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ABSTRACT 

With a view t o  t h e  p o t e n t i a l  r o l e  of  s o l a r  energy a s  a  g l o b a l  
energy o p t i o n ,  t h e  p r e s e n t l y  known s o l a r  energy t e c h n o l o g i e s  
a r e  employed t o  c o n t r i b u t e  t o  t h e  world energy supp ly .  Such 
a g l o b a l  s o l a r  energy supp ly  sys tem would evo lve  i n  s t a g e s  of 
development,  proceeding from l o c a l  u s e  of  s o l a r  energy t o  
r e g i o n a l  and g l o b a l  sys tems.  The i n i t i a l  s t a g e  would i n c l u d e  
l o c a l  low-temperature a p p l i c a t i o n s  f o r  h e a t i n g  purposes ,  and 
t h e  embedding of  s m a l l  amounts of s o l a r  e lec t r ic  g e n e r a t i o n  
c a p a c i t y  i n  t h e  e x i s t i n g  e lec t r ic  g r i d s .  Regional  i n t e r -  
connec t i ons  of  s o l a r  e lectr ic  power g e n e r a t i o n  would be f o l -  
lowed by i n c r e a s i n g  p roduc t ion  of  s o l a r  f u e l s  i n  l o c a t i o n s  
w i t h  f a v o r a b l e  i n s o l a t i o n ,  and by long-d i s tance  t r a n s p o r t  of 
t h e s e  f u e l s .  I t  t u r n s  o u t  t h a t  much more needs t o  be  known 
abou t  t h e  behavior  o f  v e r y  l a r g e  i n t e g r a t e d  s o l a r  energy 
convers ion  sys tems.  Market p e n e t r a t i o n  c a l c u l a t i o n s  i n d i c a t e  
t h a t  it t a k e s  rough ly  f i v e  decades  f o r  a  major  sou rce  of energy 
t o  be  developed and used on a t r u l y  s i g n i f i c a n t  s c a l e .  It 
t h e r e f o r e  would be nece s sa ry  t o  i n i t i a t e  l a r g e - s c a l e  deployment 
o f  s o l a r  energy perhaps  50 y e a r s  o r  more b e f o r e  f o s s i l  re- 
s o u r c e s  a r e  f i n a l l y  d e p l e t e d .  





SYSTEMS ASPECTS O F  LARGE-SCALE 

SOLAR ENERGY CONVERSION 

INTRODUCTION 

On November 20, 1959, t h e  Genera l  Assembly of  t h e  Uni ted  
Na t ions  unanimously approved t h e  D e c l a r a t i o n  of t h e  R i g h t s  o f  
t h e  C h i l d ,  a  s t a t e m e n t  a f f i r m i n g  i n t e r n a t i o n a l  r e c o g n i t i o n  of  
and growing commitment t o  t h e  concep t  of  a  " b i r t h r i g h t "  f o r  a l l  
humans. Among o t h e r  t h i n g s ,  t h e  D e c l a r a t i o n  a f f i r m s :  

The c h i l d  s h a l l  e n j o y  s p e c i a l  p r o t e c t i o n ,  and s h a l l  
b e  g i v e n  o p p o r t u n i t i e s  and f a c i l i t i e s  . . .  t o  e n a b l e  
h im t o  d e v e l o p  p h y s i c a l l y ,  m e n t a l l y ,  m o r a l l y ,  s p i r i -  
t u a l l y  and s o c i a l l y  i n  a h e a l t h y  and normal  manner 
and i n  c o n d i t i o n s  o f  f reedom and d i g n i t y .  

One c o u l d  add t h a t  such  c o n d i t i o n s  ough t  t o  p r e v a i l  f o r  t h e  
e n t i r e t y  o f  a  human l i f e t i m e ,  n o t  j u s t  f o r  ch i ldhood .  Globa l  
development g o a l s  t h a t  do  n o t  i n c l u d e  p r o v i s i o n  of  such  a b i r t h -  
r i g h t  t o  a l l  humans a r e  i n c o n s i s t e n t  w i t h  any c o n c e p t  of  a  
d e c e n t  world.  

Achieving such  g o a l s  w i l l  under  t h e  b e s t  o f  c i r c u m s t a n c e s  
b e  v e r y  d i f f i c u l t  and a l m o s t  c e r t a i n l y  r e q u i r e  s e v e r a l  g e n e r a t i o n s  
a t  t h e  l e a s t .  

Although it i s  n o t  by i t s e l f  a  s u f f i c i e n t  g u a r a n t e e  f o r  a  
l i v a b l e  world f o r  a l l  i n h a b i t a n t s ,  a  minimum p e r  c a p i t a  ene rgy  
l e v e l  h i g h e r  t h a n  t h e  p r e s e n t  one i s  n e v e r t h e l e s s  a  p r e r e q u i s i t e .  
P r e s e n t  p e r  c a p i t a  ene rgy  u s e  i s  a t  t h e  r a t e  of  2 k W ( t h ) ,  a  
s t a t i s t i c  which o b s c u r e s  t h e  f a c t  t h a t  much of  t h e  world popu- 
l a t i o n  i s  l i v i n g  a t  a  s u b s i s t e n c e  l e v e l  of a  few hundred w a t t s .  
I t  i s  t h e  non-uniform d i s t r i b u t i o n  of  ene rgy  u s e ,  coup led  w i t h  
t h e  wide v a r i a n c e  i n  e f f i c i e n c y  o f  u s e ,  which a c c o u n t s  i n  p a r t  
f o r  t h e  m i s e r y  of  much of  t h e  p r e s e n t  world p o p u l a t i o n .  

While it c a n  be  argued t h a t  t h e  i n d u s t r i a l i z e d  c o u n t r i e s  
c o u l d  become more e f f i c i e n t  i n  energy u s e  by a f a c t o r  o f  two o r  
more o v e r  a  t h r e e  decade  p e r i o d ,  it i s  i n e v i t a b l e  t h a t  a  d e c e n t  
world w i l l  r e q u i r e  more energy  i n  t h e  f u t u r e ,  n o t  less. There  
are s e v e r a l  f a c t o r s  which make t h i s  s o .  F i r s t ,  t h e  momentum i n  
growth o f  world p o p u l a t i o n  ,.:ill l e a d  t o  approx imate ly  s i x  b i l l i o n  
peop le  s h o r t l y  a f t e r  t h e  t u r n  of t h e  c e n t u r y ,  and t h i s  would 
a l m o s t  c e r t a i n l y  become t e n  b i l l i o n  o r  more w i t h i n  t h e  coming 
c e n t u r y .  I n  a d d i t i o n ,  t h e  i n d u s t f i a l i z e d  n a t i o n s  w i l l  c o n t i n u e  
t o  grow i n  t h e i r  demand f o r  ene rgy ,  a l t h o u g h  pe rhaps  a t  a  some- 
what lower r a t e  t h a n  i n  t h e  p a s t .  F i n a l l y ,  t h e  needs  of  t h e  
emerging r e g i o n s  of t h e  world f o r  ene rgy  w i l l  d i c t a t e  a  r a p i d  
growth i n  demand i f  p r o s p e r i t y  i n  even modest t e r m s  i s  t o  be  
a c h i e v e d .  



Presen t  world energy use  (of ~ r i m a r y  sou rces )  i s  a t  t h e  r a t e  
of 7.5 TW(th).  A world of t e n  b i l l i o n  people  ( 1 0 l 0 )  l i v i n g  a t  
t h e  5 kW(th) pe r  c a p i t a  s t anda rd  of Western Europe would 
correspond t o  an almost  o r d e r  of magnitude i n c r e a s e  t o  50 TW(th), 
and could r e s u l t  from an  average r a t e  of growth i n  t h e  product  
of popula t ion  and pe r  c a p i t a  energy use  of  two pe r  c e n t  per  
yea r  over  t h e  nex t  cen tury  ( 1 . 0 2 '  = 7.24) . An i n c r e a s e  by 
a f a c t o r  of 2.5 i n  pe r  c a p i t a  energy use  over  t h i s  pe r iod  could 
occur  throuqh a d ramat ic  cont inuous r educ t ion  i n  t h e  popula t ion  
growth r a t e ;  i nc reased  a f f l u e n c e  w i l l  a l s o  come from v e r y  l a r g e  
i n c r e a s e s  i n  t h e  end u s e  e f f i c i e n c y  i n  t h e  developing r eg ions .  
A t  t h e  same t ime,  human s e t t l e m e n t  p a t t e r n s  w i l l  con t inue  t o  
move i n  t h e  d i r e c t i o n  of i nc reased  u rban iza t ion  and high- 
d e n s i t y  s e t t l e m e n t s  [ I ]  and energy use  w i l l  be i n c r e a s i n g l y  
dominated by t h e  consumption of secondary energy c a r r i e r s  
( p r e s s u r i z e d  h o t  wate r ,  e l e c t r i c i t y  and f u e l s ) .  

The t r a n s i t i o n  over  a cen tu ry  o r  s o  t o  such a l e v e l  of 
g l o b a l  a f f l u e n c e  and s t a b i l i z e d  popula t ion  would be extremely 
d i f f i c u l t  i n  a world i n  which o i l  and g a s  were both un l imi ted  
and cheap. But i f  t h e  enormous problem of improving t h e  con- 
d i t i o n s  of l i f e  f o r  much of t h e  p r e s e n t  and f u t u r e  world 
popu la t ion  seems d i f f i c u l t ,  it i s  compounded by t h e  p r e s s u r e s  
of t h e  i n e v i t a b l e  ( ? )  t r e n d s  towards h igher  popula t ion  and 
h ighe r  urban popu la t ions ,  w i t h  accompanying non-l inear  i n c r e a s e s  
i n  t h e  d i f f i c u l t i e s  of p roduc t ion  and d e l i v e r y  of adequate  
food,  energy,  housing,  h e a l t h  c a r e  and educa t ion .  I n  a d d i t i o n  
we f a c e  t h e  c e r t a i n  p rospec t  of exhaus t ion  of most of t h e  
w o r l d ' s  most u s e f u l  and, u n t i l  r e c e n t l y ,  l e a s t  expensive 
sou rces  of energy--oi l  and n a t u r a l  gas .  Th i s  w i l l  t a k e  p l ace  
over  t h e  coming f o u r  t o  f i v e  decades ,  a long wi th  t h e  problems 
t h e  high p r i c e s  f o r  t h e s e  i n c r e a s i n g l y  s c a r c e  commodities w i l l  
c r e a t e .  

