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ABSTRACT 

Advanced technologies  app l i cab le  t o .  s o l a r  thermal e l e c t r i c  power 
systems i n  t h e  1990-2000 time-frame a r e  de l inea t ed  f o r  power a p p l i c a t i o n s  
t h a t  f u l f i l l  a wide spectrum of small  power needs wi th  primary emphasis 
on power r a t i n g s  <10 MWe. Techno-economic p r o j e c t i o n s  of power system 
c h a r a c t e r i s t i c s  (energy and c a p i t a l  c o s t s  a s  a func t ion  of capac i ty  
f a c t o r )  a r e  made based on development of i d e n t i f i e d  promising tech- 
nologies .  These p r o j e c t i o n s  a r e  used a s  t he  b a s i s  f o r  comparing tech- 
nology development op t ions  and combinations of t h e s e  op t ions  t o  
determine developmental d i r e c t i o n s  o f f e r i n g  p o t e n t i a l  f o r  s i g n i f i c a n t  
improvements. 

The key c h a r a c t e r i s t i c  of advanced technology systems is  an  e f f i -  
c i e n t  low-cost s o l a r  energy c o l l e c t i o n  whi le  achiev ing  h igh  tempera- 
t u r e s  f o r  e f f i c i e n t  energy conversion. Two-axis t r ack ing  systems such 
a s  t he  c e n t r a l  r e c e i v e r  o r  power tower concept and d i s t r i b u t e d  para- 
b o l i c  d i s h  r e c e i v e r s  possess  t h i s  c h a r a c t e r i s t i c .  For t h e s e  two bas l c  
concepts ,  advanced technologies  i nc lud ing ,  e .g . ,  conversion systems 
such a s  S t i r l i n g  engines ,  BraytonIRankine combined cyc le s  and s torage1  
t r a n s p o r t  concepts encompassing l i q u i d  meta ls ,  and r eve r s ib l e - r eac t ion  
chemical systems a r e  considered.  I n  a d d i t i o n  t o  techno-economic 
a spec t s ,  t echnologies  a r e  a l s o  judged i n  terms of f a c t o r s  such a s  
developmental r i s k ,  r e l a t i v e  r e l i a b i l i t y ,  and p r o b a b i l i t y  of success .  

.Improvements accruing t o  p ro j ec t ed  advanced technology systems a r e  
measured wi th  r e s p e c t  t o  cu r r en t  ( o r  pre-1985) steam-Kankine systems, 
a s  represented  by t h e  c e n t r a l  r ece ive r  p i l o t  p l a n t  be ing  cons t ruc ted  near  
.Barstow, C a l i f o r n i a .  These improvements, f o r  bo th  c e n t r a l  r e c e i v e r s  
and pa rabo l i c  d i s h  systems, i n d i c a t e  t h a t . p u r s u i t  o f  advanced technology 
ac ros s  a broad f r o n t ' c a n  r e s u l t  i n  post-1985 s o l a r  thermal systems 
having t h e  p o t e n t i a l  of approaching t h e  goa l  of competi t iveness  
wi th  convent ional  power systems; i . e . ,  c a p i t a l  c o s t s  of $600 kWe and 
energy c o s t s  of 3U mills/kWe-hr (1977 d u l l a r s ) .  
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FOREWORD 

The advanced therma1,technology work repor ted  h e r e i n  i s  a p a r t  of 
t he  thermal power systems a c t i v i t i e s  of t he  Department of'En&rgyls 
Div is ion  of So la r  Technology. A primary o b j e c t i v e  of t h i s  e £ f o r t  i s  t o  
suppor t  development of advanced, low-cost, l o n g - l i f e  and r e l i a b l e  s o l a r  
thermal power systems which w i l l  supplement and eventua l ly  r ep l ace  cur- 
r e n t  fo s s i l - fue l ed  e l e c t r i c i t y  genera t ing  p l a n t s .  

The National  Aeronautics and Space Adminis t ra t ion ' s  (NASA) J e t  
Propulsion Laboratory (JPL) and Lewis Research Center (LeRC) were 
s e l e c t e d  i n  1977 t o  a s s i s t  i n  managing and coord ina t ing  t h i s  work,. 
These two o rgan iza t ions ,  working wi th  u n i v e r s i t i e s ,  government agencies ,  
i ndus t ry  and the  s c i e n t i f i c  community i n  gene ra l ,  a r e  t o  l e a d  in . .deve l - .  
oping new concepts a n d . e s t a b l i s h i n g  a broad technology base i n  advanced 
d ispersed  power systems which can  be used t o  a c c e l e r a t e  t he  commercial- 
i z a t i o n  of t h e s e ,  systems. 

This  r e p o r t  p re sen t s  r e s u l t s  of a s tudy  aimed a t  i d e n t i f y i n g  
promising advanced technologies  f o r  s o l a r  thermal system a p p l i c a t i o n s .  
The s tudy w a s  conducted a t  JPL wi th  suppor t '  'from LeRC i n  t h e  form of 
major i n p u t s  t o  t h e  energy conversion systemd d a t a  base .  

A p r i o r  s tudy ,  "Pro jec t ion  of Dis t r ibu ted-Col lec tor  Solar-Thermal 
E l e c t r i c  Power P lan t  Economics t o  Years 1990-2000" (DOEIJPL-1060-7711; 
1977),  provided a comparison of a spectrum of low-to-high. temperature ' 
d i s t r i b u t e d  systems i n  t h e 1 c o n t e x t  of a very limited c o s t  d a t a  base.  

' 

This s tudy i n d i c a t e d  t h a t  high-temperature two-axis t r a c k i n g  concepts  
provide t h e  h i g h e s t  p o t e n t i a l  f o r  s o l a r  thermal e l e c t r i c  power genera t ion .  

The p re sen t  s tudy  focuses o n . t h e s e  h igh  p o t e n t i a l  two-axis"track- 
i n g  sys  tems and s p e c i f i c a l l y  d e l i n e a t e s  p o t e n t i a l  f o r  improved .techno- 
e c o n o d c s  v i a  advanced technology development. The c o s t  d a t a - b a s e  has 
been updated t o  r e f l e c t  va lues  i n d i c a t e d .  by recent ' high-volume mass- 

. ' 

product ion  s t u d i e s .  These va lues  are lower than  used i n  t h e ' p r i o r  s tudy  
and consequent ly '  lower-'energy c o s t  va lues  are be ing  p ro j ec t ed  . .'. 
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SECTION I 

INTRODUCTION 

SmaM s o l a r  thermal e l e c t r i c , p o w e r  p l a n t s  a r e  h e r e i n  def ined  a s  
power systems t h a t  can f u l f i l l  a wide v a r i e t y  of needs by being loca t ed  
near  a p p l i c a t i o n  s i t e s  t h a t  a r e  d ispersed  over  wide reg ions .  This 
d i s t i n g u i s h e s  them from c e n t r a l  power p l a n t s i  t h a t  a r e  l a r g e r  i n  s i z e  
and usua l ly  func t ion  a s  genera t ing  elements of a u t i l i t y  g r i d .  For 
small  systems, power r a t i n g s  of ~ 1 0  MWe a r e  o f .  primary , i n t e r e s t .  

The spectrum of s o l a r  thermal power p l a n t  design concepts  ava i l a -  
b l e  f o r  small  power a p p l i c a t i o n s  ranges from low-temperature (%300°F) 
non-tracking c o l l e c t i o n  systems t o  high-temperature (%2000°~) two-axis 
t r ack ing  systems. The p re sen t  s tudy  is  focused s p e c i f i c a l l y  on advanced 
technology systems t h a t  maximize the  e f f i c i e n c y  of t h e  p l a n t  i n  con- 
v e r t i n g  incoming o r  i n t e r c e p t e d  i n s o l a t i o n  ( s o l a r  energy) t o  outgoing 
e l e c t r i c a l  energy. High e f f i c i e n c i e s  a r e  a s s o c i a t e d  wi th  high-temperature 
two-axis t r ack ing  systems, and t h e  p re sen t  s tudy  t h e r e f o r e  cons iders  only 
these  systems. 

The fol lowing b a s i c  approaches t o  high-temperature two-axis , 

t r ack ing  systems a r e  included i n  t h i s  s tudy .  

Cent ra l .Rece ive2  -- cha rac t e r i zed  by a tower on which a s i n g l e  
r e c e i v e r  is  mounted (Ref. 1 ) .  A f i e l d  of two-axis t r ack ing  
m i r r o r s  ( h e l i o s t a t s )  r e f l e c t  i n s o l a t i o n  on the  r e c e i v e r .  The 
h e a t  thereby generated i s - t r a n s p o r t e d  v i a  h e a t  exchange media 
(such a s  steam o r  helium) t o  t h e  energy conversion u n i t  where 
e l e c t r i c a l  energy is produced. 

e D i s t r i b u t e d  Receiver -- g e n e r i c a l l y  i d e n t i f i e d  by c o l l e c t o r  
f i e l d s  comprised of a m u l t i p l i c i t y  of concent ra tor - rece iver  
modules ( R e f . ' 2 ) .  Thermal energy generated a t , t h e  r e c e i v e r s  
i n  t he  f i e l d  is  e i t h e r  t r anspor t ed  t o  a c e n t r a l  l o c a t i o n  f o r  
conversioil t o  e l e c t r i c i t y  o r  conver.ted t o  e l e c t r i c i t ;  .2n . . the 
f i e l d  v i a  sma l l  h e a t  engine-generator assemblies  t h a t  a r e  
suppl ied  by . e i t h e r  a s i n g l e  concent ra tor - rece iver  .o r  a c l u s t e r  
of concent ra tor - rece ivers .  

OBJECTIVES A .  

The main purpose of t h i s  s tudy is  t o  provide a s s i s t a n c e  i n  planning 
an  advanced technology.program f o r  smal l  solar- thermal  power systems. 
Within the  l i m i t e d  scope of t h i s  s tudy ,  t h e  fo l lowing  s p e c i f i c  o b j e c t i v e s  
must be  met:. 

I d e n t i f i c a t i o n  of a l i m i t e d  s e t  of promising advanced tech- 
nology subsys tems/components . . 



I n t e g r a t i o n  of s e l e c t e d  subsystems i n t o  candida te  advanced 
second gene ra t ion  s o l a r  power systems t h a t  could be  imple- 
mented i n  t h e  1990-2000 'time-frame. 

Analysis  of s , i l e c t e d  advanced systems i n  terms of e f f i c i e n c y  
improvement p o t e n t i a l  and o p e r a t i o n a l  c h a r a c t e r i s t i c s .  

Comparative eva lua t ion  of t h e  most promising systems i n  terms 
of energy c o s t s ,  advanced technology requirements ,  es t imated  
t e c h n i c a l  r i s k s  and advanced technology expendi tures .  

It i s  emphasized t h a t  t h e  ob . jec t ives  of thi p re sen t  s tudy  do no t  
encompaEE a comprehensive or  in-depth rxauL11lation.of a l l  t h e  advanced 
technology p o s s i b i l i t i e s .  Such a n  e f f o ' r t  cannot b e  accommodated w i t h i n  
t h e  time and. funds a v a i l a b l e .  Thus, Lllr s tudy  is  based on .us ing  b e s t  
.judgments to' focus on a ' l i m i t e d  s e t  of advanced technologies  t h a t  
appear  t o  o f f e r  t h e  g r e a t e s t  promise. 

Since the  p r e s e n t  e f f o r t  i s  intended t o  serve as a ba,s is  f o r  
advanced technology planning,  i t  was decided t h a t  s tudy  ob jec t ives .  
could. b e s t  be  m e t  by s e l e c t i n g  concepts having p o t e n t i a l  f o r  achiev ing  
h igh  e f f i c i e n c i e s .  The a c t i v i t i e s . a s s o c i a t e d  wi th  a t t a i n i n g  these  
p o t e n t i a l  e f f i c i e n c y  improvements could then se rve  , a s  elements of an 
R&D o r  advanced technology program. 

Ul t imate ly ,  c o s t s  of t h e  s e l e c t e d  advanced technology subsys terns/ 
components w i l l  have a s i g n i f i c a n t  impact on f e a s i b i l i t y .  Costs 
assoc ia ted .  w i t h  p ro j ec t ed  advanced technology components a r e  gene ra l ly  
more u n c e r t a i n  than  performance e s t ima te s ,  s i n c e  a g r e a t e r  number of 
parameters  are involved i n  p r o j e c t i n g  cos t s .  Due t o  t h i s  i n h e r e n t l y  
g r e a t e r  unce r t a in ty  and ' . the  f a c t  t h a t  i t  i s  very d i f f i c u l t  t o  demon- 
s t r a t e  cos t  'milestones (except  under mass product ion condi t ions)  , cos t  
cons ide ra t ions  a r e  regarded as subord ina t e  t o  e f f i c i e n c y  p o t e n t i a l  
when s e l e c t i n g  candida te  technologies .  

B .  APPROACH 

' 

'l'he approach used i n  t h i s  s tudy i s  depic ted  i n  F igure  1-1, which 
shows f i v e  subtasks  ( r ec t ang le s )  t h a t  were performed a s  t h e  b a s i s  f o r  
making recommendations ( c i r c l e s ) .  These subtasks  a r e  descr ibed  below: 

Data Base Co l l ec t ion .  Candidate advanced technologies  were - 
1 i ~ s c S e l e c t e d  t h e  b a s i s  of ongoing Department of ~ n e r g y '  
(DOE) subprograms, and the  d a t a  base c o l l e c t i o n  e f f o r t  was 
i n i t i a l l y  focused on t h e s e  technologies .  A s  more d a t a w a s  
c o l l e c t e d ,  o t h e r  op t ions  which appeared t o  have p o t e n t i a l  
were inc luded .  

New Concepts I d e n t i f i c a t i o n .  During the  course of t h e  d a t a  
base c o l l e c t i o n  e f f o r t ,  a t t e n t i o n  was given t o  i d e n t i f i c a -  
t i o n  of. new. .concepts '.uhich could no t  be.. purs.ued .wi th in  - t h e  
scope of t he  p re sen t  s tudy . .  .The p o t e n t i a l  advantages 'of  ' t he  
problems a s s o c i a t e d  wi th  these  concepts were d e l i n e a t e d  a s  t he  
b a s i s  f o r  recommending f u r t h e r . s t u d i e s .  



Figure 1-1. Study Plan  Flow Diagram 

Evaluat ion Methodology. Since p r o j e c t i o n s  of t he  performance 
and c o s t s  of advanced technology systems involve  i n h e r e n t l y  
l a r g e  u n c e r t a i n t i e s ,  a methodology predica ted  on a p robab i l i s -  
t i c  t rea tment  of u n c e r t a i n t i e s  was adopted. This  methodology 
employs r i s k l d e c i s i o n  a n a l y s i s  methods of weighing c o s t s  sav- 
i n g s  ( b e n e f i t s )  i n  r e l a t i o n  t o  advanced technology funding 
( investment)  and p r o b a b i l i t y  of success  ( r i s k )  . 

DATA BASE 
COLLECT1 ON 

Subsystem Charac ter iza t ion .  Each candida te  subsystem o r  com- 
ponent w a s  cha rac t e r i zed  i n  terms of p o t e n t i a l  performance, 
es t imated  mass-production c o s t s ,  and the  technologica l  a c t i v i t y  
r equ i r ed  t o  achieve the  p ro j ec t ed  p o t e n t i a l .  This  charac te r -  
i z a t i o n  w a s  t a i l o r e d  t o  f i t  t h e  p r o b a b i l i s t i c  eva lua t ion  
methodology; i . e . ,  p r o j e c t i o n s  were made i n  t h e  context  of 
a s soc i a t ed  p r o b a b i l i t i e s .  

NEW CONCEPTS 
l DENTI Fl CAT1 ON 

- 

System S e l e c t i ~ n  and ~ v a l u a t i i .  Candidate subsystems were 
f i r s t  i n t e g r a t e d  i n t o  power p l a n t s  where emphasis was placed 
on us ing  complementary' o r  matching subsystems t o  a c h i e v e ' t h e  
. h ighes t  poss ib l e . sys t em performance. Systems formulated i n  
t h i s  manner were then screened t o  s e l e c t  t he  most promising 
candida tes  which. we.re then  'ranked by using the  eva lua t ion  
methodology. This  ranking provided the  b a s i s  f o r  advanced 
technology recommendations. 

FURTHER STUD1 ES 
RECOMMENDATIONS 



C.  TARGET TECHNO-ECONOMICS 

The s o l a r  thermal program has e s t a b l i s h e d  the  fo i lowing  techno- 
economic system t a r g e t s  and a s soc i a t ed  component c o s t  t a r g e t s  f o r  the  
post-1985 time-frame: 

SYSTEM TARGETS 

(1977 Do l l a r s )  

C a p i t a l  Costs  : 600-1000 ' $ / k ~ k  

Energy Costs  : 50-60 mills/kWe-hr 

COMPONENT TARGETS 

(1977 Do l l a r s )  

Concentrators  : 70-100 $/m2 

Receivers  : 20. $/kWe 

Ppwer Conversion : 60 $/kWe . 

Energy Storage : 30 $/kWe-hr , 

. . 

The advanced systems i d e n t i f i e d  i n  t h e  p re sen t  s tudy  r ep resen t  
s i g n i f i c a n t  s t r i d e s  towards achiev ing  t h i s  performance. The p ro j ec t ed  
va lues  and ranges of u n c e r t a i n t i e s  g i v e n . i n  t h i s  s tudy  a r e  based on 
very  l i m i t e d  conceptual  and pre l iminary  design i n v e s t i g a t i o n s  and i t  
is a n t i c i p a t e d  t h a t  f u r t h e r  in-depth conceptual  design i t e r a t i o n s  w i l l  
r e s u l t  i n  more opt imal  power systems. 

In  t h i s  con tex t ,  t h e  systems presented  he re in  a r e  regarded as a 
s t a r t i n g  p o i n t .  I n  t h e  a n a l y s i s  t h e  p ro j ec t ed  energy and c a p i t a l  c o s t s  
of  t h e s e  systems a r e  expressed i n ' a n  range bracke t ing  system t a r g e t  
c o s t s .  Fur ther  s t u d i e s  t o  r e f i n e  o r  opt imize t h e s e  concepts  a r e  
required. ,  b u t  i n  t h e  p re sen t  s tudy  can  p o t e n t i a l l y  achieve  system t a r g e t  
v a l u e s  i f  t h e  h ighe r  performance va lues  (component e f f i c i e n c i e s )  and 
lower c o s t s  o f '  t h e  p ro j ec t ed  unce r t a in ty  ranges a r e  achieved. 

D. SUMMARY 

It .is i n d i c a t e d  t h a t  t h e  t a r g e t  system c o s t s  f o r  t h e  post-1985 
time-frame a r e  achievable  by us'ing t h e  advanced systems t r e a t e d  i n  t h i s  
s tudy . '  Compared t o  t h e  p re sen t  technology b a s e l i n e  system, t h e s e  
advanced systems improve the ,p robab i l i t y . , o f  success  i n  achiev ing  t a r g e t  
energy c o s t s  by a f a c t o r  of ,4 t o  5 . '  A s ' t h e s e  i d e n t i f i e d  advanced sys- 
t e m s  are opt imized,  i t  i s  expected t h a t ,  t h e  t a r g e t  energy c o s t  w i l l  be  
achieved,  i .e . ,  i n  a p r o b a b i l i s t i c  sense ,  t h e  most l i k e l y  o r  nominal 
c o s t  w i l l  b e  50 - 60 mills/kWe-hr. 



The l i ke l ihood  of achiev ing  t a r g e t  system energy c o s t s  w i t h  
advanced energy systems warran ts  s u b s t a n t i a l  advanced technology expend- 
i t u r e s  i n  t h e  over b i l l i o n  d o l l a r  range. The c o s t s  a r e  based on funda- 
mental d e c i s i o n l r i s k  c r i t e r i a  and a pene t r a t ion  f o r  s o l a r  thermal  power 
of =10,000 y e  (assumed t o  be 1.5% of incremental  g r i d  capac i ty  added 
between 1978 and t h e  year  2000). This  i s  expected t o  occur  when t a r g e t  
energy c o s t s  a r e  achieved i n  t h e  post-1985 time-frame. 

A l i m i t e d  s e t  of promising advanced technology subsystems and 
components were s e l e c t e d .  These included t h e  c e n t r a l  r e c e i v e r / h e l i o s t a t ,  
t he  two-axis t r ack ing  pa rabo l i c  d i s h ,  and Fresne l  l e n s  concen t r a to r s ;  
S t i r l i n g ,  Brayton, combined cyc le s  and advanced steam Rankine engines  
f o r  energy conversion; and energy s t o r a g e  encompassing s e n s i b l e  h e a t  i n  
b r i c k s  (checker s tove  concept) ,  r e v e r s i b l e  chemical r e a c t i o n  systems, 
and 1 i q u i d . m e t a l s  f o r  both s t o r a g e  and t r a n s p o r t .  

These promising subsystems w e r e - i n t e g r a t e d  i n t o  power systems by 
employing subsystem i n t e r f a c e  matching c r i t e r i a  which produced e f f i -  
c i e n t  and c o s t - e f f e c t i v e  couplings.  Analysis  of advanced power systems 
p o s s i b i l i t i e s  can achieve  s u b s t a n t i a l  improvements i n  e f f i c i e n c y  over  

' t h e  p re sen t  technology steam Rankine system ( a s  represented  by t h e  
c e n t r a l  r e c e i v e r  Barstow p i l o t  p l a n t ) .  E f f i c i e n t  high-temperature 
( 1 5 0 0 ~ ~  . t o .  2000'~) advanced systems o f f e r  ope ra t iona l  b e n e f i t s  i n  terins 
of sma l l e r  land a r e a  requirements ,  enhanced a d a p t a b i l i t y  t o  t o t a l  energy/ 
cogenerat ion a p p l i c a t i o n s ,  and implementation f l e x i b i l i t y  f o r  h i g h l y  
modular d i s t r i b u t e d  sys  tems. 

A p r o b a b i l i s t i c  eva lua t ion  metho'dology was used t o  compare t h e  
most promising systems. Bene f i t s  of advanced systems were determined 
by t h e  c o s t  saving's r e s u l t i n g  from o p e r a t i o n . o f  t h e  advanced system a s  
compared t o  t h e  b a s e l i n e .  Technical r i s k s  a s soc i a t ed  wi th  f a c t o r s  such 
a s  m a t e r i a l s  a v a i l a b i l i t y ,  technology development s t a t u s ,  s a f e t y ,  e t c . ,  
were assessed  a s  t h e  b a s i s  f o r  determining the  p r o b a b i l i t y  of success .  
The p ro j ec t ed  b e n e f i t s / c o s t  savings times the  p r o b a b i l i t y  of success  
determine t h e  al lowable advanced technology expenditure .  

A comprehensive survey of advanced energy conversion systems 
3ndicatcd t h a t  S t i r l i n g , e n g i n e s  have t h e  h ighes t  p o t e n t i a l  i n . t e r m s  
of both e f f i c i e n c y  and c o s t .  Therefore,  b.oth the  c e n t r a l  r e c e i v e r  and' 
d i s t r i b u t e d  d i s h  systems employing t h e  S t i r l i n g  engine showed t h e  high- 
est ga ins  even when t h e  h igher  r i s k  of t h e  S t i r l i n g  r e l a t i v e l y  w e l l  
e s t a b l i s h e d  Brayton and combined cyc le s  i s  taken . i n t o  account .  Brayton 
'and Brayton/Rankine combined cyc le s  were shown t o  be h igh ly  promising 
op t ions  which c o u l d . b e  implemented wi th  r e l a t i v e l y  smal l  a d d i t i o n a l  
advanced. tec.hnology expend i tu ses s i . nce  they would use  t h e  same c o l l e c t o r s ,  
s t o r a g e ,  and t r a n s p o r t  a s  t h e  systems employing S t i r l i n g  engines.  
General ly ,  i t  is ind ica t ed  t h a t  t h e  l a r g e s t  b e n e f i t s  w i l l  r e s u l t  from 
focus ing  advanced technology e f f o r t s  on t h e  achievement of t h e  h i g h e s t  
p o s s i b l e  conversion ' e f f i c i e n c i e s  i n  t he  1 5 0 0 ° ~  t o  2000°F temperature 

I .  

range. 

Liquid meta l  t r a n s p o r t  and s t o r a g e  is  shown t o  have p o t e n t i a l  i n  ' 

l i n k i n g  r e c e i v e r s  wi th  engines due t o  i t s  favorable  h e a t  t r a n s f e r  char- 
a c t e r . i s t i c s  which r e s u l t s  i n  compact r e c e i v e r l h e a t  exchanger des igns .  
  ate rials development a c t i v i t y  i s  needed, p a r t i c u l a r l y  f g r  temperatures  

' 



> 1300'~. Development of  advanced b a t t e r i e s  w i l l  enhance t h e  v i a b i l i t y  
of modular d i s t r i b u t e d  systems which employ e l e c t r i c a l  t r a n s p o r t  t o  
c o l l e c t  energy from t h e  f i e l d .  

I t  i s  noted t h a t  applications- elated i s s u e s  a r e  no t  be ing  
addressed.  The emphasis i s  on i d e n t i f y i n g  a  spectrum of promising 

. o p t i o n s .  Depending on t h e  a p p l i c a t i o n ,  one op t ion  may be  p r e f e r r e d  t o  
ano the r .  S ince  s o l a r  thermal systems a r e  s u i t a b l e  f o r  a  wide range of 
d i v e r s e  a p p l i c a t i o n s ,  i t  appears  t h a t  s e v e r a l  of t h e  most promising 
advanced technology op t ions  should be  pursued i n  a  h igh ly  coord ina ted  
manner t o  b e n e f i t  from synergism and use  of common elements .  

A s  i n d i c a t e d  i n  t h i s  s tudy ,  t h e  primary t h r u s t  f o r  advanced tech- 
nology i s  t o  i d e ~ i t i f y  arid then demonstrate  i n  follow-on programs t h a t  
'h igh performance can b e  achieved by systems which a r e  shown v i a  . s t u d i e s  
t o  have a h igh  p roLaLi l l t y  uf meeting c o s t  t a r g e t s .  Only f i r s t  o rde r  
mass-production c o s t  ana lyses  can be  performed because d e t a i l e d  opt imized 
d,esigns a r e  g e n e r a l l y  n o t  a v a i l a b l e  f o r  advanced systems. These c o s t  
ana lyses  a r e  used t o  s c r e e n  ou t  op t ions  t h a t  have l i t t l e  chance of eve r  
be ing  c o s t - e f f e c t i v e  and t o  i d e n t i f y  components having' t h e  b e s t  p o t e n t i a l  
f o r  ach iev ing  low c o s t s .  S ince  p r o j e c t i o n s ,  p a r t i c u l a r l y  those  r e l a t e d  
t o  c o s t s ,  a r e  a s s o c i a t e d  wi th  u n c e r t a i n t i e s ,  i t  i s  suggested t h a t  i n t e r -  
p r e t i n g  r e s u l t s  i n  a  p r o b a b i l i s t i c  con tex t  w i l l  p rov ide  t he  b e s t  i n s i g h t s .  



SECTION I1 

SYSTEMS SnECTION 

Dispersed  s o l a r - t h e r m a l  power p z a n t s  i n c o r p o r a t i n g  advanced t ech-  
n o l o g i e s  t h a t  cou ld  b e  developed i n  t h e  1990-2000t imeframe are h e r e i n  
s e l e c t e d  f o r  a n a l y s i s  and e v a l u a t i o n .  The s e l e c t i o n p r o c e s s  p roceeds  
s y s t e m a t i c a l l y  from d e l i n e a t i o n  of broad c r i t e r i a  d e r i v e d  from b a s i c  
c o n s i d e r a t i o n s  t o  s c r e e n i n g  of c a n d i d a t e  sys tems t o  i d e n t i f y  tho.se 
advanced t e c h n o l o g i e s  which appear  t o  o f f e r  t h e  g r e a t e s t  promise.  

A. BASIC CONSIDERATIONS 

A b a s i c  framework f o r  s e l e c t i n g  systems i s  e s t a b l i s h e d  by f i r s t  
d e f i n i n g  t h e  s t u d y  ground r u l e s  and t h e n  examining fundamental  t r a d e o f f s  
i n  t e rms  of b a s i c  p h y s i c s .  

1. '. s t u d y  Ground Rules  

The s t u d y  ground r u l e s  e s s e n t i a l l y  d e f i n e  t h e  boundar ies  of t h e  
e f f o r t  and p r o v i d e  t h e  c o n t e x t  w i t h i n  which t h e  s t u d y  f i n d i n g s  are t o  b e  
i n t e r p r e t e d .  The pr imary ground r u l e s  f o r  t h i s  s t u d y  are as f o l l o w s :  

1 )  Only s o l a r - e l e c t r i c  power p r o d u c t i o n  i s  c o n s i d e r e d .  F o s s i l /  
s o l a r  h y b r i d  p l a n t s  and t o t a l  energy sys tems ,  where b o t h  
e l e c t r i c a l  and the rmal  energy a r e  s u p p l i e d  t o  t h e  - u s e r ,  a r e  
n o t  i n c l u d e d .  

2) A s i m p l e  c o n s t a n t  demand c h a r a c t e r i s t i c  is  assumed, where t h e  
s o l a r  p l a n t  is  a s k e d , t o  supp ly  r a c e d  power whenever i t  i s  
a b l e  t o  d e l i v e r  t h i s  power. U t i l i t y  i n t e r f a c i n g  i s s u e s  such 
a s  margin  a n a l y s i s  and a s s o c i a t e d  backup requ i rements  are n o t  
t r e a t e d .  

3) Power p l a n t  economics a r e  based on u t i l i t y - u u n e d  s o l a r  
e l e c t r i c  sys tems  a s  d e r i v e d  i n  Ref.  3 and p r e v i o u s l y  used i n  
Ref.  2,  a s  w e l l  a s  e a r l i e r  s t u d i e s  of Refs .  4 and 5.  Table  
2-1 p r e s e n t s  v a l u e s  used i n  t h e s e  s c u d i e s .  

4)  C o s t s  a r e  g i v e n  i n  1977 b a s e , y e a r  d o l l a r s ,  w i t h  p l a n t  s t a r t -  
up 25 y e a r s  a f t e r  t h e  b a s e  y e a r .  To s i m p l i f y  comparisons 
w i t h  p r e v i o u s  s t u d i e s ,  t h e  d i f f e r e n t i a l  i n f l a t i o n  char-  
a c t e r i s t i c s  o v e r  t h i s  p e r i o d  were  k e p t  t h e  same as i n  t h e  
e a r l i e r e f f o r t s  ( s e e  Ref.  5 ) .  Thus, t h e  e f f e c t  of d i f f e r e n -  
t i a l  i n f l a t i o n  is t o  i n c r e a s e  c a p i t a l  c o s t s  i n  b a s e  yLar 
(1977) d o l l a r s  by a  f a c t o r  of 1 .22 ( s e e  Ref.  2 ) .  



Table 2-1. Economic Parameters f o r  Utility-Owned 
So la r  E l e c t r i c  Systems 

5) I n s o l a t i o n  d a t a  f o r  Inyokern, CA, is  used f o r  a l l  systems 
' t o  provide.common re fe rence  inpu t  f o r  comparaeive evalua- 
t i o n  purposes.  

Fac tor  

System Operating Li fe t ime,  yea r s  

Annual "Other Taxes" a s  F rac t ion  
of C a p i t a l  Investment 

Annual Tnsilrance Premiumo as Frac t ion  
of C a p i t a l  Investment 

E f f e c t i v e  Income Tax Rate 

Rat io of Dcbt t o  T o t a l  Capitalization 

Rat io  of Common Stock t o  T o t a l  
C a p i t a l i z a t i o n  

R a t i o . o f  P r e f e r r e d  Stock t o  T o t a l  
C a p i t a l i z a t i o n  

Annual Rate  of ~ e t u r n  on Debt. 

Annual R a t e  of Reeurn on Common Stock 

Annual Rate  o f , R e t u r n  on P re fe r r ed  
Stock 

6 )  Bat t e ry  s t o r a g e  systems a r e  dedica ted  f n r  s n l a r  power p l a n t  
, 

operatiun. No o t h e r  u se  of t hese  systems by t h e  g r i d  (o f f  
peak) i s  'considered.  

Value 

3 0 

0.02 

0.  UUZ5 

0.40 

0.50 

0.40 

0.10 

0.08 

0.12 

0.08 



The ground rules above represent a simple and expedient basis 
for meeting the primary study objective of identifying promising 
advanced technologies by comparing options within a common frame of re- 
ference. , It is felt that the simpiifications inherent in the selected 
ground rules are such that promising technologies will not be obscured 
and that a reasonable relative ranking can be performed within limit- 
ations ,of data base uncertainties. 

For small, dispersed solar power systems, integration of the 
solar plant into a total energy system application is a possibility 
which should be considered. For example, the solar plant could be 
located and designed so.that the normally rejected heat from energy 
conversion/electric power generation coulil be supplied to an industrial 
plant to meet process heat needs. Although this possibility is not 
directly treated, it is tacitly assumed that the most critical step is 
to first delineate advanced and cost-effective techniques for generating 
solar-electric power. Then, in follow-on studies, the selected advanced 
options can be assessed in the context of their suitability for total 
energy systems. 

A hybrid plant which uses fossil fuels to augment solar energy 
is a system possibility that could'be advantageous, particularly for 
dispersed power plants that are not connected to a utility grid. The 
ground rules for the present study focus the primary effort on advanced 
solar generation aspects. After advanced candidates are identified, it 
is felt that follow-on studies should be undertaken to determine the 
relative merits of the most promising options in terms of their adapt- 
ability for hybrid operation where fossil generated heat is substitueed 
for' solar-derived heat. 

Dispersed solar power plants will generally have to meet a wide 
spectrum of demand characteristics, depending on specifics of the 
application. The primary impact of demand characteristics on power 
plant design is that the collector field size and energy storage require- 
ment must be sized to meet the demand curve. If the curve peaks during . . .  
the day lig11 t hours of solar energy availabil,ity, the .  collector: field and 
storage' size requirements will tend to be reduced. Peak demands during 
'evening periods will increase these requirements. A larger collector 
field and storage capacity must be provided if the plant is to be 
designed to produce at least a portion of the demand during periods of 
inclement weather. If the plant is part of a utility grid, interfacing 
issues such as backup requirements will affect the design. 

Demand characteristics and grid interfacing requirements can have 
a major impact on plant design and economics, since they directly affect 
the size of major subsystems. However, for a relative comparison of 
advanced technology designs, it is felt that use of the simple constant 
demand will suffice. It is recognized that advanced technology options 
will differ wi.th regard to size-economy or scale effects. These effects 
and their influence on plant economics are encompassed in the constant 
demand analysj..~ hy determining minimum energy cost as a function of 
collector field size and storage capacity over a large range of capacity 
factors where capacity factor is defined as the energy delivered over 



t h e  energy t h a t  could have been de l ive red  by a . p l a n t  . ope ra t ing  cont in-  

uously a t  r a t e d  power. Low capac i ty  f a c t o r s  a r e  a s s o c i a t e d  wi th  r e l a -  
t i v e l y  smal l  f i e l d s  and s t o r a g e . s i z e s ,  whereas attairiment of l a r g e  
c a p a c i t y  f a c t o r s  n e c e s s i t a t e s  l a r g e  c o l l e c t o r  f i e l d s  and s t o r a g e  cap- 
a c i t i e s .  Therefore,  t echnologies  having favorable,size-economy char- 
a c t e r i s t i c s  can be  d e l i n e a t e d  v i a  t h e  cons t an t  demand a n a l y s i s  a s  used 
i n  t h i s  s tudy . 

I n t e r f a c i n g  of a  s o l a r  p l a n t  wi th  a  u t i l i t y  g r i d  system i s  p r i -  
mar i ly  a  func t ion  of t h e  r e x i a b i l i t y  and economics of t h e  s o l a r  p l a n t  
compared t o  those  of o t h e r  p l a n t s  i n  t h e  g r i d .  R e l i a b i l i t y  i s  de ter -  
mined by downtime due t o  both weather-related causes and unscheduled 
a s . w e l l  a s  scheduled maintenance. ' When t h e  same i n s o l a t i o n  d a t a  a r e  
used, a l l  s o l a r  p l a n t s  w i l l  experience s i m i l a r  weather-related down- 
time. For maintenance-related r e l i a b i l i t y  , energy c o s t s  were f i r s t  
determined under t h e  cond i t i on  t h a t  a l l  p l a n t s  had t h e  same do& time. 
Then, i n  t h e  eva lua t ion  process ,  ' t h e  technologies  a s s o c i a t e d . w i t h  each 
p l a n t  were examined t o  a r r i v e  a t  a  r e l i a b i l i t y  r a t i n g  which was used 
a s  a  weight ing f a c t o r  i n  ranking t h e  p l a n t s .  

The f inanc ing  and a s soc i a t ed  economic parameters  f o r  smal l  d i s -  
persed  power systems could d i f f e r  f rsm those of l a r g e r  u t i l i t y  systems, 
l i s t e d  $n. Table 2-1. I n  f u t u r e  s t u d i e s ,  t h e  f i nanc ing  p r a c t i c e s  of 
smal l  power systems should be  i n v e s t i g a t e d  t o  determine t h e i r  e f f e c t  on 
system economics. To s imp l i fy  t h e  p re sen t  s tudy ,  l a r g e  u t i l i t y  f inanc-  
i n g  a s  seen i n  Table 2-1 i s  used. The mode. o f ' f i n a n c i n g  w i l l  no t  
m a t e r i a l l y  a f f e c t  t h e  r e l a t i v e  ranking of promising candida te  tech- 
no log ie s .  I n . i t s -  s t r i c t e s t  i n t e r p r e t a t i o n ,  Table 2-1 p e r t a i n s  t o  smal l  
d i spe r sed  power systems t h a t  a r e  implemented a s  p a r t  of a  l a r g e  u t i l i t y  
system. 

. . I n s o l a t i o n  . . . .  . d a t a  f o r  Inyokern, CA used i n  t h i s  s tudy ,  is  re- 
f  l e c  t i v e  of ope ra t ion  i n  t h e  so l a r - in t ens ive .  southwest .  Thus, t h e  
p ro j ec t ed  performance and economics correspond t o  t h e  h ighes t  l e v e l s  
a v a i l a b l e .  The degrada t ion  d i e  t o  ope ra t ing  i n  o t h e r  r eg ions  having 
l e s s  i n s o l a t i o n  w i l l  be  addressed i n  follow-on s t u d i e s .  

2.  Fundamental Tradeoffs  

The b a s i c  subsystems/components uf a s o l a r  thermal power p l a n t  
and t h e i r  f u n c t i o n a l  r o l e s  a r e  depic ted  i n  F igure  2-1. A concen t r a to r  
o r  r e f l e c t o r  a r r a y  accep t s  i n s o l a t i o n  and o p t i c a l l y  focuses  t h i s  s o l a r  
energy onto a  r e c e i v e r .  The con ren t r a t ed  s o l a r  f l u x  impinging on t h e  
r e c e i v e r  genera tes  thermal energy, which is  t . ransported v i a  h e a t  t r ans -  
f e r  f l u i d  t o  t he  energy conversion u n i t  o r  t o  i n t e r n a l  s to rage .  The 
energy conversion unit gene ra t e s  e l e c t r i c a l  energy which is  de l ive red  
t o  t h e  use r  o r  s e n t  t o  e x t e r n a l  s t o r a g e  f o r  l a t e r  use.  The term 
i n t e r n a l  s t o r a g e  r e f e r s  t o  s t o r a g e  of thermal energy t h a t  occurs  w i th in  
the  power genera t ing  p o r t i o n  of the  p l a n t ,  whereas e x t e r n a l  s t o r a g e  
denotes  s t o r a g e  of energy downstream from t h e  power genera t ing  u n i t  
(Ref. 6 ) .  

I n  terms of b a s i c  systems ope ra t ion  (F igure  2- l ) ,  key fundamental 
t r a d e o f f s  c a n . b e  d e l i n e a t e d .  For advanced technology systems, t h e  



F i g u r e  2-1. S o l a r  Thermal Power P l a n t  Schemat ic  Diagram 
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achievement o f  a  h i g h  e f f i c i e n c y  i n  c o n v e r t i n g  i n s o l a t i o n  t o  e l e c t r i c a l  
energy i s  a  major c o n s i d e r a t i o n .  A s  t h i s  e f f i c i e n c y  i n c r e a s e s ,  a  
s m a l l e r  f i e l d  of c o l l e c t o r s  comprised o f  c o n c e n t r a t o r s  and r e c e i v e r ( s )  
w i l l  b e  r e q u i r e d  f o r  a  f i x e d  p l a n t  r a t i n g  and  o u t p u t .  S i n c e  t h e  
' c o l l e c t o r  f i e l d  r e p r e s e n t s  more than  h a l f  t h e  c o s t  o f  p r o j e c t e d  s o l a r  
the rmal  power sys tems (Ref.  2 ) ,  s i z e  r e d u c t i o n s  v i a  h i g h  e f f i c i e n c y  
have s u b s t a n t i a l  p o t e n t i a l  f o r  r educ ing  c o s t s  t o  p r o v i d e  improved system 
techno-economic c h a r a c t e r i s t i c s .  For  a  n e t  g a i n ,  i t  i s  n e c e s s a r y  t h a t  
any i n c r e m e n t a l  c o s t s  i n c u r r e d  i n  a c h i e v i n g  h i g h e r  e f f i c i e n c i e s  b e  l e s s  
t h a n  t h e  s a v i n g s  due t o  p l a n t  s i z e  r e d u c t i o n ,  where min imiza t ion  of 
i n c r e m e n t a l  c o s t s  r e q u i r e s  d e s i g n  advances .  T h i s  i m p l i e s  t h a t  develop- 
ment, o f  i n n o v a t i v e ,  low-cost mass p r o d u c t i o n  d e s i g n s  a r e  r e q u i r e d  a l o n g  
w i t h  advanced t e c h n o l o g i e s  f o r  h i g h  e f f i c i e n c i e s  t o  a c h i e v e  t h e  f u l l  
b e n e f i t s  of advanced sys tems .  

- 
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energy c o n v e r s i o n  subsystem ( F i g u r e  2-1) which c o n v e r t s  the rmal  t o  
e l e c t r i c a l  energy .  Th is  e f f i c i e n c y  i s  governed by b a s i c  thermodynamic 
h e a t  eng ine  c y c l e s  and can a t  b e s t  approach t h e  i d e a l  Carnot c y c l e  
e f f i c i e n c y  which r e p r e s e n t s  an upper bound. S i n c e  t h e  e f f i c i e n c y  of 
t h e  Carnot c y c l e  i n c r e a s e s  a s  t h e  t e m p e r a t u r e  of t h e  h e a t  s u p p l i e d  
i n c r e a s e s ,  h i g h - e f f i c i e n c y  advanced technology concep ts  a r e  a s s o c i a t e d  
w i t h  h i g h  t e m p e r a t u r e s .  

However, i n c r e a s e s  i n  t e m p e r a t u r e  have a  major impact on 
r e c e i v e r  e f f i c i e n c y .  In  p a r t i c u l a r ,  s i n c e  r e r a d i a t i o n  l o s s e s  a r e  a  
f u n c t i o n  of t h e  e f f e c t i v e  r e c e i v e r  t empera tu re  t o  t h e  f o u r t h  power, 
r e c e i v e r  e f f i c i e n c y  d e c r e a s e s  a t  a  r a p i d  r a t e  f o r  h i g h  rempera tu res .  
Thus t h e r e  i s  a  b a s i c  t r a d e o f f  between r e c e i v e r  e f f i c i e n c y  a n d ' e n e r g y  
convers ion  e f f i c i e n c y  which v a r i e s  a s  a  f u n c t i o n  of t empera tu re  l e v e l .  
The o v e r a l l  sys tem e f f i c i e n c y  i s  p z o p o r t i o n a l  to' t h e  p r o d u c t  of t h e s e  
two e f f i c i e n c i e s .  



