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PREFACE 

I t  h a s  b e e n  a  r e c e n t  t a s k  o f  I IASA's  Energy Sys t ems  Program 
t o  s t u d y  s o l a r  e n e r g y  and  i n  p a r t i c u l a r  o p p o r t u n i t i e s  f o r  de- 
p l o y i n g  l a r g e - s c a l e  s o l a r  t e c h n o l o g i e s  f o r  e l e c t r i c i t y  produc-  
t i o n  i n  a  s e t  o f  c o u n t r i e s .  

I n  t h i s  c o n t e x t  t h e  p r e s e n t  s i m u l a t i o n  model was deve loped .  
T h i s  model c a l l e d  STECP was u s e d  t o  i n v e s t i g a t e  t h e  e l e c t r i c a l  
o u t p u t  o f  s o l a r  p l a n t s  w i t h  and  w i t h o u t  i n t e r n a l  t h e r m a l  s t o r a g e  
t h a t  w e r e  c o n c e i v e d  t o  b e  s p r e a d  a c r o s s  t h r e e  d i f f e r e n t  t i m e  
zones .  

A s  a  r e s u l t ,  it a p p e a r s  t h a t  a  h i g h e r  r e l i a b i l i t y  o f  e l e c -  
t r i c i t y  s u p p l y  c a n  b e  a c h i e v e d  i f  t h e  s o l a r  p l a n t s  a r e  s i t e d  i n  
d i s p e r s e d  l o c a t i o n s  t h a n  i f  t h e y  were c o n c e n t r a t e d  i n  one  p l a c e .  
I n t r o d u c t i o n  o f  i n t e r n a l  t h e r m a l  s t o r a g e  i n  t h e  s y s t e m  o f  s o l a r  
p l a n t s  i n c r e a s e s  i t s  s e a s o n a l  e l e c t r i c  o u t p u t  f rom two t o  t h r e e  
t i m e s  a n d d e c r e a s e s  e x t e r n a l  s t o r a g e  r e q u i r e m e n t s .  

The model ,  which  i s  d e s c r i b e d  h e r e  a l o n g  w i t h  some a p p l i -  
c a t i o n  r e s u l t s ,  p e r m i t s  a  c o n s i s t e n t  i n v e s t i g a t i o n  o f  t h e  
e l e c t r i c i t y  product ion-demand c o r r e l a t i o n  f o r  a  s y s t e m  o f  s o l a r  
e l e c t r i c  p l a n t s .  
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1. INTRODUCTION 

I t  h a s  been  one  o f  t h e  r e c e n t  t a s k s  o f  I IASA1s  Energy 
Sys tems  Program t o  s t u d y  s o l a r  e n e r g y  a n d ,  i n  p a r t i c u l a r ,  
o p p o r t u n i t i e s  f o r  t h e  dep loymen t  o f  l a r g e - s c a l e  s o l a r  t e c h n o l -  
o g i e s  f o r  e l e c t r i c i t y  p r o d u c t i o n  i n  d i f f e r e n t  c o u n t r i e s .  The 
c o r e  a s s u m p t i o n  o f  t h i s  s t u d y  i s  t h a t  t h e  e l e c t r i c i t y  p roduced  
by s o l a r  p l a n t s  i n  t h e  S o u t h  o f  Europe i s  u s e d  t o  meet t h e  e l e c -  
t r i c i t y  demands o f  t h e  p r o d u c i n g  c o u n t r i e s  a s  w e l l  a s  o f  a  s e t  
o f  o t h e r  European c o u n t r i e s .  

I t  i s  t h e  i d e a  o f  s o l a r  p l a n t s  s i t e d  i n  d i s p e r s e d  l o c a t i o n s  
t h a t  h a s  i nvoked  t h e  p r e s e n t  s t u d y .  Main p o i n t s  o f  i n t e r e s t  a r e  
t h e  f o l l o w i n g :  

-- What a r e  t h e  r e a l i s t i c  p a r a m e t e r s  ( r e l i a b i l i t y  o f  sup-  
p l y ,  m i r r o r  a r e a ,  e t c . )  f o r  a  STEC p l a n t  unde r  s i t e -  
s p e c i f i c  c o n d i t i o n s ?  

-- How d o  d i v e r s e  l o c a l  c l i m a t e s  a f f e c t  t h e  o v e r a l l ,  
i n t e g r a t e d  o u t p u t  o f  t h e  p l a n t s  s i t u a t e d  i n  d i f f e r e n t  
c o u n t r i e s ?  -- What i s  t h e  i n f l u e n c e  o f  i n t e r n a l  t h e r m a l  s t o r a g e  i n t r o -  
duced  i n  t h e  s y s t e m  o f  STEC p l a n t s  on t h e  s y s t e m ' s  
e l e c t r i c i t y  s u p p l y  p o t e n t i a l ?  

A s i m u l a t i o n  model  named STECP ( S o l a r  Thermal  E l e c t r i c i t y  
Conve r s ion  Pe r fo rmance )  was b u i l t  by Fhe a u t h o r  t o  e x p l o r e  t h e s e  - 
q u e s t i o n s .  The model i s  d e s c r i b e d  i n  S e c t i o n  3 .  F u r t h e r m o r e ,  
i t  h a s  been  u s e d  t o  e v a l u a t e  on a  y e a r l y  b a s i s  t h e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  o f  two t y p e s  o f  STEC p l a n t s  assumed t o  b e  se t  up 
i n  7 S o u t h e r n  European  c o u n t r i e s .  The u n d e r l y i n g  a p p r o a c h  i s  



p r e s e n t e d  i n  S e c t i o n  2 ,  and t h e  a c t u a l  assumpt ions  and numer ica l  
r e s u l t s  a r e  g i v e n  i n  S e c t i o n s  4 and 5. 

2 .  APPROACH USED 

STECP i s  developed t o  c h a r a c t e r i z e  t h e  h o u r l y e l e c t r i c a l  o u t -  
p u t  o f  s o l a r  p l a n t s  w i t h  a  c e n t r a l  tower and f i e l d  of h e l i o s t a t s .  
D i r e c t  beam s o l a r  r a d i a t i o n  d a t a  a r e  o b t a i n e d  and s c a l e d  f o r  u s e  
i n  t h e  seven sample s o u t h e r n  c o u n t r i e s .  For  each o f  t h o s e  coun t -  
r ies  t h e  l a n d  p o t e n t i a l l y  a v a i l a b l e  f o r  s o l a r  e l e c t r i c i t y  pro-  
d u c t i o n  i s  e v a l u a t e d  a s  a  f u n c t i o n  o f  t h e  a n n u a l  a v e r a g e  s o l a r  
r a d i a t i o n  l e v e l .  I t  i s  s p l i t  i n t o  t h r e e  zones  a c c o r d i n g  t o  
r a d i a t i o n  l e v e l s .  

C o n s i d e r a t i o n  c e n t e r s  on two t y p e s  of  STEC p l a n t s :  STEC 1  
w i t h o u t  b u i l t - i n  t h e r m a l  s t o r a g e  and STEC 2 w i t h  12 hours  o f  
t h e r m a l  s t o r a g e .  T h e i r  deployment on t h e  l a n d  p o t e n t i a l l y  a v a i l -  
a b l e  i s  des igned  i n  such  a  way t h a t  t h e  i n s t a l l e d  c a p a c i t i e s  m e e t  
t h e  power r e q u i r e m e n t s  o f  t h e  p roduc ing  c o u n t r i e s  i n  t h e  South  
a s  w e l l  a s  of  o t h e r  European c o u n t r i e s  f o r  a  g i v e n  y e a r  (1979) 
(see S e c t i o n  4 f o r  d e t a i l s ) .  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e l e c t r i c i t y  production-demand 
c o r r e l a t i o n  on a n  hour-per-hour b a s i s  t h r e e  deployment c a s e s  a r e  
c o n s i d e r e d  : 

Case 1 .  STEC 1  p l a n t s  w i t h o u t  s t o r a g e  l o c a t e d  a t  one p o i n t ;  
Case 2 .  STEC 1  p l a n t s  w i t h o u t  s t o r a g e  se t  up i n  t h e  seven pro-  

d u c i n g  c o u n t r i e s ;  
Case 3. Combination o f  p l a n t s  w i t h  and w i t h o u t  s t o r a g e  set  up 

i n  t h e  seven c o u n t r i e s ,  t w o - t h i r d s  o f  t h e  l a n d  a v a i l -  
a b l e  i s  devo ted  t o  STEC 1  w i t h o u t  s t o r a g e ,  and  one- 
t h i r d  t o  STEC 2 w i t h  12 hours  s t o r a g e ;  STEC 2 p l a n t s  
a r e  conce ived  t o  work i n  t h e  l o a d  f o l l o w i n g  mode. 

