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PREFACE 

The IIASA Energy  Program i n c l u d e s  a s s e s s m e n t  o f  s o l a r  
o p t i o n s  a s  a  p o t e n t i a l  l ong - t e rm e n e r g y  s u p p l y  f o r  v a r i o u s  
r e g i o n s  o f  t h e  world ,  where s o l a r  e n e r g y  u t i l i z a t i o n  may 
become a  growing  p a r t  o f  t h e  e n e r g y  m i x .  

Energy  a s s e s s m e n t  i n  t h e  1975/76  t i m e  p e r i o d  con- 
c e n t r a t e d  on  s o l a r - t h e r m a l  s y s t e m s  and p h o t o v o l t a i c  s y s t e m s .  
The s t a t e  of  t h e  a r t  i n  t h e s e  a r e a s  is  s t i l l  i n  a  f o r m a t i v e  
s t a g e ,  c r e a t i n g  a  wide  r a n g e  o f  u n c e r t a i n t i e s  t h a t  
p r e v a i l  i n  t h e  p e r f o r m a n c e  and  economic a s p e c t s  o f  t h e s e  
o p t i o n s .  

An a t t e m p t  t o  v a l i d a t e  t h e  key p a r a m e t e r s  i n  t h i s  
f i e l d  w i l l  c o n t i n u e  a t  IIASA t h r o u g h  1 9 7 7 .  T h i s  i n t e r i m  
r e p o r t  summarizes  t h e  p r i n c i p a l  s o l a r - t h e r m a l  and  pho to -  
v o l t a i c  o p t i o n s  i n  t e rm o f  contemporary  t e c h n o l o g y  and  
i d e n t i f i e s  a  compos i t e  of t h e  c r i t i c a l  economic p a r a m e t e r s  
f o r  t h e  s u b j e c t  o p t i o n s  and estimates of  t h e  c o r r e s p o n d i n g  
a r e a  r e q u i r e m e n t s .  





ABSTRACT 

So la r  op t ions  a r e  eva lua ted  a s  a  p o t e n t i a l  source  f o r  
meeting f u t u r e  energy supply requirements .  Emphasis i s  on 
contemporary concepts  i n  t h e  solar- thermal  and pho tovo l t a i c  
systems and t h e i r  space ,  a s  w e l l  a s  economic c o n s t r a i n t s .  

The range of u n c e r t a i n t i e s  dur ing t h i s  fo rmat ive  s t a g e  
of s o l a r  technology i s  shown i n  t y p i c a l  examples of 
performance and c o s t  e s t i m a t e s .  The broad spectrum of 
a s se s sed  in format ion  i s  syn thes ized  and condensed f o r  
g e n e r a l  informat ion a s  an i n t e r i m  r e p o r t .  The fundamental 
t r e n d s  of t h e  cont inu ing  e f f o r t s  i n  t h e  s u b j e c t  f i e l d  
a r e  i d e n t i f i e d .  





The solar energy options for partially meeting the future 
global energy demand, and the strategies for their embedding, 
are studied at IIASA as a part of the global energy assessment. 
The solar options that have been evaluated during 1975/76 are 
based on presently available (global) insolation values (solar 
energy inputs). Solar energy conversion system alternatives 
were assessed that range from low-temperature concepts for 
water and space heating to thermal-electric and photovoltaic 
concepts for large-scale generation of electricity. Overall 
system efficiencies from 7 to 22 per cent for the electric 
power generating systems, or from 30 to 60 per cent for the 
space and water heating systems (from available sources) were 
evaluated, and composite estimates were made. 

Conceptualization of insolation, siting, energy conversion, 
and electric power integration was based on reviews of contempo- 
rary solar energy technology assessments. Major solar energy 
conversion concepts were evaluated in terms of their embedding 
potential and integration in future utilities distribution 
networks. Capital, materials, and manpower diversion issues 
were considered in terms of the current state of the art of 
solar energy conversion technology. 

The regional solar energy projects at IIASA started with 
the Austrian case study, the experiences from which are being 
applied to evaluate the solar energy utilization potential 
in the Federal Republic of Germany. Both of these regional 
studies are being synthesized as examples of models for future 
use in the global energy study. Energy storage issues are 
considered in these evaluations. 

The solar energy conversion potential for developing 
countries is being evaluated on the basis of known energy 
options and possible embedding strategies, including energy 
demand projections and compensation trade considerations, 
commensurate with local capabilities. 

The summary of the IIASA Solar Energy Task effort in 
1975/76 is concluded with an outline of recommendations for 
the 1977/78 time period, concentrating on the global potential 
of solar options, probable supply and demand scenarios, and the 
envisioned feasibility of embedding strategies. At this time, 
it is apparent that premature large-scale implementation of 
solar options may adversely affect their long-term acceptance 
because the performance of the contemporary solar systems may 
prove marginal. More favorable market penetration conditions 
will develop as more efficient systems become available in 
the future. 
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I. INTRODUCTION 

Utilization of solar energy for meeting part of the 
future energy demands on the global scale is subject to 
accelerated research and developments in most industrialized 
countries. Currently, solar options are envisioned as fuel- 
conserving potential in most of Europe, and in the United States, 
and possibly as viable energy systems for the developing coun- 
tries. It is anticipated that the rate of transition from 
nonrenewable fuels to renewable energy sources will be 
stimulated by decreasing availability and increasing cost 
of fossil and nuclear fuels. However, because of the contempo- 
rary uncertainties about the overall performance of the various 
solar options, the evaluation of solar energy conversion 
concepts during 1975/76 had to be limited to approximations 
and projections based on composites from current research work 
in the countries of IIASA's National Member Organizations. 
An attempt was nevertheless made to develop some approximations 
for preliminary regional and global energy studies. 

This progress report does not attempt to summarize all 
the studied data; it reflects primarily the quantitative high- 
lights and synthesis for large-scale application of solar 
options. Time and resources limitations necessitated to 
restrict the study to solar-thermal and photovoltaic concepts. 
It is realized that estimates on solar energy conversion, 
based on first-generation conceptual designs, are not necessarily 
valid for energy mix projections over an extended period of 
time. Inn~vative developments in solar energy collection, 
superior heat-transfer fluids, mass production of photovoltaic 
cells, energy storage, and in other critical areas will probably 
provide a foundation for more competitive solutions in the future. 

11. SOLAR ENERGY AS A RESOURCE 

The gradually decreasing availability of fossil fuels, 
their increasing cost, and their impact on our environment is 
stimulating research for more effective and efficient ways of 
harnessing solar energy. The need to develop timely large- 
scale applications of solar energy, with a minimum of perturba- 
tion to the economic and social systems, necessitates careful 
evaluation of solar options and development of methodology 
for their gradual integration in the regional and ultimately 
global energy supply efforts. 

A "solar option" is viewed as a solar energy conversion 
system, capable of transforming sunlight into useful forms of 
energy, such as heat, shaft horsepower, electricity, and 
synthetic fuels. The two categories of solar energy conversion 
receiving attention on global scale are: 

(a) indirect conversion in the biosphere (winds, rains, 
waves, thermal gradients of the ocean, etc.) followed 
by conversion by man-made machines (windmills, hydro- 
electric power plants, wave motion rectifiers, ocean- 
thermal systems, etc.); 



(b) direct conversion, using thermal collectors, produc- 
ing heat and/or electricity (e.g. heating air or 
water, and/or producing steam for turbo-generators), 
or us,ing photovoltaic cells for direct production 
of electricity and possibly hydrogen. Photosynthesis 
and solar chemistry also belong to this category and 
might prove valuable in the future. 

The solar energy task at IIASA initially concentrated on the 
system studies of direct conversion of solar energy (mostly 
direct irradiance) to heat and on a variety of thermo-dynamic 
pathways for the production of electric power, because these 
do not require major technological advances and thus offer an 
earlier application for large-scale systems. Photovoltaic 
concepts (solar cells) were considered because of their long- 
term potential and their ability to convert both direct and 
diffuse solar energy to electricity. Some significant advances 
in the development of mass-produced solar arrays (fully encap- 
sulated solar cells with protective circuitry) are conceivable 
within ten years, which would permit highly flexible integration 
of such arrays in urban and in rural environments. 

The useful solar energy inputs (direct and diffuse 
insolation) that are viewed as a convertible reso rce on the 
earth's surface average from about 1000 kWh(th)/mY and less 
than 1500 hours of direct sunshine per year (e.g. in regions 
near 55O latitude) , to over 2300 kwh (th) /m2 and over 3000 hours 
of direct sunshine per year (e.g. in some desert regions near 
20° to 30° latitude). The practical conversion potential of 
such energy levels is subject to several screening procedures 
that aid in identifying the advantageous options and suitable 
sites. Large regions of Africa, Southwestern USA, Asia, 
Australia, and South America have very favorable locations 
for solar energy conversion facilities. The preliminary 
identification of solar options is based on insolation values 
(Table 1 [Ref. 1,2,3]), and on the availability of energy 
storage and backup capabilities (all subject to further 
optimization processes). These insolation levels are composites 
of the peak values (when the sun is at least 30° over the 
horizon, and at early morning as well as late afternoon hours, 
with both direct and diffuse components). 

The screening procedures for the electric power (high 
temperature) options are primarily focused on the following 
criteria: 

(a) insolation levels: annual distribution of effective 
(direct) solar insolation, related energy storage 
requirements, and integration into existing network; 

(b) competitiveness and compatibility with other electric 
power systems; 

(c) land (and/or urban areas) availability and suitability 
(orientation, elevation, slope, proximity to hydro- 
storage possibilities, etc.); 



( d )  a c c e s s  t o  wa t e r ,  u t i l i t i e s  network, r o a d ,  r a i l ,  e t c . ;  

(el l e g a l  i s s u e s :  v a l u e ,  shadowing, ownership  r i g h t s ,  e t c . ;  

(£1 e c o l o g i c a l  and me teo ro log i ca l  c h a r a c t e r i s t i c s  (weather  
p a t t e r n s ,  exposu re s ,  e t c . ) .  

Table  1 .  Approximate d e l i n e a t i o n  of  a p p l i c a b l e  s o l a r  o p t i o n s  
f o r  g iven  i n s o l a t i o n  l e v e l s  

a  
ave r ages  of measured g l o b a l  r a d i a t i o n  v a l u e s  on h o r i z o n t a l  
s u r f a c e  ( d i r e c t  and d i f f u s e ) ;  p roper  angu l a r  o r i e n t a t i o n  of 
t h e  c o l l e c t o r s  y i e l d s  s i g n i f i c a n t l y  b e t t e r  energy i n p u t s  
(see Tab le  4 )  ; 
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The p r e s e n t l y  a v a i l a b l e  i n s o l a t i o n  v a l u e s  a r e  g e n e r a l l y  
g l o b a l  i r r a d i a n c e  r e c o r d s  on h o r i z o n t a l  s u r f a c e  ( T a b l e  4 ) ,  
w i t h o u t  s e p a r a t i o n  of  t h e  d i f f u s e  and d i r e c t  components. 
S o l a r  ene rgy  c o n v e r s i o n  i n  the rmal  sys tems depends p r i m a r i l y  
on  d i r e c t  i r r a d i a n c e  ( s u n s h i n e )  a t  near-peak hours .  S o l a r -  
the rmal  c o n v e r s i o n  c o n c e p t s  w i t h  c o n c e n t r a t i n g  f e a t u r e s  ( s u c h  
a s  s o l a r - e l e c t r i c  sys tems)  can  u s e  o n l y  t h e  d i r e c t  component 
o f  i n s o l a t i o n ,  and t h e i r  e f f e c t i v e n e s s  i s  h i g h e s t  d u r i n g  peak 
h o u r s  (where t h e  sun i s  a t  l e a s t  30° o v e r  t h e  h o r i z o n .  
Simple a p p l i c a t i o n  o f  i n s o l a t i o n  l e v e l s ,  s u c h  a s  i n  T a b l e  1 ,  
c o u l d  t h e r e f o r e  b e  m i s l e a d i n g  because  a  s o l a r  energy c o n v e r s i o n  
sys tem i s  a l s o  s u b j e c t  t o  a  d a i l y  s t a r t - u p  phase ,  d u r i n g  which 
c e r t a i n  e q u i l i b r i u m  t e m p e r a t u r e s  o f  t h e  sys tem must be  reached  
b e f o r e  it c a n  d e l i v e r  i t s  d e s i g n  performance ,  o r  a  c e r t a i n  
amount o f  h e a t  must  b e  s t o r e d  t o  s h o r t e n  t h e  s t a r t - u p  phase .  
The c h a r a c t e r i s t i c s  and u n c e r t a i n t i e s  o f  s o l a r  ene rgy  i n p u t s  
a r e  o f  lesser impact  i n  t h e  f a v o r a b l e  r e g i o n s  ( o v e r  
2300 k w h ( t h ) / m 2 - a ,  and o v e r  3000 h o u r s  s u n s h i n e  p e r  y e a r .  
I n  t h e  m a r g i n a l  r e g i o n s ,  l i k e  C e n t r a l  Europe,  however, 
v e r y  c l o s e  s c r e e n i n g  p r o c e d u r e s  w i l l  have t o  be developed 
f o r  f e a s i b i l i t y  c o n s i d e r a t i o n s  o f  t h e  a p p l i c a b l e  o p t i o n s .  

The s c r e e n i n g  p r o c e d u r e s  f o r  t h e  s p a c e  and/or  w a t e r  
h e a t i n g  o p t i o n s  ( low t e m p e r a t u r e ,  below %lOO°C) a r e ,  o f  
c o u r s e ,  s i m i l a r  t o  t h o s e  f o r  e lec t r ic  power o p t i o n s ,  b u t  

- 

w i t h  more emphas i s .on  a r e a  c o n s t r a i n t s  on  b u i l d i n g s ,  a l t e r n a t e  
s o l u t i o n s ,  and economic c o n s t r a i n t s .  