This  t r adeo f f  r e l a t i o n  i s  i l l u s t r a t e d  i n  F igure  2-2 f o r  a  two- 
a x i s  t r ack ing  pa rabo l i c  d i s h  concent ra tor  having a  c a v i t y  r e c e i v e r  and 
S t i r l i n g  engine-generator assembly a t  t h e  f o c a l  po in t  of t h e  concentra-  
t o r .  This, p a r t i c u l a r  system was shown t o  have-promise i n  Ref. 2.  The 
curves shown on Figure 2-2 d e p i c t  performance p o t e n t i a l  and were 
generated wi th  the  a i d  of a  cone-optics computer program descr ibed  i n  
Refs.  7 and 8. 

The f l u x  d i s t r i b u t i o n  r e f l e c t e d  from t h e  concent ra tor  toward 
t h e  r e c e i v e r  i s  governed. by four  elements:  s o l a r  r e f l e c t a n c e ,  s p e c u l a r ,  
spreading '  caused by microscopic s u r f a c e  roughness,  s u r f a c e  s l o p e  (or  
waviness) depa r tu re s  from t h e  i d e a l  paraboloid due t o  l i m i t a t i o n s  
imposed by manufacturing t o l e r a n c e s ,  and misdi.rectj,on and d i s t o r t i o n  

. d u e  t o  t r ack ing  e r r o r s  o r  d e f l e c t i o n  of t h e  su r f aces  caused by v a r i o u s  
f a c t o r s  suc,h a s  wind loads .  The s o l a r  r e f l e c t a n c e  determine0 t h e  
f r a c t i o n  of i n s o l a t i o n  t h a t  is  r e f l e c t e d  from the  s u r f a c e ,  whi le  t h e  
o t h e r  elements r e s u l t  i n  spreading  and d i s t o r t i o n  of t h e  f l u x  d i s t r i -  
bu t ion  compared t o  an idea l i zed  p e r f ~ r t  o p t i c a l  s u r f a c e  t h a t  i c  poai- '  
t i oned  wi th  no t r ack lng  e r r o r .  

The spreading and d i s t o r t i o n  of ' the  f l u x  d i s t r i b u t i o n  
a f f e c t s  t h e  q u a n t i t y  of energy. e n t e r i n g  t h e  a p e r t u r e  of t h e  c a v i t y  
r e c e i v e r .  I f  t h e  a p e r t u r e  s i z e  i s  inc reased ,  a  g r e a t e r  po r t ion  of t h e  
f l u x  w i l l  e n t e r  t h e  r e c e i v e r .  ' However, r e r a d i a t i o n  and convect ion 
l o s s e s  through t h e  l a r g e r  a p e r t u r e . w i l 1  be g r e a t e r .  The cone-optics 
computer program h a s  been designed t o  pa rame t r i ca l ly  vary  t h e  r e c e i v e r  
a p e r t u r e  .a rea  and t o  then  s e l e c t  t h e  a r e a  t h a t  corresponds t o  t h e  
optimum o v e r a l l  e f f i c i e n c y .  

Thus, t h e  cuirves of Figure 2-2 a r e  based on the  use  of o p t i -  
mized a p e r t u r e  a r e a s  f o r  maximum e f f i c i e n c y .  In  gene ra l ,  a p e r t u r e  a r e a  
v a r i e s  along each curve. For purposes of d e l i n e a t i n g  performance 
p o t e n t i a l ,  conduction l o s s e s  from t h e  r e c e i v e r  a r e  considered t o  be  
sma l l  and have been d is regarded .  The r e c e i v e r  s u r f a c e  ( inne r  c a v i t y  
w a l l )  i s  assumed t o  have an  a b s o r p t i v i t y  = emis s iv i ty  = 0.95.- The 
incoming i n s o l a t i o n  i s  taken t o  be  0.8 kw/m2 'and t h e  d i s h  r i m  a n g l e  is .  
45 degrees.  

The s e t  of s o l i d  curves corresponds t o  p e r f e c t  o p t i c s  where 
a l l  t h e  incoming energy i s  r e f l e c t e d  and t h e  s u r f a c e  causes no d i s -  
t o r t i o n  o r  spreading.  S t i r l i n g  engine performance p r o j e c t i o n s  e s t ima te  
t h e  achievement of approximately 60% of t h e  upper bound Carnot e f f i -  
c iency .  Advanced systems corresponding t o  t h e  1rppPr end of t h e  pro- 
j e c t e d  unce r t a in ty  band a r e  a s soc i a t ed  wi th  t h e  80% Carnot curve. The 
s u b s t a n t i a l  improvement i n  t h e  t r i p l e -p roduc t  e f f i c i e n c y  ( c o l l e c t o r  x 
r e c e i v e r  x engine)  between t h e  60% and 80% Carnot curves i s  i n d i c a t i v e  
of t h e  ga ins  which could r e s u l t s  from pursuing advanced S t i r l i n g  engine 
technology development. 
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The dashed l i n e  denotes  a  system wi th  r ep re sen ta t ive  o p t i c a l  
l o s s e s  and a nominal p ro j ec t ed  engine  e f f i c i e n c y  of 60% Carnot.  For 
t h i s  curve,  t h e  s u r f a c e  s l o p e  e r r o r  i s  0.1 degrees ,  specu la r  spreading  
is  0.05 degrees ,  and t h e  poin t ing  e r r o r  i s  a l s o  0.05 degrees.  The 
d i f f e r ence .  between t h e  dashed curve and t h e  60% Carnot curve (shaded 
r eg ion )  wi th  p e r f e c t  o p t i c s  t h e r e f o r e  r e p r e s e n t s  t h e  maximum g a i n  t h a t  
could b e  a t t a i n e d  v i a  o p t i c a l  improvements. This  ga in  i s  s i g n i f i c a n t  
and i s  i n d i c a t i v e  of b e n e f i t s  which could accrue  from developing 
advanced o p t i c a l  technology. 

The e f f e c t  of t hb  fundamental,. t r a d e a f f  involv ing  increased  
engine e f f i c i e n c y  and decreased r e c e i v e r  e f f i c i e n c y  wi th  increased  
temperature i s  manifest  i n  F igure  2-2 a s  a  r e l a t i v e l y  f l a t  o r  cons t an t  
t r i p l e -p roduc t  e f f i c i e n c y  over  o wide temperature range from 8000C t o  
1400°C (or *1500°F t o  % ' . 2 5 0 0 ~ F ) .  Bas i ca l ly ,  t h i s  5,rnplies t h a t  engine 
e f f i c i e n c y  improvements wi th  inc reas ing  temperature a r e  being 
e s s e n t i a l l y  o f f s e t  by h ighe r  r e r a d i a t i o n  and convect ion l o s s e s  from 
t h e  r e c e i v e r .  I n  f a c t ,  f o r  t h e  dashed curve', t h e  t r ip le -product  e f f i -  
c iency  decreases  s l i g h t l y  f o r  temperatures  g r e a t e r  than  about  1000°C 
(180,00F>. Th i s  occurs  because o p t i c a l  l o s s e s  a s soc i a t ed  with spreading  
of t h e  f l u x  d i s t r i b u t i o n  a t  t h e  r e c e i v e r  r e q u i r e  a  l a r g e r  a p e r t u r e  
having g r e a t e r  r e r a d i a t i o n  and convect ion l o s s e s .  

This  fundamental t radeoff  has  major imp l i ca t ions  regard ing  
advanced technology systems f o r  e l e c t r i c  power genera t ion .  It i s  indi- . .  
c a t ed  t h a t  most of t h e  ga in  a s soc i a t ed  wi th  inc reas ing  t h e  temperature 
l e v e l  is  achieved a t  temperatures  of about 800°c (or  1 5 0 0 ~ ~ ) .  S ince  
t h e  p o t e n t i a l  f o r  ga ins  beyond t h i s  temperature is  r e l a t i v e l y  smal l ,  
p u r s u i t  of h igher  temperature advanced technology op t ions  must b e  
undertaken i n  a  h igh ly  s e l e c t i v e  manner. Only s o p h i s t i c a t e d  concepts  
and a s soc i a t ed  technologies  which can u t i l i z e  h igher  temperatures  
without  s i g n i f i c a n t l y  i nc reas ing  c o s t s  o r  reducing r e l i a b i l i t y  w i l l  
p rovide  a  n e t  system ga in .  

.. . .. . 

It i s  t o  be noted t h a t  t h e  above l i m i t a t i o n s  regard ing  h igh  
temperature ope ra t ion  p e r t a i n  only t o  e l e c t r i c  power genera t ion  systems. . 

I f  so. lar  thermal systems a r e  t o  be used f o r  a p p l i c a t i o n s  such a s  process  
hea t  o r  o the r  i ndus t r i a l / chemica l  a p p l i c a t i o n s ,  t h e  temperature l e v e l  
w i l l  b.e d i c t a t e d  by t h e  s p e c i f i c s  of each a p p l i c a t i o n .  

It i s  a l s o  noted t h a t  t h e  curves of cons tan t  percent  Carnot 
a r e  used on Figure  2-2 t o  i l l u s t r a t e  t r ends  i n  a  genera l  manner. For 
s p e c i f i c  engines,  t h e  percent  Carnot i s  a l s o  usua l ly  a  func t ion  of t h e  
Lemperature lc t ie l  (see Appendix A ) .  Thus, i f  t h e  percent  Carnot of a  
p a r t i c u l a r  engine i n c r e a s e s  w i th  temperature,  t h e  peak of t h e  t r i p l e  
product  e f f i c i e n c y  w i l l  tend t o  s h i f t  toward high temperatures .  How- 
eve r ,  t hese  s h i f t s  a r e  pe r tu rba t ions  which w t l l  occur w i th in  t h e  frame- 
work of t he  o v e r a l l  t r ends  descr ibed  above. 



Although t h e  t radeoff  analyzed abov@ p e r t a i n s  t o  t h e  para- 
b o l i c  d i s h  system, t h e  gene ra l  t r ends  de l inea t ed  a r e  . -  a p p l i c a b l e  - t o  
s o l a r  thermal systems i n  genera l .  A s  e v i d e n t  from Figure  - -. 1-I,\ a l l  s o l a r  
thermal  sy?tems w i l l  encounter t he  same b a s i c  t r a d e o f f .  Frob--results 
i n  Ref. 9 ,  i t  i s  ind ica t ed  t h a t  c e n t r a l  rec.eiver  systems have s i m i l a r  
c h a r a c t e r i s t i c s  i n  approximately t h e  s,ame tempera ture . range  a s  t h e  
pa rabo l i c  d i s h  system example of F igure  2-2. 

These f ind ings  suggest  t h a t  a  major t h r u s t  of advanced tech- 
nology f o r  power genera t ion  should be  d i r e c t e d  toward developing energy 
conversion systems t h a t  achieve t h e  h i g h e s t  p ro j ec t ed  e f f i c i e n c i e s  
(percent  Carnot) i n  t he  1500.OF t o  2000°F temperature range. 

b .  Receiver Loss Reduction. Another fundamental approach 
toward improving e f f i c i e n c i e s  i s  t o  i n v e s t i g a t e  methods of reducing - - 

r e r a d i a t i o n  and convection l o s s e s  from t h e  r ece ive r  aper . ture .  De ta i l ed  
i n v e s t i g a t i o n s  r e l a t e d  t o  t h i s  approach could n o t  be  conducted w i t h i n  
t h e  scope of t h i s  e f f o r t .  However, two methods t h a t  could p o t e n t i a l l y  
reduce r e r a d i a t i o n  and convect ion l o s s e s  from t h e  c a v i t y  r e c e i v e r  were 
i d e n t i f i e d .  These a r e  (1) t h e  use  of hea t  windows ( t r anspa ren t  aper-  
t u r e  coverings)  which t ransmi t  s o l a r  f l u x  whi le  tending t o  b lock  (or  
r e f l e c t  inward) t h e  i n f r a r e d  r a d i a t i o n  generated i n s i d e  t h e  r e c e i v e r  
and (2) t h e  deployment of r e f l e c t i v e  s u r f a c e s  around and forward of t h e  
a p e r t u r e  t o  i n t e r c e p t  and concen t r a t e  t h e  s o l a r  f l u x  and thereby a l low 
use  of a  smal le r  a p e r t u r e  having l e s s  l o s s e s .  

The technique of us ing  t r anspa ren t  h e a t  windows was given a  
pre l iminary  examination. This i n v e s t i g a t i o n  ind ica t ed  t h a t  hea t .win-  
dows could provide a  n e t  ga in  i n  r e c e i v e r  e f f i c i e n c y  f o r  ope ra t ion  a t  
low concent ra t ion  r a t i o s  of t he  o rde r  of 100, coupled wi th  high temper- 
a t u r e s  of approximately 1500°F. However, the  advanced technology con- 
c e p t s  which o f f e r  p o t e n t i a l  f o r  high performance ope ra t e  a t  concentra- 
t i o n  r a t i o s  of. the  o rde r  of 1000; and the  pre l iminary  a n a l y s i s  i n d i c a t e s  
t h a t  f o r  these  concepts ,  t h e r e  w i l l  be  no n e t  ga in  un le s s  t h e  ope ra t ing  
temperatures g r e a t l y  exceed 2000°F. 

Heat windows were a l s o  examined i n  Ref. 10,  where i t  was 
ind ica t ed  t h a t  n e t  e f f i c i e n c y  improvements would r e s u l t  f o r  t he  low 
concent ra t ion  r a t i o  systems (%loo) be ing  analyzed. Although high con- 
c e n t r a t i ~ n  systeius (%1000) were no t  s p e c i f i c a l l y  t r e a t e d ,  t he  s tudy 
showed t h e  t rend  of decreas ing  ga ins  wi th  inc reas ing  concen t r a t ion  
r a t i o .  These r e s u l t s  t h e r e f o r e  gene ra l ly  confirm the  f ind ings  of t h e  
pre l iminary  i n v e s t i g a t i o n  conducted f o r  t h i s  s tudy.  

For t h e  hea t  window concept ,  t h e  b a s i c  problem involves  
overcoming t h e  reduced amount of f l u x  e n t e r i n g  t h e  r e c e i v e r  by r e t a i n -  
i ng  more of t h e  f l u x  t h a t  does e n t e r .  This  means c ~ u n t e r a c t i n ~ g  t r ans -  
mission l o s s e s  through t h e  t r anspa ren t  window wi th  a  r educ t ion  i n  
i n f r a r e d  r a d i a t i o n  and convect ion l o s s e s  from t h e  a p e r t u r e .  This  h e a t  
ba lance  i s ,  of course ,  inf luenced by hea t  window design parameters such 
as type and q u a l i t y  of t r anspa ren t  mater.ia1, window th ickness ,  and 
thermal-opt ical  p r o p e r t i e s .  The inne r  su r f ace  of t he  mi r ro r  could be 



coated  wi th  m a t e r i a l s  such a s  t i n  oxide ,  indium oxide,  o r  t i t an ium oxide 
(Ref. 10) t o  enhance i n f r a r e d  blocking,  bu t  t h i s  w i l l  probably inc rease  
t ransmiss ion  , l o s ses .  Due t o  t he  complex n a t u r e  of t h i s  problem, more 
d e t a i l e d  s t u d i e s  a r e  requi red  be fo re  one can completely d i s r ega rd  t h e  
p o s s i b i l i t y  of ga ins .  ' 

The concept involv ing  t h e  use  of secondary r e f l e c t i v e  sur -  
f a c e s  forward of t h e  a p e r t u r e  has  n o t  been analyzed except  i n  q u a l i t a -  
t i v e  terms which i n d i c a t e  p o s s i b i l i t i e s  f o r  some improvement i n  per- 
formance. For t h e  concept t o  be e f f e c t i v e ,  t h e  secondary surfaces. .must  
be designed t o  r e f l e c t  e s s e n t i a l l y  a l l  of t h e  incoming f l u x  toward t h e  
c a v i t y  a p e r t u r e  i n  a manner analogous t o  t h e  ope ra t ion  of t h e  Compound 
Parahnlj'c Concentrator  (CPC). The b a s i c  c l5I f lcu l ty  wirh use o t  
secondary s u r f a c e s  i s  t h a t  t h e s e  siirfares absorb some of th'c knergy, 
thereby  decreas ing  t h e  energy e n t e r i n g  t h e  c a v i t y .  I f  t h e  secondary 
s u r f a c e s  a r e  cooled ,  a t  l e a s t  a po r t ion  of t h e  energy absorbed can b e  
recaptured .  Since t h e  secondary surfaces In t h t s  concept a r e  l oca t ed  
nea r  t h e  r e c e i v e r ,  i t  appears  f e a s i b l e  t o  employ t h e  h e a t  exchange 
f l u i d  of t h e  r e c e i v e r  as t h e  coolant  f o r  t h e  secondary su r f aces .  

Under t h e  above condi t ions ,  n e t  ga ins  appear possible . ,  How- 
eve r ,  t h e  i nco rpora t ion  of a c t i v e l y  cooled secondary s u r f a c e s  w i l l  com- 
p l i c a t e  r ece ive r  des ign  and i n c r e a s e  c o s t s .  De ta i l ed  s t u d i e s  of t h e s e  
t r adeo f f  s a r e  ' requi red  t o  q u a n t i t a t i v e l y  a s s e s s  t h e  m e r i t s  of t h i s  
approach. 

The b a s i c  cons ide ra t ions  d iscussed  above, p a r t i c u l a r l y  t h e  funda- 
mental t r a d e o f f s ,  p rovide  guidance i n  i d e n t i f y i n g  and s e l e c t i n g  
advanced technologies  f o r  d i spersed  power systems. The key f i n d i n g  i s  
t h a t  maximum temperatures  a t  t h e  r e c e i v e r  should be i n  t h e  range of 
1500°F t o  2000°F, s i n c e  n e t  system e f f i c i e n c y  ga ins  a r e  u n l i k e l y  t o  
occur f o r  h ighe r  temperatures .  This  tends  t o  p l ace  diminished i n t e r e s t  
i n  advanced concepts  such a s  thermionics  and magnetohydrodynamic power 
systems, which u s u a l l y . o p e r a t e  a t  temperatures  >2000°F. Therefore,  
s i n c e  t h e  present ,  s tudy  could cons ider  only a l i m i t e d  number of tech- 
n o l o g i e s ,  such advanced high-temperature concepts  were n o t  t r e a t e d .  

The s e l e c t e d  temperature range corresponding t o  h igh  o v e r a l l  sys- 
tem e f f i c i e n c y  ( s e e  F igure  2-2) is a l s o  h igher  than  t h e  1 0 0 0 ~ ~ - 1 2 0 0 ~ ~  
temperatures  needed f o r  c o s t - e f f e c t i v e  ope ra t ion  of steam-Rankine power 
systeals. Thus, steam systems have l e s s  p o t e n t i a l  f o r  h igh  performance. 
However, they  may overcome t h i s  disadvantage by achiev ing  lower c o s t s  
o r  g r e a t e r  r e l i a b i l i t y .  They have t h e r e f o r e  been included,  s i n c e  they  
a r e  der ived  from a proven t echno log ica l  foundat ion t h a t  i s  being used 
on p re sen t  b a s e l i n e  s o l a r  thermal systems. 

1. Selecdted Technologies 

The s e l e c t e d  technologies  a r e  presented i n  F igure  2-3 i n  terms of 
fou r  b a s i c  candida te  subsystems: (1) c o l l e c t i o n  (concent ra tor  and 
r e c e i v e r ) ,  (2)  energy conversion,  (3 )  s t o r a g e ,  and (4)  t r a n s p o r t .  



F i g u r e  2-3. M a t r i x  of Candidate  Subsystems 

S o l a r  the rmal  power p l a n t s  a r e  composed o f  a p p r o p r i a t e  ,combinations of.  
t h e s e  f o u r  b a s i c  subsystems.  
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Candida te  c o l l e c t i o n  subsystems i n c l u d e  t h e  p a r a b o l i c  d i s h ,  h e l i o -  
s t a t s ,  and t h e  F r e s n e l  lens ' .  The p a r a b o l i c  d i s h  a s  shown i n  F i g u r e  2-2 
i s  a s s o c i a t e d  w i t h  a  c a v i t y  r e c e i v e r  a t  t h e  f o c a l  p o i n t .  The term 
h e l i b s t a t  r e f e r s  t o  a  two-axis t r a c k i n g  m i r r o r .  A f i e l d  o f  t h e s e  ' 

m i r r o r s  i s  deployed t o  r e f l e c t  s u n l i g h t  on a  tower-mounted r e c e i v e r .  
H e l i o s t a t s  a r e  t h e r e f o r e  a s s o c i a t e d  w i t h  c e n t r a l . r e c e i v e r  o r  power tower 
concep t s  as i l l u s t r a t e d  i n  F i g u r e  2-4 where t h e  Barstow . p i l o t  p l a n t  sys tem 
(Ref .  1 )  i s  shown. For any system such  a s  t h e  power tower where t h e  pos i -  
t i o n  of t h e  r e c e i v e r  i s  f i x e d .  t h e r e  are c o s i n e  1 o s s p s  a s s o c i a t ~ d  w i t h  
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, v a r y i n g  t h e  i n c l i n a t i o n  of t h e  h e l i o s t a t  m i r r o r  s u r f a c e s  i n  r e l a t i o n  t o  
. . . .  . F .. - . . . . . . . . . .  
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t n e  p o s l t i o n  o r  t n e  sun .  r o r  a l s t r l b u t e a  sys tems where bo th  t h e  con- 
c e n t r a t o r  and r e c e i v e r  a r e  moved d u r i n g  sun  t r a c k i n g ,  t h e s e  c o s i n e  l o s s e s  
. a re  avoided.  The d i s t r i b u t e d  sys'tem has  h i g h e r  p o t e n t i a l  f o r  e f f i c i e n t l y  
c o l l e c t i n g  energy,  b u t  t h i s  energy must b e  t r a n s p o r t e d  from t h e  f i e l d  t o  
a  c e n t r a l  l o c a t i o n .  The power tower approach .accompl i shes  t h i s  t r a n s p o r t  
up t i c a i l y .  
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F i g u r e  2-4. B a s e l i n e  C e n t r a l  Rece iver  System (Bars tow P i l o t  P l a n t )  
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The F resne l  l e n s  i s .made  from t r anspa ren t  m a t e r i a l s  such a s  c a s t  
a c r y l i c s . .  It i s  configured wl th  saw-tooth shaped grooves which form a  
s e r i e s  of r e f r a c t i v e  segments t h a t  .focus o r  concen t r a t e  t h e  s o l a r  f l u x  
pas s ing  through t h e  l ens .  Fresne l  l e n s  systems can be  designed f o r  
e i t h e r  one-axis t r a c k i n g  l i n e  focusing. o r  two-axis t r ack ing  po in t  
focus ing  a p p l i c a t i o n s .  Since t h e  p re sen t  s tudy  i s  concerned wi th  
h ighe r  temperatures  and h igh  e f f i c i e n c i e s ,  t h e  two-axis, p o i n t  focus ing  
approach was s e l e c t e d .  For t h i s  system, t h e  F re sne l  l e n s  would be 
mounted i n  a  t r ack ing  s t r u c t u r e  f u n c t i o n a l l y  s i m i l a r  t o  t h e  pa rabo l i c  
d i s h ,  and a c a v i t y  r e c e i v e r  would be loca t ed  a t  the.  f o c a l  point '  of t h e  
l e n s .  The f o c a l  d i s t a n c e  behind t h e  l e n s  i s  d i c t a t e d  by t h e  des ign  of 
t h e  saw-tooth p a t t e r n  a s  we l l  a s  t h e  diameter  of t h e  l e n s .  This  system 
i s  i l l u s t r a t e d  i n  F igure  2-5 ( see  Ref. 11) where a convex l e n , s  cu rva tu re ,  
having s t r u c t u r a l  advantages,  i s  shown. 

Energy conversion systems inc lude  S t i r l i n g  engine and gas Brayton 
systems which were shown i n  an e a r l i e r  s tudy  (Ref. 2) t o  have promise 
i n  t h e  1500°F t o  2000°F temperature range. For t h e  p re sen t  s tudy ,  
combined c y c l e s  which can a l s o  p o t e n t i a l l y  achieve  h igh  e f f f c i e n c i e s  
i n  t h e  des i r ed  temperature range a r e  included.  One example of a  com- 
bined c y c l e  system uses  a gas Brayton topping cyc le  wieh a  'Rankine 
bottoming cyc le .  Steam Rankine t u r b i n e  systems, used i n  t h e  c e n t r a l  
r e c e i v e r  p i l o t  p l a n t  (Ref. 1 )  a r e  included a s  a  base l ine .  Small steam 
engines ,  p a r t i c u l a r l y  r ec ip roca t ing  concepts ,  a r e  a l s o  inc luded ,  s i n c e  
they  r e q u i r e  advanced technology development t o  achieve  e f f i c i e n c y  
l e v e l s  which a r e  t h e o r e t i c a l l y  a t t a i n a b l e .  
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Figure  2-5. Po in t  Focusing F resne l  Lens Co l l ec to r  System 
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The candida te  s t o r a g e  subsystems encompass a d i v e r s i t y  of op t ions .  
.For e x t e r n a l  s t o r a g e ,  advanced b a t t e r i e s  were chosen. Recent progress ,  
p a r t i c u l a r l y  with t h e  Redox b a t t e r y ,  o f f e r s  encouragement regard ing  t h e  
a v a i l a b i l i t y  of advanced b a t t e r y  s to rage  systems i n  t h e  ,1985-2000 time- 
frame (Ref. 1 2 ) .  Other e x t e r n a l  s to rage  op t ions  inc lude  pumped hydro, 
compressed,air  i n  underground r e s e r v o i r s  (caverns,  a q u i f e r s ,  deple ted  
gas f i e l d s ,  e t c . ) ,  f lywheels ,  and superco,nducting magnets (Refs. 1 3  and 
1 4 ) .  Within unce r t a in ty  ranges a s soc i a t ed  wi th  p ro j ec t ing  performance 
and c o s t s ,  i t  appears  t h a t  s e v e r a l  of t hese  op t ions  could be competi- 
t i v e  and t h a t  s e l e c t i o n  w i l l  depend on app l i ca t ion - spec i f i c  circum- 
s t ances .  The advanced b a t t e r y  was chosen a s  a r e p r e s e n t a t i v e  system 
because i t  can be e a s i l y  adapted t o  a wide range of  a p p l i c a t i o n s .  

Chemical s t o r a g e  involves  t h e  s t o r a g e  of thermal energy i n  chemi- 
c a l  .bonds. . T h i s  r e q u i r e s  a r e v e r s i b l e  endothermic-exothermic chemical 
r e a c t i o n .  In  t h i s  type  of r e a c t i o n ,  thermal energy is  absorbed v i a  an 
endothermic r e a c t i o n  t h a t  y i e l d s  s t o r a b l e  chemical products .  The 
s t o r e d  energy can be r e l ea sed  by an exothermic r e a c t i o n .  The p o t e n t i a l  
advantages of thennochemical s t o r a g e  inc lude :  (1) h igh  energy d e n s i t y  
i n  t h e  form of chemical bonds, (2) p o s s i b ' i l i t y  f o r  e f f i c i e n t  long-term 
s t o r a g e  a t  ambient temperatures  and (3) r e l a t i v e  ease  of s t o r i n g  and 

- t r a n s p o r t i n g  chemical r e a c t a n t s ,  p a r t i c u l a r l y  - those  i n  l i q u i d  form. 

Many types of r e v e r s i b l e  chemical r e a c t i o n s  a r e  p r e s e n t l y  be ing  
assessed  (Refs.  1 5  through 17 ) .  Most of t h e  e a r l y  e f f o r t  has  concen- 
t r a t e d  on t h e  S02-SO3 system (Ref. 18 ) .  For t h e  p re sen t  s tudy ,  t h e  
fol lowing t h r e e  systems were i n v e s t i g a t e d .  

1 )  Su l fu r  d ioxide  - Sul fu r  t r i o x i d e  (SO2 - SO3) where SO3 i s  
reduced t o  SO and oxygen, 02,  i n  t he  endothermic r eac t ion .  2 

2 ) Methane (CH4) where a mixture of.CH4 and Hz0 i s  reduced t o  
carbon monoxide, CO,  and hydrogen, H z ,  i n  t h e  endothermic react ion, .  

3 )  Ammonium-hydrogen-sulfate (NH HSO ) where NH HSO is 4 4 4 4 reduced t o  ammonia, NH , s u l f u r  t r i o x i d e ,  SO3, and water  i n  t h e  
endothermic r eac t ion .  3 

A l l  of t h e  above systems can ope ra t e  i n  t h e  d e s i r e d  temperature 
range of 1500°F t o  20000F f o r  t h e  endothermic r e a c t i o n .  The S02-SO3 
approach was pursued i n  e a r l i e r  s t u d i e s ,  e .g . ,  Ref. 18, s i n c e  i t  was 
considered t o  be t h e  n e a r e s t  term system. However, one disadvantage is  
t h e  need t o  s t o r e  gaseous 02. Liquids ,  vis-a-vis  gases ,  g e n e r a l l y .  
r e s u l t  In more cumpacL and cost-ef f e e t  i v e  a to ragc  con ta ine r s .  

The luetliai~e system involvcs  gaseous r e a c t a n t s ,  b u t  t h e s e  are con- 
s ide red  to .  be s u i t a b l e  candfdates  f o r  s t o r a g e  i n  underground r e s e r v o i r s  
which provide extremely low-cost bu lk . s to rage  (Ref. 1 9 ) .  Underground 
gas r e s e r v o i r s  a r e  ava i lab le 'a t  a l i m i t e d  number of l o c a t i o n s ,  and t h e  
s i z e  of t h e  r e s e r v o i r s  is  usua l ly  such t h a t  a s i n g l e  r e s e r v o i r  could 
s e r v i c e  a network of small  s o l a r  p l a n t s .  C lea r ly ,  t h e  methane system 
can only b e  implemented iinder r e s t r i c t e d  a p p l i c a t i o n  circumstances.  
However, i t  has been included p r imar i ly  t o  a s c e r t a i n  t h e  e f f e c t  of us ing  
low-cost underground s to rage .  



The ammonium-hydrogen-sulfate (AHS) system (Ref. 20) was chosen s i n c e  
i t  involves  only l i q u i d  s t o r a g e  and consequently lias h igh  p o t e n t i a l .  How- 

e v e r ,  i t  i s  a t  a -much e a r l i e r  development s t a g e  than  e i t h e r  t h e  S O ~ - S O ~  
o r  methane system. 

It i s  recognized t h a t  s e l e c t i o n  of only t h r e e  systems provides  
ve ry  l imi t ed  i n s i g h t  i n t o  t h e  p o t e n t i a l  c a p a b i l i t i e s  of r e v e r s i b l e -  
r e a c t i o n  chemical s to rage .  These systems gene ra i iy  involve  a complex 
des ign  wi th  a p p r o p r i a t e  c o n t r o l  mechanisms, encompassing components 
such a s  r e a c t o r s  wi th  c a t a l y s t s ,  r e a c t a n t  s epa ra t ion  equipment, hea t  
exchangers,  pumps, waste  h e a t  recovery t u r b i n e s ,  and a s soc i a t ed  plumbing. 
Each system r e q u i r e s  a unique combination of components t h a t  must be  
s e l e c t e d  o r  designed t o  be  compatible wi th  s p e c i f i c  requirements of t h e  
chosen r e a c t i o n .  

Ongoing s t u d i e s  under t h e  d i r e c t i o n  of Sandia Labora to r i e s ,  
Livermore (SLL) w i l l  determine b a s i c  chemical s t o r a g e  system parameters 
such a s  throughput e f f i c i e n c y  and c o s t s  per  u n i t  energy s t o r e d .  When 
t h e s e  s t u d i e s  a r e  completed, systems can be  c l a s s i f i e d  according t o  
t h e i r  o v e r a l l  c a p a b i l i t i e s .  In  t h i s  con tex t ,  t h e  t h r e e  s e l e c t e d  sys- 
tems could be considered t o  be  r e p r e s e n t a t i v e  of a p a r t i c u l a r  c l a s s  of 
systems y e t  t o  be def ined .  The e s t ima te s  concerning chemical s t o r a g e  - 
i n  t h i s  s tudy  a r e  thus  considered t o  be i n p u t s  f o r  t h e  broader  o v e r a l l  
s tudy  under way a t  (sLL) . 

On Figure 2-3, it i s  shown t h a t  l i q u i d  meta l  systems have been 
chosen a s  advanced technology candida tes  f o r  both s t o r a g e  and t r a n s p o r t .  
Liquid meta ls  such a s  sodium can ope ra t e  i n  t h e  s e l e c t e d  temperature 
range,  where most . o t h e r ' l i q u i d  hea t  t r a n s f e r  media ( e .g . ,  o rganic  
f l u i d s )  decompose. 

P o t e n t i a l  advantages of l i q u i d  metal  systems inc lude  (Ref, 21):  

(1) High h e a t  t r a n s f e r  c o e f f i c i e n t  -- s i m p l i f i e s  r e c e i v e r  design 
due t o  high f l u x  and reduces p o s s i b i l i t y '  of b.urnouts due t o  l o c a l i z e d  
overhea t ing  . 

(2) S ing le  phase,  low p res su re  ope ra t ion  -- advantageous i n  
terms of pumping/ transport  requirements  and r e c e i v e r  design.  

A s  d i scussed  i n  Ref. 11, d e t a i l e d  s t u d i e s  involv ing  t h e  use of 
. l i q u i d . m e t a l  systems a r e  being undertaken f o r  di.sper,sed systems t o  aug- 
ment a c t i v i t i e s  such a s  R.ef s .  .? 1. and 22 f o r ,  cen t ra l .  rccej~res cmncey Ls.  
Since o the r  ongoing s t u d i e s  w i l l  examine t h e  use of l i q u i d  metal  
systems i n  terms of d e t a i l e d  t e c h n i c a l  i s s u e s ,  t h e  p re sen t  s tudy w i l l  
focys  mainly on i d e n t i f y i n g  conceptual  design arrangements t h a t  cobld 
p o t e n t i a l l y  b e n e f i t  from use of l i q u i d  meta l  technology. 

Sens ib l e  h e a t  s t o r a g e  involv ing  the  use  of s o l i d  (b r i ck ) /gas  
systems i s  l i s t e d  on Figure  2-3. Th i s  concept employs r e f r a c t o r y  
m a t e r i a l s  such a s  MgO, A1203, and SiO f o r  high temperature s e n s i b l e  

2 



heat storage, and a gaseous fluid heat transfer medium (Refs. 18 and 
23). ' One attractive arrangement involves the use of refractory 
material bricks arranged in a checkerboard pattern inside of an insula- 
ted container. Gaps between the bricks allow passage of the heat 
transfer fluid. This type of system is presently employed in the steel 
and glass industries. The existing technological base should expedite 
development of systems suitable for solar applications. 

The potential. advantages of this type of sensible heat storage.are 
that it (1) operates in the desired high temperature range, (2) involves 
a simpler design than other high temperature approaches, (3) has poten- 
tial for near-term application in view of its relatively well developed 
technological status, (4) could provide low-cost storage with only a 
small temperature drop through storage via 'development of a design that 
can maintain a thermocline during charge and discharge cycles. 

Latent heat thermal storage also appears promising (Appendix B). 
There are detailed materials related problems which require further 
study. Therefore, these systems have not been included as .candidates. 
However, data for these systems is included in Appendix B for com- 
pleteness. Based on this data, latent storage should.definitely be 
considered in future studies. 

Aside from liquid metal transport as discussed previously, trans- 
port involves electrical and pipeline networks (Figure 2-3). These are 
essentially mature technologies where large changes in the sta.te-of-the- 
art are not anticipated. 

Although the primary study effort was directed toward the 
selected advanced technology candidates of Figure 2-3, a major parallel 
activity was concerned with identifying new concepts for future study. 
Here, the primary criterion for sele'ction was potential for high 
efficiency. Issues of complexity, cost, and technology status are not 
pursued in d e p t h  hilt  are left as subjects for follow-on studies. 

As delineated earlier in terms of fundamental tradeoffs, two major 
objec'tives in formulating new concepts are (13 to reduce reradiation 
losses from the receiver and (2) to attain the highest possible energy 
conversion efficiencies in the desired temperature range of 1500°F to 
2000'~. For receiver reradiation loss'reduction, the concept of usi.ng 
secondary reflectfng surfaces, just ahead of the aperture appears to be 
promising (as discussed previously) and is therefore identified as a 
calldidate concept worthy of f u r t h e r  study. 

For energy conversion systems, an electrochemical conversion con- 
cept (Refs. 24 and 25) as well as several potentially high-efficiency 
heat engine cycle systems were identified as candidates meriting further 
study. The electrochemical concept involves a high temperature electro- 
lyaer ( ~ 1 2 0 0 K  or 1700°F) which uses solar-derived heat energy.to supply 
most of the energy required for electrolysis of suitable subsLauces, 
such as water. The products of electrolysis (such as hydrogen and 



oxygen i n  t h e  case  of water  e l e c t r o l y s i s )  a r e  recombined i n  a f u e l  c e l l  
ope ra t ing  a t  lower temperatures (%500K o r  4400F) t o  gene ra t e  e l e c t r i c a l  
energy. A smal l  po r t ion  of t h i s  energy i s  used t o  supply t h e  e l e c t r i - .  
c a l  needs of e l e c t r o l y z e r s  a s  w e l 1 , a s  p a r a s i t i c  energy f o r  pumping 
f l u i d s  through t h e  system. The remaining e l q c t r i c a l  energy r e p r e s & t s  
t h e  useable  output  of t h e  conversion system. This  energy, d iv ided  by 
t h e  s o l a r  h e a t  energy i n p u t ,  i s  t h e  conversion e f f i c i e n c y .  

The b a s i c  p r i n c i p l e  ( s ee  Refs 24 and 25) of t h e  e lec t rochemica l  
conversion c y c l e  i s  i l l u s t r a t e d  i n  F igure  2-6. The enthalpy ( o r  t o t a l  
energy) ,  AH, which is requi red  f o r  t h e  decomposition r e a c t i o n  i n  t h e  
e l e c t r o l y z e r ,  is  r e l eased  by t h e  recombination r e a c t i o n  i n  the f u e l  
c e l l .  This enthalpy is ,  i n  genera l ,  comprised of thermal and e l e c t r i c  
energy, AG. The f r a c t i o n  con t r ibu ted  by '  thermal energy increases with  
t h e  temperature a t  which t h e  r e a c t i o n  occurs .  Thus, by ope ra t ing  t h e  
e l e c t r o l y z e r  (decomposition r e a c t i o n )  a t  a high temperature maintained 
by supplying so lar -der ived  heat,.:.ana a r ranging  t h e  system t o  a l low t h e  
f u e l  c e l l  (recombination r e a c t i o n )  t o  func t ion  a t  lower temperatures  
where most of t h e  energy i s  r e l eased  i n  e l e c t r i c a l  fo rg ,  conversion of 
h e a t  ( s o l a r  thermal energy t o  e l e c t r i c i t y )  i s  accomplished. Heat 
exchange equipment i s  requi red  t o  maintain the .  d e s i r e d  temperature 
l e v e l s  a t  bo th  t h e  e l e c t r o l y z e r  and f u e l  c e l l .  , The h o t  r e a c t i o n  products  
which l eave  t h e  e l e c t r o l y z e r  must b e  cooled v i a  h e a t  exchange wi th  t h e  
c o o l e r  recombination r e a c t i o n  product t h a t  l eaves  t h e  f u e l  c e l l  and 
e n t e r s  t h e  e l e c t r o l y z e r .  



A NET ELECTRIC OUTPUT 

(3 
Q 

5 

6 
85 
t 
W Y 

M LL 

Y, LD 

e ENERGY SUPPLl ED AS HEAT 
(3 NET 
4 ELECTRIC 

ENERGY 
Q < 
2 
E 
Z w CLeCTRlC ENERGY 

REQUIRED FOR ELECTROLYSIS 
TEMPERATURE ------) (SUPPLIED BY FUEL CELL) 

SOLAR THERMAL ENERGY - 
(MTERNAL HEAT) 

HEAT 

FUEL CELL ELKTROLYZER 
- 500K or 4400~ -1200K or 1700'~ 

E 
L 
E 
C 
T 
R 
0 

Figure 2-6. Electrochemical Conversion Cycle 

FUEL 
CELL 

MCHANGER 
L 

I 
- 

t + 



The e l e c t r o c h e m i c a l  c y c l e  can p o t e n t i a l l y  a c h i e v e  e f f i c i e n c i e s  of 
approx imate ly  66% a t  1500°K (2240°F) and 58% a t  1200°K (1700°F) 
c o r r e s p o n d i n g  t o  83% Carnot  and 77% Carno t ,  r e s p e c t i v e l y .  T h i s  e f f i c i e n c y  
range  is  c o n s i d e r e d  t o  b e  s u f f i c i e n t l y  h i g h  t o  pe rmi t  t h e  sys tem t o  
q u a l i f y  a s  a n  advqnced technology c a n d i d a t e .  Another advan tage  i s  t h a t  . 

r e q u i r e m e n t s  f o r  moving p a r t s  a r e  minimal.  T h i s  i m p l i e s  t h a t  t h e  sys tem 
c a n  p o t e n t i a l l y  a c h i e v e  h i g h  r e l i a b i l i t y .  

Candida te  e l e c t r o c h e m i c a l  c y c l e  r e a c t i o n s  i n c l u d e :  

Elect rolyze_r  
s03 4 

SO2 + 112 02 
F u e l  C e l l  

For  t h e s e  r e a c t i o n s ,  e f f o r t  must b e  expended t o  deve lop  e i t h e r  
h i g h  t empera tu re  e l e c t r o l y z e r s  o r  new f u e l  c e l l s  o r  b o t h .  High temp- 
e r a t u r e  m a t e r i a l s  a r e  r e q u i r e d ,  and much of  t h e  development e f f o r t  w i l l  
p robab ly  b e  c o n c e n t r a t e d  on i d e n t i f y i n g  s u i t a b l e  m a t e r i a l s  and com- 
p a t i b l e  combinat ions  of them. Mass p r o d u c t i o n  c o s t  of e l e c t r o c h e m i c a l  
components u s i n g  t h e s e  m a t e r i a l s ,  compared t o  mass p r o d u c t i o n  c o s t  f o r  
h e a t  eng ine  c o n v e r s i o n  sys tems ,  w i l l  b e  a  key f a c t o r  i n  de te rmin ing  t h e  
e x t e n t  t o  which t h e  e l e c t r o c h e m i c a l  c o n v e r s i o n  system w i l l  b e  . 

implemented. 

P o t e n t i a l l y  promising h e a t  e n g i n e  c o n c e p t s  which were  n o t  pursued 
i n  t h e  p r e s e n t  s t u d y  i n c l u d e :  

(1 )  Ternary  and q u a r t e r n a r y  combined c y c l e s  which have p o t e n t i a l  
f o r  h i g h  e f f i c i e n c i e s  (%80% Carnot)  p e r  Appendix A.  E x i s t i n g  i n f o r -  
m a t i o n  p e r t a i n s  t o  l a r g e  power p l a n t s  o f  t h e  o r d e r  of a  GW i n  power 
r a t i n g .  D e t a i l e d  s c a l i n g  s t u d i e s  are r e q u i r e d  t o  d e t e r m i n e  performance 
and c o s t ' c h a r a c t e r i s t i c s  i n  t h e  <10 MW power r a t i n g  r a n g e  which i s  of 
pr imary i n t e r e s t  . fo r  t h e  p r e s e n t  s t u d y .  

. ( 2 )  Closed c y c l e  power sys tems  u s i n g  d i s s o c i a t i n g  g a s e s  can  
p o t e n t i a l l y  a c h i e v e  s u b s t a n t i a l l y  h i g h e r  c y c l e  e f f i c i e n c i e s  compared t o  
c o n v e n t i o n a l  sys tems  employing nnn.dissocia tdng f l u i d s .  A s  d i s c u s s e d  iu 
Appendix A ,  a n a l y s e s  i n d i c a t e  t h a t  b o t h  Brayton and S t i r l i n g  c y c l e s  can 
b e  improved by 'use  o f  d i s s o c i a t i n g  f l u i d s  such as' n i t r o g e n  t e t r o x i d e  
(NO4). R e a c t i v e  f l u i d  power sys tems  a r e  p r e s e n t l y  a t  a v e r y  e a r l y .  
c o n c e p t u a l  s t a g e  of development,  and f u r t h e r  in-depth  s t u d i e s  a r e  
r e q u i r e d  t o  d e l i n e a t e  t h e  c h a r a c t e r  o f  developmental  problems. 



