s p r e a d s  o u t  a l o n g  t h e  Western b o a r d e r  o f  

t h e  Appalachian  Mountains. T h i s  s h a l e  h a s  a  uranium r i c h  

s t r a t u m ,  which i s  5 m t h i c k  and c o n t a i n s  60 g  p e r  t o n .  

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

under  t o d a y ' s  c i r cums tances .  The energy c o n t e n t  o f  t h i s  

s h a l e  p e r  s q u a r e  me te r  would be  e q u i v a l e n t  t o  t h a t  o f  2000 

m e t r i c  t o n s  o f  c o a l ,  o r  t h e  energy c o n t e n t  o f  a n  a r e a  o f  

1 3  k i l o m e t e r  s q u a r e  would be e q u i v a l e n t  t o  t h a t  o f  t h e  

wor ld  r e s o u r c e s  o f  c rude  o i l  ( 2 -  1012 b a r r e l ) !  

The d i s t r i b u t i o n  of  t ho r ium on t h e  v a r i o u s  p a r t s  o f  

t h e  g l o b e  i s  d i f f e r e n t  from t h a t  o f  uranium and t h i s  w i l l  

have r e g i o n a l  consequences.  I n d i a ,  f o r  example,  h a s  no t  

much uranium b u t  v a s t  amounts o f  thor ium.  I n d i a  t h e r e f o r e  

must l o o k  f o r  s p e c i a l  ways and means t o  e x p l o i t  t h e s e  

r e s o u r c e s .  A l t o g e t h e r ,  however, t h e  energy  e q u i v a l e n t  o f  



t h e  thor ium r e s o u r c e s  only  s l i g h t l y  exceeds  t h a t  o f  t h e  

uranium r e s o u r c e s .  One i s  e s s e n t i a l l y  c o r r e c t  i f  one 

assumes t h a t  t h e s e  e q u i v a l e n t s  a r e  e q u a l .  For  f u r t h e r  

d e t a i l s  we r e f e r  t o  McKelvey and Duncan [12]. E n e r a  

through t h e  f i s s i o n  o f  t h e  uranium and o f  t h e  thor ium atom 

by t h e  use o f  t h e  b r e e d e r  r e a c t o r  t h u s  p r o v i d e s  t h e  f i r s t  

o p t i o n  f o r  a n  a lmost  u n l i m i t e d  supply  o f  energy .  

One hAs t o  r e a l i z e  t h a t  t h e  development o f  t h e  b r e e d e r  

r e a c t o r  i s  f a r  advanced. The most advanced v e r s i o n  o f  t h e  

b r e e d e r  r e a c t o r  i s  t h e  l i q u i d  me ta l  f a s t  b r e e d e r  r e a c t o r .  

It i s  developed  by t h e  USSR, France ,  t h e  U K ,  Germany 

t o g e t h e r  w i t h  Belgium and t h e  Ne the r l ands ,  t h e  U.S., J apan ,  

and I t a l y .  But i t  s h a l l  be s t r e s s e d  e s p e c i a l l y  t h a t  I n d i a ,  

t o o ,  ha s  h e r  own f a s t  b r e e d e r  development .  We w i l l  t ouch  

upon t h i s  l a t e r .  Large s c a l e  developments  l i k e  t h a t  o f  t h e  

f a s t  b r e e d e r  r e a c t o r  have t o  pas s  t h r e e  t h r e s h o l d s :  

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

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

iii) t h e  t h r e s h o l d  o f  commercial f e a s i b i l i t y .  

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

300 MWe c l a s s  a r e  b e i n g  b u i l t  o r  p u t  i n t o  o p e r a t i o n  by t h e  

USSR, F rance ,  t h e  U K ,  and Germany t o g e t h e r  w i t h  Belgium and 

t h e  Ne the r l ands .  I n  t h e  U.S. and  Japan  such  c o n s t r u c t i o n  

is  e x p e c t e d  t o  come soon.  Tha t  means t h a t  t h e  second 

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

pas sed .  The commercial f e a s i b i l i t y  i s  expec t ed  f o r  t h e  



middle  e i g h t i e s  [15]. F u r t h e r ,  t h e  l i q u i d  m e t a l  cooled  

f a s t  b r e e d e r  r e a c t o r  has  back-ups.  The he l ium coo led  f a s t  

b r e e d e r  p rov ides  such  a  back-up s o l u t i o n .  C e r t a i n  key 

problems o f  t h i s  r e a c t o r  t y p e  a r e  b e i n g  i n v e s t i g a t e d .  But 

t h e  t he rma l  b r e e d e r  [16] and e s p e c i a l l y  t h e  mol ten  s a l t  

b r e e d e r  a s  pursued  by Oak Ridge Nat.  Lab. i n  t h e  U.S. back 

up t h e  development o f  t h e  l i q u i d  me ta l  f a s t  b r e e d e r  r e a c t o r .  

The p o i n t  t h a t  must be made h e r e  i s  t h i s :  a l r e a d y  w i t h  t h e  

technology o f  t h e  s e v e n t i e s  and t h e  e i g h t i e s  we have i n  t h e  

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

p r a c t i c a l l y  u n l i m i t e d  supply  o f  ene rgy ,  even i f  f u t u r e  

energy  consumption of  a  few & / y e a r  must be  env i saged  s o o n e r  

t h a n  expec t ed .  F igu re  4 summarizes t h e  s i t u a t i o n  f o r  

f o s s i l  f u e l  and n u c l e a r  f i s s i o n  r e a c t o r s  [g] and i l l u s -  

t r a t e s  how one  cannot  have one s i n g l e  f i g u r e  f o r  energy  

r e s o u r c e s .  

c )  Li th ium and Deuterium Resources 

Bes ides  f i s s i o n  t h e r e  i s  f u s i o n  a s  a n o t h e r  form o f  

n u c l e a r  power. It i s  known t h a t  f u s i o n  r e a c t o r s  have not  

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

i s  no t  u n l i k e l y  t h a t  t h i s  w i l l  happen i n  t h e  nex t  t e n  o r  

f i f t e e n  y e a r s .  Whatever t h e  answer t o  t h e  s c i e n t i f i c  and 

t h e  o t h e r  f e a s i b i l i t i e s  might b e ,  i t  i s  wor thwhi le  t o  have 

a l o o k  a t  t h e  f u e l  r e s o u r c e s .  By fa r  t h e  most p r o b a b l e  

scheme f o r  f u s i o n  i s  t h e  D-T r e a c t i o n .  T h i s  r e q u i r e s  



l i t h i u m  a s  a  f u e l  i n  a d d i t i o n  t o  deu te r ium.  It t u r n s  o u t  

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

I n  f a c t ,  such  a  r e a c t o r  i s  more p r e c i s e l y  a  f u s i o n  b r e e d e r  

[17] a s  l i t h i u m  i s  b r e d  i n t o  t r i t i u m  s i m i l a r l y  t o  t h e  

b r e e d i n g  o f  U-238 i n t o  Pu-239. I f  a  t e c h n i c a l  f u s i o n  

r e a c t o r  i s  env i saged  t h e n  i t  h a s  been found t h a t  1 MWd/gram 

o f  n a t u r a l  L i  (7 .4% Li-6 and  9 2 . 6 %  Li -7)  can  be produced 

[18]. That  i s  t h e  same amount a s  f o r  uranium o r  thor ium i n  

f i s s i o n  r e a c t o r s .  

Here low f i g u r e s  f o r  L i  a l s o  have been r e p o r t e d  [12]. 

T h i s  i s  o b v i o u s l y  t h e  c a s e  because  fo rmer ly  t h e r e  was no 

i n c e n t i v e  f o r  adequa te  p r o s p e c t i n g .  But t h e  amount o f  t h e  

l i t h i u m  i n  t h e  oceans  a l o n e  i s  i n d i c a t i v e :  2.7 1011 which 

7  c o r r e s p o n a s  t o  2 .2  . 10 Q i f  a l l  l i t h i u m  cou ld  be  e x t r a c t -  

ed.  I f  we a g a i n  assume a  f a c t o r  o f  % 3  ' f o r  e x t r a c -  

t i o n  we o b t a i n  % 7  l o 5  Q. 

