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"The d e s e r t  says nothing.  Completely p a s s i v e ,  a c t e d  upon but  never a c t i n g ,  

t h e  d e s e r t  l i e s  t h e r e  l i k e  t h e  bare  ske le ton  o f  Being, s p a r e ,  s p a r s e ,  a u s t e r e ,  

u t t e r l y  w o r t h l e s s ,  i n v i t i n g  not love but conteinplation. I n  i t s  s i m p l i c i t y  and 

o r d e r  i t  sugges t s  t h e  c l a s s i c a l ,  except t h a t  t h e  d e s e r t  i s  a realm beyond t h e  

human and i n  t h e  c l a s s i c i s t  view on ly  t h e  human i s  regarded a s  s i g n i f i c a n t  o r  

even recognized as r e a l . "  

Edward Abbey. from Desert  S o l i t a i r e .  

"Inasmuch as one hundred yea r s  should be ample time f o r  t h e  development of  

a l l  t h e  necessa ry  s o l a r  energy .technology and hardware, n u c l e a r  energy-- the 

technology o p t i m i s t s  magical and dangerous solution--may never  be needed. 

t h i n g s  cons ide red ,  s o l a r  energy i s  more s a t i s f a c t o r y  than n u c l e a r  energy. 

A l l  

I t  

i s  safer and c l e a n e r ,  and might even be cheaper (when t h e  waste--accumulation, 

s o c i a l  and p o l i t i c a l  hazards ,  and environmental e f f e c t s  of n u c l e a r  energy a r e  

c a l c u l a t e d ) ,  and i t s . p a r a p h e r n a l i a  can be e r e c t e d  with impunity i n  even t h e  most 

i r r e s p o n s i b l e  domain." 

From t h e  Second Report t o  t h e  Club o f  Rome 
(Mesarovic, 1974) 
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I. Introduction 

The central receiver power plant (hereafter referred to as CR) is one of 

the possible means of using solar energy to generate electricity. 

other solar technologies, it will have environmental effects which ought to be 

examined before implementation. Built in large numbers, it would aEfect the LI. S. 

economy, employment, industrial pollution rates, the ecological balance, and 

perhaps the climate of arid and semi-arid areas. A s  illustrated by the two 

quotes on the preceding page, implementation of this desert technology will likely 

incur conflict between those looking to solar energy as a panacea for man's 

mistreatment of his planet, and those who view the desert as a beautiful and 

A s  with 

revered wilderness area. Some of the issues likely to be raised in such a conflict 

wlll be addressed in this paper with the intent of providing information relevant 

to assessing the central receiver power plant as an option in meeting future 

energy needs. 

The idea of using solar energy to supply some of man's energy needs is an 

old one. 

Meinel (1976). Early uses include ignition devices, weapons, and sounding statues 

A history of uses of this technology has been given by Meinel and 

which made noises at sunrise. These devices have been found in ancient Mesopo- 

tamia, Egypt, and Greece. Archimedes is said to have destroyed the Roman fleet 

of Marcellus in 212 B. C. at Syracuse by burning the ships with solar rays 

focused by shields held by soldiers. These colorful beginnings were followed by 

more practical work by experimenters in the Renaissance and up to modern times. 
P 

Solar energy can be used either locally at the point of energy demand or at: 

large central stations. CR's are a large scale central station application. 

Sunlight can be used directly through technological conversion (solar thermal, 

photovoltaics) or natural conversion (wind, ocean thermal). The CR is in the 

former category. There are many devices that could be used for solar thermal 

conversion: solar ponds, flat plate collectors, parabolic troughs, parabaloidal 
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d i s h e s ,  and c e n t r a l  r e c e i v e r s .  Severa l  s t u d i e s  have i d e n t i f i e d  C R ' s  as t h e  

most promising of  t h e s e  means o f  gene ra t ing  e l e c t r i c i t y  p r i m a r i l y  because of  

t h e  h ighe r  conversion e f f i c i e n c y  and reduced high temperature  plumbing of t h e  

CR r e l a t i v e  t o  t h e  o t h e r  choices .  

Commercial C R ' s  (should they a c t u a l l y  be  b u i l t )  are  l i k e l y  t o  be  d i f f e r e n t  

from c u r r e n t  des igns  p a r t i c u l a r l y  i n  t h e  conversion process .  However, w e  

a n t i c i p a t e  t h a t  many of t h e  important f a c t o r s  from an environmental  po in t  of  

view w i l l  be  very  similar:  land  a r e a  covered, materials used, e t c .  Current  

des igns  provide a b a s i s  f o r  e s t ima t ing  t h e  impact of commercial p l a n t s .  

The CR uses  convent iona l  technology t o  genera te  e l e c t r i c i t y .  I t  can a l s o  

produce s y n t h e t i c  f u e l s  u s ing  hydro lys i s  o r  some as y e t  unknown process .  A 

f i e l d  o f  h e l i o s t a t s  (mi r ro r s  capable  of r o t a t i n g  about two axes)  focuses  t h e  

d i r e c t  r a d i a t i o n  o f t h e s u n  onto  a l o c a l i z e d  c o l l e c t o r .  The energy of  t h e  

r a d i a t i o n  is t y p i c a l l y  t r a n s f e r r e d  t o  a working f l u i d  and used t o  d r i v e  a t u r b i n e  

t o  produce e l e c t r i c i t y .  

because they  can convert  on ly  d i r e c t  s o l a r  r a d i a t i o n  which is maximum i n  d e s e r t  

r eg ions ,  and because land is  r e l a t i v e l y  inexpens ive  t h e r e .  

C R ' s  are b e s t  s i t u a t e d  i n  a r i d  o r  semi-arid r eg ions  

CR p l a n t s  are  expected t o  become marketable  f i r s t  as in t e rmed la t e  load 

machines. Eventua l ly  they  could be  used t o  produce s y n t h e t i c  f u e l s  wi th  g r e a t e r  

market p e n e t r a t i o n  p o s s i b i l i t i e s .  The economic v i a b i l i t y  of  t h e s e  p l a n t s  a r e  

a s u b j e c t  of  c u r r e n t  debate .  An Aerospace s tudy  (1974) concluded t h a t  t hese  

p l a n t s  might be  compet i t ive  wi th  f o s s i l  f u e l  i n t e rmed ia t e  load  p l a n t s  by t h e  

1990 ' s .  

are n o t  wi thout  c r i t i c s .  Bethe (1976) argues  t h a t  CR p l a n t s  w i l l  be  a t  least 

a f a c t o r  o f  f i v e  more expensive than f i s s i o n  p l a n t s  f o r  base  load  power. Although 

Both ERDA and E P R I  are funding CR programs a t  p re sen t .  These p r o j e c t s  

he  does no t  s p e c i f i c a l l y  addres s  t h e  i s s u e  of i n t e rmed ia t e  load  power p l a n t s ,  i f  n 

h i s  c o s t  estimates are c o r r e c t ,  then  i t  is d i f f i c u l t  t o  imagine t h e  C R ' s  could 

compete i n  s e r v i n g  in t e rmed ia t e  loads  w i t h  nuc lea r  p l a n t s  w i th  s t o r a g e  f a c i l i t i e s .  
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P o l l a r d  (1976) has  come t o  much t h e  same conclusion.  He a rgues  t h a t  C R ' s  are 

s imply t o o  expensive t o  be considered as v i a b l e  a l t e r n a t i v e s  t o  nuc lea r  energy 

o r  c o a l  f o r  bu lk  power genera t ion .  The main reason  f o r  t h e s e  d i f f e r e n c e s  i n  

op in ion  regard ing  t h e  f u t u r e  c o s t s  of C R ' s  i s  t h a t  i t  i s  unce r t a in  how much c o s t  

r educ t ion  can be achieved wi th  mass product ion techniques of CR components. The 

t r u e  va lue  o f  t h e  CR as an energy op t ion  remains i n  doubt.  

The renewed i n t e r e s t  i n  s o l a r  energy fo l lowing  the  1973 o i l  embargo provided 

t h e  impetus needed t o  begin  s e r i o u s l y  examining t h e  CR power p l a n t .  A t  p r e s e n t ,  

a number of s t u d i e s  are underway t o  ana lyze  these  p l a n t s  and b u i l d  pro to type  

models i n  t h i s  count ry  and elsewhere.  I n  1974 t h r e e  systems s t u d i e s  were completed 

by t h e  Aerospace Corp., Honeywell Corp. ,  and Colorado S ta te  Un ive r s i ty  which 

compared t h e  c o s t  e f f e c t i v e n e s s  of va r ious  s o l a r  thermal  e l e c t r i c  conversion 

devices .  The r e s u l t s  of t h e s e  suggested t h a t  C R ' s  were t h e  most c o s t - e f f e c t i v e  

way of  gene ra t ing  e l e c t r i c i t y  from s o l a r  thermal  energy. Following t h e s e  r e p o r t s ,  

ERDA i n  1975 began a program t o  des ign  and b u i l d  a pro to type  c e n t r a l  r e c e i v e r  

p l a n t .  Three companies were con t r ac t ed  t o  make p re l imina ry  des igns  of  t h e  e n t i r e  

system: Honeywell, MacDonnell-Douglas, and Martin-Marietta.  I n  a d d i t i o n ,  Boeing 

w a s  c o n t r a c t e d  t o  pursue a novel  h e l i o s t a t  des ign  making use of a p r o t e c t i v e  

plastic bubble  sur rounding  each h e l i o s t a t .  ERDA p lans  a t  least  t h r e e  major 

f a c i l i t i e s .  A 5 MWt test f a c i l i t y  is being b u i l t  i n  Albuquerque, New Mexico which 

is  scheduled f o r  completion l a t e  i n  1977. A 10 MWe p i l o t  p l a n t  is t o  be b u i l t  

n e a r  Barstow, C a .  

t o  pave t h e  way t o  commercial implementation. These ERDA des igns  use Rankine 

Ul t imate ly  a 100 MWe demonstrat ion p l a n t  is  planned which is  
w 

(steam) c y c l e  systems f o r  t h e  generati 'on phase.  EPRI is  pursu ing  a complementary 

program to ERDA. Two des igns  f o r  Brayton cyc le  C R ' s  are being  funded, a long  

w i t h  assessments of  t h e  va lue  of t h i s  technology t o  e l e c t r i c  u t i l i t i e s .  The 

f u t u r e  funding of  t h e  CR w i l l  

programs and on p o l i c y  dec i s ions  regard ing  t h e  v i a b i l i t y  of t h i s  technology. 

@ depend on t h e  r e s u l t s  of t hese  EROA and EPRI  
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I n  appendices I and I1 a number of  f i g u r e s  are presented  which i l l u s t r a t e  some 9 
of t h e s e  des igns ,  and art ists  concept ions o f  proposed f a c i l i t i e s .  

Once cons t ruc t ed  and i n  ope ra t ion ,  CR power p l a n t s  w i l l  be r e l a t i v e l y  non- 

p o l l u t i n g  compared t o  convent iona l  technologies  (except  nuc lea r  p l a n t s ) .  However, . 
l a r g e  amounts of l and ,  materials, and c a p i t a l  w i l l  be r equ i r ed  f o r  t h e i r  construc-  

t i o n .  The impact of provid ing  these  are es t imated  i n  t h i s  paper .  

Most h e l i o s t a t  des igns  are q u i t e  massive as t h e  mi r ro r s  must s u r v i v e  t e r r e s -  

t i a l  weather .  Towers and s t o r a g e  devices  are a l s o  massive.  I n  producing t h e s e  

materials, and i n  b u i l d i n g  t h e  CR p l a n t ,  s i g n i f i c a n t  amounts of  a i r  and water  

p o l l u t a n t s  w i l l  be  r e l e a s e d  i n t o  t h e  environment. These amounts are es t imated  i n  

t h e  t e x t  and t h e  a i r  releases are compared t o  those  from equ iva len t  f o s s i l  f u e l  

p l a n t s .  The results sugges t  that o v e r a l l  t h e  CR i s  more benign than  most f o s s i l  

f u e l  p l a n t s  f o r  major a i r  p o l l u t a n t s ,  a p o s s i b l e  except ion  be ing  n a t u r a l  gas .  

Cons t ruc t ing  a CR is a l a b o r  i n t e n s i v e  enterprise (conpared t o  say  gene ra t ing  

e l e c t r i c i t y  from c o a l ) .  Approximately 10,000 man y e a r s  of l a b o r  would be r equ i r ed  

t o  b u i l d  one. The d i s t r i b u t i o n  of t h e s e  jobs by occupat ion are l i s t e d  i n  t h e  

t e x t .  Labor would a l s o  be r equ i r ed  t o  main ta in  these  p l a n t s ,  but  t h i s  i s  not  

e s t ima ted .  U t i l i z i n g  C R s  w i l l  make t h e  u t i l i t y  i n d u s t r y  more l a b o r  i n t e n s i v e  

than  a t  p r e s e n t ,  a l though t h i s  i s  l a r g e l y  because t h e  CR i s  more expensive then 

alternatives.  The e f f e c t s  of pass product ion  techniques  are no t  e s t ima ted .  

The impact of  C R ' s  on t h e  l o c a l  d e s e r t  environment w i l l  be  s u b s t a n t i a l  and 

w i l l  b e  judged de t r imen ta l  by many people.  

over  t h e  l a r g e  land  areas t h a t  t h e  CR would occupy. Problems of  e ros ion ,  d u s t ,  

i nc reased  w a t e r  r unof f ,  and d e s t r u c t i o n  of w i l d l i f e  w i l l  occur .  Demographic 

s h i f t s  t o  t h e  southwest would accen tua te  t h e s e  problems. Water would b e  r equ i r ed  

f o r  coo l ing  of Rankine cyc le  p l a n t s  and t o  suppor t  t h i s  increased  popula t ion .  This  

would s t r a in  t h e  a l r e a d y  overtaxed southwestern water supply.  Demographic s h i f t s  

could l ead  t o  an  even g r e a t e r  i n c r e a s e  i n  demand f o r  water than coo l ing  r equ i r e -  

ments. 

The n a t u r a l  ecosystem w i l l  be a l t e r e d  
1 
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C l i m a t e  could be a f f e c t e d  by t h e  c o n s t r u c t i o n  and o p e r a t i o n  of CR p l a n t s  

i n  a r i d  r eg ions .  The main e f f e c t  i d e n t i f i e d  so  fa r  i s  t h e  p o t e n t i a l  f o r  i n c r e a s -  

i n g  p r e c i p i t a t i o n  by modifying t h e  d e s e r t  s u r f a c e  albedo.  Cl imat ic  e f f e c t s  c o u l d  

be l o c a l ,  r e g i o n a l  ( a l s o  c a l l e d  mesoscale),  o r  g loba l  depending on t h e  l e v e l  of 

c o n s t r u c t i o n  of t h e  CR's. Although mankind has done much t o  modify t h e  s u r f a c e  

of t h e  e a r t h ,  he has not  as y e t  modified t h e  d e s e r t s  of t h e  world t o  t h e  e x t e n t  

t h a t  CRs could e v e n t u a l l y .  For t h i s  reason,  t h e  c l i m a t i c  e f f e c t s  of C R s  a r e  o f  

p a r t i c u l a r  importance.  Another f a c t o r  i s  t h a t  t h e  boundaries of many d e s e r t s  

support  human popu la t ions  on t h e  b a r e  s u b s i s t e n c e  l e v e l ,  and any i n c r e a s e  o r  

dec rease  i n  t h e  s i z e  of t h e s e  d e s e r t s  can have dramatic e f f e c t s  on t h e s e  s e t t l e -  

ments. The d i s a s t r o u s  Sahe l i an  drought i n  Af r i ca  and t h e  encroachment of t h e  

Rajasthan d e s e r t  i n  Ind ia  a r e  v i v i d  i l l u s t r a t i o n s  of t h i s  p o i n t .  

I n  s e c t i o n  I1 w e  s h a l l  p re sen t  a b r i e f  review of t e c h n i c a l  d e t a i l s  o f  t he  

central receiver design.  In  s e c t i o n  111 socio-economic q u e s t i o n s  w i l l  be 

considered.  Sec t ion  I V  d e a l s  w i th  t h e  e c o l o g i c a l  e f f e c t s  i n  t h e  v i c i n i t v  of t h e  

CR p l a n t  s i te.  Sec t ion  V d e a l s  w i th  c l ima te ,  and s e c t i o n  V I  p r e s e n t s  some 

s p e c u l a t i o n s  and conclusions.  
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11. Technical Considerat ions 

In Figure 11-1 a s i m p l i f i e d  diagram o f  a CR p l a n t  shows t h e  major com- 

ponents.  Many des igns  ex i s t  f o r  t h e s e  p l a n t s .  Common t o  a l l  o f  the des igns  

are a h e l i o s t a t  f i e l d  t o  focus t h e  d i r e c t  r a d i a t i o n  of t h e  sun on to  a r c c c i v e r  

s i t u a t e d  a t  t h e  t o p  o f  a tower.  

i n t o  en tha lpy  i n  a working f l u i d  i n  t h e  r e c e i v e r  and used t o  produce e l e c t r i c i t \  

o r  t h e  r a d i a t i o n  might be used i n  a d i r e c t  p rocess  t o  produce s y n t h e t i c  f u e l s .  

The temperature  of t h e  r a d i a t i o n  which reaches t h e  e a r t h  from t h e  s u n  i s  about 

5800'K. In p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  focus t h i s  l i g h t  on a m a t e r i a l  and 

ach ieve  up t o  t h i s  temperature .  In p r a c t i c e ,  o p t i c a l  system l i m i t a t i o n s  l i m i t  

cons ide rab ly  t h e  temperature  a t t a i n a b l e  with mi r ro r  focusing.  A s o l a r  furnace 

i n  France a t  Orsay h a s  achieved temperatures  up t o  about 4000'K. Because of 

m a t e r i a l  problems, t h e s e  high temperatures  cannot be used i n  known thermodvnamic 

c y c l e s  a t  p r e s e n t .  These l i m i t a t i o n s  determine t h e  c u r r e n t l y  usab le  t empera tu res  

o f  about 1200'C f o r  Brayton eng ines ,  and about 55O0C f o r  Rankine c y c l e s .  

The energy of t h e  r a d i a t i o n  can be convcrtcd 

For many a s p e c t s  o f  t h e  CR,  s eve ra l  design cho ices  a r e  p o s s i b l e .  The 

two major power gene ra t ion  schemes which have been given s e r i o u s  a t t e n t i o n  5 0  

f a r  are t h e  Rankine c y c l e  (funded by ERDA) and t h e  Brayton c y c l e  [funded 

p r i n c i p a l l y  t h e  EPRI, but a l s o  by E R D A ) .  Open ( a i r )  and c losed  (helium) 

Brayton c y c l e s  a r e  being considered by Black and Veatch Corp. and Boeing Corp.,  

r e s p e c t i v e l y .  

t h e  Brayton because o f  t h e  lower temperatures  of  t h e  working f l u i d .  S t e m  

temperatures  of  550°C a r e  t y p i c a l  f o r  a high performance steam t u r b i n e .  

i n l e t  temperatures  must be much h ighe r  (approximately 1200'C) t o  achieve t h e  

same e f f i c i e n c y .  

i s  more d i f f i c u l t  t o  b u i l d  because of m a t e r i a l  problems a t  t h e  high t empera tu res .  

On t h e  o t h e r  hand, t h e  Brayton design o f f e r s  t h e  p o s s i b l i t y  o f  bottoming c y c l e s  

which could boost t h e  e f f i c i e n c y  o f  t h e  system. The open Brayton c y c l e  does 

The Rankine c y c l e  p r e s e n t s  fewer engineer ing d i f f i c u l t i e s  than 

Brayton 

The heat  exchanger i n  t h e  r e c e i v e r  f o r  t h e  Brayton design 

, A 
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not  r e q u i r e  coo l ing  and t h e r e f o r e  has less water requirements  u n l e s s  a 

Rankine bottoming c y c l e  i s  added. 

Several  cho ices  f o r  f i e l d  geometry ex i s t  ( s ee  Figure AII-2) .  S t r i c t l y  

speaking, t h e  c e n t r a l  r e c e i v e r  concept r e f e r s  t o  a tower l o c a t e d  a t  t h e  c e n t e r  

o f  a c i r c u l a r  f i e l d .  F:or some designs (and i n  northern l a t i t u d e . ; )  i t  i.; 

f avo rab le  t o  have t h e  tower loca t ed  south of t h e  f i e l d  c e n t e r .  Otlicr' d e s i g n s  

have t h e  h e l i o s t a t  f i e l d  e n t i r e l y  t o  t h e  n o r t h  o f  t h e  r e c e i v e r .  In some 

des igns ,  a s i n g l e  tower would be used t o  gene ra t e  perhaps 100 MW . Another 

p o s s i b l i t y  i s  t o  have a number o f  smaller towers,  each with t h e i r  r e s p e c t i v e  

e 

f i e l d s .  Such a modular design scheme has been proposed, f o r  example, b y  

Mart in-Mariet ta  ( see  appendices) .  The f i e l d  s u r f a c e  may be f l a t ,  t e r r a c e d  

t o  t h e  n o r t h ,  o r  even bowl shaped. 

p l a n t  with a s i n g l e  tower i s  about 300m. Tower height  v a r i e s  very r o u g h l y  

A t y p i c a l  tower he igh t  f o r  a 100 MWe 

as t h e  square root  o f  t h e  power ou tpu t  o f  t h e  f i e l d  f eed ing  t h e  tower.  

Since t h e  d i r e c t  r a d i a t i o n  from t h e  sun i s  i n t e r n i i t t a n t  and absent a t  

n i g h t ,  some method o f  backing up t h e  s o l a r  r e source  i s  r e q u i r e d  i f  t h e  p l a n t  

i s  t o  produce e l e c t r i c i t y .  The backup can be accomplished i n  e s s e n t i a l l ) ,  

t h r e e  ways. The f i r s t  i s  t o  s t o r e  energy f o r  l a t e r  use .  The second i s  t o  

burn a f o s s i l  f u e l  a t  t h e  s o l a r  p l a n t  (hybrid system). The t h i r d  i s  t o  have 

s u f f i c i e n t  r e s e r v e  i n  t h e  rest of t h e  u t i l i t y  g r i d  t o  back up t h e  s o l a r  p l a n t s .  

The ERDA des igns  a l l  use s t o r a g e  whereas EPRI i s  cons ide r ing  hybrid systems. 

D i f f e r e n t  s t o r a g e  systems are  a l s o  p o s s i b l e .  First, energy can be 

s t o r e d  i n  t h e  form o f  e i t h e r  s e n s i b l e  o r  l a t e n t  heat.  Latent heat  s t o r a g e  

can be achieved with e u t e c t i c  s a l t s  f o r  t h e  temperatures  d e s i r e d  i n  a Rankine 

cyc le .  S e n s i b l e  heat  s t o r a g e  can u s e  o i l  o r  rocks o r  a combination o f  both.  

Thermal s t o r a g e  i s  n o t  p r a c t i c a l  f o r  Brayton d e s i g n s .  Other p o s s i b l i t i e s  

i nc lude  b a t t e r i e s ,  f lywheels ,  compressed a i r ,  pumped hydro, and super  con- 

d u c t i n g  magnets. The s t o r a g e  schemes f o r  t h e  ERDA des igns  a re  l i s t e d  i n  

9 

n 
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Appendix 1 1 .  

30m t o  about 2 

Typical m i r r o r  a r e a s  f o r  a s i n g l e  he1 i o s t a t  vary from shout 

40m . Each h e l i o s t a t  i s  r o t a t a b l e  about two axes i n  o rde r  t o  2 

fol low t h e  sun. Since they  must withstand extreme v a r i a t i o n s  i n  the elcirient.; 

t h e s e  dev ices  must be massive,  and t h i s  adds s i g n i f i c a n t l y  t o  t h e  c o s t .  The 

Boeing design i s  t h e  l i g h t e s t  h e l i o s t a t  being funded, but t h e  foundat ion is  

s t i l l  about as massive as t h e  o t h e r  designs ( s e e  F i g .  AI-1). 