Hence, a s  w e  a t t empt  t o  con f ron t  t h e  i n c r e a s i n g l y  urgent  
problems of world human needs,  w e  must a l s o  i n i t i a t e  and c a r r y  
o u t  a world-wide t r a n s i t i o n  from primary r e l i a n c e  on f o s s i l  
f u e l s  t o  some mix of long-term sou rces  f o r  t h e  produc t ion  of 
h e a t ,  e l e c t r i c i t y  and s y n t h e t i c  f u e l s .  While t h e  r a t e  and s c a l e  
of such a t r a n s i t i o n  w i l l  c e r t a i n l y  va ry  from p l a c e  t o  p l ace ,  
depending on p a t t e r n s  of needs ,  r e s o u r c e s ,  wea l th ,  i n d u s t r i -  
a l i z a t i o n ,  and s o  f o r t h ,  t h i s  t r a n s i t i o n  w i l l  u l t i m a t e l y  be 
g l o b a l  and it w i l l  be e s s e n t i a l l y  complete w i t h i n  a cen tu ry .  
Although t h e r e  i s  some argument r ega rd ing  t h e  e x t e n t  of re- 
cove rab le  r e sou rces  of  c o a l ,  o i l  and gas ,  t h e  a v a i l a b l e  r e -  
sour.ces appear  t o  be  i n  t h e  range  of 1500 t o  3000 TW-years, 
s u f f i c i e n t  f o r  world energy needs growing a t  two p e r  c e n t  pe r  
yea r  f o r  roughly one c e n t u r y .  O i l  and g a s  would of cou r se  be 
exhausted much sooner ,  perhaps  i n  4 0  t o  50 y e a r s .  What i s  
t h e r e f o r e  r e q u i r e d  i s  a smooth t r a n s i t i o n  t o  r e l i a n c e  on t h e  
long-term g l o b a l  o p t i o n s .  There a r e  e x a c t l y  f o u r  i n  number. 

These primary energy sou rces ,  s u f f i c i e n t  t o  p rov ide  a 
l i v a b l e  world of t e n  b i l l i o n  people  f o r  hundreds of c e n t u r i e s  
a t  t h e  l e a s t ,  and e s s e n t i a l l y  f o r e v e r  i n  p r i n c i p l e ,  a r e  t h e  
f i s s i o n  sou rces  ( v i a  t h e  b reede r  r e a c t o r ) ,  t h e  f u s i o n  sou rces  



( l i t h i u m  and d e u t e r i u m ) ,  geothermal energy and t h e  sun.  Un- 
f o r t u n a t e l y  w e  must r u l e  o u t  f u s i o n  a s  an  o p t i o n  we can  count  
on,  s i n c e  s c i e n t i f i c  f e a s i b i l i t y  has  n o t  y e t  been e s t a b l i s h e d ,  
a l though  many e x p e r t s  a r e  convinced t h a t  t h i s  w i l l  be  ach ieved .  
Geothermal energy is  s u f f i c i e n t  f o r  world energy needs on ly  i n  
t h e  form of  h e a t  i n  d r y  r o c k s  and magma. Moreover, e s t i m a t e s  
i n d i c a t e  a  t e c h n i c a l l y  f e a s i b l e  s t e a d y - s t a t e  secondary energy 
produc t ion  r a t e  of  less than  one TW(th) from such s o u r c e s  i f  
t h e  p r e s e n t l y  unreso lved  t e c h n i c a l  problems can be  s o l v e d .  

S u n l i g h t  and f i s s i o n  a r e  a l l  t h a t  r e m a i n .  C e r t a i n l y  t h e  
1 ion"s  s h a r e  of a t t e n t i o n  has  been, i n  terms of  s c i e n c e ,  
i n d u s t r y  and p o l i c y ,  d i r e c t e d  towards t h e  development o f '  l a r g e -  
s c a l e  n u c l e a r  e l e c t r i c i t y  and u l t i m a t e l y ,  a s  sugges ted  by 
W .  HSfele [ 2 ]  and o t h e r s ,  f o r  p r o v i s i o n  of s y n t h e t i c  f u e l s  a s  
w e l l .  While i n  p u r e l y  t e c h n i c a l  t e r m s  w e  a r e  more o r  less 
a s su red  of being a b l e  t o  deve lop  f i s s i o n  systems f o r  deployment 
a t  t h e  g l o b a l  l e v e l ,  t h e  i n s t i t u t i o n a l  i s s u e s  a r e  by no means 
r e s o l v e d .  New approaches t o  p o t e n t i a l  problems r e l a t e d  t o  
r e a c t o r  s a f e t y ,  r a d i o a c t i v e  waste  management and p r o t e c t i o n  
from t e r r o r i s m  w i l l  be  r e q u i r e d  i n  o rde r  t o  deploy f i s s i o n  
sys tems a t  t h e  g l o b a l  l e v e l .  P o s s i b l e  approaches have been i n -  
d i c a t e d  by W. Hafe le  [ 3 ]  and C. Marche t t i  [ 4 1  t o  decoupl ing  
s o c i e t y  and t h e  t e c h n o l o g i e s  which w i l l  s e r v e  s o c i e t y  w i t h  
secondary energy forms.  

Both d i r e c t  and i n d i r e c t  forms of s o l a r  energy can  be used 
t o  produce secondary energy c a r r i e r s .  However, t h e  u s e  of t h e  
i n d i r e c t  sou rce s  (wind, waves, thermal  g r a d i e n t s  i n  t h e  oceans ,  
h y d r a u l i c  p o t e n t i a l  and t h e  osmotic p o t e n t i a l  of f r e s h  wate r  
f lowing  i n t o  t h e  oceans)  appea r s  l i m i t e d  t o  something on t h e  
o r d e r  of 5 TW. Only t h e  d i r e c t  u se  of t h e  s o l a r  i r r a d i a n c e  i s .  
capab l e  of  p rov id ing  upwards of 50 TW(th) con t inuous ly .  
Tab les  1 and 2 i n d i c a t e  t h e  s c a l e  of t h e  problem. Fur thermore ,  
a s  d i s cus sed  below, p r o v i s i o n  of energy a t  t h e  l e v e l  of many 
t e n s  o f  t e r a w a t t s  i s  p o s s i b l e  on ly  through a g l o b a l  deployment 
of s o l a r  convers ion  f a c i l i t i e s  i n  t h e  sunny p a r t s  of t h e  world,  
connected w i th  t h e  demand c e n t e r s  through t r ansmis s ion  ove r  
long d i s t a n c e s  of f u e l s  and e l e c t r i c i t y .  Requirements f o r  
d e d i c a t e d  l and  w i l l  be on t h e  o r d e r  of a  m i l l i o n  squa re  k i l o -  
me te r s  of sunny ( a r i d  waste land and d e s e r t s )  r e g i o n s  d i s t r i -  
buted around t h e  world.  

An impor tan t  a s p e c t  of  t h e  t r a n s i t i o n  t o  a world i n  which 
non - fo s s i l  o p t i o n s  p rov ide  t h e  m a j o r i t y  o f  energy needs w i l l  
be t h e  t i m i n g  of t h i s  s h i f t .  W e  know t h a t  it r e q u i r e s  roughly  
f i v e  decades  f o r  a  major sou rce  of  energy t o  be  developed and 
used on a t r u l y  s i g n i f i c a n t  s c a l e .  Hence, t h e  i n i t i a t i o n  of 
l a r g e - s c a l e  development and deployment of t h e  long-term a l t e r -  
n a t i v e s  must begin  perhaps  50 y e a r s  o r  more i n  advance of  t h e  
u l t i m a t e  d e p l e t i o n  of  t h e  f o s s i l  r e sou rce s .  W e  a r e  pe rhaps  
two decades  a t  most i n t o  t h i s  f o r  f i s s i o n  sys tems,  and o n l y  a 
few y e a r s  i n t o  t h e  development o f  l a r g e - s c a l e  s o l a r  sys tems.  
Even i f  w e  c o u l d  count  on f u s i o n ,  i n i t i a t i o n  o f  l a r g e - s c a l e  



Table 1 .  Present patterns of land use and potential solar 
energy conversion area requirements 

Uses Region l o 6  km2 % Total 

Used Human settlements 
fully Arable land 

Partial Pastures 21 .3  1 4 . 3  
use Forests 3 5 . 3  2 3 . 8  

............................................................. 
Usable (not practical) 3 .9  2 . 6  

unused Wasteland, desert, 
mountains 

Uninhabited islands 1 2 . 5  8 . 4  
and polar regions 

Total Global land area 1 4 8 . 5  100 .0  

Solar 7 . 5  TW 0 .15  0 .1  
( 5 0  w/m2) 50.0  1  . O  0 .7 

400.0  8 . 0  5 .4  

Table 2 .  Area requirements for solar energy conversion for 
various combinations of population and per capita 
energy demand 

Date Population Energy/cap World Energy Solar Area 

1  o9 kW (th) TW(th) 6  2  
1 0  km 

Now 4  2 7 . 5  0 . 1 5  



commercial systems i s  u n l i k e l y ,  i n  t h e  m o s t  o p t i m i s t i c  of 
s cena r io s ,  t o  begin b e f o r e  t h e  e a r l y  p a r t  of t h e  nex t  cen tu ry .  
Therefore ,  we must cons ide r  t h e  g l o b a l  deployment of  solar con- 
ve r s ion  systems a t  t h e  same l e v e l  of concern a s  we cons ide r  t h e  
f i s s i o n  op t ion .  

The p o t e n t i a l  consequences of such large-scale use a r e  of 
s p e c i a l  concern.  From exper ience i n  t h e  f i e l d  of f i s s i o n  
power we know t h a t  i n  t h e  beginning of t h e  t echno log ica l  
development pe r iod ,  t h e  l a rge - sca l e  a s p e c t s  of t h e  technology 
a r e  o f t e n  no t  thoroughly examined ( o r  even p e r c e i v e d ) .  Only 
when l a r g e - s c a l e  a c t i v i t y  commences do such c o n s i d e r a t i o n s  
become v i s i b l e  and important .  From h i n d s i g h t  we r e a l i z e  t h a t  
t h e  development of a s t r o n g ,  sys tems-or iented technology a s se s s -  
ment of t h e  f i s s i o n  o p t i o n  might have made a s u b s t a n t i a l  con- 
t r i b u t i o n  t o  t h e  r e c o g n i t i o n  and r e s o l u t i o n  of problems which 
a r e  now i n h i b i t i n g  t h e  use  o f  such technologies .  

So la r  energy convers ion systems w i l l  be no except ion  t o  
t h e  r u l e  t h a t  t h e  l a rge - sca l e  use of any new technology bea r s  
unexpected and o f t e n  undes i red  consequences. Although t h e r e  
appears  t o  be a popular  mythology t h a t  t h e  u se  of s u n l i g h t  is  
completely " c l e a n " ,  t h i s  mythology w i l l  f a l l  a s  l a r g e  a r e a s  of 
d e s e r t  l ands  a r e  covered with  machines and v a l l e y s  a r e  f looded 
t o  provide needed h y d r o e l e c t r i c  s t o r a g e  f a c i l i t i e s  t o  permi t  
f u l l  u se  of s o l a r  genera ted  e l e c t r i c i t y .  Even t h e  p o s s i b i l i -  
t i e s  of c l i m a t i c  mod i f i ca t ion  appear when w e  c o n s i d e r . c o v e r i n g  
upwards of a n ~ i l l i o n  square  k i lome te r s  of sunny land w i t h  
s o l a r  convers ion machines [5]  . 