I n  a d d i t i o n  t o  t h e s e  two approaches, use  of water  i n j e c t i o n  i n  .a 
s imple Brayton cyc le  is  worthy of f u r t h e r  cons ide ra t ion  f o r  s o l a r  power 
system app l i5a t ions .  Water i n j e c t i o n  r a i s e s  t h e  e f f i c i e n c y  of t h e  
s imple Brayton cyc le  t o  a  l e v e l  comparable t o  t h a t  of more c o s t l y  
recupera ted  Brayton systems (Appendix A). For some d ispersed  power 
a p p l i c a t i o n s  where water  is  a v a i l a b l e ,  water i n j e c t i o n  may prove f o  be 
an  economical op t ion .  

C. DATA RASE COLLECTION 

The d a t a  base  c o l l e c t i o n  e f f o r t  concentrated on t h e  s e l e c t e d  tech- 
nologies  of Figure 2-3, which were i d e n t i f i e d  a s  having p o t e n t i a l  t o  
achieve  h ighly  e f f i c i e n t  s o l a r  power systems. The e f f o r t  was 
s t r u c t u r e d  t o  provide t h e  fol lowing background information f o r  each 
candida te  subsystem: 

A d e s c r i p t i o n  of phys i ca l  f e a t u r e s  and ope ra t iona l  
c h a r a c t e r i s t i c s .  

An assessment of p re sen t  technology s t a t u s  and p o t e n t i a l  
f o r  f u t u r e  improvements. 

A d e l i n e a t i o n  of any c r i t i c a l  advanced technology problem a r e a s .  

This.background information served a s  t h e  b a s i s  f o r  p r o j e c t i n g  
performance and c o s t s  of candida te  subsystems. Primary emphasis was , 

placed on subsystem e f f i c i e n c y  and c a p i t a l  c o s t .  Other cons ide ra t ions  
included ope ra t ion  and maintenance (O&M) expenses,  l i f e ,  r e l i a b i l i t y ,  
and downtime. 

It must be recognized from t h e  o u t s e t  t h a t  p r o j e c t i o n s  of advanced 
technology i n  terms of expected performance and c o s t  i n  a  f u t u r e  time- 
frame a r e  bese t  wi th  inhe ren t  u n c e r t a i n t i e s .  Therefore,  p ro j ec t ed  
va lues  can be more meaningfully i n t e r p r e t e d  i n  a  p r o b a b i l i s t i c  contex t  
g iv ing  a  range of unce r t a in ty  and a  "most l i k e l y "  va lue  i n  t h a t  range. 
Bcre,  t h e  unce r t a in ty  r a n g e  and most l i k e l y  va lue  a r e  n o t  rigo.rously, 
d e r i v a b l e  bu t  a r e '  i n s t ead  a  s e t  of judgmental va lues  based on i n s i g h t s  
gleaned from t h e  a v a i l a b l e  information.  

Deta i led  £ indings  of t h e  da t a  base  c o l l e c t i o n  a c t i v i t y  a r e  pre- 
sen ted  i n  t h e  Appendices. A comprehensive survey of energy conversion 
systems i s  given i n  Appendix A. S p e c i f i c  a s p e c t s  of energy s t o r a g e  . 

systsmoj  p a r t i c u l a r l y  r e v e r s i b l q  r eac t inn  chemical concepts ,  were 
inves t iga t ed ;  r e s u l t s  a r e  repor ted  i n  Appendix B. Relevant in format ion  
from ~ ~ ~ . e n d i c e s '  A and R is comhined wi th  data. on c o l l e c t o r s  (concentra- 
t o r s  and r e c e i v e r s )  and energy t r a n s p o r t  t o  g ive  a s e t  o f  power system 
d a t a , b a s e s  i n  Appendix C.  The s e l e c t i o n  of t h e  power system configura-  
t i o n s  developed i n  t h e  Appendices w i l l  be  b ' r i e f ly  summarized. i n  t h e  
remainder of t h i s  s e c t i o n .  



1. Col l ec to r s  

Solar  c o l l e c t o r s  a r e  comprised of concent ra tors  and r e c e i v e r s .  
Concentrat,ors r e f l e c t  sun l igh t  toward r e c e i v e r ( s )  where i t  i s  captured 
a s  thermal energy (F igure  :2-1). ~ o n c e n t r a c o r s  a r e  comprised of r e i l e c -  - . . .  
t i v e  s u r f a c e s  o r  t r a n s p a r e n t  l e n s e s  w i th  suppor t ing  s t r u c t u r e s ,  founda- 
t i o n ,  and t r a c k i n g / c o n t r o l  mechanisms. 

a .  Concentrators .  Cost and performance d a t a  used f o r  t h e  t h r e e  
d i f f e r e n t  two-axis t r ack ing  concen t r a to r  systems t r e a t e d  i n  t h i s  s tudy  
a r e  given i n  Table 2-3'. Of t he  concen t r a to r s  shown, documented in-depth 
mass product ion s t u d i e s  a r e  a v a i l a b l e  f o r  only t h e  h e l i o s t a t  (Refs. 
26-29.) Cost ranges shown a r e  based on Barstow p i l o t  p l a n t  des igns .  
S tud ie s  p e r t a i n i n g  t o  advanced low cos t  des igns  a r e  now under way and 
p r o j e c t i o n s  111 t h e  lower end of t h e  c o s t  range shown a r e  a n t i c i p a t e d .  
In  t h i s  con tex t ,  t h e  s e l e c t e d  nominal va lue  of $75/m2 based on o ld  
des igns  has a n  enhanced l i k e l i h o o d  of being achieved,  

The pa rabo l i c  d i sh  concen t r a to r  i s  judged t o  be  more c o s t l y  
than t h e  h e l i o s t a t .  It r e q u i r e s  a  curved r e f l e c t i v e  s u r f a c e  and addi-  
t i o n a l  s t r u c t u r e  t o  support  equipment ( r e c e i v e r s ,  engines,  gene ra to r s ,  
e t c . )  mounted a t  t h e  f o c a l  po in t .  Based on t h e s e  cons ide ra t ions ,  t he  
nominal c o s t  of a  mass produced d i s h  concent ra tor  i s  taken t o  b e  
$90/m2 o r  20% more than t h e  nominal h e l i o s t a t  c o s t .  This va lue  i s  
wi th in  t h e  c o s t  t a r g e t  range of 70-100 $/m2 f o r  d i s t r i b u t e d  systems. 
Since t h i s  va lue  was i n f e r r e d  by us ing  mass product ion h e l i o s t a t  c o s t  
e s t ima te s  a s  a  b a s e l i n e ,  a l l  t h e  assumptions and cavea t s  p e r t a i n i n g  t o  
t h e  es . t imates  of Ref.  26 through 29 a l s o  apply t o  t h e  pa rabo l i c  d i s h  
c o s t s  of Table 2-2. 

Table 2-2. Concentrator  Cost and Performance C h a r a c t e r i s t i c s  

*Normalized t o  concent ra tor  a p e r t u r e  a r e a .  

Concentrator  
Type 

H e l i o s t a t s  

Parabol ic  
Dish 

Fresne l  
Lens 

Op t i ca l  Ef f ic iency  

Ref lec tance  

Low 

0.88 

0.88 

0.75 

Di rec t  
C a p i t a l  Costs ,*  

$ /m2 

(1977 Dol la rs )  

Low 

4 5 

6  0  

5  0  

.High 

0.95 

0.95 

0.82 

MUE t 
Likely  

0.90 

0.90 

0.80 

100 

125 

115 

Most 
L ike ly  

7  5  

9  0  

8  5  



The nominal Fresne l  l e n s  concent ra tor  c o s t  of $85/m2 i s  
s l i g h t l y  below t h e  parabol ic  d i s h  c o s t .  The Fresne l  and d i s h  systems 
have fundamental s i m i l a r i t i e s  i n  t h a t  both r e q u i r e  t h e  support  of a  
l a r g e  s u r f a c e  and f o c a l  po in t  mounted r e c e i v e r  assembly. The F r e s n e l '  
l e n s  system (Figure 2-5) ' can  p o t e n t i a l l y  achieve  some s t r u c t u r a l  advan- 
t age  i n  t e r m c o f  a  s impler  o u t e r  r i n g  support  f o r  t h e  c a s t  l e n s  and 
b e t t e r  weight d i s t r i b u t i o n  (e .g . ,  chosen t o  p ivo t  . a x i s ) >  Since 
s t r u c t u r a l  support  c o s t s  a r e  t h e  primary c o s t  d r i v e r ,  t h e  Fresne l  con- 
c e n t r a t o r  i s  ascr ibed  a  lower nominal c o s t  than  t h e  pa rabo l i c  d i s h .  

A s  shown on Tabler2-2, t h e  o p t i c a l  e f f i c i e n c y  ( r e f l e c t a n c e )  
of t h e  h e l i o s t a t  and pa rabo l i c  d i s h  concen t r a to r s  a r e  taken t o  b'e t h e  I 

same. P re sen t ly  a v a i l a b l e  back s i l v e r e d  g l a s s  su r f aces  have r e f l e c t i -  
v i t i e s  of %0.88. Laboratory t e s t i n g  of advanced microsheets  and t h i n  
fused g l a s s  has  y ie lded  r e f l e c t i v i t i e s  of %0.95 (Ref.  30).  For a  
system ope ra t ing  i n  t h e  f i e l d ,  a  nominal va lue  of 0.90 i s  es t imated  
s i n c e  t h e  s u r f a c e  cannot b e  kept  a s  c l ean  a s  l abo ra to ry  t e s t  samples. 

For t h e  Fresne l  l e n s ,  a  po r t ion  of t h e  energy ( s o l a r  f l u x )  
impinging on t h e  l e n s  i s  r e f l e c t e d  (from both t h e  f r o n t  and bbck 
s u r f a c e s ) .  Addi t iona l ly ,  a  f r a c t i o n  of t h e  energy i s ' abso rbed  by t h e .  
l e n s .  Of t h e  f l u x  impinging on t h e  l e n s ,  i t  has been e s t i q a t e d  by 
Swedlow ( a  manufacturer 'of c a s t  a c r y l i c  E:resnel l enses  j t h a t  82%- can 
t h e o r e t i c a l l y  pass  through t h e  l e n s  (Ref. 31) and t h e r e f o r e  an upper 
bound o r  h igh  va lue  f o r  t ransmi t tance  of 0.82 i s  shown on Table 2-2. 
Due t o  manufacturing _ __ _ . . .. _ e r r o r s ,  .. _ _ Swedlow - - -. .- es t ima te s  t ha t - - t r ansmi t t ance  might 
drop t o  a s  lbw a s  0.75 wi th  a  most l i k e l y  va lue  of 0.'80. 

Addi t iona l ly ,  Swedlow has conducted s t u d i e s  which i n d i c a t e  
t h a t  t h e  app ropr i a t e  geometric concent ra t ion  r a t i o  ( l e n s  a p e r t u r e  a r ea  ' 

t o  r e c e i v e r  opening a r e a )  f o r  po in t  focusing Fresne l  l e n s  systems i s  
Q1000. It was found v i a  computer s t u d i e s  t h a t  f o r  a  geometr ical  con- 
c e n t r a t i o n  of 875, n ine ty- f ive  percent  of t h e  f l u x  leaving  the  l e n s  
e n t e r s  t h e  r e c e i v e r  opening. When t h e  concent ra t ion  r a t i o  was 
increased  t o  1325, t h e  f l u x  e n t e r i n g  t h e  r e c e i v e r  dropped t o  n ine ty  
percent .  Thus, f o r  a  concent ra t ion  r a t i o  of ~ 1 0 0 0 ,  about 90-95% of 
t h e  f l u x  w i l l  b e  captured by t h e  r e c e i v e r .  AchievemenL of h ighe r  con- 
c e n t r a t i o n  r a t i o s  without  excess ive  l o s s  of f l u x  i s  ev iden t ly  l i m i t e d  
by chromatic a b e r r a t i o n  e f f e c t s .  

It i s  noted t h a t  s tudy  of P r e s n e l  1ens . sys tems i s  a t  an e a r l y  
s t a g e ,  p a r t i c u l a r l y  wi th  regard t o  advanced technology p o s s i b i l i t i e s .  
.For example, u se  of a n t i - r e f l e c t i v e  coa t ings  t o  improve performance can 
be  considered.  Therefore,  f u r t h e r  s tudy i s  requi red  t o  de l inea t e '  the  
u l t i m a t e  p o t e n t i a l  of F re sne l  l e n s  systems. 

b .  Receivers.  The c o s t  and performance c h a r a c t e r i s t i c s  of . tower-  
mounted c e n t r a l  r e c e i v e r s  and smal l  c a v i t y  r e c e i v e r s  f o r  d i s t r i b u t e d  
systems a r e  presented i n  F igure  2-7. General t r ends  a r e  t h a t  (1) e f f i c i -  
ency decreases  wi th  inc reas ing  temperature due t o  r a d i a t i o n  and convec- 
t i o n  h e a t  l o s s e s  while  c o s t s  i nc rease  due t o  requirements f o r  improved. 
m a t e r i a l s  and more complex des igns  and (2) m a l l  c a v i t y  r e c e i v e r s  a r e  more 
e f f i c i e n t  and l e s s  c o s t l y  than  tower-mounted r e c e i v e r s .  Design e f f i c i e n c y  
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2 va lues  a r e  determined f o r , a n  i n s o l a t i o n  of 0.8 kW/m . High, low, and 
most l i k e l y  va lues  used f o r  both e f f i c i e n c i e s  and c o s t s  a r e  shown i n  
F igure  2-7. 

The r ece ive r  e f f i c i e n c y  i s  def ined  a s  t h e  r a t i o  of t h e  energy 
i n  t h e  hea t  t r a n s f e r  medium leaving  t h e  r ece ive r  t o  t h e  f l u x  approaching 
t h e  r e c e i v e r  ape r tu re .  The h e a t  ba lance  on t h e . r e c e i v e r  i s  shown i n  
F igure  2-8. That f r a c t i o n  of t h e  approaching f l u x  which f a l l s  o u t s i d e  of 
t h e  r e c e i v e r  a p e r t u r e  i s  accounted f o r  a s  s p i l l a g e  l o s s e s .  A por t ion  of 
t h e  s h o r t  wave ( v i s i b l e  spectrum) r a d i a t i o n  e n t e r i n g  t h e  r ece ive r  aper- 
t u r e  is  no t  absorbed and t h i s  r e s u l t s  i n  f u r t h e r  l o s s e s .  Of t h e  absorbed 
s h o r t  wave radi 'ation, a f r a c t i o n  i s  l o s t  v i a  a combination of r e r a d i a t i o n  
a s  longer  wave f l u x  and convect ion l o s s e s .  When a l l  of t h e s e  l o s s e s  a r e  
sub t r ac t ed  from t h e  inc iden t  energy f l u x  approaching t h e  r e c e i v e r ,  t h e  
thermal energy f l u x  i n  t h e  h e a t  t r a n s f e r  f l u i d  l eav ing  t h e  r e c e i v e r  is  
found . 

The small  c a v i t y  r e c e i v e r  f o r  d i s t r i b u t e d  systems is  loca t ed  
a t  a s h o r t  d i s t a n c e  from t h e  concent ra tor  s u r f a c e  where spreading  of 
t h e  f l u x  is small  f o r  systems wi th  s l o p e  e r r o r s  L0.l0 which i s  t h e  
regime f o r  advanced high temperature systems. When t h e  r e c e i v e r  aper- 
t u r e  a r e a  i s  s e l e c t e d  t o  minimize t o t a l  l o s s e s ,  s p i l l a g e  l o s s e s  a r e  
very  smal l .  For t h e  tower-mounted r e c e i v e r ,  t h e  longer  d i s t a n c e  and 
t h e  need f o r  each mi r ro r  ( h e l i o s t a t )  t o  t r a c k  ' t h e  sun r e s u l t  i n  o p t i -  
mized systems wi th  about 4-6% s p i l l a g e  l o s s e s .  The t o t a l  r e c e i v e r  
a p e r t u r e  a r e a  per  u n i t  energy f l u x L i s  a l s o  h igher .  For t h e s e  reasons ,  
t h e  smal l  c a v i t y  r e c e i v e r  achieves  h igher  e f f i c i e n c i e s  a s  shown on 
Figure  2-7. 

The nominal c o s t  f o r  t h e  smal l  c a v i t y  r e c e i v e r s  i s  taken t o  
be  l e s s  than  t h e  tower-mounted r e c e i v e r  s i n c e  t h e  sma l l e r  u n i t s  can 
b e n e f i t  f r o m ' l a r g e r  mass product ion.  For t h e  low-bound e s t ima te ,  i t  
was considered t h a t  bo th  types  of r e c e i v e r s  could approach t h e  same 
c o s t s  s i n c e  t h e  l a r g e r  tower-mounted'units could b e n e f i t  from some 
economy of s c a l e ,  e .g . ,  l e s s  m a t e r i a l  i s  requi red  t o  enc lose  and insu- 
l a t e  a s i n g l e  l a r g e  u n i t  a s  compared t o  m u l t i p l e  smal l  u n i t s .  

2. Energy Conversion 

Cost and performance c h a r a c t e r i s t i c s  of energy conversion systems 
a r e  summarized i n  Table 2-3. 'Nominal c y c l e  e f f i c i e n c y  and c a p i t a l  c o s t s  
a r e  given a s  a func t ion  of temperature f o r  major types  of eiigines con- 
s ide red  i n  t h e  s tudy.  Supporting d a t a  and d e t a i l e d  c h a r a c t e r i s t i c s  
such a s  par t- load e f f i c i e n c y  a r e  given i n  Appe1iJice.s A and C, 

Steam Rankine systems a r e  s u i t a b l e  t o  temperatures  of about  llOO°F, 
whereas Brayton and S t i r l i n g  engines achieve  t h e i r  b e s t  perf.orplance a t  
h igher  temperatures  >15000F. As  i nd i ca t ed  i n  Table .2-3, e f f i c i e n c i e s  
gene ra l ly  i n c r e a s e  wi th  temperature,  b u t  c o s t s  a l s o  tend t o  i n c r e a s e  
due t o  t h e  need f o r  improved m a t e r i a l s  and more s o p h i s t i c a t e d  des igns  
t o  wi ths tand  h ighe r  temperatures .  



Figure 2-8 .  Receiver Heat Balance 
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Ta-~le 2-3. Energy Conversion System Cost and Performance Characteristics 

Eno,ine Type 

Rankine 
10 MW Turbine :3) 
20 kB Reciproca t ing  

Brayton 
10 Mw 

Open Cycle 
Closed Cyt le  

140 kW 
Open Zycle 
Closed CycLe 
Subatnosphsric  

0 20 kW 
Open Cycle 
Closed Cycle 
Subatmospkr ic  

Brayton/Rankine (4)  
10 Mw 
140 kW 
20 kW 

S t i r l i n g  
e 10 Mw 

140 kW 
20 kW 

(2): D i r e c t  C a p i t a l  c o s t s  i n  1977 Do l l a r s .  
(3)  Mature Technology 
(4)  Open Cycle Brayton  T o p p h g  w i t h  Steam/Organic Rankine Bottoming. 

Temp = ' 1 8 0 0 ~ ~  

( I )  Cycle eEf ic iency  does not  it--clude e f f e c t  of genera tor  and p a r a s i t i c  l o s se s  ( a u x i l i a r i e s ) .  

Cycle E f f .  
% 

-- 
- - 

46 
4 7 

42 
4 3 
4 3 

4 1 
42 
42 

48 
44 
4 2 

50 
50 
5 0 

Temp = 1 1 0 0 ~ ~  * 

Cap. Cost  
$/kW 

- - 
- - 

16 0 
165 

135 
140 
145 

122 
127 
132 

170 
150 
125 

,150 
130 
115 

- 

Cycle E.Ef. (1) 
'7- 

33 
32 

- - 
- - 
- - 
- - 
- - 

- - 
- - 
- - 
- - 
-- 
-- 

- - 
- - 
-- 

Temp = 1 5 0 0 ~ ~  

Cap. Cost (2)  
$ /kW 

164 
168 

- - 
- - 

- - 
- - 
- - 
- - - - 
-- 

-- 
- - 
- - 

-- 
-- . 
- - 

Cycle Ef f .  
% 

- - 
-- 

4 1 
4 2 

39 
40 
40 

35 
36 
36 

- - 
-- 
-- 

44 
44 
44 

Cap. Cost 
$!kW 

- - 
- - 

155 
160 

130 
135 
140 

120 
125 
130 

-- 
- - 
-- 

150 
125 

,110 



The va lues  shown a r e  based on p r o j e c t i o n s  of technology t o  t h e  
1990-2000 time-frame. Cos ts  a r e  based on mass product ion per  t h e  b a s i s  
de sc r ibed  i n  Appendix A. D i s t r i b u t e d  systems employing m u l t i p l e  smal l  
engines  w i l l  d e r i v e  more b e n e f i t  from mass product ion o f . e n g i n e s  than 
c e n t r a l  systems us ing  l a r g e r  engines  f o r  t h e  same t o t a l  power o r  pene- 
t r a t i o n  of s o l a r  systems. To in t roduce  t h i s  e f f e c t ,  a  t o t a l  s o l a r  
p e n e t r a t i o n  of 10,000 MW by t h e  1990-2000 time-frame was assumed. Then, 
i f  t h i s  p e n e t r a t i o n  were t o  b e  achieved by a  d i s t r i b u t e d  system comprised 
of  20 kW engines ,  500,000 u n i t s  a r e  r equ i r ed .  I f  t h i s  same p e n e t r a t i o n  
were m e t  by c e n t r a l  1 0  MW systems, 1000 u n i t s  would s u f f i c e .  This mass 
product ion e f f e c t  exp la in s  why sma l l e r  u n i t s  on Table 2-3 g e n e r a l l y  have 
lower u n i t  c a p i t a l  c o s t s .  

For steam Rankine engines ,  t h e  10  MW t u r b i n e  system a t  33% e f f i -  
c iency  corresponds t o  p r e s e n t l y  a v a i l a b l e  technology. The smal l  20 kW 
energy conversion u n i t  ach iev ing  h igh  e f f i c i e n c i e s  approaching t h a t  of 
l a r g e  systems r e q u i r e s  a d d i t i o n a l  technology development. Organic 
f l u i d  Rankine systems a r e  gene ra l l y  l i m i t e d  t o  temperatures  <700°F due 
t o  decomposition of t h e  f l u i d s  a t  h ighe r  temperatures .  These cyc l e s  
s e r v e  a s  t h e  bottoming c y c l e  f o r  combined c y c l e  systems a s  w e l l  a s  
be ing  a  primary energy conversion cand ida t e  f o r  low temperature  
systems. 

Brayton c y c l e s  a r e  ca tegor ized  a s  open, c lo sed ,  and subatmospheric.  
I n  t h e  open cycle:  t h e  heated working f l u i d  ( u s u a l l y  a i r )  i s  inges t ed  
i n  one p a r t  of  t h e  c y c l e  and expe l l ed  i n  ano the r ,  i . e . ,  t h e  f l u i d  makes 
one pas s  through t h e  cyc l e .  For t h e  c losed  cyc l e ,  t h e  working f l u i d  
r e c i r c u l a t e s  through t h e  c y c l e  and h e a t  r e j e c t i o n  is  accomplished. v i a  
a  h e a t  exchange r l r ad i a to r  system. For t h e  open c y c l e ,  h e a t  r e j e c t i o n  
occurs  v i a  t h e  exhaus t ing  of t h e  working f l u i d .  The subatmospheric 
c y c l e  is fundamental ly  a  c losed  cyc l e .  It i s  d i s t i n g u i s h e d  from con- 
v e n t i o n a l  c losed  c y c l e s  i n  t h a t  t h e  working f l u i d  a c q u i r e s  h e a t  a t  
a tmospheric  p re s su re .  Then, i n  o rde r  t o  gene ra t e  power, t h e  p re s su re  
downstream o f  t h e  expander ( t u rb ine )  must b e  subatmospheric.  

For recupera ted  c y c l e s ,  t h e  e f f i c i e n c i e s  of open and c losed  cyc l e s  
can be  n e a r l y  t h e  same. According t o  t h e  d a t a  base  ( s ee  Appendix A 
r e f e r e n c e s ) ,  open c y c l e s ' a r e  u s u a l l y  a s s o c i a t e d  w i th  s l i g h t l y  h ighe r  
e f f i c i e n c i e s  a long  wi th  h igher  c o s t s .  These t r e n d s  a r e  r e f l e c t e d  i n  
Table2-3. Due t o  lower p r e s s u r e s  r e s u l t i n g  i n  less dense working f l u i d s ,  
t h e  subatmospheric c y c l e  system r e q u i r e s  a  p h y s i c a l l y  l a r g e r  u n i t  f o r  a  
g iven  power l e v e l  and t h i s  r e s u l t s  i n  a  h ighe r  u n i t  cost. Limited 
d e v e l o p m r ~ ~ l  work on subatmospheric c y c l e s  has  been accomplished, and i t  
i s  f e l t  t h a t  e f f i c i e n c i e s  of t h e  subatmospheric c y c l e  r e l a t i v e  t o  t h e  
convent iona l  c lo sed  c y c l e  a r e  n o t  y e t  d e f i n i t i v e l y  e s t a b l i s h e d .  S ince  
t h e  subatmospheric c y c l e  i s  a form o f  c losed  c y c l e ,  i t  has  been 
a s c r i b e d  t h e  same va lue  a s  convent iona l  c losed  c y c l e  systems f o r  t h e  
purposes  of i n d i c a t i n g  p o t e n t i a l .  

S t i r l i n g  engine  systems a r e  less v?ell:developed than  Brayton 
systems bu t  can p o t e n t i a l l y  ach ieve  bo th  h ighe r  e f f i c i e n c i e s  and lower 
c o s t s  according t o  p r o j e c t i o n s  i n  Appendix'A. Development of mul t i -  
c y l i n d e r  c r anksha f t  S t i r l i n g  engines  i s  under way wi th  a  major e f f o r t  



d i r e c t e d  toward automotive a p p l i c a t i o n s .  Small f r e e  p i s t o n  u n i t s ,  
having p o t e n t i a l  f o r  lower mechanical l o s s e s  and h igher  e f f i c i e n c y ,  
a r e  i n  an e a r l y  s t a g e  of development. These u n i t s  a r e  gene ra l ly  
l i m i t e d  to, lower power l e v e l s  than  mul t i -cy l inder  c rankshaf t  engines 
and employ l i n e a r  a l t e r n a t o r s  which a r e  a l s o  i n  an e a r l i e r  s t a g e ' o f  
development than convent ional  r o t a t i n g  a l t e r n a t o r s .  The c h a r a c t e r i s -  
t i c s  shown on Table 2-3 a r e  b a s i c a l l y  de r ived  from a v a i l a b l e  d a t a  on 
c rankshaf t  S t i r l i n g  'engines.  

3 .  Transport  

For both c e n t r a l  and d i s t r i b u t e d  systems, t r a n s p o r t  from t h e  con- 
c e n t r a t o r  t o  t h e  r ece ive r  i s  o p t i c a l l y  accomplished. For 10 MW c e n t r a l  
r ece ive r  systems, atmospheric absorp t ion  and s c a t t e r i n g  between t h e  
concent ra tor  and r e c e i v e r  account f o r  a  2% l o s s  i n  energy (Ref. 32) .  
For d i s t r i b u t e d  systems, t h e  o p t i c a l  t r a n s p o r t  d i s t a n c e  i s  very  s h o r t  
(<50 f t )  and l o s s e s  a r e  n e g l i g i b l e .  

Transport  of thermal energy from t h e  r e c e i v e r  t o  t h e  energy con- 
ve r s ion  and thermal s to rage  systems is  accomplished by appropr i a t e  h e a t  
t r a n s f  e r '  media flowing through in t e rconnec t ing  p i p e l i n e s .  A s  shown i n  
Table.2-4, h e a t  t r a n s f e r  media considered i n  t h i s  s tudy  inc lude  steam, 
gas (helium and a i r )  and l i q u i d  meta ls  (sodium). 

Three b a s i c  systems employing thermal t r a n s p o r t  a r e  considered.  
These inc lude  (1) 10 MWe c e n t r a l  r e c e i v e r  systems wi th  op t ions  of tower- 
mounted and ground-based engines,  (2) 20 kWe d i s t r i b u t e d  systems wi th  
f o c a l  po in t  mounted engines,  and (3) 140 kWe mult i -dish d i s t r i b u t e d  
systems where thermal energy from seven d i s t r i b u t e d  d i s h  c o l l e c t o r s  is  
t r anspor t ed  t o  a  s i n g l e  ground-based 140 kWe engine. 

For steam p i p e l i n e  t r a n s p o r t ,  t h e  u se  of a  p i p e l i n e  network t o  
t r a n s p o r t  steam from a f i e l d  of d i s h  c o l l e c t o r s  t o  a  c e n t r a l  10 MWe 
energy conversion u n i t  i s  included a s  a  p o i n t  of r e f e rence .  This  
arrangement was t r e a t e d  i n  e a r l i e r  s t u d i e s  (e.g., Ref. 2) where t h e  

s b a s i c  cons ide ra t ion  centered around use  of more e f f i c i e n t  and a l r eady  
developed l a r g e  steam ,Rankine power u n i t s .  Based on p ro j ec t ed  develop- 
ment of advanced. small steam eng ines . (Tab le  2-3) having e f f i c i e n c i e s  and 
c o s t s  comparable t o  t h e  l a r g e  c e n t r a l  u n i t ,  t h e  r e l a t i v e l y 1 , a r g e '  c o s t  
of ~ 3 0 0  $/kWe (most l i k e l y )  shown i n  Table 2-4 f o r  t h e  steam p i p e  ne t -  
work t o  a  10 W e  power u n i t  w i l l  no t  be  a  competi t ive opt ion .  Fu r the r ,  
high temperature gas and l i q u i d  metal  t r a n s p o r t  a r e  more c o s t l y  than  
steam t r a n s p o r t  and hence ex tens ive  p i p e l i n e  networks f o r  t h e s e  t r ans -  
p o r t  systems a r e  n o t  considered.  

When t h e  engine i s  mounted on t h e  tower f o r  c e n t r a l  r e c e i v e r  systems 
o r  a t  t h e  f o c a l  p o i n t  f o r  d i s t r i b u t e d  systems, connect ing p i p e ' l e n g t h s  
a r e  s h o r t  and the  correspondingly smal l  c o s t s  have. been inc,luded i n  
r e c e i v e r  c o s t s .  Within each ca tegory  of steam, gas,  and l i q u i d  m e t a l ,  
t h e  u n i t  t r a n s p o r t  c o s t s  a s soc i a t ed  w i t h  t h e  140 kWe mult i -dish arrange-. 
ment a r e  es t imated  t o  b e  s l i g h t l y  h ighe r  than t h e  u n i t  c o s t  o f .  t r ans -  
p o r t i n g  energy from a tower-mounted r e c e i v e r  t o  a 10 MWe grnimd-hased 



Table 2-4. Energy Transport  System Cost and Performance C h a r a c t e r i s t i c s  

(1)  Steam, g a s  and l i q u i d  me ta l  t r a n s p o r t  c o s t s  normalized t o  e l e c t r i c  power (khTe) u s i n g  nominal  t he rma l  
t o  e l e c t r i c  conve r s ion  e f f i c i e n c y  of  33%. 

(2) Inc ludes  d f e c t  of pump'ing and thermal  l o s s e s .  
( 3 )  IIelium a t  l C O O O H  niaximum t empera tu re .  
(4)  Sodium a t  15000F maximum tempera tu  e .  
(5)  ICC - Inc luded i n  r e c e i v e r  cos t ; .  s i o r t  p ipe  l e n g t h s .  

S y s t e ~ .  Descr ip t ion  

Steam P i p e l i n e s  

a 10  FlWe C e n t r a l  Tower. 
10  f i ~ e  D i s t r i b u t e d  

a 1 4 0 .  kWe. Multi-Dish 

Gas Transp,ort  

1 0  MWe C e n t r a l  ~ o w e r ( 3 )  
- Tower-mounted Engine 
- Ground-based Engine 

20 kWe ' ~ a r z b o l i c  Dish 
- R e c e i v ~ r  t o  Engine 

(mountzd a t  f o c a l  p o i n t )  

140 kWe Pju l t i -d ish  
- Ground-based Engine 

Liquid  Meta l  

a 1 0  MWe Cenzra l  ~ o w e r ( ~ )  
- Tower-xounted Engine 
- Ground-based ' Engine 

20 k l ~ e  P a r a b o l i c  Dish 
- Receiver  t o  Engine 

(mounted a t  f o c a l  p o i n t )  

a 140 kWe Mul t i -d ish  
- R e c e i v a s  t o  Engine 

(mounted cn  ground) 

E l e c t r i c a l  N e t w r k  

a 10  MWe D i s r r i b u t e d  Systems 

I a 1 MWe D i s t r i b u t e d  System 

Transpor t  ~f f i c i e n c y ( 2 )  

Lox 

0.97 
0.88 
0.97 

0.89 
0 .82  

0 .95  

0 .83  

0.96 
0.90 

0.97 

0.92 

0.93 

0.94 

D i r e c t  C a p i t a l  C o s t s $ l )  $/kWe 
% 

High 

0.99 
0.95 
0.99 

0.92 
0.87 

0.99 

0 .88  

0.98 
0 .91  

0.99 

0.94 

0 .98  

0.99 

' Most 
L i k e l y  

2 0 
300 

2 2 

69 

7 5 

. 9 0  

94 

5 5 

4 7 

Low 

1 5  
2.5 0 

21 

60 

66. 

78 

8 7 

4 0 

3 3 

Most 
L i k e l y  

0 .98  
0.90 
0 .98  

0.30 
0.36 

0.38 

0.37 

0.97 
0.92 

0.98 

0.93 

0.95 

0.96 

(1977 D o l l a r s )  

High 

'2 2 
325 

30 

IRC (5) 
9 0 

IRC !5) 

100 

I R C ~ ~ )  
' 98 

IRC (5) 

100 

7 0 

6 0 



engine a s  i nd ica t ed  i n  Table 2-4. Another genera l  t r end  i s  t h a t  h igh  
temperature gas t r a n s p o r t  i s  more c o s t l y  than steam t r a n s p o r t  whereas 
l i q u i d  meta l  t r a n s p o r t  is more c o s t l y  than gas t r a n s p o r t .  

However, i t  i s  noted t h a t  e f f i c i e n c i e s  a s s o c i a t e d  wi th  l i q u i d  meta l  
t r a n s p o r t  a r e  s i g n i f i c a n t l y  h ighe r  than  gas t r a n s p o r t .  It is noted . t h a t  
u s e  of l a r g e r  diameter p i p e l i n e s  w i th  t h i c k e r  i n s u l a t i o n  could improve 
e f f i c i e n c y  wh i l e  i nc reas ing  c o s t .  I n  t h i s  con tex t ,  va lues  shown i n  
Table 2-4 a r e  r e f l e c t i v e  of des ign  compromises based on engineer ing  
judgments, 

In  conce r t  wi th  t h e  ground r u l e s  f o r  t h i s  s tudy ,  mass product ion of 
t r a n s p o r t  system components was assumed..' Add i t i ona l ly ,  mass produced 
components were assumed t o  be  s p e c i f i c a l l y  designed t o  minimize time 
and c o s t s  a s soc i a t ed  wi th  f i e l d  assembly.  

For d i s t r i b u t e d  systems, f o c a l  po in t  mounted 20 kWe system o r  140 
kWe mult i -dish module, energy from t h e  c o l l e c t o r  f i e l d  i s  t r anspor t ed  t o  
a  c e n t r a l  po in t  v i a  an e l e c t r i c a l  network ( see  Ref. 2 ) .  The technology 
f o r  . e l e c t r i c a l  connection i s  w e l l  e s t a b l i s h e d  and c o s t s  a r e  r e l a t i v e l y '  
low whi le  e f f i c i e n c i e s  a r e  a l s o  h igher  than  a  p i p e l i n e  network t o  c a r r y  
t h e  energy t o  a  c e n t r a l  po in t .  

4.  Storage 

Energy s t o r a g e  c o s t  and performance c h a r a c t e r i s t i c s  a r e  summarized 
i n  Table 2-5. The t h r e e  b a s i c  c a t e g o r i e s  of s t o r a g e  considered i n  t h i s  
s tudy  a r e  thermal ,  r e v e r s i b l e  chemical r e a c t i o n ,  and advanced b a t t e r i e s .  
'Within t h e  thermal ca tegory ,  on ly  s e n s i b l e  h e a t  systems were considered.  
Although d a t a  f o r  l a t e n t  systems (Table 2-5) i n d i c a t e  t h a t  they a r e  
promising, i t  i s  f e l t  t h a t  m a t e r i a l s  technology i s s u e s  r e l a t e d  t o  t hese  
systems must be  explored i n  depth and such an  e f f o r t  was n o t  p o s s i b l e  
w i th in  t h e  scope of t h i s  s tudy.  

Of t h e  s e n s i b l e  h e a t  thermal s t o r a g e  candida tes ,  l i q u i d  meta l  
(sodium) systems a r e  p ro j ec t ed  t o  be t h e  most a t t r a c t i v e  candida te  i n  
terms of both c o s t  and e f f i c i e n c y .  The a v a i l a b l e  da t a  (Appendix R) 
i n d i c a t e  t h a t  s t o r a g e  i n  MgO b r i c k s  has a  r e l a t i v e l y  high c o s t .  A 
l a r g e  po r t ion  of t h i s  c o s t  i s  a t t r i b u t e d  t o  t h e  v e s s e l  ( tank)  which 
con ta ins  t h e  hot  b r i c k s  arranged i n  a  checker p a t t e r n  t o  a l low 
pressur ized  hot  gases  t o  pass  by t h e  b r i c k s .  I f  gas p re s su re s  i n  t h e  
v e s s e l  could be reduced, v e s s e l  c o s t s  could probably be  reduced. How- 
eve r ,  use  of lower p re s su re  gas might r e q u i r e  some rearrangement of t h e  
checker p a t t e r n  t o  achieve  equiva len t  h e a t  t r a n s f e r  r a t e s .  These types  
of t r adeo f f  cons ide ra t ions  r e q u i r e  d e t a i l e d  i n v e s t i g a t i o n s  which could 
not  be  performed i n  t h e  present  s tudy .  

It i s  t h e r e f o r e  s t r o n g l y  emphasized t h a t  g a s / s o l i d  s e n s i b l e  
s t o r a g e  such a s  t h e  MgO b r i c k  system should no t  b e  e l imina ted  from 
cons ide ra t ion  even though cos t  e s t ima te s  f o r  present  des igns  a r e  high.  
Addi t iona l  s tudy d i r e c t e d  toward evolving lower c o s t  designs should be  
undertaken t o  determine t h e  p o t e n t i a l  of t h i s  approach. 



Table 2-5. Energy Storage  System Cost and Performance C h a r a c t e r i s t i c s  

1. Thermal and Chemical S torage  Costs  Normalized t o  E l e c t r i c  Power (kWe) 
us ing  nominal thermal t o  e l e c t r i c  conversion e f f i c i e n c y  of 33%. 

2. Base l ine  S torage  System. 
3 .  See Appendix B f o r  d e f i n i t i o n  of throughput e f f i c i e n c y ;  AHS denotes  

ammonium Hydrogen S u l f a t e .  
4.  Based on u s e  of underground s to rage .  

b 

Of t h e  t h r e e  r e v e r s i b l e  r e a c t i o n  chemical s t o r a g e  systems, t h e  
S02- SO3 system has t h e  lowest c o s t ,  bu t  a l s o  the  lowest throughput 
e f f i c i e n c y .  The ammonium hydrogen s u l f a t e  (AHS) system has r e l a t i v e l y  
low c o s t s  a s  we l l  a s  a high throughput e f f i c i e n c y .  The methanation 
system has h igh  c o s t s  and a r e l a t i v e l y  low e f f i c i e n c y .  

A s  discussed i n  Appendix B y  r e v e r s i b l e  chemical r e a c t i o n  systems 
w i l l  have low throughput e f f i c i e n c i e s  of $40-50% un le s s  energy 
recovery expanders and a s soc i a t ed  equipment a r e  introduced- i n ' t h e  
system. Since systems wi th  throughput e f f i c i e n c i e s  of $40-50% a r e  not  
compet i t ive ,  an a n a l y t i c a l  i n v e s t i g a t i o n  was undertaken t o  modify base- 
l i n e  systems (Refs.  16  and 17) by adding energy recovery equipment. 
Energy recovery improves throughput. e f f i c i e n c y  ( see  d e f i n i t i o n  i n  
Appendix.B), bu t  a l s o  adds t o  c a p i t a l  c o s t s .  

I n  terms of throughput . e f f i c i e n c y  and cost ' ,  r e v e r s i b l e  r e a c t i o n  
systems ( inco rpora t ing  energy recovery gqbipment) a r e  comparable t o  
l i q u i d ' m e t a l  systems. However, f o r . a l 1  of t h e  r e v e r s i b l e  r e a c t i o n  

Type of System 

Thermal ( l )  

a Sens ib le  
- ~ i l / ~ o c k s ( ~ )  
- MgO Br icks  
- Liq. Mtls/Na 

6 Latent  
. . - Fluor ides  

Revers ib le  Chemical 
~ e a c t i o n ( l 9 ~ )  

A H S (NH4HS04) 

• SO2 - SO3 

a Methanation (4)  

Ba t t e ry  

a Redox 

Nominal Cap i t a l  Costs $/kWe 
(1977 

Storage  
Time 

3 H r s  

180 
425 
130 

100 

225 

175 

425 

175 

Throughput 

Low 

0.75 
0.70 
0.88 

0.70 

0.80 

0.60 

0.70 

0.70 

Do l l a r s )  
S torage  

Time 
6 H r s  

360 
525 
225 

155 ' 

265 

194 

525 

190 

Storage  
Time 

9 H r s  

540 
625 
320 

210 

305 

213 

650 

205 , 

Ef f i c i ency  

High 

0.85 
0.82 
0.92 

0.78 

0.91 

0.68 

0.76 

0.80 

% 

Most 
Likely 

0.80 
0.80 
0.91 

0.76 

0.90 

0.67 

0.75 

0.75 



systems of Table  2-5, t h e  endothermic r e a c t i o n  involved temperatures  of 
%15000F whereas t h e  exothermic r e a c t i o n  y i e l d s  h e a t  from s t o r a g e  a t  
temperatures  <lOOO°F. The r e l a t i v e l y  low temperature  from s t o r a g e  
r e s u l t s  i n  a  'lower hea t  engine  cyc l e  e f f i c i e n c y  and o b v i a t e s  u se  of 
S t i r l i n g  and Brayton engines  wh,ich r e q u i r e  h igher  temperatures  f o r  
e f f i c i e n t .  ope ra t i on .  

The temperature  drop a s s o c i a t e d  wi th  r e v e r s i b l e  r e a c t i o n  systems 
r e s u l t s  i n  a  r educ t ion  i n  o v e r a l l  system e f f i c i e n c y  a s  compared t o  
systems such a s  l i q u i d  meta l  s t o r a g e  where temperature  drops a r e  sma l l .  
It may be  p o s s i b l e  t o  gene ra t e  h ighe r  temperatures  by modifying t h e  
exothermic r e a c t i o n  cond i t i ons  t o  occur ,  e .g . ,  a t  h ighe r  p re s su re s .  
These modi f ica t ions  would involve d e t a i l e d  t r ade -o f f s  concerned w i t h  
added c o s t s  f o r  a  h igher  temperature  and p re s su re  r e a c t o r  a s  w e l l  a s  
t h e  need f o r  g r ea t e r '  pumping o r  compressor work. 

U n t i l  f u r t h e r  t rade-off  and op t imiza t ion  s t u d i e s  a r e  performed, t h e  
u l t i m a t e  c a p a b i l i t i e s  of r e v e r s i b l e  reac t . ion  systems c a n n o t b e  
a s se s sed .  Resu l t s  based on systems t r e a t e d  i n  t h e  p re sen t  s tudy  a r e  
i n d i c a t i v e  of ope ra t i ng  cond i t i ons  ( tempera tures )  s p e c i f i e d  i n  c u r r e n t  
development and s tudy  a c t i v i t i e s .  