Several  t ypes  o f  r e c e i v e r  are being considered ( see  F ig .  AII-1). There 

i s  some r e l a t i o n s h i p  between r e c e i v e r  and h e l i o s t a t  design.  M a r t i n -  

Marietta and Honeywell have proposed c a v i t y  r e c e i v e r s .  The absorbing prop- 

ert ies of c a v i t i e s  have long been recognized,  These r e c e i v e r s  r e q u i r e  t h e  

h e l i o s t a t  m i r r o r s  t o  be focusing t o  match t h e  c a v i t y  a p e r t u r e .  McDonnell- 

Doublas has  designed a c y l i n d r i c a l  r e c e i v e r  with absorbing pane l s  on t h e  

e x t e r i o r .  

be f l a t .  The material problems f o r  t h e  r e c e i v e r  f o r  a Brayton c y c l e  system 

a r e  seve re .  Both of  E P R I ' s  de s igns  (open and c losed  c y c l e  Braytons) a r e  

c a v i t i e s .  Direct r a d i a t i o n  fluxes on t h e  i n s i d e  walls o f  t h e  c a v i t i e s  K i l l  

reach 200 kW/m 

of t h e  c a v i t y .  A t  p r e s e n t ,  cons ide rab le  e f f o r t  i s  being devoted t o  f i n d i n g  

s u i t a b l e  m a t e r i a l s  f o r  t h e  hea t  exchanger tubes  and c a v i t y  walls. S i l i c o n  

c a r b i d e  t u b e s  w i t h  inkonel  j o i n t s  are t h e  prime cand ida te .  

Focusing i s  not  so c r i t i c a l  f o r  t h i s  design and t h e  mi r ro r s  could 

2 and h ighe r .  Temperatures w i l l  exceed 1 1 0 0 " ~  on t h e  wa l l s  

Tower c o n s t r u c t i o n  can a l s o  vary.  S l i p  form conc re t e  towers and guyed 

wire towers are o f t e n  cons ide red .  For t h e  Brayton des igns ,  it i s  considered 

d e s i r a b l e  t o  c a r r y  out  t h e  gene ra t ion  a t  t h e  t o p  o f  t h e  tower t o  reduce p r e s -  

s u r e  and temperature  l o s s e s  i n  t r a n s p o r t i n g  t h e  ve ry  hot working f l u i d .  'This 

adds t o  t h e  s t r u c t u r a l  requirements  o f  t h e  tower and t h e r e f o r e  i t s  c o s t .  On 

t h e  o t h e r  hand, s i n c e  no s t o r a g e  i s  provided, t h e  tower and f i e l d  s i ze  a r e  

smaller than  t h e  ERDA funded des igns  k i t h  t h e  same r a t e d  c a p a c i t y ,  t he  e x t r a  

3 
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power being generated by t h e  hybrid u n i t .  

Land a r e a  requirements  f o r  CR p l a n t s  are cons ide rab le .  Approximately 
L 1 km 

power 

t h e  mi r ro r  area t o  t h e  t o t a l  a r e a  of  t h e  CR power p l a n t .  

vary  from as low a s  .25 t o  as h igh  a s  . 5 .  When ground cover  i s  h i g h ,  s h a d i n g  

o f  one h e l i o s t a t  by another  can occur .  

i s  low, mi r ro r  a r e a s  a r e  less e f f e c t i v e l y  u t i l i z e d  because o f  tht. obliqueness 

of  t h e  h e l i o s t a t s  r e l a t i v e  t o  t h e  sun. Land must a l s o  be devoted t o  transmission 

equipment. 

materials which a r e  used t o  bu i ld  t h e  p l a n t .  

r e q u i r e  from 1 . 5  t o  2 times a s  much mi r ro r  a r e a  a s  a n  i n t e rmed ia t e  load p l a n t .  

CR p l a n t s  a r e  m a t e r i a l  i n t e n s i v e  s t r u c t u r e s .  

by t h e  ERDA funded c o n t r a c t o r s ,  t h e  fo l lowing  approximate amounts o f  s t e e l  and 

conc re t e  would be r equ i r ed  t o  bu i ld  t h e  h e l i o s t a t  f i e l d  f o r  a 100 MW 

mediate p l a n t  

of mi r ro r  a r e a  would be r equ i r ed  t o  supply 100 PWe o f  i n t e rmed ia t e  load 

a us ing  one o f  t h e  ERDA des igns .  The ground cover  r a t i o  i s  t h e  r a t i o  of  

Th i s  number cou ld  

On t h e  o t h e r  hand, when ground cover 

Fur the r ,  one should a t t r i b u t e  some land t o  t h e  formation o f  t h e  

A base load power p l a n t  would 

Based on e s t i m a t e s  o f  matcbrials 

i n t e r -  e 

4 Stee l  - 3 . 7  x 10 tons  

Concrete - 2.15 x 10 t o n s .  5 

Addit ional  steel  and conc re t e  would be needed f o r  t h e  tower,  support  5 t r u c t u r e s ,  

and s t o r a g e  f a c i l i t i e s .  Most o f  t h e  conc re t e  goes i n t o  t h e  massive foundat ion 

o f  t h e  h e l i o s t a t s  ( t y p i c a l l y  about 8 t o n s  p e r  h e l i o s t a t ) ,  which must surv ive  

q u i t e  s eve re  winds. For des igns  which use  g l a s s  mi r ro r s ,  t h e  g l a s s  requirements  

5 would be about 2 . 1  x 10 

p l a n t  u s ing  t h e  Boeing h e l i o s t a t  would r e q u i r e  about 350 t o n s  of  Ted la r ,  about 

t o n s  f o r  a 100 We in t e rmed ia t e  load p l a n t .  Such a 
I 

56 t o n s  of Polyurethane,  and about 140 t o n s  of  Mylar. The Macnonnell-Doug 

des ign  would r e q u i r e  about 595 kg. o f  s i l v e r  and about 2,290 kg of  a c r y l i c  

as 

Peak load power I s  power requi red  o n l y  du r ing  hours o f  peak demand, less 
than  s i x  hours  a day,  u s u a l l y  i n  t h e  a f t e rnoon .  In te rmedia te  load power 
i s  r equ i r ed  more than  s i x  hours ,  but  less than  1 2  hours  a day, and base 
load  power i s  a cont inuous ,  noli f l u c t u a t i n g  demand, 

a 
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Q 

r 

a d d i t i o n ,  l a r g e  amounts of s t o r a g e  m a t e r i a l s  would be r e q u i r e d ;  t h e s e  a r e  

l i s t e d  when a v a i l a b l e  i n  Appendix I J .  Appendix T c o n t a i n s  some more d c t a i l e t l  

information on m a t e r i a l  requirements of h e l i o s t a t s .  

Costs  a r e  o f  primary i n t e r e s t  t o  t h e  economic v i a b i l i t y  of  C K ' s .  The 

Aerospace r e p o r t  g i v e s  t h e  fol lowing numbers f o r  t h e  c o s t  p e r  kH; o f  t h e  

v a r i o u s  components i n  1990 d o l l a r s  assuming mass product ion:  

e 
(100 MWe 

i n t e r m e d i a t e  load p l a n t ) .  

Land 

S t r u c t u r e s  and F a c i l i t i e s  

H e l i o s t a t s  

Cen t ra l  Receiver/Tower/Heat Exch. 

Storage Tanks 

Bo i l e r  Plant  

T u r b i n e  P1 an t  Equipment 

E l e c t r i c  Plant  Equipment 

M i  sc .  Plant  Equipment 

Allowance f o r  Cooling Towers 

To ta l  Direct  Cost 

Contingency Allowance 

Spare P a r t s  A 1  lowance 

I n d i r e c t  Costs 
'Total Capital Investment 

Esca la t ion  t o  S t a r t  o f  Construct ion 

Total  a t  S t a r t  o f  Construct ion 

I n t  eres t During Con s t ruc  t ion  

Esca la t ion  During Construct ion 

To ta l  Cost a t  Y r .  of  Completion 

(1 990 dol  lars/kWe) 

$ 2  
44 

300 

95 

90 
- -  

8 1) 

2 1  

4 

20 

656 
39 

3 

78 
776 

296 
1072 

119 

169 

1360 

2 These c o s t  e s t i m a t e s  assume a h e l i o s t a t  c o s t  of  $30/m , a c o s t  t h a t  no one 

would be w i l l i n g  t o  produce them f o r  today. These e s t i m a t e s  a r e  probably 

o p t i m i s t i c ;  more r ecen t  e s t i m a t e s  of  h e l i o s t a t  c o s t s  a r e  in t h e  range of 

$160/mL. 

upwards of  100 m i l l i o n  d o l l a r s ,  o r  more t h a n  S l 0 , O O O  per kilowatt. 

The 10 We p i l o t  p l a n t  being b u i l t  i n  Barstow i s  going t o  cos t  

O f  
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cour se  mass product ion t echn iques  w i l l  reduce t h i s  c o s t .  A r educ t ion  of 

about a f a c t o r  o f  1 0  i s  r e q u i r e d  t o  achieve t h e  Aerospace e s t i m a t e s .  Whether 

o r  no t  t h i s  can be achieved remains t o  be seen.  Note t h a t  h e l i o s t a t s  accoun t  

f o r  about h a l f  o f  the t o t a l  d i r e c t  c o s t s  i n  t h e  Aerospace es t i rna tcs .  

The fol lowing c o s t  e s t i m a t e s  were presented a t  t h e  1976 ISES confcrencc 

i n  Winnipeg (Blake, 1976 and Easton, 1976).  

Mart in-Mariet ta  Cost Estimates: 1975 dollars/kWe, f o r  3 100 bW, i n t e r -  

mediate load p l a n t :  

He 1 i o s t  a t  Col 1 ec t o r s  

Storage Tanks, Heat Exchangers 

Storage F lu id ,  HITEC, Thermia 

Main P l a n t ,  S i t e ,  S e r v i c e s  

Turbine,  Generator ,  Foundat ion 

Towers, R i  ser/Downcomer 

Steam Generator ,  Con t ro l s  

Air Cooled Condenser, C i r c u l a t i o n  

To ta l  I n s t a l l e d  System 

System 

759.14 

15.13 

153.5 

114.73 
82.62 

180.37 

182.27 

6 1 . 10 

1685.0 

McDonnell-Douglas Cost Es t ima tes :  1975 dollars/kWe, f o r  a 100 We 

i n t e r m e d i a t e  load p l a n t :  
C o l l e c t o r  Subsystem 678.0 

Receiver Subsystem 143.0 

Thermal Storage Subsystem 122.0 

Master Control Subsystem 5 .0  

230.0 E l e c t r i c  Power Generation System 
O p e r a t i o n a l / s i t e  a c t i v a t i o n  32.0 

Total  S o l a r  P l an t  1210.0 
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These estimates correspond t o  h e l i o s t a t  c o s t s  of $76/m2 f o r  t h e  Martin 

Marietta design and $68/mL f o r  t h e  McDonnell-Douglas des ign .  I t  should 

be emphasized t h a t  t h e s e  e s t i m a t e s  a r e  based on assumptions o f  c o s t  re- 

d u c t i o n s  through t h e  use  o f  mass producton t echn iques .  A r a t h e r  crude 

analogy can be made t o  t h e  automobile, which i s  mass-produced us ing  many 

of t h e  same m a t e r i a l s  ( s t e e l ,  g l a s s ,  e l e c t r i c a l  equipment) a s  t h e  h e l i o -  

s t a t s .  Taking t h e  weight of s tee l  t o  be about 75 lbs/m2 of  h e l i o s t a t  , 

and t h e  c o s t  o f  s tee l  components t o  be about $1 p e r  pound ( t h e  c o s t  of 

a very a u s t e r e  car i n  1975 d o l l a r s ) ,  t h e  h e l i o s t a t  would c o s t  about 

$75/m . The c o s t  o f  t h e  c o n c r e t e  foundat ion might add a n o t h e r  $25/m 

f o r  a t o t a l  of $100/m . This  analogy i n d i c a t e s  t h a t  t h e  e s t ima ted  

2 2 

2 

h e l i o s t a t  c o s t s  may be r e a l i z a b l e ,  but w i l l  involve a c o n s i d e r a b l e  c o s t -  

r e d u c t i o n  e f f o r t .  As a f i n a l  p o i n t ,  t h e s e  e s t i m a t e s  are  cons ide rab ly  

h i g h e r  t han  t h a t  ($30/m2 i n  1990 d o l l a r s )  used i n  Aerospace s t u d i e s .  
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111. Socio-Economic Impl i ca t ions  o f  C e n t r a l  Receiver Technology 

A. M a r k e t  P e n e t r a t i o n  

I n  t h i s  s e c t i o n  t h e  p o t e n t i a l  e f f e c t s  of CRs  on t h e  U . S .  economy, 

employment, and p o l l u t i o n  l e v e l s  w i l l  be examined. The impacts of t h i s  

technology w i l l  be roughly p r o p o r t i o n a l  to t h e  l e v e l  of market penetra-  

t i o n  which it w i l l  a ch ieve  i n  t h e  f u t u r e .  I t  is beyond t h e  scope of 

t h i s  report to p r e d i c t  or m o d e l  t h i s  p e n e t r a t i o n .  ERDA (1976) i n  its 

n a t i o n a l  energy p l an  has proposed t h e  c o n s t r u c t i o n  of 50 - 100 We of 

baseload e q u i v a l e n t  solar electric power p l a n t s  by t h e  year 2000. Th i s  

corresponds to  t h e  c o n s t r u c t i o n  of from 1200  t o  2400 100 Mwe interme- 

d i a t e  load CR power p l a n t s  i f  a l l  t he  solar electric c o n s t r u c t i o n  is  of 

t h e  CR type. I n  o t h e r  words, from 120  to 240 GWe of in t e rmed ia t e  load 

c a p a c i t y .  N o t  a l l  of t h i s  c a p a c i t y  would be of t h e  CR type, so t h a t  

perhaps 100 We of CR c a p a c i t y  is more i n  keeping with t h e  p l a n  of ERDA. 

The total  in t e rmed ia t e  load demand i n  t h e  U . S .  a t  p r e s e n t  corresponds to 

a c a p a c i t y  of about 120 GWe. Much of t h i s  demand is i n  t h e  Nor theas t  

which is too f a r  to t r a n s m i t  e l e c t r i c i t y  from t h e  Southwest. On t h e  

o t h e r  hand, e l e c t r i c i t y  demand may i n c r e a s e  between now and t h e  year 

2000. 

growth and low growth p r o j e c t i o n s ) ,  t h e  r e q u i r e d  i n t e r m e d i a t e  c a p a c i t y  

would be about  189 GWe i n  t h e  y e a r  2000. Thus 100 GWe appea r s  t o  be a 

Assuming a 2% growth rate i n  demand (which l i es  between h igh  

reasonable  upper bound for t h e  implementation of CR p l a n t s  of i n t e r -  

mediate type  i n  t h i s  cen tu ry .  

technology and i t s  high capital  costs. Moreover, t h e  t r e n d  i s  toward 

U t i l i t i e s  w i l l  be slow i n  a c c e p t i n g  this 

A 
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peak power pricing to achieve load l e v e l i n g ,  and t h i s  could reduce 

the intermediate load demand. 

The actual level of market penetration depends on a number of fac- 

tors that cannot be determined with any degree of certainty. These 

include the future cost of a CR power plant; the future price and avail- 

ability of alternative fuels; and the perceived or actual environmental 

acceptability of CR plants as compared to conventional technologies. 

Government intervention or subsidy (on behalf, for example, of the en- 

vironment or reduced dependence on fossil fuels) is likely to be a 

significant factor. The general approach in this and following sections 

will be to implicitly assume that the technology will be implemented 

and to examine the consequences, often without reference to a particular 

scenario of market penetration. 

8 .  The Model 

In order to analyze the effects of building a given number of cen- 

tral receiver power plants, a model has been developed which simulates 

the industrial sector in the U . S . ,  the ramifications on employment of a 

given industrial activity, and the level of effluent production associated 

with such an activity. The mde1 uses a 93 sector input/output ( I / G )  total 

requirements matrix for  1972 which is stored on the Lawrence Berkeley 

Laboratory computer and was obtained from the Bureau of Economic Analysis. 

One begins with an initial. vector corresponding to an increase in demand 

in each of the 93 industry sectors. Multiplication of this vector by 

the input/output matrix approximates the effects of higher order 
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in t e rchanges  between i n d u s t r i e s  and produces an estimate of t h e  t o t a l  

i n c r e a s e  i n  demand f o r  the o u t p u t  of each of t h e  i n d u s t r i a l  s e c t o r s .  

The nex t  s t e p  invo lves  a 93x423 ma t r ix  which c o n t a i n s  d a t a  on t h e  n u d e r  

of jobs broken down i n t o  423 occupat ions t h a t  are r equ i r ed  f o r  the produc- 

t i o n  of a u n i t  o f  o u t p u t  i n  each o f  t h e  93 i n d u s t r y  sectors. Mul t ip l i ca -  

t i o n  of t h e  t o t a l  o u t p u t  or  demand vec to r  by t h i s  ma t r ix  y i e l d s  an 

estimate of t h e  number of jobs i n  each occupat ion which would be c r e a t e d  

by t h e  increase i n  demand. This  employment ma t r ix  w a s  developed a t  

Lawrence Berkeley Laboratory (Merrill,  1976) and i s  s t o r e d  f o r  g e n e r a l  

use on t h e  l a b o r a t o r y  computer. The f i n a l  tool used i n  t h e  a n a l y s i s  

w a s  a 93x43 ma t r ix  which c o n t a i n s  t h e  e f f l u e n t  p roduc t ion  o f  each of t h e  

93 i n d u s t r i e s  (normalized by t h e  o u t p u t  of t h e  i n d u s t r y )  for  43  d i f f e r e n t  

e f f l u e n t  t y p e s ,  i n c l u d i n g  major a i r  and water p o l l u t a n t s .  Since t h e  

e f f l u e n t s  m a t r i x  w a s  formed as p a r t  of this p r o j e c t ,  a b r i e f  d e s c r i p t i o n  

of it w i l l  be  g iven  he re .  
The prime source for the effluents matrix was data gathered by 

the SEAS project of the Environmental Protection Agency (House, 1977). 

These data include gross outputs of various effluents by the SEAS in- 

dustry classification, for 1972. Also included are a number of options 

for pollution control corresponding to various future EPA standards. 

In most cases, the control used corresponded to 1990 EPA standards. 

The sost stringent standards for treatment were applied to obtain a 

matrix of net effluents produced by industry that is expected to be 

somewhat representative of the timeframe of implementation of the CR 

technology. Since the SEAS industry classifications did not correspond 

to those used in our 1/0 model, an aggregation was performed. Each of 

the SEAS industries was mapped into one of the 93 1/0 model industries 
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to yield net effluent production by 43 effluents and 93 industries. 

The final part of the calculation was to normalize the net effluents 

for each industry by the dollar output of the industry in 1972. The 

resulting matrix is an approximation to the effluents which will 

be produced in 1990 by each of the 93 industries per (1972) dollar 

of output. Suppose an increase in dollar demand on industry i is g i v e n  

in 1972 dollars. Then, by multiplying by the proper elements in 

the effluents matrix, one obtains an estimate of the pollution which 

this activity would produce in the year 1990. Multiplication of 

the total demand vector by this effluents matrix yields an estimate 

of the total effluents released as caused by an increase in direct 

demand in 1990. 

C. The Bill of Goods 

In order to use the model, an estimate must be made of the demands 

on each of the 93 industries which would result from building a CR plant. 

We shall call this estimate (in 1972 dollars) a "bill of goods". The 

best available data from which such a bill could be constructed was pro- 

vided by the Eoneywell Corp. in their Preliminary Design Baseline 

Report for the CR project. ( T h i s  document exists as an internal ERDA 

document, copies may be examined at the ERDa - SAM office in Oakland, 

CA, but are not available for distribution.) In this report a cost 

breakdown was given for the components of the plant, based on wholesale 

prices at the time the report was written. Most of these figures cor- 

respond to 1973 or 1974 dol1ars.In using these e s t i m a t e s , i n f l a t i o n  from 1972 

was ignored because it represented a small factor relative to the 

other uncertainties in this procedure. It should be emphasized that 
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neither Honeywell nor ERDA will attest to the accuracy of these cost 

estimates, and they may have been superseded or updated by the time ttiis 

report is released. It should also be emphasized that the Honeywell de- 

sign is but one of four under study with ERDA funding. Our use of their 

cost calculations represents neither an endorsement nor an indictment of 

the Honeywell design. Rather, we take this design as representative of 

a CR plant for the purposes of constructing our bill of goods. We would 

expect future developents of CR designs to modify the details but not 

the qualitative results of our analysis. 

The bill of goods based on the Honeywell estimates may be read in 

Table I. These correspond to a considerably higher cost per kWe of 

installed capacity than the Aerospace estimates listed in Section 11. 

Honeywell estimated the cost of buying the components of the CR plant 

at present wholesale prices, whereas Aerospace assumed considerable cost 

reductions due to mass production techniques (they assumed for example 

a cost of $30/m2 for heliostats). 

U.S. economy, it is appropriate to estimate the bill of goods based on 

the Honeywell data. The results of the model can then be interpreted as 

the effects that would be felt in our economy if central receivers were 

built with the present industrial structure. In this process, we may be 

overestimating the number of man years involved in building such a plant 

compared to mass production techniques. However, our modeling caps- 

bilities do not allow us to predict the effects of mass production. 

Since our model is based on the 1972 

Q 

, 



T a b l e  I. Demands on Indus t ry  Resu l t ing  from Cons t ruc t ion  of a 100 MWe C e n t r a l  Receiver 
Power P lan t .  
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Tab le  I. (continued) 
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D. I n d u s t r i a l  E f f e c t s  

Tab le s  I, I1 and 111 i l l u s t r a t e  t h e  r e s u l t s  of t h e  model a p p l i e d  t o  

t h i s  b i l l  of  goods f o r  a 100 MWe in te rmed ia t e  load CR p l a n t .  Table  I 

p r e s e n t s  t h e  93 i n d u s t r i e s  of t h e  1/0 model a long wi th  t h e  1972 o u t p u t s  

of each i n d u s t r y ,  t h e  b i l l  of goods,  t h e  f r a c t i o n  of t h i s  w i th  1972 ou t -  

p u t ,  t h e  t o t a l  i n c r e a s e  i n  demand, and t h e  f r a c t i o n  of t h i s  wi th  1972 

output .  These resu l t s  may be viewed as t h e  e f f e c t s  on t h e  1972 U.S. 

economy i f  one CR p l a n t  came on l i n e  each year .  