The same o v e r a l l  i n s t a l l e d  c a p a c i t y  i s  assumed f o r  a l l  
t h o s e  c a s e s .  Numerous model r u n s  a r e  made f o r  f o u r  s e a s o n s  o f  
t h e  y e a r  and t h e  t h r e e  c a s e s  i n  o r d e r  t o  

-- e v a l u a t e  t h e  r e q u i r e d  a r e a  o f  m i r r o r s  and volume o f  
i n t e r n a l  s t o r a g e  a s  a  f u n c t i o n  o f  c a p a c i t y  f a c t o r  and 
r a d i a t i o n  zone;  -- d e t e r m i n e  t h e  a v e r a g e  s o l a r  s h a r e s  p e r  season  i n  t h e  
t o t a l  e l e c t r i c i t y  p r o d u c t i o n ;  -- compare t h e  c a s e s  i n  t e rms  o f  t o t a l  i n s t a l l e d  c a p a c i t y  
and volume o f  e x t e r n a l  s t o r a g e  t o  be  i n t r o d u c e d  i f  a l l  
t h e  e l e c t r i c i t y  demands had t o  b e  met f u l l y  (100%) by 
s o l a r  e l e c t r i c i t y .  



3. THE SOLAR THERMAL - ELECTRIC - CONVEXSION PERFOZ,!AIVCE - 
( STECP ) MODEL 

3.1.  Sys tem D e s c r i p t i o n  a n d  Assumpt ions  

I n  o r d e r  t o  model s o l a r  e l e c t r i c i t y  p r o d u c t i o n ,  o n e  h a s  t o  
f o r m a l i z e  t h e  b e h a v i o r  o f  t h e  main components  o f  a  STEC p l a n t  a s  
d e s c r i b e d  be low,  s u b j e c t  t o  s t o c h a s t i c  s o l a r  r a d i a t i o n  i n p u t s  
( E  ( t )  , F i g u r e  1 )  , a s  w e l l  a s  t h e i r  o p e r a t i o n a l  a l g o r i t h m .  T h i s  

h a s  been  done  u n d e r  c o n s i d e r a t i o n  o f  a n  e x o g e n o u s l y  g i v e n  d a i l y  
d e l e c t r i c i t y  demand p r o f i l e  Pe ( t )  . The main s y s t e m  components ,  

s c h e m a t i z e d  i n  F i g u r e  1 a n d  d i s c u s s e d  i n  t h i s  s e c t i o n ,  are t h e  
f o l l o w i n g .  

-- The f i e ] - ? o f  t h e  h e l i o s t a t s ,  which a c c e p t s  a n d  concen-  
t r a t e s  s o l a r  r a d i a t i o n  o n t o  t h e  a b s o r b e r - b o i l e r ;  -- The a b s o r b e r - b o i l e r ,  which  t r a n s f o r m s  o p t i c a l  e n e r g y  
i n t o  h e a t  e n e r g y  o f  t h e  work ing  f l u i d ;  t h i s  module a l s o  
i n c l u d e s  t h e  a s s o c i a t e d  p i p i n g  t o  and  f rom t h e  t u r b i n e  
a n d / o r  t o  t h e  t h e r m a l  s t o r a g e .  -- The d i s p a t c h e r - c o n t r o l l e r ,  which  c o n t r o l s  t h e  o p e r a -  
t i o n a l  a l g o r i t h m  o f  t h e  p l a n t ;  -- The t u r b o g e n e r a t o r  s e t ,  which cghsists  o f  a  s t e a m  t u r -  
b i n e  w i t h  two steam i n l e t s  a n d  a g e n e r a t o r  w i t h  a  r a t e d  
power o f  100 MW; -- Thermal  s t o r a g e ,  which  c o n s i s t s  o f  a p p r o x i m a t e l y  18 ,500  
cas t  i r o n  b l o c k s  6 t o n s  e a c h ,  l i n k e d  a s  p a r a l l e l  h e a t  
e x c h a n g e r s  on t h e  i n p u t  a n d  o u t p u t  s i d e s .  T h i s  s y s t e m  
c a p a c i t y  i s  c o n c e i v e d  t o  back  12 h o u r s  o f  l o a d  e q u a l  
t o  t h e  r a t e d  g e n e r a t o r  power o f  100 blW, upon p r i o r  h e a t -  
i n s  o f  t h e  s t o r a g e  m a t e r i a l  t o  6 0 0 ~ ~  by t h e  i n l e t  s t eam.  

3 . 1 . 1 .  Assumpt ions  

The p e r f o r m a n c e  o f  a  s o l a r  t h e r m a l  power p l a n t  w i t h  a  c e n t r a l  
t o w e r  s u r r o u n d e d  by a  f i e l d  o f  h e l i o s t a t s d e p e n d s  on t h e  l e v e l  o f  
d i r e c t  beam i n s o l a t i o n ,  a l l o c a t i o n  p a t t e r n  o f  t h e  h e l i o s t a t s  i n  
t h e  f iel6,  p r e c i s i o n  o f  h e l i o s t a t  a c c e p t a n c e  a n d  r e f l e c t i o n ,  
d e s i g n  c h a r a c t e r i s t i c s  o f  t h e  r e c e i v e r - a b s o r b e r  i n c l u d i n g  t h e r m a l  
l o s s e s ,  l o s s e s  o f  t h e  t r a n s p o r t  s y s t e m ,  e f f i c i e n c i e s  o f  t h e  h e a t  
e x c h a n g e r  and  t u r b i n e  g e n e r a t o r  s e t ,  c h a r a c t e r i s t i c s  o f  t h e  t h e r -  
m a l  s t o r a g e  s y s t e m ,  and  t h e  o p e r a t i o n a l  a l g o r i t h m  o f  t h e  p l a n t .  
I n  o r d e r  t o  s i m u l a t e  h o u r l y  pe r fo rmance  o v e r  an  e n t i r e  y e a r ,  
s e v e r a l  a s s u m p t i o n s  have  been  i n t r o d u c e d  i n c l u d i n g :  

-- Opt ima l  a l l o c a t i o n  o f  t h e  h e l i o s t a t s  i n  t h e  f i e l d  
(min ima l  shadowing  and b l o c k i n g  l o s s e s ) ;  -- Uniform d i s t r i b u t i o n  o f  s o l a r  r a d i a t i o n  o v e r  t h e  h e l i o -  
s t a t  a n d  r e c e i v e r  s u r f a c e ;  -- S t e a d y - s t a t e  o p e r a t i o n  o f  t h e  equ ipmen t ;  

-- C o n s t a n t  i n p u t / o u t p u t  t e m p e r a t u r e s  o f  t h e  r e c e i v e r -  
a b s o r b e r ;  -- C o n s t a n t  o p t i c a l  c h a r a c t e r i s t i c s  o f  t h e  r e f l e c t i n g  and  
a b s o r b i n g  s u r f a c e s ;  
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-- Two t e m p e r a t u r e  and  p r e s s u r e  l e v e l s  f o r  t h e  steam f l o w  
i n  t h e  t u r b i n e ,  namely l e v e l  1 f rom t h e  r e c e i v e r  ab- 
s o r b e r  and  l e v e l  2  f rom t h e  t h e r m a l  s t o r a g e ;  -- P i p i n g ,  t r a n s p o r t ,  and  s t a r t u p  l o s s e s  a r e  a c c o u n t e d  
f o r  t h r o u g h  t h e  r e c e i v e r - a b s o r b e r  e f f i c i e n c y ,  e tc .  

Based on t h e s e  a ~ s m : ~ > t i o n s ,  it i s  f e l t  t h a t  t h e  o v e r a l l  er- 
r o r  i n  e v a i u z t i o n  o f  t h e  s y s t e m ' s  c h a r a c t e r i s t i c s  i s  n o t  more 
t h a n  10%.  