A f u s i o n  r e a c t o r  on t h e  b a s i s  of  t h e  D-D r e a c t i o n  

would be  y e t  a n o t h e r  t h i n g ;  no l i t h i u m  i s  r e q u i r e d  i n  t h a t  

c a s e .  One shou ld  r e a l i z e ,  however, t h a t  t h i s  i s  s i g n i f i -  

c a n t l y  more d i f f i c u l t  t h a n  a  D-T f u s i o n  r e a c t o r ,  and a s  

p o i n t e d  o u t  e a r l i e r ,  even i t s  f e a s i b i l i t y  remains  t o  b e  

proven.  I n  any e v e n t ,  t h e  deu te r ium c o n t e n t  o f  t h e  ocean 

i s  e q u i v a l e n t  t o  - Q, o r  i f  a g a i n  a  f a c t o r  o f  3  10 '~ 

f o r  e x t r a c t i o n  i s  a p p l i e d  we end up w i t h  t h e  e q u i v a l e n t  o f  

8  3 - 1 0  Q. 

It  i s  obv ious  t h a t  f u s i o n  would be  a  second o p t i o n  



f o r  t h e  a lmost  u n l i m i t e d  supp ly  o f  energy  i f  i t  e v e n t u a l l y  

can  be  made a  t e c h n i c a l l y  f e a s i b l e  scheme. 

d )  Geothermal Sources  

The use  o f  geothermal  s o u r c e s  f o r  t h e  supply  o f  energy  

on a l a r g e  s c a l e  i s  a compara t ive ly  new a s p e c t .  I n  t h e  

p a s t  on ly  i n  I t a l y ,  New Zealand ,  and t h e  U.S. have g e o t h e r -  

mal power s t a t i o n s  been o p e r a t e d .  The s c a l e  was modest ,  a 

few hundred MW a t  b e s t .  The expec t ed  l i f e t i m e  o f  t h e s e  

s t a t i o n s  i s  i n  t h e  o r d e r  o f  a few decades  [ll]. It was on 

t h i s  b a s i s  t h a t  t h i s  s o u r c e  had not  a t t r a c t e d  much a t t e n -  

t i o n  when q u e s t i o n s  o f  energy on  a  l a r g e  s c a l e  were under  

d e b a t e .  More r e c e n t l y ,  however, t h e  q u e s t i o n  has  been 

reexamined.  Donald E. White [ lg]  ha s  e s t i m a t e d  t h a t  t h e  

w o r l d ' s  u l t i m a t e  geothermal  c a p a c i t y  down t o  a  d e p t h  o f  

10  km i s  roughly  4 . lo2' Wsec. Not c o u n t i n g  any conver-  

s i o n  f a c t o r s  e t c . ,  t h i s  e q u a l s  0.4 Q. I t  i s  obvious  t h a t  

t h i s  i s  a n e g l i g i b l e  amount o f  energy  i n  t h e  c o n t e x t  con- 

s i d e r e d  h e r e .  

However, t h e r e  a r e  a l s o  o t h e r  v o i c e s .  Recent ly  

R.W. uose  [20] has  made t h e  s t a t e m e n t  t h a t  by making more 

r i g o r o u s  u s e  o f  t h e  e x i s t i n g  geothermal  s o u r c e s  i n  t h e  U.S., 

s o u r c e s  w i t h  a l i f e t i m e  o f  more t h a n  1000 y e a r s  and w i t h  

5 1 0  MW c o u l d  p o s s i b l y  b e  e x p l o r e d .  T h i s  would co r r e spond  

t o  3 Q i n  t h e  U.S. and cou ld  t h e r e f o r e  be c r u d e l y  compared 

t o  t h e  U.S. o i l  r e s o u r c e s .  D e t a i l s  f o r  such  e s t i m a t e s  



were not  g iven .  

A d i f f e r e n t  o r d e r  o f  magnitude comes i n t o  t h e  p i c t u r e  

when t h e  h e a t  c o n t e n t  o f  t h e  e a r t h ' s  c r u s t  i s  cons ide red .  

The t empera tu re  g r a d i e n t  i s  on t h e  o r d e r  o f  a  few t e n s  o f  

d e g r e e s  C p e r  km dep th .  I f  t h e  e a r t h ' s  c r u s t  undernea th  

t h e  c o n t i n e n t s  i s  c o n s i d e r e d  down t o  a  dep th  o f  1 0  km t h e n  

5 t h e  h e a t  c o n t e h t  i s  i n  t h e  o r d e r  o f  5 . 1 0  Q. Convers ion  

l o s s e s  have t o  be  t aken  i n t o  account  and only  a  f r a c t i o n  

of  t h e  c r u s t  undernea th  t h e  c o n t i n e n t s  can  p o s s i b l y  be  

e x p l o i t e d .  A few thousand Q may be  i n  p r i n c i p l e  a v a i l a b l e  

t h a t  way. But t h i s  i s  not  more t h a n  a  qu i ck  and unsophis -  

t i c a t e d  e s t i m a t e .  

The argument abou t  geothermal  power goes f u r t h e r .  I n  

a d d i t i o n  t o  t h e  c o n t i n e n t s  t h e r e  i s  t h e  ocean .  The upper  

200 m of  t h e  ocean  i s  warmer by t e n  deg rees  C o r  so .  Again 

t a k i n g  a l l  of  t h e  s u r f a c e  of  t h e  oceans  one a r r i v e s  a t  a  

f i g u r e  o f  3000 Q o r  so .  Here t h e  c o n v e r s i o n  l o s s e s  w i l l  

be  c o n s i d e r a b l e  because  t h e  t empera tu re  d i f f e r e n c e  i s  only  

loOc and on ly  a  f r a c t i o n  o f  t h e  oceans  can p o s s i b l y  be  

e x p l o i t e d ;  a  few dozen Q may b e  i n  p r i n c i p l e  a v a i l a b l e  

t h a t  way. 

The q u e s t i o n  whether  geothermal  energy  i s  e x p l o i t a b l e  

a t  a  l a r g e  s c a l e  i s  an  open q u e s t i o n .  No r e a l  conc lus ion  

can  be drawn h e r e ;  i t  is  not  c l e a r  whether  geothermal  

power can be c o n s i d e r e d  a n  o p t i o n  f o r  l a r g e  s c a l e  energy  

supp ly  



e )  Water  and T i d a l  Power 

Wate r  and  t i d a l  power r e s o u r c e s  o f  t h e  w o r l d  a r e  i n  

t h e  o r d e r  o f  a  few t e n t h s  o f  a  Q [ll]. Those  power  s o u r c e s  

may b e  o f  r e g i o n a l  i n t e r e s t  b u t  a r e  d e f i n i t e l y  n o t  a n  

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

f )  S o l a r  Power 

The s u p p l y  o f  s o l a r  power as s u c h  i s  i n f i n i t e .  It i s  

r a t h e r  a p rob lem o f  power d e n s i t y .  The s o l a r  i n p u t  above  

t h e  a t m o s p h e r e  a v e r a g e d  o v e r  day and n i g h t  a n d  a l l  z o n e s  

o f  t h e  g l o b e  i s  340 w / m C .  Roughly 47% r e a c h  t h e  s u r f a c e  

2  o f  t h e  g l o b e ,  t h a t  i s  160  W/m . The n e t  v a l u e  o f  t h e  o u t -  

2 g o i n g  i n f r a r e d  r a d i a t i o n  is  s 70 W/m . We t h e r e f o r e  h a v e  

1 6 0  w / m 2  - - 70 w / m 2  + 90 w / m 2  

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

F i g u r e  5 g i v e s  t h e  e n e r g y  b a l a n c e  i n  somewhat g r e a t e r  

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

w a t e r  c y c l e  i n  t h e  a t m o s p h e r e  by e v a p o r a t i o n  o f  r a i n  w a t e r ,  

t o  h e a t  t h e  g round  a n d  t h e  l o w e r  p a r t  o f  t h e  a t m o s p h e r e ,  

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

The d e t e r m i n i n g  c o n s i d e r a t i o n  f o r  t h e  e x p l o i t a t i o n  

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

o u s l y  t h e  q u e s t i o n  t o  what e x t e n t  t h i s  e n e r g y  b a l a n c e  may 

be  d i s t o r t e d .  T h i s  i s  o f  c o u r s e  a n  e x t r e m e l y  complex 

s y s t e m s  p rob lem.  A s t r a i g h t f o r w a r d  e s t i m a t e  f o r  t h e  g l o b -  

2  a1 a v e r a g e  v a l u e  f o r  h a r n e s s i n g  s o l a r  power  may b e  20 W/m . 



It shou ld  be no ted ,  however, t h a t  r e g i o n a l l y  cons ide rab ly  

h i g h e r  va lues  could  be  a c c e p t a b l e .  This  w i l l  t h e n  be  of  

r e g i o n a l  s i g n i f i c a n c e  a c c o r d i n g l y .  Here i n  t h i s  c o n t e x t  

we a r e  i n t e r e s t e d  i n  t h e  q u e s t i o n  of  g l o b a l  l a r g e  s c a l e  

2 energy supp ly .  A va lue  of  20 W/m makes i t  obvious a s  we 

w i l l  s e e  l a t e r  t h a t  n o t  t h e  supply  o f  power bu t  l and  use  i s  

t h e  de t e rmin ing  f a c t o r  f o r  t h e  c o l l e c t i o n  o f  s o l a r  power on 

t h e  s u r f a c e  o f  t h e  g lobe .  