E. Employment 

Table  I1 lists t h e  e f f e c t s  on employment of meeting t h i s  b i l l  of 

goads. For 423 j o b  c l a s s i f i c a t i o n s  it p r e s e n t s  t h e  number of jobs i n  

each c l a s s i f i c a t i o n  i n  1972, t h e  number of  jobs produced i n  d i r e c t l y  

meet ing t h i s  b i l l  o f  goods,  t h e  f r a c t i o n  and sum of t h i s  wi th  1972 

totals,  t h e  total  number of jobs produced i n  meeting t h e  b i l l  of goods,  

and t h e  f r a c t i o n  and sum of  t h i s  wi th  1972 totals.  These jobs a r e  

e s t i m a t e s  of t h e  number of man y e a r s  which would be r e q u i r e d  to  produce 

t h e  basic components of  t h e  CR p l a n t .  They do n o t  inc lude  on - s i t e  

c o n s t r u c t i o n  w o r k  and labor involved i n  t r a n s p o r t a t i o n .  They inc lude  

o n l y  those jobs which would c o n t r i b u t e  t o  bu i ld ing  or manufactur ing 

components for t h e  p l a n t  which are a l r e a d y  manufactured for o t h e r  pur- 

poses or are similar to those  manufactured for o t h e r  purposes.  The 

additional jobs which would be r e q u i r e d  f o r  o n - s i t e  assembly and 

c o n s t r u c t i o n  cannot  be estimated by t h e  techniques  used he re ,  b u t  can 

on ly  be es t ima ted  by c o n s t r u c t i o n  c o n t r a c t o r s  and aerospace companies 

actually involved i n  bu i ld ing  t h e  p l a n t s .  Unpublished estimates which 

w e  have seen  sugges t  t h a t  on ly  a small f r a c t i o n  of t h e  total  jobs 
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T a b l e  11. (continued) 
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Tab le  11. (cont inued)  
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would involve  o n - s i t e  c o n s t r u c t i o n  and assembly,  so t h a t  w e  view t h e  

above estimates as r e a s o n a b l e  approximat ions  f o r  t h e  e n t i r e  p l a n t .  

Figure 111-1 shows g r a p h i c a l l y  t h e  j o b  data f o r  direct i n c r e a s e  and 

for t h e  most a f f e c t e d  o c c u p a t i o n s .  F i g u r e  111-2 shows t h e  same f o r  

t h e  cumula t ive  increase. Topping t h e  l ist i n  F i g u r e  111-2 a re  managers 

and a d m i n i s t r a t o r s ,  fo l lowed by assemblers, machine operators, and 

foremen. A t o t a l  of a b o u t  10,000 m a n  y e a r s  would be r e q u i r e d  f o r  a 

100 We solar power p l a n t ,  which should  be an  u n d e r e s t i m a t e  because of 

t h e  above mentioned reasons, b u t  does not  i n c l u d e  any labor r e d u c t i o n s  

which might be r e a l i z e d  by mass p r o d u c t i o n  t e c h n i q u e s .  

A comparison can  be made of t he  labor i n t e n s i v e n e s s  of t h e  CR 

p l a n t  w i t h ,  fo r  example,  a coal-fired p l a n t .  D a t a  on coal p l a n t s  

( w i t h  S O  removal) w a s  t a k e n  f rom t h e  B e c h t e l  d a t a  base ( S a t h a y e ,  1977; 

B e c h t e l ,  1 9 7 5 ) .  T h i s  data was used to  form a b i l l  of qoods for  our model, 

and t h e  employment. model was r u n .  Coal mining w a s  i n c l u d e d .  

The number of man y e a r s  needed t o  b u i l d  such  a coal p l a n t  which w a s  

a n  energy  e q u i v a l e n t  of a 100 MW CR p l a n t  over i t s  l i f e t i m e  w a s  3,900. 

Thus t h e  coal p l a n t  r e q u i r e d  o n l y  39% of t h e  labor of t h e  CR p l a n t  f o r  

the s a m e  energy  o u t p u t .  The number of man y e a r s  per m i l l i o n  dollars 

of i n v e s t m e n t  w a s  g r e a t e r  f o r  the  solar  p l a n t  (60.6 man y e a r s )  t h a n  f o r  

t h e  coal p l a n t  (51.7 man y e a r s )  so the  t h e  CR i s  more labor i n t e n s i v e  

t h a n  coal b o t h  on  a per energy  o u t p u t  basis and on a per u n i t  c a p i t a l  

basis. O i l  and n a t u r a l  g a s  g e n e r a t i o n  are c o n s i d e r a b l y  less labor 

i n t e n s i v e  t h a n  coal. 

t e c h n i q u e s  may make t h e  CR less labor i n t e n s i v e .  

2 

e 

I t  must a g a i n  be remembered t h a t  mass p r o d u c t i o n  
A 
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A 

A 

F. Effluents 

Table I11 lists 43 major effluents, their industrial outputs based 

on 1972 gross output if 1990 EPA standards were applied to the industries, 

the effluent increases resulting from direct and cumulative demand in- 

creases, and the fractional increases. The second column should not be 

misinterpreted as actual 1972 totals, since more stringent emission stand- 

ards have been applied in arriving at it. 

industrial pollution. 

Also, this table contains only 

For the sake of comparison, a calculation was performed which 

provides the effluents which would have been produced by the average 

1972 generator stock (which is almost entirely fossil fuel) assuming 

that 1990 EPA standards were met, and for an amount of energy generation 

equal to the total generating capability of the central receiver plant 

over its lifetime. The following assumptions were made in estimating 

this generation capability. The solar plant will last about 30 years. 

It will generate about 1300 MWh/day, and is assumed to be operative 

for 75% of the days, the rest of the time being out for maintenance 

or forced outage. 

generated over the plants lifetime. A t  1972 rates for electricity 

of $.0177/kWh, this much energy would have represented a demand 

on the electric utilities of about 190 million dollars. Taking this 

Thus a total of about 1.0 x lo7 Mwh would be 

figure as a direct increase, the cumulative effluents were calculated 

using the model. The results are shown in Table IV. Air pollutants 

are released mainly during the operation of the power plants. 

resulting €ram the construction of the utility owned generator stock 

are treated incorrectly by this method, but the error should be insignificant 

for the mayor air pollutants. Figure 111-3 shows a graphical comparison 

Effluents 
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P I 3 F - G r  

. 9  1 6 F  - 0 9  
I 5 4 F - C ?  
3 1 6 F - 5 3  
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1 1 ? F - C ?  
1 3 7 F - 0 '  
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S l C F - C !  
1 6 7 F - 5 3  
7 ) r r T - s ?  
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I PA RTl CU LATE 
O X I D E S  

- 

E f f l u e n t s  produced by - 
a 100 MWe central receiver - 
power p lant ,  including con - - 
s t r u c t i o n  of t h e  p lan t .  1 - 

Effluents produced by 1 
the u t i l i t i e s  in generating - 

the same amount o f  energy - 
wi th  the capacity mix of 

1990 standards a r e  met. 

- 

1972, assuming the EPA - 
1 I - 
- 

O X I D E S  CARBONS M O N O X I D E  

Fig. 111-3 Effluent Comparisori between Central Receiver and 
Average 1972 Generator. 
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of t h e  c e n t r a l  r e c e i v e r  p l a n t  to  t h e  u t i l i t y  a v e r a g e  c a l c u l a t i o n  

for t h e  major a i r  p o l l u t a n t s :  NO,, SO,, p a r t i c u l a t e s ,  and hydrocarbons.  

T h i s  comparison s u g g e s t s  t h a t  t h e  c e n t r a l  r e c e i v e r  p l a n t s  are s u p e r i o r  

t o  t h e  u t i l i t y  average  f o r  a l l  major a i r  p o l l u t a n t s .  

t h a t  any u n c e r t a i n t i e s  i n  our cost estimates, b i l l  of goods,  or modeling 

t e c h n i q u e s  c o u l d  have caused t h i s  r e s u l t ,  so t h a t  w e  view i t  a s  s i g n i f i c a n t  

and n o t  e x p l a i n a b l e  by any  f l a w  i n  our approach. An examinat ion  

I t  is u n l i k e l y  

of Table I11 and IV shows t h a t  t h e  CR p l a n t  may be worse t h a n  t h e  

1972 g e n e r a t o r  s tock  f o r  c e r t a i n  types of water  p o l l u t a n t s .  T h i s  

is not  s u r p r i s i n g  c o n s i d e r i n g  t h e  more i n t e n s i v e  i n d u s t r i a l  a c t i v i t y  

involved  i n  b u i l d i n g  a CR p l a n t .  However, w e  do n o t  have c o n f i d e n c e  

i n  t h e s e  r e s u l t s  on water p o l l u t i o n  because t h e  c o n s t r u c t i o n  of t h e  

1972 g e n e r a t o r  stock is treated i n c o r r e c t l y  by our  m o d e l .  

For t h e  sake of  f u r t h e r  comparisons between f o s s i l  and CR p l a n t s ,  

T a b l e  V lists estimates of emissions of major a i r  p o l l u t a n t s  for d i f -  

f e r e n t  types of f o s s i l  f u e l  p l a n t s  g e n e r a t i n g  1.0 x l o 7  MWh a lony  w i t h  

the c o r r e s p o n d i n g  da t a  f o r  CR plants. The estimates for f o s s i l  fuel. p l a n t s  are  

based on t h e  w o r k  of Case e t  a l .  (1977) ,  which p r e s e n t s  e m i s s i o n  r a t e s  

for d i f f e r e n t  types of f o s s i l  f u e l  plants f o r  c o n t r o l l e d  and u n c o n t r o l l e d  

cases. Q u a l i t a t i v e l y ,  t h e  estimates f o r  t h e  c o n t r o l l e d  cases s u g g e s t  

t h e  f o l l o w i n g  c o n c l u s i o n s .  

f a c t o r  of 1 0  less NO, t h a n  t h e  fossil cases. 

same amount or s l i g h t l y  more CO. The CR p l a n t  would produce about  a 

factor o f  10 less SO, t h a n  coal or o i l ,  b u t  somewhat more t h a n  n a t u r a l  

gas. 

The central  r e c e i v e r  would have a t  least  a 

I t  would  produce a b o u t  t h e  

The solar plant would produce s u b s t a n t i a l l y  less hydrocarbons t h a n  

coal OK oil, b u t  more t h a n  n a t u r a l  g a s .  It  would produce somewhat less 

par t iculates  than  coal or r e s i d u a l  o i l ,  b u t  would produce more t h a n  

n a t u r a l  gas. The p a r t i c u l a t e  r e l e a s e  a s s o c i a t e d  w i t h  C R s  cmes main ly  



T a b l e  V. Comparison Between Cen t ra l  Receiver and Various Fossil Fue l s  f o r  Major A i r  Emissions. 
(Units  are tons  of e f f l u e n t  per l i fe t ime energy ou tpu t  of CR p l a n t . )  

Emission type  P l a n t  type 

coal 
f i r e d  

r e s i d u a l  
f u e l  o i l  

n a t u r a l  
gas 

o i l  f i r e d  c e n t r a l  
combined c y c l e  r e c e i v e r  

3 1.OXlO 3 
1.7X10 2 5.2x10 3 1.9x10 3 P a r t i c u l a t e s  1.5X10 

sox 

Nox 
co 
Hydrocarbons 

3 

4 

3 

2 .  

5.lXlO 

3.8x10 

2.7X10 

8.0XlO 

4 
3.lXlO 

1.OXlO 4 1.4~10~ 
3 

3 

.9x10 1 4 

4 

3 

2 

1.4X10 

1.5x10 

1.OXlO 

6.8x10 

5.lxlO 

47 1.9x10 

2 8.0xlO 

3 

2 

3 

1 

1.lXlO 

9. x 1 0  

5.2X10 

9.3xlO 

I w 
05 
I 
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from t h e  cement indus t ry .  P a r t i c l e s  r e l eased  by t h e  cement indus t ry  tend 

to be large compared to  par t icu la te  release from fossil f u e l  combustion. 

Small part ic les  are t h e  major concern because o f  t h e i r  r e s p i r a t o r y  e f f e c t s  

and because they  appear  t o  be more e f f e c t i v e  c a t a l y t i c  agen t s  i n  chemical 

o x i d a t i o n  r e a c t i o n s .  Thus the above comparison of p a r t i c u l a t e  eniissions 

i s  probably  biased i n  favor  of f o s s i l  fue led  p l a n t s .  

G. S t r a i n s  Due t o  I n t e n s i v e  Cons t ruc t ion  

I f  an  i n t e n s i v e  s c e n a r i o  of c o n s t r u c t i o n  o f  CR p l a n t s  were t o  

occur ,  then l a r g e  demand i n c r e a s e s  on d i f f e r e n t  i n d u s t r i e s  or occupat ions ,  

or  s u b s t a n t i a l  i n c r e a s e s  i n  i n d u s t r i a l  release of c e r t a i n  p o l l u t a n t s  

might occur. A s  h a s  been mentioned p rev ious ly ,  the c o n s t r u c t i o n  of 

100 GWe by t h e  y e a r  2000 i s  a reasonable  upper bound on implementation 

t h i s  cen tu ry .  I f  t h i s  l e v e l  of c o n s t r u c t i o n  w e r e  spread o u t  over  10 

y e a r s ,  a v igorous  c o n s t r u c t i o n  ra te ,  then  the amount coming on l i n e  each 

y e a r  would be 10 GWe o r  100 s tandard  s i z e  (100 MWe) p l a n t s .  Tables V I ,  

V I I ,  and VI11 show t h e  r e s u l t s  of ou r  model on i n d u s t r i a l  o u t p u t ,  l a b o r ,  

and e f f l u e n t s  f o r  t h i s  s cena r io .  The i n d u s t r i e s  which are m o s t  a f f e c t e d  

by this s c e n a r i o ,  a long  wi th  t h e i r  p r e s e n t  i n c r e a s e s  i n  o u t p u t  r e l a t i v e  

to  1972, are: 

Primary I r o n  and Steel Manufacturing - 11% 

Heating,  Plumbing, and S t r u c t u r a l  - 19% 

Stamping, Screw Machine Products  - 41% 

Engineers  and Turbines  - 16% 

General  I n d u s t r i a l  Machinery - 34% 

E l e c t r i c  I n d u s t r i a l  Equipment - 15% 

Miscel laneous Electrical  Machinery - 14% 

The above i n c r e a s e s  f o r  Stamping, Screw Machine Product ions  and General  

I n d u s t r i a l  Equipment are somewhat misleading.  For Stamping and Screw 



I 

T a b l e  V I .  I n d u s t r i a l  Demand R e s u l t i n g  from Const ruc t ion  of 10 GW of 
e C e n t r a l  Receiver Power P l a n t s .  

ALL DOLLAR FIGURES ARE I N  R I L L I O N S  

. 
I L l V E S I O C K  PYO LIVESTOCK PRODUCTS 
ZDTHER LGRICULTURPL PRDDUCIS 
3FORtSTRV ARlD FISHERV PRODUCTS 
'1AGRICULTURAL FORESTRY. FISWERV SERVICES 
5 1 R 0 5  LlND FERRDPLLOV O R E S  R I F I I N G  
6NONFERRDUS R E T A L  ORES RlWIOb 
7CDPL R I M I N G  

9SlOPdE LlND C L A V  R l N I 9 1 G  AM0 OUARRVIYG 
 CRUDE PEIROLEUR nwo m A i g n n L  G A S  

l O C H E R l C A L  ARlO F E R 7 1 L I Z E R  R I N E R L L  R I Y I N G  
IINEY CDWSIRUCI IOh  

I3DRDIPdPWCE AND A C C E S S O R I E S  
I I F D O D  AND K I N D R E O  PRODUCTS 
l5TOBACCO RAYUFACTURES 
I b B R O A O  I U D  &PRRObl F A I R I C S  
I7f4ISCELLPWEOUS I E X T I L E  60005, FLOOR COVER 

I9R lSCELLAMEOUS FA8RICATED T E X T I L E  PAODUCI 

2 I Y C O D E I  CCWTAlWfRS 

IZRPINTEUAY~L n w  REPAIR c o w s i R u c i i o N  
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' 1 C P R I ~ n ~ v  W O Y F E R R O U S  R E l A L  RAYUFLCIURIMG 

~ * R U B E E R  nao RISCELLPWEOUS P L n s i i c s  P R O D U C  
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( B I L L  O F  G O O D S ~  O I D 1 1 9 1 2  _ .  LEVEL 

4 6 2 8 3 . 6 7 4 8 1 9  
4 1 4 1 5  . 2 6 9 5 4 5  

4 2 5 5  , 5 6 1 9 5 4  
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6 5 1 3 0 0  

368 .88 '187  
5 . 6 4 b b O  
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T a b l e  VI. (continued) 
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56MOUSEMCl.O 6 P P L I I N C E S .  1 8 5 2 . 0 9 5 5 4 8  
5 l E C E C l R I C  C l G M l l N G  @NO Y l R l N G  E O U I P R t W l .  6 1 9 2 . 9  35 6 7 5  

5 q E i t c i a O r u i c  t O n P c w N i s .  I O O T 9 .  9 8 6 3 5  b 9 0 3 .  * 5 7 7 0 0  
b O n 1  SCECLPNECUS ECEClR 1 CPL n P C n  INERv  , 5 2 2 3 . 9 9 1 1 9 9  6 3 5  1 3 2 1 0 0  
6 1 R P l O R  V E I 4 l C L f S  PNO E Q U I P R E N i .  
6 2 P l R C R I F l  &NO P P f i l S .  7 7 3 8 9  .Ob I 8 9 2  

8 3 0 0  7 8 5 9 5 2  6 C . S C I E W l I F 1 C  PNO CONTROL I N S l R U ~ E W l S .  
~ ~ C P ~ I C P L  'ANO P n c i m f i n p n i c  E o u t v m E w i .  7 b 1 7 . b l 1 1 1 6  2 6 . 9 1  2 0 0 0  

1 3 5 9 8 . 7 8 8 3 0 9  6 6 ~ l S C E L C P N F C U S  R @ N U F I C l U R I N G .  
6 i a n i L f i c n o s  nmo R E L n i F o  S E R V I C E S  1 5 8 9 7 . 3 3 3 1 7 1  
68 lCCP.L .  SUBUfi8nN P h S S .  1 R I N S l l  5 3 8 2 . 9 0 0 0 0 0  
6 9 R C l C f i  F P T  TRPNS 4 YLRFMEUSING 3 0 2 0 7 . 3 0 0 0 0 0  
i o u a i E R  i a a * S P @ R i n i i c N  9 9 7 0  5 5 0 7 0 3  
7 ! P l f i  i f i n m s P O R i n i i O w  1 3 1 1 3 1 .  I 3 2 2 1  3 

I ~ T ~ ~ ~ J S P C R ~ ~ ~ I O Y  SERVICES 1 9 5 8 . 4 0 0 0 0 0  
711CERWUYlCPl lONS, E l C E P l  R A O I C  P N O  T F L F V I S  3 0 3 6 9  , 9 0 0 0 0 0  
7 5 n 1 0 1 C  &NO l E C E V I S I @ N  B R @ L O C ~ 5 l I N G .  41111 1 0 0 0 0 0  
7 6 E L E C 7 R l t  U l l L I l I E S  3 2 5 9 2  9 9 1 1 3 0  
T ~ G P S  u i i c i i i c 5  7 1  1 3 6 . 7 0 0 5 8 l  
7 e u n i ~ f i  w o  s a w i T n f i v  S E R V I C E :  6 * 6 3 . 9 0 0 0 0 0  
i q u w i E s a L E  &NO f i t i n i L  i f i n o t .  2 5 3 5 6 2 . 0 0 0 0 0 0  
8 0 F l k ~ W C F , a N O , I N S U f i A N C E .  e 1 6 9 3  1 0 0 5 8 I  
P I R F O L  F S l ( L l 1  liN0 R E N l n L .  1117665 . 6 0 0 0 0 0  
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T a b l e  V I I .  Employment Induced by Bui ld ing  10 GWe Capacity of C e n t r a l  Receiver Power P l a n t s  
( i n  thousands of man y e a r s ) .  
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4 0  876 
125 991 

1 3  004 
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4 1  0 1 6  
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I I5 O O G  
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040 
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Tab le  VII. (continued) 
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Table  V I I I .  E f f l u e n t  Release Due t o  the  C o n s t r u c t i o n  of 10 GWe Capac i ty  of 
C e n t r a l  Rece iver  Power P l a n t s  Assuming 1990 EPA Emission Standards .  
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Machine Products, the 1/0 category definition includes only those in- 

dustries primarily engaged in stamping and screw machine operations 

(SIC codes 345 and 346). The definition excludes all industries whose 

primary function is to produce samething else, but which do considerable 

stanqping and screw machine work (e.g. the automobile industry). A 

similar situation holds for General Industrial Machinery and Heating, 

Plumbing, and Structural categories. The increase in the engines 

and turbines category is also somewhat misleading because roughly 

the same amount of generating equipment would be required to build 

any kind of intermediate load power plant, be it fossil or CR. Of 

course a fossil scenario would affect the other industries also,  

but the i n c r e a s e s  would n o t  be n e a r l y  as  la rge  a s  f o r  t h e  CR or! these 

because of the much lower industrial activity needed to build fossil 

plants compared with CR plants for these other categories. 

these p r o v i s o s ,  the maximum i n c r e a s e  o v e r  1972  levels on any i n d u s t r y  

With 

due t o  the CR s c e n a r i o  i s  p r o b a b l y  about 15%. 

The employment model predicts that the following occupations would 

be most affected by this scenario, with percent increases in jobs 

relative to 1972 also shown: 

Porgemen and Hanmermen 

Job and D i e  Setters, Metal 

- 13% 

- 11% 

Rollers and Finishers, Metal - 11% 

Heater , Metal - 10% 

Other Precision Machine Operatives - 10% 

Punch Stamping Press Operatives - 12% 
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These estimates provide the best basis for analyzing the effects of this 

scenario on the U.S. economy. The maximum occupations are increased 

from 10 to 15% by the CR construction scenario. 

Five effluent types would experience 10% increases or more over the 

1972 net industrial levels with 1990 controls, these are: 

Carbon Monoxide - 10% 

Dissolved Cyanide - 11% 

Dissolved Flourine - 10% 

D issolved M isce 1 laneous 

Non-Ferrous Metals 

Dissolved Phosphates 

- 11% 

- 11% 

These estimates for jobs and effluents include all industries and do not 

suffer from the problems which were encountered in looking at increases 

on the var ious  indus t ry  ca t egor i e s .  

H. Water Requirements 

Water requirements are of concern in the southwest for most 

energy technologies (fossil and nuclear, as well as solar). However 

the requirements perhaps merit special attention for solar since the 

CR is subject to constraints (availability of sunshine and inexpensive 

land) not imposed to the same degree on the other technologies and 

which favor arid locations. 

Rankine (steam) and closed-cycle Brayton engines require cooling 

devices. The options are: wet cooling towers (either free or mechanical 

draft), dry cooling towers, cooling ponds, and once through cooling 
A 
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(when feasible). Once-through cooling would apply only to very special 

cases. Most often considered are wet towers, ponds, and dry cooling 

towers. The latter are more expensive to construct and exert a further 

cost penalty by lowering the conversion efficiency of the solar plant. 