The methanat ion s t o r a g e  system employs low-cost underground s to rage .  
However, c o s t s  a r e  h igher  than  o t h e r  ' candida tes  due t o  t h e  need f o r  
s u b s t a n t i a l  compressor work and t h e  a s soc i a t ed  c o s t  of compressors.  
A d e t a i l e d  breakdown i s  presen ted  i n  Appendix B. 

The redox b a t t e r y  was s e l e c t e d  a s  being r e p r e s e n t a t i v e  of advanced 
b a t t e r y  systems. The r e d o x  b a t t e r y  i s  p a r t i c u l a r l y  , a t t r a c t i v e  f o r  
h ighe r  s t o r a g e  t i m e s  s i n c e  i t  is a  flow-through c e l l  system employing 
s imple tank  s t o r a g e  of l i q u i d  e l e c t r o l y t e s .  For bo th  s i x  hours  and 
n i n e  hours  of s t o r a g e ,  i t  achieves  lower c o s t s  than  l i q u i d  meta l  
s t o r age .  However, a l though i t s  s t o r a g e  throughput e f f i c i e n c y  i s  
reasonably h igh ,  i t  i s  s i g n i f i c a n t l y ' l o w e r  than  t h e  l i q u i d  meta l  
system. 

D .  ADVANCED POWER SYSTEMS 

The d a t a  base  f o r  i n d i v i d u a l  subsystems, summarized i n  t h e - p r e -  
v ious  s e c t i o n ,  s e r v e s  a s  t h e  b u i l d i n g  b locks  f o r  cons t ruc t ing ,advanced  
power systems. Compatible o r  well-matched subsystems a r e  f i r s t  i n t e -  
g r a t ed  i n t o  systems;  p a r t i c u l a r  e f f o r t  i s  placed on l i n k i n g  them syner- 
g i s t i c a l l y .  Various system combinations a r e  then  screened ,  and a  
l i m i t e d  number of t h e  most promising ones a r e  s e l e c t e d  f o r  f u r t h e r  
d e t a i l e d  eva lua t ion .  



1. System I n t e g r a t i o n  

Four b a s i c  f a c t o r s  were  i n s t r u m e n t a l  i n  a r r i v i n g  a t  t h e  s e l e c t e d  
subsystem c o n f i g u r a t i o n s  f o r  t h e  c a n d i d a t e  sys tems  ( th roughout  t h e  
f o l l o w i n g ' d i s c u s s i o n ,  r e f e r  t o  Tab le  2-6j: 

a Temperature matching 

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

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

Component s i z e  e f f e c t s  

Temperature matching was an  e s p e c i a l l y  dominant f a c t o r  i n  
s e l e c t i n g  energy  c o n v e r s i o n  systems.  Steam Rankine sys tems are 
l i m i t e d  t o  maximum t e m p e r a t u r e s  o f  %1200°F p e r  Appendix A ,  whereas  
Brayton and S t i r l i n g  c y c l e  sys tems a c h i e v e  h i g h  e f f i c i e n c i e s  a t  
t e m p e r a t u r e s  >1500°F. T h e r e f o r e ,  Brayton o r  S t i r l i n g  sys tems  were . 
g e n e r a l l y  s e l e c t e d  f o r  b o t h  advanced p a r a b o l i c  d i s h  and h e l i o s t a t  
c e n t r a l  r e c e i v e r  s o l a r  p l a n t s  becaus'e fundamental  c o n s i d e r a t i o n s  a s  
d e l i n e a t e d  i n  F i g u r e  2-2 i n d i c a t e  t h a t  h i g h e r  sys tem e f f i c i e n c i e s  are 
ach ieved  a t  t empera tu res  >1500°F (@800°c) . ~ t e a i  Rankine sys tems were  
used .  f o r  t h e  lower  t e m p e r a t u r e  b a s e l i n e  c e n t r a l  r e c e i v e r  and f o r  t h e  
F r e s n e l  l e n s ,  which a c h i e v e s  c o n c e n t r a t i o n  r a t i o s  o f  t h e  o r d e r  o f  1000 
cor responding  t o  e f f i c i e n t  sys tem o p e r a t i o n  a t  %lOOO°F. A p a r a b o l i c  
d i s h  sys tem w i t h  a s m a l l  advanced s team eng ine  a t  t h e  f o c a l  p o i n t  was 
a l s o  c o n s i d e r e d  t o  s e e  how advanced s team technology  would compare w i t h  
Brayton and S t i r l i n g  sys tems.  

For t e m p e r a t u r e s  >1500°F, l i q u i d  m e t a l s  o r  g a s e s  such as he l ium,  
hydrogen,  and  a i r  a r e  employed a s  h e a t  t r a n s f e r  media t o  t r a n s p o r t  
energy  from t h e  r e c e i v e r  t o  t h e  e n g i n e  o r  t o  e n e r g y . s t o r a g e .  These 
a p p e a r  t o  b e  t h e  most promising c a n d i d a t e s  f o r  energy t r a n s p o r t  i n  t h e  
h i g h  t empera tu re  range .  Most f l u i d  media such a s  o r g a n i c s  a r e  l i m i t e d  
t o  t e m p e r a t u r e s  o f  %700°F, s i n c e  t h e y  t end  t o  decompose and degrade  
w i t h  t i m e  when used f o r  h i g h e r  t e m p e r a t u r e  s e r v i c e .  

C o m p a t i b i l i t y  o f  t r a n s p o r t  f l u i d s  r e s u l t e d  i n  p a i r i n g  o f  g a s  
Brayton e n g i n e  sys tems w i t h  s o l i d l g a s  s e n s i b l e  h e a t  s t o r a g e .  Here ,  
g a s e s  such a s  he l ium can t r a n s f e r  energy d i r e c t l y  from s t o r a g e  t o  t h e  
e n g i n e  w i t h o u t  an  i n t e r m e d i a t e  h e a t  exchanger .  Syste~rls t h a t  u s e  o t h e r  
f l u i d s  i n  t h e  engLne and s t o r a g e  sys tems r e q u i r e  a heat exchanger, 
which r e s u l t s  i n  a  t empera tu re  drop a s  w e l l  as added c o s t s .  However, 
when g a s  t r a n s p o r t  d i s t a n c e s  a r e  l a r g e  ( e . g . ,  from t h e  t o p  t o  t h e  
bot tom of a c e n t r a l  t o w e r ) ,  g a s  t r a n s p o r t  r e s u l t s  i n  l a r g e r  d u c t i n g  
and .h igher  l o s s e s  a s  compared t o  more dense  l i q u i d  t r a n s p o r t  media.  
T h e r e f o r e ,  t h e  Brayton i s  a l s o  coupled w i t h  l i q u i d  m e t a l  t r a n s p o r t  t o  
i n v e s t i g a t e  t h i s  t r a d e o f f .  

S t r u c t u r a l  d e s i g n  c o n s i d e r a t i o n s  played a  p a r t i c u l a r l y  s i g n i f i -  
c a n t  r o l e  i n  s t o r a g e  s e l e c t i o n  f o r  p a r a b o l i c  d i s h  arrangements  where a 
s m a l l  e n g i n e  i s  l o c a t e d  a t  t h e  f o c a l  p o i n t .  I n  t h i s  c a s e ,  a  the rmal  



Table 2-6. Candidate Advanced System 

1, B a s e l i n e - F i r s t  Zenera t ion  System. 
2 .  :Small Steam Engines -Ef f ic ien t  Advanced Technology Designs Mounted a t  Focal  Po in t .  
3.  Ground-Based Engins/S to rage  Assembly. 

C o l l e c t o r s  

H e l i o s t a t s  

. 

P a r a b o l i c  
Dish 

Energy 
Con\-e r s ion 

Rankine (1) 
S  t i r l i n g  
S t i r l i n g  
Brayton 

Brayton 
Bray ton 
~rayton!Rankine 
b ray ton.'Rankine 

Rankine (2)  
S  t i r l i n g  
S t i r l i n g  
Brayton 

Brayton 
Brayton Subatm. 
Brayton Subatm. (3 )  

Energy 
S torage  

Thermal 
Liq M t l  
B a t t e r y  
Sol id/Gas 

Liq M t l  
B a t t e r y  
Sol id/Gas 
Chemical 

B a t t e r y  
B a t t e r y  
B a t t e r y  
B a t t e r y  

B z t t e r y  
Bii t t e r y  
Sol id/Gas 

Clus te red  S  t i r l in : :  
Dish 
Sys tern BraytonIRankine 

BraytonIRankine' 

Liq M t l  
Liq M t l  
Liq M t l  
Chemical 

, B a t t e r y .  
Thermal . 

Eresne l  
Lens 

Rankine 
Rankine 

System . 
I d e n t  . 

HR 
HS/LM 
HS /BAT 
HB/(S/G) 

HB /M 
HB/BAT 
H(B/R) /(s/G) 
H(B /R) /CH 

PR 
PS 
P3 /LM 
PB 

P B / ~  
PB/SUB 
PB/SUB/MD 

Energy 

Receiver-Engine 

Steam 
Liquid Metal 
Helium 
Helium 

Liquid Metal 
Helium 
A i r  
Liquid Metal 

Steam 
Helium 
Liquid Metal 
Helium 

Liquid Metal 
Air 
A i r  

PS /MD 
PB/MD 
P(B/R) /MD 
P(B/R) /MD/CH 

FR/DIS 
F R/CEN 

Transpor t  

C o l l e c t o r  F i e l d  

O p t i c a l  
O p t i c a l  
O p t i c a l  
O p t i c a l  

O p t i c a l  
.Optical  
O p t i c a l  
O p t i c a l  

E l e c t r i c a l  
E l e c t r i c a l  
E l e c t r i c a l  
E l e c t r i c a l  

E l e c t r i c a l  
~ l e c t r i c a l  
E l e c t r i c a l  

Liquid Metal 
Liquid Metal 
Liquid Metal 
Liquid Metal 

Steam 
Steam . 

E l e c t r i c a l  
E l e c t r i c a l  
E l e c t P i c a l  
E l e c t r i c a l  

E l e c t r i c a l  
.Steam Pipes  



s t o r a g e  system (4-6 h r s )  appears  t o  b e  t o o  heavy and bulky f o r  cos t -  
e f f e c t i v e  foca l -po in t  mounting. Therefore ,  primary energy s t o r a g e  i s  
provided by ground-based b a t t e r i e s .  The r e c e i v e r ,  by v i r t u e  of i t s  
mass, provides  some b u f f e r  s t o r a g e  which tends  t o  smooth out  f l uc tua -  
t i o n s  i n  t h e  incoming i n s o l a t i o n .  

s t r u c t u r a l  a s p e c t s  a l s o  i n f l u e n c e  c e n t r a l  rec ,e iver  des igns .  For 
r e l a t i v e l y  l i g h t  Brayton and S t i r l i n g  engine systems,  a  tower-top 
l o c a t i o n  i n  nea r  proximity t o  t h e  r e c e i v e r  i s  d e s i r a b l e  t o  minimize 
t r a n s p o r t  l o s s e s ,  p a r t i c u l a r l y  f o r  gas  t r a n s p o r t  systems. Tower-top 
Brayton c e n t r a l  r e c e i v e r  concepts  a r e  i n v e s t i g a t e d  i n  Refs .  27 and 28. 
For t h e  p re sen t  s t udy ,  i t  i s  t a c i t l y  assumed t h a t  energy s t o r a g e  sys-  
t e m s  p rovid ing  of t h e  o r d e r  of 4-6 hours  of r a t e d  power w i l l  be too  
heavy f o r  tower-top mounting. The p o s s i b i l i t y  of  ground-based b a t t e r y  
s t o r a g e  is  t h e r e f o r e  in t roduced  a s  an op t ion  which avoids  t h e  need f o r  
thermal  t r a n s p o r t  t o  s t o r a g e  from t h e  top  t o  t h e  bottom of t h e  tower. 

Also, s e i smic '  load  cons ide ra t i ons  may prevent  tower-top mo~mting 
of p r e s e n t l y  a v a i l a b l e  Brayton engines  (Ref. 28) and t h e r e f o r e  ground- 

based engine des ign  arrangements a r e  considered.  Th i s  w i l l  d e l i n e a t e  
t r a d e o f f s  between tower-top and ground-based l o c a t i o n  of t h e  energy 
conversion system. 

S i z e  h a s  a  s i g n i f i c a n t  e f f e c t  on t h e  performance o f  Brayton engines  
' ( ~ ~ ~ e n d i x  A) and a l s o  of s t o r a g e  systems based on l i q u i d  me ta l  and chem- 
i c a l  r e v e r s i b l e  r e a c t i o n s  (Appendix B) . Brayton engine  performance 
dec reases  a s  s i z e  i s  reduced due t o  s c a l i n g  e f f e c t s  a s s o c i a t e d  w i th  t u r -  
b i n e  blades and leakage p a s t  c l ea rance  gaps. For l i q u i d  meta l  s t o r a g e ,  
t h e  e x t e r n a l  hea t  t r a n s f e r  a r e a  pe r  u n i t  volume of s t o r e d  l i q u i d  i n c r e a s e s  
a s  s i z e  is  reduced. Th i s  results i n  g r e a t e r  l o s s e s  pe r  u n i t  of s t o r e d  
energy f o r  sma l l e r  s t o r a g e  systems. The same area-volume s c a l i n g  r e l a t i o n -  
s h i p s  p e r t a i n  t o  r e a c t o r s  and o t h e r  e l eva t ed  tempera ture  components of 
r e v e r s i b l e  r e a c t i o n  chemical s t o r a g e  systems. This  area-volume e f f e c t  
a l s o  tends  t o  i n c r e a s e  t h e  c o s t  pe r  uni . t  volume a s  s i z e  i s  decreased.  

For p a r a b o l i c  d i s h  systems,  t h e s e  e f f e c t s  of s i z e  l e a d  t o  con- 
s i d e r a t i o n  of systems wi th  m u l t i p l e  d i sh- rece iver  u n i t s  l i nked  o r  
c l u s t e r e d  t o g e t h e r  t o  supply  h e a t  energy t o  a  s i n g l e  en'ergy conversion/  
s t o r a g e  module. For a  mul t i -d i sh  Brayton system, bo th  t h e  engine  and 
s t o r a g e  e f f i c i e n c i e s  a r e  h igher  than those  of s i ng l e -d i sh  systems,  
However, mul t i -d i sh  systems r e q u i r e  an energy t r a n s p o r t  system between 
the u n i t s  and t h e  module. Such a  t r a n s p o r t  system i n c u r s  l o s s e s  and 
adds t o  c o s t s .  

Thus, mul t i -d i sh  o r  c l u s t e r e d  arrangements were p r i m a r i l y  formula- 
t e d  f o r  t h e  purpose of examining t r a d e o f f s  between.improved performance 
wi th  s i z e  and t r a n s p o r t  l o s s e s .  N e t  system ga ins  were soughr ,  bu t  i t  
i s  emphasized t h a t  t h i s  c l u s t e r e d  arrangement may be advantageous' even 
i f  no n e t  g a i n s  o r  a  s l i g h t  pena l ty  r e s u l t .  Th i s  p o t e n t i a l  advantage 
i nvo lves  us ing  e i t h e r  S t i r l i n g  o r  Brayton engines  t h a t  were developed 
f o r  o t h e r  a p p l i c a t i o n s .  For i n s t a n c e ,  t h e  S t i r l i n g  engine  i s  now 
be ing  developed f o r  use a s  an automobile power p l a n t .  An automotive 



S t i r l i n g  e n g i n e  l i n k e d  w i t h  a  c l u s t e r  of d i s h - r e c e i v e r  u n i t s  cou ld  p r o v i d e  
s u b s t a n t i a l  c o s t  s a v i n g s  and a c c e l e r a t e  t h e  implementat ion of e f f i c i e n t  
S t i r l i n g  e n g i n e s  f o r  s o l a r  a p p l i c a t i o n s .  

2 .  Sc reen ing  

Candida te  sys tems a r e  c h a r a c t e r i z e d  i n  s able 2-6 i n  terms of t h e  
t y p e s  o f  suhsystems compris ing them. An i d e n t i f i c a t i o n  code was 
a s s i g n e d  t o  each  system.  The f i r s t  l e t t e r  o f  t h e  code r e f e r s  t o  t h e  
t y p e  o f  c o l l e c t o r :  H d e n o t e s  h e l i o s t a t ;  P ,  p a r a b o l i c  d i s h ;  and F,  
F r e s n e l  l e n s .  The second l e t t e r  d e s i g n a t e s  t h e  t y p e  o f  energy con- 
v e r s i o n  system,  w i t h  R ,  S ,  B ,  and B/R r e f e r r i n g  t o  Rankine,  S t i r l i n g ,  
Brayton,  and BraytonIRankine combined c y c l e s ,  r e s p e c t i v e l y .  

A d d i t i o n a l  l e t t e r s  i n  t h e  code were i n t r o d u c e d  t o  draw d i s t i n c -  
t i o n s  among systems u s i n g  t h e  same t y p e  o f  c o l l e c t o r  and e n g i n e  
sys tem.  S p e c i f i c a l l y ,  t h e  term LM r e f e r s  t o  u s e  o f  l i q u i d  m e t a l s ;  BAT 
and S/G d e s i g n a t e  b a t t e r y  and s o l i d / g a s  s e n s i b l e  h e a t  s t o r a g e ,  
r e s p e c t i v e l y ;  CH i d e n t i f i e s  chemical  s t o r a g e  sys tems ;  SUB d e n o t e s  a  
subatmospher ic  Brayton;  and MD s t a n d s  f o r  m u l t i - d i s h .  For  F r e s n e l  
l e n s  - Rankine (steam) systems denoted by FR, t h e  a d d i t i o n a l  terms CEN 
( c e n t r a l )  and DIS ( d i s t r i b u t e d )  a r e  used t o  d i s t i n g u i s h  between a  sys -  
tem i n  which s team i s  t r a n s p o r t e d  t o  a  c e n t r a l  l o c a t i o n  f o r  power 
g e n e r a t i o n .  and one i n  which small steam e n g i n e s  a r e  coupled w i t h  F r e s n e l  
l e n s  c o l l e c t o r s  t o  form s m a l l  power modules. 

The sys tems  were sc reened  t o  i d e n t i f y  promising advanced t echnolo-  
g i e s .  The s c r e e n i n g  p r o c e s s  was keyed t o  a  comparat ive  e v a l u a t i o n  o f  
energy  c o s t s ,  based on t h e  nominal o r  most l i k e l y  v a l u e s  from t h e  d a t a  
b a s e  and a  p l a n t  r a t i n g  of 1 0  MWe. A s  n o t e d  i n  e a r l i e r  s t u d i e s  ( e . g . ,  
Ref.  2 ) ,  c e n t r a l  r e c e i v e r  concep t s  t e n d  t o  b e  l e s s  c o s t - e f f e c t i v e  t h a n  
modular d i s h  sys tems a t  v e r y  s m a l l  s i z e s  (on t h e  o r d e r  o f  100 kWe). 
T h e r e f o r e ,  i t  was decided t o  compare t h e  sys tems  a t  t h e  h i g h  end (10 
MWe) o f  t h e  p l a n t  s i z e  range  most promising f o r  d i s p e r s e d  power a p p l i -  
c a t i o n .  I n  t h i c  way, p o t e n t i a l l y  prnmising t e c h n o l o g i e s  f o r  c e n t r a l  
r e c e i v e r  sys tems  would n o t  b e  obscured.  

a .  Computat ional  ---.,-- Methods. The methodology used i n  d e t e r m i n i n g  
energy  c o s t s  i s  fundamental ly  t h e  same a s  t h a t  employed i n  p r e v i o u s  
s t u d i e s  such a s  Ref.  2 .  I n  terms o f  d e t a i l e d  computer code s t r u c t u r e ,  
e a s e  o f ' h a n d l i n g  v i a  e l i m i n a t i o n  o f  i n t e r m e d i a t e  hand c a l c u l a t i o n s /  
manipu la t ion  of d a t a ,  and reduced computer e x e c u t i o n  t i m e ,  t h e  code 
developed f o r  u s e  i n  t h e  p r e s e n t  s t u d y  r e p r e s e n t s  a  v a s t  improvement 
(Rcf .  32). 

The b a s i c  o p e r a t i o n  of t h e  code i s  d e p i c t e d  i n  F i g u r e  2-9. 
I n s o l a t i o n  and wea ther  d a t a  (g iven  on an h o u r l y  b a s i s  f o r  a n  e n t i r e  
y e a r )  and a  s e l e c t e d  p l a n t  power r a t f n g  c o n s t i t u t e  b a s i c  i n p u t s  t o  t h e  
program, which i s  s t r u c t u r e d  t o  s e a u e n t i a l l y  e x e c u t e  t h r e e  subprograms. 
The f i r s t  of t h e s e  i s  a  performance s i m u l a t i o n  w h i l e  t h e  o t h e r  two 
de te rmine  c a p i t a l  c o s t s  and energy  c o s t s .  
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Figure  2-9. Computerized Evaluat ion Procedure 

Performance c h a r a c t e r i s t i c s  of components (e .g . ,  engine o f f -  
des ign  e f f i c i e n c y  c h a r a c t e r i s t i c s )  c o n s t i t u t e  i npu t s  t o  performance 
s imula t ion .  Since va r ious  types of components, p a r t i c u l a r l y  c o l l e c t o r s ,  
have d i f f e r e n t  c h a r a c t e r i s t i c s ,  a  modular s t r u c t u r e  was c r e a t e d  so  t h a t  
a  number of systems could be evaluated by simply s u b s t i t u t i n g  appro- 
p r i a t e  modules conta in ing  t h e  des i r ed  c h a r a c t e r i s t i c s .  This  g r e a t l y  
f a c i l i t a t e s  use of t h e  program i n  a s s e s s i n g  d i f f e r e n t  types of p l a n t s  
( c e n t r a l  ve r sus  d i s t r i b u t e d )  a s  w e l l  a s  con f igu ra t iona l  v a r i a t i o n s  wi th in  
each p l an t  type. 

Demand o r  load c h a r a c t e r i s t i c s  a l s o  a f f e c t  p l a n t  performance 
s imula t ion .  The s imples t  choice  of a  cons tan t  demand is  employed accord- 
i n g  t o  the  b a s i c  d a t a  prev ious ly  given. That is ,  t h e  p l a n t  is  .asked t o  
d e l i v e r  rated '  power whenever i t  can. Any excess  power i s  d i v e r t e d  t o  t h e  
.energy s t o r a g e  subsystem. I f  energy s to rage  is f u l l ,  t h e  excess  is  
wasted. When t h e  i n s o l a t i o n  l e v e l  is  i n s u f f i c i e n t  t o  gene ra t e  r a t ed  
power, energy i s  withdrawn from s t o r a g e  u n t i l  i t  is, deple ted  t o  some 
minimum l e v e l  determined by t h e  c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a r  s t o r a g e  
system. . 

Component c o s t  c h a r a c t e r i s t i c s  (e .g . ,  concen t r a to r  costs p e r  
u n i t  a r e a )  comprise t h e  primary i n p u t s  t o  t h e  c a p i t a l  c o s t  subprogram. 
I n d i r e c t  (engineering)  c o s t s ,  s p a r e s  and cont ingencies ,  and i n s t a l l a -  
t i o n  c o s t s  a r e  a l s o  inpu t  i n  t h e  form of c o s t  f a c t o r s .  

P l a n t  o p e r a t i o n a l  c h a r a c t e r i s t i c s  ( a s  manifest  i n  ope ra t ion  
and maintenance (OhM) c o s t s )  and f i n a n c i a l  f a c t o r s  (encompassing i tems 
i n  Table 2-1 i n  a d d i t i o n  t o  ' e sca l a t ion  r a t e s )  a r e  requi red  i n p u t s  f o r  
determining energy c o s t s .  The energy d e l i v e r e d ,  by t h e  p l a i t  (a.s 
determined by t h e  performance s imula t ion  subprogram) and i n s t a l l e d  
p l a n t  c a p i t a l  c o s t s  ( a s  computed i n  t h e  c a p i t a l  c o s t  subprogram) a r e  
a l s o  necessary  i n p u t s  t o  t h e  energy c o s t  subprogram. This  fo l lows  



s i n c e  energy c o s t  is  e s s e n t i a l l y  t h e  annual ized o r  " leve l ized"  c o s t  of 
c a p i t a l  and O&M d iv ided  by t h e  annual  energy de l ive red  (Ref. 3 ) .  

Two o t h e r  basic.  i npu t s ,  c o l l e c t o r  f i e l d  a r e a  and energy 
s t o r a g e  capac i ty ,  a r e  c o n t r o l l e d  by t h e  p l a n t  optimizat ' ion feedback 
loop.  The opt imiza t ion  a lgor i thm is s e t  so  t h a t  a  c o l l e c t o r  f i e l d  a r e a  
is  f i r s t  chosen. The s t o r a g e  capac i ty  i s  then  va r i ed  u n t i l  a  minimum 
energy c o s t  and capac i ty  f a c t o r  a r e  determined f o r  each a r e a .  I n  t h i s  
way, an  envelope curve of minimum energy c o s t  a s  a  func t ion  o f ' c a p a c i t y  
f a c t o r  i s  determined. This  curve c o n s t i t u t e s  t h e , b a s i c  output  of t h e  
program. 

b.  Candidate System Techno-Economic C h a r a c t e r i s t i c s .  A com- 
p l e t e  breakdown of t h e  computer input  d a t a  and a s soc i a t ed  d e t a i l e d  
candida te  system d e s c r i p t i o n  i s  provided in'Appendix C .  Resu l t s  of t h e  
energy c o s t  comparison among candida te-sys tems and t h e  major f a c t o r s  
causing energy c o s t s  t o  d i f f e r  a r e  summarized below. 

Energy c o s t s  based on nominal o r  most l i k e l y  va lues  f o r  t h e  
candida te  systems of Table 2-6 a r e  given i n  Tables 2-7 and 2-8 f o r  . 
10 MW c e n t r a l  r ece ive r  and d i s t r i b u t e d  system power p l a n t s ,  r e spec t ive ly .  
Energy c o s t s  a r e  presented f o r  capac i ty  f a c t o r s  of 0.40 and 0.65, where 
t h e  capac i ty  f a c t o r  i s  def ined  a s  t h e  a c t u a l  annual energy de l ive red  over  
t h e  energy t h a t  t h e  p l an t  would d e l i v e r  i f  i t  opera ted ldur ing  t h e  e n t i r e  
year  a t  r a t e d  power. 
.... 

Table 2-7. Nominal Energy Costs  f o r  Cen t r a l  Receiver Systems 

System 
Ident  . 

HR 

HS 1 BAT 

HS/LM 

HB/(S/G) 

HB/V 

HB /BAT 

H(B/R) / (S/G) 

H(B/R) /CII 

Brief  Descr ip t ion  

Heliostat-Rankine . (l lO°F) 
Base l ine  

~ e l i o s t a t - S f  i r , l fng /  (1800°F He) 
Ba t t e ry  

H e l i o s t a t - S t i r l i n g /  (1500°F) 
Liq.  Metal 

Hel iostat-Brayton (2000°F He) 
(Closed)/MgO Bricks 

Heliostat-Brayton (1500°F) 
(Op'en) Liq.  Metal 

Hel iostat-Brayton (2000°F He) 
(Closed) /Bat te ry  

Heliostat-Combined (2000°F He) 
cycle/MgO Bricks 

~e l ioa t a t - combined  (1800°F Na) 
Cycle/Chem-AHS 

Energy c o s t  ,-I 
mills/kW-hr 

CF=O. 40 

102 

9 0  

7  4  

106 

7  9 

95 

104 

85 

CFs.0.65 

122 

9 9 

7 9 

109 

85 

104 

107 

9 3 



Table 2-8. Nominal Energy Costs for Distributed Systems 

.- . 

System 
Ident. 

PR 

PS-1 

PS-2 

PS/LM 

PB 

PB /LM 

PB/SUB 

PB/SUB/MD 

PS /MD 

PB IMD-1 

PB/MD-2 

P(B/K) /ML) 

P (B/R) /MD/CH 

FR/DIS 

FR/CEN 

Brief Description 

Parabolic Dish- (1100°F) 
~ankine/Bat tery 

Parabolic Dish- ( 1 5 0 0 ~ ~  He) 
Stirling/Rattery 

Parabolic Dish- (1800° F He) 
Stirling/Battery 

Parabolic Dish- (1500°F Na) 
StirlinglBattery 

Parabolic Dish- (2000°F He) 
Brayton (Closed) / 
Battery 

Parabolic Dish- (1500°F Na) 
Brayton (Open/ 
Battery 

Parabolic Dish- (2000°F He) 
Brayton (Sub) / 
Battery 

Multi-Dish-Brayton (2000°F He) 
(Sub) /MGO Bricks 

tulti-~ish-Stirling/ (1500°F Na) 
Liquid Metal 

Multi-Dish-Brayton (1500°F Na) 
(Closed) /~iquid Metal 

Multi-Dish-Rrayton (1800°F Na) 
(Closed)/Liquid Metal 

Multi-Dish-Combined (1800°F Na) 
CyclelLiquid Mceal 

Multi-Dish-Combined (1800°F Na) 
Cycle/Chem-AHS 

Fresnel-Rankine/ (1100°F) 
Battery 

Fresnel-Rankinel (1100°F) 
Central Engine 

Energy 
mills/k~-hr 

CF=O. 40 

9 2 

6 8 

6 3 

6 7 

7 5 

85 

7 5 

9 7 

63 

7 0 

68 

6 7 

7 8 

90 

102 

Cost, 

CF=O. 65 

9 5 

7 0 

65 

69 

7 7 

87 

7 7 

101 

6 8 

7 6 

7 4 

73 

8 6 

9 2 

120 



From Table  2-7,  t h e  f o l l o w i n g  t h r e e  c a n d i d a t e s  a r e  s e l e c t e d  
a s  be ing  t h e  most promising i n  terms of nominal energy c o s t s .  

Reduct ion i n  Energy Cost*,  % 

S e l e c t e d  Systems C F = 0 . 4 0  C F = 0 . 6 5  

H e l i o s t a t - S t i r l i n g  w i t h  L iqu id  Metal  
" T r a n s p o r t  and S t o r a g e  (HS/LM) 

Hel ios ta t -Bray ton  (open c y c l e )  w i t h  L iqu id  2  3 3 0  
Metal  T r a n s p o r t  and S t o r a g e  (HB/LM) 

Heliostat-Combined Cycle  w i t h  L iqu id  Me'tal 17 
T r a n s p o r t  and Chemical AHS S t o r a g e  (H(B/R)/CH) 

* 
Referenced t o  He l ios ta t -Rankine  B a s e l i n e  sys tem (HR) 

The H e l i o s t a t - S t i r l i n g  sys tem shows t h e  l a r g e s t  r e d u c t i o n  i n  
energy c o s t  p r i m a r i l y  because  t h e  S t i r l i n g  e n g i n e  h a s  t h e  h i g h e s t  p ro-  
j e c t e d  e f f i c i e n c i e s  (Table  2-3). The Hel ios ta t -Bray ton  a c h i e v e s ' a  
s l i g h t l y  l e s s e r  r e d u c t i o n  s i n c e  t h e  Brayton e n g i n e  i s  p r o j e c t e d  t o  have 
lower e f f i c i e n c i e s  t h a n  t h e  S t i r l i n g .  The combined c y c l e  (Brayton/  
Rankine) w i t h  chemical  s t o r a g e  i s  s e l e c t e d  because  i t  embraces add i -  
t i o n a l  technology o p t i o n s  w h i l e  a l s o  p r o v i d i n g  s i g n i f i c a n t  energy  c o s t  
r e d u c t i o n s .  

I f  t h e  combined c y c l e  were  employed w i t h  l i q u i d  m e t a l  t r a n s -  
p o r t  and s t o r a g e ,  r e d u c t i o n s  comparable t o  t h e  H e l i o s t a t - B r a y t o n  would 
b e ' a c h i e v e d .  The e f f i c i e n c y  o f  t h e  combined c y c l e  i s  h i g h e r ,  b u t  i t s  
c o s t  i s  a l s o  s l i g h t l y  g r e a t e r .  When used w i t h  chemica l  AHS s t o r a g e ,  
t h e  < 1 0 0 0 ° ~  h e a t  from s t o r a g e  i s  f e d  t o  t h e  bot toming Rankine c y c l e .  
The t empera tu re  d rop  and a s s o c i a t e d  reduced c o n v e r s i o n  e f f i c i e n c y  of 
s to rage-der ived  h e a t . , a c c o u n t s  f o r  t h e  lesser energy  r e d u c t i o n  o f  
chemical  s t o r a g e  sys tems.  

As d i s c u s s e d  p r e v i o u s l y ,  t h e  a v a i l a b l e  d a t a  b a s e  g i v e s  h i g h  
c o s t s . f o r  MgO b r i c k  s t o r a g e .  Add ' i t iona l ly ,  t h e  g a s  t r a n s p o r t  (Table  2-41 
r e q u i r e d  f o r  t h i s  s t o r a g e  concept  i s  a s s o c i a t e d  w i t h  lower  e f f i c i e n c i e s .  
T h i s  e x p l a i n s  t h e  h i g h  energy  c o s t s  f o r  sys tems employing MgO b r i c k s .  

H e l i o s t a t - S t i r l i n g  and Brayton sys tems  employing tower- 
mounted e n g i n e s  and ground-based b a t t e r y  s t o r a g e  a l s o  y i e l d  s i g n i f i -  
c a n t  c o s t  r e d u c t i o n s  o v e r  t h e  b a s e l i n e .  However, t h e  r e d u c t i o n s  a r e  
n o t  as l a r g e  a s  f o r  l i q u i d  m e t a l  sys tems.  The p r imary  r e a s o n s  a r e  (1 )  
a  h i g h e r  p r o j e c t e d  s t o r a g e  e f f i c i e n c y  f o r  l i q u i d  m e t a l  sys tems  and (2)  
a d d i t i o n a l  c o s t s  f o r  a l a r g e r  e n g i n e  and a s s o c i a t e d  power g e n e r a t i o n  
equipment. S i n c e  i t  was assumed t h a t  t h e r e  was no  thermal,  s t o r a g e  
between t h e  r e c e i v e r  and e n g i n e j  t h e  engine was s i z e d  t o  , a c c e p t  h e a t  
rates cor responding  t o  peak i n s o l a t i o n  l e v e l s .  The i n c o r p o r a t i o n  of a 
s m a l l  amount o f  b u f f e r  s t o r a g e  (%1 h r )  would p robab ly  r e s u l t  i n  a  more 
o p t i m a l  system. T h i s  f u r t h e r  d e t a i l e d  o p t i m i z a t i o n  i s  l e f t  as t h e  sub- 
j e c t  f o r  f u t u r e  s t u d i e s .  



For t h e  d i s t r i b u t e d  systems of Table 2-8, S t i r l i n g  engine 
arrangements gene ra l ly  provide t h e  l a r g e s t  energy reduct ions  due t o  
t h e i r  higher  es t imated  e f f i c i e n c i e s .  However, o the r  technologies  a r e  
a l s o  promising wi th  regard t o  p o t e n t i a l l y  achiev ing  s u b s t a n t i a l  energy 
c o s t  reduct ions  over  t h e  b a s e l i n e  Heliostat-Rankine system of Table 2-7. 
Therefor,e,  a s e t  of candida te  systems was s e l e c t e d  t o  cover a range of 
technology op t ions .  These systems a r e  descr ibed  below: 

Reduction i n  Energy Cost*, % 

Selec ted  Systems CF = 0.40 C F =  0.65 

Pa rabo l i c  D i sh -S t i r l i ng  wi th  Redox B a t t e r i e s  3 8 4 7 
and 180U°F He Receiver (PS-2) 

Pa rabo l i c  Dish-Brayton (c losed)  wi th  Redox 2 6 3 7 
B a t t e r i e s  and 20000F He Receiver (PB) 

Mult i -Dish-St ir l ing wi th  1500°F Liquid Metal 38 
Transport  and Storage  (PS/MD) 

Multi-Dish-Combined Cycle with 1800°F Liquid 34 40 
Metal Transport  and Storage  (P(B/R)/MD) 

Fresnel-Rankine wi th  Redox B a t t e r i e s  and 1 1 0 0 ° ~  12  25 - 
Steam Receiver (FR/DIS) 

* Referenced t o  Heliostat-Rankine Base l ine  system (HR) 

The pa rabo l i c  d i s h - S t i r l i n g  (PS-2) w i th  an  1800°F r e c e i v e r  
and foca l -poin t  mounted engine provides t h e  l a r g e s t  reduct ion  i n  energy 
c o s t s .  A s i m i l a r  system (PS-1) ope ra t ing  a t  1500°F a l s o  achieves  sub- 
s t a n t i a l  bu t  s l i g h t l y  lower reduct ions  of 33% and 43% f o r  capac i ty  f a c t o r s  
of 0.40 and 0.65, r e s p e c t i v e l y .  

The pa rabo l i c  d i s h - S t i r l i n g  w i t h  l i q u i d  meta l  r e c e i v e r  (PSILM) 
ope ra t ing  a t  1500°F achieves  performance s l i g h t l y  h ighe r  than (PS-I), 
b u t  lower than PS-2. A l l  t h r e e  systems e x h i b i t  h igh  p o t e n t i a l  and PS-2 
was s e l e c t e d  as be ing  r e p r e s e n t a t i v e .  . It is ind ica t ed  t h a t  achievement 
of 1 8 0 0 " ~  is d e s i r a b l e ,  b u t  t h a t  a 1500°F system w i l l  provide most of t h e  
p o t e n t i a l  b e n e f i t s .  

The pa rabo l i c  dish-Brayton (PB) wi th  small 20 kWe foca l -poin t  
mounted engine provides  s u b s t a n t i a l  reduct ions ;  These , reduct ions a r e  
s i g n i f i c a n t l y  lower than  t h e  S t i r l i n g  system because t h e  c y c l e  e f f i c i e n c y  
of small Braytons is lower than t h e  S t i r l i n g .  A s  d i scussed  previous ly ,  
Brayton engine e f f i c i e n c y  drops as s i z e  decreases;whereas S t i r l i n g  engines 
main ta in  n e a r l y  cons t an t  e f f i c i e n c y  wi th  v a r i a t i o n s  i n  s i z e .  A h ighe r  
ope ra t ing  temperature of 2000°F was used t o  p a r t i a l l y  o f f s e t  t h e  drop i n  
engine e f f i c i e n c y .  However, o v e r a l l  system e f f i c i e n c y  ga ins  f o r  opera- 
t i o n  a t  2000°F a r e  s m a l l  due t o  h igher  r e c e i v e r  h e a t  l o s s  ( s ee  Figuae 2-2). 



The p a r a b o l i c  d ish-Brayton (subatmospher ic  c y c l e )  i d e n t i f i e d  
a s  PB/SUB on Tab le  2-8 a c h i e v e s  e s s e n t i a l l y  t h e  same r e d u c t i o n  as t h e  
s e l e c t e d  c a n d i d a t e  c losed-cyc le  Brayton system (PB). T h i s  f o l l o w s  
because  t h e  e f f i c i e n c y  p o t e n t i a l  of t h e  subatmospher ic  c y c l e  i s  assumed 
t o  b e  t h e  same a s  t h e  c l o s e d - c y c l e  w h i l e  c o s t s  a r e  o n l y  s l i g h t l y  h i g h e r .  
The s 'ubatmospheric c y c l e  i s  p a r t i c u l a r l y  compat ib le  w i t h  ven ted  
(a tmospher ic  p r e s s u r e )  c a v i t y  r e c e i v e r s  and o f f e r s  an  a d d i t i o n a l  sys tem 
o p t i o n  i f  a t t r a c t i v e  ven ted  c a v i t y  r e c e i v e r s  a r e  developed.  

The s e l e c t e d  c a n d i d a t e  m u l t i - d i s h  S t i r l i n g  w i t h  l i q u i d  m e t a l  
t r a n s p o r t  and s t o r a g e  a t t a i n s  n e a r l y  t h e  same energy  c o s t  r e d u c t i o n  a s  
t h e  p a r a b o l i c  d i s h - S t i r l i n g  w i t h  s m a l l  f o c a l  p o i n t  mounted eng ine  
(PS-2) and b a t t e r y  s t o r a g e .  The pr imary r e a s o n  is  t h a t  l i q u i d  metal 
s t o r a g e  is  p r o j e c t e d  t o  b e  more e f f i c i e n t  and c o s t - e f f e c t i v e  as compared 
t o  b a t t e r y  s t o r a g e ,  p a r t i c u l a r l y  f o r  sys tems u s i n g  S t i r l i n g  e n g i n e s  
which e f f i c i e n t l y  c o n v e r t  s t o r e d  h e a t  t o  e l e c t r i c i t y .  Note t h a t  i n  
T a b l e  2-5, s t o r a g e  c o s t s  were normal ized t o  d e l i v e r e d  power by u s i n g  a 
nominal c o n v e r s i o n  e f f i c i e n c y  of 33%. For  S t i r l i n g  e n g i n e s  a t  1500°F, 
o v e r a l l  convers ion  e f f i c i e n c i e s  are % 4 0 %  and t h i s  would r e s u l t  i n  u n i t  
s t o r a g e  c o s t s  t h a t  are a b o u t  20% lowbr t h a n  shown i n  T a b l e  2-5, i. e . ,  
l i q u i d  metal s t o r a g e  c o s t s  a r e  below redox b a t t e r y  c o s t s .  

The m u l t i - d i s h  arrangement  employs seven d i s h e s  l i n k e d  t o  a 
140 kW engine .  It  is  s i g n i f i c a n t  t h a t  t h i s  c l u s t e r e d  arrangement  can 
p o t e n t i a l l y  a c h i e v e  c o s t  r e d u c t i o n s  comparable t o  t h e  s i n g l e  d i s h  w i t h  
20 kWe e n g i n e  because  S t i r l i n g  e n g i n e s  b e i n g  developed f o r  au tomot ive  
a p p l i c a t i o n s  can b e  used i n  t h e  m u l t i - d i s h  arrangement .  

The m u l t i - d i s h  combined c y c l e  ( B r a y t o d R a n k i n e )  a l s o  a c h i e v e s  
s i z e a b l e  r e d u c t i o n s  t h a t  a r e  s l i g h t l y  less t h a n  t h e  m u l t i - d i s h  S t i r l i n g .  
For  t h i s  sys tem and t h e  he l ios ta t -combined  c y c l e  sys tem,  H(B/R)/CH, 
1800°F l i q u i d  m e t a l  (sodium) t r a n s p o r t  was employed. L iqu id  meta l  
t r a n s p o r t  a t  t e m p e r a t u r e s  <1500°F i s  c o n s i d e r e d  t o  b e  w i t h i n  p r e s e n t l y  
a c h i e v a b l e  technology whereas h i g h e r  t empera tu res  such as 1800°F w i l l  
r e q u i r e  t echnology  development t o  a t t a i n  r e l i a b l e  sys tems .  

The Fresnel-Rankine w i t h  s m a l l  h e a t  e n g i n e s  mounted a t  t h e  
' f o c a l  p o i n t  (FRIDIS) was s e l e c t e d  i n  o r d e r  t o  i n c l u d e  t h e  o p t i o n a l  
t e c h n o l o g i e s  o f  t h e  F r e s n e l  l e n s  and advanced s m a l l  s team e n g i n e s .  
Energy :cos t  r e d u c t i o n s  a r e  c o n s i d e r a b l y  l e s s  t h a n  h i g h  t e m p e r a t u r e  
Brayton and S t i r l i n g  o p t i o n s  due t o  lower convers ion  e f f i c i e n c i e s  
a s s o c i a t e d  w i t h  lower t empera tu re  o p e r a t i o n .  As n o t e d  p r e v i o u s l y ,  

' advanced technology p o s s i b i l i t i e s  of t h e  F r e s n e l  lens have n o t  been 
i n v e s t i g a t e d .  F u r t h e r  s t u d y  i s  needed t o  d e t e r m i n e  how much a d d i t i o n a l  
iuiprovement can  be  ach ieved .  