But i t  is  not  n e c e s s a r i l y  s o  t h a t  s o l a r  power must be  

h a r v e s t e d  on t h e  s u r f a c e  o f  t h e  g lobe ,  i t  could  be h a r v e s t -  

e d  i n  o u t e r  space .  A r e c e n t  p r o p o s a l  of  P.E. G lase r  e l a b -  

o r a t e s  on tklat  [21, 221. 

It becomes c l e a r  t h a t  s o l a r  power i s  i n  p r i n c i p l e  an 

o p t i o n  f o r  t h e  l a r g e  s c a l e  supply  o f  energy .  

We can summarize t h i s  c h a p t e r  by conc lud ing  t h a t  a t  

l e a s t  i n  p r i n c i p l e  t h e r e  a r e  t h r e e  ( f o u r )  o p t i o n s  f o r  t h e  

l a r g e  s c a l e  supply  o f  energy .  Large s c a l e  means a  few 

Q / y e a r  f o r  a  thousand y e a r s  o r  much more. These o p t i o n s  

a r e  : 

1. Energy by n u c l e a r  f i s s i o n  

2. Energy by n u c l e a r  f u s i o n  

3 .  S o l a r  power 

4 .  Energy from geothermal  s o u r c e s  ( ? ) .  

From what has  been s a i d  above i t  becomes c l e a r  t h a t  

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

o b t a i n i n g  n u c l e a r  energy from f i s s i o n .  It i s  t h e  only  



o p t i o n  t h a t  i s  a l r e a d y  v i a b l e  and may t h e r e f o r e  be s i g n i f i -  

c a n t  no t  on ly  f o r  t h e  l o n g  r ange  a s p e c t s  o f  t h e  energy 

problem but  a l s o  f o r  t h e  more n e a r  te rm a s p e c t s .  Having 

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

l o o k  somewhat c l o s e r  t o  some o f  t h e  f e a t u r e s  o f  t h i s  f a s t  

b r e e d e r .  

5.  P lu tonium 

Plu tonium i s  a  neces sa ry  f e a t u r e  o f  a l l  f i s s i o n  r e a c -  

t o r s  t h a t  use  uranium. Normal c o n v e r t e r  r e a c t o r s  r e l y  on 

t h e  f i s s i o n  o f  U-235. The f i s s i o n  n e u t r o n s  t h a t  a r e  not  

r e q u i r e d  t o  s u s t a i n  t h e  c h a i n  r e a c t i o n  e i t h e r  l e a k  o u t  of 

t h e  r e a c t o r ,  become absorbed  i n  t h e  s t r u c t u r a l  m a t e r i a l  o f  

t h e  c o r e ,  o r  g e t  absorbed  i n  t h e  U-238 o f  t h e  f u e l  e l emen t s  

o f  t h e s e  r e a c t o r s .  T h i s  l e a d s  a f t e r  two B- decays  t o  t h e  

fo rma t ion  o f  Pu-239. If  we l e a v e  a s i d e  t h e  d e t a i l s  of  r e -  

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

w a t e r  r e a c t o r  produces roughly :  

150 kg o f  Pu/1000 MWe y e a r  

a t  a l o a d  f a c t o r  o f  0 . 7  [13]. The p lu tonium i s o t o t o p i c  

composi t ion  i s  roughly  : 

239 : 240 : 241 : 242 = 0.59 : 0.26 : 0.12 : 0.03 .  

T h i s  p lu tonium h a s  t o  go somewhere. The r e a s o n  f o r  

t h i s  i s  twofo ld :  

a )  i t  h a s  t o  be  used f o r  economical  r e a s o n s ,  

b )  i t  has  t o  be  used f o r  eco log ica l .  r e a s o n s .  

I n  t h e  p a s t  i t  was mainly p o i n t  ( a )  t h a t  had been 



c o n s i d e r e d .  I f  o n l y  t h e  h e r e  c o n s i d e r e d  l i g h t  water r e a c -  

t o r s  e x i s t  t h e  o n l y  p l a c e  t o  u s e  t h e  p l u t o n i u m  are t h e s e  

l i g h t  water r e a c t o r s .  I n  terms o f  c r i t i c a l i t y  t h e  v a l u e  o f  

p l u t o n i u m  is  t h e r e  o n l y  0 . 7  o f  t h a t  o f  U-235; i n  terms o f  

economy i t  i s  less  t h a n  0 .5 .  

But  a t t e n t i o n  m u s t  b e  g i v e n  t o  p o i n t  ( b ) .  The  e c o l o g -  

i c a l  r e a s o n  i s  f a r  more  i m p o r t a n t .  It i s  n o t  c o n s i d e r e d  

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

p l u t o n i u m  o n e  way o r  t h e  o t h e r .  One h a s  t o  g e t  r i d  o f  t h e  

p l u t o n i u m  t o  t h e  l a r g e s t  p o s s i b l e  e x t e n t  by b u r n i n g  i t .  

I f  o n l y  t h e  l i g h t  water r e a c t o r  wou ld  b e  t h e r e  t h e  o n l y  

p l a c e  t o  b u r n  t h e  p l u t o n i u m  wou ld  b e  t h i s  l i g h t  water r e a c -  

t o r .  

A f u r t h e r  r e m a r k  is  t h i s :  P r a c t i c a l l y  a l l  c o m m e r c i a l  

LWH s t a r t  w i t h  a c l e a n  u r a n i u m  c o r e .  T h i s  h a s  s o m e t i m e s  

g i v e n  t h e  w r o n g  i m p r e s s i o n  t h a t  o n l y  u r a n i u m  comes i n t o  

t h e  p i c t u r e  t h e r e .  But  as m e n t i o n e d  b e f o r e ,  a f t e r  t h e  

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

b u r n e d .  

A n o t h e r  p o s s i b i l i t y  t o  b u r n  t h e  p l u t o n i u m  o f  l i g h t  

water r e a c t o r s  i s  t h e  f a s t  b r e e d e r  r e a c t o r .  If f u e l e d  

w i t h  p l u t o n i u m  i t  c a n  p r o d u c e  more  p1utoniu:n  t h a n  i t  b u r n s .  

Under  s u c h  c o n d i t i o n s  a fas t  b r e e d e r  p r o d u c e s  r o u g h l y :  

2 4 0  k g  o f  P u / 1 0 0 0  M W e  . y e a r  

a t  a  l o a d  f a c t o r  o f  0 . 7  [13]. The  p l u t o n i u m  i s o t o p i c  com- 

p o s i t i o n  i s  r o u g h l y :  



239 : 240 : 241 : 242 = 0 . 6 9  : 0 . 2 5  : 0.04 : 0 . 0 2 ,  

A few o b s e r v a t i o n s  must be  made h e r e :  

a )  The d i f f e r e n c e  be tween  1 5 0  k g / 1 0 0 0  MWe-year 

and  240 kg /1000  MWe-year is  t h e  s a l i e n t  f e a -  

t u r e  t h a t  a l l o w s  f o r  b r e e d i n g ,  t h a t  i s ,  t o  

have  more p l u t o n i u m  p r o d u c e d  t h a n  consumed. 

b )  The d i f f e r e n c e  be tween  1 5 0  k g / 1 0 0 0  MWeeyear 

a n d  240 k g / 1 0 0 0  MWe-year i s  i n s i g n i f i c a n t  i n  

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

c )  The p l u t o n i u m  b r e e d i n g  g a i n  ( p r o d u c t i o n  o f  

p l u t o n i u m  minus c o n s u m p t i o n )  i s  meant t o  g o  

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

t i o n .  I f  t h i s  b u i l d - u p  comes t o  a h a l t ,  i t  

i s  more t h a n  e a s y  t o  o p e r a t e  t h e  f a s t  b r e e d e r  

s u c h  t h a t  t h e  p r o d u c t i o n  e q u a l s  t h e  consump- 

t i o n ,  o r  i f  p l u t o n i u m  f rom t h e  l i g h t  w a t e r  

r e a c t o r s  i s  t o  be  b u r n e d  s u c h  t h a t  t h e  p r o -  

d u c t i o n  i s  s m a l l e r  t h a n  t h e  consumpt ion .  

d )  The b u r n i n g  o f  p l u t o n i u m  i n  f a s t  b r e e d e r s  i s  

e c o n o m i c a l l y  f a r  more a t t r a c t i v e  t h a n  t h e  

b u r n i n g  o f  p l u t o n i u m  i n  LWR. The c r i t i c a l -  

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

r o u g h l y  t w i c e  t h a t  o f  p l u t o n i u m  i n  normal  

l i g h t  w a t e r  r e a c t o r s .  T h i s  malces t h e  f a s t  

b r e e d e r  a n a t u r a l  teammate  o f  t h e  l i g h t  

w a t e r  r e a c t o r .  The e c o l o g i c a l  n e c e s s i t y  t o  



burn  t h e  LWR plu tonium becomes an  economical  

a s s e t  i f  t h e  f a s t  b r e e d e r  i s  t h e r e .  