On a  g l o b a l  s c a l e ,  t h e  sys tem e f f i c i e n c i e s  of  s o l a r -  
e l e c t r i c  power o p t i o n s  ( h i g h  t e m p e r a t u r e ,  above x300UC) a r e  
b r o u g h t  i n t o  f o c u s  f o r  e v a l u a t i n g  s o l a r  ene rgy  a s  a  renewable  
r e s o u r c e ,  f r e e  o f  f u e l  s u p p l y  problems,  and w i t h  a  r e l a t i v e l y  
f a v o r a b l e  ene rgy  payback t i m e .  The p a r a m e t e r s  c o n s i d e r e d  
f o r  s u c h  a s s e s s m e n t s  a r e :  

( a )  o v e r a l l  c o n v e r s i o n  sys tem e f f i c i e n c y ,  q c ,  a t t a i n a b l e  
(see o p t i o n s  i n  T a b l e  I ) ,  s p e c i f i c a l l y  o p t i m i z e d  f o r  
t h e  l o c a t i o n  i d e n t i f i e d  by s c r e e n i n g  p r o c e d u r e s ;  

( b )  p l a n t  c a p a c i t y  f a c t o r ,  f r ,  e x p r e s s e d  a s  t h e  r a t i o  
o f  a n n u a l  o p e r a t i n g  h o u r s  and maximum h o u r s  p e r  
y e a r ,  f o r  example,  2500/8760=0.28 f o r  h y b r i d  and/or  
peak ing  v e r s i o n s  o f  s o l a r  p l a n t s  w i t h o u t  e x t e r n a l  
e n e r g y  s t o r a g e  (see T a b l e  6 ) ,  o r  6000/8760=0.68 
f o r  base - load  power p l a n t s  w i t h  a d e q u a t e  ene rgy  
s t o r a g e ,  t h u s  comparable t o  c o n v e n t i o n a l  power 
p l a n t s .  

( c )  a r e a  u t i l i z a t i o n  f a c t o r ,  f a ,  ( o r  ground c o v e r  r a t i o ) ,  
e q u a l  t o  t h e  r a t i o  o f  t h e  e f f e c t i v e  c o l l e c t o r s '  a r e a  t o  t h e  t o t a l  a r e a  used  f o r  a  g i v e n  p l a n t .  T y p i c a l l y ,  
f a  may r a n g e  from 0.35 t o  0.50, depending upon t h e  
a v e r a g e  o f  t h e  v a r i e d  s p a c i a l  d i s t r i b u t i o n  o f  t h e  
c o l l e c t o r s ,  and t h e  topography o f  t h e  s i t e  ( i . e .  
f a v o r a b l e  s l o p e ) .  I t  a s s u r e s  o p e r a t i n g  s p a c e ,  
s a f e t y ,  and main tenance  a c c e s s .  



( d )  energy s t o r a g e  e f f i c i e n c y ,  q s ,  which f o r  l a r g e -  
s c a l e  h y d r o s t o r a g e  sys tems a v e r a g e s  0.70 ( t u r n  
a r o u n d ) ,  and c o u l d  be m e t  a t  a  comparable l e v e l  w i t h  
f u t u r e  hydrogen p r o d u c t i o n  and s t o r a g e ,  and/or  o t h e r  
advanced sys tems (see Tab le  7 ) .  For a  base- load STEC , 
v s  of 0.7 would be  up-graded t o  0.8 f o r  sys tems 
c o n s i d e r a t i o n ,  because  o n l y  t h a t  p a r t  of  energy i s  
s t o r e d  which w i l l  be  used d u r i n g  "no-sunshine" h o u r s .  

Pragmat ic  e v a l u a t i o n  of s o l a r  energy a s  a  r e s o u r c e  f o r  t h e  
low s o l a r  o p t i o n s  depends upon t h e  s u c c e s s  of  
deve lop ing  e f f e c t i v e  a b s o r b e r  s u r f a c e s  f o r  t h e  c o l l e c t o r s  
( i n  t h e  n e x t  t h r e e  t o  f i v e  y e a r s ) ,  and d e c r e a s e s  t h e i r  market  
p r i c e  w i t h o u t  compromising o p e r a t i n g  l i f e  ( exceed ing  a m o r t i z s -  
t i o n  t i m e ) .  Pragmat ic  e v a l u a t i o n  of s o l a r  energy a s  a  r e s o u r c e  
f o r  t h e  h i g h  t e m p e r a t u r e  s o l a r - e l e c t r i c  o p t i o n s  depends upon 
t h e  s u c c e s s  of  f u r t h e r  developments  i n  t h e  n e x t  f i v e  t o  e i g h t  
y e a r s ,  and h o p e f u l l y  c o s t  r e d u c t i o n  of t h e  s o l a r  energy 
c o l l e c t i n s  sys tems ,  a s  w e l l  a s  on t h e  i d e n t i f i c a t i o n  o f  a v a i l -  * - 
a b l e  i n e x p e n s i v e  l a n d  a r e a s  t h a t  would n o t  r e q u i r e  c o s t l y  a c c e s s .  

A t y p i c a l  l a n d  demand approximat ion  f o r  pure  s o l a r -  
e l e c t r i c  p l a n t s  (base - load  v e r s i o n s ) ,  d e r i v e d  w i t h  a  t y p i c a l  
system performance p r o f i l e ,  normal ized  t o  a  p l a n t  c a p a c i t y  
f a c t o r  ( f p )  o r  0.68 ( t o  p e r m i t  comparison w i t h  c o n v e n t i o n a l  
and/or  n u c l e a r  p l a n t s )  and w i t h  a  tu rna round  energy  s t o r a g e  
e f f i c i e n c y  ( v s )  of 0.7 f o r  t h e  hours  w i t h o u t  s u n s h i n e ,  y i e l d s  
t h e  e s t i m a t e s  i n  Tab le  2 .  

2 
where A; = t o t a l  a r e a  r e q u i r e d  (m / k w ( e ) ) ;  

Ih = i n s o l a  i o n  e s t i m a t e  (on  h o r i z o n t a l  s u r f a c e ) ,  
(kWh/~;> a  ) 

Of c o u r s e ,  a  s i g n i f i c a n t  r e d u c t i o n  of  s i t e  a r e a  i s  
r e a l i z a b l e  f o r  more f a v o r a b l e  i n s o l a t i o n  r e g i o n s ,  and f o r  
h y b r i d  i n s t a l l a t i o n s  (see S e c t i o n  I11 and Table  5 ) .  Topo- 
g r a p h i c  f e a t u r e s  of t h e  s i t e ,  such  a s  f a v o r a b l e  s l o p e ,  can  
enhance t h e  r e d u c t i o n  o f  a r e a  r e q u i r e m e n t s .  Fur the rmore ,  i n  
some c a s e s  m u l t i p l e  u s e  of  l a n d  c a n  be e n v i s i o n e d  ( i . e .  
a g r i c u l t u r e ) ,  and i n  t h e  f u t u r e  development of u rban  a r e a s ,  
some e s t h e t i c a l l y  a t t r a c t i v e  i n t e g r a t i o n  w i t h  o t h e r  s t r u c t u r e s  
a p p e a r s  f e a s i b l e .  S i n c e  t h e  p h o t o v o l t a i c  sys tems have v c  
of  0.10, t h e i r  l a n d  a r e a  r e q u i r e m e n t s  a r e  comparable t o  t h e  
l o w  performance  STECs. 

1 
s o l a r - t h e r m a l - e l e c t r i c  c o n v e r s i o n  



Table 2 .  Typical  l and  a r e a  r equ i r ed  f o r  l a r g e - s c a l e  s o l a r -  
t h e r m a l - e l e c t r i c  p l a n t s ,  1 0 0  M W ( e )  base-load,  wi th  
a r e a  u t i l i z a t i o n  f a c t o r  0 .37(f  ) 

a  

a  a s  a v a i l a b l e  i n s o l a t i o n  d a t a  r e l a t e  t o  measurements on 
h o r i z o n t a l  s u r f a c e ,  an  i n c r e a s e  due t o  two-axes t r a c k i n g  
would be r e q u i r e d .  To avoid complexity,  f o r  t h e  approx- 
imat ion a h ighe r  o v e r a l l  system e f f i c i e n c y  e s t i m a t e  i s  
used i n s t e a d .  

Closer  i n v e s t i g a t i o n  shows t h a t ,  a l though  t h e  land  a r e a  
requirements  f o r  t h e  s i t i n g  of s o l a r - e l e c t r i c  p l a n t s  a r e  
s u b s t a n t i a l ,  t hey  would be we l l  under two p e r  c e n t  of t h e  
land  a r e a  i n  most r e g i o n s  where it would be d e s i r a b l e  t o  apply 
s o l a r  o p t i o n s  f o r  meeting a l l  f u t u r e  demands. 

More v i s i b l e  c o n s t r a i n t s  a r e  t h e  c a p i t a l  and m a t e r i a l s  
demands f o r  such l a r g e  f a c i l i t i e s .  Although a c c u r a t e  des ign  
in format ion  was no t  a v a i l a b l e ,  a  composite of approximations 
f o r  a  h e l i o s t a t s f i e l d  w i th  a  c e n t r a l  r e c e i v e r  tower shows 
t h a t  over  45 kg/m2 of i n d u s t r i a l l y  s i g n i f i c a n t  m a t e r i a l s  i s  
r equ i r ed  ( c o n c r e t e  can ,  by des ign ,  su  s t i t u t e  p a r t  of  t h e  
weight)  : t h i s  means about  45,000 tons3 p e r  km2 of e f f e c t i v e  
c o l l e c t o r  sur faces - - to  be e r e c t e d  f o r  nex t  g e n e r a t i o n  concepts-- 
o r  about 83,250t f o r  t h e  5  km2/100MW(e) s i t e .  This  i n d i c a t e s  
t h a t  f o r  l a r g e - s c a l e  a p p l i c a t i o n  of s o l a r  o p t i o n s ,  a r a t h e r  
s i z e a b l e  d i v e r s i o n  of m a t e r i a l s  and c a p i t a l  w i l l  be r e q u i r e d  
( s e e  Tables  6 and 1 0 ) .  These r e l a t i o n s h i p s  w i l l  be f u r t h e r  
analyzed du r ing  t h e  1977 t i m e  pe r iod .  

The c r i t i c a l  i s s u e  remains t o  be energy s t o r a g e  f o r  
geographic  a r e a s  w i th  h i g h l y  f l u c t u a t i n g  i n s o l a t i o n  v a l u e s  
dur ing  t h e  w i n t e r  months, wi thout  s u i t a b l e  hydros torage ,  and 

2 
t means m e t r i c  t o n s  throughout  t h i s  paper .  



wi thou t  adequa te  backup e lec t r ic  power g e n e r a t i o n  by con- 
v e n t i o n a l  methods (see Tab le  7 ) .  I n  such a r e a s ,  t h e  u s e  of 
l i q u i d  hydrogen a s  energy s t o r a g e  medium and/or  s y n t h e t i c  
f u e l  appea r s  t o  be a n  a t t r a c t i v e  long-term s o l u t i o n .  I n  
some l o c a t i o n s  t h e  s o l a r  and t h e  wind energy conve r s ion  
p o t e n t i a l s  complement each  o t h e r  on an  annual  b a s i s ,  t h u s  
minimizing energy s t o r a g e  requ i rements  f o r  con t inuous  opera -  
t i o n  ( f u r t h e r  energy s t o r a g e  c o n s i d e r a t i o n s  a r e  i n  S e c t i o n  111). 
Again, however, a  major  c a p i t a l  d i v e r s i o n  would be r e q u i r e d  
f o r  t h e  c o n s t r u c t i o n  o f  such d u a l  f a c i l i t i e s .  

A r e a l i s t i c  comparison o f  s o l a r  energy--as a  r e s o u r c e  
f o r  g e n e r a t i n g  e l e c t r i c i t y - - w i t h  p l a n t s  u s i n g  f o s s i l  f u e l  
and n u c l e a r  f u e l  shou ld  be based on work performance ( i . e .  MWh 
d e l i v e r e d )  r a t h e r  t h a n  on  power performance (BlW r a t i n g ) ,  
because  o f  t h e  d i s t i n c t l y  d i f f e r e n t  o p e r a t i n g  t i m e  and 
performance c h a r a c t e r i s t i c s  o f  t h e  s o l a r  p l a n t s .  Because 
t h e  f u t u r e  c o s t  o f  g e n e r a t i n g  e l e c t r i c i t y  w i l l  s i g n i f i c a n t l y  
i n f l u e n c e  t h e  accep t ance  of s o l a r  energy conve r s ion  a s  a  
v i a b l e  r e s o u r c e  f o r  meet ing a n  i n c r e a s i n g  p o r t i o n  o f  t h e  f u t u r e  
energy  demand, a c o n c e p t u a l i z a t i o n  o f  t h e  governing paramete r s  
i s  o u t l i n e d  i n  Tab le  3 .  There  i s ,  o f  c o u r s e ,  always t h e  
p o s s i b i l i t y  of t e c h n o l o g i c a l  b reak th roughs  t h a t  would enhance 
an  a c c e l e r a t e d  u s e  o f  s o l a r  energy  convers ion  a s  a major  
r e s o u r c e  f o r  r e g i o n s  where t h e  n u c l e a r  and/or  c o a l  o p t i o n s  
w i l l  n o t  m e e t  t h e  p r o j e c t e d  energy demands. 