3 .2 .  S o l a r  Ang le s  Geometry Used i n  t h e  Model 

Three  s o l a r  a n g l e s  have  been  u s e d  t o  c h a r a c t e r i z e  t h e  s u n ' s  
p o s i t i o n  ( see ,  e . g . ,  F u j i t a  e t  a l .  1978 ,  D u f f i e  1 9 7 4 ) :  

X l a t i t u d e  ( n o r t h ,  p o s i t i v e ) ;  
6 d e c l i n a t i o n  ( i . e . ,  t h e  a n g u l a r  p o s i t i o n  o f  t h e  s u n  a t  

s o l a r  noon w i t h  r e s p e c t  t o  t h e  p l a n e  o f  t h e  e q u a t o r s ;  
n o r t h ,  p o s i t i v e )  ; 

T h o u r  a n g l e  ( i . e . ,  s o l a r  noon b e i n g  z e r o ,  a n d  e a c h  h o u r  
e q u a l i n g  150 o f  l o n g i t u d e  w i t h  mornings  p o s i t i v e  and  
a f t e r n o o n s  n e g a t i v e )  . 

The d e c l i n a t i o n  a n g l e  c a n  b e  o b t a i n e d  f rom C o o p e r ' s  appro-  
x i m a t i o n  ( 1  969)  : 

where  n  i s  t h e  day  o f  t h e  y e a r .  

The h o u r  a n g l e  i s  g i v e n  by 

where  i i s  t h e  h o u r  o f  t h e  day .  

Given E q u a t i o n s  (11 and  ( 2 )  o n e  o b t a i n s  O s ,  t h e  a n g l e  d e t e r -  

m i n i n g  t h e  s u n ' s  p o s i t i o n  r e l a t i v e  t o  t h e  v e r t i c a l  o f  t h e  f i e l d ,  
a s  shown i n  F i g u r e  2 :  

c o s  B s  = s i n  h * s i n  6 + c o s  h * c o s  6 . c o s  T, [ O I ( 3  



E Intensity of direct beam insolation (kcal/m2/h) 

O s  Sun's position,relative to field vertical (O) 

emax, min outer, inner field angle (O) 

Dm,,, outer, inner field diameter (m) 

H Tower height (m)  

Figure 2. Representation of the field of heliostats 
and the sun's position in the model. 



3 . 3 .  Modeling t h e  F i e l d  o f  H e l i o s t a t s  

L e t  u s  f i r s t  d e f i n e  t h e  t e r m s  t o  b e  used  (see a l s o  F i g u r e  2 )  : 

Am t h e  t o t a l  m i r m r  a r e a ,  i s  g i v e n  a s  

where 

H = t ower  h e i g h t  [ m ]  ; 

emax = o u t e r  a n g l e  o f  t h e  f i e l d  [O] ; 

emin = i n n e r  a n g l e  o f  t h e  f i e l d  [O] ; 

I n  a c c o r d a n c e  w i t h  Riaz  (1976)  and  Balabanov (1981)  t h e  
a c t i v e  a r e a  o f  t h e  h e l i o s t a t s  (Ao)  o f  t h e  f i e l d  v i s i b l e  s i m u l t a -  
n e o u s l y  from t h e  s u n  and  t h e  a b s o r b e r - r e c e i v e r  ( F i g u r e  2)  c o u l d  
b e  d e s c r i b e d  a s  a  f u n c t i o n  o f  t h e  a n g u l a r  p o s i t i o n  o f  t h e  s u n  
o v e r  t h e  f i e l d .  

f o r  O S  I Omin 

Omax 
A =2II*H / s i n  3 * 1  dBf = 2 i l . ~ ~  ( 1  - 

0 f  cosLof c o s o  max c o s 0  min 

f o r  Omin I 0  
S 

f o r  O S  Omax r 



The s h a r e  o f  t h e  a c t i v e  a r e a  i n  t h e  t o t a l  a r e a ,  q = A  /A 
c o u l d  b e  computed f rom 

0 F. ' 

f o r  8s<8min , 

- 1 
q = 2 *  ( a r c o s 8  + a r c 0 s 8 ~ ~ , )  ; max 

f o r  8min<8s<8max , 

L 
2 * a r c o s 8 m a x - ~ ~ ~ 8 s * a r c o s  8 m i n - a r ~ ~ ~ 8  

rl = s .  
2 2 

a r c o s  8 - a r c o s  8 max min 

rl = c o s  8 . 
S 

( 8 c )  

E q u a t i o n  ( 8 ) ,  r e p r e s e n t i n g  t h e  a c t i v e  a r e a  o f  t h e  f i e l d  a s  
a f u n c t i o n  o f  t h e  s u n ' s  p o s i t i o n  (TI=£(@ ) ) ,  s e r v e s  a s  a b a s i s  f o r  
comput ing  t h e  h e a t  p r o d u c t i o n  o f  t h e  f i z l d  o f  h e l i o s t a t s ,  Qf ( t)  

[kWh/h]. I n  a c c o r d a n c e  w i t h  t h e  a s s u m p t i o n s  s t a t e d  i n  S e c t i o n  
3 . 1 . ,  t h e  o t h e r  f i e l d  pe r fo rmance  i n d i c a t o r s  a r e  c o n s t a n t  w i t h  
a n  e s t i m a t e d  v a l u e  o f  r12=0.861, which t a k e s  i n t o  a c c o u n t  t h e  un- 
c e r t a i n t i e s  o f  t h e  a s s u m p t i o n s  (Balabanov 1981,  F u j i t a  e t  a l .  1 9 7 8 ) .  

3 . 4 .  Rece ive r -Absorbe r  Per formance  

I n  a c c o r d a n c e  w i t h  Balabanov ( 1 9 8 1 ) ,  t h e  r e c e i v e r - a b s o r b e r  
pe r fo rmance  f o r  a s t e a d y - s t a t e  o p e r a t i o n a l  c o n d i t i o n  c o u l d  be  
computed a s :  

where 

Qr ( t )  = o u t p u t  f rom t h e  r e c e i v e r  [kWh/h] ; 

Qf( t )  = h e a t  p r o d u c t i o n  o f  t h e  f i e l d  [kWh/h] o f  h e l i o s t a t s ;  

' r a  = per fo rmance  i n d i c a t o r  o f  t h e  r e c e i v e r  a b s o r b e r  and  
a s s o c i a t e d  p i p i n g ;  v a l u e  = 0.91 was assumed 

r a  
(Ba labanov  1981)  ; 

U = t h e r m a l  c o n d u c t i v i t y  o f  b o i l e r  i n s u l a t i o n ;  
X 

='x 
= a v e r a g e  t e m p e r a t u r e  o f  working  f l u i d ;  

TA = ambien t  t e m p e r a t u r e ;  

U (Tx-T ) = t h e r m a l  l o s s e s  i n  t h e  ambien t  a tmosphe re  [kWh/h]. x A 

Because o f  t h e  l a c k  of  d a t a  f o r  t h e  ambien t  t e m p e r a t u r e  f o r  
most  o f  t h e  p l a c e s  c o n s i d e r e d  it i s  assumed a f t e r  Balabanov (1981)  
t h a t  



U ( T  -TA) = 0.03 Q f ( t )  
X X 

Hence Equa t ion  ( 9 )  t a k e s  t h e  f o l l o w i n g  form 

Qr( t )  = (qra-0.03)  Qf ( t )  . [ kwh/ h  I (10)  

3.5.  Modeling Thermal S t o r a g e  

The behav io r  of  t h e  modular s t o r a g e  w i t h  a  p a r a l l e l  i n p u t  
l i n k  o p e r a t i n g  w i t h  s e n s i b l e  h e a t  t h a t  i s  added t o  t h e  s t o r a g e  
medium i s  d e s c r i b e d  a s  i n  Balabanov (1981) by 

m 
C P4.c d T ( t )  + k ( T ,  ( t )  - To ( t )  ) = A Q  ( t )  I 

j = l  1 j d t  I 

where 

A Q ( t )  = h e a t  ene rgy  c o n t a i n e d  i n  t h e  s t o r a g e  [kwh]; 
j  = 1 ,  ... m = number o f  components o f  t h e  he te rogenous  

s t o r a g e  m a t e r i a l ;  
M = weigh ted  a v e r a g e  mass of  t h e  component j  o f  t h e  

s t o r a g e  [ 1 0 ~ k g ]  ; 
k  = number o f  zones  w i t h  a  weighted  t e m p e r a t u r e ;  
C, = s p e c i f i c  h e a t  c a p a c i t y  o f  t h e  component j o f  t h e  

J kwh 
s t o r a g e  m a t e r i a l  [-I ; 

0C.kg 
T ( t )  = weighted  ambient  t e m p e r a t u r e  around t h e  s t o r a g e  ( O C )  ; 
0 

T . ( t )  = weigh ted  t e m p e r a t u r e  o f  t h e  component j  of  t h e  
3 s t o r a g e  m a t e r i a l  ( O C )  . 