Consider, then, the evaporative devices. The water requirements are 

roughly the same for all such devices within, say, a factor of 2, since 

most of the waste heat goes into evaporating the water. To be specific, 

then, consider mechanical draft cooling towers. The water requirements 

for this device are given for different water resource regions by Espey, 

Huston,& Associates (1974). A 100 MWe plant in the southwest would re- 

quire about 2.36 x l o 5  liters/hr, or 8.1 x lo5 gallons/day assuming daily 

energy output of 300 MWhr. Table IX shows water use in 1965 and the pro- 

jected use in 1980 and 2000 by water resource region (Water Resource 

Council, 1968). The Espey, Huston report also estimates water surpluses 

by region in the year 1980 and 2000 (see Table X this report). Based on 

this information, it appears likely that the Rio Grande, California, Great 

Basin, Upper Colorado, and Lower Colorado water resource regions will ex- 

perience shortages by the year 2000. Suppose the 100 GWe of installed 

CR capacity discussed above occurs by the early 21st century. This much 

pawer would require about 8.1 x lo8 gallons/day if evaporative devices 

were used. This usage would add significantly to the strain on the water 

supply in the southwest. Increased population in the southwest due to 

the presence of the central receiver plants would increase the demand on 

water even more, although no model for this demand is presented here. In 

view of these water requirements, significant implementation of Rankine 
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Table IX. Estimated Water Use and Projected Requirements, by Regions, 
United States1 (millions of gallons daily) 

Region 

North Atlantic 

South Atlantic - Gulf 
Great Lakes 

Ohio 

Tennessee 

Upper Mississippi 

Lower Mississippi 

Souris-Red-Rainy 

Missouri 

Arkansas-White-Red 

Texas-Gulf 

Rio Grande 

Upper Colorado 

Lower Colorado 

Great Basin 

Columbia-North Pacific 

California 

Alaska 

Hawaii 

Puerto Rico 

used - 
1965 

2,023 

2,695 

1,199 

1, 134 

331 

77 0 

1,470 

77 

10,554 

5,874 

7,289 

4,403 

1 , 982 
3 448 

2,253 

10,521 

20,944 

12 

533 

270 

Projections 
1980 2 000 

2,870 

3,395 

1,881 

1,619 

572 

1 , 103 
3,012 

215 

13,160 

8,482 

9,435 

4,676 

2,700 

4,075 

3,299 

13 581 

29 , 205 
50 

728 

360 

Total 
~~ 

269,617 104,418 

4 , 960 
5 , 655 
3,183 

2 , 539 
a34 

1 , 778 
4,453 

494 

14 , 979 
10 , 587 

10,890 

4,991 

3 , 100 
4,645 

3 , 562 
17 , 325 
32 , 660 

96 

1,000 

475 

128 , 206 

'Taken f r o m  Water Resources Council Report (1968). 
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Table X. Estimates of Surplus Fresh Water Based on Annual Flows 
Available 90 and 95% of Years and Total Freshwater Consumptive 
Use, Excluding Steam-Electric Power, €or Years 1980 and 2000. 

(Billion Gallons Per Day) 

Water Resource Resion 

1. 
2. 
3. 
4.  
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

New England 
Middle Atlantic 
South Atlantic - Gulf 
Great Lakes 
Ohio 
Tennessee 
Upper Mississippi 
Lower Mississippi 
Souris - Red - Rainy 
Missouri Basin 
Arkansas - White - Red 
Texas - Gulf 
Rio Grande 
Upper Colorado 
Lower Colorado 
Great Basin 
Pacific Northwest 
California 

Total 

90% 
2000 - 1980 

1114 

127 
43 
78 
28 
34.7 
27.2 

118.3 

35.9 
5.0 
-2.2 

1-2.2 

-2.3 
140 
2.4 

646.9 

124 
40 
77 
27 
33.7 
25.9 

}16.1 

34.9 
3.9 
-2.0 

f2.0 

-. 17 
139 
-1.8 

624 

95% 
1980 2000 

1103 

112 
39 
65 
24 
26.8 
22.1 

111.6 

25 
0.6 

-2.7 

}-3.6 

-3.0 
124 
-5.7 

Igg 
109 

36 
64 
23 
25.8 
20.8 3 9.4 

1-3.4 

24 
-0.5 
-2.5 

-2.4 
123 
-10.0 

538.1 515.2 

Negative sign implies water shortage. 
Estimates of annual flows available 90 and 95% of years based on 

on Water Resources Council (1968). 

Estimates of consumptive use based on Wollman and Bonem (1971). 

Taken from Espey, Huston (1974). 
"Medium" projection. 
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or c lose-cyc le  Brayton systems w i l l  probably r e q u i r e  t h e  use of  d ry  

coo l ing  towers. 

I. Land Requirements 

As discussed  i n  Sec t ion  11, a 100 MW in t e rmed ia t e  load CR p lan t  e 

would r e q u i r e  about  3 km2 of  l and ,  n o t  i nc lud ing  access roads and 

t ransmiss ion  l i n e  r i g h t  o f  ways. The Aerospace s tudy  (Aerospace, 1974) 

d i d  a s i t i n g  a n a l y s i s  of the  southwest U.S. and i n  t h e i r  most s t r i n g e n t  

case found 55,000 k m  of land  s u i t a b l e  f o r  CR use.  The e n t i r e  e lec t r ica l  2 

demand i n  

demand of 

3,690 100 

There is ,  

the U.S. averages o u t  to  about  200 GW o r  an  annual energy 

about 1 . 7  m i l l i o n  GWh. T h i s  demand would require about 

MW CR p l a n t s  to  m e e t  i t ,  o r  a land  area of 11,800 km . 
t hen ,  s u f f i c i e n t  l and  t h a t  i s  s u i t a b l e  f o r  C R s .  Whether the 

e’ 

2 
e 

use  of t h i s  land f o r  p o w e r  genera t ion  w i l l  be acceptable is a s u b j e c t  

beyond the scope of  t h i s  paper.  However, some a s p e c t s  of  t h i s  land  use 

are treated i n  t h e  fol lowing s e c t i o n s .  
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IV. Ecological Impacts 

Central receiver plants would most likely be constructed in arid 

or semi-arid regions. The wildlife is certain to be affected during the 

construction of the plants (when construction vehicles and activities 

will severely alter the local ecosystem), and after construction, when 

the physical presence of the plant would permanently modify the natural 

habitat. The most obvious effect is that large land areas would be 

roughly half-covered with heliostats. The native ecosystems in such 

areas would essentially be destroyed. The replacement ecosystem will 

depend on, among other things, the details of the heliostat field. Some 

designs would require the land to be paved, or to have herbicides applied 

to prevent vegetation from interfering with heliostat operations. Other 

designs could have vegetation under the mirrors. The micro-climate under 

the mirrors will be cooler, less windy, and probably more moist than for 

natural conditions. This environment might support different types of 

plants, or faster growth rates than normal. Same people have suggested 

that the heliostat fields would be suitable for limited agriculture, 

such as grazing of herbivores. 

A general consensus is emerging among ecologists that at least a 

part of the deserts of the U.S. should be left largely untouched by man's 

activities and left as close as possible to its natural state. The amount 

of land to be left thus preserved is a matter of considerable and often 

intense debate between ecologists and conservationists on the one hand, 

and opponents ranging from land developers to industrialists to government 

planners on the other. The introduction of central receivers or other 

desert solar technologies such as photovoltaic systems will undoubtedly 



-58- 

accentua te  t h e s e  issues and i n t e n s i f y  t h e  debate. The eco log ica l  ac- 

c e p t a b i l i t y  of devot ing land i n  semi-arid areas to hel iostat  f i e l d s  w i l l  

depend on many factors; the  impact from t h e  s p e c i f i c  s i t i n g  of t h e  s o l a r  

f a c i l i t y  (e.g. ,  t h e  presence or absence of endangered species), t h e  

impact of the cons t ruc t ion  of t he  f a c i l i t y ,  the  impact of t h e  expected 

i n c r e a s e  i n  indus t ry  and human popula t ion ,  and t h e  a l t e r n a t i v e s  ( i . e . ,  

other energy t echno log ie s ) .  

A major e c o l o g i c a l  concern i n  d e s e r t s  i n  r ecen t  yea r s  has been t h e  

adverse  e f f e c t s  of off-road veh ic l e s  on d e s e r t  ecosystems (S tebbins ,  1974;  

W i l s h i r e ,  1976). Thei r  weight is capable  of c rushing  burrowing animals ,  

t h e i r  tracks can inc rease  water e ros ion  and runof f ,  they can no t i ceab ly  in-  

crease d u s t i n e s s  and t u r b i d i t y  i n  a reg ion ,  and t h e i r  no i se  l e v e l s  may be 

harmful to the  hear ing and t r a n q u i l i t y  of some d e s e r t  species. To varying 

degrees ,  off-road veh ic l e s  used i n  t h e  cons t ruc t ion  of solar p l a n t s  w i l l  

have similar e f f e c t s .  

The d i r e c t  k i l l  of w i l d l i f e  may be an important  problem dur ing  t h e  

cons t ruc t ion  of the  p l a n t s  because many d e s e r t  animals spend most of t h e  

s u n l i t  hours  underground, where it  is cooler and moister than  t h e  ho t  a r id  

surface. (The heat of the  d e s e r t  sun r a r e l y  p e n e t r a t e s  more than  a f e w  

inches  beneath t h e  surface.) 

the  amount of gene ra t ing  c a p a c i t y  i n s t a l l e d  i n  the  region and t h e  tonnage 

of t h e  t r u c k s  used f o r  haul ing.  I t  w i l l  also depend on soi l  s t r e n g t h  a t  

t h e  si te,  an8 on t h e  type and width of roads which w i l l  be used f o r  haul ing.  

Another important  factor w i l l  be t h e  popula t ion  of animals a t  t h e  si te and 

t h e i r  burrowing h a b i t s .  Sites near water holes or s p r i n g s  are l i k e l y  t o  

c o n t a i n  l a r g e  numbers of an imalsp  whereas p layas  or dry  dra inage  bas ins  

The magnitude of t h e  e f f e c t  w i l l  depend upon 
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have r e l a t i v e l y  l i t t l e  animal or p l a n t  l i f e ,  and may t h e r e f o r e  be more 

a p p r o p r i a t e  l o c a t i o n s  for solar p l a n t s .  However, p l ayas  f lood  on occas ion ,  

pres’enting a t e c h n i c a l  problem for such s i t i n g .  

F ine  materials are abundant i n  t h e  d e s e r t ,  but they  are usua l ly  formed 

a t  the s u r f a c e  i n t o  a t h i n  crust .  I t  p r o t e c t s  the underlying f i n e s  from 

e ros ion ,  e s p e c i a l l y  wind eros ion .  T h i s  c r u s t  may be up to  6 m  t h i c k .  I t  

is q u i t e  widespread, b u t  good estimates of exac t ly  what percentage of t h e  

d e s e r t  s u r f a c e  is covered by it are not a v a i l a b l e .  I t  is d e l i c a t e  and 

f r a g i l e  i n  many p l a c e s ,  and water can p e n e t r a t e  i t .  The d e t a i l s  of h o w  

t h e  crust forms are s t i l l  a matter of some debate .  Compaction r e s u l t i n g  

from r a i n f a l l  has been suggested as a mechanism for its formation. I t  is 

bound by chemical cementing of g r a i n s  which may, i n  sane areas,  be p r m o -  

ted by l i c h e n  or a lgae  growth. Fungal f i l amen t s  may a l s o  c o n t r i b u t e  t o  

t h e  c r u a t  i n  areas where t h e r e  is organic  matter i n  t h e  soil. 

The presence of cons t ruc t ion  v e h i c l e s  and workers a t  and i n  t h e  

v i c i n i t y  of t h e  s o l a r  p l a n t  w i l l  damage t h i s  crust  (when p r e s e n t )  , and 

t h i s  damage w i l l  accelerate wind eros ion .  I n  a d d i t i o n ,  t he  increased  

popula t ion  of t h e  reg ion  r e s u l t i n g  from t h e  presence of t h e  p l a n t  may 

lead to  increased  r e c r e a t i o n a l  demands on the  surrounding d e s e r t s .  I f  

t h e s e  demands inc lude  off-road veh ic l e  a c t i v i t y ,  then  t h e r e  w i l l  be 

a d d i t i o n a l  d e s t r u c t i v e  effects on d e s e r t  crusts. Conse rva t ion i s t s  are 

p r e s e n t l y  t r y i n g  to  l i m i t  t h i s  off-road t r a f f i c  ( fo r  example t h e  annual 

Barstow to Vegas motorcyle race) and i f  they  are successfu l  then t h i s  

la t ter  problem could be cons iderably  reduced. 
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Dust  is almost c e r t a i n l y  going t o  be a major problem for the  

success fu l  ope ra t ion  of c e n t r a l  rece iver  power p l a n t s .  Atmospheric 

d u s t  particulates decrease t h e  amount of d i rect  solar r a d i a t i o n  reaching 

t h e  s u r f a c e  and also reduce h e l i o s t a t  mirror r e f l e c t i v i t y .  One p o s s i b i l i t y  

is that the en t i r e  land area of the  solar p l a n t  be paved wi th  concre te  

or a s p h a l t .  Such paving has  a l r eady  taken p lace ,  f o r  example, a t  

t h e  5 MWt test  f a c i l i t y  a t  Albuquerque. I f  paving occurred ,  then 

t h e  local ecosystem would  be more d r a s t i c a l l y  modified than  without  

it. Because of the  natural  s e a l i n g  properties of t he  d e s e r t  crust ,  

it might be possible to develop ways of s t rengthening  the  c r u s t  and 

making it form more qu ick ly ,  and thereby reducing d u s t  i n  t h e  v i c i n i t y  

of t h e  p l a n t .  T h i s  quas i -na tu ra l  s o l u t i o n  t o  t h e  problem might be 

both cheaper and more environmental ly  acceptable than paving. 

S ince  t h e  c r u s t  acts  as a s e a l a n t  f o r  t h e  f i n e s  beneath t h e  s u r f a c e ,  

when it is broken an inc rease  i n  atmospheric t u r b i d i t y  can be expected. 

Increased  wind e ros ion  and degrada t ion  of soil q u a l i t y  can occur ,  r e s u l t -  

ing i n  less f l o r a  and fauna i n  t h e  area a f f e c t e d .  Some meteo ro log i s t s  

b e l i e v e  t h a t  increased  d u s t i n e s s  i n  a desert region can a f f e c t  t h e  climate, 

as w i l l  be discussed  more f u l l y  i n  t he  chapter  devoted t o  climate. 

Over a pe r iod  of many yea r s ,  many areas of d e s e r t s  have developed 

a su r face  of f a i r l y  densely-packed pebbles and s t o n e s  known as d e s e r t  

pavement ( F u l l e r ,  1974). I t  forms from pebbles and cobbles accumulated 

on d r y  land  as a r e s u l t  of wind or water ca r ry ing  away the  f i n e r  p a r t i c l e s  
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o f  sand,  silt, or c l a y * .  The s t o n e s  of  t he  pavement t y p i c a l l y  v a r y  i n  

s ize  from 0.5 cm t o  20 an. They are cemented t o g e t h e r  or e n c r u s t e d  w i t h  

v a r i o u s  sa l t s ,  gypsum, l i m e ,  and s i l icates ,  and are o f t e n  coated w i t h  

a desert v a r n i s h .  The pavement retards e r o s i o n  and water  r u n o f f .  When 

it is broken by o f f - r o a d  v e h i c l e s ,  c o n s i d e r a b l e  wind and water  e r o s i o n  

can  r e s u l t .  I n c r e a s e d  water runoff  due to broken c r u s t  w i l l  d e c r e a s e  

t h e  sparse water a v a i l a b l e  f o r  l i f e  i n  t h e  v i c i n i t y .  These e f f e c t s  can 

be expected to occur  d u r i n g  c o n s t r u c t i o n  of t h e  c e n t r a l  r e c e i v e r  p l a n t s  

as the  result of road b u i l d i n g  and c o n s t r u c t i o n  v e h i c l e s .  

The water c y c l e  i n  a r id  r e g i o n s  is ext remely  impor tan t  to a l l  forms 

of w i l d l i f e ,  and any m o d i f i c a t i o n  of t h i s  c y c l e  c o u l d  a f f e c t  t h e  local 

ecosystem. A v e r y  rough p i c t u r e  of t h e  h y d r o l o g i c a l  c y c l e  is as  f o l l o w s  

(Davis, 1974) .  Rains  a s u a l l y  occur  i n  mountains  or over  a l l u v i a l  f a n s ,  

changing t h e  water t a b l e  i n  t h e  high grounds.  The ground water t h e n  f lows  

s l o w l y  as a r e s u l t  o f  g r a v i t y  and pressure f o r c e s  to  lower l y i n g  b a s i n s  

or p l a i n s .  Large amounts of water are evapora ted  i n  t h e  p l a y a s ,  which 

are law-lying s a l i n e  f l a t s  c o v e r i n g  v a s t  areas which are o f t e n  s u b j e c t  to  

f l o o d i n g  and are sanetimes t h e  remnants of a n c i e n t  lakes. As mentioned 

ear l ier ,  p l a y a s  may be s u i t a b l e  for solar energy  f a c i l i t i e s .  The 

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

i n  several ways wherever t h e y  are b u i l t .  During c o n s t r u c t i o n ,  t racks 

l e f t  by off-road c o n s t r u c t i o n  v e h i c l e s  may become g u l l e y s  as a r e su l t  

*In  t h e  W e n t w r t h  par t ic le  s i z e  c l a s s i f i c a t i o n  scheme t h e  g r i d  s i z e s  
A 

which d e f i n e  v a r i o u s  s i z e s  are: Boulder >256mm, 256mm > c o b b l e  >64mm, 

64mm >pebble > 2 m ,  2 m  >sand >1/16m >s i l t  > 1/256mm, 1/256mm > c l a y .  
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of water erosion, which would tend to increase water runoff. Access 

road construction will also increase run-off. 

The partially shaded region beneath the heliostat canopy will 

experience reduced evaporation. In particular, the water retention 

time in the soil of the heliostat field after a storm will be increased. 

As a result, same additional rainwater may reach the water table, al- 

though this effect is not likely to be very significant. Dew can play an 

important role in the hydrologic cycle of arid regions. In the heliostat 

canopy we can expect more dew formation overnight than in the natural 

state because of the larger area on which condensation can occur. As a 

result of shading this dew will evaporate less quickly in the morning. 

Population densities of different species by geographic location in 

the southwest do not exist in great detail. Most information is spotty, 

with sane species or regions studied in great detail and others hardly 

at all. The Office of Arid Lands Institute in Tucson, Arizona maintains 

a bibliography with abstracts on works pertaining to deserts. A review 

of this data base was prepared in 1968 (McGinnies, 1968) which contains 

a concise, although certainly not complete description of the state of 

knowledge of the world's deserts. Much important work was carried out 

by the U.N. Arid Zone Institute. 

Central receiver plants will destroy habitats over large areas for 

many desert species (flora and fauna). Of paramount concern among these 

are those that are threatened, rare, or endangered and also likely to be 

affected. Many of these species or subspecies (taxon) are protected by 

law. We shall not inc lude  flora in t h e  fol lowing d i s c u s s i o n ,  a l though 

they ought t o  be examined a t  some po in t .  
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Of t h e  many t h r e a t e n e d  types of w i l d l i f e  o f  North America, o n l y  

a few c o u l d  be a d v e r s e l y  a f f e c t e d  by t h e  CR p l a n t .  These have ranges  

i n  the  southwes t  which i n c l u d e  r e g i o n s  which are s u i t a b l e  f o r  CR 

plant c o n s t r u c t i o n .  Taxon w i t h  e x t e n s i v e  r a n g e s ,  even i f  o c c u r r i n g  

i n  regions s u i t a b l e  f o r  t h e  CR, a r e  n o t  l i k e l y  to be p a r t i c u l a r l y  

t h r e a t e n e d  by t h e  c o n s t r u c t i o n  of CR p l a n t s  so long as t h e  f r a c t i o n  

t h a t  the  CR area makes  w i t h  t h e  t o t a l  range of t h e  species is small. 

I n  t h i s  case, one might expect t h a t  t h e  f r a c t i o n  of t h e  an imals  k i l l e d  

would roughly  be t h e  r a t i o  of  t h e  CR area i n  t h e  range w i t h  t h e  t o t a l  

area o f  t h e  range .  Of much g r e a t e r  concern  are species which a re  

w e l l - l o c a l i z e d ,  t h r e a t e n e d ,  and occur  i n  l o c a t i o n s  su i tab le  f o r  CR 

p l a n t s .  Migra tory  b i r d s  which spend p a r t  of t h e  year  w e l l - l o c a l i z e d  

i n  a r e g i o n  s u i t a b l e  f o r  CR's (such as t h e  T u l e  White-Fronted G o o s e )  

must be i n c l u d e d  i n  t h i s  list. The f o l l o w i n g  is a list of such  species 

w i t h  a b r i e f  d e s c r i p t i o n  o f  their range and r e l e v a n t  facts a b o u t  t h e i r  

h a b i t a t s .  T h i s  list may n o t  be complete, as new species are con- 

t i n u a l l y  b e i n g  added t o  t h e  t h r e a t e n e d  species lists. The g e o g r a p h i c  

d i s t r i b u t i o n  of  t h e s e  an imals ,  when known, should  be used as a s i t i n g  

c o n s i d e r a t i o n  i n  c o n s t r u c t i n g  c e n t r a l  r e c e i v e r  p l a n t s .  I n  c o n s t r u c t i n g  

t h e  l ist ,  t h e  d e c i s i o n  as to  whether  a g i v e n  range  was l o c a l i z e d  
\ 

or not was p u r e l y  judgmental .  

MApllMLAts 

Sonoran Pronghorn - Ranges i n  U.S. most ly  on Cabeza P r i e t a  Game Range and 

Organ P i p e  C a c t u s  N a t .  Mon. i n  SW Arizona,  Range e x t e n d s  southward i n t o  

Mexico to an unknown l i n e  n o r t h  of Hermosi l lo .  P r e f e r r e d  h a b i t a t  is iso- 

lated desert g r a s s l a n d  on sandy soil.  

. 4  
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Mexican Wolf - Its range extends from extreme southern Arizona, east to 
West Texas, and south to San Luis Potosi in Mexico. Apparently extir- 

pated from U.S. in 1940's, but recently reappeared in Arizona and Texas. 

Mojave Ground Squirrel - Historically occurred in the Mojave Desert west to 
Palmdale, north to Haiwee Mesa, and south to Rabbit Springs near Hesperia. 

Present numbers and distribution are unknown. Accelerated urbanization 

and land use changes in Mojave River Basin and Antelope Valley are de- 

stroying most of its habitat. 

Stephan's Kangaroo Rat - Historically found only in San Jacinto Valley, 
Riverside County, and extreme southern San Bernadino Valley. Distribution 

and numbers not presently known. Inhabits sandy soil; not adapted to 

urbanized areas. 

San Joaquin Kit Fox - Ranges in foothills of Tehachapi Mountains, at south- 
ern end of San Joaquin Valley, north along foothills of western San Joaquin 

Valley to Lo6 Banos, and north on eastern edge of San Joaquin Valley to 

Portersville. Restricted to areas of native vegetation supporting Kangaroo 

Rats. Probably 1000 to 3000 animals, with highest concentration at southern- 

most end of San Joaquin Valley. Conversion of scrub valley land toirrigation 

agriculture and urbanization has diminished known historical range. 

Tule E l k  - Ranges in three well-separated places in California: Cache Creek, 

Owens Valley, and Tule E l k  State Park near Tupman. This latter is fenced, 

the former two are free-roaming. Transplants to various areas have been 

attempted, some attempts abandoned, some yet undecided, others planned. 

Its habitats are grasslands, woodlands, and moderately brushy valleys 

and foothills. 
A 
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A 

Red Wolf - Range includes southeast part of Texas, mostly between 
Galveston Bay and Sabine Lake, Eastern Chambers and Southern Jefferson 

counties. Probably some also in southern Liberty and eastern Brazoria 

counties, southwest Louisiana, in Cameron and Vermilion parishes. 

Originally found in many kinds of habitat in Southern U . S . ,  and probably 

could survive wherever food is sufficient. Its last major refuges are 

unmodified bottomland forests and swamps, and large stretches of coastal 

marsh. Maintenance of such habitat would probably be of importance in 

any effort to save the species. Although- these areas are not prime can- 

didates for central receivers, they could be suitable. 

Utah Prairie Dog - Now reported only in six counties in South-Central 

Utah, at higher elevations. Wayne, Garfield, and Iron counties are the 

ones with significant populations. 

Mexican Duck - Extremely localized in southeastern Arizona, southern New 
Mexico, and central western Texas. Winters south of the border. Inhabits 

fresh marshes ,  irrigated land, grainfields, ponds, rivers, lakes, and 

bays. Nests in marsh with reeds or grass, rarely otherwise. Possibly 

500 in the U . S .  

Masked Bobwhite - Now definitely k n m  in only two locations between 1500 

and 2500 feet elevation in central portion of state of Sonora Mexico. 