The g l o b a l  d r i v e  f o r  renewable ,  c l e a n  energy supp ly ,  
aiming u l t i m a t e l y  a t  t h r e e  t o  f i v e  kN energy mix p e r  c a p i t a ,  
p l a c e s  s o l a r  energy  a s  a  s i g n i f i c a n t  r e s o u r c e ,  c a p a b l e  o f  
meet ing a  p a r t  o f  t h e  f u t u r e  energy demands i f  t h e  c a p i t a l ,  
m a t e r i a l s ,  and manpower d i v e r s i o n  issues c a n  be  r e s o l v e d .  
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 s ,  abou t  1 . 2 5  m2 of  
c o l l e c t o r  s u r f a c e  may y i e l d  an  e l e c t r i c a l  energy  e q u i v a l e n t  
of  one  b a r r e l  o f  o i l  p e r  y e a r ,  w i t h  c u r r e n t  t echno logy .  The 
a n t i c i p a t e d  f u t u r e  p r o g r e s s  i n  producing and t r a n s p o r t i n g  
hydrogen would t h e r e f o r e  s u g g e s t  development of  s o l a r  energy- 
o p e r a t e d  hydrogen p roduc t i on  and l i q u e f a c t i o n  f a c i l i t i e s  i n  
t h e  f a v o r a b l e  i n s o l a t i o n  r e g i o n s  as a  method o f  c o n v e r t i n g  
s o l a r  energy  t o  a p r a c t i c a l  energy r e sou rce .  

111. TECHNOLOGY ASSESSMENT REVIEW 

The c o n t i n u i n g  p r o c e s s  of i n fo rma t ion  a c q u i s i t i o n  and 
v a l i d a t i o n  o f  t h e  IIASA-Solar Group i s  c r e a t i n g  a  d a t a  base  
on a  g l o b a l  s c a l e ,  w h i l e  working r e l a t i o n s  w i t h  key i n s t i t u -  
t i o n s  a r e  e s t a b l i s h e d .  There i s  a  s i g n i f i c a n t  v a r i a t i o n  o f  
q u a n t i t a t i v e  d a t a  on  many c r i t i c a l  s u b j e c t s ,  which s t i p u l a t e s  
a  need t o  d e d i c a t e  more e f f o r t  t o  t h e  v a l i d a t i o n  o f  t h e  
a c q u i r e d  d a t a  and,  wherever p o s s i b l e ,  t o  t h e  development 
of  a  workable agreement between t h e  t h e o r e t i c a l ,  expe r imen t a l ,  
and o p e r a t i o n a l  v a l u e s .  



Table  3 .  Some of  t h e  key pa ramete r s  a f f e c t i n g  f u t u r e  e l e c t r i c  
power g e n e r a t i n g  c o s t  

F u e l  c o s t  
and 
a v a i l a b i l i t y  

C o s t  i n c r e a s i n g ,  and 
s c a r c i t y  c e r t a i n  

No f u e l  needed 

Waste d i s p o s a l  Problems of  growing None s i g n i f i c a n t  
and s t o r a g e  p r o p o r t i o n  

P o l l u t i o n  con- 
c o n t r o l  
r e q u i r e m e n t s  

Becoming more s t r i n -  
g e n t ,  t h u s  more c o s t l y  

None 

P l a n t  p e r f o r -  
mance l i m i t a -  
t i o n s  

Energy s t o r a g e  
r e q u i r e m e n t s  

S u b j e c t  t o  a v a i l a b i l -  
i t y  of h igh-grade  
f u e l s ,  and e f f e c t i v e -  
n e s s  of  p o l l u t i o n  
c o n t r o l s  

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

None f o r  contemporary 
p l a n t s ,  b u t  a s  n u c l e a r  
p l a n t s  s h a r e  i n c r e a s e s ,  
s t o r a g e  i s  p robab ly  
needed t o  m e e t  peak 
l o a d i n q  demands 

None o r  low f o r  
h y b r i d  sys tems ,  
b u t  v e r y  h i g h  f o r  
base- load sys tems  

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

Impact  o f  
c a p i t a l  
r e q u i r e m e n t s  

Impact o f  
i n f l a t  ion  

Impact o f  
m a t e r i a l s  
r e q u i r e m e n t s  

Improved p o l l u t i o n  
c o n t r o l s ,  more c o s t -  
e f f e c t i v e  was te  d i s -  
p o s a l ,  and proven FBR 
( f a s t  b r e e d e r  r e a c t o r )  
and /o r  f u s i o n  r e a c t o r s  
would a c c e l e r a t e  
a c c e p t a n c e  

C u r r e n t l y  a c c e p t a b l e ,  
b u t  w i t h  i n c r e a s i n g  
n e g a t i v e  e f f e c t s ,  due  
t o  c o s t  o f  a n t i -  
p o l l u t i o n  and s a f e -  
g u a r d s  equipment  

During c o n s t r u c t i o n ,  
a s  w e l l  a s  d u r i n g  
o p e r a t i o n  due  t o  c o s t  
o f  f u e l ,  a n t i p o l l u t i o n  
measures ,  and was te  
d i s p o s a l  r e q u i r e m e n t s  -- - a  - -,-.--- 
Not s i g n i f i c a n t  f o r  
f o s s i l - f i r e d  p l a n t s ,  
b u t  r e l a t i v e l y  h i g h  f o r  
n u c l e a r  power p l a n t s  

B e t t e r  working f l u i d s  
f o r  t h e  S T E C ~  v e r s i o n s  
o r  mass-produced, low- 
c o s t  p h o t o v o l t a i c  
a r r a y s ,  a s  w e l l  a s  
c o s t - e f f e c t i v e  energy  
s t o r a g e  sys tems 
would enhance u t i l -  
i z a t i o n  

Unfavorable ,  because  
o f  h i g h  i n i t i a l  
i n v e s t m e n t s  

Mainly d u r i n g  p l a n t  
c o n s t r u c t i o n ,  b u t  de-  
c r e a s i n g  d u r i n g  oper -  
a t i o n ,  a s  n e i t h e r  f u e l  
nor  p o l l u t i o n  s a f e -  
g u a r d s  needed 

S i g n i f i c a n t  r e q u i r e -  
ments  of  m a t e r i a l s  
and p o s s i b l y  s p a r e s  

a  s o l a r - t h e r m a l - e l e c t r i c  c o n v e r s i o n  



The l a r g e - s c a l e  system aspec t  s t u d i e s  provided f i r s t  
approximations of s o l a r  energy convers ion c r i t e r i a  i n  
gene ra l .  An Aus t r ian  ca se  s tudy  ( f u r t h e r  desc r ibed  i n  
Sec t ion  I V )  was performed t h a t  used syn thes ized  i n s o l a t i o n  
va lues  and reviewed a p p l i c a b l e  energy convers ion systems.  
I t  included economic s c e n a r i o s  wi th  o i l  p r i c e s  p r o j e c t e d  
up t o  $15/bbl,  and with  i n t e r e s t  r a t e s  up t o  1 2  pe r  c e n t  
[Ref. 4,51.  The o v e r a l l  e f f i c i e n c i e s  of  t h e  eva lua t ed  
s o l a r  op t ions  f o r  producing e l e c t r i c i t y  range from about  
seven per  c e n t  ( f i x e d  p o s i t i o n ,  f l a t - p l a t e  c o l l e c t o r s )  t o  
2 2  per  c e n t  ( h e l i o s t a t s  f i e l d  and c e n t r a l  tower r e c e i v e r )  
i n  f avo rab le  i n s o l a t i o n  r eg ions  (see Table 6 ) .  Design 
op t imiza t ions  and improved working f l u i d s  f o r  hea t  t r a n s -  
miss ion may produce even b e t t e r  o v e r a l l  e f f i c i e n c i e s .  
However, t h e  major problems i n  eva lua t ing  s o l a r  energy con- 
v e r s i o n  p e r t a i n  t o  r eg ions  of lower i n s o l a t i o n ,  where t h e  
number of e f f e c t i v e  sunshine hours i s  s u b j e c t  t o  i r r e g u l a r  
v a r i a t i o n s .  S i g n i f i c a n t  d i f f e r e n c e s  of i n s o l a t i o n  v a l u e s  
a r e  a l s o  due t o  c o l l e c t o r  p o s i t i o n i n g  du r ing  v a r i o u s  p a r t s  
of t h e  yea r .  Table 4 p rov ides  an example from a  l o c a t i o n  
near  Phoenix, Arizona ( ~ 3 3 ~ ~ )  [Ref. 31 . 

Table 4 .  Measured i n s o l a t i o n ,  energy i n p u t ,  on c o l l e c t o r s  a t  
va r ious  p o s i t i o n s  

So la r  C o l l e c t o r  

Hor izonta l  ( f i x e d )  

S e t  a t  l a t i t u d e  

a  
composite of d i r e c t  and d i f f u s e  i r r a d i a t i o n .  Note t h a t  concen- 
t r a t i n g  c o l l e c t o r s  can only  conver t  d i r e c t  s o l a r  i r r a d i a t i o n .  



A f i x e d  c o l l e c t o r  a t  l a t i t u d e  ang l e  tilt r e c e i v e s ,  a t  
t h e  sample l o c a t i o n ,  a lmos t  12 p e r  c e n t  more energy t h a n  a  
h o r i z o n t a l  one ,  and a  two-axes t r a c k i n g  c o l l e c t o r  n e a r l y  
60 p e r  c e n t  more energy .  V a l i d a t i o n  o f  such d a t a  f o r  o t h e r  
l o c a t i o n s  have n o t  been a v a i l a b l e  s o  f a r .  These d i f f e r e n c e s  
r e q u i r e  t h a t  t h e  s o l a r  energy convers ion  systems must be 
c a r e f u l l y  t a i l o r e d  t o  t h e  i n s o l a t i o n  c h a r a c t e r i s t i c s  o f  t h e  
l o c a t i o n  under c o n s i d e r a t i o n ,  l a n d  a v a i l a b i l i t y ,  m a t e r i a l s  
demands, economic c o n s i d e r a t i o n s ,  and environmenta l  impact .  

Concepts of  s o l a r - e l e c t r i c  p l a n t s  w i t h  h e l i o s t a t s  ( m i r r o r s )  
f i e l d  and c e n t r a l  r e c e i v e r  tower ( i . e .  t h e  p r i n c i p a l  STEC 
v e r s i o n )  were cons ide r ed  f i r s t  i n  hybr id  c o n f i g u r a t i o n ,  com- 
b ined  w i t h  c o i ~ v e n t i o n a l  power p l a n t s  [Ref .  4 ,  5 ,  & 0 1 .  Such 
a  c o n f i g u r a t i o n  would n o t  r e q u i r e  a  l a r g e  energy s t o r a g e  
c a p a c i t y ;  it produces  s team by concen t r a t ed  s o l a r  energy 
conve r s ion  d u r i n g  sunny d a y s ,  running t h e  t u r b o - g e n e r a t o r s  of 
t h e  conven t i ona l  power p l a n t ,  t h u s  s av ing  s i g n i f i c a n t  amounts 
of f u e l .  The i n t e r n a l  energy  s t o r a g e  i n  t h e  pr imary hea t -  
t r a n s f e r  f l u i d  o f  t h i s  p l a n t  p rov ide s  f o r  o p e r a t i n g  c o n t i n u i t y  
when c louds  produce shadow ove r  t h e  h e l i o s t a t s .  The h e a t  
s t o r e d  i n  t h e  working f l u i d  m a i n t a i n s  steam-producing c a p a b i l i t y  
f o r  0.5 t o  a  few h o u r s ,  depending upon d e s i g n .   his n e c e s s i t a t e s  
c e r t a i n  performance t r a d e - o f f s ,  because  t h e  s team f l ow  cannot  
equa l  t h e  t u r b i n e  c a p a c i t y  f o r  a l l  t h e  sunsh ine  hou r s ,  some 
of  which must be used t o  m a i n t a i n  t h e  o p e r a t i n g  t empe ra tu r e s  
o f  t h e  system and cha rge  up t h e  energy  s t o r a g e .  Because t h e  
e a r l y  morning and l a t e  evening sunsh ine  hou r s  do n o t  p rov ide  
t h e  energy  i n p u t  c h a r a c t e r i z e d  by t h e  "peak hours"  (when t h e  
sun  i s  a t  l e a s t  30° o v e r  t h e  h o r i z o n ) ,  t h e  q u a n t i t a t i v e  a s s e s s -  
ment o f  such p l a n t s  f o r  v a r i o u s  l o c a t i o n s  i s  somewhat s p e c u l a t i v e .  

A we l l - de f i ned  v e r s i o n  of  a  100 .MW(e) s o l a r - e l e c t r i c  p l a n t  
w i t h  h e l i o s t a t s  f i e l d  and c e n t r a l  r e c e i v e r  tower was proposed 
by Aerospace Corpo ra t i on  [Ref .  61. I t  i s  g i v e n  i n  f o u r  b a s i c  
c o n f i g u r a t i o n s  (Tab le  5 ) .  The assumed l o c a t i o n  i s  i n  t h e  
d e s e r t  r e g i o n  o f  Sou thwes te rn  USA, where t h e  ave r age  i n s o l a t i o n  
v a l u e s  exceed 2300 kwh ( t h )  /m2 measured on h o r i z o n t a l  s u r f a c e  
and o v e r  3000 sunsh ine  hou r s  p e r  y e a r .  I n t e r n a l  the rmal  energy 
s t o r a g e '  (%$15/kWh) i s  e n v i s i o n e d  i n  a l l  t h e s e  c o n f i g u r a t i o n s .  
The near-optimum l o c a t i o n  would make a n  i n t e g r a t i o n  w i t h  
u t i l i t i e s  network p r a c t i c a l  ( f o r  example, t h e  e l e c t r i c  power 
demand t r e n d s  f o r  a i r  c o n d i t i o n i n g  f a v o r a b l y  c o r r e l a t e  w i t h  
a v a i l a b l e  i n s o l a t i o n  v a l u e s ) ,  and a  l i m i t e d  demand of  energy 
s t o r a g e  f e a s i b l e .  