With bo th  t h e  LWR and t h e  f a s t  b r e e d e r ,  t h e r e f o r e ,  

t h e r e  has  t o  be a  f u e l  c y c l e  t h a t  has  l a r g e  amounts o f  

p lu tonium i n  i t .  I n  view of  t h e  e c o l o g i c a l  dange r s  o f  

p lu tonium t h i s  c r e a t e s  a  problem. Roughly t h e  e q u i v a l e n t  

o f  0 .5% o f  t h e  p lu tonium i n v e n t o r y  goes y e a r l y  i n t o  t h e  

was t e  if p r e s e n t  day technology o f  t h e  f u e l  c y c l e ,  and i n  

p a r t i c u l a r  o f  r e p r o c e s s i n g ,  is  a p p l i e d .  Th i s  poses  what 

one may c a l l  a  sys tems problem because  i t  a p p e a r s  when a  

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

sys tem.  We w i l l  r e t u r n  t o  t h i s  problem l a t e r  i n  t h e  pape r .  

Another  sys tems problem i s  n u c l e a r  m a t e r i a l  s a f e g u a r d s .  

That  a l s o  w i l l  be d e a l t  w i th  l a t e r .  

E a r l i e r  we have seen  t h a t  a  f a s t  b r e e d e r  based  eco- 

nomy can ,  w i th  t o d a y ' s  t e chno logy ,  a l r e a d y  p r o v i d e  energy  

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

p r i c e  t h a t  h a s  t o  be  p a i d  f o r  t h i s  a lmost  u n l i m i t e d  bene- 

f i t  i s  sys tems problems.  There  a r e  more sys tems problems 

t h a n  s a f e g u a r d s  o r  j u s t  keeping  t h e  p lu tonium away from 

t h e  ecosphe re .  The p r o p e r  q u e s t i o n  which must now be  pos- 

ed i s :  what a r e  t h e  a l t e r n a t i v e s  and what a r e  t h e  sys tems 

problems o f  t h e s e  a l t e r n a t i v e s ?  Before  we a d d r e s s  our-  

s e l v e s  t o  t h a t  q u e s t i o n ,  a  few words must be  s a i d  about  

f a s t  r e a c t o r  s a f e t y .  



6 .  F a s t  Breeder  S a f e t y  

One b a s i c  p h y s i c s  c h a r a c t e r i s t i c  of f a s t  b r e e d e r s  i s  

t h e i r  s h o r t  n e u t r o n  l i f e t i m e - - t h e y  u s e  f a s t  n e u t r o n s .  The 

s h o r t  n e u t r o n  l i f e t i m e  h a s  o f t e n  been  u sed  as a n  argument  

a g a i n s t  f a s t  b r e e d e r s  ( s e e  f o r  i n s t a n c e  [231, [24] ) . But 

a  s h o r t  n e u t r o n  l i f e t i m e  i s  a  s a f e t y  problem o n l y  i f  t h e  

power / t empera tu re  c o e f f i c i e n t  i s  p o s i t i v e .  I n  t h a t  c a s e  

t h e  s h o r t  n e u t r o n  l i f e t i m e  l e a d s  t o  ve ry  h i g h  energy  pro- 

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

t o  a  w idesp read  b e l i e f ,  i n  c a s e  o f  a  n e g a t i v e  power/ temper-  

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

( o t h e r  t h i n g s  b e i n g  e q u a l ) .  The n e g a t i v e  power c o e f f i c i e n t  

l e a d s  t o  s h a r p l y  l i m i t e d ,  s m a l l e r  power b u r s t s ,  u n t i l  t h e  

d e l a y e d  n e u t r o n s  a n d / o r  t h e  mechanica l  movement o f  t h e  

c o r e  d e t e r m i n e  t h e  t ime  behav iou r  [25]. The energy  pro-  

d u c t i o n  u n t i l  shutdown by mechan ica l  movement i s  v e r y  l i m -  

i t e d  t h i s  way. T h i s  e l emen ta ry  f e a t u r e  was t h e  r e a s o n  f o r  

t h e  e f f o r t  o f  t h e  f a s t  b r e e d e r  development  g roups  i n  t h e  

e a r l y  s i x t i e s  t o  prove  t h a t  t h e  Doppler  c o e f f i c i e n t  ( t h e  

power c o e f f i c i e n t )  was i ndeed  n e g a t i v e .  The most impor- 

t a n t  d e m o n s t r a t i o n  f o r  t h a t  was t h e  SEFOR r e a c t o r  e x p e r i -  

ment [26]. A l l  t h e  f a s t  b r e e d e r  r e a c t o r s  t h a t  a r e  now 

unde r  c o n s t r u c t i o n  o r  under  c o n s i d e r a t i o n  have  t h i s  i n h e r -  

e n t  Doppler  s t a b i l i t y  character is ti.^. T h i s  s e p a r a t e s  f a s t  

b r e e d e r s  p r i n c i p a l l y  from n u c l e a r  e x p l o s i v e  d e v i c e s .  

But one  must a l s o  l o o k  i n t o  t h e  a b s o l u t e  s i z e  o f  t h e  



m e c h a n i c a l  e n e r a  coming f r o m  s u c h  a bounded  e x c u r s i o n .  

The s a f e t y  r e p o r t  o f  t h e  German f a s t  b r e e d e r  d e m o n s t r a t i o n  

p l a n t  SNR 300 [27] h a s  1 5 0  MWsec o f  m e c h a n i c a l  work (JpdV) 

a s  a r e f e r e n c e  v a l u e ,  a n d  t h e  " D e u t s c h e  R e a k t o r s i c h e r h e i t s -  

kommiss ion"  ( t h e  German c o u n t e r p a r t  t o  t h e  A d v i s o r y  Commit- 

t e  o n  R e a c t o r  S a f e g u a r d s  i n  t h e  U.S.)  h a s  a c c e p t e d  t h i s  

f i g u r e  as t h e  b a s i s  f o r  t h e  t a n k  d e s i g n  [28] a n d  t h e  more 

r e c e n t l y  s p e c i f i e d  370 MWsec (mech)  as t h e  b a s i s  f o r  t h e  

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

a c c e p t a n c e  h a s  n o t  y e t  t a k e n  p l a c e ,  b u t  i t  i s  e x p e c t e d  

t h a t  t h e  f i g u r e  w i l l  b e  s i m i l a r .  The e x p e r i e n c e  o f  t h e  

p a s t  few y e a r s  shows t h a t  t h i s  f i g u r e  wen t  down as o n e  

l o o k e d  c l o s e r  a n d  c l o s e r  i n t o  t h e  d e t a i l s  o f  t h e  p rob lem.  

Some s c i e n t i f i c  i n v e s t i g a t o r s  t o d a y  c o n s i d e r  e v e n  l o w e r  

f i g u r e s  [29]. More t h e o r e t i c a l  and e x p e r i m e n t a l  work i s  

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

But  i t  s h o u l d  b e  n o t e d  t h a t  fas t  b r e e d e r s  c a n  b e  d e s i g n e d  

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

i n  e x c e s s  o f  1 5 0  MWsec ( 3 7 0  MWsec). Wha tever  t h e  appro-  

p r i a t e  e v a l u a t i o n  o f  t h e  bounded e x c u r s i o n  comes o u t  t o  b e ,  

one  mus t  r e a l i z e  t h a t  s u c h  a n  amount o f  m e c h a n i c a l  work i s  

n o t  l a r g e  enough t o  c o n s i d e r  f a s t  b r e e d e r s  a r e a c t o r  s a f e -  

t y  c l a s s  o f  t h e i r  own. They s i m p l y  l i n e  up w i t h  o t h e r  

r e a c t o r s .  