For  t h e  computer implementa t ion ,  Equat ion  ( 1 1 )  i s  p u t  i n t o  
t h e  d i s c r e t e  form 

m 
C M . C  d T ( t )  = Q,, r ( t )  - Qst t ( t )  - k ( T j  ( t )  - T o w  I ( 12)  

j=1 I I d t  

where 

r 
Q ( t )  = h e a t  f low i n t o  s t o r a g e  from r e c e i v e r  (kwh) ;  
s t  
t Qst(t)  = f low e x t r a c t e d  from s t o r a g e  i n t o  t u r b i n e  g e n e r a t o r  

se t  (kWh). 

The component k  ( T  . ( t )  -To ( t )  ) r e p r e s e n t s  t h e r m a l  l o s s e s  t o  
3 m 

t h e  envi ronment .  The component C M . C .  j o i n t l y  w i t h  t h e  lower  
j=1 3 I 

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

I n  t h e  p r e s e n t  c a s e ,  t h e r m a l  c a p a c i t y  i s  measured i n  h o u r s  
n e c e s s a r y  f o r  f u l l  l o a d  of  t h e  p l a n t  t o  b e  covered  w i t h  t h e  h e a t  
e x t r a c t e d  from t h e  s t o r a g e .  The i n d i c a t o r s  o f  s t o r a g e  c h a r g e  
a r e  maximum and minimum t e m p e r a t u r e s  o f  t h e  s t o r a g e  media, i . e . ,  
6000C and 3000C, r e s p e c t i v e l y .  



3 . 6 .  M o d e l i n g  t h e  T u r b i n e - G e n e r a t o r  S e t  

The  set  c o n s i s t s  o f  a t u r b i n e ,  c o n d e n s e r ,  r e g e n e r a t i v e  
h e a t e r s ,  pumps,  a n d  a g e n e r a t o r  w i t h  a r a t e d  power  o f  100 MW. 
The  e f f i c i e n c i e s  o f  v a r i o u s  o p t i m i z e d  R a n k i n e  c y c l e  c o n f i g u r a -  
t i o n s  h a v e  b e e n  c o r r e l a t e d  a s  a f u n c t i o n  o f  power  o u t p u t ,  c y c l e  
t e m p e r a t u r e s  a n d  p r e s s u r e s ,  a n d  g e n e r i c  c lass  a c c o r d i n g  t o  S a n d i a  
L a b o r a t o r i e s ,  A l b u q u e r q u e  ( F u j i t a  e t  a l .  1978)  . F o r  p r e s e n t  p u r -  
p o s e s  d i f f e r e n t  i n l e t  t e m p e r a t u r e s  o f  t h e  steam t u r b i n e  h a v e  
b e e n  a s s u m e d ;  o n e  i n l e t  d i r e c t l y  c o u p l e d  t o  t h e  r e c e i v e r  a b -  
s o r b e r  i s  a t  560°C (p=70  b a r ) ,  a n d  t h e  o t h e r  a c c e p t i n g  s t o r a g e -  
d e r i v e d  v a p o r  i s  a t  43OoC (p=70  b a r ) .  The c o n d e n s i n g  t e m p e r a t u r e  
i s  a s s u m e d  t o  b e  400C, a n d  r e g e n e r a t i v e  h e a t e r s  a re  a s s u m e d  t o  
ra i se  t h e  i n l e t  b o i l e r  f l u i d  t e m p e r a t u r e  t o  2600C. Under  t h e s e  
c o n d i t i o n s ,  t h e  o v e r a l l  t u r b i n e  c y c l e  e f f i c i e n c y  qT ( f r o m  t h e  h e a t  
i n  t h e  steam t o  e l e c t r i c i t y )  i s  g i v e n  b y  t h e  empirical f o r m u l a e  

f o r  t h e  5 6 0 ' ~  i n l e t ,  

" = 0 . 1 5 9  + 0 . 0 6 5 8  l o g  (pmax) e = 0 . 0 0 5 1 7 - [ 1 0 ~ ( ~ ~ ~ ) ] ~  ; ( 1 3 )  

a n d  f o r  t h e  430°C i n l e t ,  

max z  " = 0 . 1 3 4  + 0 . 0 5 5 6  l o g  (pmax) - 0 . 0 0 4 3 7 . [ l o g  Pe ]  ; e ( 1 4 )  

w h e r e  

p y x  = p e a k  e l e c t r i c a l  o u t p u t ,  k W ( e ) ,  a n d  

r l ~  
= o v e r a l l  c y c l e  e f f i c i e n c y .  

m a  x  F o r  Pe = 1 0 0 , 0 0 0  k W ( e ) ,  t h e  o v e r a l l  c y c l e  e f f i c i e n c y  i s  

0 . 3 6 0 2 5  (5600C) a n d  0 . 3 0 2 7 5  (43OoC) ,  r e s p e c t i v e l y .  

3 . 7 .  O p e r a t i o n a l  A l g o r i t h m  o f  a  STEC P l a n t  

F o r  t h e  STEC p l a n t  d e s c r i b e d  i n  F i g u r e  1 ,  t h e  f o l l o w i n g  
o p e r a t i o n a l  a l g o r i t h m  i s  a s s u m e d :  

-- I f  t h e  h e a t  f l o w  f r o m  t h e  r e c e i v e r  (Q r ( t ) )  i s  s u f f i c i e n t  
d  f o r  m e e t i n g  t h e  l o a d  demanded ( P e ( t ) )  it i s  d i s p a t c h e d  

t o  t h e  t u r b i n e ;  -- I f  Qr i s  smaller  t h a n  t h e  demand a n d  i f  t h e  t e m p e r a t u r e  

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

-- I f  t h e  s t o r a g e  t e m p e r a t u r e  i s  b e l o w  minimum t h e  demands  
a re  m e t  o n l y  b y  Q ; 

-- I f  Qr i s  g r e a t e r  g h a n  t h e  demand a n d  t h e  s t o r a g e  t e m p e r -  

a t u r e  i s  b e l o w  maximum t h e  demand i s  m e t ,  a n d  t h e  a d d i -  
t i o n a l  h e a t  i s  t r a n s f e r r e d  i n t o  t h e  s t o r a g e ;  -- I f  Qr i s  g r e a t e r  t h a n  t h e  demand a n d  t h e  s t o r a g e  t e m p e r -  

a t u r e  i s  a b o v e  maximum l e v e l  t h e  h e a t  a b o v e  t h e  l o a d  i s  
r e j e c t e d  ( m a r k e d  as  l o s s e s  i n  F i g u r e  1 ) .  



m 
For  p l a n t s  w i t h o u t  t h e r m a l  s t o r a g e  t h e  component C M . C  

i n  E q u a t i o n  ( 1  2 )  i s  se t  t o  z e r o .  j=1  
I j 

Based on t h e  methodology d e s c r i b e d ,  a  se t  of  computer  pro-  
grams was d e v e l o p e d  and  u s e d  f o r  t h e  c a s e  s t u d y  d e s c r i b e d  below. 

4 .  ASSUMPTIONS FOR THE CASE STUDY 

The main i d e a  i s  t o  u s e  t h e  l a n d  c u r r e n t l y  n o t  u s e d  f o r  
o t h e r  p u r p o s e s  f o r  s o l a r  e l e c t r i c i t y  p r o d u c t i o n  i n  c o u n t r i e s  s u c h  
a s  P o r t u g a l ,  S p a i n ,  s o u t h e r n  F r a n c e ,  I t a l y ,  Y u g o s l a v i a ,  Greece, 
and  i n  p a r t  o f  Turkey .  

The e l e c t r i c i t y  p roduced  i s  d i s t r i b u t e d  among t h e  p r o d u c e r  
c o u n t r i e s  a s  w e l l  a s  among most o t h e r  European c o u n t r i e s ,  i n  
o r d e r  t o  meet t h e i r  h o u r l y  e l e c t r i c i t y  demands. I n  o r d e r  t o  
i n t e g r a t e  t h o s e  demands t h e  f o l l o w i n g  c o u n t r i e s  a r e  grouped  i n t o  
t h r e e  h o u r l y  zones  (see Budyko 1963) : 

I Belgium, F r a n c e ,  Luxembourg, N e t h e r l a n d s ,  P o r t u g a l ,  
S p a i n ,  and  t h e  U K ;  

I1 A u s t r i a ,  F.R.G., I t a l y ,  a n d  S w i t z e r l a n d ;  
I11 Greece, Turkey ,  and Yugos lav ia .  