The 100 M W ( e )  c e n t r a l  r e c e i v e r  concep t  was u t i l i z e d  a s  a  
t y p i c a l  model s o l a r - e l e c t r i c  power p l a n t  f o r  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  v a l u e s  and p rox imi ty  t o  a n  e x i s t i n g  
u t i l i t i e s  network.  The mult i-module concep t ,  w i t h  a  1 . 3  km 
a r e a  modules ( s u b j e c t  t o  r e q u i r e d  c o n f i g u r a t i o n )  f a c i l i t i e s  
a d a p t a t i o n  of  r e l a t i v e l y  low r e c e i v e r  towers  of  tower 
~ 2 6 0  m h e i g h t  f o r  e ach  module ) ,  and a  v a r i e t y  o f  l o a d  con f ig -  
u r a t i o n s ,  which respond t o  a  m u l t i t u d e  o f  s o l a r  power-plant  
i n t e g r a t i o n  r equ i r emen t s  i n t o  t h e  e x i s t i n g  network (see a l s o  
F i g u r e  1  i n  S e c t i o n  V)  . 



Table 5. 100 MW(e) central receiver concept versions 
(~2300 kwh(th)/m2-a and over 3000 hours of 
sunshine per year) 

Configuration Heliostats 
Total Area 

During the 1975/76 technology assessment review, the 
Aerospace Corporation concept [Ref. 61 was compared to a 
number of alternate proposals [Ref. 7, 8 & 91, and an over- 
view was made (Table 6) for comparative evaluation of the 
principal solar-thermal and photovoltaic solar energy 
conversion systems. The composite of the estimates from 
the various (1 973/75) sources was normalized to a hybrid 
"daytime only" configuration, to eliminate variation caused 
by widely different external energy storage concepts for 
meeting specific local network integration requirements. 
Furthermore, a location with insolation exceeding 
2300 kwh(th)/m2-a (with over 3000 hours of sunshine per 
year), and normalized 1975 US $ cost estimates were used 
merely to facilitate a relative comparison of the systems. 
The economic estimates were adjusted to 15 per cent annual 
fixed charge, a 30-year amortization period, and operations 
and maintenance charges (O&M) that were derived from corre- 
lation analyses with relatable power plant systems ( 4 0  to 
20 mills/kWh) .%he estimated cost of generating electricity 
(Ce) was based on the simplified expression: 

where Ce = cost of generating electricity (mills/kWh(e)) 
(1 mill = $ 0.001) 

conventional power plants have OsM charges below 2 mills/kWh. 
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I t  
= e s t i m a t e  o f  c a p i t a l  inves tment  ($/kW(e))  ; 

Cf = annua l  f i x e d  charge  r a t e  e s t i m a t e  ( $ 1 ;  

f  = p l a n t  l o a d  f a c t o r  e s t i m a t e  ( 5 ) ;  
P 

m = o p e r a t i o n s  and maintenance c o s t  e s t i m a t e  
(mills/kWh (e)  ) 

I n  t h e  absence  o f  e x t e r n a l  energy s t o r a g e  c a p a c i t y ,  such  
systems are viewed a s  complementary hyb r id  f a c i l i t i e s  f o r  
e lec t r ic  power producing complexes, conceived t o  a t t a i n  
s i g n i f i c a n t  s a v i n g s  o f  f o s s i l  f u e l s .  These p r e l i m i n a r y  
e s t i m a t e s  a r e  f o r  comparison o n l y .  

. ~ x a m i n i n g  t h e  d a t a  i n  Tab le  6 ,  i t  i s  appa ren t  why t h e  
" h e l i o s t a t s  w i t h  c e n t r a l  r e c e i v e r  tower" concept  r e p r e s e n t s  
t h e  c u r r e n t l y  p r e f e r r e d  system f o r  a  moderate s i z e  ( ~ 5 0  t o  
100 MW(e)) power p l a n t  ( a  p ro to type  v e r s i o n  i s  under c o n s t r u c t i o n  
a t  Sand ia ,  New Mexico, USA):, 

(a )  F l a t  p l a t e  c o l l e c t o r s  a r e  non-concen t ra t ing ,  and 
f e a t u r e  r e l a t i v e l y  poor performance ( low o p e r a t i n g  
t empe ra tu r e s )  f o r  g e n e r a t i n g  e lec t r ic  power. They 
have h igh  demand on  m a t e r i a l s  ( p i p i n g ,  i n s u l a t i o n ,  
f low c o n t r o l  e l emen t s ,  e t c . ) ,  and a  p robab ly  low 
o v e r a l l  r e l i a b i l i t y  w i t h  t h e  a t t e n d a n t  h i g h  maintenance  
c o s t .  

( b )  TWO-dimensional t r oughs  have t h e  fundamental  d i s -  
advan tages  o f  t h e  f l a t  p l a t e  c o l l e c t o r s ,  b u t  a r e  
c apab l e  o f  c o n c e n t r a t i n g  s o l a r  energy.  They 
t h e r e f o r e  produce much h ighe r  t empe ra tu r e s  ( ~ 4 0 0 ~ ~  
o r  more) and,  consequen t ly ,  a much b e t t e r  o v e r a l l  
performance.  

( c )  P a r a b o l i c  d i s h  c o l l e c t o r s  r e q u i r e  a  h ighe r  l e v e l  o f  
t echno logy .  They i n h e r e n t l y  have a  poor a r e a  
u t i l i z a t i o n  f a c t o r ,  b u t  cou ld  produce h igh  enough 
t empe ra tu r e s  (=150O0c o r  more i n  f a v o r a b l e  l o c a t i o n s )  
f o r  advanced concep t s  of  hydrogen p roduc t i on .  

(d l  The h e l i o s t a t s  f i e l d  w i t h  c e n t r a l  power r e c e i v e r  
appea r s  t o  be  optimum f o r  t h i s  c a t ego ry  of  power 
p l a n t s  ( p r e f e r r e d  STEC). I t  h a s  a  r e l a t i v e l y  lower  
demand f o r  m a t e r i a l s  and,  w i t h  i t s  h igh  c o n c e n t r a t i o n  
r a t i o s ,  it has  good working c h a r a c t e r i s t i c s  t h a t  are 
compat ib le  w i t h  t h o s e  of  conven t i ona l  t u rbo -gene ra to r s .  

(e)  P h o t o v o l t a i c  a r r a y s  might  become c o m p e t i t i v e  around 
1985 i f  t h e  c u r r e n t  development e f f o r t s  r e s u l t  i n  low- 
c o s t  mass p roduc t i on  of  s o l a r  ce l l s  and t h e i r  encap- 
s u l a t i o n  methods. The o p e r a t i n g  c h a r a c t e r i s t i c s  are 
f u r t h e r  enhanced because t h e  d i f f u s e  a s  w e l l  a s  t h e  
d i r e c t  s o l a r  r a d i a t i o n  a r e  u s e f u l .  



All the concepts except the photovoltaic array can 
benefit in the future from the developments of high perfor- 
mance working fl.uids; and all of them would gain from the 
developments of low-cost, efficient energy storage systems. 
Low cost of land would also make a significant contribution. 

Depending upon the future developments of oil prices, 
it can be argued. that, while stricter pollution controls and 
increasing cost of fuels will cause increases of electric 
power generating cost in conventional power plants, the future 
development trends of solar-electric power plants--which have 
no need for fuel and thus create no significant pollution 
problems--may gradually yield a competitive cost of electricity. 
Quantitative iriformation for a reasonable development of this 
hypothesis has not been available so far. 

Table 7 sucunarizes the contemporary state of the art of 
energy storage systems [Ref. 'I0 & 1 1 1 .  It is a composite of 
obtained information, and the economic data are normalized to 
1975 US dollars; they are for use in relative assessments only. 

The cost of the incremental increase in busbar cost of 
generating electricity for energy storage can be evaluated 
by the following simplified expression: 

where Cs = incremental cost of energy storage (mills/kWh(e)); 

Is = estimate of capital investment for energy 
storage system ($/kW (e) ) 2 

cf = annual fixed-charge rate estimate ( % ) ;  

fs = load factor estimates ( X ) ;  

"s = turnaround efficiency for the storage system ( % ) ;  

m = operations and maintenance cost estimate 
S (mills/kWh (e) ) . 

Two methods of capital investment estimates are shown: capital 
investment ($/kW(e)) for large storage capacities in the multi- 
MW(e) range; and capital investment for medium storage capaci- 
ties, where $/kW(e) is added to $/kWh(e) times average hours 
of energy delivery from storage per day. For example, evaluating 
for pumped hydro and liquid hydrogen, the estimates are 1 0  and 
1 2  mills/kWh (e), respectively. 





Energy s t o r a g e  concep t s  r e q u i r e  major development e f f o r t ,  
t h e  outcome of which w i l l  s i g n i f i c a n t l y  i n f l u e n c e  t h e  f u t u r e  
of s o l a r  o p t i o n s  and t h e i r  embedding s t r a t e g i e s .  

I t  i s  c l e a r  t h a t  t h e  c o s t  of energy s t o r a g e  w i l l  have a n  
impact  upon t h e  u t i l i z a t i o n  of  s o l a r  energy i n  c e r t a i n  energy 
supp ly  and demand s c e n a r i o s .  For example, r e g i o n s  w i t h  adequa te  
pumped hyd ros to r age  c a p a c i t y ,  and w i t h  p rox imi ty  t o  f a v o r a b l e  
i n s o l a t i o n  a r e a s ,  o f f e r  a n  a t t r a c t i v e  p o t e n t i a l  f o r  t h e  
i n t e g r a t i o n  of s o l a r - e l e c t r i c  power p l a n t s .  Th i s  i s  s o  
because  t h e  h y d r o - e l e c t r i c  f a c i l i t i e s ,  w i t h  r e l a t i v e l y  f a s t  
s t a r t - u p  t i m e ,  p rov ide  stand-by backup f o r  t h e  i r r e g u l a r l y  
f u n c t i o n i n g  s o l a r  p l a n t s ,  t h e  o u t p u t  of which can  be advantage- 
o u s l y  d i r e c t e d  f o r  meet ing r e g i o n a l  demands f o r  e l e c t r i c  power. 
I n  t h i s  manner a  "daytime on ly"  s o l a r  power p l a n t  can  success -  
f u l l y  supplement a n  e x i s t i n g  u t i l i t i e s  energy  mix network,  and 
b r i n g  abou t  s i g n i f i c a n t  s a v i n g s  of  f o s s i l  f u e l s  and/or  energy 
s t o r a g e  c a p a c i t y .  

I t  was shown i n  t h e  summation of  s o l a r  energy a s  a  
r e s o u r c e  (see S e c t i o n  11) t h a t  i n s o l a t i o n  v a l u e s ,  p o s i t i o n i n g  
of t h e  c o l l e c t o r s ,  and p rope r  s e l e c t i o n  o f  s o l a r  energy 
conve r s ion  system, a r e  among t h e  key paramete r s  f o r  de t e rmin ing  
t h e  amount of  energy  o b t a i n a b l e  p e r  u n i t  a r e a  i n  a  g i v e n  r e g i o n .  
I f  w e  a t t e m p t  a  c u r s o r y  o p t i m i z a t i o n ,  w e  f i r s t  l o c a t e  a  s i t e  
where w2300 kwh ( t )  /m2.a i n s o l a t i o n  and o v e r  3000 sunsh ine  
hours /year  p r e v a i l  on h o r i z o n t a l  s u r f a c e  (see Table  1 ) .  
Cons ider ing  a  two-axes t r a c k i n g  conve r s ion  sys tem,  t h e  s o l a r  
energy i n p u t  i n c r e a s e s  t o  abou t  3300 kWh(th) /m2-a (Tab le  4 )  . 
I f  t h e  r e g i o n  i s  remote from an  e x i s t i n g  u t i l i t i e s  network,  
hydrogen p roduc t i on  can  be e l e c t e d  t o  f a c i l i t a t e  energy  
s t o r a g e  and t r a n s p o r t a t i o n .  Should t h i s  f a c i l i t y ,  f o r  example, 
s a t i s f y  mid-term expe r imen t a l  f e a s i b i l i t y  r equ i r emen t s ,  a  more 
s u i t a b l e  o p t i o n  would p robab ly  be i n  t h e  u se  o f  t h e  p a r a b o l o i d a l  
d i s h  s a c r i f i c i n g  some of  t h e  l a r g e - s c a l e  g a i n s  ( a s  compared 
t o  h e l i o s t a t  f i e l d  and c e n t r a l  r e c e i v e r  t o w e r ) ,  because  o f  
t h e  h i g h  t empe ra tu r e s  o b t a i n a b l e  p e r  u n i t  e f f e c t i v e  a r e a .  
Combining t h e  s e l e c t e d  sys tem w i t h  a  l i q u i d  hydrogen p roduc t i on  
and s t o r a g e  f a c i l i t y ,  a  100 IJIW(e) dayt ime o p e r a t i n g  f a c i l i t y  
cou ld  d e l i v e r  a b o u t  240 m i l l i o n  kWh(e) a n n u a l l y ,  manufactur ing 
2 4 . 4  m i l l i o n  kg l i q u i d  hydrogen ( u s i n g  the rmal  d i s s o c i a t i o n  
o f  H z 0  and l i q u e f a c t i o n  p r o c e s s e s ,  consuming w54 kWh(e) p e r  
kg LH2). With a  c o n s e r v a t i v e  system e f f i c i e n c y  and u s i n g  LH2 
b o i l - o f f  e f f e c t i v e l y  i n  t h e  p r o c e s s ,  n e a r l y  3.8 m i l l i o n  kg 
o f  LH2 cou ld  be d e l i v e r e d  a n n u a l l y  t o  t h e  energy  u s e r s  i n  a  
r e g i o n  w i t h  i n s u f f i c i e n t  i n s o l a t i o n  l e v e l s .  The energy i n  1  kg 
o f  LH2 i s  e q u i v a l e n t  t o  a b o u t  39 kWh(th) [Ref. 1 2 1 ,  which would 
d e l i v e r  f o r  t h e  g i v e n  sample c a s e  abou t  148 m i l l i o n  kWh( th ) ,  
which i s  e q u i v a l e n t  t o  abou t  13 m i l l i o n  l i t e r s  of  h e a t i n g  o i l .  
However, w i t h  t h e  e s t i m a t e d  c a p i t a l  e x p e n d i t u r e s  (Tab l e s  6 and 
7 )  f o r  t h e  p l a n t  and f o r  a  LH2 f a c i l i t y ,  a  commercia l ly  v i a b l e  
payback t i m e  i s  s t i l l  s p e c u l a t i v e  w i t h  t h e  c u r r e n t  s t a t e  o f  t h e  
a r t  o f  s o l a r - e l e c t r i c  and hydrogen p roduc t i on  t echno logy .  Th i s  
means t h a t  s i g n i f i c a n t  improvements o f  t h e  t echno logy  must be 
m e t  f e a t u r i n g  i n n o v a t i v e ,  low-cost  system d e s i g n s ,  improved 
e f f i c i e n c i e s ,  and long  o p e r a t i n g  l i f e .  