R e f e r r i n g  t o  T a b l e s  2-7 and 2-8 and t h e  s e l e c t e d  c a n d i d a t e  
sys tems ,  i t  i s  s e e n  t h a t  b o t h  advanced c e n t r a l  r e c e i v e r  and d i s t r i -  
b u t e d  sys tems can p o t e n t i a l l y  a c h i e v e  l a r g e  energy c o s t  t e d u c t i o n s  
r e l a t i v e  t o  t h e  b a s e l i n e  He l ios ta t -Rankine  sys tem.  For  t h e  nominal 
e s t i m a t e s ,  t h e  d i s t r i b u t e d  systems a c h i e v e  s l i g h t l y  g r e a t e r  r e d u c t i o n s .  
G e n e r a l l y ,  two-axis t r a c k i n g  h e l i o s t a t s  a r e  less c o s t l y  t h a n  distributed 



d i s h  concen t r a to r s ,  b u t  t h e  geometr ical  arrangement of a  f i x e d  tower- 
mounted r e c e i v e r  r e s u l t s  i n  o p t i c a l  l o s s e s  a s soc i a t ed  wi th  t h e  so-ca l led  
c o s i n e  e f f e c t  and blocking and shadowing thak a r e  n o t  encountered i n  
d i s t r i bu te .d  concent ra tor  systems (Ref. 32).  These l o s s e s  of about %25% 
o f f s e t  the  lower c o s t  f o r  t h e  h e l i o s t a t  mi r ro r  c o l l e c t i o n  system 
r e l a t i v e  t o  d i s t r i b u t e d  systems. 

Thus, t o  a  f i r s t  o rde r  t h e  c e n t r a l  r e c e i v e r  and d i s t r i b u t e d  
systems a r e  comparable i n  terms of  p o t e n t i a l  f o r  providing 'advanced 
systems t h a t  can approach system c o s t  t a r g e t s .  U n c e r t a i n t i e s  i n  t h e  
p ro j ec t ed  d a t a  base a r e  such t h a t  i t  i s  impossible  t o  c a t e g o r i c a l l y .  
choose e i t h e r  of t h e  two b a s i c  approaches a s  being c l e a r l y  advantageous 
i n  terms of s t r i r . t l  y techno-economic cons ide ra t ions .  

To i 11 i.lstrate t h e  gaino dcr ived  frolil advar1,ced ceclinology , 
minimum c o s t  contours  f o r  t h e  b a s e l i n e  Heliostat-Rankine and t h e  pa rabo l i c  
d i s h - S t i r l i n g  a r e  shown on Figure  2-10. These cnntniirs or envolopa curvcs 
were der ived  v i a  t h e  computer op t imiza t ion  procedure depic ted  i n  F igure  
2-9. It is seen t h a t  t h e  i d e n t i f i e d  advanced conf igu ra t ions  a r e  approach- 
i n g  system t a r g e t s .  It i s  f e l t  t h a t  f u r t h e r  d e t a i l e d  t rade-off  and. 
op t imiza t ion  s t u d i e s  based on t h e s e  systems w i l l  r e s u l t  i n  achievement of 
t a r g e t  va lues .  

For  screening  purposes,  downtime ( inc lud ing  scheduled and 
unscheduled maintenance) was taken t o  b e  %14%, corresponding t o  a  maxi- 
mum capac i ty  f a c t o r  of 0.86 a s  shown on Figure  2-10. Along t h e  minimum 
c o s t  contour ,  bo th  t h e  capac i ty  f a c t o r  and c o l l e c t o r  f i e l d  a r e a  inc rease  
a s  t h e  load f a c t o r  i nc reases .  The contour  curves a r e  r e l a t i v e l y  f l a t  

' u n t i l  they approach t h e  maximum load f a c t o r  l i m i t .  A t  t h i s  po in t ,  very 
l a r g e  a r e a s  and s t o r a g e s  a r e  requi red  and energy,  c o s t s  r i s e  s t e e p l y .  
Hence, t he  primary ope ra t ing  capac i ty  f a c t o r  range f o r  s o l a r  p l a n t s  i s  
considered t o  be  between 0.40 and 0.75. 

The phys i ca l  reason f o r  t h e  shapp inc rease  i n  t h e  contour  
curve a t  high 2oad f a c t o r s  i s  based on weather-related c h a r a c t e r i s t i c s .  
When long per iods  of inclement weather (e .g . ,  s e v e r a l  days) a r e  en- 
countered,  t h e  s o l a r  p l a n t  cannot d e l i v e r  energy dur ing  t h i s  per iod  
u n l e s s  days of s t o r a g e  and a  c o l l e c t o r  f i e l d  s i z e  l a r g e  enough t o  f i l l  
t h i s  s t o r a g e  whi le  d e l i v e r i n g  r a t e d  power a r e  provided. I f  t h i s  were 
done, ' t h e  c o l l e c t o r  f i e l d  and s t o r a g e  system would be  under -u t i l i zed  
dur ing  most of t h e  ope ra t ing  time of t h e  p l a n t .  To approach t h e  
maximum capac i ty  f a c t o r ,  i t  i s  necessary  t o  d e l i v e r  energy dur ing  I.ong 
per iods  of inclement weather.  

For both t h e  b a s e l i n e  and advanced pa rabo l i c  d i s h - S t i r l i n g ,  
t h e  minimum energy c o s t  contours  i n c r e a s e  monotonically wi th  capac i ty  
f a c t o r .  The Heliostat-Kankine inc reases  more r a p i d l y .  This  more r ap id  
i n c r e a s e  i s  a t t r i b u t e d  t o  s t o r a g e  system c h a r a c t e r i s t i c s .  The o i l l r o c k  
s e n s i b l e  thermal s t o r a g e  of t h e  b a s e l i n e  system accep t s  h e a t  a t  %lOOO°F , 
b u t  i s  only a b l e  t o  d e l i v e r  h e a t  a t  500-600°F. This  r e s u l t s  i n  -low I 

i system e f f i c i e n c i e s  when ope ra t ing  from s to rage .  A s  c apac i ty  f a c t o r s  I 
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i n c r e a s e ,  more ope ra t ion  from s t o r a g e  i s  requi red  and t h i s  r e s u l t s  i n  a 
more r a p i d l y  r i s i n g  minimum c o s t  contour  curve.  Advanced thermal 
s t o r a g e  sys tems.such  as l iqu id ;  meta ls  and thermocline concepts  tend t o  
have much sma l l e r  temperature drops through . s to rage  and consequently 
have f l a t t e r  contour  curves .  



SECTION 111 

EVALUATION OF SELECTED GVANCED POWER SYSTEMS 

I n  t h e  p reced ing  s e c t i o n ,  promising c a n d i d a t e  sys tems and a s s o -  
c i a t e d  advanced t e c h n o l o g i e s  were  i d e n t i f i e d  v i a  a s c r e e n i n g  p rocedure .  
T h i s  s e c t i o n  is  concerned w i t h  t h e  e v a l u a t i o n  of t h e  s e l e c t e d  -advanced 
systems.  The r i s k l d e c i s i o n  a n a l y s i s  methodology p r e d i c a t e d  on u s e  o f  
p r o b a b i l i s t i c  t e c h n i q u e s  t o  e v a l u a t e  advanced  power systems'  i s  f i r s t  
d e s c r i b e d .  Then, t h e  b e n e f i t s  d e r i v e d  from t h e  s e l e c t e d  advanced t ech-  
nology c a n d i d a t e s  a r e  determined w i t h  d a t a  b a s e  p r o j e c t i o n  u n c e r t a i n t i e s  
t r e a t e d  i n  a p r o b a b i l i s t i c  manner. F i n a l l y ,  c a n d i d a t e  sys tems  a r e  
ranked i n  t e rms  o f  (1) p o t e n t i a l  b e n e f i t s  and ( 2 )  r i s k l d e c i s i o n  c r i t e r i a  
where b e n e f i t s  a r e  weighed a g a i n s t  f a c t o r s  such a s  developmental  r i s k ,  
p r o b a b i l i t y  o f  s u c c e s s ,  r e l i a b i l i t y ,  e t c .  

A.  RISK/DECISION ANALYSIS METHODOLOGY 

The methodology employed h e r e i n  i s  b a s i c a l l y  an a d a p t a t i o n  o f  
w e l l - e s t a b l i s h e d  r i s k l d e c i s i o n  a n a l y s i s  methods used i n  managing 
i n d u s t r i a l / c o m m e r c i a l  e n t e r p r i s e s .  S i n c e  p r o j e c t i o n s  o f  advanced 
system techno-economics i n v o l v e  l a r g e  u n c e r t a i n t i e s ,  a method s p e c i f i -  
c a l l y  t a i l o r e d  t o  decision-making i n  a n  environment of l a r g e  u n c e r t a i n -  
t i e s  w a s  adopted f o r  t h e  p r e s e n t  s t u d y .  . T h i s  method i s  c h a r a c t e r i z e d  
by t h e  u s e  of s imple  p r o b a b i l i s t i c  t e c h n i q u e s  s i n c e  more e l a b o r a t e  
p rocedures  cannot  b e  mean ingfu l ly  implemented when u n c e r t a i n t i e s  a r e  
l a r g e '  and p r o b a b i l i s t i c  d i s t r i b u t i o n s  can  o n l y  be  roughly  e s t i m a t e d .  

1. Bas ic  Premise  

I n  decision-making t h e  t h r e e  b a s i c  f a c t o r s  of b e n e f i t ,  c o s t ,  and 
r i s k  must be  weighed. For t h e  e v a l u a t i o n  of advanced systems,  t h e  
b e n e f i t  is  t h e  p r o j e c t e d  c o s t  s a v i n g s  o v e r  t h e  b a s e l i n e  system. The 
c o s t  i s  t h e  advanced technology inves tment  r e q u i r e d  t o  b r i n g  t h e  
adval?cecl SysLeiii to  the p o i n t  of comrnereial r e a d i n e s s  i n  t h c  
implementa t ion  time-frame. Risk  is  p r i m a r i l y  governed by an  assessment  
of p r o b a b i l i t y  of s u c c e s s  i n  t e r n s  of t h e  t y p e  and d e g r e e  of technology 
devel.opment r e q u i r e d .  

The fundamental  r e l a t i o n s h i p  t h a t  must b e  s a t i s f i e d  b e f o r e  under- 
t a k i n g  a v e n t u r e  i s  a s  fo l lows :  

( P r o b a b i l i t y  of Success)  X (Annual Sav ings )  2 Equiva len t  Uniform 
Annual Coct 

T h i s  s imply s t a t e s  t h a t  a n e t  g a i n  i s  expec ted  a s  a r e s u l t  of c o s t  
e x p e n d i t u r e s  ( i . e . ,  advanced technology i n v e s t m e n t ) .  M u l t i p l i c a t i o n  
of t h e  p r o j e c t e d  annua l  s a v i n g s  by t h e  p r o b a b i l i t y  of s u c c e s s  i n t r o -  
duces  t h e  e lement  of r i s k .  For example, c o n s i d e r  two advanced tech-  
nology p r n j e c t s  r e q u i r i n g  t h e  same inves tment  where one h a s  a modest 
p r o j e c t e d  a n n u a l  s a v i n g s  and t h e  o t h e r  h a s  l a r g e  p r o j e c t e d  s a v i n g s .  The 
p r o j e c t  w i t h  l a r g e r  p o t e n t i a l  g a i n s  is  n o t  n e c e s s a r i l y  t h e  b e s t  c h o i c e .  



I f  t h e  h igh  g a i n  approach h a s  a low p r o b a b i l i t y  of s u c c e s s ,  i t  may be  
less d e s i r a b l e  t h a n  t h e  p r o j e c t  w i t h  a modest p r o j e c t e d  g a i n .  

2 .  P r o b a b i l i s t i c  Techniques 

A key e lement  i n  t h e  methodology i s  t h e  p r o j e c t i o n  o f  a n n u a l  
s a v i n g s .  These s a v i n g s  a r e  t h e  energy  c o s t  s a v i n g s  o f  t h e  advanced 
sys tem as compared t o  t h e  b a s e l i n e  sys tem t imes  t h e  a n n u a l  energy 
d e l i v e r e d  by t h e  advanced power p l a n t s .  The a n n u a l  energy  is  de te rmined  
by t h e  p e n e t r a t i o n  o f  t h e  advanced s o l a r  sys tem i n t o  t h e  power network 
and t h i s  i n  t u r n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  energy  c o s t  of t h e s e  
s o l a r  sys tems  v i s -a -v i s  o t h e r  a l t e r n a t i v e s .  

Energy c o s t s  depend on p r o j e c t i o n s  of b o t h  performance and 
economics o f  advanced systems.  These p r o , j e c t i o n s  i n v o l v e  l a r g e  uncer- 
t a i n t i e s  which were  t r e a t e d  v i a  t h e  range  approach i n  p r e v i o u s  s t u d i e s  
( R e f s . 2 . a n d . 3 5 )  where u n c e r t a i n t i e s  were t r e a t e d  a s  bounds on a range  
of v a l u e s .  A nominal v a l u e  cor responding  t o  a  most l i k e l y  e s t i m a t e  
w i t h i n  t h e  r a n g e  was s e l e c t e d .  Nominal v a l u e s  f o r  a l l  d a t a  b a s e  para-  
m e t e r s  were used t o  de te rmine  nominal sys tem energy c o s t s . .  Highes t  
e f f i c T e n c i e s  and lowes t  c o s t s  were  combined t o  de te rmine  lower bound 
energy c o s t s  w h i l e  l o w e s t  e f f i c i e n c i e s  and h i g h e s t  c o s t s  y i e l d e d  upper 
bound energy c o s t s  .' 

An improved approach a s  used i n  t h e  p r e s e n t  s t u d y  .is t o  a s s o c i a t e  
t h e  u n c e r t a i n t y  r a n g e  w i t h  p r o b a b i l i t i e s  (Ref.  36) .  T h i s  p r o b a b i l i s t i c  
measure  of e n e r g y  c o s t  u n c e r t a i n t i e s  can t h e n  b e  r e l a t e d  t o , t h e  pro- 
b a b i l i t y  of s u c c e s s .  I n  t h i s  way, t h e  r i s k l d e c i s i o n  a n a l y s i s  methodo- 
l o g y  can  be  implemented. 

A f o u r - s t e p  p rocedure  i s  used t o  r e l a t e  u n c e r t a i n t y  r a n g e s  w i t h  
p r o b a b i l i t i e s .  According t o  t h i s  p rocedure ,  i t  i s  n e c e s s a r y  t o  

1 )  Express  c o s t s ,  sys tem e f f i c i e n c i e s ,  and o t h e r  r e l e v a n t  
performance paramete rs  i n  terms of  t h r e e  p o i n t  e s t i m a t e s  
( low, most l i k e l y ,  and h i g h ) .  

2) G e n e r a t e  random v a l u e  d i s t r i b u t i o n s  based on. t h e  t h r e e  
p o i n t  e s t i m a t e s .  

3) Conduct performance and economic s i m u l a t i o n s  of s o l a r  
t h e r m a l  power p l a n t s  u s i n g  p r o b a b i l i s t i c  d i s t r i b u t i o n s  
f o r  cnr.h pnramp.fer .  

4 )  Genera te  p r o b a b i l i s t i c  d i s t r i b u t i o n s  f o r  b o t h  c a p a c i t y  
f a c t o r  and energy c o s t s ,  where c a p a c i t y  f a c t o r  i s  a  
measure of t h e  energy d e l i v e r e d  and i s  t h e r e f o r e  
r e f l e c t i v e  of o v e r a l l  sys tem performance.  

Where l a r g e  u n c e r t a i n t i e s  e x i s t ,  e x p e r i e n c e  h a s  shown t h a t  i n  

F,. 
making e s t i m a t e s ,  most peop le  a c h i e v e  t h e i r  b e s t  e f f e c t i v e n e s s  when 
e s t i m a t i n g  10% high-low bounds and a  most l i k e l y  v a l u e  (Ref.  3 7 ) .  T h i s  
i s  t h e  b a s i s  of t h e  t h r e e - p o i n t  e s t i m a t e  method i l l u s t r a t e d  on F i g u r e  3-1 



LOW + 2 (MOST LI KELY 1 + H I  GH 

TANDARD DEVIATION = 2.65 

NOTE : THREE POINT ESTIMATES UTILIZED FOR OBTAINING PROBABILISTIC 
(RANDOM) DISTRIBUTIONS 

F i g u r e  3-1. Three-Point  E s t i m a t e s  . 
For t h e  low e s t i m a t e ,  t h e r e  is  a 10% chance t h a t  t h e  v a l u e  could  b e  
lower .  F o r ' t h e  h i g h ,  t h e r e  i s  10% chance t h a t  t h e  v a l u e  could  b e  h i g h e r .  
The most l i k e l y  v a l u e  o c c u r s  wj . th in  t h e  r a n g e  bounded by t h e  h i g h  and 
low estimates and r e f l e c t s  t h e  e s t i m a t o r ' s  b e s t  judgement. 

' Based on t h r e e - p o i n t  e s t i m a t e s  o f  low, h i g h ,  and most l i k e l y  
v a l u e s ,  t h e  mean and s t a n d a r d  d e v i a t i o n  a r e  computed ( s e e  F i g u r e  3-1 ) .  
These v a l u e s  a r e  t h e n  used i n  d e t e r m i n i n g  p r o b a b i l i s t i c  d i s t r i b u t i o n s .  
A d i g i t a l  computer t e c h n i q u e  employing Monte Car lo  methods was s e l e c t e d  
as a r n n v e n i e n t  way of g e n e r a t i n g  random d i s t r i b u t i o n s .  

The random d i s t r i b u t i o n  f o r  c o s t s ,  e f f i c i e n c i e s  and performance 
paramete rs  s e r v e  a s  i n p u t s  t o  power sys tem s i m u l a t i o n s .  The s i m u l a t i o n  
methodology is  d e p i c t e d  i n  F i g u r e  3-2. The power p l a n t  i s  comprised of 
subsystems t h a t  a r e  c h a r a c t e r i z e d  i n  t e rms  of techno-economic paramete rs  
f o r  which t h r e e  p o i n t  e s t i m a t e s  and p r o b a b i l i s t i c  d i s t r i b u t i o n s  a r e  
g e n e r a t e d .  

Sets n f  randomly s e l e c t e d  v a l u e s  a r e  s e q u e n t i a l l y  used a s  i n p u t s  
t o  t h e  power p l a n t  s i m u l a t i o n  program d e s c r i b e d  p r e v i o u s l y .  'Correspond- 
i n g  v a l u e s  of c a p a c i t y  f a c t o r  and energy  c o s t s  a r e  p l o t t e d  as a f u n c t i o n  
of f requency  of occur rence .  T h i s  p l o t  i s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
which r e f l e c t s  t h e  e f f e c t  of t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  a l l  t h e  
i n p u t  pa ramete rs .  S i n c e  a l a r g e  number o f  random sets o r  t r i a l s  are 
n e c e s s a r y  t o  g e n e r a t e  a  d i s t r i b u t i o n  c u r v e ,  a n  approximate  t e c h n i q u e  f o r  
bypass ing  t h e  l e n g t h y  hour-by-hour s i m u l a t i o n  was developed ( R e f .  3 6 ) .  
The dashed l i n e  on F i g u r e  3-2 cor responds  t o  t h i s  computa t iona l  s h o r t c u t .  
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F i g u r e  3-2. P r o b a b i l i s t i c  Si.mul,at i n n  Methodology 

Cumulative p r o b a b i l i t i e s  a r e . d e t e r m i n e d  ( i n t e g r a t i o n  of f requency  
of o c c u r r e n c e  c u r v e s ) ,  a f t e r  energy c o s t  d i s t r i b u t i o n  c u r v e s  a r e  
o b t a i n e d  v i a  t h e  p r o c e d u r e s  d e s c r i b e d  above.  These cumula t ive  v a l u e s  
a s s o c i a t e  t h e  energy c o s t  r ange  w i t h  p r o b a b i l i t i e s ,  i . e . ,  each energy 
c o s t  v a l u e  i s  a s s o c i a t e d  w i t h  a un ique  p r o b a b i l i t y  v a l u e .  Low energy 
c o s t s  a r e  a s s o c i a t e d  w i t h  low p r o b a b i l i t i e s  w h i l e  h i g h  v a l u e s  have h i g h  
p r o b a b i l i t i e s .  

Re turn ing  t o  t h e  fundamental  d e c i s i o n l r i s k  r e l a t i o n s h i p ,  i t  i s  s e e n  
t h a t  f o r  a p r o j e c t e d  annua l  s a v i n g s  t h e r e  i s  a breakeven p r o b a b i l i t y  o f  
s u c c e s s  where t h e  advanced technology inves tment  is  l i k e l y  t o  b e  
r e c o v e r e d ,  i . e . ,  

Equiva len t  Uniform Annual Cost  
Breakeven p r o b a b i l i t y  of s u c c e s s  = Annual Savings  

There a r e  many complex and i n t e r a c t i n g  f a c t o r s  which govern esti- 
mates o f  p r o b a b i l i t y  of s u c c e s s .  Large  advanced technology expendi-  
t u r e s  (h igh  e q u i v a l e n t  uniform annua l  c o s t s )  w i l l  g e n e r a l l y  i n c r e a s e  
p r o b a b i l i t y  o f  s u c c e s s ,  b u t  advanced technology fund ing  i s  l i m i t e d  
and a r e a l i s t i c  assessment  of o p t i o n s  shou ld  c o n s i d e r  t h i s  c o n s t r a i n t .  
Annual s a v i n g s  depends on b o t h  t h e  energy c o s t  s a v i n g s  o v e r  t h e  b a s e l i n e  
and t h e  p e n e t r a t i o n  (number o f  p l a n t s  b u i l t ) ,  b u t  t h e  p e n e t r a t i o n  depends 
on t h e  energy c o s t  s a v i n g s  as w e l l  as t h e  a b s o l u t e  v a l u e  of t h e  energy 

- c o s t  r e l a t i v e  t o  non-so la r  a l t e r n a t i v e s  i n  t h e  implementat ion time-frame. 



S i n c e  a d e t a i l e d  examinat ion of t h e s e  complex r e l a t i o n s h i p s  is  n o t  
w i t h i n  t h e  scope  of t h e  p r e s e n t  s t u d y ,  a  comparison approach based on 
f i r s t  o r d e r  c o n s i d e r a t i o n s  i s  employed. To a  f i r s t  o r d e r  t h e  dominat ing 
f a c t o r  i s  energy c o s t  s a v i n g s .  It d i r e c t l y  d e t e r m i n e s  a n n u a l  s a v i n g s '  
and i s  a  pr imary d r i v e r  w i t h  r e g a r d  t o  p e n e t r a t i o n .  By s t i p u l a t i n g  t h a t  
t h e  c a n d i d a t e  sys tems b e  compared under  t h e  c o n d i t i o n  t h a t  t h e  t a r g e t  
energy  c o s t  v a l u e  of 50 mills1kW-hr is  ach ieved ,  t h e  c o s t  s a v i n g s  and 
a s s o c i a t e d  impact  on p e n e t r a t i o n  f o r  a l l  sys tems w i l l  b e  t h e  same. 

The systems can  t h e n  b e  cos~~pared i n  t e rms  o f  (1) t h e i r  r e l a t i v e  
p r o b a b i l i t i e s  f o r  a c h i e v i n g  t h e  t a r g e t  energy c o s t  v a l u e  and (2 )  r e l a -  
t i v e  r i s k s  a s  measured by f a c t o r s  such a s  technology s t a t u s ,  m a t e r i a l s  
a v a i l a b i l i t y ,  component r e l i a b i l i t y  c h a r a c t e r i s t i c s ,  s a f e t y ,  env i ron-  
menta l  impac t s ,  and f l e x i b i l i t y  o r  m o d u l a r i t y  w i t h  r e g a r d  t o  v a r y i n g  
power p l a n t  s i z e .  

S ince  energy  c o s t s  are t h e  dominant c o n s i d e r a t i o n s ,  t h e  p r o b a b i l i -  
t y  of s u c c e s s  is  taken  t o  b e  p r o p o r t i o n a l  t o  t h e  p r o b a b i l i t y  o f  
a c h i e v i n g  t h e  energy c o s t  t a r g e t  as weighted by r e l a t i v e  r ' i sks ,  i . e . ,  
h i g h  r i s k s  reduce  p r o b a b i l i t y  of s u c c e s s  whereas low r i s k s  r e s u l t  i n  
an  i n c r e a s e .  

B .  RANKING OF ADVANCED SYSTEMS 

A p p l i c a t i o n  of p r o b a b i l i s t i c  s i m u l a t i o n  t e c h n i q u e s  t o  t h e  
advanced systems s e l e c t e d  by t h e  s c r e e n i n g  p r o c e s s  r e s u l t s  i n  energy  
c o s t  r a n g e s  f o r  each sys tem where each v a l u e  i n  t h e  r a n g e  i s  a s s o c i a t e d  
w i t h  a  p r o b a b i l i t y  ( F i g u r e  3 - 3 ) .  The p r o b a b i l i t y  d e c r e a s e s  from h i g h  t o  
low v a l u e s  i n  t h e  r a n g e  which cor responds  t o  t h e  i n c r e a s i n g  d i f f i c u l t y  
of a c h i e v i n g  low v a l u e s .  

I n  t e r m s  o f  t h e  p r o b a b i l i t y  of a c h i e v i n g  t h e  c o s t  t a r g e t ,  a l l  of  
t h e  s e l e c t e d  sys tems e x h i b i t  s u b s t a n t i a l  improvements over  t h e  H e l i o s t a t ,  
Rankine (HR) b a s e l i n e  system. For d i s t r i b u t e d  sys tems ,  t h e  p a r a b o l i c  
d i s h - S t i r l i n g  (PS-2) h a s  t h e  h i g h e s t  p r o b a b i l i t y  whereas  t h e  h e l i o s t a t -  
S t i r l i n g  w i t h  l i q u i d  m e t a l  s t o r a g e  and t r a n s p o r t  (HSILM) h a s  t h e  b e s t  
p r o b a b i l i t y  f o r  c e n t r a l  r e c e i v e r  sys tems.  

I f  t h e  c a n d i d a t e  sys tems a r e  compared s o l e l y  i n  terms of p o t e n t i a l  
f o r  c o s t  s a v i n g s ,  t h e  s y s t e m  c a n b e  ranked i n  ferms o f  t h e i r  r e l a t i v e  
p r o b a b i l i t y  of a c h i e v i n g  t h e  c o s t  t a r g e t  a s  p r e s e n t e d  on F i g u r e  3-3. 

1. System Risk  E v a l u a t i o n  

The c a n d i d a t e  sys tems were  e v a l u a t e d  i n  terms o f  r i s k .  For t h i s  
purpose ,  each system was broken down i n t o  f i v e  major p a r t s  and each p a r t  
was t h e n  r a t e d  i n  terms of s i x  w e i g h t i n g  f a c t o r s .  The p rocedure  is  
i l l u s t r a t e d  by Tab le  3-1 where t h e  b a s e l i n e  h e l i o s t a t - R a n k i n e  sys tem i s  
t r e a t e d .  

A numerical  r a t i n g  s c a l e  f o r  r i s k  was used t o  d e t e r m i n e  v a l u e s  t o  
b e  used i l i  the subsys tem.wcigh t ing  f a c t o r  m a t r i x  of Tahle  7-1. , , T h e  scale .  
ranges  from 0 t o  1 0  and t h e s e  numer ica l  v a l u e s  a r e  r e l a t e d  t o  t h e  l e v e l  
o f  r i s k  as f o l l o w s :  



Figure 3-3. Probabilistic Energy Cost 3snges 
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Table  3-1. Risk F a c t o r  f o r  He l ios ta t -Rankine  w i t h  , , 

Steam Transpor t  and Oil/Rock Thermal S to rage  (HR) 

Numerical 
Index Leve l  of Risk 

0 No Risk  - Technology and m a t e r i a l s  r e a d i l y  a v a i l a b l e ;  
proven components hav ing  h i g h  r e l i a b i l i t y  w i t h  low 
maintenance;  no s a f e t y  problems; non-po l lu t ing ;  h i g h l y  
f l e x i b l e  o r  modular d e s i g n  c h a r a c t e r i s t i c s .  

Weighting 
F a c t o r s  

Technology S t a t u s  

M a t e r i a l s  
A v a i l a b l a b i l i t y  

R e l i a b i l i t y  

S a f e t y  

Environment 

F l e x . i b i l i t y ,  
Modula r i ty  

Subsystem T o t a l s  

Moderate Risk  - Technology and materials can b e  developed 
w i t h o u t  breakthrough's;  a c c e p t a b l e  r e l i a b i l i t y  w i t h  
moderate maintenance'; a c c e p t a b l e  s a f e t y  w i t h  implementa- 
t i o n  o f  s t r a i g h t f o r w a r d  p rocedures ;  p o l l u t i o n  c o n t r o l l a b l e  
w i t h  a v a i l a b l e  and low-cost t e c h n i q u e s ;  s c a l e  e f f e c t s ,  
b u t  moderate ly  f l e x i b l e  and modular.  

High Risk - Technology and m a t e r i a l s  b reak throughs  
r e q u i r e d ;  u n r e l i a b l e  u n l e s s  d i f f i c u l t  and c o s t l y  main- 
t e n a n c e  p rocedures  are employed; p o t e n t i a l  h a z a r d s  
r e q u i r e  extreme s a f e t y  p r e c a u t i o n s ;  p o l l u t i o n  d i f f i c u l t  
t o  c o n t r o l ' - -  c o s t l y  sys tems  r e q u i r e d ;  l a r g e  s c a l e  
e f f e c t s  r e s u l t  i n  poor f l e x i b i l i t y  and m o d u l a r i t y .  

T o t a l  System R i s k  F a c t o r  = Subsystem T o t a l s  = 57 

Subsys tems 

A s  s e e n  from Table  3-1, t h e  b a s e l i n e  sys tem h a s  low r i s k .  Numerical  
v a l u e s  <5 are a s c r i b e d  t o  t h e  element's o f . ' t h e  m a t r i x .  It i s  noteworthy 
t h a t  t h e  sys tem employs e x i s t t n g  s team technology  f o r  energy convers ion  
and t i a n s p o r t  wliicll s i g n i f i c a n t l y  reduce$ r i s k .  Each advanced syscem 
c a n d i d a t e  was e v a l u a t e d  i n  a  manner similar t o  t h e  b a s e l i n e .  These 
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systems gene ra l ly  e n t a i l  g r e a t e r  r i s k ,  p a r t i c u l a r l y  w i th  regard t o  i tems 
such a s  advanced energy conversion systems, l i q u i d  metal  t r a n s p o r t  and 
s t o r a g e ,  and High temperature r e c e i v e r s .  The S t i r l i n g  engine has t h e  
h ighes t  e f f i c i e n c y  p o t e n t i a l  bu t  is t h e  l e a s t  well-developed and con- 
s e q u e n t l y , h a s  t h e  h ighes t  r i s k .  Liquid metal  systems n e c e s s i t a t e  more 
s t r i n g e n t  s a f e t y  precaut ions  and h igh  t.emperatur.e r e c e i v e r s  r e q u i r e  use  
of ceramic m a t e r i a l s  technology and design/development a c t i v i t y  t o  
achieve  r e l i a b l e  ope ra t ion  under temperature cyc l ing  imposed by t h e  
d i u r n a l  n a t u r e  of i n s o l a t i o n  a v a i l a b i l i t y .  

Using t h e  b a s e l i n e  system t o  normalize va lues ,  t h e  r e l a t i v e  pro- 
b a b i l i t y  of achiev ing  t h e  energy c o s t  t a r g e t  i s  presented a s  a  func t ion  
of r e l a t i v e  system r i s k  i n  Figure 3-4. The r e l a t i v e  system r i s k  ' fac tor  
i s  t h e  t o t a l  system r i s k  f a c t o r  f o r  an advanced system div ided  by t h e  
b a s e l i n e  va lue  of 57 ( s ee  'Table 3-1). I t  is  seen t h a t  steam and i n e r t  
gas systems a r e  a s s o c i a t e d  wi th  l e s s e r  r i s k  than  l i q u i d  metal  systems. 

The h igher  r i s k  of t h e  Fresnel-Rankine (FRIDIS) r e i a t i v e  t o  t h e  
b a s e l i n e  i s  a s s o c i a t e d  wi th  t h e  technology s t a t u s  of t he .F re sne1  l e n s ;  
t h e  advanced small  steam engine and redox b a t t e r y  s to rage .  Other corn- . 

ponents  a r e  s i m i l a r  t o  t h e  base l ine .  The pa rabo l i c  dish-Brayton (PB) has 
a d d i t i o n a l  r i s k s  a s s o c i a t e d  wi th  use  of h igh  temperature r e c e i v e r s .  The 
pa rabo l i c  d i s h - S t i r l i n g  (PS-2) employs a l l  of t h e  same components a s  
(PB),  bu t  has  h igher  r i s k  i n  terms of an e a r l i e r  development s t a t u s  f o r  
t h e  S t i r l i n g  engine. The S t i r l i n g  has  l e s s e r  s c a l e  e f f e c t s  and i s  
i n h e r e n t l y  more f l e x i b l e  than the .Brayton  i n  t h e  small s i z e  range used 
f o r  d i s h  systems and t h i s  improves i t s  r a t i n g  r e l a t i v e  t o  t h e  Brayton. 

For l i q u i d  meta l  systems a t  1 5 0 0 ~ ~ ~  t h e  he l ios ta t -Brayton  (HB/LM) 
has  a  lower r i s k  than  t h e  pa rabo l i c  S t i r l i n g  mult i -dish (PS/MD) o r  t h e  
h e l i o s t a t - S t i r l i n g  (HS/LM) p r imar i ly  because Brayton engine technology 
i s  considered ' to  b e  w e i l  developed. Use of l i q u i d  m e t a l s ' a t  1800°F w i l l  
probably r e q u i r e  s u b s t a n t i a l  development a c t i v i t y  and hence systems i n  
t h i s  range have a  h ighe r  r i s k  r a t i n g .  For BraytonIRankine combined 
c y c l e s  t o  be b e n e f i c i a l ,  temperatures  of a t  l e a s t  18000F a r e  d e s i r a b l e .  
For t h e  combined cyc le , ,  pa rabo l i c  multi-d'ish (P(B/R)/MD) and t h e  he l io-  
s ta t-chemical  s t o r a g e  (H(B/R)/cH) 'shown i n  t h e  1800°F range,  r i s k  could . . 
b e  reduced by employing gas t r a n s p o r t .  However, t h i s  would reduce 
e f f i c i e n c y ,  i n c r e a s e  energy c o s t s ,  and thereby  reduce t h e  r e l a t i v e  pro- 
b a b i l i t y  f o r  t hese  systems t o  achieve  t h e  energy c o s t  t a r g e t .  

For a l l  t h e  systems shown on Figure  3 - 4 ,  t h e  r e l a t i v e  grobahi.1.it.y 
i n c r e a s e s  ulore than r e l a t i v e  r i s k  except  f o r  H(B/R)/CH which involves  
chemical s torage .  A s  noted previous ly ,  r e v e r s i b l e  chemical s t o r a g e  
systems a r e  i n  a  very  e a r l y  s t a g e  of development, and it i s  c l e a r  t h a t  
f u r t h e r  development and opt imiza t ion  a r e  requi red  b e f o r e  . t hese  systems 
can b e  regarded a s  v i a b l e  candida tes .  All of t h e  o t h e r  systems o f f e r  
some improvement from a ga in  ve r sus  r i s k  viewpoinr.  The parabol ic -d ish  
S t i r l i n g  (PS-2) appears  t o  have outs tanding  p o t e n t i a l  p r imar i ly  due t o  
h igh  pro jec ted  e f f i c i e n c i e s  f o r  S t i r l i n g  engines ,  p a r t i c u l a r l y  a t  smal l  
s i z e s .  
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When i n t e r p r e t i n g  t h e  r e s u l t s  o f  F i g u r e  3-4, i t  is  s i g n i f i c a n t  t o  
n o t e  t h a t  many of  t h e  sys tems have e lements  i n  common. Dish sys tems  
employ t h e  same c o n c e n t r a t o r s  w h i l e  c e n t r a l  r e c e i v e r s  u s e  t h e  same 
h e l i o s t a t s .  I n  t h i s  c o n t e x t ,  g e n e r a l i z a t i o n s  from F i g u r e  3-4 'are as 
f o l l o w s  : ( 1 )  S t i r l i n g  e n g i n e s  r e p r e s e n t  t h e  most advanced 
h e a t  eng ine  t echnology ,  (2 )  Brayton and BraytonIRankine combined c y c l e  
o f f e r  s u b s t a n t i a l  g a i n s  w i t h  e s t a b l i s h e d  t echnology ,  and (3)  l i q u i d  
m e t a l  t echnology  p r o v i d e s  advan tages  w i t h  some i n c r e a s e  i n  r i s k .  

2 .  Advanced Technology Investment  C o n s i d e r a t i o n s  

As d i s c u s s e d  p r e v i o u s l y ,  t h e  b a s i c  d e c i s i o n / r i s k  r e l a t i o n s h i p  pro- 
v i d e s  a b a s i s  f o r  c o n s i d e r i n g  advanced t echnology  inves tments  i n  terms of 
p o t e n t i a l  s a v i n g s  and a s s o c i a t e d  p r o b a b i l i t y  of s u c c e s s .  The r e l a t i o n s h i p  
can be expressed  as 

a [ (AEC) (P x LF x 8760) l  >, (R&D)CRF 
s 

where 

o = p r o b a b i l i t y  o f  s u c c e s s  
S m i l l s  or 

AEC = '  B a s e l i n e  energy  c o s t  - t a r g e t  energy  c o s t ,  $ 
kW h r  MW h r  

' P = t o t a l  p e n e t r a t i o n  of s o l a r  power, MW 

LF = l o a d  f a c t o r  

R&D = t o t a l  p r e s e n t  v a l u e  of r e s e a r c h  and.development  e x p e n d i t u r e  
i n  b a s e  y e a r  d o l l a r s  

CRF = c a p i t a l  r e c o v e r y  f a c t o r  

Note t h a t  AEC i s  a 1 e v e l i z e d ' - v a l u e  (Ref.  3)  based on p r e s e n t  v a l u e  
c o s t s  expressed  i n  b a s e  y e a r  d o l l a r s .  T h i s  is  c o n s i s t e n t  w i t h  u s e  of 
p r e s e n t  v a l u e  advanced technology c o s t s  as d e f i n e d  above.  For a l o a d  
f a c t o r  of LF = 0.40,  AEC = 102-50 = 52 $/MWe h r .  Assuming a c a p i t a l  
r e c o v e r y  p e r i o d  of ~ 3 0  y e a r s  and an i n t e r e s t  of = lo%,  t h e  c a p i t a l  r ecovery  
f a c t o r  CRF 20 .10 .  Using t h e s e  v a l u e s ,  t h e  advanced technology expendi-  
t u r e s  can b e  determined a s  a f u n c t i o n  of p r o b a b i l i t y  of s u c c e s s  and 
p u l e  L r  a L l u ~ l .  

'I'he p r o b a b i l i t y  of s u c c e s s  f o r  c a n d i d a t e  sys tems i s  e v a l u a t e d  by 
a d o p t i n g  t h e  c r i t e r i o n  t h a t  t h e  p r o b a b i l i t y  o f  s u c c e s s  e q u a l s  t h e  pro- 
b a b i l i t y  of a c h i e v i n g  t a r g e t  energy c o s t s  f o r  moderate  sys tem r i s k s .  
For modcrate  r i s k s ,  a l l  e l ements  of t h e  m a t r i x  on Tab le  3-1 would b e  5 
and t h e  t o t a l  sys tem r i s k  f a c t o r  SRF would e q u a l  150. S i n c e  t h e  prob- 
a b i l i t y  of s u c c e s s  i s  t a k e n  t o  be  i n v e r s e l y  p r o p o r t i o n a l  t o  SRF, 

where aec i s  t h e  p r o b a b i l i t y  of a c h i e v i n g  t a r g e t  energy c o s t s .  For low 
t o  moderate  r i s k  sys tems where SRF $150, t h e  p r o b a b i l i t y  of s u c c e s s  i s  
g r e a t e r  t h a n  t h e  p r o b a b i l i t y  of a c h i e v i n g  t a r g e t  energy c o s t s .  For  
moderate  t o  h i g h  r i s k ,  SFU??150, p r o b a b i l i t y  o f  s u c c e s s  i s  lower .  The 



above weight ing improves t h e  p r o b a b i l i t y  of success  of low r i s k  systems 
r e l a t i v e  t o  h igher  r i s k  systems. 

The maximum a l lowable  advanced technology expendi ture  t o  s a t i s f y  
t h e  b a s i c  r e l g t i o n  i s  presen ted  i n  F igure  3-5 a s  a  func t ion  of p robabi l -  
i t y  of succes s  normalized t o  t h e  va lue  f o r  t h e  b a s e l i n e  system. The 
e f f e c t  of p e n e t r a t i o n  i s  shown pa rame t r i ca l l y .  For a  t o t a l  p e n e t r a t i o n  
of 10,000 .MW a s  used f o r  mass product ion c o s t  e s t i m a t i n g  i n  t h e  p re sen t  
s tudy ,  t h e  maximum a l lowable  advanced t echno logy ' fo r  t h e  b a s e l i n e  HR 
system is  %$1.5 b i l l i o n .  This  i s  t h e  advanced technology t h a t  could  be 
spent  on t h e  b a s e l i n e  system t o  ach ieve  t h e  t a r g e t  energy c o s t  of 
50 mills/kWe-hr. 

Due t o  i t s  h igher  r i s k  and r e l a t i v e l y  low ga in ,  H(B/R)/cH has  a  
lower p r o b a b i l i t y  of success  than the  b a s e l i n e .  This  corresponds t o  a  
lower a l lowable  advanced technology of $800 m i l l i o n .  Based on t h i s  
f i n d i n g ,  t h i s  chemical s t o r a g e  system should no t  be  pursued a s  p r e s e n t l y  
configured.  Fundamental s t u d i e s  . a r e  needed t o  r econ f igu re  r e v e r s i b l e  
chemical s t o r a g e  t o  a  more v i a b l e  form b e f c r e  i t  should be considered a s  
p a r t  of a  power system. 

For t h e  remaining c e n t r a l  r e c e i v e r  cand ida t e s ,  t h e  i n c r e a s e  i n  
a l lowable  advanced technology c o s t  over  t h e  b a s e l i n e  f o r  HB/LM and 
HS/LM i s  ~ $ 7 0 0  m i l l i o n  and ~ $ 1 . 3  b i l l i o n ,  r e s p e c t i v e l y .  This  i n f e r s  t h a t  
$700 m i l l i o n  i s  j u s t i f i e d  f o r  t h e  a d d i t i o n a l  technology f o r  Brayton and 
l i q u i d  metal  systems. The S t i r l i n g  engine  warran ts  a  f u r t h e r  $600 m i l l i o n  
above the  Brayton. 

Consider ing d i s t r i b u t e d  systems, t h e  Fresnel-Rankine (FR~DIS) h a s  
an  a l lowable  incremental  advanced technology of ~ $ 1 5 0  m i l l i o n  over  
t h e  b a s e l i n e .  Incremental  c o s t s  f o r  Braytor! and BraytonIRankine combined 
cyc l e  systems i d e n t i f i e d  a s  PB and P(B/R)/MD a r e  ~ $ 9 0 0  m i l l i o n  and 
~ $ 1 . 5  b i l l i o n ,  r e s p e c t i v e l y .  For S t i r l i n g  systems, PS/MD and PS-2, 
incrementa l  c o s t s  a r e  ~ $ 2 . 5  b i l l i o n  and $5 b i l l i o n .  

It i s  thus  ev ident  t h a t  s u b s t a n t i a l  advanced technology c o s t  
increments  over  t h e  b a s e l i n e  a r e  warranted f o r  advanced systems s i n c e  
t h e s e  systelus have a h igher  p r o b a b i l i t y  of success .  S ince  a l lowable  
c o s t s  a r e  a  d i r e c t  func t ion  of s o l a r  power p e n e t r a t i o n ,  i t  i s  r equ i r ed  
t h a t  s i z e a b l e  p e n e t r a t i o n s  be achieved. It i s  f e l t  t h a t  i f  t h e  t a r g e t  
c o s t  of 50 mill.s/kWe-hr is  achieved,  a  p e n e t r a t i o n  of t h e  o rde r  of 
10,000 MWe i s  a reasonable  e s t ima te .  