I n  cons ide r ing  t h e  p o s s i b l e  u se  of s o l a r  convers ion  on . 

t h i s  s c a l e ,  a number of q u e s t i o n s  come t o  mind. For example, 
it has  been on ly  r e c e n t l y  t h a t  t h e  produc t ion  of  e l e c t r i c i t y  
from l a r g e  (1000 MW(e)) s o l a r  power p l a n t s  and t h e  produc t ion  
of  s y n t h e t i c  f u e l s  from both f i s s i o n  and s o l a r  f a c i l i t i e s  has  
been examined. Even less a t t e n t i o n  has  been pa id  to ,  how a m i x  
of non - fos s i l  energy sou rces  could be i n t e g r a t e d  i n t o  l a r g e  
thermal  ( d i s t r i c t  h e a t i n g ) ,  e l e c t r i c a l  and f u e l  networks. Y e t ,  
w i thout  such a systems p e r s p e c i t v e ,  it i s  n o t  easy t o  see how 
such op t ions  f i t  i n t o  an o v e r a l l  long-term energy s t r a t e g y .  
This  i s  p a r t i c u l a r l y  t r u e  of s o l a r  energy convers ion where w e  
cannot  c o n t r o l  t h e  energy i n p u t  t o  t h e  convers ion machines. 
A t  p r e s e n t  we do no t  have a c l e a r  i d e a  of  how an i n t e g r a t e d  
e l e c t r i c a l  u t i l i t y  would o p e r a t e  when a s u b s t a n t i a l  p o r t i o n  of 
i n s t a l l e d  c a p a c i t y  i s  i n  t h e  form of s o l a r  power p l a n t s ,  nor 
do we understand t h e  t r a d e - o f f s  involved among v a r i o u s  s o l a r  
p l a n t  s i t i n g  s t r a t e g i e s  (and t h e  e f f e c t s  of d i s p e r s i o n )  and 
t h e  requirements  f o r  energy s t o r a g e  and backup gene ra t ion  
c a p a c i t y  t o  gua ran tee  a s p e c i f i e d  l e v e l  of  o v e r a l l  system 
r e l i a b i l i t y .  A s i m i l a r  l ack  of systems unders tanding a p p l i e s  
t o  t h e  impact of  l a r g e  numbers of s o l a r  hea ted  b u i l d i n g s  on 
t h e  demand p r o f i l e  of e l e c t r i c  and g a s  u t i l i t i e s .  

These and o t h e r  i s s u e s  must be  b e t t e r  understood i f  
a p p r o p r i a t e  p u b l i c  suppor t  a s  we l l  a s  i n d u s t r i a l  development 



and commercialization programs are to be initiated and supported 
for the necessary decades. In particular, we must concern our- 
selves with the following classes of issues in which systems 
considerations will be important, and where new methodologies 
may have to be developed: 

(1) operation and optimization of integrated energy systems 
in which solar conversion elements are embedded; (This 
is especially improtant for electrical utility systems.) 

(2) the complementary problem of embedding such facilities in 
the landscape, and the effect of alternative siting 
strategies on systems operation and economics; (Important 
since dispersed but interconnected solar systems require 
reduced backup and storage capacity relative to single 
site strategies. ) 

(3) market penetration dynamics---assessment of the maximum 
rate and scale at which new energy systems technologies, 
including solar, can penetrate the energy marketplace; 

(4) technology assessment in the broadest sense, including 
an examination of environmental and social aonsequences 
of alternative energy strategies; 

(5) establishment of a rational basis for intercomparison of 
large-scale energy systems options (not to take the place 
of public or private debate but to provide an explicit 
framework within which decisions and debate can take place); 

(6) determination of the "resilience" of alternative energy 
strategies to uncertainty, disruption, geopolitical shifts 
and so forth. 

Each of these will be discussed in turn, after a brief re- 
view of the solar resource, technological options for solar 
energv conversion and some possibilities for global use of these 
options. It is fair to say that at this point in time, many 
questions will be raised and few will be immediately answered. 
However, finding the right questions will be the hardest part 
of the task for future analyses. 

SOLAR ENERGY AS A RESOURCE 

The solar resource is unique in that it is a power resource. 
It is available at a rate determined by the surfs-ce temperature 
(5900K) and angular size of the sun, the properties of the 
atmosphere and the earth/sun geometry as seen from a specific 
place on the globe at a given time. Due to the presence of the 
atmosphere--a turbulent scattering medium--the maximum power 
density at the surface of the earth is approximately 1.0 kw/m2 
and is composed of both diffuse (scattered) and direct (fo- 
cusable) radiation whose ratio depends on the state of the at- 
mosphere. Under very clear sky conditions, direct beam 



r a d i a t i o n  w i l l  c o n s t i t u t e  a s  much a s  90 pe r  c e n t  of t h e  t o t a l  
i r r a d i a n c e ;  under c o n d i t i o n s  t y p i c a l  of c e n t r a l  Europe i n  
w i n t e r  t h e  d i r e c t  component w i l l  o f t e n  be n e g l i g i b l e .  The 
annual  average  s o l a r  energy on t h e  ground w i l l  v a ry  from 2 t o  
6  kwh/m2-day over  t h e  wor ld ,  t h e  former  f i g u r e  t y p i c a l  of 
Nor thern  Europe, t h e  l a t t e r  t y p i c a l  of sunny a r i d  and d e s e r t  
r e g i o n s .  I n  c l e a r  sky environments t h e  direct beam r a d i a t i o n  
can  average  7 t o  8 kwh/m2-day on a  s u r f a c e  con t i nuous ly  
o r i e n t e d  towards t h e  sun ,  and it i s  t h i s  r e s o u r c e  which w i l l  
be s o  impor t an t  i n  any t r u e  g l o b a l  s o l a r  energy scheme. 

The s t a t i s t i c s  of t h e  i n s o l a t i o n  t ime s e r i e s  w i l l  v a r y  a s  
a  f u n c t i o n  of l o c a t i o n  and t ime  of y e a r  and w i l l  r e f l e c t  t h e  
p roduc t  of a  g e o m e t r i c a l l y  determined i n c i d e n t  r a d i a t i o n  and 
t h e  s t o c h a s t i c  f i l t e r i n g  e f f e c t s  of  t h e  atmosphere.  The 
combination of t h e  d i u r n a l  and s e a s o n a l  c y c l e s  and t h e s e  
s t o c h a s t i c  f l u c t u a t i o n s  make it impe ra t i ve  t h a t  energy s t o r a g e  
e lements  and,  p o s s i b l y ,  l ong -d i s t ance  i n t e r c o n n e c t i o n  of  s o l a r  
e l e c t r i c  f a c i l i t i e s  be used t o  meet systems c o n s t r a i n t s  of 
economics and r e l i a b i l i t y .  ( F u r t h e r  d e t a i l s  of  t h e  s o l a r  r e -  
sou rce  appear  i n  s t anda rd  r e f e r e n c e s  [ 6 ] . )  Tab le  3  i n d i c a t e s  
t h a t  s o l a r  d e r i v e d  f u e l s  ( H 2 )  and e l e c t r i c i t y  can  be produced 
a t  a  thermal  e q u i v a l e n t  r a t e  of abou t  50 w / m 2  ( d e d i c a t e d  l and  
a r e a )  i n  t h e  sunny, c l e a r  sky r e g i o n s  of t h e  world.  

. b l e  3. Net p roduc t i on  of secondary  energy forms and t he rma l  
e q u i v a l e n t  from s o l a r  energy convers ion .  Ground 
cover  r a t i o  of  0.4 t o  0 .5  assumed f o r  STEC, s o l a r  
thermal  hydrogen; 0.8 f o r  PV 

S o l a r  Resource Technology E f f i c i e n c y  Net Output  

(w/m2 I 

250 - 300 b7/m STEC 0.2 - 0.35 20 - 50 ( e )  
D i r e c t  beam - 60 - 150 ( t h )  

S o l a r  t h e r -  0.2 - 0.6 2 0  - 90 ( t h )  
ma1 hydrogen 

80 - 250 w/m2 P h o t o v o l t a i c  0.1 - 0.25 6  - 5 0  (e )  
Global  r a d i a t i o n  18 - 150 ( t h )  

Biocon- 
v e r s i o n  

0.1 6  - 20 ( t h )  

Low tempera- 0 . 3  - 0.5 25 - 125 ( t h )  
t u r e  heat. 



SOLAR ENERGY CONVERSION SYSTEMS OPTIONS 

S o l a r  energy must f i r s t  be conver ted i n t o  o t h e r  forms of 
energy p r i o r  t o  u se  by s o c i e t y .  The i n d i r e c t  forms of s o l a r  
energy,  such a s  wind and waves, w i l l  be conver ted i n i t i a l l y  t o  
mechanical  energy ( s h a f t  horsepower) and then  t o  e l e c t r i c i t y  
o r ,  pos s ib ly ,  v i a  r e f r i g e r a t i o n  c y c l e s  t o  l i q u i d  a i r .  A s  
d i s cus sed  e a r l i e r ,  t h e  t o t a l  p o t e n t i a l  of t h e  i n d i r e c t  s o l a r  
o p t i o n s  i s  on t h e  o r d e r  of perhaps 5 TW(th). The d i r e c t  u se  
of s o l a r  energy i s  p o s s i b l e  v i a  a number of thermodynamic 
pathways, as i l l u s t r a t e d  i n  F igure  1 .  Once s u n l i g h t  i s  con- 
v e r t e d  d i r e c t l y  t o  h e a t ,  e l e c t r i c i t y  o r  a chemical  f u e l ,  it 
can then  be used i n  an energy system such as t h a t  i n d i c a t e d  
schema t i ca l ly  i n  F i g u r e  2 .  A l l  energy systems,  whether t hey  
a r e  bea r s ,  b reeder  r e a c t o r s  o r  ! . laserat is ,  a r e  composed of 
f o u r  b a s i c  b u i l d i n g  b locks .  These a r e  energy convers ion ,  
energy s t o r a g e ,  energy t r a n s p o r t  and power cond i t i on ing .  The 
f i n a l  element r e f e r s  t o  t h e  hardware f o r  c o n t r o l  of f lows,  

F lgure  1 .  D i r ec t  convers ion  of s u n l i g h t  t o  u s e f u l  secondary 
energy forms v i a  va r ious  thermodynamic pathways 
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Figure 2. Generalized schematic representation of a solar 
energy conversion system 

frequency stabilization, AC/DC conversion, voltage control, 
pressure control, etc. in various parts of an energy system, 
and to the software (the brains) for operation of the system. 
Hence, a solar energy system is one in which the "front end" 
conversion element is one in which sunlight is converted to 
some other form of energy such as heat, electricity or chemical 
energy. 