T a b l e  1 shows t h e  l o c a t i o n s  c o n s i d e r e d  f o r  s o l a r  e l e c t r i c i t y  
p r o d u c t i o n ,  t h e  t i m e  zone t h e y  b e l o n g  t o ,  t h e i r  l a t i t u d e ,  and  
t h e  e s t i m a t e d  l a n d  p o t e n t i a l  s u i t a b l e  f o r  s o l a r  e l e c t r i c i t y  p ro -  
d u c t i o n  s p l i t  i n t o  t h r e e  r a d i a t i o n  zones .  The e s t i m a t e d  l a n d  
p o t e n t i a l  i s  b a s e d  on a s t u d y  done by C la i re  Dob l in  (IIASA, 
p r i v a t e  communica t ion ,  1981 ) . 

A s  c a n  b e  s e e n  f rom T a b l e  1 ,  a b o u t  60% o f  t h e  l a n d  p o t e n t i a l  
i s  l o c a t e d  i n  Turkey ,  f a r  away f rom t h e  c e n t e r s  o f  e l e c t r i c i t y  
demand. A c c o r d i n g l y ,  18% p e r  h o u r l y  p r o d u c t i o n  o f  T u r k e y ' s  
e l e c t r i c i t y  p r o d u c t i o n  i s  s u b t r a c t e d  a s  t r a n s m i s s i o n  l o s s e s ,  
whereas  t h e  t r a n s m i s s i o n  l o s s e s  f o r  t h e  o t h e r  p r o d u c i n g  c o u n t r i e s  
are a s s m e d  t o  b e  z e r o .  

4 .1 .  C a l i b r a t i o n  o f  Direct  S o l a r  Beam R a d i a t i o n  

The i n i t i a l  i n t e n t i o n  o f  t h e  team c o l l e c t i n g  r a d i a t i o n  d a t a  
(Tony Ward and  t h e  a u t h o r )  was t o  o b t a i n  h o u r l y  r e c o r d s  o f  d i r e c t  
beam r a d i a t i o n  f o r  a t  l e a s t  one  l o c a t i o n  p e r  c o u n t r y  ment ioned  
i n  T a b l e  1 .  I n s p i t e  of  s e v e r a l  months o f  i n t e n s i v e  r e s e a r c h  
t h i s  p l a n  was found  t o  be  i n o p e r a b l e .  Only one  t a p e  w i t h  hour-  
l y  r e c o r d s  f o r  C a r p e n t r a s  i n  s o u t h e r n  F r a n c e  was a t  hand ,  and  
a  few a t l a s e s  w i t h  a v e r a g e  s o l a r  d a t a  (see r e f e r e n c e  l i s t ) .  
The t a p e ,  however,  c o n t a i n e d  8  s u b s e q u e n t  f u l l  y e a r s  o f  measure-  
m e n t ,  and  s t r a i g h t f o r w a r d  compar ison  o f  t h e  month ly  a v e r a g e s  
(see T a b l e  2 )  showed a  s u b s t a n t i a l  d i f f e r e n c e  between t h e  y e a r s ,  
s u g g e s t i n g  t h a t  t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  s o l a r  r a d i a -  
t i o n  f o r  d i f f e r e n t  y e a r s  may d i f f e r  as w e l l  (see a l s o  Balabanov 
1 9 8 1 ) .  



T a b l e  1 .  L o c a t i o n s  c o n s i d e r e d  i n  t h e  s t u d y  and  t h e i r  main c h a r a c t e r i s t i c s .  

3  2  
Land - p o t e n t i a l  [ I 0  km ) s p l i t  i n t o  r a d i a t i o n  z o n e s  

Geogr.  
I* 11* 111* 

Time L a t i t .  20% o f  20% o f  2 0 %  o f  
L o c a t i o n s  - Zone [ON] T o t a l  t o t a l  T o t a l  t o t a l  T o t a l  t o t a l  

1 .  P o r t u g a l  ( 1  3 8 . 4 3  1 . 7  0 . 3 4  - - - - 

2. S p a i n  ( 1 )  4 0 . 2 7  6 . 5  1 . 3  7 . 2  1 . 4 4  0 . 7  0 . 1 4  

3. S. F r a n c e  ( 1 )  44 .  0 5  3 . 5  0 . 7  - - - - 
4.  I t a l y  ( 2  3 8 . 1 2  0 . 8  0 .16  1 . 6  0 .32  0 . 8  0 . 1 6  

5.  Yugos lav ia  ( 2 )  4 1 . 5 9  1 . 8  0 . 3 6  0 . 6  - - 0 . 1 2  

6 .  Greece ( 3 )  3 3 . 5  - - 0 . 9  0 .  18 0 . 9  0 . 1 8  

7.  Turkey 
( 1 / 3  s h a r e )  ( 3 ) .  3 7 . 6  1 4 . 3  2 . 8 6  1 3 . 1  2 . 6 2  1 3 . 1  2 . 6 2  

T o t a l  28 .6  5 . 7 2  23 .4  5 . 1 6  1 5 . 5  3 . 1  

2  
* I n  a c c o r d a n c e  w i t h  t h e  l e v e l  o f  t h e  normal  beam s o l a r  r a d i a t i o n  [kWh/m / d a y ] :  
Zone ( 1 )  - 4 . 6 4 ;  Zone ( 2 )  - 5 . 2 7 ;  Zone ( 3 )  - 5 . 9 .  



2 
T a b l e  2 .  Monthly a v e r a g e s  o f  d i r e c t  r a d i a t i o n  = > j o u l e / c m  /day* ( C a r p e n t r a s  1971 -1978 ) .  

Month 1 9 7 1  1972  

Winte r  1 

2  

3 

S p r i n g  4 

5 

6 

Summer 7 

8  

9  

F a l l  10  

11  

12  

n 

(d 
C C 
k k 3 

rd a, a, rd 
C C -  a , C 4  
-4 4J h -n 4J Ul 
rn 3 4  a 3  0 
rn o rd o o m  
a , m 4 ~  ~ c n  9 z w H  W W W  



On t h a t  b a s i s  h o u r l y  l e v e l s  o f  d i r e c t  beam r a d i a t i o n  o f  
C a r p e n t r a s  were a d j u s t e ' d  t o  t h e  l e v e l s  o f  t h e  o t h e r  l o c a t i o n s  
c o n s i d e r e d .  The u n d e r l y i n g  compar ison  (see a l s o  Ward 1982)  o f  
t h e  month ly  a v e r a g e s  f o r  C a r p e n t r a s  w i t h  r e l e v a n t  d a t a  sets f o r  
t h e  o t h e r  s i x  l o c a t i o n s  l e d  t o  t h e  f a c t o r s  o u t l i n e d  i n  T a b l e  3. 
T h i s  was done  by d i v i d i n g  t h e  monthly a v e r a g e s  f o r  t h e  o t h e r  
l o c a t i o n s  by t h e  r e s p e c t i v e  a v e r a g e s  f o r  C a r p e n t r a s  f o r  c e r t a i n  
y e a r s  (see T a b l e  2 ) .  

T a b l e  3. F a c t o r s  a p p l i e d  t o  h o u r l y  beam r a d i a t i o n  f o r  C a r p e n t r a s  
t o  g e n e r a t e  d a t a  f o r  o t h e r  s t a t i o n s  i n  t h e  s o u t h  o f  
Europe f o r  t h e  se l ec t ed  months (see a l s o  Ward 1982) . 

L o c a t i o n  J a n u a r y  A p r i l  J u l y  Oc tobe r  

L i sbon  1.19 1 .19  1 .03  1.30 

Madrid 1.20 1.17 0.99 1 .12  

Mess ina  1 .23  1.02 0.93 1.2 

Athens 1.02 1.04 0 .93  1 .23  

Skop je  0 .62 0 .85  0.78 0.92 

C e n t r a l  Turkey 1.28 1 . 1 1  1 . 1 1  1 .63  

The months o f  J a n u a r y ,  A p r i l ,  J u l y ,  and  Oc tobe r  were 
s e l e c t e d  a s  r e p r e s e n t a t i v e  o f  t h e  f o u r  s e a s o n s .  I n  t h e  s c a l i n g  
p r o c e s s  c a r e  was t a k e n  t o  a v o i d  e x c e e d i n g  o f  a n  h o u r l y  naximum 
r a d i a t i o n  l e v e l  o f  1 k ~ h / m 2 .  