3. Other Bene f i t s  

I n  a d d i t i o n  t o  d i r e c t  b e n e f i t s  regard ing  e f f i c i e n t  power genera- 
t i o n ,  high temperature  advanced technology systems provide o t h e r  bene- 
f i t s  p r i m a r i l y  a s s o c i a t e d  wi th  en la rged  p o s s i b i l i t i e s  . fo r  implementation. 
High temperature  systems a r e  advantageous f o r  t o t a l  energy/cogenerat ion 
a p p l i c a t i o n s  s i n c e  r e j e c t e d  h e a t  from power conversion i s  a v a i l a b l e  a t  
temperatures  s u i t a b l e  f o r  many indus t r ia l /commerc ia l  p rocesses  (Ref. 38) .  
For indus t r , i a l /chemica l  p rocesses  r e q u i r i n g  high temperatures ,  genera- 
t i o n  of h i &  temperature is  a  p r e r e q u i s i t e  f o r  u s ing  s o l a r  energy. 
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Advanced high- temperature  d i s t r i b u t e d  systems tend t o  b e  h i g h l y  
.modular .  S i n c e  i t  i s  d i f f i c u l t  t o  t r a n s m i t  h igh- temperature  the rmal  
energy  over  - l a r g e  d i s t a n c e s ,  h igh- tempera tu re  d i s t r i b u t e d  systems a r e  
g e n e r a l l y  comprised of a l a r g e  number of s m a l l  h e a t  e n g i n e - c o l l e c t o r  
modules.  h his arrangement h a s  i n h e r e n t  f l e x i b i l i t y  w i t h  r e g a r d  t o  power 
p l a n t  s i z e .  The a p p r o p r i a t e  number o f  modules can b e  used t o  match t h e  
needs  o f  t h e  a p p l i c a t i o n .  I f  power needs  grow G i t h  t ime ,  a d d i t i o n a l  
modules can b e  added. Thus, t h e  development o f  t h e  r e q u i r e d  advanced 
technology f o r  a b a s i c  power module can s e r v e  a wide spectrum of needs .  
Mass p r o d u c t i o n  of t h e  same module f o r  a l l  t h e s e  needs  o f f e r s  p o t e n t i a l  
f o r  low c o s t s .  

The n e t  r e s u l t  o f  t h e  s i z e  f l e x i b i l i t y  d e s c r i b e d  above f o r  d i s -  
t r i b u t e d  sys tems i s  t h a t  energy c o s t s  a r e  i n s e n s i t i v e  t o  power sys tem 
s i z e  ( s e e  Ref .  2 ) .  For s m a l l e r  p l a n t s ,  i n d i r e c t  c o s t s  comprise  a l a r g e r  
f r a c t i o n  of t o t a l  p l a n t  c o s t s ,  b u t  e l e c t r i c a l  c o l l e c t i o n  of energy  from 
t h e  modules i s  reduced.  N e i t h e r  of t h e s e  i t e m s  a r e  major c o s t  d r i v e r s  
and hence energy c o s t s  a r e  e s s e n t i a l l y  i n v a r i e n t  o v e r  a l a r g e  r a n g e  o f  
s i z e s .  

c e n t r a l  r e c e i v e r  sys tems  employ a l a r g e  number of i d e n t i c a l  
h e l i o s t a t s  t h a t  can be  mass-produced. Over a range  o f  power p l a n t  
s i z e s ,  i t  may be  p o s s i b l e  t o  u s e  t h e  same b a s i c  h e l i o s t a t s  w i t h  some 
m o d i f i c a t i o n s  w i t h  r e g a r d  t o  number o r  o r i e n t a t i o n  of m i r r o r  f a c e t s .  
The e f f e c t  of s c a l e  on c e n t r a l  r e c e i v e r  sys tems i n v o l v e s  d e t a i l e d  and 
complex t r a d e o f f s .  Only l i m i t e d  s t u d i e s  have been  performed (Ref .  39) 
and a consensus  h a s  n o t  y e t  been reached .  

It i s  g e n e r a l l y  agreed  t h a t  s m a l l e r  c e n t r a l  r e c e i v e r  sys tems  w i l l  
have h i g h e r  energy c o s t s  due t o  h i g h e r  u n i t  h e l i o s t a t  c o s t s  ( g r e a t e r  
number of f a c e t s )  a n d / o r  lower  performance a s s o c i a t e d  w i t h  d e t e r m i n i n g  
r e c e i v e r  s i z e  i n  t h e  c o n t e x t  of t r a d e o f f s  w i t h  c o l l e c t o r  c o s t .  Here ,  
u s e  of smal l  h e l i o s t a t  m i r r o r  f a c e t s  r e s u l t s  i n  a s m a l l e r  r e c e i v e r  a r e a  
and lesser r e r a d i a t i o n  l o s s e s .  S t u d i e s  t o  d a t e  i n d i c a t e  t h a t  c e n t r a l  
r e c e i v e r  sys tems  w i l l  e x p e r i e n c e  s h a r p l y  i n c r e a s i n g  energy c o s t s .  f o r  
~ i z e s  below %I-2 MWe. The energy c o s t  w i l l  i n c r e a s e  when r e d u c i n g  t h e  
s i z e  from 10 MWe t o  %1-2 MWe b u t  much less s e v e r e l y .  According t o  d a t a  
i n  Ref.  39,  i t  i s  p o s s i b l e  t h a t  t h e  i n c r e a s e  from 10 MWe t o  %2 MWe could 
b e  ve ry  s m a l l .  

Much f u r t h e r  s t u d y  r e g a r d i n g  the  s c a l e  e f f e c t s  of c e n t r a l  r e c e i v e r  
sys tems must be  conducted b e f o r e  d e f i n i t i v e  c o n c l u s i o n s  can b e  drawn. 
However, based on t h e  p r e l i m i n a r y  r e s u l t s  a v a i l a b l e ,  i t  a p p e a r s  t h a t  
b o t h  c e n t r a l  r e c e i v e r  and d i s t r i b u t e d  sys tems  can meet a l a r g e  r a n g e  of 
d i s p e r s e d  power needs w i t h  d i s t r i b u t e d  systems hav ing  a n  advan tage  f o r  
s m a l l  power a p p l i c a t i o n s  <1-2 ?We. 



SECTION I V  . 
CONCLUSIONS 

The pr imary t h r u s t  of t h e  p r e s e n t  s t u d y  i s  t o  s u p p o r t  advanced 
technology p lann ing  a c t i v i t i e s  by i d e n t i f y i n g  p o t e n t i a l l y  promising 
advanced systems and a s s o c i a t e d  t e c h n o l o g i e s  f o r  d i s p e r s e d  s o l a r  the rmal  
e l e c t r i c  power p l a n t s  i n  t h e  1990-2000 time-frame. The s t u d y  f o c u s e s  on 
a  l i m i t e d  set of c a n d i d a t e  t e c h n o l o g i e s  t h a t  appeared t o  b e  promising 
based  on a  p r e l i m i n a r y  s c r e e n i n g  and t h e  c o n c l u s i o n s  below shou ld  b e  
viewed i n  t h i s  c o n t e x t .  

. 

Two-axis t r a c k i n g  c o n c e n t r a t o r s ,  namely t h e  h e l i o s t a t  f o r  
t h e  c e n t r a l  r e c e i v e r  and t h e  p a r a b o l i c  d i s h  f o r  p o i n t -  
f o c u s i n g  d i s t r i b u t e d  sys tems ,  have t h e  h i g h e s t  o p t i c a l  
c o l l e c t i o n  e f f i c i e n c i e s  and a r e  t h e r e f o r e  t h e  most promising 
advanced t e c h n o l o g i e s  f o r  a c h i e v i n g  t h e  h i g h  t e m p e r a t u r e s  
n e c e s s a r y  f o r  e f f i c i e n t  e l e c t r i c  power p r o d u c t i o n .  

Highest  power p l a n t  sys tem e f f i c i e n c i e s  ( two-axis t r a c k i n g  
systems)  occur  between 1500°F t o  2000°F as t h e  r e s u l t  of a  
t r a d e o f f  between i n c r e a s i n g  eng ine  performance w i t h  tempera- 
t u r e  and h i g h e r  h e a t  l o s s e s . f r o m  t h e  r e c e i v e r .  

Advanced h i g h  t empera tu re  sys tems u s i n g  t e c h n o l o g i e s  such  a s  
advanced S t i r l i n g  and Brayton e n g i n e s ,  and l i q u i d  .meta l  
t r a n s p o r t  and s t o r a g e  improve t h e  p r o b a b i l i t y  of s u c c e s s  
f o r  a c h i e v i n g  t h e  t a r g e t  energy c o s t  (50 mills/kWe-hr) by 
f a c t o r s  a s  h i g h  a s  4 t o  5  compared t o  p r e s e n t  g e n e r a t i o n  
(Barstow p i l o t  p l a n t )  c e n t r a l  r e c e i v e r  sys tems .  

Higher p r o b a b i l i t i e s  of s u c c e s s  f o r  advanced technology 
systems war ran t  a d d i t i o n a l  advanced technology e x p e n d i t u r e s  i n  
t h e  o v e r  b i l l i o n  d o l l a r  range f o r  a  p r o j e c t e d  s o l a r  p e n e t r a t i o n  
ul: 10,000 PMe i n  the  1300-2000 time-frame. 

S t i r l i n g  eng ines  a c h i e v e  t h e  h i g h e s t  p r o j e c t e d  e f f i c i e n c i e s  
over  a wide s i z e  range  and a r e  t h e r e f o r e  i d e n t i f i e d  a s  b e i n g  
t h e  most a t t r a c t i v e  advanced energy convers ion  t echnology .  

Brayton and BraytonIRankine sys tems p r o v i d e  s u b s t a n t i a l  
i n l p r u v m a e l ~ t . ~  ia p r o l s a h i 1 j . t ~  of sricccoo uc ing  t echnology  
t h a t  h a s  been developed t o  a  r e l a t i v e l y  mature  s t a g e  i n  t h e  
1 5 0 0 ° ~  t o  200O0F range  and t h e i r  a d a p t a t i n n  t o  h i p h -  
t empera tu re  s o l a r  sys tems w i l l  imp-rove t h e  o v e r a l l '  advanced 
technology program's p r o s p e c t s  of a c h i e v i n g  major  g a i n s .  

L i q u i d  m e t a l  t r a n s p o r t  ( s h o r t  d i s t a n c e s )  and s t o r a g e  sys tems 
a r e  advantageous  i n  l i n k i n g  t h e  r e c e i v e r  and e n g i n e . s i n c e  
t h e y  p r o v i d e  h i g h  h e a t  t r a n s f e r  r a t e s  coupled w i t h  r e l a t i v e l y  
low pumping requ i rements  and consequen t ly  t h e i r  development 

' 



i n t o  re l i . ab le  and ' s a f e  systems w i l l  g r e a t l y  enhance system 
des ign  f l e x i b i l i t y  . 

. Storage  technologies  of s o l i d / g a s . s e n s i b l e  hea t  and 
r e v e r s i b l e  chemical r e a c t i o n s  r e q u i r e  f u r t h e r  b a s i c  s tudy  
and op t imiza t ion  t o  improve t h e i r  performance and c o s t  
c h a r a c t e r i s t i c  t o  t h e  poin t .where  they can be  considered 
a s  v i a b l e  cand ida t e s  f o r  power systems. 



SECTION V 

RECOMMENDAT IONS 

Based on a  comparative a n a l y s i s  of a  l i m i t e d  s e t  of candida te  
advanced systems, technologies  which a r e  considered t o  be worthy of 
recommendations f o r  s u b s t a n t i a l  advanced technology e f f o r t  were i d e n t i -  
f i e d .  Addi t iona l ly ,  subsystems/components and promising new concepts  
t h a t  warrant  f u r t h e r  i n v e s t i g a t i o n  were de l inea t ed .  Spec i f i c  recom- 
mendations a r e  given below: 

Recommendations f o r  S u b s t a n t i a l  Advanced Technology E f f o r t  

Focus development a c t i v i t y  f o r  low-cost, two-axis t r ack ing  
c o l l e c t o r  systems ( concen t r a to r s  and r ece ive r s )  on h igh  
q u a l i t y  concent ra t ing  s u r f a c e s  (<O.1° s l o p e  e r r o r )  and high 
temperature r e c e i v e r s  ( i nc lud ing  ceramic m a t e r i a l  des igns)  
needed f o r  t h e  1500°F - 2000°F temperature range. 

Acce le ra t e  S t i r l i n g  engine technology development wi th  
emphasis on opt imizing t h e  i n t e r f a c e  between t h e  S t i r l i n g  
engine and t h e  r e s t  of t h e  s o l a r  power system. 

a Undertake a  Brayton and BraytonIRankine e f f o r t  d i r e c t l y  aimed 
a t  developing advanced technology t o  e x t r a c t  t h e  h ighes t  
p o s s i b l e  performance wi th in  c o n s t r a i n t s  of maximizing 
o v e r a l l  system c o s t  e f f ec t iveness .  

Pursue a  wide spectrum of l i q u i d  metal t r a n s p o r t  ( inc luding  
h e a t  p ipes )  and s t o r a g e  op t ions  i n  a  coordinated manner wi th  
emphasis on h igh  temperature m a t e r i a l s  problems and t h e  
evo lu t ion  of innovat ive  des igns  f o r  low c o s t  mass product ion.  

Recommendations f o r  Further I n v e s t i g a t i o n  

Conduct b a s i c  s t u d i e s / i n v e s t i g a t i o n s  t o  determine performance 
and c o s t  c h a r a c t e r i s t i c s  of bo th  s o l i d l g a s  s e n s i b l e  s t o r a g e  
( e .  g  . , MgO b r i c k s )  and r e v e r s i b l e  chemical r e a c t i o n  s t o r a g e  
encompassing chemical t r a n s p o r t .  

Implement t radeoff  s t u d i e s  t o  d e l i n e a t e  p o t e n t i a l  f o r  r ece ive r  
improvements by us ing  secondary r e f l e c t i n g  s u r f a c e s  forward 
of t h e  receiver aperture, 

Pursue p o t e n t i a l l y  promising new concepts  f o r '  energy con- 
v e r s i o n  includ.$ng (1) t h e  e l e ~ t r o l y z e r ~ f u e l  c e l l  e l e c t r o -  
chemical cyc l e ,  (2)  r e a c t i v e  f l u i d s  f o r  c losed '  cyc l e  h e a t  
engines and ( 3 )  t e r n a r y  and qua r t e rna ry  combined cyc le s .  
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APPENDIX A 

SUMMARY 

A survey  was made t o  accumulate  d a t a  on  t h e  performance and c o s t  
of advanced energy  c o n v e r s i o n  systems t h a t  might  be  s u i t a b l e  a s  cand i -  
d a t e s  f o r  s o l a r  the rmal  power sys tems ir .  t h e  time-frame 1990-2000. 
Advanced'energy convers ion  systems a r e  d e f i n e d  as second g e n e r a t i o n  
systems t h a t  a r e  beyond t h e  s t a t e - o f - t h e - a r t  w i t h  r e s p e c t  t o  performance 
and,  i n  most c a s e s ,  a r e  n o t  now amenable t o  m a s s  p roduc t ion .  I n  add i -  
t i o n  t o  s t a t e - o f - t h e - a r t  1000°F steam Rankine,  used i n  t h e  p a s t  as 
b a s e l i n e  t echnology ,  S t i r l i n g  c y c l e ,  Brayton c y c l e ,  combined c y c l e s ,  
and v a r i o u s  Rankine c y c l e s  were c o n s i d e r e d .  Included i n  t h e  l a s t  two 
c a t e g o r i e s ,  f o r  example, were l i q u i d  m e t a l  t o p p i n g  c y c l e s  on steam 
Rankine,, and .o rgan ic  Rankine bot toming t o  Brayton c y c l e s .  Heat e n g i n e s  
o n l y  were cons idered .  

For t h e  purposes  of t h i s  st.udy, two a s p e c t s  of performance were 
r e q u i r e d :  c y c l e  a n d / o r  o v e r a l l  e f f i c i e n c y  ( r a t i o  of h e a t  i n  t o  e l e c t r i c  
power o u t )  a s  a f u n c t i o n  of (1) peak c y c l e  t e m p e r a t u r e  and (2 )  e n g i n e  
o r  p l a n t  s i z e .  Of i n t e r e s t  was t h e  performance and c o s t  of e n g i n e s  and 
p l a n t s  i n  t h e  s i z e  r a n g e  20 kW t o  50 MW. Because o f  t h e  v a r i a b i l i t y  o f  
s o l a r  i n s o l a t i o n ,  in fo rmat fon  was sought on t h e  p a r t - l o a d  performance 
o f  t h e  c a n d i d a t e  sys tems.  An a t t e m p t  was made a s  w e l l  t o  l o c a t e  informa- 
t i o n  concern ing  t h e  r e l i a b i l i t y  and /or  l i f e t i m e  of t h e s e  sys tems.  

I .  INTRODUCTION 

The purpose  of t h i s  su rvey  was t o  compile t h e  r e q u i r e d  d a t a  b a s e  
f o r  c a n d i d a t e  energy c o n v e r s i o n  systems a s  subsystems f o r  s o l a r  thermal  
power t echnology  development i n  t h e  y e a r s  1990 t o  2000. 

I n  a  p r e v i o u s  s t u d y  (Ref.  A- l ) ,  i t  was shown t h a t  t h e  s i n g l e  
l a r g e s t  c o n t r i b u t o r  t o  t h e  energy  c o s t  of s o l a r  the rmal  power sys tems 
i s  t h e  c o l l e c t o r - f i e l d  c o s t .  Because t h e  c o l l e c t o r  a r e a  (and t h u s  t h e  
c o s t )  depends on t h e  e f f i c i e n c y  of t h e  energy  convers ion  s y s t e m ( s ) ,  
eng ine  e f f i c i e n c y  h a s  c o n s i d e r a b l e  i n f l u e n c e  on t h e  t o t a l  energy c o s t .  
I n  c o n t r a s t ,  t h e  c a p i t a l  c o s t  of t h e  energy convers ion  system was n o t  
a  major  c o n t r i b u t o r  toward t h e  t o t a l  energy c o s t  (Ref. A-1). Thus, i n  
t h e  p r e s e n t  s t u d y  t h e  main e f f o r t  was d i r e c t e d  a t  performance r a t h e r  
than  c o s t .  An a t t e m p t  was made, however, t o  de te rmine  t h e  r o l e  t h a t  
l a r g e - s c a l e  mass p r o d u c t i o n  might  have on t h e  c o s t  of energy  conver- 
s i o n  systems.  

An i n i t i a l  l i s t  of c a n d i d a t e  energy  convers ion  systems inc luded  
advanced steam Rankine ( b a s e l i n e ) ,  advanced g a s  open-cycle Brayton,  
S t i r l i n g . c y c l e ,  and combined c y c l e s  such  a s  Rankine w i t h  Brayton o r  
l i q u i d  m e t a l  topp ing  c y c l e s .  T h i s  l i s t  e s s e n t i a l l y  was i d e n t i f i e d  i n  
Ref.  A-1 a s  of i n t e r m e d i a t e  (1985-2000) p o t e n t i a l .  Other  a t t r a c t i v e  
o p t i o n s  were n o t  exc luded .  



The r equ i r ed  performance d a t a  included ' ba s i c  cyc l e  o r  thermal  
e f f i c i e n c y  a s  we l l  a s  o v e r a l l  subsystem e f f i c i e n c y .  This  o v e r a l l  
e f f i c i e n c y  i s  de f ined  a s  t h e  thermal  equ iva l en t  of e l e c t r i c i t y  d e l i v e r e d  
a t  t h e  bus ba r  t o  t h e  hea t  i npu t  t o  t h e  engine subsystem. Thus, it  
should inc lude  a l l  a u x i l i a r y  equipment l o s s e s  such a s  might occur  i n  
t h e  mechanical power t r a i n ,  e l e c t r i c  gene ra to r ,  power cond i t i on ing  
equipment, e t c .  Also d e s i r e d  was t h e  par t - load  performance of t h e  
energy conversion system. 

Cycle e f f i c i e n c y  i n  t h e  temperature  range 1000°F t o  2000°F was 
one parameter t h a t  was cons idered .  However, w i t h  t h e  except ion  of 
1000°F steam Rankine systems, t h e  main range of interest f o r  peak cyc l e  
temperature  was 1500°F t o  1800°F where t h e  combined co l l ec to r -hea t  
engine  performance ach i eves  an optimum. This  r e s t r i c t g d  range a l s o  
he lps  t o  a l l e v i a t e  problems r e l a t e d  t o  h igh  temperature  m a t e r i a l s ,  
e . g . ,  b lade coo l ing  i n  turbines. .  

Whereas turbomachinery hea t  engines  (e .g . , gas  t u r b i n e s )  e x h i b i t  
some i n c r e a s e  i n  e f f i c i e n c y  wi th  s i z e  o r  r a t i n g ,  rec i .p roca t ing  hea t  
engines  i n d i c a t e  l i t t l e  o r  no s i z e  e f f e c t  on e f f i c i e n c y  a s  based on 
p r i n c i p l e s  of s i m i l i t u d e .  Dispersed power systems u t i l i z e  small  engines  
f i t t e d  i n d i v i d u a l l y  t o  s i n g l e  d i s h e s  o r ,  perhaps,  t o  a  c l u s t e r  of d i s h e s  
supplying thermal  energy t o  a  s i n g l e  l a r g e r  hea t  engine. Thus, mass 
product ion r a i s e s  t h e  prospec t  of c o s t  sav ings  f o r  c a s e s  involv ing  t h e  
use  of many small  hea t  engines  wi th  power l e v e l s  up t o ,  o r  below, t hose  
of smal l  automotive engines .  Tradeof fs  in engine  s i z e  and number of 
product ion u n i t s  a r e  no t  d i f f i c u l t  t o  contemplate ,  a s  i s  t h e  r e l a t i o n  
of peak cyc l e  tempera ture  and o t h e r  s t a t e  v a r i a b l e s  t o  perf'ormance. For 
the  foregoing  r ea sons ,  i n d i v i d u a l  hea t  engines  i n  t h e  s i z e  range 20 kW 
t o  50 MW were of i n t e r e s t .  There a r e  c o n s t r a i n t s ,  however, i n  some 
c a s e s  such a s  S t i r l i n g  engines .  S ta te -of - the-ar t  S t i r l i n g  engines  a r e  
f a i r l y  smal l ,  t h e  l a r g e s t  being i n  t h e  range of 400 hp. 

Such f a c t o r s  a s  engine  s i z e ,  weight and shape a r e  important i n  
r e l a t i o n  t o  s t r u c t u r e s ,  s t a b i l i t y ,  v i b r a t i o n ,  o p t i c a l  blockage and 
e a s e  of maintenance, but were beyond t h e  scope of t h i s  s tudy .  Also n o t  
included were t h e  c o s t ,  a v a i l a b i l i t y ,  and s a f e t y  a s p e c t s  of t h e  working 
f l u i d s  f o r  power cyc l e s .  

Towards t h e  l a t t e r  p a r t  of  t h i s  s t u d y , ' i t  became ev iden t  t h a t  
more d e t a i l e d  in format ion  on component performance was necessary  t o  
account f o r  l o s s e s  i n  bear ing  f r i c t i o n  and windage, gea r  box, e l e c t r i c  
gene ra to r ,  e t c .  Some of t he se  f a c t o r s  depend on s i z e .  It i s  l i k e l y  
t h a t  t h e  o v e r a l l  e f f i c i e n c y  of conversion systems i s  even more dcpcndcnt 
on s i z e  than thought p rev ious ly ,  and t h a t  t h e  t o t a l  l o s s e s  might become 
i n c r e a s i n g l y  s i g n i f i c a n t  w i th  dec reas ing  engine  s i z e .  E l e c t r i c  genera- 
t o r  e f f i c i e n c y  no t  on ly  dec reases  wi th  s i z e  bu t ,  l i k e  hea t  engines ,  
d i s p l a y s  a  d i s t i n c t  par t - load c h a r a c t e r i s t i c .  It was n o t  p o s s i b l e  i n  
t h i s  s tudy  t o  account f o r  a l l  of  t h e s e  i n f luences  on performance. 



11. APPROACH AND METHODOLOGY 

The approach was . t o  ga the r  performance and cos t  d a t a  on t h e  v a r i o u s  
hea t  engines  from t h e  w ides t : pos s ib l e  v a r i e t y  of sources .  Much informa- 
t i o n  was rece ived  from Lewis Research Center (LeRC), Refs.  A-2 through 
A-5. Other in format ion  was ob ta ined  from government and i n d u s t r y  r e p o r t s ,  
company brochures ,  t h e  open l i t e r a t u r e ,  and p r i v a t e  c o n s u l t a t i o n s  w i t h  
i ndus t ry .  References A-6 through A-13 a r e  termed gene ra l  ref .erences 

, because they  d i s c u s s  a  v a r i e t y  of h e a t . e n g i n e s .  References A-14 through 
A-69 a r e  broken i n t o  c a t e g 0 r i e s . a ~  l i s t e d .  

The d a t a  i n  t h e s e  r e f e r e n c e s  r e f l e c t  many viewpoints  and d i f f e r  i n  
scope, q u a l i t y ,  q u a n t i t y ,  and d e s c r i p t i v e  d e t a i l .  Information was i n  
t h e  form of i n d i v i d u a l  d a t a  p o i n t s ,  curves ,  and d a t a  bands, some tabu- 
l a t e d ,  some p l o t t e d .  Included were . da t a  f o r  e x i s t i n g  experimental  and 
product ion systems, t h e o r e t i c a l  p r o j e c t i o n s ,  and p r e d i c t i o n s  f o r  f u t u r e  
systems. The s t a r t i n g  p o i n t  f o r  t h i s  s tudy  was Ref. A-13, an e a r l i e r  
compilat ion of da t a .  More of t h e  d a t a  was r e l a t e d  t o  t h e  e f f e c t  of  
c y c i e  temperature  t han  t o  engine s i z e .  

P a r t i c u l a r  a t t e n t i o n  was d i r e c t e d  towards c l a s s i f y i n g  t h e  d a t a  
according t o  t h e  p a r t i c u l a r  e f f i c i e n c y  s p e c i f i e d ,  i . e . ,  ( thermal)  e f f i -  
c iency ,  o v e r a l l ,  o r  "plant"  e f f i c i e n c y .  The l a t t e r  t e r m  is  sometimes 
used i n  desc r ib ing  l a r g e  power system e f t i c i e n c i e s ,  p a r t i c u l a r l y  Rankine 
systems t h a t  i nc lude  b o i l e r  e f f i c i e n c i e s .  

A s  t h e  d a t a  became a v a i l a b l e ,  e f f i c i e n c y  was p l o t t e d  a s  a  func t ion  
of temperature  and s i z e .  C lea r ly ,  t h i s  methodology does n o t  i s o l a t e  
t h e s e  two e f f e c t s  because concomitant changes i n  othe: v a r i a b l e s  a r e  
l i k e l y  t o  occur .  Larger systems tend t o  become more complex wi th  t h e  
a d d i t i o n  of recuperation/regeneration, i n t e r c o o l i n g ,  r e h e a t ,  feedwater  
hea t ing ,  e t c . ,  a s  t h e  case  may be. Combined c y c l e s  a r e  p a r t i c u l a r l y  
d i f f i c u l t  t o  c h a r a c t e r i z e  because of numerous v a r i a b l e s .  

Curves were t r a c e d  through t h e  da t a .  They were l abe l ed  low, 
nominal and h igh  t o  r e f l e c t  an  unce r t a in ty  t o  be  u t i l i z e d  l a t e r  
i n  s e n s i t i v i t y  ana lyses  f o r  s e l e c t e d  candida te  s o l a r  thermal  power 
systems. I n  terms of s u b j e c t i v e  judgment, t h e s e  cu rves  t e n d e d  L u  
r e f l e c t  s t a t e -o f - the -a r t ,  mid-term, and far-term technology, respec-  
t i v e l y .  An a d d i t i o n a l  b i a s ,  of  course ,  was t h e  complexity of t h e  
engine systems being reviewed. For example, a  s imple Brayton cyc l e  
would y i e l d  r e l a t i v e l y  low performance compared t o  an advanced recuper- 
a t e d  Brayton cyc le .  R e l a t i v e l y  g r e a t e r  r e l i a n c e  was placed on sources  
t h a t  compared s e v e r a l  hea t  engines  r a t h e r  than j u s t  one type.  Re la t i ve  
performance t r e n d s  were thereby  e luc ida t ed  because, presumably, ~ l l e  

b a s i s  and ground r u l e s  f o r  comparison were t h e  same. 



111. PERFORMANCE PROJECTIONS 

A. STIRLING 

D e s c r i p t i o n s  of t h e  S t i r l i n g  c y c l e ,  and t h e  h i s t o r y ,  development 
and curr 'ent  s t a t u s  o f  S t i r l i n g  e n g i n e s  are p r e s e n t e d  a t : l e n g t h  i n .  
Refs .  A-11,  A-14, A-27 and A-28, and w i l l  be  t r e a t e d  o n l y  b r i e f l y  h e r e .  

From t h e  performance p o i n t  o f  v iew,  t h e  S t i r l i n g  and E r i c s s o n  
c y c l e s  a r e  a t t r a c t i v e  because  t h e y  a l o n e ,  o f  a l l  c u r r e n t  h e a t  eng ine  
c y c l e s ,  o f f e r  t h e  p o t e n t i a l  o f  a c h i e v i n g  Carnot  e f f i c i e n c y .  T h i s  i s  
t r u e  because ,  in p r i n c i p l e ,  t h e  compression and expansion p r o c e s s e s  
are i s o t h e r m a l .  I n  real e n g i n e s  p e r f e c t  i s o t h e r m a l  p r o c e s s e s  cannot  
be ach ieved .  Bes ides  h i g h  p c r f o m a n c e ,  o t l ~ e r  advan tages  of S t i r l i n g  
e n g i n e s  o f t e n  s t a t e d  are l o n g  l i f e t i m e ,  q u i e t  and r e l i a b l e  o p e r a t i o n ,  
and lnw pnl1,liti~n  level^. E t i r l i n g  e a g i u e s  uperatr ar low rpm and 
t h e r e f o r e  do n o t  r e q u i r e  c o s t l y ,  h igh- reduc t ion  g e a r  t r a i n s .  

Mechanical -dr ive  S t i r l i n g  e n g i n e s  a l r e a d y  have ach ieved  the rmal  
e f f i c i e n c y  i n  e x c e s s  of 40%. Advanced fa r - t e rm e n g i n e s  a r e  expec ted  
t o  a c h i e v e  e f f i c i e n c i e s  i n  t h e  50 t o  60% range .  It is  conceded t h a t  
f r e e - p i s t o n  S t i r l i n g  eng ine  development l a g s  behind t h e  mechanical-  
d r i v e  t y p e  b y  s e v e r a l  y e a r s .  F ree -p i s ton  s t i r l i n g  e n g i n e s  have ach ieved  
abou t  30% t h e r m a l  e f f i c i e n c y ,  and 40% o r  more i s  expec ted  i n  t h e  
near-term. F r e e - p i s t o n  e n g i n e s  o f f e r  t h e  o p t i o n  o f  d i r e c t  g e n e r a t i o n  
of e l e c t r i c i t y  u s i n g  l i n e a r  a l t e r n a t o r s .  

S t i r l i n g  e n g i n e s  a r e  be ing  developed by s e v e r a l  companies i n  t h e  
Uni ted  S t a t e s  and abroad ,  b u t  none as y e t  a r e  a v a i l a b l e  comrnercial/ly. 
Many s m a l l  e n g i n e s  i n  t h e  r a n g e  of a few kW t o  20 kW have been b u i l t  
and t e s t e d  f o r  r e s e a r c h  purposes .  S e v e r a l  European companies a r e  
deve lop ing  e n g i n e s  i n  t h e  automotive  s i z e  range .  The Department o f  
Energy c u r r e n t l y  i s  e v a l u a t i n g  t h e  u s e  of l a r g e r  S t i r l i n g  e n g i n e s  f o r  
s t a t i o n a r y  p r o d u c t i o n  o f  power (Ref. A-28). The e f f e c t  o f  s i z e  on 
e n g i n e  performance i s  expec ted .  t o  be  minimal.  However, i n  a c t u a l  
p r a c t i c e ,  t h e  performance of v e r y  s m a l l  e n g i n e s  may become degraded due 
t o  h e a t  t r a n s f e r  and f l u i d  dynamics e f f e c t s  t h a t  do n o t  s c a l e  propor- 
t i o n a t e l y .  Larger  s i z e  u n i t s  can b e  c o n s t r u c t e d  by c o u p l i n g  s e v e r a l  
s m a l l  u n i t s  (Ref. A-26). Apparen t ly ,  t h e  l a r g e s t  s i n g l e  u n i t  b u i l t  
t o  d a t e  h a s  been i n  t h e  range  of 400 hp (Ref. A - 2 0 ) .  

' S t i r l i n g  e n g i n e s  a r e  c losed-cyc le  machines;  t h e  c u r r e n t  c h o i c e  
of working f l u i d s  i s  hel ium o r  hydrogen. Heat i s  a p p l i e d  e x t e r n a l l y  
u s i n g  anvther heaced ' f lu ' id  such a s  a i r .  Thus, t h e  e n g i n e s  a r e  r e a d i l y  
a d a p t a b l e  t o  a wide v a r i e t y  o f  h e a t  s o u r c e s ,  i n c l u d i n g  s o l a r ,  and many 
d i f f e r e n t  f u e l s .  I n t e r n a l  h e a t  t r a n s f e r  and f l u i d  dynamics i n  S t i r l i n g  
e n g i n e s  and i n  t h e  r e g e n e r a t o r s  and h e a t e r s  are ex t remely  complex. The 
a e h i e v e m e ~ ~ t  o f  h i g h e r  h e a t e r  t e m p e r a t u r e s  (exceeding 1500°F) ,  and t h u s  
h i g h e r  performance,  i s  b e s e t  by s e v e r a l  problems a s s o c i a t e d  w i t h  
advanced m a t e r i a l s  development.  



Technology r i s k  a r e a s  t h a t  r e q u i r e  f u r t h e r -  development i nc lude  
t h e  h e a t e r  head (cost and d u r a b i l i t y )  and s e a l s  f o r  t h e  p i s t o n s  and 
p i s ton  rods  t o  prevent  working f l u i d  contamination. I n  s o l a r  appl ica-  
t ion 's ,  a d d i t i o n a l  work i s  needed to-develop h e a t  t r a n s p o r t  systems t o  
, the h e a t e r  head and s t a b l e  c o n t r o l  systems. Mass product ion tech-  
n iques  r e q u i r e  f u r t h e r  s tudy.  It is  a n t i c i p a t e d  t h a t  t h e  course  of 
S t i r l i n g  engine mass product ion t r e n d s  w i l l  be  s i m i l a r  t o  t h a t  of auto- 
motive engines.  Costs  a r e  pro jec ted  t o  p a r a l l e l  Diese l  engines (Ref. 
A - 1  The l i f e t i m e  of S t i r l i n g  engines s t i l l ' i s  an open question' .  It 
is  encouraging t h a t  l abo ra to ry  engines have run i n  excess  of 25,000 
hours  (Ref. A-27). 

C lea r ly ,  t h e r e  i s  a  long way t o  go be fo re  h i g l y  r e l i a b l e ,  high 
performance S t i r l i n g  engines can be made a v a i l a b l e  i n  mass product ion 
q u a n t i t i e s  a t . l o w  c o s t .  There i s  no reason t o  expect t h a t  cu r r en t  
problems cannot be overcome i f  i n t e n s i v e  advanced technology i s  pursued. 
A t  t h i s  w r i t i n g  t h e r e  i s  another  , r e p o r t  t h a t  soon may become a v a i l a b l e  
gene ra l ly  . ( i t  i s  no t  included i n  References A-14 through A-28): "Design 
Manual f o r  S t i r l i n g  Engines," by W. R .  Mar t in i ,  Univers i ty  of Washington. 
J o i n t  Center f o r  Graduate Study, a  r e p o r t  w r i t t e n  f o r  DOE under a  gran t  
administered by NASA-LeRC. 

I n  Figure A-1, es t imated cyc le  e f f i c i e n c i e s  a r e  p l o t t e d  f o r  
S t i r l i n g  hea t  engines .over's wide temperature range. Cycle e f f i c i e n c y ,  

.without  gene ra to r ,  i s  given,  r a t h e r  than  o v e r a l l  e f f i ' c iency ,  because i t  
i s  more convent iona l ,  and because l i t t l e  d a t a  f o r  o v e r a l l  e f f i c i e n c y  is  
a v a i l a b l e .  Also included i n  F igure  A-1 a r e  curves i n d i c a t i n g  va r ious  
f r a c t i o n a l  va lues  of Carnot e f f i c i e n c y  f o r  comparison purposes (.short- 
dashed curves) .  Note t h a t  t h e  S t i r l i n g  cyc le  e f f i c i e n c y  curves have 
s t e e p e r  s lopes  than  do t h e  Carnot curves.  

Ear ly  i n  t h i s  s tudy ,  a  cons iderable  body of d a t a  was p l o t t e d  t o  
e s t ima te  t h e  e f f e c t  of s i z e  on S t i r l i n g  engine c y c l e  e f f i c i e n c y .  I n  
t h e  range of 5 t o  100 kWe output ,  a  s i g n i f i c a n t  e f f e c t  of s i z e  was 
shown i n  t h e  f a i r e d ,  es t imated curves.  This  d a t a  was appl ied  t o  
experimental  engines developed f o r  d i f f e r e n t  temperature and p re s su re  
condi t ions  and f o r  a  wide span of development i; t h e  time frame. It 
was concluded t h a t  t h e  data did  not  r e f l e c t  t h e  e f f e c t  of engine s i z e .  
Reciprocat ing engines should n o t  e x h i b i t  much e f f e c t  of s i z e  on e f f i c i e n c y ,  
e .g . , .  s e e  Ref. A-28. Therefore,  i t  is  now assumed t h a t  S t i r l i n g  c y c l e  
e f f i c i e n c y  i s  independent of engine s i z e  f o r  t h e  purposes of t h i s  s tudy.  

A curve of t y p i c a l  pa r ty load  r e l a t i v e  e f f i c i e n c y  f o r  t h e  S t i r l i n g  
engine is  shown i n  ~ i g u r e  A-2. The curve a p p l i e s  t o  cons tan t  speed 
and cons tan t  temperature ope ra t ion ,  and was est imated from performance 
d a t a  a v a i l a b l e  f o r  t h e  P-75 United S t i r l i n g  engine. A s i m i l a r ,  b u t  
s1,ightl.y lower curve was obtained from Phil ips-Ford d a t a  given i n  
Ref. A-11. In  t h e  p re sen t  computer s imula t ion  of s o l a r  thermal power 
systems part- load c h a r a c t e r i s t i c s  i n  terms of power out  ( a s  shown i n  
F igure  A-2) a r e  n o t  d i r e c t l y  used. It is more convenient t o  u se  h e a t  
i npu t  (varying)  r a t h e r  than power input  f o r  t h e  c a l c u l a t i o n s .  Part--. 
load e f f i c i e n c y  of S t i r l i n g  (and o t h e r )  engines i s  t abu la t ed  i n  Table A-1 
a s  a  func t ion  of hea t  i n p u t .  
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Figure  A-1.  Estimated S t i r l i n g  Cycle E f f i c i ency  
. . 

B. BRAYTON 

The Brayton c y c l e  has  been used succes s fu l ly  f o r  many y e a r s  i n  
A i r c r a f t  j e t  engines.  .They a r e  n o t ,  however, very e f f i c i e n t .  Descr ip t ion  
and a n a l y s i s  is  a v a i l a b l e  i n  many textbooks. I n  p r i n c i p l e ,  t h e  Brayton 
c y c l e  can be u t i l i z e d  i n  r ec ip roca t ing  engines b u t  muchmore a t t e n t i o n  
h a s  been focused on gas t u r b i n e  development. Gas t u r b i n e s  commonly a r e  . 

used by u t i l i t i e s  t o  gene ra t e  e l e c t r i c . p o w e r  dur ing  peak demands.. Such 
usage i s  l i m i t e d  because simple gas t u r b i n e s  a r e  r e l a t i v e l y  i n e f f i c i e n t  
and r e q u i r e  c l e a n  f u e l s .  They employ h igh  r o t a t i o n a l  speeds, thus  
cons ide rab le  gear  reduct  ion ,  and r e q u i r e  c a r e f u l  manufacture.  Re la t ive ly  
l i t t l e  e f f o r t  has  been devoted t o  developing small engines (of i n t e r e s t  
f o r  s o l a r  thermal d ispersed  power a p p l i c a t i o n s )  i n  t h e  s i z e  range below 
s e v e r a l  hundred horsepower. Reference. 2 9  through 50 a r e . t y p i c a 1  of r ecen t  
Brayton c y c l e  development. Current  technology s t a t u s  of very  l a r g e  gas 
t u r b i n e s  i s  given i n  Ref. A - 4 8 .  Recent developmerits i n  v e r s a t i l e  auto- 
motive s i z e  gas . t u rb ines  a r e  given i n  Ref. A - 4 9 .  
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Figure  A-2. Estimated Part-Load p e r f o k n c e  of S t i r l i n g  Engines 

The i d e a l  e f f i c i e n c y  of t h e  s imple Brayton c y c l e  i s  dependent on ly  
on t h c  cyEtem p re s sv re  r a t i n .  In  p r a c t i c e ,  t h e  cyc l e  e f f i c i e n c y  depends 
on peak c y c l e  temperature ,  ambient temperature ,  p r e s su re  r a t i o ,  and 
component e f f i c i e n c i e s  of t h e  t u r b i n e  and compressor. M a t e r i a l s  con- 
s i d e r a t i o n s  l i m i t  t h e  c u r r e n t  peak cyc l e  temperature  t o  a  maximum of 
about 1 7 0 0 " ~ ~  o r  perhaps 1800"F, accord ing  t o  LeRC personnel .  Higher 
temperatures  r e q u i r e  t u r b i n e  b l ade  cool ing  by water  o r  gas.  Ceramic 
o r  cermet t u r b i n e  b l ade  technology may extend t h i s  range considerably, .  
In  t h e  far tcrm, c y c l e  temperatilres of  t h e  order  of 2800°F may become 
poss ib l e .  

Brayton c y c l e s  may be open o r  closed.. Although c losed  s imple 
c y c l e s  e x h i b i t  on ly  s l i g h t l y  h igher  e f f i c i e n c i e s  than  open c y c l e s  
(two o r  t h r e e  percentage p o i n t s ) ,  t h e  machinery g e n e r a l l y  i s  smal le r  
and more compact ( e s p e c i a l l y  in' d iameter  and weight)  than  open-cycle 
machines of equ iva l en t  r a t i n g .  A v a r i e t y  of ,  working f l u i d s  such a s  
argon,  krypton,  and xenon may be used i n  c losed-cycle  machines. Such 
working f luids  o f f e r  b e t t e r  hea t  t r a n s f e r  c h a r a c t e r i s c i c s  thall a i r  



Table A-1. Part-Load Ef f i c i ency  of Representa t ive  Engine.Systems 
Based on Heat Input  

( l ) l i a i l e y  (LeRC), " ~ o m i n a l "  (15 kWe) 

( * ) ~ s t i m a t e d  from AiResearchlGarre t t  d a t a  (10 kWe) 

Hea t .  Input  
Ra t io  

Q i n  

(Qin )  r a t e d  

.10 

.15 

.20 

.30 

.40 

.50 

.60 
;& 

1.00 
(5 )  1.20 

( 3 ) ~ s  t imated  f rom United S t i r l i n g  d a t a ,  Ford ~ e r o n e u t r o n i c ,  
P-75 eng ine ,  cons t an t  speed (67 kW) 

( 4 ) ~ s t i m a t e d  from UTC d a t a ,  very l a r g e  coa l - f i r ed  p l a n t s  

Values of E f f i c i ency  Rat io  /'lrated 

( " ~ s t i m a t e  by e x t r a p o l a t i o n  

when cons ider ing  a s soc i a t ed  h e a t  exchangers.  Closed-cycle systems do 
n o t  r e q u i r e  gas f i l t e r i n g  s o  t h a t  they  have an advantage i n  environments 
t h a t  p o t e n t i a l l y  a r e  d u s t  laden ( d e s e r t s ) .  The ques t ion  of system 
response t o  vary ing  load  condi t ions  i s  important f o r  s o l a r  a p p l i c a t i o n s .  
Open and closed c y c l e  syst.ems each have t h e i r  advocates ,  bu t  c losed-  
cyc l e  systems gene ra l ly  have a somewhat b e t t e r  par t- load performance. 
A l l  cons idered ,  t h e  t r a d e o f f s  i n  performance and cos t  between open and 
c losed  Brayton cyc le s  s t i l l  a r e  no t  wholly c l e a r ,  e s p e c i a l l y  f o r  systems 
of small s i z e .  