4 13 m i l l i o n  l i t e r s  p e r  y e a r  i s  e q u i v a l e n t  t o  82000 b b l  p e r  y e a r .  



If the facility should meet long-term requirements, thermal 
decomposition of water in central receiver tower systems may 
also prove economically feasible, and a significantly higher 
production of transportable energy may be attained. Such 
concepts will be evaluated in the future, as more research 
and development information becomes available. 

The combined use of Tables 6 and 7 offers an opportunity 
for preliminary evaluations of various combinations of solar 
energy conversion systems with suitable energy storage systems. 
Further developments in this. field are anticipated. Inasmuch 
as adequate literature exists on most of the conceptual and 
design.aspects of solar systems [Ref. 3 to 131, this progress 
report attempts to focus on the subjects essential for 
conceptualizing the solar energy embedding potential. 

Because the contemporary efforts in various countries 
are not limited to solar-thermal concepts, a comparison of 
characteristics with photovoltaic array concepts and their 
relevance to siting issues is essential (see Table 6). The 
possibility of a successful development of a mass production 
process for low-cost photovoltaic arrays [Ref. 91 stipulates 
a review of these potentially competitive technologies. 
It may require four to eight years before the feasibility of 
low-cost photovoltaic, fully encapsulated (weather proof) 
arrays may be proven (--,$500/kW(peak)). Their system integra- 
tion flexibility and equal adaptability to large-scale 
generation of electricity and/or hydrogen, as. well as to 
diverse application in development of "solar buildings", 
postulates consideration of their long-term application. 

The solar technology assessment review also revealed 
developments of a number of small to medium solar energy 
conversion systems for irrigation (pumping), process heat, 
electricity generation, and a multitude of other uses. The 
status of these efforts is subject to such rapid changes that 
their inclusion in regional and global consideration would 
be premature at this time. Nevertheless, their sizes can be 
estimated from the data in Table 8. 

The low temperature, solar energy conversion technology 
represents, however, a viable contribution to future energy 
supply, because water and space heating energy requirements 
constitute a major portion of energy demands in industrialized 
countries, where heating oil and natural gas are used to meet 
such demands. To illustrate the magnitude of this issue, 
current estimates show that a contemporary family home (average 
occupancy of four persons) consumes an equivalent of 53 barrels 
of oil per year in the USA, while a similar home in the FRG 
consumes an equivalent of up to 28 barrels of oil per year, 
and a comparable housing unit in the industrialized part of 
the USSR consumes nearly an equivalent of 1 1  barrels of oil 
per year. Most of this energy is for hot water and space 
heating. Depending upon geographic location, insolation 
values, and the numerous building and heating practices in 
these regions, an average of about 40 to 60 per cent of the 



Table 8. Basic characteristics of solar-thermal and 
photovoltaic power plants (in favorable 
insolation regions) 

10 to 0.22 0.08 to 0.15 

Maintenance 

Access (to site) 
eavy equlpmen light equipment 
(access roads) 

I I 
a without consideration of area utilization factor; 

'unless high concentrators are used: 

C at some latitudes seasonal adjustment only. 

energy could be supplied by installation of solar systems 
(see Table 1). The estimates of attainable options (below 
1 0 0 ~ ~ )  are summarized in Table 9 .  These must be viewed as 
a range of sample cases, because the system design trade-offs 
between (solar) collector area, hot water storage volume, 
storage tanks insulation, house insulation, and heat-pump 
application offer an infinite number of possibilities. 

With the current cost of heating fuels the investment 
and amortization for these options is not attractive, but 
the anticipated increases of fuel cost and the future 
shortages of fuels should eventually yield increasing savings 
and a subsequently faster payback time. The energy payback 
time for such systems, as well as for most solar options, 
is below two years. Specific cases can be evaluated from 
the estimates in Table 10. 

Recycling of metals is particularly advantageous for 
large-scale application of solar options, because of the 
reduction of energy requirements that ranges from about 
7 8  per cent for steel to 97 per cent for aluminum. The much 
higher energy requirements for aluminum production stipulate 



Table 9 .  E s t i m a t e s  o f  l o w  t e m p e r a t u r e  o p t i o n s  i n  m o d e r a t e  
i n s o l a t i o n  r e g i o n s  

Water h e a t i n g  

S p a c e  a n d  w a t e r  t o  h e a t i n g  i n c l u d i n g  8000-9000 200-630 1500-2000 400-550 80% 
heat -pump o f  

Demand 

4 

a 
b a s e d  o n  i n d u s t r i a l  a c t i v i t i e s  i n  t h e  FRG a n d  1976  d o l l a r s ;  

b b a s e d  o n  1976  p r i c e s  o f  h e a t i n g  o i l  i n  C e n t r a l  E u r o p e .  

C s u b j e c t  t o  t r a d e - o f f  b e t w e e n  c o l l e c t o r s  area, w a t e r  s t o r a g e  a n d  
b u i l d i n g  i n s u l a t i o n .  

T a b l e  1 0 .  E n e r g y  r e q u i r e m e n t s  estimate f o r  p r o d u c t i o n  o f  
materials  u s e d  i n  c o n s t r u c t i o n  o f  solar  o p t i o n s  

a a v e r a g e  o f  estimates. 

I 

Material 

r 

I r o n  a n d  
s t ee l  

C o o p e r  

Aluminum 

Cement 

G l a s s  

b s u b j e c t  t o  e x t r a c t i o n  a n d  p r o c e s s i n g  e f f e c t i v e n e s s  & e f f i c i e n c i e s ,  
as w e l l  as a v a i l a b i l i t y  o f  q u a l i t y  r a w  m a t e r i a l s .  

E n e r g y  R e q u i r e m e n t s  (kwh ( t h )  /t) 

From n a t u r a l  r e s o u r c e s b  

6000 t o  72000 ( 1 0 0 0 0 ) ~  

13000  t o  3 6 0 0 6  ( 3 0 0 0 0 ) ~  

60000 t o  100000  ( 8 0 0 0 0 ) ~  

2000 t o  3000 ( 2 5 0 0 ) ~  

5000 t o  14000 ( 9 0 0 0 ) ~  

From r e c y c l e d  materialb 

1400  t o  2000 ( 1 7 0 0 ) ~  

800  t o  2000 ( 1 5 0 0 ) ~  

1500  t o  2500 ( 2 0 0 0 ) ~  

- 

N e a r l y  s a m e  as f r o m  
n a t u r a l  r e s o u r c e s  



the use of steel as the principal material, which in turn 
enhances the utilization of scrap without costly selection 
processes. ÿ his is significant in the sense that the steel 
industry now prefers selected (i.e. industrial) scrap to 
prevent contamination of processing facilities. However, 
when the market for a large volume of structural steel without 
close specifications is envisioned, the steel industry would 
accommodate the solar industry and process ordinary (i-e. 
automotive) scrap. 

The energy requirements for materials production must be 
viewed as broad indicators, because the efficiencies of 
various processes and facilities vary, and if energy conserva- 
tion measures are implemented, the energy requirements may be 
lower in the future. 

In addition to the energy requirements for materials, 
large-scale embedding of solar options will consume sub- 
stantial energy for transportation, construction, and 
operation of installation and maintenance equipment, spares, 
accommodation of labor (in cases where solar plants are 
constructed in remote regions), and for numerous other 
functions associated with such large-scale activities. 
Transportation energy alone is estimated at about 60 kWh(th) 
(equivalent)/t per 1000 km for cargo vessels; .I35 kWh(th) 
(equfvalent)/t per 1000 km for freight-train, and about 
670 kWh(th) (equivalent)/t per 1000 km for diesel truck. 

In terms of industrial planning, large-scale implementa- 
tion of solar options may cause some "materials and capital 
diversion" from conventional markets (see Sections V and VI). 
Making conservative assumptions, based on contemporary (1976) 
designs, practical spacing and energy storage adjustments for 
collector areas, and specifying year around operation, the 
following approximations are useful for a cursory assessment 
of the "materials and capital diversion" needed in the 
construction of solar-thermal versions of the various options 
(Table 11). 

The various contemporary designs applicable for the 
options, and the innovations that can be expected in the 
future, must be considered when using such estimates. Avail- 
ability of optimization data depends upon the results from 
the experimental facilities that are in the planning stage 
in most industrialized nations. Certainly, lower estimates 
would result from the reduction of operating time and storage 
requirements, and if hybrid configurations were used for the 
production of electricity or hydrogen. 

As an example, a 100 MW(e) solar-thermal plant for base- 
load operation in the hiqh insolation region would require 
about 67500 t of struct~ral materials, and about 225006 t 
of concrete. The structural materials requirement could be 
as low as 35000  t per 100 MW(e), if some of the innovative 
designs can be expected to survive the environmental 



deteriorations for the 30 years operating life. A next 
generation hybrid plant with 100 MW(e) daylight rating (no 
external energy storage) may require only 98000 t of 
structural materials and 75000 t of concrete. 

Table 11. Estimates of materials and capital requirements 
for implementation of solar options (base-load 
configurations) 

a kw(th) for heating and kW(e) for electric power and for 
H production; 2 

bglobal irradiation on horizontal surf ace; 

'does not include concrete, the use of which varies widely 
from 0 to 200 kg/m2, subject to design and site conditions. 

dsubject to trade-off considerations with energy storage cap- 
acities and insolation values (conversion efficiency of dif- 
fuse component of insolation). 

Detailed consideration of large photovoltaic power plants 
will be due when the planned cost reduction of array (i.e. 
panels) will prove feasible. Until then, the information in 
Tables 6 and 8 is as useful as any contemporary estimate [Ref. 
91. 



The s o l a r  technology assessment review shows t h a t  cons ide r -  
a b l e  i nnova t i ons  i n  d e s i g n ,  p r o g r e s s  i n  s t a n d a r d i z a t i o n ,  and 
a  b e t t e r  unders tand inq  of t h e  s o l a r  energy c r i t e r i a  a r e  needed 
f o r  broader  accep t ance  and f a v o r a b l e  market p e n e t r a t i o n  of  t h e  
s o l a r  o p t i o n s .  Cu r r en t  suppo r t  of s o l a r  r e s e a r c h  and develop- 
ment i n  most 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  promises t o  y i e l d  
i n c r e a s i n g l y  more p o s i t i v e  approaches  w i t h i n  a  few y e a r s  and,  
o f  cou r se ,  i n c r e a s i n g  c o s t  of  f u e l s  w i l l  con t i nue  t o  i n t e n s i f y  
t h e  economic v i a b i l i t y  of s o l a r  o p t i o n s .  However, an  o b j e c t i v e  
s c r een ing  of t h e  s o l a r  o p t i o n s  f o r  long-term energy mix 
p r o j e c t i o n s  cannot  be performed e f f e c t i v e l y  u n t i l  t h e  u l t i m a t e  
p o t e n t i a l  of  t h e  n u c l e a r ,  c o a l ,  and o t h e r  a l t e r n a t i v e s  i s  
b e t t e r  unders tood.  

I V .  REGIONAL STUDIES 

The f i r s t  r e g i o n a l  s t udy  a t  IIASA on t h e  l a r g e - s c a l e  
a p p l i c a t i o n  of  s o l a r  energy o p t i o n s  was t h e  "Aus t r i an  Case 
Study" [Ref.  4 ,  5  E 141, where a  d e t a i l e d  a n a l y s i s  of  i n s o l a -  
t i o n  v a l u e s  i n  g e n e r a l ,  and of  t h e  d i r e c t  i r r a d i a t i o n  v a l u e s  
i n  p a r t i c u l a r ,  r e v e a l e d  t h a t  t h e r e  a r e  p o t e n t i a l l y  s u i t a b l e  
l o c a t i o n s  even i n  A u s t r i a  where t h e  hybr id  v e r s i o n  of  t h e  
so l a r - t he rma l  power p l a n t s ,  c o n s i s t i n g  o f  h e l i o s t a t s  f i e l d  
and a  c e n t r a l  tower r e c e i v e r  (STEC) could  be  a t t r a c t i v e ,  i f  
t h e  c o n s t r u c t i o n  c o s t  cou ld  be he ld  a t  a  low enough l e v e l  
( i .  e. below $70/m2 system c o s t  o f  t h e  s o l a r - s p e c i f  i c  hardware)  . 
The d e l i n e a t i o n  of c o n s t r u c t i o n  c o s t  i s  a t  p r e s e n t  among t h e  
most s p e c u l a t i v e  i s s u e s  i n  c o n s i d e r i n g  l a r g e - s c a l e  STEC 
a p p l i c a t i o n s .  C o r r e l a t i o n  a n a l y s i s  w i t h  known b u i l d i n g  
c o n s t r u c t i o n  c o s t  d a t a  [Ref.  151 r e v e a l s  t h a t  s i t e  p r e p a r a t i o n ,  
f ounda t i ons  f o r  t h e  h e l i o s t a t s ,  suppo r t i ng  s t r u c t u r e s ,  and 
t h e  framework f o r  h e l i o s t a t  s u r f a c e  would c o s t  abou t  $78/m2, 
i f  c o n s t r u c t e d  w i t h i n  200 km from major m a t e r i a l s  and l a b o r  
supply  a r e a s .  Th i s  i n d i c a t e s  t h a t  s i g n i f i c a n t  i n n o v a t i o n s  
would have t o  be a t t a i n e d  t o  m e e t  t h e  d e s i r e d  c o s t  l i m i t s  and 
s t i l l  manage t o  b u i l d  such  s t r u c t u r e s  t o  l a s t  30 y e a r s ,  ma in t a in  
r i g i d i t y  ( i . e .  a c c u r a t e  angu la r  r e l a t i o n s h i p s  r e q u i r e d  f o r  
aiming a t  t h e  s p e c i f i c  l o c a t i o n  of  t h e  r e c e i v e r  on t o p  of  t h e  
tower)  and i n c l u d e  t h e  subsystems f o r  two-axes t r a c k i n g  of  
sun neces sa ry  t o  a c h i e v e  t h e  r e q u i r e d  accuracy  f o r  concen- 
t r a t i o n  of s o l a r  energy .  