I n  o r d e r  t o  a c c o u n t  f o r  s t o c h a s t i c  d i f f e r e n c e s  be tween t h e  
l o c a t i o n s ,  a  r e p r e s e n t a t i v e  y e a r  ( T a b l e  2 )  was randomly a s s i g n e d  
a n d  t h e  h o u r l y  v a l u e s  o b t a i n e d  were a d j u s t e d  a c c o r d i n g l y .  

4 .2 .  Demands f o r  E l e c t r i c i t y  

The d a i l y  l o a d  p r o f i l e s  o f  t h e  h o u r l y  e l e c t r i c i t y  demands 
f o r  a l l  t h e  c o u n t r i e s  l i s t e d  i n  t h e  i n t r o d u c t i o n  t o  S e c t i o n  4 
a r e  b a s e d  on UCFTE (1979) s t a t i s t i c s  f o r  r e p r e s e n t a t i v e  d a y s  o f  
e a c h o f  t h e  s e a s o n s  i n  1979. Based on  t h e s e  v a l u e s ,  t h e  i n t e -  
g r a t e d  o v e r a l l  s e a s o n a l  l o a d  p r o f i l e s  o f  t h e  c o u n t r y  were com- 
p u t e d  a f t e r  c o n s i d e r i n g  t h e  t i m e  s h i f t s  a s s o c i a t e d  w i t h  t h e  
d i f f e r e n t  t i m e  zones  ( e . g . ,  +1 hour  f o r  t h e  U . K . ,  -0 f o r  t h e  
F.R.G., and  - 1  f o r  T u r k e y ) .  F o r  c o m p u t a t i o n a l  c o n v e n i e n c e  t h e  
h o u r l y  l o a d  p r o f i l e s  were n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  hour  
o f  maximum ( 100%) l o a d  ( T a b l e  4 )  . The n u m e r i c a l  v a l u e s  g i v e n  
i n  t h e  f o o t n o t e  t o  T a b l e  4 a r e  o f  t h e  o r d e r  o f  200 GW. 
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4.3 .  Main P a r a m e t e r s  o f  t h e  Power P l a n t s  

The main p a r a m e t e r s  o f  t h e  s o l a r  power p l a n t s  a r e  s e n s i t i v e  
t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  d i r e c t  s o l a r  r a d i a t i o n  o f  t h e  
l o c a t i o n  i n  q u e s t i o n .  F o r  i n s t a n c e ,  w i t h  a b o u t  60% o f  p o t e n t i a l  
l a n d  c o n s i d e r e d  t o  be  a v a i l a b l e  i n  Turkey ,  q u i t e  a  number o f  
s o l a r  p l a n t s  may b e  l o c a t e d  i n  t h a t  c o u n t r y .  I n  o r d e r  t o  choose  
a  r e a l i s t i c  p a r a m e t e r  f o r  s u c h  STEC p l a n t s  ( r e l i a b i l i t y  o f  
e l e c t r i c i t y  s u p p l y  and  o f  m i r r o r  a r e a s  a s  a  f u n c t i o n  o f  t h e  
volume o f  i n t e r n a l  s t o r a g e ) ,  a  STECP model r u n ,  b a s e d  on T u r k i s h  
c o n d i t i o n s ,  was pe r fo rmed  f o r  e a c h  o f  t h e  s e a s o n s  and  f o r  t h e  
p l a n t s  w i t h  0 . 5 ,  5 ,  9 ,  10 ,  and 12 h o u r s  o f  i n t e r n a l  s t o r a g e .  
The p l a n t s  w e r e  o p e r a t e d  i n  a  l o a d  f o l l o w i n g  mode (see T a b l e  4 ) .  
The r e s u l t s  o f  t h e  r u n s  a g g r e g a t e d  o v e r  t h e  e n t i r e  y e a r  a r e  
p r e s e n t e d  i n  T a b l e  5. 

Note t h a t  " l o s s e s "  a r e  d e f i n e d  a s  t h e r m a l  e n e r g y  l o s s e s  due 
t o  a  f u l l y  c h a r g e d  s t o r a g e  w h i l e  t h e  l o a d  i s  b e i n g  m e t .  

T a b l e  5 .  I n f l u e n c e  o f  t h e  s t o r a g e  c a p a c i t y  on t h e  l o a d  f o l l o w i n g  
o p p o r t u n i t y  o f  p l a n t s  I1 and 111. 

S t o r a g e  R e l i a b i l i t y  o f  cove r -  Area o f  t h e  L o s s e s *  
c a p a c i t y  i n g  t h e  demands m i r r o r s  

t h r s  I ( %  o f  p r o d u c t i o n )  (74 o f  t h e  demands) km2 1 

* ~ h e r m a l  energy l o s s e s  a t  f u l l y  charged s to rage  dur ing  ope ra t i on .  

Accord ing  t o  R. Caputo ( p r i v a t e  communicat ion,  IIASA, 1981) t h i s  
r a n g e  o f  " l o s s e s "  ( 1 1 . 6 %  - 1 9 % )  a r e  a c c e p t a b l e  f o r  a  p l a n t  work- 
i n g  i n  a  l o a d - f o l l o w i n g  mode. 

The r e s u l t s  shown i n  T a b l e  5  w e r e  u sed  t o  e s t i m a t e  t h e  
a n n u a l  c a p a c i t y  f a c t o r  and  l a n d  and m i r r o r  a r e a s  f o r  t h e  two 
t y p e s  o f  p l a n t s ,  w i t h  a  100 MW peak i n s t a l l e d  c a p a c i t y ,  i n  t h e  
r e s p e c t i v e  r a d i a t i o n  zones  (see T a b l e  6 ) .  



Table  6. Summary c h a r a c t e r i s t i c s  o f  t h e  STEC p l a n t s  c o n s i d e r e d .  

Radi- Annual Ground Area (kmL) 
P l a n t  a t i o n  c a p a c i t y  coverage  Hours o f  
t v ~ e  zone f a c t o r  r a t i o  M i r r o r s  Land S t o r a a e  

STEC 1 
f o r  peak I 0.196 0 . 3  0.445 1.48 0 .5  
l o a d  I1 0.216 0 . 3  0.437 1 .45  0 .5  

I11 0.23 0 .3  0 .43  1 .43  0 .5  

STEC 2  
f o r  i n t e r -  I 0.71 0 . 3  1 .8  6 .  16 
media te  and I1 0.71 0 . 3  1.4 4.7 13 
b a s e  l o a d s  I11 0.716 0 .3  1 . 3  4.6 10 

The p l a n t s  d i f f e r  above a l l  i n  t e r m s  o f  t h e  c a p a c i t y  f a c -  
t o r s  adop ted .  The c a p a c i t y  f a c t o r  i s  d e f i n e d  a s  t h e  s h a r e  o f  
t h e  y e a r  d u r i n g  which a  p l a n t  i s  c a p a b l e  of  producing e l e c t r i c i t y  
a t  i t s  r a t e d  power ( i . e . ,  100 M W ) .  The v a l u e s  adop ted  f o r  t h i s  
i n d i c a t o r  v a r y  between 0.196 and 0.238 f o r  STEC 1 ,  between 0.71 
and 0.716 f o r  STEC 2,  depending i n  b o t h  c a s e s  on t h e  r e s p e c t i v e  
r a d i a t i o n  zone. 

The l e v e l s  o f  0 .2  and 0.7 were chosen t o  d i s t i n g u i s h  between 
p l a n t s  o p e r a b l e  o n l y  d u r i n g  s u n s h i n e  hours  (STEC 1 )  and i n  a  load-  
f o l l o w i n g  mode (STEC 2 ) .  T h i s  a d d i t i o n a l  assumpt ion  s i g n i f i c a n t l y  
r e d u c e s  t h e  number o f  c a s e s  t h a t  had t o  be  i n v e s t i g a t e d .  

The m i r r o r  a r e a s  and hours  of  s t o r a g e  r e q u i r e d  (see Tab le  6 )  
were de te rmined  on t h e  b a s , i s  o f  t h e  c a p a c i t y  f a c t o r s  chosen.  