Formerly the range extended north into Arizona at Nogales and Sasabe. 

Inhabits desert or arid grassland with sparse woody overstory. 

Yuma Clapper Rail - Nests from Colorado river delta in Mexico north in 

marshes along river to Needles, CA, with main concentrations in Havasu 

Lake, Cibola, and Imperial Nat. Wildelife refuges; at lower end of Salton 
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I 

Sea: along lower Gila River between Wellton and Mohawk Valley in Arizona, 

especially north of Tacna, and potentially in Dome Valley, Gila or Salt 

River near Telleson, Arizona; Granite Reef Dam on Salt River above Mesa, 

Arizona; potential habitat developing at Alamosa reservoir on Bill Williams 

River near Alamosa Crossing, Arizona. Birds migrate, but winter range is 

unknown at this time. 

exceeding two feet in height, usually with some open water present. 

Central receiver plants could encroach on this habitat. 

California Black Rail - Range includes Tamales Bay and San Francisco, 
south to Baja, CA; casually inland to Stockton, Riverside, and Salton Sea: 

along lower Colorado river. Could suffer some habitat destruction as a 

result of central receivers. Probably not a major concern since it ven- 

tures inland only infrequently. 

Tule White - Fronted Goose - The species is circumpolar and common. The 

Tule Goose subspecies is known only from two populations, one migrating 

through Pacific States and the other through the Great Plains. Pacific 

bird8 winter in Central California which is reason for concern here; 

migrants recorded in Western Oregon and as far south as Northwestern 

New Mexico. Also known to winter at Tule lake and vicinity in Northern 

California and adjacent Oregon. Breeding area for Pacific birds is un- 

known. Great Plains Population migrates through Saskatchwan south to 

Inhabits wet ground covered by permanent vegetation 

, 

Texas and Louisiana; at least some breed in Northern Yukon Territory, 

Canada. Central receivers could destroy habitat in some of the win- 

tering areas. Probably not a large thceat to this species, however. 



-67- 

Lesser Prair ie  Chicken - R e s i d e n t  l o c a l l y  i n  s o u t h e a s t  Colorado, west 

Kansas,  west O k l a h m a ,  east  N e w  Mexico, and nor thwes t  Texas ( p a n h a n d l e ) .  

S a i d  to be established on Hihoa (Hawaiian i s l a n d ) .  Very l o c a l i z e d ,  and 

much reduced or e x t i r p a t e d  from l a r g e  p o r t i o n s  of its former range .  In-  

habi t s  s a n d h i l l  c o u n t r y ,  i n  sagebrush, bluestem g r a s s ,  and o a k  s h i n n e r y ;  

ideal ly ,  g r a s s l a n d ,  i n t e r s p e r s e d  w i t h  patches of s h i n n e r y  o a k .  

North Greater Pra i r ie  Chicken - R e s i d e n t  l o c a l l y  i n  P ra i r i e  and o t h e r  

g r a s s l a n d  habi ta t  from e a s t e r n  N o r t h  D a k o t a  and nor thwes t  Minnesota  s o u t h  

t o  n o r t h e a s t e r n  Colorado, and s o u t h  c e n t r a l  Oklahoma east to c e n t r a l  

Michigan, n o r t h w e s t  I n d i a n a ,  and s o u t h  c e n t r a l  I l l i n o i s ,  v e r y  l o c a l i z e d ,  

and much reduced or e x t i r p a t e d  from most of its former range ,  p a r t i c u l a r l y  

i n  t h e  more optimum h a b i t a t  of t h e  midwestern t a l l  g r a s s  p ra i r ies ,  f o r m e r l y  

through prair ie  eastward to Ohio  and Kentucky. 

A t t w a t e r ' s  Greater P r a i r i e  Chicken - Very local i n  small, d i s j u n c t  popula- 

t i o n s  i n  the g u l f  coastal p ra i r i e  of Texas,  scattered over  11 c o u n t i e s  

b u t  c h i e f l y  i n  Refugio  and Colorado c o u n t i e s .  Formerly ranged over  e n t i r e  

g u l f  coastal p r a i r i e  from s o u t h e a s t  L o u i s i a n a  westward to  Nueces R i v e r .  

I n h a b i t s  prairie,  e s p e c i a l l y  w i t h  p a t c h e s  of wild rose, s u n f l o w e r s ,  and 

similar plants o f f e r i n g  shelter and food. 

Golden - Cheeked Warbler - Breeds o n l y  i n  Texas; main ly  i n  Edwards P l a t e a u ,  

w e s t  to San Angelo and Rocksprings,  east  l o c a l l y  to  A u s t i n  and San Antonio.  

W i n t e r s  i n  s o u t h e r n  Mexico t o  Nicaragua.  I n h a b i t s  J u n i p e r s ,  O a k s ,  and 

also streamside trees. P o p u l a t i o n  estimated between 15,000 and  17,000 

c 

to ta l .  Common i n  areas of  mature  Cedar. Loss of t h i s  h a b i t a t  h a s  e x t i r -  

pated the species i n  many places. Urbaniza t ion  and brush  e r a d i c a t i o n  for 

improved range  t h r e a t e n s  its habi ta t .  
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AMPHIBIANS AND REPTILES 

Blunt  Nosed Leopard Lizard  - A sub  species of t h e  leopard l i z a r d s ,  found 

i n  San Joaquin Val ley  and surrounding f o o t h i l l s ,  CA. 

B l a c k  Toad or Inyo County Toad - Subspecies of t h e  western toad. Found 

i n  Deep Spr ings  Val ley,  Inyo County, CA. 

Table XI shows those species from t h e  above list found i n  each 

southwestern s ta te .  I n  a d d i t i o n  to  these, there may be f i s h  or inver te -  

brate which c o u l d  conceivably be affected by the  p l a n t s .  For example, 

t h e  a q u a t i c  h a b i t a t  of f i s h  could be modified by cool ing  devices  

for t h e  p l a n t s ,  or conceivably by the  cons t ruc t ion  a c t i v i t y  i n  bu i ld ing  

the  CR. 

no t  included i n  t h e  l ist .  Migrating Bi rds ,  f o r  example, could be 

a f f e c t e d  adve r se ly  by t h e  g l a r e  from the  h e l i o s t a t  f i e l d ,  or t h e  

food cha in  of scnne non-desert creature may be d i s rup ted  by t h e  p l a n t s .  

I n d i r e c t  e f f e c t s  of demographic s h i f t s  to t h e  s o u t h w e s t  due i n  p a r t  

to t h e  cons t ruc t ion  of t h e  p l a n t s  might also des t roy  h a b i t a t s  for 

some of these spec ie s .  

The C R ' s  c o u l d  also have unexpected effects on some species 

I t  is not c e r t a i n  t h a t  any of t h e  th rea tened  s p e c i e s  l isted w i l l  

a c t u a l l y  s u f f e r  popula t ion  reduct ions .  I f  t he  s i t i n g  of the  CR p l a n t s  

can avoid t h e i r  ranges,  then  it is hard t o  see how t h e  CR could a f f e c t  

t h e i r  popula t ions .  To a l a r g e  e x t e n t ,  t he  degree to which t h e  CR p l a n t s  

w i l l  a f f e c t  them w i l l  depend on how much freedom e x i s t s  i n  p l a n t  s i t i n g .  

A number of cons ide ra t ions  res t r ic t  the  area s u i t a b l e  to CR p l a n t s  i n  

t h e  southwest.  The Aerospace Study (1974) examined s i t i n g  r e s t r i c t i o n s  

under two d i f f e r e n t  sets of c r i t e r i a .  I n  t h e  most s t r i n g e n t  case, a b o u t  

21,546 sqi. m i .  were a v a i l a b l e  for t h e  CR p l a n t .  I n  t h e  l eas t  s t r i n g e n t  
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Table XI. Threatened Taxon Which Might Be Affected by the Central 
Receiver Power Plant. 

State 

Arizona 

California 

Color ado 

Kansas 

Nevada 

New Mexico 

Oklahoma 

Texas 

Utah 

Threatened Taxon 

Sonoran Pronghorn, Mexican Wolf, Mexican Duck, 
Masked Bobwhite, Y u m a  Clapper Rail, California 
Black Rail 

Mojave Ground Squirrel, Stephan's Kangaroo R a t ,  
San Joaquin Kit FOX, Tule Elk, Tule White - Fronted 
Goose, Y u m a  Clapper Rail, Blunt Nosed Leapord 
Lizard, Black Toad 

Lesser Prarie Chicken 

Northern Greater Prairie Chicken, Lesser Prairie 
Chicken 

None 

Mexican Wolf, Lesser Prairie Chicken, Mexican Duck 

Northern Greater Prairie Chicken, Lesser Prairie 
Chicken 

Red Wolf, Mexican Wolf, Mexican Duck, Attwater's 
Greater Prairie Chicken, Lesser Prairie Chicken 

Utah Prairie Dog 
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case, about 161,190 sq. m i .  were a v a i l a b l e .  In  order to  supply t h e  e n t i r e  

U.S. electrical needs,  approximately 4,500 sq. m i .  of land would be re- 

qui red .  This  m a k e s  up about  3% of  the  least s t r i n g e n t  area, and a b o u t  21% 

i n  t h e  most s t r i n g e n t  case. The Aerospace s tudy  d i d  no t  inc lude  threa tened  

species i n  its s i t i n g  c r i te r ia  i n  e i t h e r  case. I n  t h e  least s t r i n g e n t  

case, it is l i k e l y  then  t h a t  CR p l a n t s  could be s i t e d  without  encroaching 

on threa tened  spec ie s .  I n  t h e  most s t r i n g e n t  case, t h i s  would be more 

d i f f i c u l t ,  but  a more real is t ic  s c e n a r i o  of perhaps 100 We of CR p l a n t s  

would p resen t  fewer problems. Thus, with care, and c a r e f u l  s i t i n g ,  harm- 

ful effects to  threa tened  species can probably be avoided, or a t  l eas t  

minimized. As a r e l a t i v e l y  minor cons ide ra t ion ,  s o m e  a n i m a l s  may be able 

to e x i s t  even w i t h  t h e  CR's i n  p lace .  
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V. Climatological Considerations 

A. Overview 

As technology progresses, man's ability to modify his environment 

is increasing at a dramatic rate. Fortunately, coincident with this 

growth there has been a parallel development in man's understanding of 

his natural environment and the many and varied feedback mechansims 

which interconnect the myriad of processes which support our natural 

ecosystem. The increase in understanding of climate is a case in point. 

With the advent of high speed computers and a better understanding of 

the primitive equations underlying the dynamics of the atmosphere, semi- 

realistic climate modelling has become a possibility. 

ities which are cause for concern with respect to possible climate m o d i -  

fication are: the advent of nuclear weapons, the tremendous growth in 

Some of the activ- 

the consumption of energy (thermal pollution), the large increase in the 

2' burning of fossil fuels and the concurrent buildup of atmospheric CO 

the increase of air traffic and in particular the SST's and the future 

possibilities of extensive space shuttle traffic, increased use of nitro- 

gen fertilizer and possible effects on the ozone layer, etc. The poten- 

tial climate modification which might be caused by new technologies 

should be studied so that reasonably informed decisions can be made. 

Solar CR plants will modify to some extent the local climate. In 

addition, if built on a large enough scale, the plants could conceivably 

modify regional or,global climates. This could happen if enough plants 

were built so as to significantly affect the average surface albedo of 

a region; to increase significantly the amount of water vapor introduced 
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into the atmosphere over the desert; or to introduce sufficient dust 

into the atmosphere to modify the regional planetary albedo. At the 

regional scale (with many plants in one area) the solar plants could 

alter to some extent the downwind weather. Increased cloudiness could 

be one effect. At the global scale (many plants worldwide) there could 

be changes in the global temperature distribution, precipitat.ion 

patterns, alteration of the atmospheric general circulation pattern, 

and/or changes in the size of the polar ice caps. To maintain 

perspective, it must be pointed out that the alternatives to solar 

energy, fossil fuel consumption and nuclear power, would also affect 

climate. 

At present the CR concept is viewed as a source for intermediate 

load power only (see sections I1 and 111). However, the potential for 

base load plants (with energy storage) or synthetic fuel production is 

a possibility for the long term. Only with this possibility can one 

envision construction scenarios which could cause a noticeable pertur- 

bation on global climate. 

will be used globally, this possibility will be considered i n  the below 

discussion. 

While there is no certainty that CR plants 

Generally, models on three scales are used to study the climate. 

Microscale models usually are limited to an area of a few square kilo- 

meters. Mesoscale (or regional) models may deal with areas of thousands 

of square kilometers, and global models deal with the whole planet. 

8 
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Numerous models have been written for each of these scales. We shall 

apply several of these to the analysis of certain aspects of solar CR 

facilities in the following sections. 

Models vary greatly in detail and assumptions. For the case of 

global problems, where in a sense the equations for the atmosphere are 

best defined, there is a whole heirarchy of models which are tailored 

to look at different aspects of the climate. These models vary greatly 

in computer running time, cost, naievity, completeness, etc. At the top 

of the heirarchy are the very detailed General Circulation Models (GCM's) 

which attempt to use the exact primitive equations of the atmosphere 

(or as close to exact as is feasible) and to integrate them out on a 

high speed computer. 

An additional difficulty of these models is the so-called "noise". The 

Navier-Stokes equation which is at the core of these models, possesses 

many unstable solutions. This instability reflects itself in the real 

atmosphere when two entirely different weather patterns can evolve f r o m  

almost the same initial conditions, T h i s  same phenomena occurs w i t h  the 

GCM's. If one starts with slightly differing starting conditions and 

integrates the equations out in time, 

cally observe quite different weather patterns. When analyzing the im- 

pact of some new activity of man, such as building energy systems, a de- 

tailed analysis of the significance of the results is required. Usually 

this is done by running several control "experiments", starting with 

slightly different initial conditions and estimating the resulting 

These are the most expensive global models to run. 

then a month later one will typi- 
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variation in parameters of interest. 

ting a change caused by some anthropogenic modification. The question 

is then whether the changes in the parameters of interest in going from 

the control case to the altered one are significant compared to the in- 

herent variance of these parameters due to the model's instabilities. 

Often this exercise proves to be extremely expensive and the results 

inconclusive. This problem with GCM's will be difficult to overcome in 

the future because the unstable nature of these models simply reflects 

the properties of the real atmosphere. Despite these difficulties, a 

number of interesting and suggestive results have been obtained with 

these models. For example, model experiments suggest a close 

connection between the albedo of desert regions and precipitation. 

Experiments of different models confirm that increasing the albedo of 

A run can then be made incorpora- 

a desert tends to decrease the rainfall, although the exact nature of 

the causative mechanism is a matter of dispute. Charney (1975), 

Ellsaesser et al. (19761, and an unpublished model run performed at NCAR, 

have confirmed this relationship. The effects of deforestation on altering 

the albedo, runoff rates, and evaoptranspiration and consequently the 

climate have been studied by Potter et al. (1975). His results show a de- 

crease in precipitation induced by deforestation. Other model experiments 

have dealt with such topics as changes in surface roughness, (Delsol, 19711, 

changes in sea surface temperatures, effects of localized waste heat 

sources (Washington, 1972), etc. 

A 
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Mesoscale and microscale models a re  too numerous to  l is t  here. 

Their advantages over GCM's for looking a t  some problems are  that  they  

can t r e a t  small scale motion i n  much greater de ta i l .  However, the 

"rest  of the world" i s  treated as an isolated system, thereby ignoring 

feedbacks from the region outside the model's domain, or e lse  t h i s  re- 

gion is treated i n  gross approximation. The advantages of these models 

i s  tha t  they are  much more sensit ive t o  local or  regional perturbations 

than are  the GCM's and therefore more useful i n  analyzing the effects  

of limited deployment of some new technology. 

The specific climatic effects  of solar central  receiver power 

plants  a re  related t o  the dynamics of desert  climates. T h i s  subject 

has been given recent a t tent ion i n  connection w i t h  the devastating 

drought i n  the Sahel region of Africa i n  1973. 

B. Desert Types 

Deserts can be classif ied into three main types: rain shadow 

deserts,  continental deserts,  and deserts of subsidence. The rain 

shadow ef fec t  occurs when t h e  desert  i s  on the leeward side of a moun- 

ta in  range. 

subtle e f fec ts  are usually present as well. However, the rain shadow 

ef fec t  cer ta inly i s  an important factor i n  many deserts.  Examples are 

most of the deserts of the American West, and the Patagonia of Argentina 

Continental deserts form i n  land areas a large distance from a body of 

water. 

Examples a re  the Gobi and Sinkiang deserts of China. 

Pure rainshadow deser ts  a re  quite rare  as other,  more 

Most water simply precipi ta tes  out before reaching the area. 

A 
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Many ar id  regions a re  associated w i t h  a decending atmosphere re- 

ferred t o  as  subsidence. This subsidence causes a decrease i n  re la t ive  

humidity and can be accompanied by a decrease i n  cumulus convection. 

Both these factors  tend t o  retard precipi ta t ion and cloud formation. 

I n  the case of ra in  shadows, subsidence resu l t s  from topographical 

features. However, many other factors  can a f fec t  subsidence. The most 

important of these i s  a global phenomena of the atmosphere; the so-called 

Hadley circulation ce l l s .  The ascending parts of the c e l l s  (one for each 

hemisphere) are  responsible for  the t ropical  ( ra inforest)  areas of t h e  

globe; the descending par t  in the  ar id  la t i tudes  of the  w o r l d ' s  great  sub- 

t rop ica l  deserts.  

of the Hadley c e l l s  are  the Sahara, Australia, the Kalahari of southern 

Africa, t h e  Arabian peninsula, the Rajasthan and Thar deser ts ,  and t o  

some extent the deser ts  of North and South America. 

Examples of deserts associated w i t h  the descending par t s  

C.  Effects of Surface Albedo Modification 

?m elegant and detailed model re'lating surface albedo changes to  

changes i n  precipitation has been presented by Charney ( 1 9 7 5 ) .  H i s  

ideas, roughly speaking, a re  as  follows. Moist a i r  r i s e s  i n  the in te r -  

t ropical  convergence zones (the upward par t  of the Hadley c e l l ) ,  and 

moves poleward. 

surface of the deser t ;  and above t h i s  layer the flow i s  assumed geo- 

strophic (cor io l i s  forces balance pressure forces) .  Inside the boundary 

layer the Coriolis force i s  assumed t o  balance the east-west f r ic t ion  

force. Only radiat ive heat t ransfer  i s  included i n  the model. Over the 

deserts,  surface albedo is  high 130 - 40%) re la t ive  t o  other par t s  of the 

The model includes a viscous boundary layer above t h e  
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globe (except  t he  ice caps). Charney ignores  evapora t ion  a t  t he  s u r f a c e  

and assumes t h a t  t he  n e t  s h o r t  wave energy absorbed is  equa l  t o  t h e  

n e t  long wave energy r a d i a t e d .  I n  the  model t he  atmosphere is t r a n s -  

parent to s h o r t  wave r a d i a t i o n ,  b u t  absorbs long wave r a d i a t i o n  because 

it i s  assumed t o  con ta in  water  vapor.  Thus t h e  atmosphere absorbs 

energy from t h e  long wave r a d i a t i o n  emi t t ed  f r o m  the  su r face .  The 

atmosphere i t s e l f  e m i t s  thermal r a d i a t i o n  i n t o  space ,  and t h e  tempera- 

t u r e  lapse r a t e  i s  determined by t h e  cond i t ion  of  r a d i a t i v e  equ i l ib r ium.  

When t h e  albedo of  t h e  su r face  i n c r e a s e s ,  t he  equ i l ib r ium t e m p e r a t u r e  of  

the atmosphere drops,  due e s s e n t i a l l y  t o  r a d i a t i v e  cool ing .  A s  t he  a i r  

cools it descends,  exper ienc ing  a decrease  i n  r e l a t ive  hemidi ty  and 

also, Charney claims, less cumulous convection. Both of  t h e s e  e f f e c t s  

t end  t o  reduce p r e c i p i t a t i o n .  Charney has  t e s t e d  h i s  i d e a s  by running 

a GCM which showed a n e t  i nc rease  i n  p r e c i p i t a t i o n  i n  going from an 

albedo of  35% t o  14% f o r  the Sahara.  Charney argues  t h a t  t h i s  e f f e c t  

e s t a b l i s h e s  a bio-geophysical feedback mechanism between t h e  atmosphere 

and t h e  p l a n t s  of a r i d  loca t ions .  I f  a lbedo i s  inc reased ,  by reducing 

plant cover ,  r a i n s  decrease ,  p l a n t s  d i e ,  and albedo is  inc reased  s t i l l  

f u r t h e r .  The absence of  vege ta t ion  and r e s u l t i n g  high albedo h e l p  t o  

main ta in  t h e  d e s e r t .  Charney argues  t h a t  denudation of  vege ta t ion  

caused by overgrazing can thus  reduce p r e c i p i t a t i o n  and cause a drought .  

H e  proposes t h i s  exp lana t ion  for t h e  r e c e n t  Sahel ian  d i s a s t e r .  Although 

t h e  details  of Charney's exp lana t ion  are a matter of some debate ,  t he  

r e l a t i o n s h i p  between albedo and p r e c i p i t a t i o n  i s  c o n s i s t e n t  wi th  p r e s e n t  

understanding of  t h e  atmosphere. 
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I n  the absence of extreme measures, the solar CR plant w i l l  altex 

the natural albedo i n  regions where they are placed. The Charney effect 

may be relevant. I t  is possible to  pave the area between heliostats 

and paint it i n  order t o  produce no change i n  albedo, but t h i s  would 

add to  the cost of the plant. The effects  of CR plants on albedo have 

been considered by Weingart (1977). Parameters such as ground cover 

ra t io ,  r a t io  of direct  t o  diffuse radiation, and machine efficiency affect  

the m u n t  t o  which albedo w i l l  be modified. I n  the section on models, the 

results of a global climate model (zAE92) w i l l  be discussed regarding t h i s  

issue. Other parameters, such as evaporation ra tes ,  could also be modified. 

A complication which can affect  the climatic modification of CH 

plants i s  the possibil i ty that snythetic fuels w i l l  be produced a t  

the plant s i t e  and transported large distances to  energy markets such as 

Europe o r  Japan. I n  this case, the effect  on climate cannot be treated 

as a simple albedo modification. For the models that  we have used to  

study albedo modification, the grid size is so large that  transportation 

of fuels could be safely ignored. 

D. Effects of aerosols. 

Construction of solar plants can cause dus t  t o  enter the atmosphere 

during the construction phase; during the operation phase i f  ground 

cover is  destroyed; and by the induced additional off-road vehicle 

act ivi ty .  

both by reducing the incident solar radiation and by reducing the 

ref lect ivi ty  of the mirrors. Hence some corrective measures (e.g. ,  

paving) may well take place. To the extent that  solar plants do lead 

t o  large amounts of d u s t  i n  the atmosphere, there are possible climatic 

The dust would interfere w i t h  the operation of the plant 
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imp l i ca t ions .  I n  gene ra l  par t iculates  a f f e c t  the i n t e r a c t i o n  of the 

atmosphere w i t h  bo th  long and s h o r t  wave r a d i a t i o n .  Their presence w i l l  

a f fect  the  amount of  r a d i a t i o n  r e f l e c t e d  back i n t o  space and t h e r e b y  

t h e  p l a n e t a r y  albedo. They w i l l  a l s o  modify the  abso rb t ive  propert-ies 

of the atmosphere i n  t h e  in f r a - r ed .  I n  a d d i t i o n ,  they can a f f e c t  

nuc lea t ion  and thereby cloud and p r e c i p i t a t i o n  amounts. 