The "Aus t r i an  Case Study"  produced v e r y  i l l u s t r a t i v e  
g r a p h i c a l  i n t e r r e l a t i o n s h i p s  of  i n s o l a t i o n  d a t a ,  p r i c e s  o f  
o i l ,  c o s t  o f  ( h y b r i d  v e r s i o n )  STEC, c o s t  o f  c a p i t a l  and 
a t t a i n a b l e  payback t i m e  [Ref .  51. The concep t  e s t a b l i s h e d  a  
u s e f u l  method f o r  c o n c i s e  s y n t h e s i s  of t h e s e  key pa rame te r s ,  
and w i l l  be pursued f u r t h e r  a s  more v a l i d a t e d  i n p u t s  w i l l  
become a v a i l a b l e .  B e t t e r  unders tand ing  i s  needed of  t h e  
i n s o l a t i o n  v a l u e s ,  s t a r t - u p  and enerqy s t o r a g e  requ i rements ,  
a s  wel l  a s  of t h e  t r a n s i t i o n a l  c r l t e r i a  and a s s o c i a t e d  energy 
l o s s e s  du r ing  t h e  d a i l y  s o l a r  enerqy I n p u t s  c y c l e ,  i n  o r d e r  



t o  i d e n t i f y  t h e  r e a l  s o l a r  ene rgy  c o n v e r s i o n  p o t e n t i a l  i n  
t h e  r e g i o n s  w i t h  less t h a n  i d e a l  c l i m a t i c  c o n d i t i o n s .  I n  
t h e  c a s e  of A u s t r i a ,  t h e  p o t e n t i a l  s u i t a b l e  l o c a t i o n s  appear  
t o  have an ade  u a t e  annua l  i n s o l a t i o n  d i s t r i b u t i o n  ( o v e r  
1150 kWh(th)/mq-a, and a b o u t  2000 hours  o f  s u n s h i n e  p e r  
y e a r )  and v e r y  f a v o r a b l e  h y d r o s t o r a g e  c a p a c i t i e s  (pumped 
s t o r a g e ) .  Combined w i t h  s u f f i c i e n t  l a n d  a r e a  and i n d u s t r i a l  
c a p a c i t i e s ,  t h e  b a s i c  t e c h n i c a l  f e a s i b i l i t y  f o r  long- term 
s o l a r - t h e r m a l - e l e c t r i c  o p t i o n s  i s  promis ing .  The u n c e r t a i n t i e s  
of  economic e s t i m a t e s ,  however, s t i p u l a t e  t h e  f u r t h e r  need 
f o r  i n q u i r y .  

The c u r r e n t  r e g i o n a l s o l a r  energy s t u d y  a t  IIASA i s  
concerned w i t h  t h e  ways and means f o r  t h e  p o s s i b i l i t i e s  of 
a c c e l e r a t e d  u t i l i z a t i o n  o f  s o l a r  energy c o n v e r s i o n  i n  t h e  
F e d e r a l  Repub l i c  of  Germany. The s t u d y  i s  o r g a n i z e d  i n t o  
t e n  t a s k s :  

t e c h n o l o g i c a l  and economic s ta te  o f  t h e  a r t :  

encompassing t h e  t e c h n o l o g i c a l ,  i n d u s t r i a l ,  and 
economic p o t e n t i a l  f o r  l a r g e - s c a l e  development  
o f  s o l a r  o p t i o n s ;  

( 2 )  i n s t i t u t i o n a l  a s p e c t s :  

i d e n t i f y i n g  s o c i e t a l ,  l e g a l  and i n s t i t u t i o n a l  
c o n s t r a i n t s  and i n c e n t i v e s  f o r  t h e  implementa t ion  
o f  s o l a r  o p t i o n s  i n  t h e  FRG; 

( 3 )  p r o g n o s i s  f o r  t h e  FRG: 

d e l i n e a t i n g  measures  and consequences o f  s o l a r  
o p t i o n s  i n t e g r a t i o n  i n t o  a  f u t u r e  energy  mix 
i n  t h e  FRG; 

( 4 )  workshop: 

o r g a n i z a t i o n  of  a n  e x p e r t s  meet ing  t o  a t t e m p t  
v a l i d a t i o n  o f  t h e  c r i t e r i a  a f f e c t i n g  t h e  
a c c e p t a n c e  o f  s o l a r  o p t i o n s ;  

( 5 )  s o l a r  d i s t r i c t  h e a t i n g :  

e v a l u a t i o n  of  s o l a r  ene rgy  c o n v e r s i o n  l i m i t s  
f o r  d i s t r i c t  h e a t i n g  c o n s i d e r a t i o n s ;  

( 6 )  s o l a r - e l e c t r i c  power t e c h n o l o g i e s :  

a s sessment  o f  s o l a r - t h e r m a l  and p h o t o v o l t a i c  
t e c h n o l o g i e s  f o r  t h e  FRG; 

( 7 )  hydrogen p r o d u c t i o n :  

i n v e s t i g a t i o n  i n t o  t h e  hydrogen ( g a s  and /o r  l i q u i d )  
p r o d u c t i o n  p o t e n t i a l  w i t h  t h e  u s e  of  s o l a r  ene rgy ;  



(8) scenarios and options: 

development of scenarios including the product ' 

of solar technology applications, and delineation 
of related energy supply options for the FRG; 

(9) systems aspects: 

synthesis of applicable solar energy systems 
and their interrelationships with a future FRG 
energy mix; 

('I 0)  aid to developing countries: 

review of the FRG capacity to provide technological 
and industrial aid in terms of solar technology 
applications and associated issues and/or trading 
alternatives. 

The study for the FRG is nearly 50 per cent completed and the 
results will be published in late 1977. Because of the 
insolation values in the region of the FRG, emphasis has been 
directed into the low temperature spectrum (below 100°C) of 
solar energy conversion, which consists primarily of water 
and space heating for housing and communal facilities. 
Preliminary assessments indicate'that considerable savings 
of oil could be a'ttained by an accelerated marked penetration 
of solar technology for the low temperature energy supply 
(see Table 9) . 

The regional studies on the large-scale embedding of 
solar options at IIASA are viewed as inputs for regional 
energy mix models, synthesizing the individual characteristics 
and capabilities of the regions. These models will eventually 
become the elements of the ultimate global energy model. The 
scale and the economic ramifications of this undertaking 
stipulate the need for an intensive validation of all the 
input information to prevent the development of erroneous 
projections. The current, formative stage of solar technology 
indicates some unique potentials and speculative trends, but 
a much more regional evaluation will be necessary before all 
the complex interrelationships and comparisons with other 
alternatives for a global energy mix are sufficiently under- 
stood. 

V. SOLAR ENERGY EMBEDDING IN INDUSTRIALIZED COUNTRIES 

Solar energy conversion potential in the industrialized 
countries should be viewed against the background of the 
major efforts vested in nuclear research, coal gasification, 
liquefaction research, and other alternatives, as well as in 
terms of obtainable insolation values. Large-scale embedding 



of s o l a r - t h e r m a l  sys tems w i l l  a l s o  be s i g n i f i c a n t l y  i n f l u e n c e d  
by t h e  development of p h o t o v o l t a i c  sys tems ,  which c o u l d  o f f e r  
a  b roader  o p e r a t i n g  spect rum ( c o n v e r t i n g  d i f f u s e  a s  w e l l  a s  
d i r e c t  i r r a d i a t i o n )  and r e l a t i v e  s i m p l i c i t y  of i n s t a l l a t i o n -  
o p e r a t i o n  a s p e c t s .  The i s s u e  i s ,  whether  t h e  c o s t  of  such  
d e v i c e s  can  r e a l l y  be  reduced from t h e  c u r r e n t  $17,000 p e r  
(peak)  k i l o w a t t  e l e c t r i c  t o  abou t  $500 p e r  (peak)  k i l o w a t t  
b e f o r e  1985, a s  t h e  USA-ERDA o b j e c t i v e s  s t a t e d  [Ref .  91. 
I n  t h e  meantime, t h e  s o l a r - t h e r m a l  sys tems a r e  w i t h i n  t h e  
range  of  t e c h n i c a l  f e a s i b i l i t y ,  b u t  s u b j e c t  t o  s u b s t a n t i a l  
i n n o v a t i o n s  d u r i n g  t h e  same t i m e  p e r i o d  (1  977-1 985) . 

I n  t h e  low-tempera ture  (below 1 0 0 ~ ~ )  energy s u p p l y ,  t h e  
i n t e r i m  u s e  o f  s o l a r  o p t i o n s  would have t h e  p o t e n t i a l  o f  
r e d u c i n g  t h e  demand of  h e a t i n g  o i l  and g a s  by 15  t o  50 p e r  c e n t  
b e f o r e  t h e  y e a r  2030, depending upon t h e  i n c e n t i v e s  f o r  
i n c r e a s i n g  r a t e s  of market  p e n e t r a t i o n  o f  t h e  s o l a r  sys tems .  
The a r e a s  i n  which t h e  s u i t a b l e  i n c e n t i v e s  can  be deve loped  
a r e :  

( 1 )  " s o l a r  r i g h t s "  and b u i l d i n g  s i t e  l a y o u t  laws;  

( 2 )  f a v o r a b l e  b u i l d i n g  c o n s t r u c t i o n  codes ;  

( 3 )  s u i t a b l e  u t i l i t i e s  r e g u l a t i o n s ;  

( 4 )  s t a n d a r d i z a t i o n  codes  f o r  s o l a r  hardware ( a s s u r i n g  
q u a l i t y )  ; 

( 5 )  governmental  i n c e n t i v e s  ( f a v o r a b l e  t a x  r u l i n g s ) ;  

( 6 )  s o l a r  hardware l i f e  c y c l e  i n s u r a n c e s ;  

( 7 )  f a v o r a b l e  economic measures f o r  added v a l u e ;  

( 8 )  f a v o r a b l e  f i n a n c i n g  ( l o a n s  and f i s c a l  inducements)  . 
The s o l a r  h e a t i n g  sys tems c o s t ,  a s  r e l a t e d  t o  c o s t  o f  

c o n v e n t i o n a l  h e a t i n g ,  bo th  f o r  wa te r  and f o r  s p a c e ,  i s  
mos t ly  s t i l l  t o o  h i g h  and t h e  a m o r t i z a t i o n  p e r i o d s  t o o  l o n g  
(see T a b l e  9 ) .  G e n e r a l l y ,  i n  t h e  c a s e  o f  f a m i l y  houses ,  
t h e  system c o s t  i s  a b o u t  10 t o  15  p e r  c e n t  of t h e  b u i l d i n g  
c o n s t r u c t i o n  c o s t .  F u t u r e  i n c r e a s e s  of  f u e l  c o s t  and f u t u r e  
e f f e c t i v e n e s s  o f  c o l l e c t o r s  w i l l  improve t h e  economic 
v i a b i l i t y  of  t h e  s o l a r  o p t i o n s .  I f  s a v i n g s  of 1000 t o  4000 
l i t e r s  h e a t i n g  o i l  p e r  y e a r  and f a m i l y  house o f  t h e  v a r i o u s  
c o n f i g u r a t i o n s  ( i n  c e n t r a l  European o r  USA c l i m a t e )  i s  
r e l a t e d  t o  t h e  a s s o c i a t e d  inves tment ,  r a n g i n g  from $2500 t o  
$9000 p e r  house i n s t a l l a t i o n ,  a  s a v i n g  of one m i l l i o n  b a r r e l s  
of h e a t i n g  o i l 5  p e r  y e a r  would r e q u i r e ,  f o r  example, i n s t a l l a -  
t i o n  of  s o l a r  c o l l e c t o r s  of a  medium system w i t h o u t  heat-pump 

5crude  o i l  y i e l d s  a b o u t  30 p e r  c e n t  of i t s  volume ( ~ 4 8  l i t e r s / b b l )  
a s  h e a t i n g  o i l ,  s u b j e c t  t o  r e f i n e r y  o p e r a t i o n s .  



on 155000 t o  310000 f ami ly  houses,  depending upon t h e  sys tems 
used.  Th is  means a n  averaqe  of  about  1 . 5  m i l l i o n  t o  3.0 
m i l l i o n  m 2  of c o l l e c t o r  a r e a  ( 1 . 5  t o  3.0 km2) manufactured,  
and about  775 m i l l i o n  t o  1 .0  b i l l i o n  i n v e s t e d  by t h e  home- 
owners (1976 d o l l a r s ) .  T h i s  would be t h e  c a s e  i n  a c l i m a t e  
w i th  n e a r l y  1 1  00 kwh ( t h )  /m2 - a  t o t a l  i n s o l a t i o n  v a l u e ,  where 
1  .0 m2  of  e f f e c t i v e  c o l l e c t o r  a r e a  i s  e q u i v a l e n t  t o  an  annua l  
s av ing  o f  about  50 t o  60 l i t e r s  of h e a t i n g  o i l  ( o r  ove r  
100 l i t e r s  when o i l  h e a t i n g  o p e r a t i n g  f u l l  y e a r  i s  i n t e g r a t e d  
i n  t h e  e s t i m a t e s ) .  