The very high thermodynamic quality of sunlight, even 
after passing through a clear atmosphere, permits generation 
of heat at temperatures in excess of 3000' (as demonstrated in 
the magnificent French solar furnace at Odeillo). In fact, 



w i t h  a  s u i t a b l e  a b s o r b i n g  c a v i t y  it i s  p o s s i b l e  t o  g e n e r a t e  
h i g h e r  t e m p e r a t u r e s  u s i n g  a p l a s t i c  F r e s n e l  l e n s ,  a v a i l a b l e  
f o r  a few d o l l a r s ,  t h a n  i s  p o s s i b l e  w i t h  t h e  most advanced 
d e s i g n s  of  h i g h  t e m p e r a t u r e  r e a c t o r s .  Hence, s u n l i g h t  is  a  
s u i t a b l e  s o u r c e  of t h e r m a l  energy o v e r  t h e  t e m p e r a t u r e  r a n g e  
l i k e l y  t o  b e  of  i n t e r e s t  f o r  c o n s i d e r a b l e  time, and i s  s u i t a b l e  
f o r  o p e r a t i o n  o f  Rankine . c y c l e  (s team) and Brayton c y c l e  ( g a s  
o r  a i r )  t u r b i n e s  f o r  t h e  g e n e r a t i o n  of  e l e c t r i c i t y  o r  t h e  
thermochemical  p r o d u c t i o n  of  hydrogen and oxygen from w a t e r .  
A p a r t i c u l a r  t e c h n o l o g i c a l  fo rmat  f o r  s u c h  c o n v e r s i o n  i s  t h e  
" c e n t r a l  r e c e i v e r "  sys tem,  i n  which t r a c k i n g  m i r r o r s  o r  h e l i o -  
s t a t s  c o n c e n t r a t e  s o l a r  r a d i a t i o n  on a n  a b s o r b e r  a t o p  a tower 
t o  g e n e r a t e  s team o r  h o t  a i r  t o  o p e r a t e  a t u r b i n e .  A 100 M W ( e )  
sun-fo l lowing p l a n t  would r e q u i r e  rough ly  15 ,000 s u c h  h e l i o -  
s tats,  e a c h  a b o u t  40 m 2  i n  a r e a  w i t h  a n  a b s o r b e r  a t o p  a . 2 0 0  
t o  250 m h i g h  tower .  Such a  system ( F i g u r e  3 )  would g e n e r a t e  
power a t  t h e  r a t e d  c a p a c i t y  f o r  e i g h t  t o  t e n  h o u r s  p e r  day i n  

F i g u r e  3 .  Concep tua l  form o f  a  s o l a r  t h e r m a l  e lec t r ic  power 
p l a n t  w i t h  a  r a d i a t i o n  r e c e i v e r  a t o p  a tower  i n  a  
m i r r o r  f i e l d  



sunny r eg ions ,  wi th  a smal l  amount of s t o r a g e  t o  b u f f e r  t h e  
t u r b i n e  a g a i i ~ s t  r a p i d  changes i n  steam o r  h o t  gas  cond i t i ons .  
Such systems a r e  under development i n  t h e  United S t a t e s  [ 7 ] ;  
a 10 Mlq(e) p l a n t  w i l l  be on l i n e  a t  t h e  end of t h i s  decade 
and a 100 MW(e) system should be i n  o p e r a t i o n  i n  t h e  mid- 
e i g h t i e s .  A s i m i l a r  e f f o r t  i s  now being cons idered  i n  France.  
Some of  t h e  p o s s i b l e  systems c o n f i g u r a t i o n s  a r e  shown i n  
F igu re  4 .  A second convers ion approach involves  d i r e c t  con- 
v e r s i o n  of s u n l i g h t  t o  e l e c t r i c i t y  v i a  pho tovo l t a i c  e lements  
o r  " s o l a r  c e l l s " .  Such u n i t s  respond t o  s u n l i g h t  independent 
of whether it i s  d i r e c t  o r  d i f f u s e  and are t h e r e f o r e  s u i t a b l e  
f o r  s i t i n g  i n  r eg ions  of low d i r e c t  beam i n s o l a t i o n .  The i r  
development a s  economically i n t e r e s t i n g  op t ions  i s  being 
pursued a c t i v e l y  i n  a number of c o u n t r i e s  i nc lud ing  t h e  U S  and 
t h e  Fede ra l  Republic of Germany. F i n a l l y ,  f o r  t h e  purposes of 
t h i s  paper ,  s o l a r  f u e l  product ion can proceed e i t h e r  v i a  photo- 
chemica l /b io log ica l  r o u t e s  o r  by convers ion of e i t h e r  e l e c -  
t r i c i t y  ( v i a  e l e c t r o l y s i s )  o r  h e a t  ( thermochemical) .  I n t e r -  
e s t i n g l y  enough, t h e  prodcut ion of hydrogen from s u n l i g h t  i n  
sunny r eg ions  remote from Europe (perhaps 5000 krn d i s t a n t )  may 
r e s u l t  i n  a more economic approach t o  hea t ing  of b u i l d i n g s  i n  
Europe than  o n - s i t e  u s e  of s o l a r  c o l l e c t o r s  and a s s o c i a t e d  
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Figure  4 .  P o s s i b l e  combinations of s o l a r  thermal energy 
convers ion t o  e l e c t r i c i t y  and f u e l  



storage, transport and control elements. Although a detailed 
review of the systems options is inappropriate here, the 
range of expected costs for solar generated hydrogen transported 
to Europe is shown for electrolytic and thermochemical processes 
in ~abies 4 and 5. 

Table 4. Electrolytic hydrogen from sunlight. Estimates using 
best available data and cost projections for the cost 
of producing hydrogen by a combination of solar 
thermal electricity and electrolysis. 

- -- -- 

Case 1 Case 2 Case 0 

STEC ($kW(e)) 700 1400 500 

Electrolysis ( $/kWH) 400 500 100 

System load factor 0.40 0.25 0.4 

H~ cost ( $/bbl equiv. 55* 211* 30* 

*lo% fixed charge rate 

Table 5. Thermochemical hydrogen from sunlight. Estimates of 
the likely range of costs for the production of 
hydrogen by solar thermo-chemical processes using 
current estimates of almost certain (Case I), highly 
likely (Case 2) and possible but optimistic (Case 3) 
costs of the system elements 

Case 1 Case 2 Case 3 

Net efficiency 0.10 0.25 0.64 

System load factor 0.25 0.35 0.40 

Heliostats 750 240 75 
BOP 100 75 45 
Thermochemical 400 200 100 

-- 
Total capital cost 1250 515 220 

$/bbl equiv. 100 30 1 1  



SOLAR ENERGY CONVERSION--A GLOBAL SYSTEMS SCENARIO 

The world i s  evo lv ing  towards a  system i n  which most of  
t h e  ene rgy - r e l a t ed  needs  w i l l  e v e n t u a l l y  be  provided th rough  
t h e  d i s t r i b u t i o n  of e l e c t r i c i t y  and f u e l s .  A s  o i l  and g a s  a r e  
d e p l e t e d ,  o t h e r  g l o b a l l y  t r a n s p o r t a b l e  f u e l s  must t a k e  t h e i r  
p l a c e .  Hydrogen, methane, a l c o h o l s ,  ammonia and l i q u i d  a i r  
( t h e  l a s t  n o t  s t r i c t l y  a  f u e l  b u t  a  negentropy c a r r i e r )  have a l l  . 

been proposed a s  t h e  i n t e r f a c e  between t h e  l a r g e - s c a l e  pr imary 
energy s o u r c e s  and t h e  evo lv ing  p a t t e r n  o f  end u s e s .  Even a t  
t h e  50 TW(th) l e v e l  of  a  world of lo1  peop le  and 5  kW(th) p e r  
pe r son ,  it i s  p o s s i b l e  t o  supp ly  t h i s  demand ( f o r e v e r )  from t h e  
d i r e c t  u s e  o f  s o l a r  energy.  The s t r u c t u r e  of a  g l o b a l  s o l a r  
energy sys tem would i nvo lve  h i e r a r c h i e s ,  b u t  it would depend 
on t h e  a v a i l a b i l i t y  of  l ong -d i s t ance  e l e c t r i c i t y  t r a n s p o r t . a n d  
g l o b a l  f u e l  t r a n s p o r t .  The p r e s e n t  ave r age  d i s t a n c e  kor  bu lk  
e l e c t r i c i t y  t r a n s p o r t  i s  100 km b u t t h e  t r e n d s ,  through h i g h  
v o l t a g e  DC t r a n s m i s s i o n ,  a r e  towards d i s t a n c e s  on t h e  o r d e r  o f  
1000 km o r  more, and l onqe r -d i s t ance  t r a n s m i s s i o n  rklay be  a 
r e a l i t y  a t  t h e  t i m e  needed ( a f t e r  t h e  y e a r  2000) .  Transmiss ion 
of l i q u i d  f u e l s  i s  now a  g l o b a l  o p e r a t i o n ,  and t h e  o i l  b u s i n e s s  
i s  t h e  l a r g e s t  a c t i v i t y  i n  t h e  world economy. P i p e l i n e  t r a n s -  
m i s s ion  of s y n t h e t i c  f u e l s  such a s  hydrogen w i l l  be p o s s i b l e  
f o r  d i s t a n c e s  up t o  pe rhaps  5000 km. Hence, a  g l o b a l  s o l a r  
s c e n a r i o  would i n c l u d e  t h e  fo l l owing  f e a t u r e s :  

( 1 )  l o c a l  u s e  o f  s o l a r  h e a t i n g  where economics and env i ron-  
menta l  c o n d i t i o n s  pe rmi t ;  

( 2 )  s o l a r  e lectr ic  power g e n e r a t i o n  u n i t s  l o c a t e d  th roughout  
t h e  wor ld ,  p r i m a r i l y  i n  sunny r e g i o n s ,  i n t e r c o n n e c t e d  ove r  
d i s t a n c e s  o f  perhaps  1000 t o  2000 km and more; 

( 3 )  s o l a r  f u e l  (hydrogen?) p roduc t i on  u n i t s  i n  t h e  sunny p a r t s  
o f  t h e  world p rov id ing  hydrogen and o t h e r  energy  c a r r i e r s  
v i a  p i p e l i n e  and perhaps  c ryo t anke r  t o  t h e  e n t i r e  world.  

By making u s e  of t h e  a r i d  and d e s e r t  was t e l ands ,  w e  c an  
l i m i t  t h e  t o t a l  a r e a  r e q u i r e d  t o  rough ly  20 m2/kw(th)  f o r  t h e  
produced secondary  energy,  cor responding  t o  l o 6  km2 t o  p rov ide  
a  world a t  a n  o r d e r  o f  magnitude g r e a t e r  t o t a l  demand t h a n  
today.  Th i s  p i c t u r e  h a s  a c e r t a i n  i n t e r n a l  c o n s i s t e n c y .  I n  
o r d e r  f o r  t h e  s o l a r  o p t i o n  t o  be a  g l o b a l  o p t i o n ,  it h a s  t o  
p rov ide  p r i m a r i l y  f u e l s  and e l e c t r i c i t y .  By v i r t u e  of  t h e  i n -  
c r e a s i n g  c a p a c i t y  f o r  economic and r e l i a b l e  l ong -d i s t ance  
t r a n s p o r t  o f  t h e s e  c a r r i e r s ,  sunny r e g i o n s  are p o s s i b l e  f o r  
s i t i n g  t h e  bu lk  of t h e  f a c i l i t i e s .  I n  a d d i t i o n ,  g l o b a l  develop- 
ment p a t t e r n s  w i l l  r e q u i r e  l and  f o r  s e t t l e m e n t s  and a g r i c u l t u r e  
a s  w e l l  a s  r e c r e a t i o n ,  f o r e s t r y  and e c o l o g i c a l  d i v e r s i t y .  How- 
e v e r ,  even i n  a  scheme of 4 0  b i l l i o n  peop le  on t h e  p l a n e t ,  
C.A.  Doxiadis  [ I ]  ha s  po in t ed  o u t  t h a t  t h e  a r i d  and d e s e r t  
l a n d s  w i l l  remain e s s e n t i a l l y  un inhab i t ed  and unproduc t ive .  A 
g l o b a l  s o l a r  o p t i o n  i s  c o n s i s t e n t  w i t h  t h i s  view. 



Of course, within such a system solar conversion elements 
may be embedded locally, and many countries may want to have 
some fraction of the production capacity within their boundaries. 