7 .  The F u s i o n  a n d  t h e  F i s s i o n  B r e e d e r  

The  q u e s t i o n s  o n  t h e  a l t e r n a t i v e  o f  f a s t  b r e e d e r s  

l e a d  i n t o  s y s t e m s  p r o b l e m s - - i . e .  p r o b l e m s  t h a t  a r i s e  i f  a 

c e r t a i n  t e c h n o l o g i c a l  a p p r o a c h  i s  implemented  on  a t r u l y  

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

t ems  p r o b l e m s  o f  t h e  f o u r  m a j o r  o p t i o n s  m e n t i o n e d  e a r l i e r  

h a v e  a t t r a c t e d  t h e  n e c e s s a r y  a t t e n t i o n .  Even t h e  much 

more l i m i t e d  t a s k  t o  compare  t h e  f a s t  f i s s i o n  b r e e d e r  w i t h  

t h e  f u s i o n  b r e e d e r  r e m a i n s  l a r g e l y  t o  b e  d o n e .  Only r e -  

c e n t l y  Ch. S t a r r  o f  Los A n g e l e s  and  t h e  a u t h o r  o f  t h i s  pa-  

p e r  h a v e  made a f i r s t  a p p r o a c h  t o  t h a t  end  [171. I n  t h e  

f o l l o w i n g  p a r a g r a p h s  a few s u c h  c o m p a r i s o n s  s h a l l  b e  g i v e n .  

The  f i r s t  c o m p a r i s o n  one  c a n  make c o n c e r n s  w a s t e  d i s -  

p o s a l .  D u r i n g  t h e  l a s t  few y e a r s  t h e  f u s i o n  community h a s  

u n d e r t a k e n  a number o f  e n g i n e e r i n g  d e s i g n  s t u d i z s  [30, 311. 

A l l  o f  t h e s e  d e s i g n  s t u d i e s  u s e  n iob ium as a s t r u c t u r a l  

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

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

t o  b e  r e p l a c e d  and t h e  p r o b l e m  o f  w a s t e  d i s p o s a l  t h e r e f o r e  

a l s o  a r i s e s  w i t h  t h e  f u s i o n  b r e e d e r .  T a b l e  7  r e p o r t s  o n  

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

down; T a b l e  8 r e p o r t s  on  s u c h  i n v e n t o r y  f o r  t h e  f i s s i o n  

r e a c t o r s - - b o t h  t h e  LWR a n d  t h e  f a s t  b r e e d e r .  T h i s  l e a d s  

i n t o  a n n u a l  d i s c h a r g e s  t h a t  a r e  r e p o r t e d  i n  T a b l e  9 .  Due 

t o  t h e  a c t i v a t i o n  c h a r a c t e r i s t i c s  o f  Nb t h e  amount o f  

C u r i e s / W ( t h )  i s  l a r g e r  i n  t h e  c a s e  o f  f u s i o n  t h a n  i n  t h e  



c a s e  of  f i s s i o n .  

The c l a im h e r e  i s  not t h a t  t h i s  i s  a  g e n e r a l  r e s u l t .  

I t  only  s o  happens t h a t  t h e  f i r s t  e n g i n e e r i n g  des ign  t h a t  

was p r e s e n t e d  by t h e  f u s i o n  community has  Nb a s  a  s t r u c -  

t u r a l  m a t e r i a l .  T h i s  need no t  be  s o ;  o t h e r  s t r u c t u r a l  

m a t e r i a l s ,  e .g .  Vd, may be f e a s i b l e .  Nor s h a l l  i t  be i m -  

p l i e d  t h a t  a  Cur i e  of  Nb i s  i n  a l l  a s p e c t s  equa l  t o  a  

Cur i e  o f  plutonium. The p o i n t  r a t h e r  i s  t h a t  r e a l i s t i c  

d e s i g n s  t o g e t h e r  w i th  a t  l e a s t  v i r t u a l  l a r g e  s c a l e  imple- 

men ta t ion  l e a d  i n t o  problems t h a t  t e n d  t o  be  over looked i n  

t h e  beginning .  

I n  t h e  c a s e  of  f u s i o n  i t  was argued t h a t  t h e  elemen- 

t a r y  p r o c e s s  i s  c l e a n  and t h e r e f o r e  t h e  r e a c t o r  would be  

c l e a n .  It  t u r n s  o u t  t h a t  a t  l e a s t  i n  t h e  more d e t a i l e d  

e n g i n e e r i n g  s tudy  of  a  D-T r e a c t o r  t h a t  u ses  Nb a s  a  

s t r u c t u r a l  m a t e r i a l  t h i s  is  not  t h e  c a s e .  

Another sys tem problem i s  t h e  d i v e r s i o n  o f  n u c l e a r  

m a t e r i a l ,  a s  has been mentioned e a r l i e r .  The n e g o t i a t i o n s  

f o r  t h e  Non-Pro l i f e ra t ion  T r e a t y  (NPT) and i t s  connected 

i n t e r n a t i o n a l  s a f e g u a r d s  sys tem f o r  n u c l e a r  m a t e r i a l s  

he lped  t o  e s t a b l i s h  a  few c a t e g o r i e s  t h a t  a r e  h e l p f u l  h e r e .  

Accordingly,  one has  t o  d i s t i n g u i s h  between t h e  t ime ly  de- 

t e c t i o n  of  a  d i v e r s i o n  o f  n u c l e a r  m a t e r i a l  and t h e  p r o t e c -  

t i o n  o f  such  n u c l e a r  m a t e r i a l ,  and b o t h  d e t e c t i o n  and pro- 

t e c t i o n  must be cons ide red  on t h e  governmental  l e v e l  and 

t h e  l e v e l  o f  small " p r i v a t e "  groups.  Fol lowing Ralph Lapp 



[34] we w i l l  c a l l  such  a  group "Group X . "  The Non-Prol i f -  

e r a t i o n  T r e a t y  was concerned wi th  t h e  governmental  l e v e l .  

It was p o s s i b l e  t o  develop  s u c c e s s f u l l y  an i n t e r n a t i o n a l  

s a f e g u a r d s  sys tem which i s  now under  implementa t ion  on a  

world-wide b a s i s  [35]. Along wi th  i t  went a  remarkable  

amount o f  sys tems a n a l y s i s  [36]. The s a f e g u a r d s  sys tem o f  

t h e  I n t e r n a t i o n a l  Atomic Energy Agency (IAEA) i s  e x p l i c i t l y  

aimed a t  t h e :  

t ime ly  d e t e c t i o n  o f  d i v e r s i o n  o f  s i g n i f i c a n t  
q u a n t i t i e s  of n u c l e a r  m a t e r i a l  from p e a c e f u l  
n u c l e a r  a c t i v i t i e s  t o  t h e  manufacture of  nu- 
c l e a r  weapons o r  o f  o t h e r  n u c l e a r  e x p l o s i v e  
d e v i c e s  o r  f o r  purposes  unknown, and d e t e r -  
r e n c e  o f  such d i v e r s i o n  by t h e  r i s k  o r  e a r l y  
d e t e c t i o n  [35]. 

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

d e s t i n e  d i v e r s i o n  not  on ly  on t h e  governmental  l e v e l  b u t  

a l s o  on t h e  l e v e l  o f  Group X .  To t h a t  e x t e n t  t h e  s a f e -  

gua rd  problem can be cons ide red  t a k e n  c a r e  o f .  A f t e r  t h e  

N o n - P r o l i f e r a t i o n  Trea ty  and when i n t e r n a t i o n a l  m a t e r i a l  

s a f e g u a r d s  were based  on a  s e m i - q u a n t i t a t i v e ,  r a t i o n a l ,  

and o b j e c t i v e  b a s i s ,  i t  was a l s o  p o s s i b l e  t o  s p e c i f y  t h e  

r equ i r emen t  and f e a t u r e s  f o r  s a f e g u a r d s  aimed a t  t h e  pro-  

t e c t i o n  o f  n u c l e a r  m a t e r i a l .  The IAEA h a s  i s s u e d  f i r s t  

g u i d e l i n e s  f o r  t h a t  [37]. For  t h e  c a s e  o f  t h e  U.S. 

H. Kouts h a s  g i v e n  g r e a t e r  d e t a i l s  f o r  t h e  s t e p s  t h a t  a r e  

c o n s i d e r e d  neces sa ry  [38]. Tab le  1 0  c l a r i f i e s  t h e  h e r e  

d e s c r i b e d  s i t u a t i o n .  