I t  h a s  been suggested by Bryson (1967) t h a t  t he  l a r g e  amounts of 

d u s t  i n  the atmosphere of I n d i a ' s  Rajasthan d e s e r t  is important  i n  

s u s t a i n i n g  the desert environment. H e  a rgues  t h a t  the presence of 

aerosols causes  cool ing  o f  t h e  atmosphere by r e f l e c t i n g  more short 

wave r a d i a t i o n  back i n t o  space than  would o therwise  be the  case. This  

coo l ing  aga in  results i n  subsidence and a r i d i t y .  H e  has  proposed t h i s  

mechanism as an exp lana t ion  of the  encroachment of  the  Rajasthan i n  

h i s t o r i c  times. To t h e  e x t e n t  that  cons t ruc t ion  o f  s o l a r  c e n t r a l  

receiver p l a n t s  and associated off-road v e h i c l e s  cause l a r g e  amounts of 

d u s t  to  e n t e r  the atmosphere, Bryson's e f f e c t  may tend t o  make the  d e s e r t  

more a r i d .  Since the  magnitude of t h e  d u s t - r e l a t e d  e f f e c t s  a r e  not  

clear, and the  amount of  d u s t  t h a t  w i l l  be a t t r i b u t a b l e  ( e i t h e r  d i r e c t l y  

or  i n d i r e c t l y )  t o  t h e  solar plants is  n o t  p r e s e n t l y  known, the  importance 

of the d u s t  canyot be q u a n t i f i e d .  

E. Effects on Evaporat ion R a t e s .  

Cen t r a l  r e c e i v e r  p l a n t s  could a f f e c t  evapora t ion  rates i n  t h e  deserts 

i n  s e v e r a l  ways. First, if w e t  coo l ing  dev ices  are used then  an amount 

of water d i r e c t l y  p ropor t iona l  t o  the  output  of the  p l a n t  would be 

evapora ted .  Espey, Huston, and Assoc ia tes  (1974) have provided dara 

on evape ra t ion  rates f o r  d i f f e r e n t  types  of cooling device  by reg ion .  
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For example, for  mechanical d r a f t  cool ing  towers they l i s t  a water 

consumption rate i n  the  Lower Colorado water r eg ion  o f  .76 pounds per  

thousand B t u ' s  r e j e c t e d  as an annual  average.  

A major factor in f luenc ing  evapora t ion  rates would be the  popula t ion  

i n c r e a s e s  i n  t h e  v i c i n i t y  of t h e  c e n t r a l  r e c e i v e r  p l a n t s .  T h i s  

a d d i t i o n a l  popu la t ion  would r e q u i r e  w a t e r  f o r  l i f e  , i r r i g a t i o n  , and 

r e c r e a t i o n ,  which would i n c r e a s e  t h e  amount o f  vapor in t roduced  i n t o  

t h e  atmosphere i n  t h e  reg ion .  This popula t ion  i n c r e a s e  would probably 

be the most impor tan t  factor s i n c e  w e t  coo l ing  dev ices  w i l l  n o t  l i k e l y  

be used. 

I n  t h e  e v e n t  t h a t  evapora t ive  cool ing  dev ices  are used wi th  s o l a r  

p l a n t s ,  they  may cause fog o r  c louds .  The d e t a i l s  would depend on the 

type of cool ing .  For example, C u r r i e r  e t  a l .  (1974) have taken  d a t a  of 

fogging around the coo l ing  pond a t  t h e  4 co rne r s  power p l a n t .  Thei r  

r e s u l t s  sugges t  that  fogging is correlated w i t h  the parameter  

I = At/(es-ea) , where A t  is  the d i f f e r e n c e  between w a t e r  temperature and 

ambient a i r  temperature, e i s  vapor p r e s s u r e  of s a t u r a t e d  air a t  ambient 

a i r  tempera ture ,  and e i s  ambient a i r  vapor p re s su re .  The l a r g e r  I ,  

the more l i k e l y  t h e  occurrence  o f  fog. Usual ly  some condensat ion 

occurred  for I > 20°F/mb. For o t h e r  t ypes  of  coo l ing  dev ices  t h i s  index 

might n o t  be s u i t a b l e ,  b u t  i n  any even t  w e  can expec t  fogging t o  

become less l i k e l y  wi th  a decrease i n  r e l a t i v e  humidity.  Perhaps t h e  

best way t o  s tudy  t h i s  p o t e n t i a l  problem would be to  i d e n t i f y  a l ist  of  

e x i s t i n g  microscale models which i n c o r p o r a t e  condensat ion and apply them 

t o  the solar p l a n t  s i t e .  I n  a d d i t i o n  t o  fogging,  evapora t ive  cool ing  

devices w i l l  i n t roduce  t o x i c  o r  undes i r ab le  subs tances  i n t o  the  

S 

a 
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. 

atmosphere depending on t h e  minera l  con ten t  of the water used f o r  

cool ing .  General ly  speaking,  due t o  the  l o w  r e l a t i v e  humidity of the  

desert atmosphere,  fogging and cloud formation are no t  l i k e l y  t o  be 

major problems excep t  perhaps a t  dusk,  dawn, and n i g h t .  

F. The Heliostat Canopy 

The h e l i o s t a t  canopy w i l l  p a r t i a l l y  shade the ground, which w i l l  

t h u s  exper ience  reduced evapora t ion  ra tes .  This  reduced evapora t ion  

w i l l  probably be most no t i ceab le  s h o r t l y  a f t e r  a storm, when s o i l - h e l d  

w a t e r  u sua l ly  evapora tes  rather qu ick ly .  Evaporat ion o f  dew w i l l  a lso 

be r e t a r d e d .  Dew can be a n  important  source  of moisture  i n  d e s e r t s .  

Monteith (1957) and Baler (1966) have g iven  reviews o f  t h e  s t a t e  of 

knowledge o f  dew formation i n  a r i d  r eg ions .  This  mois ture  may support. 

some extra vege ta t ion .  I n  a d d i t i o n ,  more condensat ion may occur  a t  n i g h t  

i n  the h e l i o s t a t  f i e l d  because of t h e  e x t r a  area provided by the h e l i o -  

s ta t  s u r f a c e s .  The h e l i o s t a t s  thus w i l l  l e ad  t o  a larger s o i l  mois ture  

c o n t e n t  assuming that  the ground is n o t  paved. 

G. E f f e c t s  on Turbulent  T rans fe r  Rates  

General ly  speaking,  the e f f e c t s  of turbulence  i n  t h e  lower 

atmosphere are very important i n  determining the  microcl imatology of  a 

g iven  l o c a t i o n .  Such q u a n t i t i e s  as d i u r n a l  temperature  v a r i a t i o n ,  

wind profile, buoyant plume rise rates,  evapora t ion  rates,  d i f f u s i o n  

rates, etc.  are s t r o n g l y  in f luenced  by  t h e  t u r b u l e n t  p r o p e r t i e s  of t h e  

l o w e r  atmosphere. Reviews of r e s u l t s  on turbulence  may be found i n  

P r i e s t l y  (19591, Csanady (1973) , and Sut ton  (1953) .  

A 
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Turbulence is only pa r t i a l ly  understood a t  t h i s  t i m e .  A t  present 

most studies attempt t o  phenomenologically parametrize tne e f fec ts  of 

turbulence i n  terms of diffusion coefficients.  A number of parametriza- 

t ions have been suggested, and the more important ones are discussed i n  

the above mentioned reviews of the subject. Diffusion rates  for such 

quant i t ies  as temperature, momentum, humidi ty ,  e t c .  tend t o  increase 

dramatically when the atmosphere enters a turbulent regime, and to  

fur ther  increase as the turbulence becomes more energetic. 

A simple example is  the ver t ical  transport of heat which is 

H standardly parametrized i n  the s i m p l e s t  f o r m  by a s ingle  constant K 

by the equation 

, 8 = potent ia l  temperature . a2e 
az2 
- ae 

at = ‘H (1.) 

K depends on atmospheric conditions, and i n  par t icular  on the s t a t e  of 

atmospheric turbulence. I t  i s  called the v i r tua l  coefficient of 

conduction. N o  rigorous theory of ex i s t s  a t  the present time. 

Priestley presents a table of measured values of ICIl for  different  

atmospheric conditions. According t o  t h i s  table,  can vary from a 

H 

2 7 2  low of .2 cm /sec for s t i l l  a i r  t o  about 10 cm /sec €or very unstable 

stirred a i r .  Thus t h e  e f fec ts  of eddy diffusion can vary over e ight  

orders of magnitude, depending on the  s t a t e  of the atmosphere. A 

he l io s t a t  f i e l d  on a desert  f l a t  would undoubtedly increase turbulence 

and therefore 5. 
variation. 

atmosphere w i l l  respond more quickly to  changes i n  surface temperatures. 

I n  the case of the he l ios ta t  f i e ld ,  the properties of the surface would 

This would i n  turn modify the diurnal temperature 

Under normal conditions, i f  5 is increased, then the 
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A 

be m o d i f i e d ,  and t h e  t u r b u l e n c e  may n o t  p e n e t r a t e  b e n e a t h  the h c l i o s t a t  

canopy. T h i s  c o m p l i c a t e s  the a p p l i c a t i o n  of e q u a t i o n  1 t o  t l i i s  prow:;:;. 

I t  i s  the a u t h o r s '  o p i n i o n  t h a t  an i n c r e a s e  i n  K due t o  t h e  presence of 

the h e l i o s t a t s  is probably  n o t  ( t o  f i r s t  o r d e r  a t  least)  of any g r e a t  

concern to  e n v i r o n m e n t a l i s t s .  

H.  Effects  on the Wind P r o f i l e  

H 

The m e a n  h o r i z o n t a l  wind p r o f i l e  is observed  t o  be a f u n c t i o n  of 

the roughness  o f  the t e r r a i n  o v e r  which t h e  wind i s  p a s s i n g .  I t  is  d 

s t a n d a r d  t o  p a r a m e t r i z e  t h e  mean h o r i z o n t a l  v e l o c i t y  as a f u n c t i o n  of 

a l t i t u d e  as ( S e l l e r s ,  1965) 

* 
I J  = l j  /KLn(Z , 'Z  ) 

0 

* 
where K is  approximately 0 . 4  ( t h e  Von Karman c o n s t a n t ) ,  U i s  t h e  

f r i c t i o n  v e l o c i t y ,  and  z is the roughness  l e n g t h .  S e l l e r s  p r e s e n t s  a 

table of zo f o r  d i f f e r e n t  t e r r a i n .  

value of z = . 03  cm. 
0 

c i t rus  forest is the closest analogy to  a he l io s t a t  f i e l d  i n  the table.  

0 

For a smooth d e s e r t  he g i v e s  a 

For  a c i t rus  forest he g i v e s  zo = 198 c m .  The 

The ef fec t  of the h e l i o s t a t  f i e l d  would then  be to  reduce the mean w i n d s  

somewhat above the f i e l d ,  a c c o r d i n g  to  Eq.  2 ,  by modifying z . 
I. A Model of Convect ion about a C e n t r a l  Rece iver  P l a n t  

0 

Convect ion caused by the c o o l i n g  towers o f  a CR p l a n t  could  be o f  

envi ronmenta l  importance because c o n v e c t i v e  winds might  l i f t  d u s t  and 

f i n e  particles i n t o  the atmosphere.  O u r  r e s u l t s  s u g g e s t  t h a t  t h i s  w i l l  

n o t  be a problem e x c e p t  very  n e a r  to t h e  t o w e r .  W e  s h a l l  p r e s e n t  

e x p r e s s i o n s  for r a d i a l  and v e r t i c a l  mean v e l o c i t i e s  as f u n c t i o n s  of 

a l t i t u d e  and radius about  a c o o l i n g  t o w e r ,  and f o r  the case of a n e u t r a l  
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atmosphere. Convective velocities would probably be g r e a t e r  for 

uns t ab le  atmospheres. W e  cons ider  only dry cool ing  t o w e r s .  W e t  

coo l ing  towers ought  t o  be modelled as w e l l ,  b u t  complicat ions ar ise  

because of  condensat ion phenomena, so that  more elaborate techniques 

m u s t  be used. The model used he re  is  a gauss ian  plume model developed 

by P r i e s t l e y  and B a l l  ( P r i e s t l e y ,  1955 and 1959; P r i e s t l e y  and B a l l ,  

1955) , which w i l l  be .denoted by PB. More e l a b o r a t e  t rea tments  may be 

found i n  S t e r n ' s  books (1968) on a i r  p o l l u t i o n .  A somewhat o l d  b u t  

s t i l l  u s e f u l  review of the  subject i s  given by Su t ton  (1953) .  

Turbulent  entrainment  can be an important  f a c t o r  i n  determining 

mean convect ive v e l o c i t i e s  for a cool ing  t o w e r .  I n  t h i s  case, t h e  

Navier-Stokes equat ions  cannot  be t r e a t e d  e x a c t l y  , and e i t h e r  computer 

s imula t ion  must be used o r  some approximation made. Both of these 

approaches have drawbacks. Computer s imula t ions  of turbulence  can be 

very expensive,  e s p e c i a l l y  if small scale eddies  are to  be modelled 

a c c u r a t e l y .  On t he  o t h e r  hand most approximations made t o  treat  

t u r b u l e n t  e f fec ts  a n a l y t i c a l l y  are ad hoc and t h e o r e t i c a l l y  u n j u s t i f i e d .  

The PB model is  an example of t h e  la t ter  case. The assumptions i n  t h i s  

model are based on empirical ev idence ,  and are commonly used. 

Consider a c y l i n d r i c a l l y  symmetric h e a t  source on a h o r i z o n t a l  

sur face .  For s i m p l i c i t y  , assume t h a t  the  environmental  temperature  

is a func t ion  only  of a l t i t u d e ,  and t h e r e  is  no wind. Following PB, w e  

w r i t e  

a - (rwp) 3Z 
a 
ar + - ( r u p )  = 0 (1. 

n 

(2.  
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n 

which are t h e  equa t ions  of motion and conserva t ion  r e s p e c t i v e l y ,  €or 

a v iscous  f l u i d  i n  the  h y d r o s t a t i c  approximation. The c y l i n d r i c a l  

coord ina te s  Z and r denote  h e i g h t  and d i s t a n c e  from t h e  c e n t e r l i n e  of 

the coo l ing  tower r e s p e c t i v e l y .  These equa t ions  are coupled to  an equa- 

t i o n  for energy conserva t ion  

where 

w = v e r t i c a l  v e l o c i t y  

u = radial  v e l o c i t y  

p = d e n s i t y  

8 = p o t e n t i a l  temperature 

e 8 = environmental  p o t e n t i a l  temperature  

8’ = excess  p o t e n t i a l  temperature (8- 8 e 
T = v e r t i c a l  t u r b u l e n t  shea r ing  stress 

F = r a d i a l  ( p o t e n t i a l )  t u r b u l e n t  h e a t  f l u x  

P 
C = s p e c i f i c  h e a t  o f  a i r  ( taken  as a c o n s t a n t ) .  

A l l  t h e  quant i t ies  are mean va lues  averaged over  t u r b u l e n t  f l u c t u a t i o n s .  

PB assume t h e  fo l lowing  form €or a s o l u t i o n :  

W/WM = f ( r / R )  , 8’/8; = h ( r / R )  , 
(4. 

2 
.r/%p~, = j I 

where the subscript m denotes  t h e  va lue  on the a x i s  of symmetry. R is 

an unknown f u n c t i o n  of z and j ano the r  unknown func t ion  o f  r / R .  Wm and 

8’ depend only  on h e i g h t  z .  

do conform to  an i n t u i t i v e  picture o f  a r i s i n g  plume. These assumptions 

These forms are n o t  an e x a c t  s o l u t i o n ,  b u t  m 

have also been approximately v e r i f i e d  exper imenta l ly  , and they are 

s t a n d a r d  i n  a l l  gauss ian  plume models. 
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For the special case o f  n e u t r a l  condi t ions  (8 a cons t an t  e 

independent of z )  the  equat ions  are so lvab le  wi th  t h e s e  approximations.  

PB f i n d  i n  t h i s  case 

2 
R w 8’ = cons tan t  = A. m m  

Making a gauss ian  approximation, 

they  f i n d  

r 

2R 
f = h = exp(- 7) , 

A { 3% + -} B -1/3 0’ = - 
c 2 ~ 2  2e c 2 ~  z 3  

I 

e 

A = Q/WCp , 

where Q i s  the source  s t r e n g t h .  

R = c Z .  

( 5 .  

( 7 .  

( 8 .  

(9. 

The parameters  A, B ,  and c are cons t an t s  of i n t e g r a t i o n .  The p o i n t  

z = 0 ,  r = 0 has  been chosen t o  be t h e  concurren t  p o i n t  of t h e  cone 

shaped plume. 

For ou r  purposes  w e  s h a l l  ignore  the t e r m s  con ta in ing  B i n  t h e s e  

expres s ions .  These terms f a l l  o f f  f a s t  wi th  a l t i t u d e  and are d i f f i c u l t  

t o  determine.  

An express ion  €or the  r a d i a l  v e l o c i t y  u may be obta ined  from the  

equa t ion  of  c o n t i n u i t y  (11, which can be i n t e g r a t e d  t o  y i e l d  
2 r 

I .  a 2 - s  
U ( r , Z )  = - - W R [l - e 3~ m (10. 

S u b s t i t u t i n g  i n t o  this expres s ion  t h e  forms for  wm and R,  and t ak ing  

B = 0 ,  w e  f i n d  
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(11. 

( 1 2 .  

A 

1/3 3A9 ) 
2 w = (  

20 c z m 
e 

A 3A9 e’ = - 
( 2  c2z2 20 c z 

R = cZ 

A = Q/TpCp 

2 R Wm 8’ = m 

e 

A .  

( 1 3 .  

(14. 

( 1 5 .  

(16. 

We next  apply these  equat ions to  a solar thermal p l a n t  t o  analyze 

convection caused by i t s  dry cooling towers. 

Consider a 100 MWe in termediate  load power p l a n t  using t h e  c e n t r a l  

r ece ive r  design. The waste hea t  r e j ec t ed  a t  the tower w i l l  be about 

200 MWt. 

a typical condensing temperature f o r  a steam system. This model does n o t  

give an accura te  depic t ion  of convection near  the ground because i t  does 

n o t  m e e t  the condi t ion t h a t  t h e  v e r t i c a l  ve loc i ty  vanish a t  the su r face ,  

and also the  h e l i o s t a t s  w i l l  modify the  ve loc i ty  f i e l d  near the ground. 

I n  order  t o  ge t  an idea  about how l a r g e  the  v e l o c i t i e s  might conceivably 

be, w e  shal.1 consider  a he igh t  l e v e l  with t h e  tower top.  L e t  z be the 

coordinate  of the top of t h e  tower. From equat ion 1 4 ,  w e  see t h a t  the 

p o i n t  z = 0 ,  r = 0 is the  apex of the  cone shaped volume. This po in t  

w i l l  not i n  general  be l e v e l  with t h e  su r face ,  t he re fo re  z i s  not the 

The a i r  a t  the  mouth of  the tower might be about 66OC (150°F), 

0 

0 

he igh t  above the ground of the  top of the tower, b u t  the  he ight  above 

t h i s  apex po in t .  A t  z = z w e  must have 
0 

R = c z  = R o ,  
0 

where R is  the  rad ius  of the tower. 
0 

(17 .  



-88- 

Denote t h e  t o t a l  h e a t  p e r  u n i t  t i m e  r e j e c t e d  by t h e  t o w e r  by Q. W m 

a t  z = z i s  then obta ined  from eqs. 5 and 8, 
0 

(18. 

Equation 11 then  g ives  u a t  t h i s  h e i g h t ,  once c is known. For r R ,  

c w z  2 
5 m 
3 r  

t he  
U % - - - -  

The parameter c may be so lved  f o r  i n  terms of  known q u a n t i t i e s ;  

8’ R g 5 
R 

c = e 0  P 3  0 3 g  228=--- 3 0 0 

A e ‘e w2 m 
where 

Typical  numbers f o r  a solar cool ing  tower i n  an ar id  l o c a t i o n  

might be 

t Q = 200 MW 

e = 3 0 5 0 ~  e 

8’ = 35OK 

Ro = 16 m ,  
0 

w and u are then  determined i n  terms of these. W e  f i n d  

( 2 0 .  

( 2 1 .  

( 2 3 .  

( 2 4 .  

(25. 

(26 .  

w ( z  ) = 6 m / s  = 22 km/hr. (27. 
m o  

This  is  t h e  v e l o c i t y  of t h e  a i r  a t  t h e  mouth of t h e  cool ing  tower. We 

f i n d  a value f o r  c of 

The z coord ina te  of  t h e  tower mouth, z is  equal t o  

c = .75 (28 .  

0’ 

z = R /c = 21.3 m. 
0 0 

(29.  

Q 

Q 
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A t  this height, u ( r )  i s  given by ( for  r >> R 
0 

120m m u ( r , z  ) = - 7 - , 
0 S 

( 3 0 .  

SO t h a t  a t  a distance of 50 meters from the tower centerline 

u(r=50m,zo) = 8.6 km/hr (31. 

Our calculation was performed w i t h  the assumption of a neutral 

atmosphere. 

convective currents t o  be larger ,  and for stable conditions (8: > 0 )  I 

we would expect them t o  be smaller. 

does not seem t o  be large enough to  cause concern about increased erosion, 

and t h i s  velocity would occur only i n  the vicini ty  of the tower. 

For unstable conditions (0; < 0 )  we would expect the 

The above velocity of 8.6 km/hr  

Based on t h i s  model, we may say that  convection does not appear to  

cause environmental o r  pract ical  problems except perhaps i n  the case of 

an unstable environmental atmosphere. 

J. A Global Scenario w i t h  Some Model Applications 

1. The scenario 

Models of the ent i re  earth’s atmosphere are useful for studying 

climate modification on a global o r  regional level .  I n  order to  use 

such models, a scenario of global deployment of CRs i s  necessary. Any 

such scenario can give but a crude estimate as t o  the numbers and 

location of the plants ,  but the  r e s u l t s  of such models could give a 

semi-quantitative idea of the e f fec ts  of t h i s  technology on the climate. 

The scenario developed here could aJso be used for  other desert  based 

systems such as photovoltaics or parabolic trough collectors.  

A 
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The maximal s c e n a r i o  presented  he re  i s  considered t o  be an over- 

e s t ima te  of the number of CR p l a n t s  which could ever reasonably be 

bu i l t .  The reason f o r  t h i s  overes t imate  is  t h a t  i f  t he  p o s t u l a t e d  

l e v e l  of cons t ruc t ion  does not  l ead  t o  dramatic climate e f f e c t s  i n  

e x i s t i n g  models, then  it is u n l i k e l y  that  a smaller s c e n a r i o  would. 

Thus, t h e  i n t e n t  i s  t o  bound the  e f f e c t s  on climate. 

P resen t  w o r l d  popula t ion  has  passed 4 b i l l i o n .  By the  year  2000 i t  

could reach 6.5 b i l l i o n .  The 2 1 s t  century may w e l l  end wi th  a world of 

10 b i l l i o n  people .  

this many people, and we s h a l l  assume t h i s  popu la t ion  i n  t h i s  scenario. 

P resen t  energy consumption i n  the  U . S .  i s  about 10 kW per person.  

Desert based s o l a r  systems could  provide energy t o  

t 

Most of this i s  c u r r e n t l y  i n  the form of f o s s i l  f u e l s .  I f  f u e l s  are 

produced s y n t h e t i c a l l y  a t  a CR p l a n t ,  then the  e f f i c i e n c y  f o r  conversion 

of e l e c t r i c i t y  i n t o  chemical energy i s  h igh ,  close t o  90%. Thus i n  

o r d e r  t o  produce 10 kW of s y n t h e t i c  f u e l s  would r e q u i r e  about  10 kW t e 

of base load  power (or approximately 30 kW 1 .  W e  s h a l l  assume then  a 

w o r l d  popu la t ion  of 10 b i l l i o n  wi th  a per c a p i t a  energy use of 10 kW . e 

t 

I n  o r d e r  to gene ra t e  100 MW of base load power, about  1 .5  t o  e 
2 2.0 km of r e f l e c t o r  s u r f a a e  would be requ i r e6  wi th  p r e s e n t  des igns .  