Such a scenario would have the following attributes, which 
to some should appear attractive (but further analysis is really 
required to examine these in detail) : 

(1) dispersion of solar fuel and electricity sources over 
much of the world, minimizing the possibility of embargo 
(the world would have to embargo itself!); 

(2) dispersion of electric production would significantly 
reduce the need for backup generation capacity and 
storage requirements as well as permit the minimum solar 
electricity production costs compatible with the technol- 
ogy at a given time; 

(3) production of hydrogen or other fuels would permit storage 
underground in natural structures (e.g. depleted oil and 
gas fields, aquifers) permitting creation of reserves to 
buffer against political and technical disruption of 
production units; 

(4) such a system would virtually bypass the hazards ascribed 
to a global nuclear fission system. Disruption of the 
solar units would have no environmental consequences, no 
wastes are produced, and the systems would have no 
military uses in the direct sense (which may, in part, 
account for the relative lack of interest in solar energy 
systems for the past several decades); 

(5) the resource is totally non-depletable; hence, true 
stability in secondary energy production would be assured. 
(These systems would be the equivalent of giant, non- 
depletable fuel fields with a production rate limited to 
50 w/m2 of dedicated land. ) 

There are other aspects worth mentioning. It appears 
that the large solar electric and fuel systems will require 
primarily concrete, steel and sand in their construction. 
Although a detailed examination of the materials requirements 
for the high temperature portion of the system is required, it 
appears that there will be no fundamental.rnateria1s problems 
with such systems. Hence, in constant costs, the cost of 
such systems should continue to decrease over time, approaching 
some asymptotic limit. This is thought to be about $500 k;V(e) 
for solar thermal electric plants. Finally, the conversion of 
sunlight and water into hydrogen and oxygen, with subsequent 
recombination into pure water, is in principle a highly attrac- 
tive global energy system, although the consequences of 
operation of such a system remain to be evaluated. 



W e  shou ld  a l s o  r e a l i z e  t h a t  t h e  development,  c o n s t r u c t i o n  
and o p e r a t i o n  of such a  system would c o n s t i t u t e  t h e  l a r g e s t  
t e c h n i c a l ,  e n g i n e e r i n g  and economic v e n t u r e  o f  t h e  wor ld .  It 
would dwarf any th ing  under taken  t o  d a t e ,  and it would c l e a r l y  
r e q u i r e  and perhaps  f o r g e  new a l l i a n c e s  among n a t i o n s  and 
new i n s t i t u t i o n s  t o  manage t h i s  system. But it shou ld  be  
po in t ed  o u t  t h a t  t h e  a l t e r n a t i v e - - a  g l o b a l  f i s s i o n  sys tem t o  
p rov ide  t h e s e  same 50 TW t o  t h e  wor ld ,  would r e q u i r e  i n v e s t -  
ments  and eng inee r i ng  and i n s t i t u t i o n a l  a c t i v i t i e s  j u s t  as 
l a r g e .  I n  o t h e r  words, w e  a r e  s t u c k  (p robab ly)  w i t h  t h e  n e e d ,  
t o  c r e a t e  such a  g i a n t  energy i n f r a s t r u c t u r e ;  t h e  r e l a t i o n  
of s o l a r  and non-solar  o p t i o n s  w i t h i n  such a  s t r u c t u r e  i s  s t i l l  
n o t  w e l l  unders tood.  

Of cou r se ,  such a system would n o t  be c r e a t e d  from t h e  t o p  
down. I t  would evo lve  i n  s t a g e s  of development.  The i n i t i a l  
s t a g e ,  l a s t i n g  i n t o  t h e  19901s ,  would i n c l u d e  t h e  c o n s t r u c t i o n  
of hundreds of thousands  of  b u i l d i n g s  w i t h  solar  t he rma l  equip-  
ment, and t h e  embedding of s m a l l  amounts of  s o l a r  e lec t r ic  
g e n e r a t i o n  c a p a c i t y  i n  t h e  e lectr ical  g r i d s  of  t h e  i n d u s t r i -  
a l i z e d  n a t i o n s  ( t h o s e  which had s u i t a b l e  h igh  i n s o l a t i o n  si tes)  
t o  pe rhaps  t h r e e  p e r  c e n t  o f  t o t a l  c a p a c i t y .  From t h e  mid- 
n i n e t i e s  i n t o  t h e  f i r s t  d e c a d e ( s )  of  t h e  n e x t  c e n t u r y ,  r e g i o n a l  
i n t e r c o n n e c t i o n s  of s o l a r  e lec t r ic  power g e n e r a t i o n  would 
occu r ,  and s o l a r  b u i l d i n g s  might  be  s u f f i c i e n t l y  abundant  t o  
c o n s t i t u t e  a n  impor t an t  m o d i f i c a t i o n  of  t h e  e lectr ical  and 
f u e l  sys tems i n  which t h e y  w e r e  embedded. S o l a r  f u e l  pro- 
d u c t i o n  f a c i l i t i e s  would be  i n c r e a s i n g l y  used ,  w i t h  t r u l y  l a r g e -  
scale s o l a r  f u e l  p roduc t i on  occu r ing  i n  t h e  second decade  of  
t h e  n e x t  c en tu ry .  I n  t h e  f i r s t  decade of t h e  n e x t  c e n t u r y  and 
beyond, c o n t i n e n t a l  d imensions  would be  invo lved  i n  t r a n s p o r t  
of e l e c t r i c i t y ,  p e r m i t t i n g  t h e  l i n k i n g  of s o l a r  power p l a n t s  
ove r  l a r g e  d i s t a n c e s  and t o  r e c i o n s  n o t  s u i t a b l e  f o r  s i t i n q  of  
such f a c i l i t i e s .  

T h i s  i s  of  c o u r s e  o n l y  t h e  b a r e s t  of  s k e t c h e s ,  b u t  it 
s u g g e s t s  something of  t h e  e v o l u t i o n a r y  p roce s s  which such  a  
system, i f  developed,  would proceed th rough .  S i n c e  l o c a l  and 
r e g i o n a l  a p p l i c a t i o n s  would come f i r s t ,  it w i l l  be n e c e s s a r y  
t o  p recede  such developments w i t h  a p p r o p r i a t e  methodologies  
which pe rmi t  t h e  e v a l u a t i o n  of  t h e  p o t e n t i a l  u s e  f o r  such  
t e c h n o l o g i e s  on a r e g i o n  by r e g i o n  b a s i s .  V a r i a t i o n s  i n  
v i r t u a l l y  eve ry  parameter  de te rmin ing  t h e  economic and produc- 
t i o n  p o t e n t i a l  of  s o l a r  o p t i o n s  w i l l  o ccu r  a t  t h e  r e g i o n a l  
l e v e l .  The pa ramete r s  i n c l u d e  me teo ro log i ca l  c o n d i t i o n s ,  
q u a l i t y  and e x t e n t  o f  a v a i l a b l e  l a n d ,  t h e  t e c h n i c a l ,  economic 
and i n s t i t u t i o n a l  s t r u c t u r e  o f  t h e  l o c a l  and r e g i o n a l  u t i l i t y  
sys tems,  p r i c e  and a v a i l a b i l i t y  of  o t h e r  sou rce s  of  energy ,  and 
an  a r r a y  of  s o c i a l  and p o l i t i c a l  p r i o r i t i e s .  No such method- 
o logy  e x i s t s  and,  u n t i l  it does ,  it i s  u n l i k e l y  t h a t  w e  w i l l  be  
a b l e  t o  a s s e s s  how t h e  e v o l u t i o n  t o  a  g l o b a l  l e v e l  of  u s e  cou ld  
o c c u r ,  nor  where t h e  impor t an t  e a r l y  p r o s p e c t s  f o r  s o l a r  energy  
conve r s ion  w i l l  be.  



Because of the need for such methodologies, and the need 
to assess the significance of a global solar option in advance 
of having it, a number of systems issues require further in- 
vestigation. These are discussed in the subsequent sections. 

EMBEDDING OF STOCHASTIC ENERGY SOURCES IN INTEGRATED ENERGY 
SYSTEMS 

Solar conversion elements will be embedded in the larger 
integrated energy systems of society. Because of the possi- 
bility of continental and global transport of solar-derived 
fuels, coupled with the feasibility of long-term storage 
(several years), the behavior of large fuel systems will not 
be affected by short-term (daily, hourly, minute to minute) 
variations in available sunlight. However, the siting of solar 
electric facilities will involve regions in which there are 
large stochastic variations in available sunlight, and in which 
bulk transport of electricity will be below 1000 km for several 
decades. Hence, one extremely important unsolved problem is 
the development of models which can permit simulation and 
optimization of the operation of electric utility systems con- 
taining solar power plants. In addition, models are required 
to guide investment decisions when capacity additions are re- 
quired in response to demand forecasts. Such modeling would 
permit the following: 

(1) determination of storage and/or backup generation capacity 
for a given utility system as a function of solar capacity 
on-line and of geographic deployment or siting strategies; 

(2) clarification of systems reliability issues involving 
stochastic sources (direct solar, wind); 

(3) determination of the degree to which accurate measurements 
of insolation in a region are required (i.e., what is the 
economic worth of various degrees of detail in insolation 
data?) ; 

(4) establishment of a common methodological basis for inter- 
comparison of electric generation methods region by region 
or utility by utility, including detailed determination of 
the economics of each option; 

( 5 )  permits assessment of the costs of solar electric power 
generation as a function of installed solar capacity in a 
particular grid; 

(6) all of this, in turn, permits a more quantitative frame- 
work for public, political and industry discussion and 
decision-making regarding energy options. 



Recently the Aerospace Corporation [81 has undertaken pio- 
neering work to establish the characteristics of integrated 
electric utility systems containing solar conversion elements. 
However, in their most recent report [9] for the Electric 
Power Research Institute, they point out that 

t h e r e  i s  no known a n a l y t i c a l  method f o r  e s t a b l i s h i n g  
t h e  optimum d i s t r i b u t i o n  o f  s o l a r  c a p a c i t y  between 
m u l t i p l e  s i t e s .  

In addition, they note that: 

Another area  which appears t o  m e r i t  f u r t h e r  s t u d y  i s  
t h e  method o f  d i s p a t c h i n g  a l l  o f  t h e  p l a n t s  i n  a  
network k h i c h  c o n t a i n s  b o t h  s o l a r  and c o n v e n t i o n a l  
c a p a c i t y .  Dispatching  methodology needs  t o  be 
developed w h i c h - i s  s u i t a b l e  f o r  u s e  by a  u t i l i t y ,  
and which min imizes  b o t h  t h e  t o t a l  f o s s i l  f u e l  used 
and t h e  amount o f  s o l a r  energy d i s c a r d e d  when demand 
i s  low and s t o r a g e  i s  f i l l e d .  T h i s  d i s p a t c h i n g  
methodology should a l s o  permi t  o t h e r  c o n s t r a i n t s  
( s u c h  a s  l i m i t s  on p o l l u t a n t  e m i s s i o n )  t o  be imposed 
on s e l e c t e d  p l a n t s .  

Figure 5 demonstrates the results obtained by Aerospace indi- 
cating the extent to which backup generation capacity is re- 
quired as a function of solar capacity within a given utility 
system, but with alternate sites used for the plants. The dis- 
persed system requires in the best case only half the backup 
generation (and associated costs) of the single site cases. 
A similar observation has been made by Soviet scientists [101, 
in which the amount of solar radiation available at a given 
confidence level was found to increase dramatically when many 
sites were "linked" together, as opposed to the conditions for 
the best single site investigated. Figure 6 illustrates an 
additional concern; that is the inter-relationship among solar 
and hydro-units in systems which contain both. Such systems 
could be of special importance in those countries in Europe 
(Austria or France, for example) in which high costs of fossil 
fuel make the possibility of coupled solar and hydro-systems 
of some interest [I 1 I. 