So we a r e  d e a l i n g  now w i t h  t h e  p r o t e c t i o n  a g a i n s t  



a c t i o n s  o f  Group X .  (Note:  T h i s  i s  a n  u n i v e r s a l  problem; 

t h e  d i s t i n c t i o n  between n u c l e a r  weapon s t a t e s  and non-nu- 

c l e a r  weapon s t a t e s  i s  mean ing le s s  h e r e . )  The r ema in ing  

problem shou ld  be s e e n  i n  t h e  c o n t e x t  o f  o t h e r  e x i s t i n g  

s a f e g u a r d  measures.  For  example t h e  c a r e f u l  accoun t ing  o f  

n u c l e a r  m a t e r i a l  now implemented on a  world-wide b a s i s  and 

aimed a t  t h e  d e t e c t i o n  o f  d i v e r s i o n  e l i m i n a t e s  t h e  a s p e c t  

of  t h e  c l a n d e s t i n e  d i v e r s i o n .  It i s  open a t t a c k  t h a t  we 

now have t o  c o n s i d e r  h e r e .  

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

h i g h l y  i n a c c e s s i b l e  o r  s e l f - d e f e n d i n g .  F re sh  f u e l  e l e -  

ments f o r  LWR t h a t  have 3% U-235--which i s  t h e  c a s e  i n  a l l  

t h e  LWR o f  t oday - - i s  meaningless ;  f u r t h e r  e n r i c h i n g  i s  

ex t r eme ly  d i f f i c u l t  i f  n o t  imposs ib l e .  I r r a d i a t e d  f u e l  

e l emen t s  t h a t  c o n t a i n  Pu t h a t  ha s  b u i l t  up d u r i n g  i r r a d i a -  

t i o n  i n  t h e  r e a c t o r  a r e  s t r o n g l y  de fend ing  themselves  a s  

t hey  a r e  h i g h l y  r a d i o a c t i v e .  Th'e t r a n s p o r t  c a s k s  f o r  

i r r a d i a t e d  f u e l  e lements  a r e  bulky and heavy,  and moreover ,  

i t  i s  very  expens ive  i f  no t  i m p o s s i b l e  f o r  Group X t o  

h a n d l e  such  m a t e r i a l .  A t t e n t i o n  must i n s t e a d  be  d i r e c t e d  

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

t o  t h e  f u e l  f a b r i c a t i o n .  Up t o  now t h e r e  h a s  been o n l y  very 

l i t t l e  r e p r o c e s s i n g  and under  s p e c i a l  c i r cums tances .  Only 

when t h e  commercial f u e l  c y c l e  deve lops  f u l l y ,  t h i s  prob- 

lem comes i n t o  t h e  p i c t u r e .  One must a l s o  r e a l i z e  t h a t  

p lu ton ium i n  t h e  commercial f u e l  c y c l e  i s  always d i r t y  



plu tonium,  t h a t  i s  Pu w i t h  a  h i g h  Pu-240 c o n t e n t .  The 

i s o t o p i c  composi t ions  o f  Tab le  8 i n d i c a t e  t h a t .  The f u e l  

c y c l e  o f  f a s t  b r e e d e r s  p r o v i d e s  f o r  mixing o f  t h e  Pu coming 

from t h e  c o r e  and t h e  b l a n k e t ,  and t h a t  i s  a  q u e s t i o n  o f  

a c c o u n t i n g  and r e g u l a t i o n .  It can  be  t a k e n  c a r e  o f  by 

a l r e a d y  e x i s t i n g  means. A s  everyone knows t h e  e f f i c i e n c y  

o f  an  e x p l o s i v e  dev ice  t h a t  u se s  such  d i r t y  Pu i s  s h a r p l y  

reduced .  T h i s  p e r s p e c t i v e  must be kep t  i n  mind. I t  na r -  

rows down t h e  concern  c o n s i d e r a b l y  b u t  does n o t  comple te ly  

e l i m i n a t e  i t .  

I t  w i l l  be  neces sa ry  t o  p r o t e c t  c e r t a i n  open p a r t s  o f  

t h e  f u e l  c y c l e  a l o n g  t h e  l i n e s  d e s c r i b e d  above.  Contain-  

ment and s u r v e i l l a n c e  measures f o r  t h e  b u i l d i n g s  i n  ques-  

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

f o r  t a k i n g  t h e  a p p r o p r i a t e  s t e p s .  The a d o p t i o n  o f  t h e  

i n t e r n a t i o n a l  s a f e g u a r d s  sys tem prompted a number of  appro- 

p r i a t e  conta inment  d e s i g n s  which have a l r e a d y  been s t u d i e d  

[39, 401. These e f f o r t s  a r e  now c o n s i d e r a b l y  i n c r e a s i n g .  

The a u t h o r  f e e l s  t h a t  t h i s  problem can  be handled .  It  r e -  

q u i r e s  a d d i t i o n a l  a c t i o n  b u t  i s  l e s s  fo rmidab le  t h a n  i t  

appea r s  a t  t h e  first look .  

Concern has  been  exp res sed  n o t  on ly  abou t  t h e  f a s t  

b r e e d e r  b u t  a l s o  about  t h e  f u s i o n  b r e e d e r  [41]. I f  Group 

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

t o g e t h e r  w i t h  p lu tonium may a l s o  be c o n s i d e r e d  a t t r a c t i v e .  

It  i s  d i f f i c u l t ,  though,  t o  e v a l u a t e  t h i s  a s p e c t  i n  t h e  



n e c e s s a r y  dep th ,  b u t  one cannot  s imply  p u t  i t  a s i d e .  

F u r t h e r ,  d u r i n g  t h e  n e g o t i a t i o n  o f  t h e  Non-Prol i fe ra-  

t i o n  T r e a t y ,  an  a r t i c l e  o f  S.T. Cohen [42] r a i s e d  major  

concern  bo th  i n  p o l i t i c a l  c i r c l e s  and i n  t h e  p r e s s  [43]. 

T h i s  conce rn  was w i th  t h e  c l e a n  H-bomb. The p o i n t  was 

t h a t  t h e  achievement  of  g e t t i n g  a  f u s i o n  r e a c t o r  t o  o p e r a t e  

may a l s o  make way f o r  t h e  n e u t r o n  bomb which develops  on ly  

very  l i t t l e  b l a s t  and g i v e s  o f f  energy by f a s t  neu t rons .  

These conce rns  may b e  f a r f e t c h e d  as a l l  t h e  f u s i o n  r e a c t o r  

development work i s  mainly d i r e c t e d  towards  o b t a i n i n g  l o n g  

conta inment  t imes .  But i t  i s  d i f f i c u l t  today t o  p r e d i c t  

what t h e  f u t u r e  w i l l  l ook  l i k e  when t h e  f u s i o n  r e a c t o r  

becomes p h y s i c a l l y  and t e c h n i c a l l y  f e a s i b l e .  We cannot  

exc lude  t h e  c l e a n  H-bomb now, because  any d e v i c e  f o r  i n i -  

t i a t i n g  a the rmonuc lea r  r e a c t i o n  might  be  used a s  an i n i -  

t i a t o r  f o r  a c l e a n  H-bomb. So i t  may be  p o s s i b l e  t h a t  

f u s i o n  r e a c t o r s  a l s o  have t o  e n c o u n t e r  t h e  f u l l  impact  o f  

s a f e g u a r d s .  One p o s s i b l e  approach  could  be  t o  i n c l u d e  L i ,  

H ~ ,  and  H~ under  t h e  m a t e r i a l s  t o  be s a f egua rded .  It i s  

probably  premature  t o  go i n t o  t h e  d e t a i l s  o f  t h e s e  ques-  

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

bomb i s  a l r e a d y  t h e r e .  But i t  i s  obvious  t h a t  it i s  f u s i o n  

t h a t  ha s  t o  l i v e  up t o  t h e  s t a n d a r d s  o f  s a f e g u a r d s  o f  

f i s s i o n ,  n o t  t h e  o p p o s i t e .  