4 . 4 .  P l a n t  A l l o c a t i o n  S t r a t e g y  

The t o t a l  l a n d  c o n s i d e r e d  a v a i l a b l e  i n  Tab le  1  must be  j u x t a -  
posed t o  t h e  l a n d  r e q u i r e m e n t s  of t h e  two t y p e s  o f  p l a n t s  con- 
s i d e r e d .  According t o  T a b l e  6 ,  it i s  abou t  1 .5  km2 p e r  p l a n t  f o r  
STEC 1  and a b o u t  5  km2 f o r  STEC 2. However, t h e r e  a r e  a l s o  p l a n t -  
s p e c i f i c  r e q u i r e m e n t s ,  f o r  t h e  s u r f a c e  must be  e i t h e r  f l a t  o r  
t i l t e d  southwards .  For  l a c k  o f  d e t a i l e d  i n f o r m a t i o n  on t h e  
a v a i l a b i l i t y  o f  such l a n d  i n  t h e  producing c o u n t r i e s  it h a s  been 
assumed t h a t  no more t h a n  20% o f  t h e  t o t a l  p o t e n t i a l  l a n d  may be  
s u i t a b l e  f o r  s o l a r  power p l a n t  s i t i n g .  Consequent ly ,  less l a n d  
was c o n s i d e r e d  s u i t a b l e  f o r  STEC 2  p l a n t s  t h a n  f o r  STEC 1  p l a n t s .  

I f  one  assumes a  t o t a l  e l e c t r i c i t y  demand o f  t h e  o r d e r  of  
200 MW ( T a b l e  4 )  and  an  a l l o c a t i o n  of  90% STEC 1  and 10% STEC 2  
p l a n t s  w i t h  l o a d  f a c t o r s  of  a b o u t  0 .2  and 0 .7 ,  r e s p e c t i v e l y ,  
a b o u t  13,000 p l a n t s  a r e  needed. Accordingly ,  t w o - t h i r d s  o f  t h e  
l a n d  a v a i l a b l e  i s  covered  by STEC 1 and o n e - t h i r d  by STEC 2  p l a n t s .  
T h i s  a l l o c a t i o n  s t r a t e g y  i s  t h e  b a s e  c a s e  (Case 3 )  f o r  comparing 
t h e  e l e c t r i c i t y  production-demand c o r r e l a t i o n  i f  a  s i n g l e  s i t e  
(Case 1 )  o r  o n l y  d i s p e r s e d  STEC 1  p l a n t s  (Case 2) a r e  used .  



T a b l e  7. A l l o c a t i o n  o f  1 0 0  MW p l a n t s  f o r  Case 3. 

R a d i a t i o n  Zone I I1 I11 
STEC 1  STEC 2  STEC 1  STEC 2  STEC 1  STEC 2 

Coun t ry  

P o r t u g a l  286  28  0  0  0  0 

S p a i n  1 1 0 0  1 0 8  1 2 6 3  153  1 2 7  16  

F r a n c e  5 9 1  58  0  0  0  0  

I t a l y  1 3 5  1 3  3 1 5  38  144  18  

Yugos lav ia  3 0 5  3 0  1 0 5  12  0  0  

Greece 0  0  158  1 9  163  2  1  

Turkey  2 4 1 7  238  2299  278  2 3 8 6  302  

T o t a l  ( 1 3 , 1 2 6 )  4 8 3 4  475 41 40 5 0 0  2 8 2 0  357 

4.5.  The Cases  C o n s i d e r e d  

Three  e x t r e m e  c a s e s  were c o n s i d e r e d  t o  s t u d y  t h e  e f f e c t  o f  
d i f f e r e n t  l o c a l  c l i m a t e s  ( r a d i a t i o n )  on t h e  o v e r a l l  o u t p u t  o f  
t h e  p l a n t s ,  as w e l l  a s  t h e  i n f l u e n c e  o f  i n t e r n a l  t h e r m a l  s t o r a g e  
on STEC e l e c t r i c i t y  p r o d u c t i o n .  

Case 1. S i n g l e  s i t e ,  n o  t h e r m a l  s t o r a g e .  

A l l  ( 1 3 , 1 2 6 )  1 0 0  MW u n i t s  f rom T a b l e  7  a r e  STEC 1  p l a n t s  
assumed t o  be  c o n c e n t r a t e d  i n  one  p l a c e  ( ~ a r p e n t r a s )  and o p e r a t e d  
i n  a s u n - f o l l o w i n g  mode ( e l e c t r i c i t y  p r o d u c t i o n  d u r i n g  s u n s h i n e  
h o u r s  o n l y ) .  

Case 2. M u l t i p l e  s i t e s ,  no t h e r ~ . a l  s t o r a g e .  - 

STEC 1  p l a n t s  r e p l a c e  STEC 2  p l a n t s  l i s t e d  i n  T a b l e  7 ,  
a d d i n g  up t o  t h e  s a n e  ( 1 3 , 1 2 6 )  t o t a l  number o f  p l a n t s  ( e . g . ,  
314 STEC 1 p l a n t s  f o r  P o r t u g a l ) .  The p l a n t s  o p e r a t e  i n  a  l o a d -  
f o l l o w i n g  mode. 

Case 3. M u l t i p l e  s i t e s ,  w i t h  and  w i t h o u t  t h e r m a l  s t o r a g e .  

The a l l o c a t i o n  s t r a t e g y  i s  t o  c o ~ n b i n e  STEC 1  and STEC 2  a s  
d e s c r i b e d  i n  T a b l e  7;  t h e  f o r m e r  o p e r a t e  i n  a  s u n - f o l l o w i n g  mode 
and  t h e  l a t t e r  i n  a  l o a d - f o l l o w i n g  mode. Note t h a t , a b o u t  80% of  
t h e  p l a n t s  a r e  l o c a t e d  i n  two o f  t h e  s e v e n  c o u n t r i e s  ( 2 1 %  i n  
S p a i n  and  6 0 %  i n  T u r k e y ) .  



5. RESULTS OF THE RUNS 

Given t h e s e  a s s u m p t i o n s ,  t h e  model was r u n  f o r  t h e  t h r e e  
c a s e s  and  15 s u b s e q u e n t  d a y s  p e r  s e a s o n .  Time d i f f e r e n c e s  be- 
tween  l o c a t i o n s  were t a k e n  i n t o  a c c o u n t .  I n  e a c h  c a s e  t h e  
e l e c t r i c a l  o u t p u t  was i n t e g r a t e d  on a n  h o u r l y  b a s i s  o v e r  t h e  en- 
t i r e  p e r i o d  and  was compared t o  t h e  r e s p e c t i v e  e l e c t r i c i t y  demand 
p r o f i l e .  A s  a  r e s u l t  o f  t h i s  compar ison  t h e  s h a r e  o f  s o l a r  elec- 
t r i c  power p l a n t s  i n  s a t i s f y i n g  t o t a l  e l e c t r i c a l  demands were 
de t e rmined .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  above  i n d i c a t o r  f o r  d i s -  
p e r s e d  STEC 1 p l a n t s  (Case  2 )  and  d i s p e r s e d  STEC 1 and STEC 2  
p l a n t s  (Case  3 )  f o r  a n  a v e r a g e  day  p e r  s e a s o n  (see F i g u r e  3 ) .  

I n  summer a  much h i g h e r  s h a r e  o f  e l e c t r i c i t y  demand c a n  
be  m e t  i n  Case  3  t h a n  i n  Case  2. Fo r  example ,  be tween 5  a.m. 
and  8  p.m. r e l i a b i l i t y  o f  s u p p l y  i s  a s  h i g h  a s  96.75 i n  Case 3  
compared t o  40% f o r  Case 2.  I n  s p r i n g ,  f a l l ,  and w i n t e r ,  t h e  
v a l u e s  f o r  Case 3  a r e  80X, 7 0 % ,  and 4 2 % ,  r e s p e c t i v e l y .  

T a b l e  8  g i v e s  t h e  s o l a r  s h a r e s  i n  e l e c t r i c i t y  s u p p l y  and 
compares  t h e  e l e c t r i c i t y  produced  t h r o u g h o u t  24 h o u r s  f o r  Cases  
3  and  2. 