W e  w i l l  -=e the  upper value.  In  a d d i t i o n  to the  e f f e c t s  o f  t he  a c t u a l  

f a c i l i t i e s ,  suppor t  personnel  and indus t ry  attracted t o  t h e  region w i l l  

occupy land.  

be 1 km f o r  a 100 me p l a n t .  ??e s h a l l  assume this f i g u r e .  10 

such p l a n t s  would be needed t o  m e e t  t he  energy needs descr ibed  above, 

y i e l d i n g  a t o t a l  of 2 X 1 0 6  km of mirror area, and about  1 x 1 0  km2 for 

The area a f f ec t ed  by t h e  suppor t  personnel  could e a s i l y  
2 6 

2 6 
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support personnel. The ground cover r a t i o  for the plants w i l l  be taken 

to  be 1/3, so t ha t  the t o t a l  area needed for the plants would be about 

6 Y l O  km . 6 2  

I n  estimating the e f fec ts  on albedo of the above scenario, w e  

sha l l  make the following assumptions. 

a.  A n  area equal to  the t o t a l  mirror area of the p l a n t s  becanes 

b. A n  area equal t o  the 1 x 1 0 6 k m  at t r ibuted to  the support 

completely black. 

pe rsonne 1 becomes perfectly black. 

2 

Thus, a t o t a l  of 3x106 km2 i s  darkened. 

assume that  t h i s  darkened area i s  spread out over an area of 9x1C6 km , 

For convenience, we sha l l  

2 

corresponding to  a ground cover r a t i o  of 1 /3  for support personnel 

land also. The important point is  the amount of land darkened. W i t h  

2 
the assumptions the new albedo ( a )  for the 9x106 k m  of land would be 

a == 2 /3  ciN 
where a is the natural albedo. 

N 

(1.) 

I n  order to  complete t h i s  scenario, i t  must be decided how t h i s  

land i s  t o  be distributed throughout the deserts of the world. 

Table X I 1  shows our estimate, for t h i s  scenario, of how the so la r  enerqy 

production might be dis t r ibuted throughout the world. Figure V - 1  and 

Table X I 1 1  present these estimates i n  more d e t a i l  by specif ic  location 

with areas and geographic boundaries. The information for  running a 

zonally averaged model i s  presented i n  Table X I V ,  which shows areas 

covered i n  t h i s  scenario by l o o  la t i tude bands. A considerable number 

of solar plants were placed i n  North America because of the relatively 

sui table  desert  areas and the present and expected future energy needs of 

the U.S. The Pataqonia of Argentina h a s  potentlaL because of t h e  f a i r l v  
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T a b l e  X I I .  Mirror and Land A r e a s  f o r  Scenar io  by Rough Location. 

Region Land Area ( K m L )  Percent  T o t a l  Mirror Area 
m l 2 )  

N. America 

S. America 

Europe 

Sahara 

Arab. Penin. 

I n d i a  

China 

Aus t r a l i a  
S. Af r i ca  

USSR 

1 5  

10  

<5 

1 5  

10  

1 5  

1 5  

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

4.5X10 

3.0XlO 

1.5X10 

4.5x10 

3.0XlO 

4.5X10 

4.5X10 

1.5XlO 

1.5X10 

1.5X10 

5 13.5x10 

9 X 1 o 5  

5 

5 
4 . 5 ~ 1 0  

13.5x10 

9 x105 
5 

1 3 . 5 ~ 1 0 ~  
5 

5 

5 

13.5x10 

4.5x10 

4 . 5 ~ 1 0  

4.5x10 

9 x106 6 Total 100 3. x10 
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T a b l e  X I V .  S o l a r  Land Areas by Zone f o r  the Global  S c e n a r i o  as Used 
by ZAM2. 
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good solar  radiation levels and the accessible markets of South America. 

Other s i t e s  i n  South Ameiica include par ts  of Chile, Bolivia, Peru, and 

Brazil. Suitable locations i n  Europe are limited to  a few areas i n  

Spain, I t a l y ,  Yugoslavia, and Greece. Turkey has a high potent ia l .  

The Sahara and Arabian Peninsula could supply huge amounts of energy, 

provided the problem of labor and dis t r ibut ion could be overcome. 

Rajasthan and Pakistan's Thar deserts are  sui table ,  although d u s t  may be 

a problem i n  India (Bryson, 1967). I n  Africa, the Kalahari desert  

could probably meet the energy needs of the en t i r e  continent. 

Australia has vast  po ten t ia l ,  but is  d is tan t  from accessible markets 

and so probably won't be a major producer. China's Gobi and Sinkianq 

deser ts ,  although rather  f a r  north, could be major producers because of 

the vast labor pool of t h i s  country. Japan could be a major market for 

energy. The a r id  lands eas t  of the Caspian sea i n  the USSR have poten- 

t i a l ,  although they also are a t  a f a i r l y  high la t i tude .  

2 .  Global radiation temperature change 

India 's  

Global and massive use of CR plants w i l l  a l t e r  the heat balance 

of the ear th  to  some extent. While GCM's (see above) are required for 

a detailed analysis of t h i s  a l tered heat balance, a simple "zero- 

dimensional" black body model can serve to  provide an estimate. I n  

t h i s  s p i r i t ,  the radiation temperature of the ear th  i s  defined by the 

following equation 

2 
e e R '  

S7TR (1-z) = &U 47T R2 T4 

-Q 
(1.) 
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where 0 i s  the  Steffan-Boltzman constant, TR the radiation temperature, 

E the average emissivity of the ear th ,  c1 the average planetary albedo 

(about 36%, Sel le rs ,  1965) , S the solar  constant ( 1 . 4  kw/m ) ,  and 

R the radius of the earth (the value for E w i l l  eventually drop o u t .  

The l e f t  hand side of eq. 2 i s  the net shor t  wave radiation which is 

absorbed by the ear th  per u n i t  time. 

- 

2 

e 

L e t  us f i r s t  look a t  this equation applied to the scenario, but 

ignore the land at t r ibuted to  support personnel. Denote the t o t a l  mirror 

area by A As a time average, only half the mirror area w i l l  be 

tracking the sun ,  the other half being on the dark side of the ear th.  

L e t  us take the tracking mirrors t o  be normal to  the sun. This approxi- 

mation overestimates the e f f ec t ,  b u t  prabably not more than  50%. Thus 

a cross sectional area of 1/2 A located i n  the deserts of the world, 
R '  

becomes completely absorbing for  d i rec t  radiation. I f  we ignore 

attenuation of shortwave radiation over the deserts,  the ea r th ' s  net 

R -  

radiation gain over the natural case i s  

N e t  radiation gain = 1 / 2  SA ( l - ( l - c t  ) 1 , ( 2 . )  R D 

D 
where CL i s  the natural albedo of the desert .  Typical values of Ci 

range from -25 t o  - 4 .  The temperature change i s  then determined by 

the following equation ( for  re la t ively small changes) 

D 

2 4  
e TR' 

Net radiation gain = & { E O  4T R 

2 4 46TR = 4 n & 0 R  T - 
R 

e R T  

Using eq. 1, w e  f i n d  

(3.)  
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Using a value of . 3  for  ci and 285'K for T w e  f i n d  
D R' 

6T = .2S°K ( 5 . )  R 

Figure V-2 shows t h e  change i n  temperature  as a func t ion  of energy 

D' generated versus d i f f e r e n t  va lues  f o r  ci 

Within t h e  con tex t  of  t h i s  simple model, t h e  use of  nuc lear  power 

p l a n t s  o r  fossi l  f u e l  p l a n t s  t o  gene ra t e  this same amount of energy 

would lead t o  about  three times as l a r g e  a temperature  i n c r e a s e ,  

because about  three times as much w a s t e  heat would be l iberated 

t e r r e s t i a l l y .  The argument f o r  t h i s  i s  as fol lows.  I f  w e  genera te  

a certain amount of e l e c t r i c i t y  a t  a nuc lea r  p l a n t  or f o s s i l  f u e l  p l a n t ,  

t h e  e f f i c i e n c y  o f  gene ra t ion  is about  33%. Thus the  energy conten t  of 

t h e  f u e l s  burned is t h r e e  t i m e s  t h e  e lec t r ic  genera ted .  A l l  o f  t h i s  

energy e v e n t u a l l y  goes t o  h e a t i n g  up t h e  p l a n e t .  For the  CR p l a n t s ,  t h e  

case i s  d i f f e r e n t .  The n e t  h e a t  gained,  even wi th  the  extreme assump- 

t i o n s  used he re ,  i s  s t i l l  approximately equa l  to  the  e l ec t r i c  energy 

generated.  This approximate q u a l i t y  is  a coincidence which depends on 

the desert albedo having a value of about  1/3 .  Since temperature  s h i f t s  

i n  t h e  model are p r o p o r t i o n a l  t o  t h e  n e t  h e a t  g a i n ,  nuc lea r  power o r  

fossi l  f u e l  would i n c r e a s e  TR by a b o u t  .75'K f o r  o u r  p o s t u l a t e d  energy 

demand. 

Inc luding  t h e  e f f e c t s  of t h e  suppor t  personnel ,  which a r e  more 

s p e c u l a t i v e ,  would modify t h e  CR c a l c u l a t i o n  and lead  t o  about a 50% 

largerchange i n  temperature. Thus a change of .37'K i s  conceivable .  

This  would only  be about  a factor o f  t w o  bet ter  than the  nuc lea r  or 

fossil cases. 
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The value of t h i s  c a l c u l a t i o n  is l i m i t e d  i n  t h a t  it doesn ' t  address  

ques t ions  of more p r a c t i c a l  importance; such as w i l l  p r e c i p i t a t i o n  ra tes ,  

c i r c u l a t i o n  p a t t e r n s  , temperature p a t t e r n s ,  e tc . ,  be affected by t h i s  

l e v e l  of energy use.  An i nc rease  of .25'K t o  .37OK i s  not  as larqt. as 

i s  a t t r i b u t e d  t o  such n a t u r a l  phenomena as ice ages or pe r iods  of 

extreme v u l c a n i c i t y .  However, t he  temperature change i n  some geographic 

l o c a t i o n s  might be much more dramatic, and the model could e a s i l y  be 

off by a f a c t o r  of two i n  p r e d i c t i n g  g loba l  average temperature change. 

I n  order t o  pursue this ques t ion  f u r t h e r ,  the  fol lowing model w a s  run  

a t  Lawrence Livermore Laboratory.  

3 .  Resu l t s  of ZAM2 

ZAM2 i s  a t w o  dimensional,  zona l ly  averaged model developed a t  t h e  

Lawrence Berkeley Laboratory (MacCracken and Luther ,  1975) .  By zonal ly  

averaged i s  meant t h a t  t h e  model averages over  longi tude .  I t  looks a t  de- 

pendence on l a t i t u d e  ( i n  l o o  bands) and a l t i t u d e .  The above scena r io  ( in-  

c lud ing  land  devoted t o  suppor t  personnel )  w a s  i npu t  i n t o  t h i s  model. The 

model w a s  run by P o t t e r  and MacCracken (1977) who w e r e  provided t h e  

d a t a  for the s c e n a r i o  i n  t h e  form of  table XIV by t h e  au tho r s .  Their  

r e s u l t s  show t h e  fol lowing:  

a. Temperatures gene ra l ly  i n c r e a s e ,  w i t h  t h e  except ion  of a few 

i s o l a t e d  and anomalous p o i n t s .  

b. Temperature i n c r e a s e s  are l a r g e s t  i n  t he  p o l a r  reg ions  because 

of the  ice-albedo feedback and water vapor feedback. 

c. Precipi ta t ion inc reased  s l i g h t l y  a t  most l a t i t u d e s .  
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F igure  V - 3  s h m s  t h e  zonal ly  averaged s u r f a c e  temperature change 

as a func t ion  of  l a t i t u d e .  F igure  V-4 shows t h e  d i f f e r e n c e  i n  p r e c i p i -  

t a t i o n  caused by the ope ra t ion  of  t h e  solar  p l a n t s ,  a l s o  zonal ly  

averaged. 

The g l o b a l  temperature changes shown i n  Figure V-3 a r e  consis tent  

wi th  the r e s u l t s  of the  zero  dimensional model of the p rev ious  sectioii.  

These changes are s m a l l  r e l a t i v e  to  some n a t u r a l  changes even f o r  this 

massive scena r io .  Because of  t h i s ,  t h e  m o d e l  probably responds approxi- 

mately l i n e a r l y  t o  inc reases  i n  t h e  number of s o l a r  p l a n t s .  A sma l l e r ,  

more rea l i s t ic  scena r io  would have p r o p o r t i o n a l l y  smaller e f f e c t s  than 

t h e  one considered he re ,  For example, i f  on ly  1/10 as many p l a n t s  were 

b u i l t ,  b u t  w e r e  d i s t r i b u t e d  roughly as w a s  assumed for t h i s  scenari-o,  then  

t h e  temperature  and p r e c i p i t a t i o n  changes shown Figures  V-3 and V-4 would 

be only 1/10 as l a r g e .  

The changes tha t  ZAM2 p r e d i c t s  are s u f f i c i e n t l y  small that i t  i s  

ques t ionab le  whether a 3-D GCM would be s e n s i t i v e  to  them. There is 

one p o s s i b i l i t y ,  however, t h a t  may merit further cons ide ra t ion .  The 

zonally-averaged approach of ZAM2 w i l l  "smear o u t "  r e g i o n a l  e f fec ts .  

I f  such r e g i o n a l  e f f e c t s  are s i g n i f i c a n t ,  then  they  might be d i sce rnab le  

in a 3-D E M .  

A 
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VI. Conclusion 

In this paper a number of effects which the central receiver power 

plant could have on the environment and on American society have been 

examined. After a brief review of various technical designs for C R s ,  the 

results of various scenarios of implementation on industrial output, em- 

polyment, pollution, desert ecology, water and land requirements, and 

climate were modeled or discussed. All of the models used were of 

necessity only approximations to complex systems such as the U.S economy 

or the atmosphere. The results of this study can be used as input into 

studies concerned with future energy supply in the U . S .  Such studies are 

vital in determining future research trends, subsidies, and demonstration 

programs funded by the government which will shape the future of energy 

supply * 

Future costs of central receivers will strongly influence their mar- 

ket penetration in the U . S .  Early estimates of costs of C R s  suggested 

$1400/kWe (1990 dollars) as achievable with mass production techniques. 

At present costs of ERDA's pilot plant project, this goal is a factor of 

10 to 15 away from realization. 

not be realized then the central receiver will probably not be economically 

competitive in this century. The government could choose to subsidize the 

industry in the hope of stimulating cost reductions, which could cause 

a limited market penetration. In any event, the future market for CR 

plants is uncertain. 

If cost reductions of this magnitude can- 

If CRS were built by the present industries in the U.S., then about 

10,000 man years would be required to build a 100 MWe intermediate load 
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power p l a n t  according t o  our  model. 

labor in t ens ive  than coal produced energy per u n i t  energy output .  

This is  approximately 2.5 t i m e s  more 

This 

high labor cost p a r t i a l l y  exp la ins  t h e  high cos t  of bu i ld ing  CR p l a n t s .  

Mass production w i l l  reduce t h e s e  labor requirements but  t h e  ex ten t  of 

t h i s  reduct ion  is  unknown and d i f f i c u l t  t o  es t imate  accura te ly .  

The l a r g e  amounts of materials requi red  t o  bui ld  a CR p l a n t  are 

listed i n  t h e  t e x t  f o r  s eve ra l  designs.  These ma te r i a l  requirements lead 

t o  considerable  secondary po l lu t an t s .  The CR i s  super ior  to coa l  or 

r e s i d u a l  o i l  for major a i r  p o l l u t a n t s  and for CO but  i s  i n f e r i o r  t o  

n a t u r a l  gas  f o r  everything except CO Our model r e s u l t s  a r e  inconclusive 2 '  

regarding water p o l l u t a n t s ,  bu t  t h e  CR is almost c e r t a i n l y  i n f e r i o r  t o  

n a t u r a l  gas ,  and it may be comparable or somewhat worse than coa l  or 

r e s i d u a l  o i l .  

2 '  

According t o  t h e  economic m o d e l  used i n  t h e  t e s t ,  producing 10 GW e 

per year  of CR p l a n t s  would produce considerable  inc reases  i n  demand on 

a number of i n d u s t r i e s  and occupat ions,  on t h e  order  of 10% over 1972 

l e v e l s  for t h e  most affected ones. 

Evaporative cool ing devices used with Rankine cyc le  systems i n  t h e  

southwest w i l l  increase  the  demand for w a t e r  and demographic s h i f t s  t o  

t h a t  region would accentuate  t h e  problem. I f  these devices  w e r e  used, 

and ex tens ive  implementation occurred,  then l a r g e  programs f o r  increas ing  

w a t e r  supply would probably be required.  

The l a r g e  land areas t h a t  CR p l a n t s  r equ i r e  would remove a corre-  

sponding amount o f  species h a b i t a t  a t  t h e  p l a n t  s i te ,  and perhaps i n  t h e  

v i c i n i t y  o f  t h e  p l a n t  as w e l l .  Some endangered spec ie s  may be a f f e c t e d ,  
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depending on t h e  sites s e l e c t e d .  The cons t ruc t ion  and maintenance of 

t h e  p l a n t s  w i l l  scar t h e  d e s e r t  su r f ace  and inc rease  e ros ion .  Substan- 

t i a l  amounts of d u s t  may a l s o  be r e l eased  i n t o  t h e  atmosphere. Increased 

popula t ions  i n  d e s e r t  r eg ions  would f u r t h e r  reduce t h e  area of v i r g i n  

d e s e r t  and inc rease  t h e  frequency of  human i n t e r v e n t i o n  i n  remote 

regions.  

Many changes could occur  i n  t h e  micro-climate around a c e n t r a l  

r e c e i v e r  p l a n t ,  bu t  none appear t o  be a cause f o r  s e r i o u s  concern.  Evapor- 

a t i o n  rates and t u r b u l e n t  d i f f u s i o n  rates would be modi f ied  a t  t h e  p lan t  

s i t e .  If evaporative cooling dev ices  are used, t hen  fogging m a y  be a 

problem for s o m e  atmospheric condi t ions .  D e w  r e t e n t i o n  and formation 

rates may be increased under t h e  h e l i o s t a t  canopy. Convection c u r r e n t s  

about  t h e  cool ing  towers may l ead  t o  a s l i g h t  i nc rease  i n  d u s t ,  e s p e c i a l l y  

i n  an uns t ab le  atmosphere, b u t  t h e  magnitude of  t h e s e  c u r r e n t s  w i l l  prob- 

ab ly  be small compared t o  t h e  n a t u r a l  winds of  t h e  d e s e r t s ,  except  c l o s e  

t o  t h e  cool ing  towers. 

With ex tens ive  cons t ruc t ion  of  c e n t r a l  r e c e i v e r  p l a n t s ,  some r e g i o n a l  

or g loba l  atmospheric e f f e c t s  may occur .  I f  t h e  CR p l a n t s  decreased t h e  

r eg iona l  albedo, then  p r e c i p i t a t i o n  would almost c e r t a i n l y  inc rease .  If  

vast  amounts of d u s t  w e r e  released dur ing  t h e  cons t ruc t ion  of t h e s e  p l a n t s ,  

t h i s  could a lso modify p r e c i p i t a t i o n .  

S o l a r  energy conversion i s  g e n e r a l l y  considered to  be m o r e  benign 

environmental ly  and more labor i n t e n s i v e  than  f o s s i l  f u e l  conversion.  

This  report suppor t s  t h i s  gene ra l  conclusion f o r  t h e  case of t h e  CR, w i t h  

some q u a l i f i c a t i o n s .  Our m o d e l s  suggest  f o r  example t h a t  n a t u r a l  gas  
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is superior to C R s  for all major pollutants, air and water. The effect 

on the desert environment of CR construction will be locally severe. 

Implementing CR technology will lead to a trade-off between traditional 

pollutants and desert wilderness areas. 

affected by the CR are, however, small compared to the total suitable 

land. Water requirements will be a significant problem for the CR. 

Climate problems, although not fully examined,do not appear to be of 

paramount concern. 

The land areas which would be 
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Appendix 1 - Heliostat Designs 
ERDA has funded four heliostat designs. These are the most 

important ones in the present situation, although some other design 

may ultimately prove more suitable far economic implementation of 

the central receiver. The four contracts have been given to Boeing, 

Honeywell, McDonnell-Douglas, and Martin-Marrietta. We shall review 

each of these in turn. 

k i n e  - The Boeing heliostat is novel in that it would be enclosed 
in a plastic bubble as shown in figure Al-1. The following data 

has been collected from the Boeing Semi-Annual reviews of this project. 

Mirror Reflectivity - .886 at normal incidence 

.934 at 45O incidence 

Dome Transmissivity - .884 at normal incidence 

0 at Oo incidence. 

East - West Spacing - 8.44 m - 23.22 m. 
North - South Spacing - 10.04 m - 15.5 m. 

Single Collector area - 37 m2 

Field density - 29% 

# of heliostats for a 10 MWe plant - 2,814 
Collector Area - 104,018 m2 
Approximate material requirements per heliostat: (preliminary 

I 

estimates) 

Aluminum - 118 lb. 
Steel - 1810 lb. 
Tedlar - 25 lb. 

Polyethylene - 41 lb. 
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A 

Mylar - 10 l b .  

P o l y u r e t h a n e  - 4 l b .  

Concre te  - 17,500 l b .  

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

protected from t h e  e lements  by a p r o t e c t i v e  p l a s t i c  bubble ,  t h e r e b y  

e n a b l i n g  t h e  heliostat  to be made l i g h t e r ,  and e l i m i n a t i n g  t h e  need 

to wash t h e  mirror. The d i s a d v a n t a g e s  of the  d e s i g n  are t h a t  cons id-  

erable losses a r e  i n c u r r e d  as t h e  r a d i a t i o n  p a s s e s  twice through 

t h e  plastic bubble ,  and t h i s  bubble  may degrade  i n  time. I t  may 

also be n e c e s s a r y  to wash t h e  p las t ic  p e r i o d i c a l l y  and t h i s  c o u l d  

p r e s e n t  problems. 

Honeywell - The Honeywell h e l i o s t a t  is shown i n  f i g u r e  A l - 1 .  The 

Honeywell d e s i g n  is novel  i n  t h a t  it u s e s  a type of v e n e t i a n  b l i n d  

c o u p l i n g ,  much l i k e  a F r e s n e l  l e n s .  It  p r e s e n t s  a smaller cross 

s e c t i o n  to the wind and t h e r e f o r e  t h e  a tmospher ic  d r a g  f o r c e s  are 

smaller. On t h e  o t h e r  hand it r e q u i r e s  more moving pa r t s  to  p r o v i d e  

t h e  mechanical  c o u p l i n g  between t h e  mirrors of a s i n g l e  h e l i o s t a t .  

C o l l e c t o r  Area - 40 m2 

It of hel ios ta t s  f o r  a 10 We p l a n t  - 2320 
Total area of r e f l e c t i v e  s u r f a c e  - 92,800 m2 

F i e l d  s i z e  - c i r c u l a r ,  308 m r a d i u s .  

F i e l d  D e n s i t y  - .31  

Mater i a l s  Requirements  

S t ruc ture-4525 l b .  

G l a s s 4 9 5  l b .  