8 .  The T a s k  o f  Sys tems  A n a l y s i s  i n  t h e  C a s e  o f  

Energy Sys  tems 

It  s h o u l d  b e  n o t e d  t h a t  t h e  s a f e g u a r d s  p r o b l e m  exem- 

p l i f i e s  wha t  h a s  t o  b e  c l a s s i f i e d  as s y s t e m s  p r o b l e m .  I t  

comes up i f  n u c l e a r  power i s  i m p l e m e n t e d  o n  a l a r g e  s c a l e  

a n d  was o r i g i n a l l y  c o n s i d e r e d  t o  b e  a r a t h e r  s e c o n d a r y  

p o i n t .  But when t h e  s c a l e  o f  i m p l e m e n t a t i o n  becomes r e a l l y  

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

c o n c e r n s .  T h i s  s t e m s  f r o m  t h e  f a c t  t h a t  t h e  l a r g e  s c a l e  

i m p l e m e n t a t i o n  l e a d s  t o  a heavy  i n t e r w e a v i n g  t h a t  mus t  b e  

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

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

o u t  wha t  t h e  t a s k  o f  s u c h  s y s t e m s  p r o b l e m s  i s .  T h e r e  

a p p e a r  t o  b e  t h e  f o l l o w i n g  s u b t a s k s :  

a )  It i s  n e c e s s a r y  t o  i d e n t i f y  a n d  u n d e r s t a n d  a l l  

s y s t e m  p r o b l e m s  t h a t  a r e  i n h e r e n t  i n  t h e  v a r i o u s  o p t i o n s  

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

t a s k  a n d  w i l l  p r o b a b l y  n e v e r  b e  c o m p l e t e d  as e n e r g y  s y s -  

t ems  e x p a n d  f u r t h e r  a n d  f u r t h e r .  T h i s  t a s k  i s  n o t  a m a t t e r  

o f  a l g o r i t h m s .  It i s  r a t h e r  a m a t t e r  o f  t e c h n o l o g i c a l  a n d  

s o c i o l o g i c a l  s u b s t a n c e .  S c e n a r i o  w r i t i n g s  a n d  l i f e  s t y l e  

d e s c r i p t i o n s  w i l l  p r o b a b l y  b e  among t h e  t o o l s  f o r  accom- 

p l i s h i n g  t h i s  t a s k .  It w i l l  b e  p a r t i c u l a r l y  i m p o r t a n t  t o  

i d e n t i f y  t h e  v a r i o u s  i n t e r w e a v i n g s  t h a t  become i m p o r t a n t  

w i t h  t h e  i n c r e a s i n g  s i z e  o f  e n e r g y  p r o d u c t i o n .  To some 



e x t e n t  t h i s  r e q u i r e s  d i s c i p l i n e - o r i e n t e d  work b u t  on ly  t o  

t h e  e x t e n t  t h a t  i s  neces sa ry  f o r  t h e  i d e n t i f i c a t i o n  o f  t h e  

d i s c i p l i n e - o r i e n t e d  q u e s t i o n s .  From t h e n  on i t  i s  t h e  t a s k  

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

t i f i e d  q u e s t i o n s  i n  connec t ion  wi th  t h e  sys tems a n a l y s i s .  

b )  I n  t h e  c a s e  o f  energy sys tems t h e  predominant  

sys tem problem seems t o  be  t h a t  o f  embedding, no t  t h e  

p r o d u c t i o n  o f  energy .  Such embedding i s  r e q u i r e d  i n  view 

o f  t h e  f u n c t i o n  o f  t h e  g l o b e .  There must be embedding of  

energy i n t o :  

- t h e  atmosphere 

- t h e  hydrosphere  

- t h e  ecosphe re  

- t h e  s o c i o s p h e r e .  

c )  It i s  t h e n  neces sa ry  t o  i d e n t i f y  and e v a l u a t e  

a l t e r n a t i v e s ,  o p t i o n s  f o r  l a r g e  s c a l e  implementa t ion .  

There seem t o  be  t h e  f o l l o w i n g  o p t i o n s  f o r  l a r g e  s c a l e  

energy  supp ly  : 

- energy by n u c l e a r  f i s s i o n  

- energy by n u c l e a r  f u s i o n  

- s o l a r  power 

- energy from geothermal  s o u r c e s .  

While sys tem problems o f  energy from n u c l e a r  f i s s i o n  

have been i d e n t i f i e d  t o  some e x t e n t  i n  t h e  p a s t ,  i t  w i l l  

be  neces sa ry  t o  do t h e  same f o r  t h e  o t h e r  o p t i o n s .  For  

t h e  t a s k  o f  comparing t h e  v a r i o u s  o p t i o n s  i t  w i l l  b e  



neces sa ry  t o  have not  on ly  c o s t / b e n e f i t  p rocedures  b u t  

c o s t  /benef  i t / r i s k  p rocedures  i n  a  s p e c i a l  and a  g e n e r a l  

s e n s e .  , 

d )  F i n a l l y  i t  w i l l  be  n e c e s s a r y  t o  minimize t h e  

sys tem problems.  Th i s  l e a d s  i n t o  s e v e r e  me thodo log ica l  

problems.  More s c h o l a r l y  e x p r e s s e d ,  i t  l e a d s  i n t o  t h e  

methodology problem o f  m u l t i p l e  o b j e c t i v e s  and d e c i s i o n  

under  u n c e r t a i n t y .  

Such sys tems a n a l y s i s  work must permanently accompany 

t h e  t e c h n o l o g i c a l  and s o c i o l o g i c a l  e v o l u t i o n  o f  energy  

sys t ems .  

It i s  a l s o  p l a i n  t h a t  t h e  c h a l l e n g e  posed by such 

sys tem problems i s  g l o b a l .  The e f f o r t  t o  meet such  c h a l -  

l e n g e s  must t h e r e f o r e  be a l s o  g l o b a l  and t h a t  means i n t e r -  

n a t i o n a l .  The very f a c t  t h a t  t h e  s a f e g u a r d s  problem was 

t a k e n  c a r e  o f  by t h e  I n t e r n a t i o n a l  Atomic Energy Agency i s  

a  good proof  f o r  t h a t .  But t h e r e  i s  more o f  t h a t  k ind .  

About a  y e a r  ago 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 A n a l y s i s  was founded and i s  now b e i n g  b u i l t  up a t  

Laxenburg n e a r  Vienna. The i d e a  i s  p r e c i s e l y  t o  meet t h e  

g l o b a l  c h a l l e n g e s  o f  sys tems problems.  T h e r e f o r e  t h e  

energy  problem i s  b e i n g  s t u d i e d  t h e r e  [44], b u t  a l s o  o t h e r  

sys tem problems l i k e  t h e  ones  connected  t o  w a t e r ,  towns,  

and eco logy .  In fo rma t ion ,  management, h e a l t h ,  and o t h e r  

f i e l d s  w i t h  sys tems i m p l i c a t i o n s  a r e  a l s o  b e i n g  s t u d i e d  

a t  IIASA. 



But t h i s  con fe rence  h e r e  a t  New De lh i  i s  a l s o  such an  

i n t e r n a t i o n a l  e f f o r t .  The s p e c i a l  p o i n t  o f  view a t  t h i s  

con fe rence  i s  t h e  energy problems a s  t hey  appea r  t o  I n d i a  

and o t h e r  c o u n t r i e s  i n  s i m i l a r  p o s i t i o n s .  

10 .  The R a t i o n a l e  o f  t h e  I n d i a n  F a s t  Breede r  Development 

I n d i a  is  hav ing  h e r  own f a s t  b r e e d e r  development. 

The I n d i a n  . f o s s i l  f u e l  r e s e r v e s  a r e  small [45]. T h i s  i s  

t r u e  i n  a n  a b s o l u t e  s e n s e .  But i t  i s  even more t r u e  i n  

view o f  t h e  l a r g e  p o p u l a t i o n  o f  I n d i a .  She has  500 . 1 0  6 

peop le .  With a  p e r  c a p i t a  l e v e l  t h a t  e v e n t u a l l y  has  t o  

approach  t h e  l e v e l  t h a t  i s  a p p l i e d  i n  c o u n t r i e s  l i k e  t h e  

U.S. and o t h e r s - - i . e .  20  kW/capi ta - - th i s  l e a d s  t o  l / 3  Q.  

T h i s  i s  roughly  t h e  p r e s e n t  energy  consumption o f  t h e  whole 

g l o b e .  The argument h e r e  i s  t h e  o r d e r  o f  magnitude,  no t  

f a c t o r s .  It i s  t h e r e f o r e  only n a t u r a l  t h a t  under  t h e  

l e a d e r s h i p  o f  t h e  l a t e  D r .  Bhaba and a l s o  t h e  l a t e  D r .  