I n  an i n d u s t r i a l i z e d  count ry  such a s  t h e  FRG, t h e  
c u r r e n t  h e a t i n g  o i l  market i s  approaching n e a r l y  380 m i l l i o n  
b a r r e l s  p e r  y e a r .  To r each ,  f o r  example, 15 p e r  c e n t  
s av ings  (57 m i l l i o n  b b l )  b e f o r e  t h e  y e a r  2000 r e p r e s e n t s  
t h e  fo l lowing  approximate  d i v e r s i o n  of  m a t e r i a l s  and c a p i t a l :  

57 m i l l i o n  b b l  = 9.06 b i l l i o n  l i t e r s  h e a t i n g  o i l / y e a r ;  

% 165 m i l l i o n  m2 c o l l e c t o r  a r e a  
( o r  165 km2) ; 

z 5.5 m i l l i o n  f ami ly  houses  ; 

~ 5 . 0  m i l l i o n  t of m a t e r i a l s ;  

%$30 b i l l i o n  c a p i t a l  inves tment  
(1  976 d o l l a r s )  . 

D i s t r i b u t e d  over  a  20-year p e r i o d ,  t h i s  means an  energ  x inves tment  of ove r  90 b i l l i o n  kWh ( t h )  , o r  ove r  9 0 ~ ~ h  (t  ) , 
which i s  c e r t a i n l y  w i t h i n  t h e  c a p a c i t y  o f  t h e  FRG. Th i s  
does  mean, however, t h a t  most new f a m i l y  houses c o n s t r u c t e d  
£or  o i l  h e a t i n g  i n  t h e  20-year p e r i o d ,  and a  c o n s i d e r a b l e  
number o f  e x i s t i n g  houses  would have t o  be equipped w i t h  
s o l a r  sys tems.  The complex i ty  of  impacts  o f  such an  a l t e r n a -  
t i v e  on t h e  economic and s o c i a l  s t r u c t u r e  of  FRG i s  y e t  t o  
be  determined.  

I n  t h e  h igh  t empe ra tu r e  a r e a  o f  s o l a r  energy  convers ion  
and e l e c t r i c i t y  and/or  hydrogen p roduc t i on ,  t h e  embedding 
of s o l a r  o p t i o n s  i s  e q u a l l y  d i f f i c u l t  t o  e v a l u a t e .  The 
i n d u s t r i a l i z e d  c o u n t r i e s  have now about  28 p e r  c e n t  o f  t h e  
world p o p u l a t i o n ,  u s i n g  n e a r l y  82 p e r  c e n t  o f  t h e  primary 
energy produced i n  t h e  world.  The g r o s s  n a t i o n a l  p roduc t  
(GNP), employment, and energy consumption of  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  a r e  m a i n t a i n i n g  r ea sonab ly  c l o s e  r e l a t i o n s h i p ,  and 
e l e c t r i c i t y  i s  cons ide red  t h e  most economical ly  e f f i c i e n t  
form of energy.  Thus, 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  w i th  
s o l a r  o p t i o n s i s  d e s i r a b l e  w i t h i n  t h e  framework of  a  f u t u r e  
energy mix, i f  it can  be economical ly  compat ib le  w i th  t h e  
o t h e r  forms of  energy  a v a i l a b l e .  The c u r r e n t  g l o b a l  t r e n d  
i n  consumption of  e lec t r i c  energy i s  n e a r l y  one o f  e x p o n e n t i a l  



growth .  I f ,  f o r  example,  70 GW(e) s h o u l d  be  s u p p l i e d  by 
s o l a r - t h e r m a l  p l a n t s  b e f o r e  t h e  y e a r  2000, u s i n g  t h e  100 !W(e) 
base - load  u n i t s ,  t h e n  700 of  t h e  STEC d e f i n e d  i n  T a b l e  1 1  
and  p l a c e d  i n  h i g h  i n s o l a t i o n  r e g i o n s  ( a t  a b o u t  2300 k w h ( t h ) / m 2 . a )  
would have  t o  b e  c o n s t r u c t e d .  The p a r a m e t e r s  based  on  t h e  
compos i t e  o f  a  con tempora ry ,  f i r s t  g e n e r a t i o n  STEC d e s i g n  
would i n d i c a t e :  

1 GW ( e )  z t e n  STEC,each p roduc ing  100 MCq(e) base - load ;  

= 675000 t o f  s t r u c t u r a l  materials,  and  a b o u t  
2 .25  m i l l i o n  t o f  c o n c r e t e ;  

z $4.0 b i l l i o n  c a p i t a l  i n v e s t m e n t .  

A l l  o f  t h i s  i s  s u b j e c t  t o  t h e  s c r e e n i n g  p r o c e d u r e s  a d j u s t m e n t  
(see S e c t i o n  111) and a d j u s t m e n t  o f  t h e  p a r a m e t e r s  a p p l i c a b l e  
f o r  e a c h  s p e c i f i c  s i te  l o c a t i o n .  The l a n d  a r e a  r e q u i r e d  f o r  
s u c h  t e n  STEC u n i t s  would r a n g e  between 39 t o  50 km2, depend ing  
upon c l i m a t e  and  t h e  t o p o g r a p h i c  f e a t u r e s .  For  t h e  s t a t e d  
example o f  700 o f  STEC u n i t s ,  a l l  t h e  p r e c e d i n g  c u r s o r y  
e s t i m a t e s  must  be  m u l t i p l i e d  by 70,  which shows t h e  f o l l o w i n g  
m a t e r i a l s  and c a p i t a l  d i v e r s i o n  r e q u i r e m e n t s :  

70 G W ( e )  z 700 STEC, e a c h  p roduc ing  100 M W ( e )  b a s e - l o a d ;  

~ 4 7 . 2 5  m i l l i o n  t o f  s t r u c t u r a l  materials,  and a b o u t  
158 m i l l i o n  t o f  c o n c r e t e ;  

--,about $280 b i l l i o n  c a p i t a l  i n v e s t m e n t .  

The commitment o f  t h o s e  r e s o u r c e s  i n  20 y e a r s  f o r  s u c h  a n  
u n d e r t a k i n g  i s  c e r t a i n l y  n o t  viewed a s  p r o b a b l e  a t  t h i s  t i m e ,  
u n t i l  t h e  r e s u l t s  o f  t h e  e f f o r t  v e s t e d  i n  n u c l e a r ,  c o a l ,  
and o t h e r  a l t e r n a t i v e s  a r e  i d e n t i f i a b l e .  The r e s e a r c h  and 
development  p r o g r e s s  e n v i s i o n e d  f o r  t h e  n e x t  20 y e a r s  w i l l  
u n d o u b t e d l y  y i e l d  d i s t i n c t l y  more i n n o v a t i v e  s o l u t i o n s  f o r  
t h e  s o l a r  o p t i o n s .  

The i s s u e  o f  i n t e g r a t i n g  s o l a r - e l e c t r i c  p l a n t s  i n t o  
e x i s t i n g  u t i l i t i e s  network h a s  a l s o  been c o n s i d e r e d  d u r i n g  
t h e  s t u d y .  A s  l o n g  a s  t h e  h y b r i d  v e r s i o n s  are chosen--which 
a r e  e c o n o m i c a l l y  more d e s i r a b l e  f o r  t h e  i n t e r i m ,  p r o t o t y p e  
o p e r a t i o n s - - t h e  s o l a r  power p l a n t s  would b e  a  p a r t  o f  t h e  
e n e r g y  mix ( F i g u r e  1 ) , s u b j e c t  t o  l i m i t a t i o n s  of  t h e  s t a n d - b y  
power c a p a c i t y .  I t  i s  e n v i s i o n e d ,  a s  i n  F i g u r e  1 ,  t h a t  e a c h  
s o l a r  power p l a n t  would be  su r rounded  by a  c l o u d  s e n s o r  s y s t e m  
which would f e e d  d a t a  i n t o  t h e  s w i t c h - c o n t r o l  c e n t e r .  A s  l o n g  
a s  t h e  s t a n d - b y  c a p a c i t y  and r a p i d  o n - l i n e  c a p a b i l i t y  (hydro-  
e l e c t r i c  and g a s - t u r b i n e  f a c i l i t i e s )  i s  a d e q u a t e  t o  s u b s t i t u t e  
f o r  s o l a r  power p l a n t  o u t p u t  when needed ,  t h e  i n t e g r a t i o n  
would n o t  p o s e  s p e c i a l  p roblems.  ~ e y o n d  t h a t ,  a d d i t i o n a l  
s t and-by  c a p a c i t y  would have  t o  be  p r o v i d e d  t o  m a i n t a i n  a n  
a d e q u a t e  marg in  o f  power s u p p l y .   his would,  o f  c o u r s e ,  
i n c r e a s e  t h e  c a p i t a l  i n v e s t m e n t  r e q u i r e m e n t s .  
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The c u r r e n t l y  i d e n t i f i a b l e  s t r a t e g y  f o r  t h e  development 
of STEC embedding p o t e n t i a l  p o i n t s  t o  t h e  need t o  c o n s t r u c t  
p ro to type  STEC i n  each c l i m a t i c a l l y  and topograph ica l ly  
c h a r a c t e r i s t i c  l o c a t i o n  t o  l e a r n  about  t h e  ope ra t ing  
c r i t e r i a  of t h e s e  power p l a n t s .  Conservative c o n s t r u c t i o n  
of t h e s e  f a c i l i t i e s  would provide f o r  accep tab le  payback, 
r e g a r d l e s s  of f u t u r e  s t r u c t u r i n g  of t h e  energy mix. 

V I .  SOLAR ENERGY EMBEDDING IN DEVELOPING COUNTRIES 

The developing c o u n t r i e s  have now about  7 2  per  c e n t  of 
world popula t ion ,  us ing nea r ly  1 8  per  c e n t  of t h e  primary 
energy produced i n  t h e  world. I n  a d d i t i o n ,  t h e r e  i s  a  
growing t r e n d  of popula t ion  migra t ion  from r u r a l  t o  urban 
a r e a s  of t h e s e  c o u n t r i e s .  This  p l a c e s  a d d i t i o n a l  burden 
on ,energy produc t ion ,  because t h e  per c a p i t a  energy 
consumption i n  urban r eg ions  i s  much h igher  than  t h a t  i n  
r u r a l  r e g i o n s .  United Nations d a t a  i n d i c a t e  t h a t  i n  t h e  
year  2000, about 51 per  c e n t  of t h e  world popula t ion  
( %  3.0 b i l l i o n )  w i l l  be i n  urban a r e a s ,  and 49 pe r  c e n t  
(= 2.9 b i l l i o n )  i n  r u r a l  a r e a s .  Reducing t h e s e  e s t i m a t e s  
t o  t h e  developing c o u n t r i e s ,  about  2.16 b i l l i o n  w i l l  l i v e  
i n  t h e  urban a r e a s  of t h e  developing c o u n t r i e s .  Rea l iz ing  
t h a t  i n c r e a s e  of g r o s s  domestic products  per  c a p i t a  i s  a  
p r e r e q u i s i t e  f o r  growth of energy a v a i l a b i l i t y ,  and t h a t  a  
reasonable  goa l  would be t o  p rov ide  a t  l e a s t  t h e  urban 
popula t ion  wi th  adequate  supply of e l e c t r i c  power, a t  l e a s t  
one kW(e) per  c a p i t a  should be produced wi th in  a  gene ra t ion .  
Th i s  amounts t o  2.16 TW (e)  . 

Again s t i p u l a t i n g ,  t o  s t a r t  wi th ,  on ly  10 per  c e n t  of 
t h a t  f o r  STEC a p p l i c a t i o n  be fo re  t h e  year  2000, t h e  r e q u i r e -  
ment would be f o r  21600 STEC power p l a n t s  wi th  100 MW(e) 
baseload c a p a c i t y  each.  This  number of c a p i t a l  i n t e n s i v e  
STEC u n i t s  w i th  t h e . c u r r e n t  s t a t e  of t h e  a r t  r e p r e s e n t s  
e s t i m a t e s  about  $8.64 t r i l l i o n  ( n o t  inc lud ing  t r a n s p o r t a t i o n  
of t h e  hardware t o  t h e  s i t e s ! ) ,  which makes f u r t h e r  cons ider -  
a t i o n s  academic. Developing c o u n t r i e s  t h a t  may choose t o  
s e l e c t  STEC concepts  f o r  d a y l i g h t  ope ra t ion  on ly  can  d e f e r  
t h e  complex i t i es  and c o s t  of energy s t o r a g e  and simply 
schedule  t h e  e l e c t r i c  power-consuming a c t i v i t i e s  t o  co inc ide  
wi th  e f f e c t i v e  sunshine hours .  

Some t .houghts ,were  given t o  compensation t r a d e  develop- 
ment, which i s  c e r t a i n l y  among t h e  most v i a b l e  means f o r  
f i nanc ing  t h e  c a p i t a l  i n t e n s i v e  s o l a r  o p t i o n s .  But,  w i th  
t h e  except ion  of OPEC c o u n t r i e s ,  such approach has  shown a  
range of complex i t i e s ,  t h e  a n a l y s i s  of which i s  beyond t h e  
r e sou rces  of t h i s  t a s k .  