It appears that the development of suitable models for 
integrated electric systems incorporating solar generation 
units is a major systems problem yet to be solved, and one 
whose solution will be required to determine the potential use 
of this option on a region by region basis. 



P
E
R
 
C
E
N
T
 
S
O
L
A
R
 
B
A
C
K
U
P
 

S
A
N
T
A
 
M
A
R
I
A
(
~
.
O
)
 

I
N
Y
O
K
E
R
N
 ( 

1 
.
0
)
 

I
N
Y
O
K
E
R
N
 ( 
.
6
)
 ,
 

m
Y
U
M
A
(
.
2
)
 ,
S
A
N
T
A
 
M
A
R
I
A
(
 .
2
)
 

 I
NY

 Y
O 

KE
RN

 ( 
.
2
)
 

Y
U
M
A
 (

 .
6
)
 , S

A
N
T
A
 
M
A
R
I
A
 ( 
.
2
)
 S

O
L
A
R
 
P
L
A
N
T
 
C
O
L
L
O
C
A
T
I
O
N
 

W
 

D
I
S
P
E
R
S
E
D
 
S
O
L
A
R
 
P
L
A
N
T
S
 

1 

0 
20
 

LO
 

60
 

80
 

10
0 

% 
G
E
N
E
R
A
T
I
N
G
 
C
A
P
A
C
I
T
Y
 
S
O
L
A
R
 

'i
g

. 
5

. 
B

ac
k

u
p

 
g

e
n

e
ra

ti
o

n
 

f
o

r
 s

o
la

r
 p

o
w

er
 

p
la

n
ts

 
(A

e
ro

sp
a

c
e

 C
o

rp
. 

M
o

d
e

l)
. 

B
ac

k
u

p
 

g
e

n
e

ra
ti

o
n

 c
a

p
a

c
it

y
 f

o
r

 s
o

la
r 

p
o

w
er

 
p

la
n

ts
 

a
s

 a
 

fu
n

c
ti

o
n

 o
f 

th
e

 p
e

rc
e

n
ta

g
e

 
o

f 
to

ta
l 

g
e

n
e

ra
ti

o
n

 
c

a
p

a
c

it
y

 
i

n
 t

h
e

 f
o

rm
 
o

f 
s

o
la

r
 p

o
w

er
 

p
la

n
ts

, 
f

o
r

 a
 

s
p

e
c

if
ic

 u
t
i
l
i
t
y

 m
o

d
e
l 

f
o

r
 t

h
e

 S
o

u
th

w
e

st
e

rn
 U

n
it

e
d

 
S

ta
te

s
. 

B
ac

k
u

p
 

re
q

u
ir

e
- 

m
e

n
ts

 
d

e
c

re
a

s
e

 w
h
en

 
s

o
la

r
 p

o
w

er
 

p
la

n
ts

 
a

r
e

 l
o

c
a

te
d

 
in

 d
is

p
e

rs
e

d
 s

it
e

s
 

r
a

th
e

r
 .

th
a

n
 a

l
l
 i

n
 o

n
e

 
lo

c
a

ti
o

n
 



(FUEL ON DEMAND) 

FUEL I 

TO DEMAND 
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Figure 6. Simplified model integrated electrical utility 
system including solar electric conversion and 
pumped hydrostorage. Schematic representation of 
an integrated electric utility system combining 
solar power plants and hydroelectric storage with 
conventional generating units. The general problem 
of modellng and optimizing such a system remains 
to be solved 



EMBEDDING OF SOLAR FACILITIES I N  THE LANDSCAPE 

I n  p r i n c i p l e ,  s o l a r  ene rgy  c o n v e r s i o n  o v e r  t h r e e  t o  f iTrf :  
p e r  c e n t  of t h e  l a n d  c o u l d  p r o v i d e  each n a t i o n  i n  Europe w i . h  
i t s  t o t a l  c u r r e n t  ene rgy  needs ;  s m a l l e r  f r a c t i o n s  a r i s e  when 
c o n s i d e r i n g  s u n n i e r  p a r t s  (Tab le  6 )  of  t h e  wor ld ,  i n c l u d i n g  
emerging n a t i o n s  even i n  a  h i g h l y  developed f u t u r e  s t a t e .  How- 
e v e r ,  s i t i n g  of s o l a r  f a c i l i t i e s  w i l l  he a  complex p r o c e s s  
( s c h e m a t i c a l l y  i n d i c a t e d  i n  F i g u r e  7 )  and w i l l  r e q u i r e  fo rmal  
t e c h n i q u e s  t o  c a r r y  it o u t  e f f i c i e n t l y  and economica l ly .  

For  example, fo rmal  p r o c e d u r e s  w i l l  be  r e q u i r e d  t o  p e r m i t  
a n  assessment  of  t h e  t r a d e - o f f s  invo lved  i n  c o m p e t i t i o n  f o r  
l a n d  r e s o u r c e s  i n  r e g i o n s  of  t h e  world where such  r e s o u r c e s  
a r e  under  ex t reme  p r e s s u r e .  Such p r o c e d u r e s  would p e r m i t  a  
f o r m a l i z e d  guide ( n o t  n e c e s s a r i l y  a  r u l e )  f o r  s i t e  s e l e c t i o n  

Tab le  6.  S o l a r  energy c o n v e r s i o n  and l a n d  u s e  i n  t h e  USA. 
Land a r e a  r e q u i r e m e n t s  f o r  s o l a r  ene rgy  c o n v e r s i o n  
and o t h e r  u s e s  i n  t h e  Uni ted  S t a t e s .  Half  o f  t h e  
l a n d  a r e a  i s  used f o r  s o l a r  ene rgy  c o n v e r s i o n  t o  
food.  L e s s  t h a n  one p e r  c e n t  i n  a d d i t i o n a l  l a n d  
( a r i d  w a s t e l a n d s )  cou ld  p r o v i d e  t h e  t o t a l  ene rgy  
needs  of  t h e  US by s o l a r  ene rgy  c o n v e r s i o n  

6  2  % T o t a l  
2  

Region 10 km In / cap  

C o n t i n e n t a l  

Cropland 0.95 17.0 4,500 
G r a s s l a n d  p a s t u r e  1.40 24.0 6,380 
Woodland p a s t u r e  0.16 2.7 718 
Other  woodland 0.13 2.2 585 
Farmsteads ,  r o a d s  0.07 1 .2  319 

Grazing l a n d  0.74 12.7 3 ,378 
F o r e s t s  1.23 21 . O  5 ,586 
A l l  o t h e r  l a n d  1  . I 3  19 .3  5 ,133 

.............................................................. 
S o l a r  E l e c t r i c  0.01 2  0.2 55 

S o l a r  F u e l s  

T o t a l  S o l a r  0 .5  0.84 225 
-- -- 
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Figure 7. Solar energy conversion facility siting methodology. 
A schematic representation of the process required 
for identification and ranking of suitable sites for 
solar energy conversion facilities 

when large numbers of solar facilities are contemplated; they 
would permit evaluation of alternative siting strategies &en 
these alternative strategies had different costs associated. 
This will clearly be related to the results of analysis in 
which the effects of coupling the output of dispersed sites 
have been determined. In addition, such techniques will deter- 
mine the extent to which land use is a real constraint. A 
recent study in Austria [ I l l  indicates that it is feasible, in 
terms of available land, to consider a strategy in which four 



t imes  t h e  p r e s e n t  e l e c t r i c i t y  product ion of A u s t r i a  i s  pro- 
v ided  through a combination of s o l a r  e l e c t r i c  power p l a n t s  and 
hydro-storage u n i t s .  This  somewhat c o u n t e r i n t u i t i v e  r e s u l t  
a r o s e  from a systems p e r s p e c t i v e  i n  which t h e  e n t i r e  Aus t r i an  
e l e c t r i c  system could be used f o r  embedding s o l a r  e l e c t r i c  
f a c i l i t i e s .  

I n  a d d i t i o n ,  an organized s i t i n g  procedure  would permi t  
advance d e s i g n a t i o n  of c e r t a i n  a r e a s  a s  p o t e n t i a l  s i tes,  s o  a s  
t o  keep "open" t h e  s o l a r  o p t i o n  i n  a r eg ion .  A s  an  example of 
t h e  e f f e c t  of  d i s t r i b u t i n g  s o l a r  gene ra t ion  c a p a c i t y ,  F igu re s  
8 and 9 show s u n l i g h t  f o r  two c i t i e s  i n  A u s t r i a  which are less 
than  50 krn a p a r t .  The summing of t h e  s u n l i g h t  i n  t h e  two 
r eg ions  "smoothes" t h e  v a r i a t i o n  hour t o  hour ,  and sugges t s  how 
a  more d e t a i l e d  examination of m u l t i p l e  s i t e  combinations could 
cons ide rab ly  i n c r e a s e  t h e  p r e d i c t a b l i l i t y  of a v a i l a b l e  s u n l i g h t .  

F igu re  8 .  Global  r a d i a t i o n  by hour of day f o r  2 5 .  June 1 9 6 9 .  
Hourly sunsh ine  p a t t e r n  f o r  two c i t i e s  i n  t h e  same 
g e n e r a l  r eg ion  i n  Lower A u s t r i a  



Figure  9 .  Global r a d i a t i o n  by hour of day f o r  25 June 1 9 6 9 .  
Summed va lues  f o r  c i t i e s  Podersdorf and Rust.  
S o l a r  r a d i a t i o n  a t  two s i t e s  (Rust and Podersdorf)  
i n  Aus t r i a ,  summed t o  s imu la t e  t h e  i n t e r c o n n e c t i o n  
of  s o l a r  power p l a n t s  a t  t h e  two l o c a t i o n s  

A s  p u b l i c  concern over  t h e  environmental  and s o c i a l  
a s p e c t s  of t h e  ' s i t i n g  of l a r g e  i n d u s t r i a l  f a c i l i t i e s  grows, 
it w i l l  be i n c r e a s i n g l y  important  t o  provide a  framework w i t h i n  
which p u b l i c  and p o l i t i c a l  d i s c u s s i o n  can t a k e  p l a c e .  Again, 
a  fo rmal ized  procedure  f o r  c h a r a c t e r i z i n g  and ranking  v a r i o u s  
si tes f o r  s o l a r  f a c i l i t i e s  would be an important  s t e p  towards 
r e s o l v i n g  p o s s i b l e  f u t u r e  c o n f l i c t s  over t h e  s i t i n g  of s o l a r  
and r e l a t e d  ( i . e .  s t o r a g e )  f a c i l i t i e s .  Th i s  "open planning" 
approach,  t o  be s u c c e s s f u l ,  r e q u i r e s  t h e  underpinning of a 
systems a n a l y t i c  framework. 