The t r a d i t i o n a l  e f f e c t i v e  method t o  i nc rease  Brayton cyc le  perform- 
ance i s  recupera t ion ,  wherein waste exhaust hea t  from t h e  t u r b i n e  i s  
used t o  preheat  t h e  ghseous working f l u i d  leaving  t h e  compressor. In  
l a r g e  complex gas t u r b i n e  systems u t i l . i z i n g  mul t i - s tage  compressors 
and t u r b i n e s ,  i n t e r c o o l i n g  (between compressor s t ages )  and r e h e a t  
(between t u r b i n e  s t a g e s )  may be used e f f e c t i v e l y .  Such measure may 
no t  be  cos t  e f f e c t i v e  i n  small s o l a r  thermal systems. Recuperators 
a r e  temperature l imi t ed  by ma te r i a l s .  Thermal cyc l ing  of high-temperature 
commercial r ecupe ra to r s  poses a cha l lenging  problem from t h e  s tandpoin t  
of d u r a b i l i t y  and replacement c o s t .  
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Because high- temperature  g a s  Brayton c y c l e s  have a h i g h  exhaus t  
t e m p e r a t u r e ,  t h e y  a r e  e x c e l l e n t  c a n d i d a t e s  f o r . t o p p i n g  c y c l e s  on lower- 
t e m p e r a t u r e  c y c l e s ,  e s p e c i a l l y  Rankine c y c l e s .  According t o  Ref.  A-5, 
steam Rankine c y c l e s  are n o t  v i a b l e  c a n d i d a t e s  f o r  bot toming u n l e s s  t h e  
t o p  c y c l e  peak t empera tu re  exceeds  1700°F. Below t h a t  v a l u e ,  o r g a n i c  
Rankine c y c l e s  o f f e r  a  b e t t e r  the rmal  match between t o p  and bottom 
c y c l e s .  Even c u r r e n t l y ,  however, steam Rankine bot toming c y c l e s  are 
u t i l i z e d  commercia l ly  (Ref. A-42). P o t e n t i a l l y ,  Brayton c y c l e s  may 
be used a s  bottom c y c l e s  t o  high- temperature  l i q u i d  m e t a l  t o p  c y c l e s  
(-1800°F). A l l  c o n s i d e r e d ,  Brapton c y c l e s  o f f e r  a v e r s a t i l e  r a n g e  of 
p o s s i b i l i t i e s  f o r  power convers ion  systems.  

S ta te -o f - the -a r t  d u r a b i l i t y  o f  g a s  t u r b i n e s  i s  e x c e l l e n t  f o r  
sys tems o p e r a t e d  at  s t e a d y - s t a t e ,  p a r t - l o a d  c o n d i t i o n s .  Commercial g a s  
t u r b i n e l g e n e r a t o r  sets have r u n  i n  e x c e s s  of 70,000 hours  w i t h o u t  need 
o f  o v e r h a u l  (Ref. A-50). The h i g h  r o t a t i o n a l  speed of ' (even) c u r r e n t  
g a s  t u r b i n e s ,  compounded by h i g h  c y c l e  t e m p e r a t u r e s ,  r e q u i r e s  c l o s e  
a t t e n t i o n  t o  t u r b i n e  b lade-e ros ion  i n  t h e  p resence  o f  any p a r t i c u l a t e  
i n c l u s i o n  i n  t h e  working f l u i d .  

The h i g h  g a s  t e m p e r a t u r e s  employed i n  advanced Brayton c y c l e s  a r e  
a  d i s a d v a n t a g e  i n  t h o s e  s o l a r  power sys tems t h a t  r e q u i r e  c o n s i d e r a b l e  
t r a n s p o r t  d i s t a n c e s ,  e . g . ,  po in t - focus ing  d i s p e r s e d  sys tems  i n  which a  
s i n g l e  ground-based eng ine  may r e c e i v e  the rmal  energy  from s e v e r a l  d i s h  
modules. Large g a s - l i n e  p i p e s  w i t h  t h i c k  l a y e r s  o f  i n s u l a t i o n  a r e  
r e q u i r e d  t o  p r e v e n t  e x c e s s i v e  h e a t  l o s s .  I n  such  i n s t a n c e s ,  t h e  c o s t  
of t h e  t r a n s p o r t  subsystem may become a p p r e c i a b l e  i n  t h e  p r o c e s s  of 
m a i n t a i n i n g  h i g h  o v e r a l l  power convers ion  e f f i c i e n c y .  

The dependence o f  o v e r a l l  open-cycle Brayton e f f i c i e n c y  on c y c l e  
t empera tu re  e s t i m a t e d  h e r e i n  i s  shown i n  F i g u r e  A-3. Curves f o r  v a r i o u s  
f r a c t i o n a l  v a l u e s  of Carnot  e f f i c i e n c y  a r e  shown f o r  comparison; t h e  
Brayton c u r v e s  have s t e e p e r  s l o p e s  t h a n  t h e  Carnot c u r v e s ;  t h i s  might 
be  i n t e r p r e t e d  t o  mean t h a t  Brayton open-cycle e f f i c i e n c y  improves 
r e l a t i v e l y  more a s  t h e  c y c l e  t empera tu re  i n c r e a s e s .  The e f f e c t  o f  
eng ine  s i z e  i s  shown i n  F i g u r e  A-4. These c u r v e s  a r e  meant o n l y  t o  
show t h e  t r e n d  o f  e f f i c i e n c y  w i t h  eng ine  s i z e ;  t h e y  do n o t  n e c e s s a r i l y  
c o r r e l a t e  w i t h  t h e  cemperarure  c u r v e s  s l l u w ~ l  ia F i g u r e  A - 3 .  

A v a r i e t y  of Brayton c y c l e  p a r t - l o a d  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  
i n  F i g u r e  A-5. These c u r v e s  were. est i .mated from d a t a  made a v a i l a b l e  t o  
JPL by t h e  AiResearch Mfg. Co. ( s e e  Ref.  A-50). Although t h e s e  c u r v e s  
a.pply t o  s m a l l  1 0  kWe sys tems ,  t h e y  may b e  cons idered  t y p i c a l  of Brayton 
c y c l e s  g e n e r a l l y .  . U n t i l  r e c e n t l y ,  s m a l l  g a s  t u r b i n e s  have been w e l l  
known f o r  t h e i r  poor pa r t - load  e f f i c i e n c y .  However, w i t h  f u r t h e r  t u r b i n e  
development f o r  au tomot ive  a p p l i c a t i o n s  h a s  come improvement i n  p a r t - l o a d  
e f t i c i e n c y  due KO u r f l i z a t i v ~ l  ul: l l lu l t ip le  s h a f t  v a r i a b l e  geometry 
machines ( s e e  Ref.  A-49). It i s  u n c l e a r  whether machines of such complex- 
i t y  w i l l  f i n d  a p p l i c a t i o n  f o r  s o l a r  the rmal  sys tems.  Larger  sys tems than. 
i n d i c a t e d  i n  F i g u r e  A-5 may have somewhat b e t t e r  performance.  

The so-ca l l ed  subatmospher ic  c y c l e  ( s e e  F i g u r e  A-5) i s  one  i n  
which t h c  pcalc c y c l e  p r e s s u r e  i s  apprnx imate ly  a tmospher ic  and t h e  
t u r b i n e  o p e r a t e s  i n  t h e  subatmospher ic  r a n g e  ( s e e  Ref. A-11 f o r  a 
b r i e f  d i s c u s s i o n ) .  One advantage o f  t h i s  c y c l e  f o r  s o l a r  power a p p l i -  
r a t i n n s  i s  t h a t  h e a t  exchangers  and t r a n s p o r t  l i n e s  may o p e r a t e  a t  low 
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(atmospheric) p re s su re ;  t h i s  could e f f e c t  considerable c o s t  sav ings  
and enhance r e l i a b i l i t y .  Two of t h e  curves i n  F igure  A-5 (Curves 2 and 
3) were chosen t o  be presented i n  terms of t u r b i n e  hea t  input  r a t h e r  than  
power out (par t - load) .  This d a t a  i s  t abu la t ed  i n  Table A-1. 

C .  COMBINED CYCLES 

An e f f e c t i v e  method of i nc reas ing  energy conversion e f f i c i e n c y  of 
s i n g l e  systems i s  t o  employ so-cal led combined cyc le s .  An almost end- 
l e s s  v a r i e t y  of combined cyc le s  appears  p o s s i b l e  and even a  l imi t ed  
d i scuss ion  of a l l  t h e s e  p o s s i b i l i t i e s  i s  beyond t h e  scope of t h i s  r e p o r t .  
Topping c y c l e s  may be  employed g a i n f u l l y  i n  i n s t a n c e s  when t h e  a v a i l a b l e  
hea t  source (e .g . ,  s o l a r  o r  f o s s i l  f u e l  combustion) i s  s u f f i c i e n t l y  
g r e a t e r  than  rhe  l e v e l  a c t u a l l y  being u t i l i z e d  (e .g . ,  a  steam Rankine 
c y c l e )  so t h a t  some high-grade thermal  energy i s  being wasted. By 
in t e rpos ing  a  h igher  temperature topping system, ga ins  i n  e f f i c i e n c y  
may be r e a l i z e d .  Bottoming c y c l e s  a r e  u s e f u l  i n  i n s t a n c e s  when the  
r e j e c t  hea t  from a n  e x i s t i n g  system i s  a t  a  temperature s u f f i c i e n t l y  
high t h a t  i t  can be used a s  an inpu t  hea t  source f o r  a  lower temperature 
system. An example of t h e  l a t t e r  is  t o  i nco rpora t e  an organic  Rankine 
system a s  a  bottoming c y c l e  t o  a  D iese l  engine ( see ,  f o r  example, 
Refs.  A-66 and A-67). 

Combined c y c l e s  h i s t o r i c a l l y  have been used i n  connect ion wi th  
e l e c t r i c i t y  product ion by u t i l i t i e s .  I n  t h e  yea r s  ,1920 t o  1950, 
mercury topping c y c l e s  were used by some u t i l i t i e s .  This  gave way t o  
advancing technology i n  t h e  steam power cyc l e  (Ref. A-54). Potassium 
topping c y c l e s  a r e  being inves t iga t ed  f o r  l a r g e  power-generation sys- 
tems (Refs. A-53 through A-57). Thus, most of t h e  information a v a i l a b l e  
f o r  l i q u i d  meta l  topping a p p l i e s  t o  very  l a r g e  systems. It would appear  
t h a t  cons ide ra t ion  of combined c y c l e s  f o r  s o l a r  power a p p l i c a t i o n  
might be l i m i t e d  t o  c e n t r a l  tower concepts.  It i s  t o o  soon t o  draw 
t h i s  conclusion,  however, and f u t u r e  advanced technology on r e l i a b l e  
advanced power conversion systems i n .  smal l  s i z e s  could p re sen t  
o p p o r t u n i t i e s  f o r  combined cyc le s  t h a t  now appear remote. 

The most l i k e l y  cand ida t e s  f o r  s o l a r  power systems a r e  combina- 
t i o n s  of Rankine c y c l e s  o r  Rankine-Brayton  combination.^. To d a t e ,  a l l  
bottoming c y c l e s  have been Rankine c y c l e s  (Ref. A-69). Binary, t e r t i a r y ,  
and even quaternary  c y c l e s  have been considered from a t h e o r e t i c a l  po in t  
of view (Refs. A-51 and A-53) and show high performance p o t e n t i a l .  
Based on c u r r e n t  S t i r l i n g  engine technology, i n  which r a t h e r  low r e j e c t  
temperatures  a r e  t h e  rule, i t  does nnt  appear t h a t  S t i r l i n g  cycleg have 
much p o t e n t i a l  a s  topping c y c l e s  on low temperature systems. Rather ,  
t hey  may be used a s  bottoming c y c l e s ,  bu t  t h i s  op t ion  has  not  been 
explored.  Based on c u r r e n t  and p ro j ec t ed  near-term technology, i t  seems 
c l e a r  t h a t  t h e  r o l e  of organic  Rankine systems i n  combine-d c y c l e s  i s  
t h a t  of t h e  bottoming cyc le .  This  i s  due t o  t h e  f a c t  t h a t  t h e i r  upper 
temperature l i m i t  i s  probably no g r e a t e r  than  900°F, and t h i s  va lue  
has  n o t  ye t  been achieved. The primary l i m i t a t i o n  on organic  working 



, f l u i d s  i s  long-term f l u i d  s t a b i l i t y ,  as w e l l  a s  a s s o c i a t e d  s a f e t y  
problems and hazards .  The u s e  o f  o r g a n i c  f l u i d s  f o r  Rankine c y c l e s  i s  
r e l a t i v e l y  new, s o  t h a t  a l a r g e  d a t a  b a s e  does  n o t  y e t  e x i s t .  A s  a  
r e s u l t ,  emphasis i n  t h i s  s t u d y  was p l a c e d  on o t h e r  sys tems.  

A y e r y  r e a l  e n g i n e e r i n g  problem i n  combined c y c l e s  i s  t h e  the rmal  
matching of t h e  two ( b i n a r y ) ,  o r  more, sys tems.  Each c a n d i d a t e  combined 
c y c l e  must be  ana lyzed  and op t imized  t o  produce t h e  b e s t  o v e r a l l  r e s u l t .  
An o p t i m a l  combined c y c l e  is  n o t  n e c e s s a r i l y  composed o f  topp ing  and 
bot toming c y c l e s  t h a t  have been opt imized i n d i v i d u a l l y .  The most 
r e l i a b l e  and c o s t - e f f e c t i v e  sys tems a r e  d i f f i c u l t  t o  i d e n t i f y  because  
of t h e  m u l t i p l i c i t y  of v a r i a b l e s  and d e a r t h  of e x p e r i e n c e .  Although 
h i g h e r  energy convers ion  system e f f i c i e n c i e s  a r e  p o s s i b l e  w i t h  combined 
c y c l e s ,  t h e  t r a d e o f f  w i t h  h i g h e r  c a p i t a l  c o s t s ,  g r e a t e r  sys tem complex- 
i t y  ( w i t h  a t t e n d a n t  h i g h e r  o p e r a t i n g  and maintenance c o s t s ) ,  and s a f e t y  
and system c o n t r o l  problems must be c o n s i d e r e d  ( s e e  Ref. A-54). 
Combined c y c l e s  may be  eng ineered  s u c c e s s f u l l y  i n  v e r y  l a r g e  c a p a c i t y  
sys tems,  b u t  t h e i r  u t i l i t y  and c o s t  e f f e c t i v e n e s s  i n  numerous smal l -  
power a p p l i c a t i o n s  ( e . g . ,  s o l a r  d i s p e r s e d  power sys tems)  reamins  q u e s t i o n -  
a b l e  i n  view of t h e  c u r r e n t  s t a t u s  of technology development.  

The the rmal  mismatch (mentioned above) between t h e  i n d i v i d u a l  
c y c l e s  of a  combined-cycle sys tem was addressed  i n  a b r i e f  t h e o r e t i c a l  
s t u d y  (Ref. A-5). I n  t h a t  s t u d y ,  i t  was determined t h a t  t h e  Brayton 
c losed-cyc le  i n  t h e  t empera tu re  range  1500°F t o  1800°F combined b e t t e r  
w i t h  a n  o r g a n i c  Rankine bottoming c y c l e  t h a n  w i t h  a steam Rankine c y c l e .  
s team Rankine bottoming c y c l e s  a r e  more e f f i c i e n t ,  however, when 
Brayton c y c l e  t e m p e r a t u r e s  above 1800°F a r e  u t i l i z e d .  Y e t ,  combined 
Brayton and steam Rankine c y c l e s  appear  f r e q u e n t l y  i n  t h e  l i t e r a t u r e ,  
e . g . ,  s e e  Refs .  A-29, A-33, and have been proposed f o r  l a r g e  s c a l e  
i n d u s t r i a l  a p p l i c a t i o n  by S o l a r  Engineer ing  (Ref. A-42). 

Two examples of combined c y c l e s  have been s e l e c t e d  h e r e i n  t o  
i l l u s t r a t e  t h e  performance p o t e n t i a l  of advanced power c o n v e r s i o n  
systems:  1 )  open-cycle g a s  Brayton w i t h  steam Rankine bot toming,  and 
2) c l o s e d - c y c l e  potass ium vapor w i t h  steam Rankine bottoming. Both 
c a s e s  a r e  p r o j e c t e d  f o r  u s e  i n  l a r g e  s t a t i o n a r y  power p l a n t s  and ,  i n  
f a c t ,  most of t h e  a v a i l a b l e  in formar ion  per  Lains t o  such  u t i l i z a t i o n .  
BraytonIRankine combined c y c l e s  a r e  d i s c u s s e d  i n  Ref.  A-33 f o r  l a r g e  
p l a n t s .  A s  mentioned p r e v i o u s l y ,  t h e  BraytonIRankine c y c l e  i s  be ing  
t o u t e d  f o r  p r e s e n t  day s t a t i o n a r y  power g e n e r a t i o n  (Ref.  A-42). L i t t l e  
work has been done,  however, on s m a l l - s i z e  sys tems below about  1500 kWe. 
During t h e  1 9 6 0 ' s  s e v e r a l  s m a l l  l i q u i d  m e t a l  t u r b i n e s  were developed 
f o r  space  power a p p l i c a t i o n s ,  e . g . ,  s e e  Ref.  A-52. I n  c o n t r a s t  t o  
w a t e r ,  a n  advan tage  of l i q u i d  m e t a l s  1s thnr: tliey have a h i g h  b o i l i n g  
p o i n t  (h igh t e m p e r a t u r e )  a t  modest b o i l e r  p r e s s u r e .  I n  t h e  condensing 
c y c l e ,  however, w a t e r  h a s  the advantage.  The d i f f e r e n c e s  i n  w a t e r  and 
po tass ium c a n  be used t o  advan tage  i n  t h e  combined c y c l e .  

The e s t i m a t e d  c y c l e  e f f i c i e n c y  f o r  t h e  two combined c y c l e s  c i t e d  
i s  shown i n  F i g u r e s  A-6 and A-9, r e s p e c t i v e l y ,  as a  f u n c t i o n  of peak 
c y c l e  t e m p e r a t u r e  of t h e  upper ( topp ing)  c y c l e .  'There  i s  no c l a i m  t h a t  



Figure  A-6. Estimated BraytonISteam Rankine Combined Cycle Eff ic iency  

t h e  r e s u l t s  a r e  opt imal .  Note, i n  both  cases ,  t h a t  t h e  t r e n d s  of t h e  
curves  a r e  r a t h e r  f l a t  and p a r a l l e l  c l o s e l y  t h e  f r a c t i o n a l  Carnot curves.  
The es t imated  e f f e c t  of s i z e  on t h e  e f f i c i e n c y  of t h e  BraytonIRankine 
combined c y c l e  i s  shown i n  F igure  A-7 ( the  curves  f o r  s i z e s  l e s s  than  
1000 kWe have been ex t r apo la t ed  f o r  l a c k  of d a t a ) .  These curves  show 
t r e n d s  only and do no t  n e c e s s a r i l y  c o r r e l a t e  w i th  t h e  temperature 
curves  shown i n  F igure  A-6. The s i n g l e  ca se  f o r  par t - load  performa'nce 
(very l a r g e  p l a n t )  t h a t  could be found is shown i n  Figure A-8. Suf f i -  
c i e n t  d a t a  f o r  p l a n t  s i z e  e f f e c t s  and part- load could no t  be  found f o r  
t h e  potassium/steam Rankine oombined cyc le .  

IS. KANKZNE 

The Rankine c y c l e  has  been used f o r  we l l  over a  century  i n  
a p p l i c a t i o n s  ranging from steamboats t o  nuc lea r  power p l a n t s .  Its 
p r i n c i p l e s  a r e  understood thoroughly. Water heated t o  a  vapor s t a t e  
(or superhea t )  i n  a  b o i l e r  i s  expanded through t u r b i n e  b l ades ,  o r  
p i s t o n s ,  t o  a  low p res su re ,  condeqsed back t o  a  l i q u i d  s t a t e ,  and 
r e tu rned  under p re s su re  back t o  t h e  b o i l e r .  There a r e  s e v e r a l  r e f i n e -  
ments t h a t  he lp  t o  achieve  h igher  e f f i c i e n c i e s  i n  more soph i s t i ca t ed  



Figure  A-7. Estimated BraytonISteam Rankine Performance v s  System S ize  
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systems. Among these  a r e  r ehea t  between expander s t a g e s  and feedwater 
hea t ing .  Numerous textbooks and voluminous l i t e r a t u r e  (not c i t e d  here-' 
in) a r e  devoted t o  t h e  Rankine c y c l e  and steam power p l a n t s .  This  
branch of engineering was i n  vogue a genera t ion  ago but  dec l ined  i n  
popu la r i t y  w i th  t h e  advent of t h e  space age. Renewed i n t e r e s t  i s  due 
to automotivc and s o l a r  pnwer a p p l i c a t i o n s .  The main background used 
he re in  a r e  Refs.  A-2 and A-11. F l u i d s  o t h e r  than  water have, of 
course ,  been used f o r  Rankine c y c i e s ,  e .g . ,  l i q u i d  meta ls  and organic  
f l u i d s .  .Comments on such f l u i d s  w i l l  be  given a t  t h e  end of t h i s  
s e c t  ion.  
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Modern s t a t i o n a r y  steam power p l a n t s  i n  t h e  300 t o  500 MWe s i z e  
range achieve  power conversion thermal e f f i c i e n c i e s  (ne t  e l e c t r i c  out- 
put  t o  hea t  i npu t )  of 42% (Ref; A-2). Th i s  i s  accomplished wi th  mul t i -  
s t a g e  t u r b i n e s  us ing  steam a t  1000°F and 2400 p s i a  wi th  s i n g l e  r ehea t  
and m u l t i p l e  feedwater  h e a t i n g . '  Current technology i s  l imi t ed  t o  
1200°F, o r  perhaps llOO°F. Considerable  advanced technology w i l l  be  
r equ i r ed  t o  achieve  1200°F 'or. g r ea t e r . .  Higher temperatures  r e q u i r e  
water o r  eve r  h igher  p u r i t y  and feedwater  t rea tment  t o  f o r e s t a l l  
e ros ion  and co r ros ion  e f f e c t s  i n  expander s t a g e s .  Commercial t u r b i n e /  
genera tor  sets i n  t h e  30 t o  50 kWe s i z e  range have e f f i c i e n c i e s  
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1000 MW GASIFIED COAL-FIRED POWER PLANT 
TURBINE INLET TEMPERATURE 2200'F 

UNITED TECHNOLOGY RESEARCH CENTER (REF. A-35) 

PERCENT OF FULL LOAD 

Figure A-8. ~rayton/Ste& Combined, Cycle Part-Load Performance 
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F i g u r e  A-9. Es t imated  ~ o t a s s i u m / S t e a m  Rankine Combined Cycle  E f f i c i e n c y  

t y p i c a l l y  l e s s  t h a n  one- th i rd  t h a t  o f  t h e  l a r g e  modem steam p l a n t s .  
T h i s  i s  due  t o  a combinat ion o f  economic and t e c h n i c a l  c o n s t r a i n t s  such 
as f u e l  c o s t s ,  'lower t empera tu re  and p r e s s u r e  s team,  and s i m p l e r  sys tem 
c o n f i g u r a t i o n s  f o r  t h e  s m a l l e r  sys tems.  

P r i o r  t o  t h e  widespread i n t r o d u c t i o n  of modern t u r b i n e s ,  t h e  
s team r e c i p r o c a t i n g  e n g i n e  was t h e  prime mover f o r  elecrric power 
g e n e r a t i o n .  I n  t h e  e a r l y  1 9 0 0 ' s  e n g i n e s  up t o  5000 hp were i n  u s e  w i t h  
r e p o r t e d  power c o n v e r s i o n  e f f i c i e n c i e s  up t o  21%. Steam c o n d i t i o n s  
t y p i c a l l y  were 400°F and 250 p s i g .  R o t a t i n g  speeds  g e n e r a l l y  were low, 
t y p i c a l l y  450 rpm, s o  t h a t  r e l i a b i l i t y  and l i f e  c h a r a c t e r i s t i c s  were 
v e r y  good. The e f f i c i e n c y  c r o s s o v e r  p o i n t  f a v o r i n g  s team t u r b i n e s  o v e r  
e n g i n e s  g e n e r a l l y  i s  i n  t h e  range  500 t o  1000 kW. L i t t l e  work h a s  
been expended on s m a l l - s i z e  steam t u r b i n e s ;  most a r e  s i n g l e  s t a g e  and 
have r e l a t i v e l y  low e f f i c i e n c y .  Thus, i n  t h e  s m a l l e r  s i z e ,  c u r r e n t  
development f a v o r s  r e c i p r o c a t i n g  expanders  o v e r  steam t u r b i n e s .  
Impetus f o r  development work on r e c i p r o c a t i n g  expanders  was ga ined  
from i n t e r e s t  i n  au tomot ive  a p p l i c a t i o n s ,  e . g . ,  s e e  Refs .  A-70, A-71, 
and A-72. 



Experimental steam engines  f o r  automotive a p p l i c a t i o n  t y p i c a l l y  
may u s e  steam a t  t empera tures  up t o  llOO°F and p r e s s u r e s  up t o  2500 p s i a ,  
and r o t a t i o n a l  speeds up t o  5500 rpm. Reduced l i f e  c y c l e  requirements  
permit  t h e s e  advanced o p e r a t i o n a l  c o n d i t i o n s  (Ref. A-2). For s o l a r  
power a p p l i c a t i o n s ,  w i t h  much longer  l i f e  c y c l e  requi rements ,  more modest 
c o n d i t i o n s  probably w i l l  be  employed, e .g . ,  1050°F, 1500 p s i a ,  and 
1800 rpm. A s i g n i f i c a n t  t r end  i n  modern steam engines  compared wi th  
t h e i r  e a r l y  c o u n t e r p a r t s  is  reduced s i z e  and weight .  Modern engines  
may have a  s p e c i f i c  weight a s  low a s  3 l b l h p ,  a ' twenty- fo ld  r educ t ion  
compared t o  e a r l y  engines .  A broad comparison of  steam engines  f o r  
s o l a r  power a p p l i c a t i o n  and automotive a p p l i c a t i o n ,  and c o n t r a s t i n g  
requi rements ,  i s  g iven  i n  Ref. A-2. 

Based on c u r r e n t  technology,  it  i s  es t imated  t h a t  steam engine /  
gene ra to r  c e t o  i n  o icca  ranging up t o  100 kWe w l l l  b e  favored over  
steam t u r b i n e s  f o r  s o l a r  power a p p l i c a t i o n ,  u n l e s s  small, e f f i c i e n t  
m u l t i s t a g e  steam t u r b i n e s  a r e  developed. A performance comparison 
between eng ine lgene ra to r  sets ( b a s e l i n e  ,. a l t e r n a t e ,  and advanced pro- 
j e c t  i o n s  of LeRC) and c u r r e n t '  commercial steam t.ii.rbin.es j.s shown i n  
F igu re  A-10. Note t h a t  t h e  i n c r e a s i n g  performa.n.ce. w i t h  i nc reas ing  
s i z e  of steam t u r b i n e s  i s  a s s o c i a t e d  w i th  h igher  steam c o n d i t i o n s  .and 
more complex systems. Bo i l e r  e f f i c i e n c y  has  n o t  been included because 
i n  s o l a r  power a p p l i c a t i o n s  t h e  b o i l e r  is  rep laced  b y . a  r e c e i v e r  t h a t  
i s  p a r t  of t h e  s o l a r  c o l l e c t o r .  Based on LeRC d a t a ,  t h e  performance 
of nominal steam t u r b i n e s  a t  1000°F has  been e s t ima ted  f o r  a wide s i z e  
range (Figure A-11); p ro j ec t ed  improvements i n  performance w i l l  be  
ob t a ined  f o r  h igher  steam tempera tures ,  except  t h a t  t h e  sma l l e r  s i z e  
range  performance s t i l l  remains t o  be  demonstrated. 

The es t imated  performance of steam eng ine lgene ra to r  s e t s  a s  a  
f u n c t i o n  of steam temperature  i s  shown i n  F igure  A-12 i n  t e r m s  of over- 
a l l ,  r a t h e r  than c y c l e ,  e f f i c i e n c y .  The f l a t  t r e n d s  r e f l e c t  a  t r u e  
temperature  dependence c h a r a c t e r i s t i c  of t h e  steam Rankine c y c l e ,  and 
they  a r e  s i i g h t l y  l e s s  s t e e p  i n  s l o p e  than t h e  f r a c t i o n a l  Carnot curves .  
The corresponding e f f e c t  of engine s i z e  i s  shown i n  F igure  A-13. Only 
s l i g h t  e f f e c t s  of s i z e  a r e  a n t i c i p a t e d ,  except  i n  t h e  range  of  10  kWe 
t o  20 kWe. A thorough d i scus s ion  of s i z e  e f f e c t s  i s  given i n  Ref. A-2. 
P a r t - l o a d ' e f f i c i e n c y  i s  shown i n  F igure  A-14, bu t  it i s  p l o t t e d  a s  a  
f u n c t i o n  of v a r i a b l e  hea t  i npu t  r a t h e r  than  power ou t .  Values f o r  t h e  
nominal case  a r e  l i s t e d  i n  Table  A-1. 

A f u t u r e  d e c i s i o n  po in t  i n  t h e  des ign  of smal l  power l e v e l  steam 
expanders  w i l l  b e  t o  cont inue  development of h igher  performance s ing l e -  
s t a g e  dev ices  a s  opposed t o  m u l t i s t a g e  devices .  The f i n a l  eva lua t ion  
w i l l  r e q u i r e  a conceptua l  des ign  and performance assessment f o r  spec i -  
f i c  a p p l i c a t i o n s  and must cons ider  d u r a b i l i t y  and c o s t  a s  we l l  a s  
e f f i c i e n c y .  Mul t i s t age  dev ices  permit t h e  u se  of i n t e r - s t a g e  r e h e a t ,  
h igher  e f f i c i e n c y  and l i f e ,  but  a l s o  have h igher  c o s t .  Pre l iminary  
c o n s i d e r a t i o n s  of smal l  r e c i p r o c a t i n g  expanders,  u s ing  exper ience  
gained wi th  D ie se l  engines  (Ref. A-2), i n d i c a t e s  t h a t  r e c i p r o c a t i n g  
engines  have many a t t r a c t i v e  f e a t u r e s .  However, i t  i s  t o o  e a r l y  t o  
make a  f i n a l  choice  because advanced technology on sma l l ,  h igh  perform- 
ance  m u l t i s t a g e  t u r b i n e s  has  n o t  been pursued v igorous ly .  
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The m a t e r i a l  presented thus  f a r  i n  t h i s  s e c t i o n  p e r t a i n s . t o  water  
a s  t h e  working f l u i d  f o r  Rankine cyc l e s .  The u s e  of l i q u i d  me ta l s  and 
organic  f l u i d s  f o r  Rankine c y c l e s  was d iscussed  b r i e f l y  i n  t h e  Combined 
Cycles s ec t ion .  Liquid me ta l s  a r e  used g e n e r a l l y  a t  much higher  temp- 
e r a t u r e s  than  water ,  whereas o r g a n i c . f l u i d s  a r e  more appropr i a t e  f o r  
low temperatures .  Organic working f l u i d s  remain vaporized a t  cond i t i ons  
of temperature and p re s su re  where steam w i l l  condense. (Erosion by 
d r o p l e t s  is  n o t  an i n s i g n i f i c a n t  problem i n  steam systems us ing  h igh  
v e l o c i t i e s . )  An a d d i t i o n a l  advantage of organic  f l u i d s ,  and l i q u i d  
me ta l s  is  t h a t . h i g h  d e n s i t y  (compared t o  water )  permi ts  t h e  des ign  of 
v e r y  compact t u r b i n e s  t h a t  a r e  much smal le r  than steam t u r b i n e s  of  
comparable powcr ou tpu t ,  e b g . ,  s e e  Refs.  A-52, A-54 and A-G2. The 
e f f i c i e n c y  of organic  Rankine c y c l e s  under cu r r en t  development g e n e r a l l y  
i s  b e t t e r  than  simple, s ing le-s tage  steam' c y c l e s  but  poorer than  mul t i -  
s t a g e  steam c y c l e s  (,Refs. A-2 and A-11) . Most organic  Rankine t u r b i n e s  
a r e  of s ing le-s tage  des ign .  
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Figure  A-13. Estimated Performance of Rec iproca t ing  Steam Engine/ 
Genera tors  v s  Engine S i z e  

Many Rankine cyc l e  f l u i d  cand ida t e s ,  p a r t i c u l a r l y  o rgan ic  f l u i d s ,  
possess .  i n t e r e s t i n g  phys i ca l  p r o p e r t i e s ,  e . g . ,  see Refs.  A-62, A-73, and 
A-74. Wetting f l u i d s  such a s  water  have a  vapor s a t u r a t i o n  curve  .of 
.nega t ive  s lope  i n  a  temperature-entropy diagram. Thus, s u f f i c i e n t  
i s e n t i o p i c  expansion of f l u i d  from t h e  superheat  reg ion  w i l l  r e s u l t  i n  
a  vapor con ta in ing  mois ture .  I n  c o n t r a s t ,  o rgan ic  f l u i d s  may possess  , 

almost  v e r t i c a l  vapor s a t u r a t i o n  curves  ( t h e  so-cal led i s e n t r o p i c  
f l u i d s )  o r  vapor s a t u r a t i o n  curves  t h a t  have p o s i t i v e  s l o p e  (fhe so- 
c a l l e d  d ry ing  f l u i d s ) .  I n  t h e  l a t t e r  ca se  i s e n t r o p i c  expansion of 
a vapor act1la1,l.y can produce superhea t .  

- - 
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INCLUDES GENERATOR 
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Figure  A-14. Part-Load Performance of ~ e c i p r o c a t i n g  Steam Engine/ 
Generator S e t s  a s  Related t o  Heat I n  r a t h e r  than  t o  
Power Out 

E. ELECTRIC GENERATORS 

The performance of g e n e r a t o r s / a l t e r n a t o r s  i s  a n  important a spec t  
of power conversion systems f o r  s o l a r  thermal genera t ion  of e l e c t r i c i t y .  
performance v a r i e s  w i th  des ign ,  s i z e  ( e l e c t r i c  ou tpu t )  and rotational 
speed. Large, modern A.C.  gene ra to r s  may be hydrogen cooled. Fu l l -  
load e f f i c i e n c y  of A.C.  gene ra to r s  i s  shown i n  F igure  A-15. Fa i red  
curves  based on d a t a  compiled by LeRC a r e  shown f o r  premium/advanced 
u n i t s  as compared w i t h  commercial u n i t s .  Note t h a t  l a r g e  dec reases  i n  
e f f i c i e n c y  a r e  common i n  u n i t s  of l e s s  than 1000 kWe ou tpu t .  E l e c t r i c  
gene ra to r s ,  l i k e  hea t  engines,  d i s p l a y  part- load c h a r a c t e r i s t i c s .  These 
c h a r a c t e r i s t i c s  have been improved by indus t ry  through many yea r s  of 
advanced technology. A range of performance f o r  small  10 kWe t o  20 kFJe 
machines is  shown i n  F igure  A-16, a s  based on information received from 
t h e  AiResearch Mfg. Co. (Ref. A-75). 
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F i g u r e  A-15.  Full-Load E f f i c i e n c y  o f  A . C .  G e n e r a t o r s  v s  S i z e  

F. DISCUSSION 

The t r a d e o f f s  i m p l i c i t  i n  t h e  u s e  of many s m a l l  h e a t  e n g i n e s  v s  
fewer  l a r g e  e n g i n e s  i n  s o l a r  the rmal  power sys tems i s  complex, and 
t h e r e  s t i l l  are many unknowns. I n  a d d i t i o n  t o  performance and c o s t ,  
which may be  i n f l u e n c e d  g r e a t l y  by mass p r o d u c t i o n  and c o n s i d e r a t i o n s  
of o p e r a t i o n  and maintenance,  t h e r e  a r e  q u e s t i o n s  of long-term relia- 
b i l i t y ,  advan tages  of m o d u l a r i t y ,  and development c o s t s .  Other  
imporLanL questions concern t r a n s i e n t  o p e r a t i o n  and controls. Many 
of t h e s e  q u e s t i o n s  a r e  i n t e r r e l a t e d  and so t h e y  cannot  b e  d e a l t  w i t h  
independen t ly .  N e v e r t h e l e s s ,  i t  a p p e a r s  t h a t  t h e  o v e r a l l  power con- 
v e r s i o n  e f f i - c i e n c y  of s m a l l  v e r s u s  l a r g e  eng ine  sys tems h a s  n o t  r e c e i v e d  

. t h e  a r t e n t i o n  t h a t  i s  war ran ted .  

The o v e r a l l  e f f i c i e n c y  o f  power convers ion  systems (def ined  a s  
u s e f u l  power o u t  d i v i d e d  b y  l iea t  i n p u t )  inc.ludes t h c  the rmal  c y c l e  
e f f i c i e n c y  as w e l l  a s  t h e  e f f i c i e n c y  of t h e  g e n e r a t o r  o r  a l t e r n a t o r ,  
mechanical  s u b u n i t s ,  g e a r  box, a u x i l i a r y  equipment,  and any e l e c t r i c a l  
equipment such  as r e c t i f i e r s / i n v e r t e r s .  The p roduc t  of a l l  t h e s e  
e f f i c i e n c i e s  d e t e r m i n e s  o v e r a l l  e f f i c i e n c y .  Depending p a r t l y  on t h e  
t y p e  of eng ine ,  t h e  the rmal  e f f i c i e n c y  of s m a l l  h e a t  e n g i n e s  f a l l s  o f f  
w i t h  d e c r e a s i n g  s i z e .  That o f  g e n e r a t o r s  and o t h e r  s u b u n i t s  does  
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Figure A-16. Part-Load Ef f i c i ency  of Typical  A.C. Generators  
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l i kewise .  Note f o r  example t h e  r e s u l t s  shown i n  F igures  A-4, A-7, A-11,  
A-13 ,  and A-15. Gearbox e f f i c i e n c i e s  f a l i  between 0.97 t o  0.99 
(Ref. A-75) over  a  wide range of power, input  speed, and reduct ion  r a t i o ,  
so t h a t  they appear  n o t  t o  be a  c r i t i c a l  i tem from t h e  performance 
s t andpo in t ,  Thc qucot ions n f  r e . l i . ~ h j . l i t y  and l i f e t i m e ,  ul: c u u r w ,  art! 
e n t i r e l y  d i f f e r e n t  m a t t e r s .  

Another ques t ion  t h a t  r e l a t e s  t o  t h e  choice  of small  o r  l a r g e  
engine systems i s  part- load performance and t r a n s i e n t  response.  
C lea r ly ,  more d e f i n i t i v e  s t u d i e s  w i l l  be needed t o  c h a r a c t e r i z e  t h e  
o v e r a l l  performance of power conversion systems a s  a  func t ion  of engine 
s i z e .  Reduction i n  c o s t s  through l a rge - sca l e  mass product ion might 
f avo r  lower-performance small  engine systems over much l a r g e r  engines 
t h a t  would be produced i n  smal le r  volume. 



I n  view of t h e  p o t e n t i a l  use  of small  engines  w i th  point-focusing 
s o l a r  power systems, i t  i s  u s e f u l  t o  p r o j e c t  performance improvements 
f o r  advanced technology systems compared wi th  near-term expec t a t i ons .  
I n  Table A-2 a r e  s'hown some performance t a r g e t s  f o r  small  engines  a s  
compiled by LeRC (Ref. A-2); i nd i ca t ed  a r e  t h e  c y c l e  temperature ,  engine 
con f igu ra t i on ,  and expected degree of improvement. 

Other performance p r o j e c t i o n s  f o r  va'rious candida te  energy con- 
v e r s i o n  systems have been es t imated  h e r e i n  based on a  review of  t h e  

. c u r r e n t  l i t e r a t u r e .  These p r o j e c t i o n s  a r e  shown i n  F igure  A-17; d a t a  
bands on t h e  p o i n t s  p l o t t e d  i n d i c a t e  u n c e r t a i n t y  and opin ion  d i f f e r e n c e s .  
For reasons  mentioned e a r l i e r ,  t h e  upper l i m i t  of c y c l e  temperature  has  
been cons t r a ined  t o  about  1800°F; f u r t h e r  ga ins  might be  achieved a t  
h igher  temperatures .  Performance p r o j e c t i o n s  i n d i c a t e  t h a t . e f f i c i e n c y  
may approach 70 t o  8 0 ' p e r c e n t  of  t h e o r e t i c a l  Carnot e f f i c i e n c y  (based 
on 100°F s i n k  tempera ture) .  Severa l  of  t h e  systems dep ic t ed  i n  Fig- 
u r e  A-17 warrant  f u r t h e r  d e s c r i p t i o n .  "Ekternal" D ie se l  systems r e f e r  
t o  D ie se l  engines  reconf igured  t o  accept  e i t h e r  e x t e r n a l  combustion o r  
an e x t e r n a l  hea t  source  such a s  s o l a r  thermal  i npu t  (Ref. A-6). 
"Advanced" S t i r l i n g  engines  a r e  t hose  designed t o  u se  d i s s o c i a t i n g  
f l u i d s  a s  t h e  working f l u i d  ( t h i s  w i l l  be  d i scussed  subsequent ly) .  The 
s u p e r c r i t i c a l  cyc l e ,  known a l s o  a s  t h e  Feher c y c l e  when C02 (carbon 
d ioxide)  i s  used ,  may o p e r a t e  e n t i r e l y  i n  t h e  s u p e r c r i t i c a l  range of 
t h e  working f l u i d .  The Feher c y c l e  i s  d i scus sed  i n  some d e t a i l  i n  
Reference A-6. 

Table  A-2. Small Engine Performance Ta rge t s  
(Data compiled by LeRC, Ref. A-2) 

. 

ENGINE 

B a s e l i n e  
Steam (-15 kW) 

DATA 
AVAILABLE 

19 80 

A l t e r n a t e  
Steam (-15 kW) 

B a s c l i n c  
Brayton (-15 kW) 

A l t e r n a t e  
Bray-ton (-15 kW) 

S t i r l i n g  (-15 kW) 

Advanced 
Steam (<ZOO kW) 

Advnnccd 
Organic  (<ZOO kW) 

30+ 

2 7 

75 

42 

40 

30 

19 82 

19 80 

19 82 

Advanced 
Technology 

Advanced 
Technology 

A-dvanr~rl 
Technology 

CYCLE 

TARGET 
% 

20+ 

1000 

1500 

l 6  
./1750 

1500 

, 

600 

TEMP. 
OF 

1000 
---- 

Reheat and 
Feedwater Heat 

E x i s t i n g  Open 
Cycle w/Recup. 
Added 

Temp. 6 Recup. 
E f f e c t i v e n e s s  
Improved - Play 
be  Closed Cycle 

Adapted t o  S o l a r  
May u s e  Sodium 
Heat  P i p e  

Higher Temp., 
Reheat & Mult. 
Feedwater  Heat 

High E f f i c .  
Expander i n  
Dual Cycle 

50% Over B a s e l i n e  
Steam 

80% Over Simple 
Cycle Brayton 

30% Over B a s e l i n e  
Bray ton 

>SO% Over B a s e l i n e  
Brayton @ 1500°F 

Up t o  100% .Over 
B a s e l i n e  Steam 

>35% Over E x i s t i n g  
Uni t s  @ 600UF 

ENGINE 
CONFIGURATION 

Recip. /no Reheat 
From TEC 

IMPROVEMENT 

> l o o %  Over S i n g l e  
S t a g e  Turb ine  . 