The i n t r o d u c t i o n  o f  STEC 2  p l a n t s  w i t h  t h e r m a l  s t o r a g e  i n  
t h e  sys t em (Case  3) a l m o s t  d o u b l e s  t h e  amounts  o f  e l e c t r i c i t y  
p roduced  (see T a b l e  8 )  i n  summer and  i n c r e a s e s  them up t o  3 .12 
i n  s p r i n g  t i m e .  S h a r e s  o f  0.31 t o  0 .85  o f  t h e  demand a r e  m e t  
i n  Case 3  b u t  o n l y  0.16 t o  0 .55  i n  Case 2. The s y s t e m ' s  o u t p u t  
a p p e a r s  t o  be v e r y  s e n s i t i v e  t o  t h e  volume o f  i n t e r n a l  s t o r a g e  
i n t r o d u c e d  d u r i n g  t h e  p e r i o d s  o f  weak a n d / o r  h i g h l y  i r r e g u l a r  
s o l a r  r a d i a t i o n ,  e . g . ,  f a l l ,  w i n t e r ,  and  s p r i n g .  The o p t i m a l  
s h a r e  o f  i n t e r n a l  s t o r a g e  t o  be  i n t r o d u c e d  i n  t h e  s y s t e m  and i t s  
dependence  on economic i n d i c a t o r s  c o u l d  d e s e r v e  a  more d e t a i l e d  
s t u d y .  

T a b l e  8 .  I n f l u e n c e  o f  t h e r m a l  s t o r a g e  on s o l a r  e l e c t r i c i t y  
p r o d u c t i o n .  

Sumrner F a l l  W i n t e r  S p r i n g  
S o l a r l  2  S o l a r l  2  S o l a r l  

2  S o l a r l  
s h a r e  R a t i o  s h a r e  R a t i o  s h a r e  R a t i o  s h a r e  R a t i o  2  

Case 3  0 .85  0.552 0.309 0 .67  

Case 2  0 .55  0.209 0.161 0.21 

R a t i o  
(Case  3/ 
Case 2 )  1 . 9  2 .65 2.98 3.12 

1 
2  Share of e l e c t r i c i t y  demand met by STEC p lan t s ;  
Ratio of e l e c t r i c i t y  produced in Case 3 t o  Case 2.  





Ccmparison of those cases  may induce one t o  look a t  t h e  e l ec -  
t r i c i t y  production-demand c o r r e l a t i o n  d i f f e r e n t l y :  what could be 
t h e  s o l a r  i n s t a l l e d  c a p a c i t i e s  and r e l a t e d  e x t e r n a l  d a i l y  and 
seasonal s to rage  requirements i f  a l s o  t h e  r e s t  and thus  1 0 0 %  of 
t h e  e l e c t r i c i t y  demands should be met by solar-produced e l e c t r i -  
c i t y ?  

For explor ing  t h a t  ques t ion ,  an LP-model c a l l e d  ESOM 
( E l e c t r i c i t y  and Storage Optimization Model) b u i l t  by N .  Naki- 
cenovic (1982) was used toge the r  with Fhe present  model. ESOM 
allows t o  br idge t h e  gaps between a v a i l a b l e  s o l a r  e l e c t r i c i t y  and 
a c t u a l  e l e c t r i c i t y  demand by poss ib le  in t roduct ion  of new s o l a r  
c a p a c i t i e s ,  d a i l y  s t o r a g e ,  and seasonal  s to rage ;  t h e  l a t t e r  i s  
l e s s  e f f i c i e n t  than d a i l y  s torage  but compensates f o r  seasonal 
v a r i a t i o n s  i n  s o l a r  r a d i a t i o n  l e v e l s  and e l e c t r i c i t y  demands. 

Table 9 g ives  r e s u l t s  of the  j o i n t  runs of the  ESOM and 
STECP models, comparing Case 1 and Case 2 t o  Case 3. 

Table 9 .  Comparison of t h e  t h r e e  case s t u d i e s ;  r a t i o s  a.re based 
on Case 3. 

Yearly s o l a r  Solar  Daily e x t e r n a l  Seasonal 
e l e c t r i c i t y  i n s t a l l e d  s to rage  s torage  
generat ion c a p a c i t i e s  c a p a c i t i e s  capaci ty  

Case 1 1 . 0 7 1  1.954 1 . 6 1  1.51 

Case 2 1.048 1.345 1.366 1 .  

Case 3  1 .  1 .  1 .  1 .  

Case 1 :  S ingle  s i t e s ,  no thermal s to rage  
Case 2 :  Mult iple  s i t e s ,  no t h e r n a l  s torage  
Case 3: Multiple s i t e s ,  thermal s torage  

Thus it i s  c l e a r  t h a t  concentrat ion of t h e  s o l a r  p l a n t s  i n  
one p lace  as  i n  Case 1 requi res  

-- twice t h e  i n s t a l l e d  c a p a c i t i e s  a s  compared t o  Case 3,  
o r  1.45 t imes t h e  i n s t a l l e d  c a p a c i t i e s  i n  the  mul t ip le  
s i t i n g  Case 2 ;  

-- i n t roduc t ion  of 1 . 6  times more d a i l y  s to rage  (1.18 t imes 
more than i n  Case 2 ) ;  

-- in t roduct ion  of  50% more of the l e s s  e f f e c t i v e  seasonal  
s torage  than i n  t h e  o the r  two cases .  

Through a  d ispersed  s i t i n g  of the  s o l a r  p l a n t s ,  even with- 
ou t  in t roduct ion  of i n t e r n a l  s to rage  (Case 2 aga ins t  Case 1 )  only 
6 9 %  s o l a r  c a p a c i t i e s ,  85% d a i l y  s to rage ,  and 6 6 %  seasonal  s to rage  
a r e  needed. 



A second,  b r o a d e r  comparison between Cases 3 and 2 shows 
t h a t  an i n t r o d u c t i o n  o f  10% STEC p l a n t s  w i t h  a n  i n t e r n a l  s t o r a g e  
i n  t h e  sys tem (Case 3 )  r e d u c e s  b o t h  t h e  s o l a r  i n s t a l l e d  c a p a c i -  
t i e s  and t h e  d a i l y  e x t e r n a l  s t o r a g e  c a p a c i t i e s  by abou t  35%.  

Some f u r t h e r  p a r a m e t r i c  s t u d i e s ,  t a k i n g  i n t o  a c c o u n t  t h e  
sys tems l i m i t a t i o n s  f c r  i n t r o d u c t i o n  of  e x t e r n a l  s t o r a g e ,  g r i d  
l o s s e s ,  and some s i t e - s p e c i f i c  c o s t  i n d i c a t o r s  f o r  b o t h  i n t e r n a l  
and e x t e r n a l  s t o r a g e ,  c o u l d  l e a d  t o  more p r e c i s e  r e s u l t s .  

CONCLUSION 

STECP, a  model s i m u l a t i n g  s o l a r  t h e r m a l  e l e c t r i c i t y  con- 
v e r s i o n  performance ,  h a s  been d e s c r i b e d  and used t o  s t u d y  t h e  
e l e c t r i c i t y  supply-demand c o r r e l a t i o n  f o r  a  sys tem o f  d i s p e r s e d  
s o l a r  e l ec t r i c  p l a n t s  s u p p l y i n g  e l e c t r i c i t y  t o  a  l a r g e  number o f  
European c o u n t r i e s .  T h i s  e f f o r t  h a s  l e d  t o  s e v e r a l  c o n c r e t e  r e -  
s u l t s .  

-- The r e s u l t s  o f  t h e  s t u d y  can  be  used t o  e v a l u a t e  t h e  
performance  p a r a m e t e r s  o f  a  sys tem o f  s o l a r  p l a n t s  i n  
o r d e r  t o  i n c l u d e  them i n  an energy  supp ly  node l .  -- The h o u r l y  s o l a r  s h a r e s  i n  t o t a l  e l e c t r i c i t y  produced 
o v e r  t h e  s e a s o n  w e r e  e v a l u a t e d .  -- On t h e  b a s i s  o f  t h o s e  s h a r e s  f o r  each  s e a s o n ,  an  i n -  
v e s t i g a t i o n  was made o f  t h e  amounts o f  e x t e r n a l  s t o r a g e  
t o  be  i n c l u d e d  i n  t h e  sys tem,  i n  o r d e r  t o  m e e t  100% o f  
t h e  e l e c t r i c i t y  demand by s o l a r  p l a n t s .  -- I t  a p p e a r s  t h a t  s p r e a d i n g  t h e  l o c a t i o n s  of  s o l a r  p l a n t s  
i n c r e a s e s  t h e  r e l i a b i l i t y  o f  mee t ing  t h e  demand. -- I n t r o d u c t i o n  o f  i n t e r n a l  t h e r m a l  s t o r a g e  i n  a  sys tem 
o f  d i s p e r s e d  s o l a r  p l a n t s  i n c r e a s e s  t h e i r  s e a s o n a l  o u t -  
p u t  from two t o  t h r e e  t i m e s  w h i l e  d e c r e a s i n g  t h e  e x t e r -  
n a l  s t o r a g e  r e q u i r e m e n t s .  
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