MARKET PENETRATION DYNAMICS FOR NEW ENERGY SYSTEMS 

A ve ry  important  p o l i c y  i s s u e  c e n t e r s  on t h e  r a t e ,  s c a l e  
and u l t i m a t e  l e v e l  of product ion we can expec t  from a new 
t echno log ica l  o p t i o n ,  i nc lud ing  new energy o p t i o n s  i nc lud ing  
f i s s i o n  and s o l a r  systems.  To have some well-founded sense  of 
t h e  maximum r a t e  a t  which s o l a r  thermal ,  e l e c t r i c  and f u e l  pro- 
duc t ion  o p t i o n s  could be u s e f u l  i n  va r ious  r eg ions  would be  of 
enormous consequence i n  t h e  p r e s e n t  deba t e  over s o l a r  and 
nuc lear  energy.  I n  t h e  United S t a t e s  some opponents of nuc l ea r  
power have argued t h a t  s o l a r  energy convers ion i s  an al ter-  
n a t i v e ;  o t h e r s  proposing a nuc lear  dominated f u t u r e  have 
argued t h a t  t h e  s o l a r  o p t i o n  can no t  be important  f o r  a v e r y  
long t ime.  W e  must q u a n t i f y  t h i s  d i s c u s s i o n  i f  anything u s e f u l  
concerning t h e  r e l a t i v e  market  p o s i t i o n  of new energy o p t i o n s  
i n  t h e  f u t u r e  i s  t o  be  s a i d .  

F igu re  10 demonstra tes  t h e  p r e s e n t  range of disagreement  
over both  t o t a l  energy demand and t h e  p o s s i b l e  r o l e  of s o l a r  
energy convers ion i n  t h e  coming h a l f  cen tu ry  o r  s o  i n  t h e  

F igure  10. Scenar io  range  f o r  t o t a l  US energy demand and t h e  
p o s s i b l e  c o n t r i b u t i o n s  from s o l a r  energy 



United S t a t e s .  The upper p a r t  of t h e  t o t a l  demand range 
corresponds t o  t h r e e  per  c e n t  per  year  growth; t h e  lowest  pro- 
j e c t i o n  corresponds t o  a r e c e n t  s cena r io  by A . B .  Lovins 1 1 2 ,  131. 
S i m i l a r l y  t h e  p r o j e c t i o n s  f o r  t h e  maximum p o s s i b l e  c o n t r i b u t i o n  
from s o l a r  energy use  (bo th  d i r e c t  and i n d i r e c t  u s e s )  range 
from e s s e n t i a l l y  no c o n t r i b u t i o n  t o  t h e  maximum curve  
corresponding t o  a number of e n t h u s i a s t i c  p r o j e c t i o n s  by 
A.B .  Lovins [ I  21, t h e  MITRE Corporat ion [ I 4 1  and o t h e r s .  
The l a r g e  nunber of p r o j e c t i o n s  have been made by v a r i o u s  
i n d i v i d u a l s  and i n s t i t u t i o n s  us inq a v a r i e t y  of t ech-  
n iques .  I n  some c a s e s  t h e  p r o j e c t i o n s  a r e  a c t u a l l y  formal 
program g o a l s ;  i n  o t h e r s  they  a r e  t h e  r e s u l t s  of v a r i o u s  t ypes  
of model c a l c u l a t i o n s  such a s  t hose  presen ted  by t h e  S tanford  
Research I n s t i t u t e  [ I S ] ;  i n  y e t  o t h e r s  t hey  appear t o  be pro- 
duced by i n t u i t i o n .  

W e  need something b e t t e r .  The dynamics of l a r g e ,  complex, 
h igh ly  in te rconnec ted  systems ( n a t i o n a l  economies) c o n s t r a i n  t h e  
r a t e  a t  which some new op t ion  can e n t e r  t h e  marketplace ,  in -  
c lud ing  t h e  energy market.  J . C .  F i s che r  and R.H.  Pry [I61 
d i scovered  t h a t  t h e  p roces s  of t echno log ica l  s u b s t i t u t i o n ,  i n  
which one product  o r  p rocess  d i s p l a c e s  i t s  more t r a d i t i o n a l  
compet i to r ,  i n v a r i a b l y  occu r s  wi th  a smooth and s imple  behavior .  
They found t h a t  t h e  s u b s t i t u t i o n  of s y n t h e t i c  rubber  f o r  natu- 
r a l  rubber ,  water-based f o r  petroleum-based p a i n t s ,  e l e c t r i c  
f o r  open h e a r t h  s t e e l  making, and many o t h e r  examples, a l l  
occurred i n  a l o g i s t i c  f a sh ion ,  i n  which t h e  p e n e t r a t i o n  o r  
market f r a c t i o n  cap tured  by t h e  " i n t r u d e r "  was given by 

where 

f  i s  t h e  f r a c t i o n  of t h e  t o t a l  market cap tured  by t h e  new 
compet i t ion;  

t o  i s  t h e  d a t e  a t  which f  equa l s  0.5; 

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

C .  Marche t t i  [17] has  extended t h i s  approach t o  t h a t  of 
t h e  energy marketplace ,  and has  discovered t h a t  t h e  r a t e  of 
en t r ance  and d e p a r t u r e  of v a r i o u s  energy sources  i n t o  and o u t  
of t h e  energy marketplace  i s  e s s e n t i a l l y  l o g i s t i c .  Th i s  
r e l a t i o n s h i p  appears  t o  hold r a t h e r  we l l  over  a pe r iod  of a 
cen tu ry  o r  more worldwide, f o r  t h e  United S t a t e s ,  and ( f o r  
s h o r t e r  pe r iods ,  due t o  l a c k  of long-term d a t a )  f o r  many o t h e r  
c o u n t r i e s  a s  w e l l .  Th is  remarkable behavior i s  shown i n  
F igu re  1 1  i n  which t h e  market s h a r e s  f o r  wood, c o a l ,  o i l  and 
n a t u r a l  g a s  a r e  shown wi th  t h e i r  l o g i s t i c  coun te rpa r t .  The 
growth p r o j e c t i o n  f o r  f i s s i o n  i s  based on o p t i m i s t i c  p ro jec-  
t i o n s  bu t  i s  probably n o t  i n c o n s i s t e n t  wi th  pu re ly  technolog- 
i c a l  c a p a b i l i t i e s .  The p r o j e c t i o n  f o r  s o l a r  energy i s  based on 
t h e  assurnntion t h a t  a  v a r i e t y  of l a r g e - s c a l e  s o l a r  t echnologies  



TUTRL 

F i g u r e  11. L o g i s t i c  s c e n a r i o  f o r  t h e  u s e  o f  s o l a r  ene rgy  i n  
t h e  Uni ted  S t a t e s  t o  d i s p l a c e  o t h e r  s o u r c e s  o f  
e n e r g y ,  developed by Weingart  and Nakicenovic ,  
IIASA 

can  e n t e r  t h e  US energy  marke t  i n  t h e  e a r l y  1 9 8 0 ' s  and b e f o r e ,  
and grow t o  d i s p l a c e  25 p e r  c e n t  o f  t h e  t o t a l  p r imary  energy  
demand by t h e  y e a r  2030. T h i s  would cor respond  t o  s o l a r  ene rgy  
d i s p l a c i n g  o t h e r  p r i m a r y  s o u r c e s  (o f  secondary  energy)  a t  a  
f r a c t i o n a l  r a t e  exceed ing  t h a t  w i t h  which o i l  and n a t u r a l  g a s  
e n t e r e d  t h e  marke t .  Such a  s c e n a r i o  i n  i t s e l f  i s  o p t i m i s t i c  
and assumes t e c h n i c a l ,  economic and i n s t i t u t i o n a l  s u c c e s s  f o r  
l a r g e - s c a l e  s o l a r  t e c h n o l o g i e s  w i t h i n  t h e  coming decade  t o  two 
decades .  Such a p r o j e c t i o n ,  when o v e r l a i d  on any r e a s o n a b l e  



s c e n a r i o  f o r  t o t a l  energy demand, i n d i c a t e s  t h a t  it i s  h i g h l y  
u n l i k e l y  t h a t  any new energy t echno logy  e n t e r i n g  t h e  market-  
p l a c e  i n  t h e  1 9 8 0 ' s  c a n  have a  s u b s t a n t i a l  c o n t r i b u t i o n  u n t i l  
some f o u r  decades  l a t e r .  (Such a  s c e n a r i o  f o r  t o t a l  demand 
and t h e  f r a c t i o n a l  s o l a r  s h a r e  developed by J. Weingart  and 
N .  Nakicenovic [ I81  i s  shown i n  F i g u r e  1 2 . )  Y e t  many s c e -  
n a r i o s ,  i n c l u d i n g  t h o s e  of ERDA, Lovins ,  t h e  MITRE Corpora t ion-  
-which preshadowed t h e  major  US e f f o r t  i n  s o l a r  energy con- 
ve r s ion- -a re  a l l  f a r  more o p t i m i s t i c  t h a n  t h i s .  I f  indeed t h e  
p r o p e r t i e s  of  n a t i o n a l  economies a r e  "smooth",  due  t o  t h e i r  
s i z e  and complex i ty ,  w e  need t o  u n d e r s t a n d  t h e  i m p l i c a t i o n s  of 
a h i s t o r i c  d e p a r t u r e s  from what have been well-behaved p a t t e r n s  
of  change i n  t h e  p a s t .  W e  do n o t  s a y  t h a t  t h e  more o p t i m i s t i c  
s c e n a r i o s  a r e  "wrong" o r  i m p o s s i b l e ;  w e  do p o i n t  o u t  t h a t  t h e y  
are s u f f i c i e n t l y  i n c o n s i s t e n t  w i t h  p r e v i o u s  behav io r  t o  pro- 
voke u s  t o  i n q u i r e  i n t o  t h e  r e a s o n s  ( t h e  "hidden v a r i a b l e s " ,  
i f  you w i l l )  behind t h e  smooth e x t e r n a l  behav io r  of t h e  
economic system. The e n t i r e  a r e a  of  t h e  dynamics o f  t h e  pene- 
t r a t i o n  of new t e c h n o l o g i e s  i n t o  t r a d i t i o n a l  m a r k e t s  i s  a  
v e r y  r i c h  one  f o r  sys tems a n a l y s i s  and a  n e c e s s a r y  one  f o r  t h e  
development of  r e a l i s t i c  p o l i c y  f o r  t h e  development  and wide- 
s p r e a d  u s e  of new t e c h n o l o g i e s .  

\ L U A U  / 
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F i g u r e  12.  L o g i s t i c  f i t  and p r o j e c t i o n s  f o r  pr imary  energy  
u s e  i n  t h e  Uni ted  S t a t e s ,  1850 - 2100. Based on 
work of  M a r c h e t t i  and Nakicenovic a t  IIASA 



TECHNOLOGY ASSESSMENT AND THE INTERCOMPARISON OF ENERGY OPTIONS 

In addition to arguments over the rate at which some new 
energy technology can be made available, there are fundamental 
disagreements over how the attributes of alternative energy 
futures can be compared. How, for example, does one weigh the 
perceived risks of reactor safety, radioactive waste manage- 
ment and the possibility for terrorist disruption of a nuclear 
energy system (and society) against the perhaps higher direct 
costs, larger requirements for land and materials, and require- 
ments for remote siting (in the asymptotic phase of deployment) 
of a solar conversion system? Acknowledging the considerable 
disagreement in the magnitude of such attributes as reactor 
safety, it is nevertheless clear that we have no widely ac- 
cepted or used formal procedure for intarcomparing qualita- 
tively different energy systems options, even if agreement on 
these other issues were possible. There is a need to bring 
some formal sys'tems techniques, such as decision analysis, into 
the larger debate over future energy strategies, if only to 
clarify what it is we are disagreeing about, and perhaps to 
facilitate consensus when a decision to initiate new energy 
production systems is required. We should be prepared, however, 
for situations in which consensus will be impossible and in 
which there will be little chance of widespread agreement or 
even compromise on the use of a specific technological option. 
This now appears to be the case in the nuclear debate in the 
United States, and it is probably true in much of Western 
Europe where the overall energy situation is much more criti- 
cal. In the absence of a clear strategy for transition-from 
fossil to non-fossil energy sources, and in the face of the 
inevitable need to initiate and carry out that transition 
(and the hour is growing late) we will have to develop strate- 
gies which can absorb the disagreement and problems and permit 
the transition to occur. This brings us to the final con- 
sideration of this paper, that of the "resilience" of future 
energy stragegies. 