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

energy  a s  t h i s  i s  w i t h i n  a f o r e s e e a b l e  t ime  s c a l e  a  v i a b l e  

o p t i o n  t o  overcome t h e  energy  problems o f  I n d i a  once and 

f o r  a l l .  F o r  a  coun t ry  l i k e  I n d i a  i t  i s  n a t u r a l  t o  f o l l o w  

t h e  l i n e  o f  n a t u r a l  uranium r e a c t o r s .  They have a  number of 

advan tages  f o r  I n d i a :  no e n r i c h e d  uranium i s  n e c e s s a r y ,  

and t h e  technology can  be  mas t e r ed  by I n d i a  a l o n e .  The 

Bhaba Research  C e n t e r  a t  Trombay n e a r  Bombay i s  a  p roo f  

f o r  t h a t .  I n d i a ' s  uranium r e s o u r c e s  a r e  no t  l a r g e  b u t  



a r e  s u f f i c i e n t  t o  b u i l d  up a f i r s t  g e n e r a t i o n  o f  n u c l e a r  

r e a c t o r s .  T h i s  r e a c t o r  t y p e  a l l o w s  a l s o  f o r  t h e  p a r t i a l  

u s e  o f  t h e  t h o r i u m  r e s o u r c e s  o f  I n d i a  which a r e  i n d e e d  

e x t e n s i v e .  To make f u l l  u s e  o f  t h e  t h o r i u m  r e s o u r c e s  i s  

a t a s k  t h a t  i s  b e s t  f u l f i l l e d  by a f a s t  b r e e d e r .  Thorium 

i s  n o t  a f i s s i o n a b l e  m a t e r i a l ;  i t  i s  a f e r t i l e  m a t e r i a l ,  

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

l a r g e r  e x t e n t  i n t o  f i s s i o n a b l e  m a t e r i a l  t h a n  t h e  f i s s i o n -  

a b l e  m a t e r i a l  i s  consumed. The f a s t  b r e e d e r  makes I n d i a ' s  

l a r g e  t h o r i u m  r e s o u r c e s  t h e r e f o r e  f u l l y  a c c e s s i b l e .  And 

t e c h n i c a l l y  i t  makes good s e n s e  t o  go f rom n a t u r a l  u ran ium 

heavy w a t e r  r e a c t o r s  t o  f a s t  b r e e d e r s .  F o r  some t i m e  

t h o s e  f a s t  b r e e d e r s  w i l l  u s e  t h e  p l u t o n i u m  t h a t  i s  p r o -  

duced  i n  t h e s e  heavy w a t e r  r e a c t o r s .  L a t e r  i t  i s  n o t  a 

m a j o r  p rob lem t o  u s e  i n s t e a d  o f  p l u t o n i u m  t h e  U-233 t h a t  

i s  b r e d  o u t  o f  t h o r i u m .  It i s  t h e r e f o r e  f u l l y  c o n s i s t e n t  

w i t h  h e r  g e n e r a l  s i t u a t i o n  i f  I n d i a  p u r s u e s  h e r  own f a s t  

b r e e d e r  p r o j e c t  a t  Madras.  

11. F i n a l  Remarks 

The p u r p o s e  o f  t h i s  p a p e r  was t o  show t h e  p o t e n t i a l  

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

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

o d s .  The p e r s p e c t i v e  f o r  t h a t  i s  t h e  g e n e r a l  e n e r g y  p rob-  

lem which  h a s  b e e n  e x p l a i n e d  i n  t h i s  p a p e r .  A l a r g e  s c a l e  

f a s t  b r e e d e r  economy w i l l  have  s y s t e m  p r o b l e m s ,  a n d  a few 



o f  them h a v e  b e e n  m e n t i o n e d  h e r e .  T h e r e  a r e  o t h e r  o p t i o n s  

t o  p r o v i d e  g r e a t  amoun t s  o f  e n e r g y  a n d  t h e  q u e s t i o n  i s :  

a r e  t h e s e  o t h e r  o p t i o n s  f e a s i b l e  a n d  more  s o :  wha t  a r e  

t h e i r  s y s t e m  p r o b l e m s ?  T h i s  p a p e r  e l a b o r a t e d  o n  t h e  op- 

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

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

s i m i l a r  n a t u r e  a n d  s i z e .  I n  t h e  c a s e  o f  g e o t h e r m a l  o r  

s o l a r  power  t h e  s y s t e m  p r o b l e m s  h a v e  s t i l l  t o  b e  i d e n t i -  

f i e d .  A s t r o n g  s y s t e m s  a n a l y s i s  e f f o r t  i s  t h e r e f o r e  advo-  

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

t h e  q u e s t i o n  o f  t h e  a l t e r n a t i v e s  t o  t h e  f a s t  b r e e d e r  a n d  

o f  a  m i n i m i z a t i o n  o f  s y s t e m  e f f e c t s .  

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

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

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

d e v e l o p e d  b u t  a l s o  f o r  a c o u n t r y  l i k e  I n d i a .  Her  own 

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

N o t e :  P a r t s  o f  t h i s  p a p e r  a r e  c l o s e l y  r e l a t e d  t o  t h e  
a u t h o r ' s  p a p e r  o n  Energy  S y s t e m s  [46] a n d  t h a t  
o f  t h e  a u t h o r  a n d  Ch. S t a r r  [17]. 
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Fig.2 Growth in Energy Demand 

Source : Ch. Starr [ 9 I 
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Table 1 Energy Equivalence 

1 Q E BTU = 2.52 x 1017 kcal 

21 = 1.05 x 10 joule 

= 1.22 x 10" MWd (th 1 

= 3.35 x lo7  MW year ( t h )  

Table 2 Energy Consumption 

USA 1970 0.07 Q l a  

USA 2000 0.16 Q / a  

World 1970 0.24 Q l a  ( 4 x109 people, 2kW (thl /capita I 

World 2000 2.1 Q /a ( 7x lo9 people, 10 kW ( th) lcapita 

World 2050 6 Q l a  (10x109 people, 20kW (thllcapita 1 



-48- 

Tab(e 3 Energy Budget for a Steady -State 

Civilization 
* 

* 
( Weinberg, Hammond , Global Effects of Increased 
Use of Energy, Geneva , September 1971 ) 

J 

kW ( th  ) /capita 

Present U.S. level 10.0 

Adjustment for the future 

Steel , Aluminium and 
Magnesium production 0.1 

Recovery and recycle of 

scarce elements 2 .O 

Electrolytic hydrogen 2.5 

Water by desalting ( 100 gallday 1 0.3 

Water transport to cities 0.1 

Air conditioning to cities 0.3 

Intensive food production 0.2 

Sewage and waste treatment 0.5 

Total adjustments 6.0 

Contingency 4.0 

20.0 - 
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T a b l e  7 

R a d i o a c t i v e  l nven to rv  o f  a Fusion R e a c t o r  a f t e r  S h u t - d o w n  

No te :  x)  The Nb a c t i v ~ t i e s  r e f e r  t o  20 yea rs  reac to r  o p e r a t ~ o n .  10 year 

va lues  are lower by an ~ n s i g n i f i c a n t  factor  except for the case 

of Nbg4 .There t h e  fac to r  i s  r o u g h l y  2. 

XI Figures  a re  cons is tent  w i t h  ORNL-TM- 30941 32 1 

10' sec=  

4 months 

C11Wth  

2 - lo-2 

- 

0.11 

- 

- 

0.4 

0.7 . 10" 

0.51 

l o e s e c  = 
3 years 

C I I  Wth 

1.7 . 10" 

- 

- 

- 

- 

0.33 

0.7 . 10' 

0 32 

H 

N bgLm 

Nbg5 

N b 3 5 m  

N bgzm 

Nbg3"' 

N b9' 

Nb to ta l  

lo3 sec = 
2 0 mln 

Ci l W t h  

2 . lo-Z 

0 17 

1 . 1  

1 . 1  

0 . 3  

0.4 

0.7 . 10" 

3.07 

10" sec = 

300 years 

C ~ l W t h  

- 

- 

- 

- 

- 

- 

0 7 

0.7. 10') 

10" sec= 

3000 years 

C 1 1 W t h  

- 

- 

- 

- 

- 

- 

= 0.7 lo-' 

"-0.7 .l o 3  



T a b l e  d 

R a d i o a c t i v e  lnventorv  of  o F i s s i o n  R e a c t o r  a f t e r  Shut - d o w n  

Note: U means only thermal f iss ions from u '" 
LWR means a LWRwith an U:Pupower ra t io  of  0 . 7 : 0 . 3 ,  

and Pu239:240:2A1:242= 0 . 5 9 : 0 . 2 6 : 0 . 1 2 : 0 . 0 3 .  
and 1  MW t h l  kg  fiss. mot. as the rat ing. 

LMFBR means a LMFBR with Pu as fuel in natural uranium, 
and Pu 239:240:  241: 2 4 2 = 0 . 6 9 : 0 . 2 5 : 0 . 0 4  : 0 . 0 2 .  
and 1 MW t h l k g  fiss. mat. as the r a t i n g .  
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All fission products, including isomcres and daughters, 
have been consid cred. 
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Pu 2'' 

Figures are consistent with K F K  - Rcpor t  17971 3 3  I 
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T a b l e  9 

A n n u a l  D ischarge A c t i v i t y  f o r  D i s p o s a l  

No te :  (1  ) F igures  are cons is tent  w i t h  Table 7  and 2 0  years  
o f  res idence t ime o f  Nb in the fus ion  r e a c t o r .  

( 2) Figures are  cons is tent  w i t h  TaMe 8 and a  3 years  
residence t ime o f  t he  f u e l  in  a  f i ss ion  r e a c t o r .  
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