I t  i s  ob'vious, t h e r e f o r e ,  t h a t  much more e x t e n s i v e  
s t u d i e s  and a v a i l a b i l i t y  of v a l i d a t e d  informat ion on t h e  
nex t  gene ra t ion  of s o l a r  technology w i l l  have t o  be s a t i s f i e d  



b e f o r e  s e r i o u s  c o n s i d e r a t i o n s  of s o l a r  energy f o r  g l o b a l  
supply  of  e l e c t r i c  power can con t inue .  Even a  50 p e r  c e n t  
r educ t i on  of  t h e  contemporary c a p i t a l  d i v e r s i o n  from o t h e r  
planned t a s k s  would n o t  p rov ide  b a s i s  f o r  s e r i o u s  f e a s i b i l i t y  
c o n s i d e r a t i o n s  of t h e  STEC o p t i o n s  i n  t h e  deve lop ing  
c o u n t r i e s .  Many of t h e s e  c o u n t r i e s  have,  of  cou r se ,  hydro- 
e l e c t r i c  power and o t h e r  more v i a b l e  o p t i o n s .  Th i s  does  n o t ,  
however, i n v a l i d a t e  t h e  u s e f u l n e s s  of g r a d u a l l y  app ly ing  
s o l a r  energy convers ion  f o r  s m a l l e r  f u n c t i o n s  i n  remote 
a r e a s ,  where t h e  supp ly  o f  conven t iona l  f u e l s  would be t o o  
expensive .  

The u s e  o f  s o l a r  sys tems f o r  i r r i g a t i o n  (pumping), t h e  
supply  o f  p roces s ing  h e a t  ( a g r i c u l t u r a l  d r y i n g  p r o c e s s e s ) ,  
sma l l  and medium s i z e  power s u p p l i e s  ( ~ 1 0  t o  100 kW(e))  and 
numerous o t h e r  a p p l i c a t i o n s  w i l l  be a t t r a c t i v e  f o r  some 
remote r e g i o n s .  Such sys tems do n o t ,  however, c o n t r i b u t e  
s i g n i f i c a n t  energy growth i n  g l o b a l  terms. Even tua l l y ,  t h e  
development o f  " s o l a r  b r e e d e r s " ,  i .e .  modular STEC t h a t  i s  
g r a d u a l l y  i n c r e a s i n g  i t s  s i z e  by revenues  f o r  i t s  o u t p u t s ,  
may a l s o  prove a t t r a c t i v e  f o r  some r e g i o n s .  Only a  d e t a i l e d  
e v a l u a t i o n  of  r e s o u r c e s  and energy a l t e r n a t i v e s  f o r  e ach  
r e g i o n  can  p rov ide  a  more a c c u r a t e  d e l i n e a t i o n  of  t h e  s o l a r  
o p t i o n s  p o t e n t i a l  i n  t h e  deve lop ing  c o u n t r i e s .  

The second r e p o r t  t o  The Club of  Rome [Ref .  1 6  and 171  
d i v i d e d  t h e  world i n t o  t e n  r e g i o n s .  Cursory e v a l u a t i o n  of  
t h e i r  c a p i t a l  a v a i l a b i l i t y ,  s tee l  p roduc t i on ,  and t r a n s p o r t a -  
t i o n  c a p a c i t i e s  r e v e a l e d  t h a t  an  o r d e r l y  r a t e  o f  STEC manu- 
f a c t u r i n g  and e x p o r t  t o  t h e  deve lop ing  c o u n t r i e s  ( suppor ted  
by compensation t r a d i n g ) ,  would probably  p rov ide  500 STEC 
u n i t s  of  100 rm(e) r a t i n g  each  by t h e  y e a r  2030, assuming 
t h a t  r e a s o n a b l e  d e s i g n  o p t i m i z a t i o n  was ach ieved .  Th i s  
would approximate  50 G W ( e )  o r  about  23 W p e r  c a p i t a  i n  t h e  
urban r e g i o n s  o f  t h e  deve lop ing  c o u n t r i e s .  To b r i n g  t h i s  
s h a r e  t o  1 kW(e ) / cap i t a  by t h e  y e a r  2030 would obv ious ly  
r e q u i r e  i n t e r n a t i o n a l  c o o p e r a t i o n  and d i v e r s i o n  o f  c a p i t a l ,  
m a t e r i a l s ,  and s k i l l e d  manpower on a  s c a l e  f o r  which t h e r e  
i s  no precedence.  

V I I .  CONCLUSIONS AND RECOMMENDATIONS 

The c u r r e n t  s t a t e  o f  t h e  a r t  o f  technology f o r  l a r g e - s c a l e  
deployment of  s o l a r  o p t i o n s  i s  s t i l l  i n  i t s  f o r m a t i v e  s t a g e ,  
which makes long-term p r o j e c t i o n s  on r e g i o n a l  and g l o b a l  
s c a l e s  much t o o  s p e c u l a t i v e .  Neve r the l e s s ,  even t h e  most 
o p t i m i s t i c  i n t e r p r e t a t i o n s  of  i n s o l a t i o n  v a l u e s  and p o t e n t i a l  
improvements i n  conve r s ion  e f f i c i e n c i e s  do n o t  change t h e  f a c t  
t h a t  most s o l a r  o p t i o n s  a r e  c a p i t a l  i n t e n s i v e .  However, n e i t h e r  t h e  
a r e a  r equ i r emen t s  nor  t h e  m a t e r i a l  r equ i rements  s e e m  t o  be 
long-term c o n s t r a i n t s .  ,The long  o p e r a t i o n a l  i n t e g r i t y  r e q u i r e -  
ments needed t o  a c h i e v e  a c c e p t a b l e  payback p e r i o d s  a r e  among 
t h e  problems f u t u r e  i n n o v a t i o n s  must s o l v e .  



The e v a l u a t i o n  o f  t h e  low t e m p e r a t u r e  s o l a r  o p t i o n s  
i n d i c a t e s  p romis ing  p o t e n t i a l ,  s u b j e c t  t o  q u a l i t y  improvement 
o f  t h e  hardware  and d e c r e a s e  o f  c o s t .  Contemporary t e c h n o l o g y  
shows c a p i t a l  r e q u i r e m e n t s  o f  a b o u t  $2500 t o  $3500 f o r  w a t e r  
h e a t i n g  u n i t s  i n  f a m i l y  h o u s e s ,  and a b o u t  $4000 t o  $9000 f o r  
s p a c e  and w a t e r  h e a t i n g  u n i t s  i n  f a m i l y  houses .  F a v o r a b l e  
a m o r t i z a t i o n  o f  such  s y s t e m s  depends  upon f u t u r e  i n c r e a s e s  
o f  f u e l  c o s t  f o r  c o n v e n t i o n a l  h e a t i n g .  

The l a r g e - s c a l e  embedding o f  s o l a r  o p t i o n s  i n  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  s h o u l d  be  viewed i n  p e r s p e c t i v e  
w i t h  t h e  v e s t e d  e f f o r t s  i n  n u c l e a r ,  c o a l  and o t h e r  a l t e r n a -  
t i v e  r e s e a r c h  and  deve lopmen t s .  Most o f  t h e s e  e f f o r t s  a r e  
a l s o  n o t  f a r  enough t o  r e l i a b l y  compare t h e i r  r e l a t i v e  m e r i t s .  
I t  may r e q u i r e  a  d e c a d e  b e f o r e  t h e  long- te rm e n e r g y  mix c a n  
be s e r i o u s l y  e v a l u a t e d .  During t h a t  t i m e ,  s o l a r  t e c h n o l o g y  
may g a i n  from a  b e t t e r  u n d e r s t a n d i n g  o f  s o l a r  e n e r g y  i n p u t s ,  
t h e  deve lopment  o f  more e f f i c i e n t ,  c o s t - e f f e c t i v e  e n e r g y  
c o l l e c t i o n  and s t o r a g e  methods ,  s u p e r i o r ,  low-cos t  h e a t  
t r a n s f e r  f l u i d s ,  l ow-cos t  p h o t o v o l t a i c  a r r a y s ,  and many o t h e r  
i n n o v a t i o n s .  The c u r r e n t  i n h i b i t i o n s  f o r  l a r g e - s c a l e  imp le -  
m e n t a t i o n  o f  most  s o l a r  o p t i o n s ,  c a u s e d  by t h e i r  c a p i t a l -  
i n t e n s i v e  n a t u r e ,  w i l l  be  improved by i n c r e a s i n g  c o s t  and 
d e c r e a s i n g  a v a i l a b i l i t y  o f  c o n v e n t i o n a l  f u e l s .  

 his a s s e s s m e n t  u s e d  r e a l i s t i c  s o l a r  e n e r g y  c o n v e r s i o n  
e f f i c i e n c i e s ,  b u t  somewhat s p e c u l a t i v e  m a t e r i a l s  demand 
e s t i m a t e s ,  b a s e d  on  t h e  compos i t e  o f  contemporary  i n f o r m a t i o n .  
The s i g n i f i c a n t  e f f e c t s  o f  ha rdware ,  equipment  and p e r s o n n e l  
t r a n s p o r t a t i o n  t o  s i tes ,  t h e i r  t o p o g r a p h i c  f e a t u r e s  and  s o i l  
mechanism make a  r e a l i s t i c  e v a l u a t i o n  o f  m a t e r i a l s  and 
equipment  demands s u b j e c t  t o  many s p e c i a l  c o n s i d e r a t i o n s ,  
which  a r e  beyond t h e  s c o p e  o f  t h i s  s t u d y .  The u n c e r t a i n t i e s  
o f  i n s o l a t i o n  v a l u e s  and t h e  a t t a i n a b i l i t y  o f  ma in tenance -  
f r e e ,  l o n g  o p e r a t i n g  l i f e  o f  t h e  s o l a r  sys t ems  c a n n o t  be  
a s s e s s e d  u n t i l  t h e  p r e s e n t l y  p l anned  p r o t o t y p e  f a c i l i t i e s  
w i l l  p r o v i d e  some r e a l i s t i c  d a t a .  F o r  example,  t h e  c o s t  
and pe r fo rmance  e s t i m a t e s  o f  t h e  STEC c o n c e p t s  v a r y  a  g r e a t  
d e a l  e v e n  i n  t h e i r  h y b r i d  v e r s i o n s  ( z  $600 t o  $1400/kW(e) 
i n  f a v o r a b l e  i n s o l a t i o n  r e g i o n s ) ,  and  even  more i n  t h e i r  
b a s e - l o a d  v e r s i o n s ,  which a r e  o v e r  t h r e e  t i m e s  more c a p i t a l -  
i n t e n s i v e  ( = $ 4 0 0 0  t o  $5300/kW(e) i n  same r e g i o n s ) ,  b e c a u s e  
o f  t h e  h e a t  e n e r g y  s t o r a g e  c a p a c i t i e s  n e c e s s a r y  t o  f a c i l i t a t e  
b a s e - l o a d  o p e r a t i n g  d u r a t i o n s  comparable  w i t h  c o n v e n t i o n a l  
power p l a n t s  ( i . e .  p l a n t  l o a d  f a c t o r  o f  a t  l e a s t  682 o n - l i n e  
c a p a c i t i e s ) .  Average m a t e r i a l  re u i r e m e n t s  f o r  most  s o l a r  
o p t i o n s  a r e  a p p r o x i m a t e l y  45 kg/m9 o f  c o l l e c t o r  a r e a ,  when 
u s i n g  s t ee l  a s  p r i n c i p a l  m a t e r i a l .  

A l a r g e - s c a l e  embedding o f  s o l a r  o p t i o n s  i n  t h e  d e v e l o p -  
i n g  c o u n t r i e s  d u r i n g  t h e  n e x t  30 t o  50 y e a r s  depends  upon 



the international development of compensation trading and a 
large-scale diversion of capital, materials, and skilled 
manpower in the industrialized countries, for which there is 
no precedence. Whether a gradual use of the "soft" technology 
will precede serious application of solar options (i.e. for 
electricity production and industrialization) will probably 
depend upon the progress of solar technology in the 
industrialized countries, and upon international cooperation. 

The performance limitations of solar options in marginal 
insolation regions suggest serious consideration of concen- 
trating on regions with favorable insolation values and 
transporting the energy to the marginal regions. This does, 
unfortunately, alter the idea of fuel imports independent 
energy systems and associated economic and political ramifica- 
tions. 

The need to screen increasing volumes of solar technology 
information, and the desirability to clarify the often mis- 
leading claims about the real potential of solar energy 
strongly suggests an increasing emphasis on data validation. 
Here is a unique opportunity for the IIASA Energy Program 
to systematically pursue delineation of solar energy options 
with identification of realistic, economic, social, and 
regional criteria. The resources requirements for such task 
would, however, be a multiple of the resources available 
for this study, because of the time-consuming difficulties 
in acquiring realistic information. 
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1 million tonsa SKE' = 8.14 TWh(th) = (2.93TWh(e) l r  

= 678 thousand t oil 

1 t SKE = 8140 kWh(th) = (~2930 kwh(e)lc 

= 4.79 bbl 

= 7 million kcal 

1 t crude oil = 12000 kWh(th) = ("~4320 kwh(e)lc 

= 7.0 bbl 

= 10.32 million kcal 

1 bbl oil = 1700 kWh(th) = ( ~ 6 1 2  kWh(e)lC 

= 159 liters oil 

= 1.46 million kcal 

1 kWh(th) = 860 kcal = 3600 kJ = 1.34 HPh 

= 0.123 kg SKE 

= 3412 Btu 

a 
netric tons; 

b SKE = Steinkohleeinheit = equivalent coal unit; 

C 
with conversion efficiency of 36 per cent. 

dbecause of various SKE conversion values and varied 
syster, efficiencies, these factors ought to be viewed 
only as guideline for the comparisons in text. 