Concre te  - 14,500 l b .  
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&Donne11 Douglas - The McDonnell Douglas heliostat is shown in figure 
Al-1. The following detailed information was surmised from several 

HcDonne11 Douglas reports. Since all of the heliostat designs are 

undergoing constant change, the reader interested in more accurate 

figures should contact the company. The reflector is octagonally 

shaped, with first surface silvered float glass + acrylic protective 

coating for 8 segments. 

Collector area - 30.8 m2 
# of heliostats for a 10 MWe plant - 2,290 
Approximate material requirements per heliostat (preliminary 

estimates) : 

Heliostat Foundation - Concrete = .765 m3 = 8400 lb. 

Rebar = 46 lb. 

Sand = 8000 lb. 

Total = 16,446 lb. 

Heliostat Pedestal - Low Carbon Steel = 380 lb. 

Heliostat Drive - Low Carbon Steel = 990 lb. 

Bearings and Actuators = 170 lb. 

Motors = 28 lb. 

Total = 1188 lb. 

lector - Low Carbon Steel = 990 lb. 

Glass = 1,070 lb. 

Silver = 26 gm. 

Acrylic 100 gm. 

Beam Sensor Foundation - Concrete = 5,040 lb. 

Rebar = 91 lb. 

Re 
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Beam Sensor Post - Low Carbon Steel = 140 l b .  

Beam Sensor - Silicon Solar Cell Chips = 5 chips 

PC Board and Connector 1 cm2 = 1 unit 

ABS Plastic Housing = 1 gm 

Heliostat Cabling - 26 strand copper (131 ft) 

Martin-Marrietta - The Martin-Marrietta heliostat is shown in figure 
A l - 1 .  The following information has been gathered from various reports 

and is subject to change. The reader intrested in more accurate 

information should contact Martin-Marr ietta. 

Collector Area - 37.2 m2 
# of heliostats for a 10 MWe plant - 1718 

Total area of reflective surface for 10 MWe plant - 63,866 m2 
Field size - 565 m x 565 m 

Field density - 20% 
Two designs, one with 25 small mirrors and one with 9 small 

mirrors are being considered by Martin-Marrietta. Both have 

the same total reflector area. Information on both will be 

given when available. 

25 mirror 9 mirror 

Overall Heliostat . 

Weight 

Number of mirrors 

5129 lb. 5084 lb. 

25 9 

Envelope dimensions 22.5 x 22 ft. 22 x 22.75 ft. 

Reflecting area 37.2 m2 3 7 . 2  m2. 

Mirror Assembly and Supports 

Size 1.2 x 1.2 m. 2.03 x 2.03 m. 
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Focusing 

S u b s t r a t e  Material 

Glass Thickness 

S p e c t r a l  R e f l e c t i v i t y  

# of  support s t r u t s  

per h e l i  os t a t  

I of  p o i n t i n g  

ad jus tments  

# of focusing 

ad jus tments  

Main S t r u c t u r e  

Yoke  width 

Yoke  he igh t 

Yoke  v e r t i c a l  member 

Yoke  h o r i z o n t a l  member 

R o t  a t  i o n a l  L i m  its 

Azimuth 

E leva t ion  

Variable Fixed (400 m . )  

Tubular S t e e l  Honeycomb 

.25 i n .  .25 i n .  

9 1% 73% 

10 

50 

6 

18 

25 

4.1 m. 

3.6 m. 

.3  m. 

Steel ,  .3x.3 m. 

+ llOo maximum - 
+ 180° maximum - 

none 

2.4 m. 

3.6 m. 

.25 m. 

same 

+ 1100 maximum - 
+ 180° maximum 
I 

Foundation Weight- comparable to the  o ther  des igns .  
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Appendix 2 - R e s t  o f  P l a n t  

S e v e r a l  reviews of  t h e  ERDA funded d e s i g n s  may be found i n  t h e  

l i t e r a t u r e .  Selcuk (1975) h a s  p r e s e n t e d  a survey  of t h e  d e s i g n s  

as  of August 1975. A d d i t i o n a l  i n f o r m a t i o n  may be l a b o r i o u s l y  surmised 

from t h e  P r e l i m i n a r y  B a s e l i n e  Reports of t h e  f o u r  ERDA c o n t r a c t o r s  

and from t h e i r  periodic s t a t u s  r e p o r t s .  A n  up to date c o l l e c t i o n  

o f  l i t e r a t u r e  of t h i s  type is main ta ined  a t  Sandia  Laboratories, 

Livermore,  CA. T a b l e  A2-1 p r e s e n t s  a very  summary comparison of 

t h e  t h r e e  major d e s i g n s  (Honeywell, McDonne11 Douglas,  Mar t in  M a r r i e t t a ) .  

Some a d d i t i o n a l  results are  presented below. 

Honeywe 11 

Honeywell has  c o n s i d e r e d  both  s l i p  form c o n c r e t e  and welded t u b u l a r  

steel towers. For t h e  1 0  MW, p i lo t  p l a n t  its h e i g h t  would be about  

146 m. The f r a c t i o n a l  cost breakdown f o r  a system u s i n g  1450 ps ia ,  

9 5 0 9  steam and s a l t  s t o r a g e  is as fo l lows:  

Collector Subsystem - 34.8% 

S t o r a g e  Subsystem - 21.5% 

Turbine  - 4% 

Cooling Towers - 7.5% 

P l a n t  Balance - 2.9% 

Receiver  - 5.5% 

Tower - 6.5% 

Q 

I n d i r e c t  Expenses - 17.3% 

The major plant  c h a r a c t e r i s t i c s  as o b t a i n e d  from t h e  P r e l i m i n a r y  B a s e l i n e  

Report are: ( f o r  t h e  10 MWe p i l o t  p l a n t )  

F i e l d  O u t e r  Radius  - 290 m 
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# o f  h e l i o s t a t s  - 1905 

Tower Height  - 137 m. 

C a v i t y  Diameter - 1 1 . 4  m. 

C a v i t y  h e i g h t  - 14 m. 

Thermal S t o r a g e  C a p a c i t y  - 200 MWhr(t) 

T o t a l  Q u a n t i t y  o f  Phase Change M a t e r i a l  

(NaCl-NaNo3-Na2So4, NaC1-NaOH) - 4.5 x l o 6  kg. 

Turb ine  N a m e  P l a t e  Capac i ty  - 15,000 kw. 

High-pressure Steam Turbine  I n l e t  - 1450 psi/950* 

Low-Pressure Steam Turbine  C o n d i t i o n s  - 575 psi/534* 

Peak Thermal Power I n t o  Aperture - 53.2 MW 

Annual Thermal Energy I n t o  C a v i t y  Aperture - 1.58 x l o 5  IWhr 

N e t  Annual Thermal Energy Per Unit  Mir ror  Area - 1.95 PiWhr/m2 

N e t  Peak Power Per  Uni t  Mirror Area (Thermal) - .66 kW/m2 

Maximum Thermal Power I n p u t  to S t o r a g e  - 49 XW 

Maximum Thermal Power Output  from S t o r a g e  - 29.8 MW 

Peak Steam Flow Rate to Turbine  I n l e t  - 202,765 lb /hr  

The h e l i o s t a t  f i e l d  is c i r c u l a r .  The collector f i e l d  would 

be f l a t  to  minimize g r a d i n g .  The r e c e i v e r  is a r i g h t  c i r c u l a r  c y l i n d r i c a l  

c a v i t y  l o c a t e d  a t  t h e  top of  t h e  tower.  Feedwater and high p r e s u r e  

steam l i n e s  p r o v i d e  t h e  l i n k s  between t h e  steam g e n e r a t o r  a t  t h e  top 

of the tower and o t h e r  subsys tems a t  g r a d e  e l e v a t i o n .  

WDonnell Douglas - S p e c i f i c a t i o n s  f o r  10 MW p l a n t  u n l e s s  o t h e r w i s e  

spec i f  i e d .  

e 

# of h e l i o s t a t s  2290 

Tower Height  (10 MWe) - 101.4 m. 
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Receiver Diameter - 7.0 m. 

Receiver Height - 24.4 m. 

$ of absorbing pane l s  - 24 
Tower Design - square cross s e c t i o n ,  c a n t i l e v e r  R-braced frames, 

supported on square concre te  foo t ing .  

Tower width a t  t op  - 6 . 1  m 

Tower base width - 15.24 m 

Estimated tower cost - $915,000 

Thermal S torage  Unit  - C y l i n d r i c a l  tank 

Diameter - 1 9 . 4  m 

Height - 17.3 m 

Heat t r a n s f e r / s t o r a g e  f l u i d  - 312,000 g a l  

of Calor i a  HT-43 

Heat S torage  - 10,600 tons  of crushed g r a n i t e  

Operating Temp. Range - 425 to  575- 

R e l a t i v e  C o s t  Breakdown - 
Collector Subsystem - 55% 

Receiver Subsystem - 5% 

Tower Subsystem - 4% 

Riser/Dawncaner Subsystem - 3% 
Thermal S torage  Subsystem - 9.5% 

Master Cont ro l  System - .5% 

Turbine Generator - 12.5% 

Electric P l a n t  - 2% 
S t r u c t u r e s ,  General  P l a n t ,  and o ther  - 5.6% 

Estimated C o s t  per  Killowatt (e) - from $1000 to $1300 

n 
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A 

4 
Martin-Marrietta 

Storage Requirements - 6 hrs operation at 7 MWe output. 

Plant lifetime - 30 yr. 

Scheduled plant maintenance - 25 days/yr 

Annual Net output - 34,000 MWe-hr 

Time to fullpower - Diurnal - 20 minutes 
From Cold Start - 6 hrs. 

Steam Conditions at turbine inlet - 950*/1275 psig 

Terrain - either flat or terraced 
Receiver - Cavity type 
Storage - Two stage using sensible heat - HITEC for high temperature 

storage - Hydrocarbon oi l s  for low temperature storage. 

Solar Energy to Receiver Design Point - 52 MWt 
Feedwater input flcw rate - 153,000 lb/hr 
Feedwater input temperature - 403OF 

Cavity Aperture - 7 . 5  x 7 .5  m 

Open Cycle Gas Turbine Design - The following data was presented 
as a preliminary reference system design by Black and Veatch Corp. 

at the EPRI semi-annual review in March, 1977. This Brayton design 

uses air as a working fluid. It has a fossil fuel backup system 

instead of thermal storage. This reference system has a rated output 

of 50 Me. 

Collector Field 

Outer field radius 

Maximum 

Minimum 

460 m. 

310 m 



Inner field radius 

Ground area 

Ground cover ra t io  

Maximum 

M i  n i m u m  

Aver age 

Mirror Area 

Number of Heliostats 

He1 i os t a t s 

Mirror area 

Focusing strategy 

M i  r r or r e f lec t i v i  t y 

Mirror material 

Support frame material 

Constructicm 

Weight 

Tracking Control System 

Tracking 

Tracking control 

Design Day Redirected Energy, 

Clear Air Model 

Receiver Support Tower 

He igh t 

Diameter a t  base 

Diameter a t  top 

Wall thickness a t  base 

A 
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100 m 

0 .41  x 106m2 

0 . 6 9  

0 . 4 3  

0 . 5 6  

0 . 2 3  x 106m2 

6200 

Focal length = Slant range 

0.85 

Glass, second surface 

Steel 

Field assembly of factory components 

3,000 kg  

T i l t -  tilt 

Open loop, central computer 

1200 Whrt 

183 m 

23  m 

12 m 

0 . 4  m 

n 
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* 

Wall thickness at top 

Construct ion met hod 

Construction material 

Weight (including tower mat) 

Quantity of steel 

Quantity of concrete 

Receiver Cavity 

Number 

Nominal inner width 

Nominal inner height 

Wall thickness 

Conversion efficiency 

Aperture efficiency 

Cavity efficiency 

Solar Heat Exchanger 

Peak incident flu 

Interior wall panels 

Thickness 

Tubes 

Material 

Length 

Diameter 

Number of U- tubes 

Inlet Conditions 

Temper at ur e 

Pressure 

0.9 m 

Slip-form or jump-form 

Steel reinforced concrete 

6.8 x lo6 kg. 

4 . 3  x lo7 kg. 

4 

13.7 m 

12.2 m 

33 cm 

0.855 

0.925 

0.925 

400 kW/m2 

A1203 

2 c m  

Silicon Carbide 

12.2 m 

10 cm 

213 

48 2OC 

130 psia 
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O u t l e t  Condi t ions 

Temperature 

P res su re  

I n t e r f a c e  Ducting 

To hea t  source 

Number of duc t s  

Pipe material 

Wall t h i c k  ness  

Total  d u c t  l e n g t h  

I n s u l a t i o n  

I n t e r n a l  

Ex te rna l  

From hea t  source  

Number of d u c t s  

P ipe  material 

Wall t h i c k n e s s  

Total d u c t  l e n g t h  

I n s u l a t i o n  

I n t e r n a l  

Ex te rna l  

Overall Subsystem Height 

Gas Turbine 

Nameplate Rat ing 

Speed 

1038OC 

126 psia  

4 

0.8 m 

0.006 m 

244 m 

None 

0.025 m 

4 

1.3 m 

0.006 m 

244 m 

0.13 m 

0.025 m 

198 m 

51 Me 

3600 
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Design inlet conditions 

Temper at ure 

Pressure 

Genera tor 

Nameplate rating 

Cooling 

Turbine - Generator Output 
Receiver/Turbine mode 

Capac i ty 

Turbine inlet air 

Source 

Temperature 

Pressure 

Flow rate 

Storage/Turbine Mode 

Capacity 

Turbine inlet air 

Source 

Temper at ur e 

Pressure 

Flow rate 

1038OC 

126 psia 

60 MWe 

Air 

51 We 

Receiver 

1038% 

126 psia 

771,000 kg/hr 

51 W e  

Fuel combustors 

1038OC 

125 psia 

771,000 kg/hr 

Combustor Heat Input Capacity 

Ambient Air Intake Height 74 m 

Air/Gas Exhaust Stack 

480 MBtu/hr 

Height 198 m 

Exit cross-sectional area 14 rn2 
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Exit air/gas velocity 27 m/s 

Exit air/gas temperature 340% 



Table A2-1 
PRELIMINARY CHARACTERISTICS OF 10 MWe SOLAR CENTRAL RECEIVER POWER PLANT 

k i n g  Honeywell Martin-Marietta McDonnell-Douglas 
Annual Energy (MW-hr), 4.0 X 104 3.4 104 3.6 104 
Collector Subsystem 

. Heliostat Construction 

Number of Heliostats 

Reflective Surface per 
Heliostat 

Total Area Reflective 
Surface 

Field Size 

Receiver Subsvstem 

Receiver Type 

Tower Height 

Receiver Working 
Fluid 

Storage Subsystem 

Storage Mechanism 

Storage Media 

metallized plastic second-surface glass 
ref lector, aluminum 
and steel frame with 
plastic dome faceted, focused 

2814 1682 
37 Ill2 40 m2 

mirror; low profile 
steel frame, multi- 

104,018 rn2 67,280 m2 

548 m diameter 

vertical cavity 

130 m 

water/steam 

sensible heat 

oil/rocks/Hitec 

second-surface glass first-surface glass 
mirror, steel frame, 
mu It ifaceted, focused 

mirror, steel frame, 
multifaceted, focused 

1718 2200 

37.2 m2 30.8 m2 

63,843 m2 67,760 m2 

552 m x 502 m 653 m x 555 m 

horizontal cavity external absorber 

9 0 m  75 m 

waterhteam waterkteam 

sensible heat sensible heat 

oil/H ITEC oil/rocks 
Electrical Generation Subsystem 

12.5 MW, Turbine Rating 15 MW, 12.5 MWe 

Turbine Fluid steam steam steam 
Turbine Inlet Conditions 

From Receiver 510°C. 10.1 MPa 510"C, 9.3 MPa 51OoC, 10.1 MPa 

From Storage 39OoC, 3.2 MPa 430"C, 2.8 MPa 270°C. 3.4 MPa - l_l_ 

X B L  774-8286 

I 
P 
N 
W 
I 

I 
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Fig. AII-6 McDonneDl Douglas 1O-MWe Pilot Plant Design. The heliostat field surrounds the thermal Stoms (Single 
circular tank), tower, and electrical generation subsystems. Note the octagonal shaped Reliostats. 
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(Courtesy of McDonnell-Douglas) 

McDonnell-Douglas Preliminary Central Receiver Solar Thermal Power System 
XBL 774-8281 

Fig. AII-8 

a 
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Glossary  

base load power 
A s t e a d y ,  n o n - f l u c t u a t i n g  power requi rement .  

Brayton e n g i n e  
An e n g i n e  c h a r a c t e r i z e d  by adiabatic compression of cool cjilses, 

h e a t i n g  a t  c o n s t a n t  p r e s s u r e ,  and  f i n a l l y  a d i a b a t i c  expanslor1 t l i rouy i t  
a t u r b i n e  t o  produce work. A l s o  a t u r b o j e t .  

C I D  
Cumulative i n c r e a s e  i n  demand, t o t a l  i n c r e a s e  i n  demand o r  o u t p u t . ,  
r e s u l t i n g  from m u l t i p l y i n g  some i n i t i a l  v e c t o r  of i n c r e a s e s  en 
i n d u s t r i a l  demand by a n  i n p u t / o u t p u t  t o t a l  requi rements  rnatr-ix . 

closed Brayton c y c l e  
A Brayton c y c l e  i n  which expans ion  g a s e s  a r t  r e c a p t u r e d ,  cooled, 
and r e u s e d .  

co 
Carbon Monoxide. 

Coriol is  f o r c e  
I n  a tmospher ic  p h y s i c s ,  an  east  or w e s t  f o r c e  e x p e r i e n c e d  by b o d i e s  
moving n o r t h  or s o u t h .  

D I D  
Direct i n c r e a s e  i n  demand 

d i f f u s e  radiat ion 
S h o r t  wave r a d i a t i o n  which h a s  bzen s c a t t e r e d  by t h e  atmosphere.  

d i rect  rad ia t ion  
S h o r t  wave r a d i a t i o n w h i c h h a s  n o t  been s c a t t e r e d  by t h e  atmosphere.  

d i u r n a l  
Having a d a i l y  c y c l e .  

en t halphy 
The sum of t h e  i n t e r n a l  energy of a body and t h e  p r o d u c t  of  i t s  
volume m u l t i p l i e d  by its p r e s s u r e .  

EPRI 
E lec t r ic  Power Research I n s t i t u t e ,  Palo A l t o ,  CA. 



-134- 

ERDA 
Energy Research and Development Agency. 

e u t e c t i c  s a l t  
A sa l t  having a l o w  mel t ing p o i n t .  

evapo t ransp i r a t ion  
The l o s s  of w a t e r  f r o m  the  so i l  both by evapora t ion  and by 
t r a n s p i r a t i o n  from t h e  p l a n t s  growing thereon .  

f l a t  p l a t e  collector 
A f l a t  absorber  of s h o r t  wave r a d i a t i o n  which conver t s  i t  i n t o  hea t .  
Usually covered wi th  a material t r a n s p a r e n t  t o  s h o r t  wave but opaque 
t o  i n f r a r e d  r a d i a t i o n .  

GCM 
General C i r c u l a t i o n  Model. 

ground cover r a t i o  
The r a t i o  of mi r ro r  area t o  land area f o r  a c e n t r a l  r e c e i v e r  p l a n t .  

Hadley ce l l  
An atmospheric  c i r c u l a t i o n  cell  causing t r o p i c a l  r a i n s  and sub- 
t ropical  deserts. 

h e l i o s  t a t  
Mirrors which can track t h e  sun and are used t o  focus d i rec t  r a d i a t i o n  
on a c e n t r a l  r e c e i v e r .  

hybrid system 
A c e n t r a l  r e c e i v e r  which uses  an a u x i l l i a r y  f o s s i l  f u e l  system f o r  
backup. 

In te rmedia te  load  power 
Power r equ i r ed  m o r e  than  s i x  hours  a day,  bu t  less than 12 twelve 
hours  a day. 

l a t e n t  hea t  
Heat which is  t r a n s f e r r e d  t o  a body and a f fec ts  a phase change such 
as conver t ing  l i q u i d  water t o  water vapor.  

7 
m e s  oscale 

On a scale of s e v e r a l  hundred km2 t o  seve ra l  thousand km’-. 
t o  atmospheric  models. 

P e r t a i n i n g  
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2 
microscale 

On a scale of 1 t o  several hundred km i n  land  area, p e r t a i n i n g  t o  
a tmospher ic  phenomena. 

modular d e s i g n  
A c e n t r a l  r e c e i v e r  d e s i g n  u s i n g  s e v e r a l  t o w e r s  and f i t . ld  to  ~ ~ i - c x i w e  
steam which i s  p iped  t o  a c e n t r a l  g e n e r a t o r  s t a t i o n .  

Ni t rogen  o x i d e s .  NoX 

open Brayton c y c l e  
A once through Brayton c y c l e  u s i n g  a i r .  Expansion g a s e s  a re  
released i n t o  t h e  atmosphere.  

P a r a b o l i c  t r o u g h  
A h o r i z o n t a l ,  t r o u g h l i k e  mirror w i t h  parabolic cross s e c t i o n  used 
t o  f o c u s  direct  r a d i a t i o n  o n t o  a l i n e  col lector .  

paraboloidal d i s h  
A parabolic mirror used t o  f o c u s  d i r e c t  r a d i - a t i o n  o n t o  a s m a l l  drea 
t o  produce  h i g h  t e m p e r a t u r e s  and produce u s e f u l  energy .  

peaking  power 
Power r e q u i r e d  d u r i n g  peak  h o u r s ,  u s u a l l y  i n  t h e  a f t e r n o o n  €or a b o u t  
6 h o u r s  . 

p l a n e t a r y  albedo 
The percent s h o r t  w a v e  r a d i a t i o n  ref lected  back into space by the 
e a r t h ,  i n c l u d i n g  r e f l e c t i o n  o f f  t h e  atmosphere.  

P l a y a  
The f l a t  f l o o r e d  b o t t o m  of an undra ined  d e s e r t  b a s i n  t h a t  becomes 
a t  t i m e s  a s h a l l o w  s a l t y  l a k e .  

radiative c o o l i n g  
c o o l i n g  t h a t  i s  caused  by a body l o s i n g  head through r a d i a t i o n .  

Rankine e n g i n e  
A steam engine .  

r u n o f f  rate 
The amount of w a t e r  l e a v i n g  a u n i t  a r e a  o f  l a n d  a n n u a l l y  by running  
off it i n  r i v e r s  and g u l l e y s .  
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SEAS 
S t r a t e g i c  Environmental Assessment System. 

s e n s i b l e  h e a t  
Heat t r a n s f e r r e d  t o  a body which goes i n t o  changing i t s  temperature  
without  inducing a phase change. 

S I C  
Standard I n d u s t r i a l  C l a s s i f i c a t i o n  

Solar ponds 
Ponds used t o  produce w a r m  water. May be shal low and covered,  or 
deep u t i l i z i n g  s a l i n i t y  g r a d i e n t  t o  suppress  convect ion.  

S u l f u r  ox ides .  

subsidence 
A descending atmosphere - 

s u r f a c e  albedo 
The percent s h o r t  wave r a d i a t i o n  r e f l e c t e d  by t h e  s u r f a c e  of t h e  
p l a n e t ,  u s u a l l y  expressed as a d a i l y  average. 

temperature  lapse rate 
The var ia t ion  of temperature wi th  a l t i t u d e .  

"u rb id i  t y  
I n  atmospheric phys i c s ,  t he  presence of p a r t i c l e s  i n  t h e  atmosphere 
which scatter s h o r t  wave r a d i a t i o n .  

working f l u i d  
A f l u i d  i n  a h e a t  engine which undergoes thermodynamic changes arid 
does work.  

zAM2 
A zonal ly  averaged g l o b a l  model developed a t  Livermore Laboratory.  
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