RESILIENT ENERGY STRATEGIES 

Biologists have known for decades that complexity and 
diversity in natural ecosystems are in some way closely linked 
to the ability of such systems to persist in the face of un- 
expected and sometimes previously unexperienced assaults. 
R. Dubos has often noted that there is an analogy for human 
ecosystems--that societies which have developed a multiplicity 
of options for achieving social goals appear to persist longer 
than societies which are dependent on a single mode of accom- 
plishing a central activity of society. 

In the case of the human species there can be little doubt 
that the species itself will survive, even after the most 
terrible holocausts. As the biologist F. Smith has said [191: 



t h e  problem i s  t h a t  we are  doomed t o  s u r v i v e .  What w e  a r e  
c l e a r l y  a f t e r  is n o t  t h e  s u r v i v a l  of mankind as  a s p e c i e s ,  b u t  
mankind a,s a  dynamic, p o l y c u l t u r a l  system i n  which t h e  q u a l i t y  
of  t h e  human e x p e r i e n c e  i s  c o n t i n u o u s l y  improved. 

I t  t h e r e f o r e  is  d e s i r a b l e  and p robab ly  n e c e s s a r y  t o  d e s i g n  
o u r  t e c h n o l o g i c a l  sys tems,  i n c l u d i n g  energy ,  i n  such  a way t h a t  
i n e v i t a b l e  f l u c t u a t i o n s  i n  p e r s o n a l  and s o c i a l  b e h a v i o r ,  as  
w e l l  as n a t u r a l  d i s a s t e r s ,  do  n o t  s e r i o u s l y  i m p a i r  t h e  func-  
t i o n i n g  of  a v i t a l  human s o c i e t y .  W e  would l i k e  t o  somehow 
i n s u r e  o u r  a b i l i t y  t o  make p r o g r e s s  i n  s p i t e  of o u r s e l v e s .  
That  i s ,  w e  need t o  d e s i g n  o u r  f u t u r e  s t r a t e g i e s  t o  be 
" r e s i l i e n t " .  

C . S .  H o l l i n g  [20]  h a s  d e f i n e d  r e s i l i e n c e  as t h e  a b i l i t y  o f  
a  sys t em t o  absorb e x t e r n a l  f o r c e s  and p e r s i s t .  Such sys tems  
c a n  change i n  such  a way t h a t  p e r m i t s  t h e  a s s i m i l a t i o n  of  
shocks  w i t h o u t  d e s t r u c t i o n ,  u n l i k e  b r i t t l e  sys tems which have 
a t h r e s h o l d  f o r  a s s a u l t ,  a f t e r  which t h e y  c o l l a p s e  c o m p l e t e l y .  
M i l i t a r y  s t r a t e g i s t s  have l o n g - u s e d  J .  von Neumann's concep t  
o f  f u n c t i o n a l  redundancy i n  t h e  d e s i g n  of  weapons sys tems  i n  
which a s p e c i f i c  f u n c t i o n  i s  c a r r i e d  o u t  i n  p a r a l l e l  by a  
number of f u n c t i o n a l l y  i d e n t i c a l  b u t  p h y s i c a l l y  v e r y  d i f f e r e n t  
subsys tems.  A s p e c i f i c  example would be  c o u p l i n g  i n e r t i a l  
gu idance ,  f l u i d i c ,  and e l e c t r o n i c  subsys tems i n t o  t h e  gu idance  
system of a  m i s s i l e .  D e s t r u c t i o n  of t h e  e l e c t r o n i c  components 
by a nearby Lntense r a d i a t i o n  f i e l d  would n o t  damage t h e  p u r e l y  
mechanica l  components, p e r m i t t i n g  t h e  f u n c t i o n  t o  c o n t i n u e .  
Although t h i s  example i s  n o t  a happy one t o  c o n t e m p l a t e ,  it 
d e m o n s t r a t e s  where sys tems are c o n s i d e r e d  by t h e i r  d e s i g n e r s  
t o  have t o  succeed i n  t h e  f a c e  of m u l t i p l e  a s s a u l t s ,  t e c h n i q u e s  
f o r  c r e a t i n g  a h i g h  d e g r e e  of r e s i l i e n c e  have been used .  

Such c o n s i d e r a t i o n s  a r e  d i r e c t l y  r e l e v a n t  t o  f u t u r e  energy  
s t r a t e g i e s .  I f  w e  e x t e n d  t h e  ana logy ,  t h e r e  s h o u l d  be  i n t e n s e  
e f f o r t  a t  t h e  p a r a l l e l  development of  a m u l t i p l i c i t y  o f  
p h y s i c a l l y  d i f f e r e n t ,  f u n c t i o n a l l y  i d e n t i c a l  ene rgy  sys tems  
o p t i o n s .  T h i s  means, i n  s h o r t ,  t h e  u s e  of t h e  remain ing  f o s s i l  
f u e l s ,  n o t a b l y  c o a l ,  a l o n g  w i t h  f i s s i o n ,  f u s i o n ,  g e o t h e r m a l  
and s o l a r  s o u r c e s  t o  produce  i d e n t i c a l  secondary  energy  v e c t o r s ,  
f o r  example h e a t e d  f l u i d s  on a s m a l l  s c a l e , . e l e c t r i c i t y  and 
s y n t h e t i c  f u e l s  on a l a r g e r  scale. F a i l u r e  t o  d e v e l o p  one  o r  
two, o r  even t h r e e ,  of t h e  long-term o p t i o n s  would s t i l l  p e r m i t  
l a r g e - s c a l e  energy p r o d u c t i o n .  However, t h e  s u c c e s s f u l  develop-  
ment of s e v e r a l  of t h e s e  o p t i o n s  would p r o v i d e  a h i g h  d e g r e e  
o f  r e s i l i e n c e  i n  a  world energy  system. 

W e  would l i k e  t o  c r e a t e  a world energy sys tem i n  which, 
f o r  example, l a r g e - s c a l e  embargo w a s  s t r u c t u r a l l y  i m p o s s i b l e ,  
i n  which s y n t h e t i c  f u e l s  cou ld  be  s t o r e d  s u f f i c i e n t l y  t o  p e r -  
m i t  a smooth r e s p o n s e  t o  b o t h  man-made and n a t u r a l  d i s a s t e r s ,  



and one i n  which t h e r e  were no c o n t i n u a l ,  p o s s i b l y  d e s t r u c t i v e ,  
impact  on n a t u r a l  ecosys tems and c l i m a t e .  W e  would l i k e  t o  
have,  once and f o r  a l l ,  a n  a s s u r e d  and adequa te  sou rce  of  
energy s o  t h a t  t h e  r e a l l y  impor tan t  human i s s u e s  cou ld  be 
addressed  a t  t h e  g l o b a l  s c a l e .  

A s  d i s c u s s e d  e a r l i e r ,  a  g l o b a l  s o l a r  energy system would 
appear  t o  have a l l  t h e  im por t an t  a t t r i b u t e s  o f  a  h i g h l y  re- 
s i l i e n t  g l o b a l  energy system, i n c l u d i n g  t h e  q u a l i t y  of  be ing 
" s a f e - f a i l "  r a t h e r  t h a n  " f a i l - s a f e " .  A s o l a r  power p l a n t  cou ld  
be  d e s t r o y e d  w i t h  no d i r e c t  e f f e c t  on s o c i e t y ,  u n l i k e  t h e  c a s e  
o f  a  power r e a c t o r  c a t a s t r o p h e .  Nuclear  sys tems must be 
f a i l - s a f e ,  s i n c e  t h e i r  f a i l u r e , .  g i ven  p r e s e n t  s i t i n g  s t r a t e g i e s ,  
would i n  many c a s e s  be c a t a s t r o p h i c .  

A combined s o l a r / n u c l e a r ( f i s s i o n )  system, evo lv ing  from 
t h e  r e g i o n a l  and n a t i o n a l  t o  t h e  g l o b a l  s c a l e ,  might  be even 
more r e s i l i e n t  t h a n  t h e  s o l a r  system a l o n e ,  a t  l e a s t  f o r  t h e  
n e x t  h a l f  c e n t u r y .  The marke t  p e n e t r a t i o n  a n a l y s i s  i n d i c a t e s  
t h a t  under t h e  b e s t  of c i r cums t ances  f i s s i o n  sys tems w i l l  be 
r e q u i r e d  i f  t h e  u s e  of  f o s s i l  f u e l s  is  t o  be s u b s t a n t i a l l y  
moderated; on ly  a f t e r  some f o u r  decades  cou ld  t h e  s o l a r  
o p t i o n s  r e a l l y  t a k e  ove r .  I n  any c a s e ,  t h e  development of  a  
m u l t i p l i c i t y  o f  energy sys tem o p t i o n s  which can  f u n c t i o n  t o -  
g e t h e r  would appear  t o  buy u s  a n  i n su rance  p o l i c y  a g a i n s t  t h e  
i n e v i t a b l e  l a r g e  u n c e r t a i n t i e s  o f  t h e  f u t u r e .  

A t  IIASA t h e r e  h a s  been a  s t r o n g  i n t e r e s t  i n  somehow 
f o r m a l i z i n g  t h e  concep t  o f  r e s i l i e n c e  [ 2 1 ] .  H e r e  a n  ex t remely  
impor t an t  p o l i c y  i s s u e  emerges and a g a i n  s e r v e s  t o  c h a l l e n g e  
t h e  sys tems a n a l y s i s  community. How can  w e  somehow q u a n t i f y  
t h e  c o n c e g t ( s )  of  r e s i l i e n c e  and measure t h e  c h a r a c t e r i s t i c s  
o f  a  mu l t i - sou rce  energy sys tem a g a i n s t  one  i n  which on ly  a  
s i n g l e  sou rce  i s  dominant? How can  w e  e v a l u a t e  t h e  b e n e f i t s  
of  a  c l e a r l y  v e r y  expens ive  p o l i c y  of deve lop ing  s o l a r ,  
f i s s i o n ,  f u s i o n  and geo thermal  o p t i o n s  i n  p a r a l l e l ?  Can such 
an  e v a l u a t i o n  be made i n  a  s a t i s f a c t o r y  fo rmal  way and can  t h e  
r e s u l t s  be  t r a n s l a t e d  i n t o  t h e  p o l i c y  a r e a ?  Can w e  deve lop  
t e chn iques  t o  h e l p  u s  d e s i g n  r e s i l i e n t  s t r a t e g i e s  f o r  t h e  
f u t u r e  t o  h e l p  u s  d e a l  w i t h  t h e  unknown? T h i s  may be  f a r  
s u p e r i o r  t h a n  a t t e m p t i n g  t o  p r e d i c t  t h e  f u t u r e  by mandate. 
A f t e r  a l l ,  making predictions is very difficult observed  
N.  Bohr, especially about the future. 
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