- 
I 1 I I I I 

1 ADVANCED S T E A M  
2 BRAYTON OPEN CYCLE FRACTION OF CARNOT 

3 COMBINED BRAYTON'/STEAM 
4 COMBINED LIQ. METAL/STEAM - 5 COMBINED BRAYTON/ORGANIC 
6 STIRLING ENGINE 
7 ORGANIC RANKINE 

8 EXTERNAL DIESEL . . 
9 ADVANCED STIRLING - 

10 ADVANCED ORGANIC RANKINE 
11 SUPERCRITICAL CO2. 

ADVANCED TECHNOLOGY 12 TERNARY COMBINED CYCLES 
CANDIDATES 

I I I I I I 

MAXIMUM CYCLE TEMPERATURE, OF 

Figure  A-17. Performance Est imates  f o r  Energy Conversion 
Systems i n  t h e  Time-Frame 1985 t o  2000 

I n  some i n s t a n c e s  i t  may be worthwhile t o  cons ider  measures t h a t  
" improve cyc le  e f f i c i e n c y  us ing  simple c o s t - e f f e c t i v e  techniques .  

Recuperated gas  Brayton c y c l e s  c l e a r l y  y i e l d  performance improvements 
compared t o  :he s imple unrecuperated cyc le .  Cap i t a l  c o s t s  r i s e  drama- 
t i c a l l y ,  however, a s  t h e  e f f e c t i v e n e s s  and s i z e  of t h e  r ecupe ra to r  
i n c r e a s e  (Ref. A-61). The technique of water i n j e c t i o n  i n  a  s imple 
Brayton cyc le ,  e i t h e r  i n t o  t h e  compressor. o r  i n t o  t h e  combustor, is  
r e a l l y  an o l d  idea .  Water i n j e c t i o n  can be  used t o  decrease  compressor 
work, lower t u r b i n e  i n l e t  temp,erature without  reducing output  power, and 
o therwise  render  t h e  simple Brayton cyc le  a s  e f f i c i e n t ,  o r  b e t t e r ,  than  
recuperated c y c l e s  of g r e a t e r  c o s t  (Ref, A-76). In  gcnc ra l ,  t h e o r e t i c a l  
c y c l e  e f f i c i e n c y  occu r s  a t  h igher  compressor p re s su re  r a t i o s  w i th  water 
i n j e c t i o n  compared wi th  t h e  simple a i r  cyc le .  Several  examples from 

. . 
t h e  l i t e r a t u r e  a r e  c i t e d  h e r e i n ,  e .g . ,  Refs. A-76 and A-77. In  
Ref. A-76., h e a t  r e j e c t i o n  from t h e  t u r b i n e  i s  used i n  a waste  hea t  
b o i l e r  t o  prehea t  water t h a t  then  is i n j e c t e d  i n t o  t h e  combustion cham- 
be r .  I n  Ref. A-77, which d i s c u s s e s  water i n j e c t i o n  f o r  automotive 
a p p l i c a t i o n ,  a  r e c u p e r a t o r ' a l s o  i s  used , . bu t  i t  exhausts  t o  a  condenser 
t h a t  c o l l e c t s  water  from the. t u r b i n e  exhaust gases  s o  t h a t  e x t r a  water 
need not  be suppl ied  s e p a r a t e l y .  



The proposed u s e  of d i s s o c i a t i n g  g a s e s  i n  power c y c l e s  i s  r e l a t i v e l y  
r e c e n t ,  and t h e  technology i s  a s  y e t  undeveloped. The u s e  o f  such f l u i d s .  
a s  N O4 ( n i t r o g e n  t e t r o x i d e )  i s  r o u t i n e  i n  t h e  c a s e  of r o c k e t  e n g i n e s ,  
s o  t i a t  t h e r e  h a s  been some e x p e r i e n c e  i n  t h e  techno:logy of h a n d l i n g  
such  f l u i d s .  D i s s o c i a t i o n  and recombinat ion of chemical  s p e c i e s  can  b e  
u t i l i z e d ,  i n  g e n e r a l ,  t o  reduce compression work and t o  a c h i e v e  enhanced 
c y c l e  e f f i c i e n c y .  The thermodynamic e f f e c t s  a r e  complex and cannot  
be  d i s c u s s e d  i n  d e t a i l  h e r e .  Gas t u r b i n e  c y c l e s  u t i l i z i n g  d i s s o c i a t i n g  
f l u i d s  have been ana lyzed  i n  Refs .  A-78 and A-79; i t  a p p e a r s  t h a t  improve- 
ments i n  b a s e  c y c l e  e f f i c i e n c y  of t h e  o r d e r  of 10 p o i n t s  a r e  p o s s i b l e .  
Use i n  S t i r l i n g  e n g i n e s  i s  d i s c u s s e d  i n  Ref .  A-80, wherein  t w i c e  ' the  
power o u t p u t  is  o b t a i n e d  wi thou t  i n c r e a s e s  i n  s i z e ,  we igh t ,  o r  c o s t  of 
eng ine .  

I V .  COST PROJECTIONS 

A. AVAILABLE DATA BASE 

A g o a l  was t o  e s t a b l i s h  c a p i t a l  c o s t s  i n  volume p r o d u c t i o n ,  and 
a s s o c i a t e d  o p e r a t i n g  and maintenance c o s t s ,  f o r  t h e  s e v e r a l  c a n d i d a t e  
energy convers ion  sys tems  w i t h  a p p l i c a t i o n  t o  s o l a r  the rmal  power 
sys tems.  T h i s  t a s k  met w i t h  o n l y  l i m i t e d  s u c c e s s .  A b r i e f  su rvey  was 
conducted t o  d e t e r m i n e  what i n f o r m a t i o n  was a v a i l a b l e .  Emphasis was 
p laced  on c a p i t a l  c o s t ,  w i t h  secondary emphasis on o p e r a t i n g  and main- 
t e n a n c e  (06rM) c o s t s ,  which o f t e n  a r e  t a k e n  as a f i x e d  p e r c e n t a g e  of 
c a p i t a l  c o s t s  anyway. C o s t s  o f  t e c h n o l o g i c a l  development were n o t  
c o n s i d e r e d .  Because energy c o s t s  were t o  b e  an  o u t p u t  o f  t h i s  ( c u r r e n t )  
s t u d y ,  t h e y  were n o t  i n v e s t i g a t e d  s p e c i f i c a l l y .  I n  t h e  l i t e r a t u r e  
c i t e d  h e r e i n ,  most o f  t h e  d a t a  a p p l i e d  t o  l a r g e  s t a t i o n a r y  f o s s i l -  
f u e l e d  power p l a n t s  i n  v e r y  l i m i t e d  p r o d u c t i o n ,  i n f o r m a t i o n  n o t  w e l l  
s u i t e d  f o r  t h e  p r e s e n t  s t u d y .  Cost  i n f o r m a t i o n  t o  v a r y i n g  d e g r e e s  o f  
complet ion and u s e f u l n e s s  can b e  found i n  Refe rences  A-2, A-3, A-7, 
A-8, A-11,  A-16, A-17, A-28, A-33, A-34, A-35, A-46, A-47, A-53, A-56, 
A-59, A-61, A-63, A-65 and A-68; c o s t s  r e l a t e d  t o  s o l a r  the rmal  sys tems  
can be found i n  Refe rences  A-3,.A-11, A-16, A-17, A-34, A-46, A-47, 
A-65 and A-68. 

Although power sys tems f o r  a u t o m a t i c  a p p l i c a t i o n s  d i f f e r  from 
s o l a r  power a p p l i c a t i o n s  i n  performance r e q u i r e m e n t s  and subsystem 
d e s i g n  . r equ i rements  (Ref.  A-27), t h e y  p r o v i d e  i n s i g h t  i n t o  s m a l l  e n g i n e  
mass produc t ion  c o s t s  t h a t  a r e  u n a v a i l a b l e  e l sewhere .  I-Iowever, 
r e l i a b i l i t y ,  l i f e t i m e ,  l i f e  c y c l e  c o s t s  and o p e r a t i n g  and maintenance 
c o s t s  f o r  au tomot ive  a p p l i c a t i o n s  d i f f e r  c o n s i d e r a b l y  from s o l a r  power 
a p p l i c a t i o n s .  The volume p r o d u c t i o n  c o s t s  of S t i r l i n g  e n g i n e s  have 
been compared t o  D i e s e l  e n g i n e s  (Ref.  A-11) because  of t h e  i n h e r e n t  
similarities of  t h e  two eng ines .  It might b e  thought  t o o  t h a t  v a l u a b l e  
i n s i g h t  i n t o  volume p r o d u c t i o n  c o s t s  f o r  jet e n g i n e s  (commercial and 
m i l i t a r y )  might  f i n d  a p p l i c a t i o n  i n  g a s  t u r b i n e s  f o r  s o l a r  the rmal  power 
sys tems.  The t echnology  of - j e t  engiries, is perhaps  a decade ahead of 



i n d u s t r i a l  gas  t u r b i n e s  and, judging from t h e  l i t e r a t u r e ,  it appears  
t h a t  t h e r e  is  l i t t l e  communication between e x p e r t s  of t h e  two technologies .  
There i s  s u ~ h  a  d i s p a r i t y  between performance and l i f e  c y c l e  requi re -  
ments of a i r c r a f t  gas t u r b i n e s  and t h e i r  coun te rpa r t s  f o r  s o l a r  power 
a p p l i c a t i o n s  t h a t  t h e  technology p a r a l l e l s  a r e  doubt fu l .  

A c ross -sec t ion  of r e p r e s e n t a t i v e  c o s t s ,  and l i f e t i m e  t o  major 
overhaul ,  i s  shown i n  Table A-3 f o r  s eve ra l  power conversion systems. 
These va lues  were der ived  from t h e  l i t e r a t u r e  and apply mainly t o  l a r g e  
p l a n t s  i n  only l i m i t e d  product ion.  They should be  viewed a s  con-' 
s e r v a t i v e  ( i n d u s t r i a l )  near-term p r o j e c t i o n s  and not  a s  mass production 
t a r g e t s  f o r  far- term s o l a r  thermal a p p l i c a t i o n .  The va lues  termed low, 
nominal, and high r e f l e c t  some ambivalence a s soc i a t ed  n o t , o n l y  wi th  
u n c e r t a i n t y  but  a l s o  t h e  timeframe of  accomplishment. The low va lues  
correspond, probably, wi th  both o p t i m i s t i c  e s t ima te s  a s  we l l  a s  longer  
p ro j ec t ed  development t imes. The h ighes t  cos t  system i s  t h e  potassium/ 
steam Rankine combined.cycle.  According t o  Ref. A-81, t h e  potassium/ 
water  b ina ry  cyc l e ,  depending on complexity,  may c o s t  a  f a c t o r  of 1.3 
t o  3 t imes a  steam Rankine system of comparable s i z e  ( f o r  1000 mWe 
output  systems).  

Some a v a i l a b l e  information f o r  product ion c o s t s  of smal l  (mainly 
automotive) engines  i s  shown i n  Table A-4. These e s t ima te s  a r e  f o r  
product ion of 400,000 u n i t s  pe r  year .  p ro j ec t ed  c o s t s  of automotive 
engines  were obta ined  from Refs.  A-72 and A-82. The l a s t  e n t r y ,  
o rganic  Rankine t u r b i n e s ,  was obta ined  by methods o u t l i n e d  i n  t h e  next 
s e c t i o n .  Included i n  Table A-4 a r e  c o s t s  per  u n i t  weight a s  we l l  a s  
c o s t s  per  u n i t  power output .  It i s  of i n t e r e s t  t h a t  most mass produced 
i tems today (appl iances ,  pumps, e t c . )  c o s t  somewhere between 1 and 
5 $ / l b ;  wide-bodied a i r c r a f t  l i k e  t h e  L-1011 and DC-10 c o s t  about 
8  $ / l b .  From t h i s  observa t ion  it might be concluded t h a t  small  mass- 
produced engines  f o r  s o l a r  power a p p l i c a t i o n  should not  c o s t  more than  
approximately 2.5 $ / l b  i n  cu r r en t  d o l l a r s .  

For t h i s  s tudy  it was d e s i r a b l e  t o  have, f o r  r e f e rence  and use ,  
a  gene ra l  model of mass product ion c o s t s o f  energy conversion systems. 
To t h i s  end, work was i n i t i a t e d  e a r l i e r  i n  an i n t e r n a l  JPL memo (Ref. 
A-83). The r e s u l t s  of t h i s  model a r e  presented i n  t h e  next  s e c t i o n .  

B. MASS PRODUCTION ESTIMATES 

It i s  c l e a r  from t h e  l i t e r a t u r e  and company d a t a  t h a t  t h e  s p e c i f i c  
c o s t  (,$/k~) of power conversion systems dec reases  wi th  inc reas ing  s i z e ,  
o r  capac i ty ,  of t h e  system. Sample curves showing t h i s  r e l a t i o n s h i p  
f o r  gas  t u r b i n e s  and organic  Rankine t u r b i n e s  a r e  given i n  Ref. A-11,  
which a l s o  con ta ins  some information regard ing  mass product ion of  
o rgan ic  Rankine t u r b i n e s .  The l a t t e r  d a t a  from Ref. A-11 was c ross -  
p l o t t e d  on log-log paper and i n t e r p o l a t e d  and . ex t r apo la t ed  i n  s e v e r a l  



T a b l e  A-3.  Curren t  P r o j e c t i o n s  o f . C a p i t a 1  and Opera t ing  
Maintenance C o s t s  o f  R e p r e s e n t a t i v e  Energy - 
Conversion Systems (Heat Engines). ,  Based on 
Limited Low-Volume P r o d u c t i o n ,  and Est imated 
L i f e t i m e  t o  Major Overhaul 

SYSTEH 

STIRLING 

COMMENTS 

U n i n s t a l l e d ,  f o r  
p r o d u c t i o n  of  
5000 u n i t s l y r  

Based on l i f e t i m e  
r a t h e r  t h a n  c a p i t a l  c o s t  

Between o v e r h a u l s  
( D i e s e l  t r u c k s  today  
g e t  5000 h r )  

UNIT 

S/kW 

$/kW 

h o u r s  

NOMINAL 

1 5 0  

7 

1 0 , 0 0 0  

ITEM 

C a p i t a l  Cost 

0 6 M Expense 
p e r  y e a r  

L i f e t i m e  

230 

1 3  

30 ,000 

OPEN-CYCLE 
BRAYTON 

LOW 

1 0 0  

3 

5000 

HIGH 

300 

14 

25 ,000 

I n s t a l l e d  C o s t ,  1 0  t o  100 MW 
Limi ted  p r o d u c t i o n  - 100 
p e r  y e a r .  C o s t s  f o r  s m a l l  
u n i t s  (10  t o  1 0 0  kW) may b e  
3 t i m e s  h i g h e r ,  o r  more 

Based on 3000 h r  p e r  y e a r  

$/kW 

$/kW 

h o u r s  

C a p i t a l  Cost 

0 6 M Expense 
p e r  y e a r  

L i f e t i m e  

450 

27 , 

25,000 

250 

1 4  

20 ,000 

BRAYTON/ 

STEM1 

RALLKIXE 

COFIBINED 

CYCLE 

Limi ted  p r o d u c t i o n .  
Very l a r g e  c o a l - f i r e d  
power p l a n t s  

Large  p l a n t s  o n l y ,  
a f f e c t e d  by f u e l  c o s t .  

370 

2 7 . 8  
e 7 . 5 2  c c  

10 .000 

POTASSlUEII 

STEAi-I 

uLKl;jE 

CObIBINED 

CYCLE 

1 5 0  

7.2 

1 5 , 0 0 0  

C a p i t a l  Cos t  

0 6 M Expense 
p e r  y e a r  

L i f e t i m e  

S/kW 

SIKW 

h o u r s  

C a p i t a l  Cost 

0 6 M Expense 
p e r  y e a r  

I.i f r t i m r  

200 

11 

2 0 , 0 0 0  

500 

42 .5  
@ 8 . 5 %  c c  

20.000 

2 70 

1 7 . 5  
C6.52 c c  

5000 

$/kW 

S/k\J 

h o u r s  

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

Large p l a n t s  o n l y .  
Does n o t  i n c l u d e  f u e l .  

Based p a r t l y  on R e f .  A-50 
- 

1 6 0  

8 

1 5 , 0 0 0  



T a b l e  A-4. P r o d u c t i o n  Cost  Comparison of Smal l  Engines  f o r  
400,000 U n i t s  p e r  y e a r  ( . l )  (Based on c u r r e n t  
e s t i m a t e s )  

( l ) ~ a r e  s e l l i n g  c o s t  o f  e n g i n e  d o e s  n o t  i n c l u d e  h e a t  e x c h a n g e r s ,  b o i l e r s ,  g e n e r a t o r s ,  b a t t e r i e s ,  g e a r s /  
t r a n s m i s s i o n s ,  c o n t r o l s ,  e t c .  

Sou rce  

APSES 

JPL Auto Repor t ,  

Ref.  A-72 

S e l c u k ,  e t .  a l .  
JPL Repo r t  
Ref.  A-16 

F o r t g a n g  
JPL 

P r e l i m .  ATSP 
R e p o r t  
Ref .  A-83 

B a i l e y  
Le RC 
Ref .  A-2 

OTA R e p o r t  
Ref .  A-11 - 

i t e r a t i o n s  (Ref.  A-83). The f i n a l  r e s u l t  was c a p i t a l  c o s t  expressed  
i n  $/kW f o r  a f a m i l y  o f  t u r b i n e  s i z e s  p l o t t e d  a g a i n s t  t h e  number of 
p r o d u c t i o n  u n i t s  p e r  y e a r .  These c u r v e s  t h e n  were normal ized ( a r b i -  
t r a r i l y )  t o  t h e  v a l u e  N = 106 u n i t s  p e r  y e a r .  It i s  b e l i e v e d  t h a t  i n  
t h e  y e a r s  1990 t o  2000 t h e  number of h e a t  e n g i n e s  t h a t  w i l l  b e  r e q u i r e d  
y e a r l y  f o r  s o l a r  power a p p l i c a t i o n s  w i l l  be hundreds  o f  thousands ,  i f  
n o t  m i l l i o n s ,  of u n i t s .  

The d a t a  m a n i p u l a t i o n  r e f e r r e d  t o  above r e s u l t e d  i n  what h a s  been 
used h e r e i n  a s  a  "mass p r o d u c t i o n  c o s t  model" f o r  energy  convers ion  
sys tems  ( F i g u r e  A-18). It i s  sugges ted  f o r  g e n e r a l  usage  o n l y  because  
b e t t e r  i n f o r m a t i o n  i s  n o t  a v a i l a b l e .  Without r e a l  j u s t i f i c a t i o n ,  i t  
h a s  been used even t o  s c a l e  c o s t s  o f  subsystem u n i t s  such a s  g e n e r a t o r s .  
The g e n e r a l  t r e n d s  o f  t h e  c u r v e s ,  i f  n o t  t h e i r  a b s o l u t e  l e v e l s  and 
s h a p e s ,  must b e  approx imate ly  c o r r e c t .  The c u r v e s  i n  F i g u r e  A-18 have 
been used t o  s c a l e  c o s t s  f o r  a l l  power c o n v e r s i o n  systems.  It i s  
encourag ing  t h a t  t h e  r e l a t i v e  c o s t s  of known systems ( l a r g e  sys tems i n  
low volume p r o d u c t i o n  as w e l l  a s  s m a l l  sys tems i n  r e l a t i v e l y  l a r g e  
volume p r o d u c t i o n )  s c a l e  approx imate ly  i n  accordance  w i t h  F i g u r e  A-18. 
F i g u r e  A-18 may be  used t o  e s t i m a t e  sys tem c o s t s  by a r a t i o  p r o c e s s .  
I f  a  s i n g l e  p o i n t  i s  known, i . e . ,  t h e  a b s o l u t e  c o s t  of a g iven  s i z e  
convers ion  system f o r  a known volume p r o d u c t i o n ,  t h e n  t h e  r e l a t i v e  
c o s t  o f  a  d i f f e r e n t  s i z e  sys tem a t  a  d i f f e r e n t  r a t e  of volume p r o d u c t i o n  
can  be  e s t i m a t e d  by forming t h e  a p p r o p r i a t e  r e l a t i v e  c o s t  r a t i o  and t h e n  
c a l c u l a t i n g  t h e  a b s o l u t e  c o s t  of t h e  sys tem i n  q u e s t i o n .  
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(DATA INTERPOLATED AND CURVE-FITTED FROM REF. A-1  I) 
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Figure  A-18. Suggested Model f o r  t h e  Cap i t a l  c o s t s  of  Energy 
Conversion Systems i n  Volume Product ion 

The curves  shown i n  F igure  A-18 a r e  no t  l e a r n i n g  curves ,  a s  can 
be demonstrated by p l o t t i n g  t h e  r e s u l t s  i n  log-log coo rd ina t e s .  Learn- 
i ng  curves ,  which o r i g i n a t e d  i n  t h e  a i r c r a f t  i n d u s t r y  s e v e r a l  decades 
ago, have gained wide acceptance  i n  p r e d i c t i n g  product ion  c o s t s  (Ref. 
A-84). Learning curves  p l o t  a s  s t r a i g h t  l i n e s  i n  log-log coo rd ina t e s  
(Ref. A-85). They a r e  n o t  a c c u r a t e  f o r  p r e d i c t i n g  product ion  c o s t s  
f o r  N > l o 4  u n i t s  because,  u l t i m a t e l y ,  t h e  curves  c r o s s  a  c o s t  va lue  
equ iva l en t  t o  m a t e r i a l  c o s t s  a lone .  In c o n t r a s t ,  t h e  cu rves  shown in  
F igure  A-18 e x h i b i t  a  vary ing  pe rcen t  l e a r n i n g  wi th  i n c r e a s i n g  number 
of product ion u n i t s  N; i n  log-log coo rd ina t e s  t h e  curves  approach ze ro  
s lope  a t  a r b i t r a r i l y  h igh  N. Th i s  behavior  i s  m o r e , i n  keeping wi th  
r e a l i s t  i'c r e s u l t s .  

The t o t a l  c a p i t a l  c o s t  of  cand ida t e  energy systems, i nc lud ing  
hea t  exchangers,  a u x i l i a r y  equipment, gene ra to r s ,  c o n t r o l  equipment, 
e t c . ,  was es t imated  f o r  c u r r e n t  purposes.  Base engine c o s t s  were 
e s t i m a t e d . f o r  b a s e l i n e  100 kWe output  engines  produced a t  t h e  r a t e  of 
400,000 u n i t s  pe r  year .  Component c o s t s  were es t imated  us ing  t h e  
r e s u l t s  of Ref. 68 and o t h e r  sources .  Recuperator c o s t s  f o r  Brayton 



c y c l e s  were sca l ed  from r e s u l t s  ( f o r  l a r g e  p l a n t s ) . g i v e n  i n  Ref. A.-34. 
Recuperator c o s t s  f o r  open and c losed  a i r  and helium Brayton c y c l e s  a r e  
s i g n i f i c a n t l y  d i f f e r e n t .  A f i xed  c o s t  of 10 $/kW was' assumed'for c o n t r o l s ,  
and a  f i xed  c o s t  of 11 $/kW was assumed f o r  e l e c t r i c  gene ra to r s  a s  e s t i -  
mated f r o m l ~ i g u r e  A-19. I n  F igure  A-19, t h e  lower dashed curve f o r  
400,000 u n i t s  pe r  year  was obtained us ing  Figure  A-18 and r e s u l t s  from 
Ref. A-.2. The f i n a l  r e s u l t s  a r e  l i s t e d  i n  Table A-5. 

F igure  A-19. Estimated C a p i t a l  Cost of A.C. Generators  
i n  Volume Product ion,  1977 Do l l a r s  
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Table A-5. Estimated Basel ine C a p i t a l  Cost of Advanced 
100 kWe Energy Conversion Systems f o r  Product ion 
of 400,000 Un i t s  per  Year, i n  Do l l a r s  per  
Kilowatt  

T o t a l  

6 3 

65 

5 8 

6 7 

72 

69 

G e n e r a t o r  

1 5  

7 .  

C o n t r o l s  A u x i l i a r i e s  

1 5  

19 

24 

2 4 

2 5 

1 5  

Eng ine  

S t i r l i n g  

Bray t o n ,  Recup. 
Open Cyc le  

Bray t o n ,  Recup. 
C losed  A i r  Cycle  

Bray t o n ,  Recup. 
C losed  He Cyc le  

Combined ~ r a ~  t o n /  
Steam Rankine 

Steam Rankine 
R e c i p r o c a t i n g  
-- 

10 

Base . 

Engine 

2 3 

2 1 

9 

18 

2 2 
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APPENDIX B 

SUMMARY 

A survey  was made t o  accumulate  d a t a  on t h e  p r o j e c t e d  performance 
and c o s t  of advanced energy s t o r a g e  sys tems t h a t  might  b e  s u i t a b l e  as 
c a n d i d a t e s  f o r  a p p l i c a t i o n s  i n  t h e  time-frame 1990-2000. Advanced 
energy s t o r a g e  sys tems a r e  d e f i n e d  as second g e n e r a t i o n  systems t h a t  
are beyond t h e  s t a t e - o f - t h e - a r t  w i t h  r e s p e c t  t o  performance and,  i n  
most c a s e s  r e q u i r e  c o n s i d e r a b l e  advanced technology.  I n  a d d i t i o n  t o  
t h e  s t a t e - o f - t h e  a r t  650' F (-350°C) s e n s i b l e ,  the rmal  energy s t o r a g e ,  
used i n  t h e  p a s t  a s  b a s e l i n e  t echnology ,  h i g h  t empera tu re  s e n s i b l e  and 
l a t e n t  h e a t  s t o r a g e ,  advanced b a t t e r y  t e c h n o l o g i e s ,  and chemical  energy 
s t o r a g e  were cons idered .  For the rmal  energy t r a n s p o r t ,  i n  a d d i t i o n  t o  
steam, l i q u i d  metal and gas  were  c o n s i d e r e d .  

For t h e  purposes  of t h i s  s t u d y ,  t h e  f o l l o w i n g  a s p e c t s  of perform- 
a n c e  were r e q u i r e d :  (1 )  charg ing  t empera tu re ,  (2)  d i s c h a r g i n g  tempera- 
t u r e ,  ( 3 )  o v e r a l l  the rmal  e f f i c i e n c y ,  and ( 4 )  energy t r a n s p o r t  and 
s t o r a g e  s i z e .  Of i n t e r e s t  was t h e  performance and c o s t  of energy t r a n s -  
p o r t  i n  t h e  s i z e  range  60 kWth t o  60 MWth, and energy s t o r a g e  i n  t h e  s i z e  
range  1 5  KWe h r  t o  1000 MWe h r .  Because of t h e  need t o  p r o v i d e  a n  impar- 
t i a l  assessment  of v a r i o u s  advanced energy s t o r a g e  t e c h n o l o g i e s  s u i t a b l e  
f o r  t h e i r  i n t e g r a t i o n  i n t o  a  s o l a r  the rmal  power p l a n t ,  i n f o r m a t i o n  was 
sought  on bo th  i n t e r n a l  (energy s t o r a g e  b e f o r e  t h e  energy convers ion  sys-  
tem) and e x t e r n a l  (energy s t o r a g e  a f t e r  t h e  energy c o n v e r s i o n  system) 
s t o r a g e  t e c h n o l o g i e s .  Hence, t h e  purpose  of t h i s  i n v e s t i g a t i o n  was t o  
g a t h e r  and a n a l y z e  t h e  r e q u i r e d  d a t a  b a s e  f o r  c a n d i d a t e  energy t r a n s p o r t  
and S t o r a g e  sys tems a s  subsystems f o r  s o l a r  the rmal  power technology 
development i n  t h e  y e a r s  1990 t o  2000. The r e s u l t s  of t h i s  i n v e s t i g a -  
t i o n  a r e  summarized i n  F i g u r e  B-1  and B-2. The p e r  u n i t  c a p i t a l  c o s t s  
a r e  r e p o r t e d  i n  1977 d o l l a r s .  

Thermal energy t r a n s p o r t e d  by s team has  t h e  lowes t  p e r  u n i t  c a p i t a l  
c o s t  of a l l  energy t r a n s p o r t  sys tems.  It i s  n o t  s u i t a b l e  f o r  h i g h  
t empera tu re  work, because  t h e  o p e r a t i n g  p r e s s u r e  becomes e x c e s s i v e l y  
h igh .  .Compared t o  s team,  gas  t r a n s p o r t  and l i q u i d  ine ta l  t r a n s p o r t  a r e  
s e v e r a l ' t i m e s  more expens ive .  Gas t r a n s p o r t  i s  expens ive  because  of i t s  
size (low energy d e n s i t y ) ,  and l i q u i d  m e t a l  because  of i t s  s p e c i a l  con- 
t a i n m e n t .  High t e m p e r a t u r e  i n s u l a t i o n  a l s o  adds .  t o  a s i g n i f i c a n t ' c o s t  
i n c r e a s e .  

Phase change m a t e r i a l s  o f f e r  o p p o r t u n i t i e s  f o r  lowes t  p e r  u n i t  cap- 
i t a l  c o s t s  f o r  the rmal  energy s t o r a g e ,  up t o  n i n e  hours .  However, t h e y  
a re  on ly  a t t r a c t i v e  f o r  lower  t e m p e r a t u r e s ,  i n  t h e  r a n g e  500 + 1000°F. 

For h i g h  t e m p e r a t u r e  energy s t o r a g e  (11500°F) l i q u i d  m e t a l  a p p e a r s  
t o  b e  t h e  b e t t e r  c a n d i d a t e .  The r e v e r s i b l e  chemical  r e a c t i o r c a n d i d a t e s  
(AHS and SO -SO ) a r e  a l s o  a t t r a c t i v e .  However, c o n s i d e r a b l e  advanced 

2 3 technology 1s r e q u i r e d  t o  b r i n g  t h e s e  sys tems t o  f r u i t i o n .  
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For l a r g e  s t o r a g e  c a p a c i t i e s ,  advanced b a t t e r y  s t o r a g e  o f f e r  t h e  
b e s t  o v e r a l l  o p p o r t u n i t i e s .  T h i s  c a n d i d a t e  i s  n o t  v e r y  s i z e  s e n s i t i v e ,  
and t h e r e f o r e  l o o k s  a t t r a c t i v e  f o r  b o t h  c e n t r a l  and d i s p e r s e d  s o l a r  
power p l a n t s .  

I .  INTRODUCTION 

I n s o l a t i o n  v a r i e s  from hour  t o  hour ,  day t o  day ,  week t o  week and 
s e a s o n  t o  s e a s o n .  Hence, a  major  c o n s t r a i n t  t o  t h e  e v o l u t i o n  of s o l a r  
t h e r m a l  power sys tems i s  t h e  need t o  p r o v i d e  con t inuous  o p e r a t i o n  d u r i n g  
p e r i o d s  of s o l a r  ou tage .  During s u n s h i n e  h o u r s ,  h e a t  w i l l  be  t r a n s p o r t e d  
from t h e  r e c e i v e r  t o  t h e  energy c o n v e r s i o n  and s t o r a g e  sys tems.  I n  a  
s o l a r  p l a n t  p rov ided  w i t h  a n  i n t e r n a l  energy s t o r a g e ,  d u r i n g  pos t -  
s u n s h i n e  h o u r s ,  s t o r e d  h e a t  w i l l  a g a i n  be  t r a n s p o r t e d  from s t o r a g e  t o  
t h e  energy c o n v e r s i o n  sys tems .  A p l a n t  provided w i t h  e x t e r n a l  energy 
s t o r a g e  w i l l  e s s e n t i a l l y  s h u t  down i t s  energy c o n v e r s i o n  system d u r i n g  
pos t - sunsh ine  h o u r s  and w i l l  s u p p l y  e x t e r n a l  energy f rom i t s  s t o r a g e .  
A number of energy s t o r a g e  t e c h n o l o g i e s  which have t h e  p o t e n t i a l  t o  
meet t h e  needs  of a  s o l a r  the rmal  power p l a n t ,  a r e  c u r r e n t l y  under  devel-  
opment by DOE (Refe rences  B-1,  B-2). The development s t a t u s  of some 
i n t e r n a l  ( t h e r m a l  and chemica l )  and e x t e r n a l  (Redox b a t t e r y )  s t o r a g e  
t e c h n o l o g i e s ,  s p e c i f i c a l l y  o r i e n t e d  towards  p r o v i d i n g  d i u r n a l  energy  
s t o r a g e  f o r  s o l a r  power p l a n t  sys tems i s  reviewed. 

Because of t h e  t i m e  and r e s o u r c e  c o n s t r a i n t s ,  t h e  i n v e s t i g a t i q n  i s  
l i m i t e d  t o  t h e  advanced energy t r a n s p o r t  and s t o r a g e  t e c h n o l o g i e s  l 5 s t e d  
i n  Tab le  B-1. 

1 APPROACH AND METHODOLOGY 

P4uch t e c h n i c a l  i n f o r m a t i o n  on t h e  t e c h n o l o g i e s  l i s t e d  i n  T a b l e  B-1 
was o b t a i n e d  from ongoing work sponsored by DOE, i n d u s t r y  r e p o r t s ,  open 
l i t e r a t u r e ,  and p r i v a t e  commi.~nications w i t h  knowledgeable p r o f e s s i o n a l s .  

The assembled d a t a  r e f l e c t  many view p o i n t s  and d i f f e r  i n  s c o p e ,  
q u a l i t y ,  q u a n t i t y  and d e s c r i p t i v e  detail. I n  l i t e r a t u r e ,  s e v e r a l  d e f i n -  
i t i o n s  of sys tem e f f i c i e n c y  e x i s t ,  and r e p o r t e d  c o s t  d a t a  were n o t  
developed under uniform l i f e  assumpt ions .  I n  t h i s  i n v e s t i g a t i o n ,  w e  
have sc reened  and ana lyzed  assembled d a t a  t o  deve lop  r e l i a b l e  c a p i t a l  
c o ~ t o  and perIurmance c h a r a c t e r i s t i c s  which a r e  compat ib le  w i t h  o u r  s o l a r  
power sys tems computer s i m u l a t i o n  methodology. Our i n v e s t i g a t i o n  of 
energy  t r a n s p o r t  and s t o r a g e  t e c h n o l o g i e s  assumes e q u a l  l i f e  and i d e n t i -  
c a l  d u t y  requ i rements .  



Table  B-1. Energy 

A p p l i c a t i o n  

Subtype . Transpor t  S t o r a g e  I 
?hermal/: 
S e n s i b l e  

Thermal/ 
S e n s i b l e  

Thermal / 
L a t e n t  

Thermal / 
3hemical  

Chemical/ 
E l e c t r i c  

E l e c t r i c  

l r anspor t  & S t o r a g e  Technolog 

Candidate  

Steam 

Gas (Ai r  ,, He)' 

~ i q u i d  Metal  (Na) 

Rock-oil ( H i t e c )  

Solid-Gas (MgO-Air,MgO-He) 

L iqu id  Metal  (Na) 

PCM(Ch1orides & F l u o r i d e s )  

RCR (SO2 /So3) 

RCR (AHS) 

RCR (CH / C O - H ~ )  
4 

Redox B a t t e r y  

U t i l i z a t i o n  
Temperature 

Ambient 

Ambient 

Capac i ty  

.06+60 MWth 

.06+60 MWth 

.06-t60 MWth 

.01+100 MWe h r  

.01+100 MWe h r  

.01+100 MWe h r  

.01+100 MWe h r  

.07+500 MWe h r  

.07+160 MWe h r  

.07+500 MWe h r  

.07+500 MWe h r  

.02+10 MWe 

3. Heat Exchange: Convent ional  T u b e l s h e l l  

4. Containment:. Welded S t e e l ,  P r e s t r e s s e d  Cast  I r o n ,  P r e s t r e s s e d  Concrete  
S t e e l  Lined and Unlined N a t u r a l  Aqui fe r s .  

5.  P ip ing :  . ,Welded S t e ~ l , . P r o v i d e d  w i t h  High Temperature I n s u l a t i o n .  



A COST ESTIMATES 

The p e r  u n i t  c a p i t a 1 , c o s t  of energy t r a n s p o r t  can  be  r e p r e s e n t e d  
by $/kWth. T h i s  c o s t  i n c r u d e s  t h e  ,pumps, p i p i n g ,  i n s u l a t i o n ,  c o n t r o l ,  
and a n c i l l a r y  equipment r e q u i r e d .  Note t h a t  t h e  p e r  u n i t  c a p i t a l  c o s t  
i s  a  f u n c t i o n  of  t h e  energy t r a n s p o r t  sys tem s i z e .  The c a p i t a l  c o s t s  of  
ene rgy  s t o r a g e  sys tems ,  i n  f i r s t  approx imat ion ,  c a n  b e  d e s c r i b e d  a s ' a  
sum o f  two t e rms .  The p e r  u n i t  c a p i t a l  c o s t  (C, $/kWe) is:  

c ( $ / k ~ e )  = C ( $ / k ~ e )  + Cs($kWe h r )  T(hours  o f  s t o r a g e )  (B-1) 
P  

where Cp i s  due t o  power r e l a t e d  equipment and Cs i s  due  t o  s t o r a g e  
c a p a c i t y  r e l a t e d  equipment.  

B. 'EFFICIENCY 

I n  o u r  s i m u l a t i o n  work, we have c o n s i s t e n t l y  used t h e  e x p r e s s i o n :  

COutputs - - CInpues - CLosses - C A u x i l i a r i e s  
E f f i c i e n c y  = 

CInputs  CInputs  (B-2) 

T h i s  d e c e p t i v e l y  s i m p l e  d e f i n i t i o n  needs  c a r e f u l  h a n d l i n g  when 
a p p l i e d  t o  s o l a r  t h e r m a l  power sys tems .  We have c o n s i d e r e d  b o t h  i n t e r -  
n a l  ( t h e r m a l )  and e x t e r n a l  ( e l e c t r i c )  energy s t o r a g e s .  I n  t h e  o p e r a t i o n  
o f  t h e s e  sys tems ,  b o t h  h e a t  and work a r e  t r a n s f e r r e d  a c r o s s  t h e  sys tem 
b o u n d a r i e s .  E s p e c i a l l y ,  i n  t h e  c h a r g i n g  of  r e v e r s i b l e  chemica l  r e a c t i o n  
sys tems ,  a  s i g n i f i c a n t  amount of expans ion  work i s  a v a i l a b l e  i n  some 
s y s t e m s .  Concep tua l ly  one c a n  v i s u a l i z e  t h e  energy t r a n s p o r t  and i n t e r -  
n a l  energy s t o r a g e  sys tems  a s  shown i n  F i g u r e  B-3, from which i s  s e e n  
t h a t ,  

(Qi - Q L )  + (Wo - Wi)/qp 
E f f i c i e n c y  = 0 = (B-3) 

Q i 

For e x t e r n a l  ene rgy  s t o r a g e  sys tems ,  t h e  e f f i c i e n c y  i s  a s  g i v e n  i n  
e q u a t i o n  (B-2). S i n c e  t h e  o v e r a l l  e f f i c i e n c y  of  a  s o l a r  the rmal  power 
p l a n t  i s  t h e  p roduc t  of subsystem e f f i c i e n c i e s ,  e q u a t i o n  (B-3) i s  com- 
p a t i b l e  w i t h  such  a  concep t .  The numeric v a l u e s  quoted f o r  the rmal  
energy t r a n s p o r t  and t h e r m a l  energy  s t o r a g e  a r e  based on t h e  d e f i n i t i o n  
of ' e q u a t i o n  ( D - 3 ) .  

C .  EXPECTED TAIFR 

Equipment l i f e  i s  g e n e r a l l y  r e l a t e d  t o  i t s  b a s i c  d e s i g n  and oper-  
a t i n g  mode. It i s  v e r y  d i f f i c u l t  t o  e s t i m a t e  t h e  a c t u a l  l i f e  of some 
of  t h e  advanced energy t r a n s p o r t  and s t o r a g e  sys tems considered i n  t h i s  
s t u d y .  It i s  b e l i e v e d  t h a t  a d e q u a t e  l i f e  i s  u s u a l l y  accomplished by 
p r o p e r  d e s i g n  and maintenance.  T h e r e f o r e ,  i t  i s  assumed t h a t  a l l  sys -  
tems have t h e  same l i f e  of  30 y e a r s .  



. LOSSES (HEAT) 

L 

EFFICIENCY = Vp I WORK OUT (ELECTRICITY) Wo 

1 HEAT 

F i g u r e  B-3. Energy Balance f o r  Energy Transpor t  
and I n t e r n a l  Energy .Storage Systems 

HEAT IN Qi 
) 

WORK IN (ELECTRICITY) W: 

D. OPERATING CHARACTERISTICS 

S i n c e  most of t h e  advanced systems under  c o n s i d e r a t i o n  a r e  s t i l l  
c o n c e p t u a l ,  we have n o t  i n v e s t i g a t e d  t h e  l o a d  f o l l o w i n g ,  p a r t  l o a d  
o p e r a t i o n ,  and t r a n s i e n t  s t a b i l i t y  of energy t r a n s p o r t  and s t o r a g e  
sys tems.  It i s  assumed t h a t  a l l  energy  s t o r a g e  sys tems a r e  c a p a b l e  of 
undergoing t h e  r e q u i r e d  d u t y  c y c l e  w i t h o u t  any p e n a l t i e s .  

' ENERGY TR-A 
ENERGY STORAGE 
SYSTEMS 

111. ROCK-OIL (HITEC) ENERGY STORAGE 

Rock-Oil s e n s i b l e  energy s t o r a g e  is  c h a r a c t e r i z e d  by u s i n g  t h e  
the rmal  energy d i r e c t l y  t o  c h a r g e  t h e  s t o r a g e  sys tem,  r e t r i e v i n g  i t  as 
the rmal  energy,  and t h e  c o n v e r t i n g  i t  i n t o  e l e c t r i c a l  energy as shown 
i n  F i g u r e  B-4. D e s i r a b l e  p r o p e r t i e s  f o r  t h e  s e n s i b l e  t h e r m a l l s t o r a g e  
medium i n c l u d e  low-cost ,  h igh-heat  c a p a c i t y ,  h igh- tempera tu re  c a p a b i l i t y ,  
low-vapor p r e s s u r e  s o  t h a t  i t  can  be  s t o r e d  a t  a tmospher ic  p r e s s u r e ,  
non-corros ive ,  h igh- thermal  c o n d u c t i v i t y ,  non- toxic ,  and s a f e .  

S e v e r a l  r e c e n t  s t u d i e s  (Refe rences  B-1 t o  B-4) have addressed  t h e  
i s s u e s  of medium s e l e c t i o n ,  t h e i r  c o s t s  and performance.  HITEC-Rock 
system h a s  been recommended f o r  Barstow p i l o t  p l a n t  and we have 
adopted t h i s  energy s t o r a g e  f o r  t h e  b a s e l i n e  s o l a r  the rmal  power p l a n t .  

m 
OUT 

C 

HITEC is a t t r a c t i v e  f o r  i t s  h igh- tempera tu re  c a p a b i l T t y  (up t o  
950°F). Its h e a t  t r a n s f e r  p r o p e r t i e s  are q u i t e  s u f f i c i e n t  ( s p e c i f i c  
h e a t  = 0..37 Btul lbm - OF) b u t  i t s  c o s t  i s  somewhat h i g h  (.L 25 c e n t s l f ' b ) .  
Its l i m i t e d  a v a i l a b i l i t y  is  of more s e r i o u s  concern.  C u r r e n t  sys tems  
employing HITEC i n  i n d u s t r i a l  p r o c e s s  h e a t i n g  a r e  a l l  s i g n i f i c a n t l y  
smaller t h a n  t h a t  needed f o r . t h e  s o l a r  pa lan t .  I n  f a c t ,  one 10 MWe 
p l a n t  would r e q u i r e  f i v e  times t h e  c u r r e n t  annua l  p r o d u c t i o n  of HITEC. 

' APPROPRIATE ENERGY 
CONVERSION SYSTEM OF 
EFFICIENCY, r)p 
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S i n c e  t h e  s i n g l e  major c o s t  of t h i s  t y p e  of energy s t o r a g e  sys tem 
is  HITEC m a t e r i a l  c o s t  (which amounts t o  ~ ~ 7 0 %  of t h e  t o t a l  c o s t ) ,  pack- 
i n g  of s t o r a g e  t a n k s  w i t h  crushed rock  ( s p e c i f i c  h e a t  = 0.21 B t u / l b  - OF) 
w i l l  b r i n g  d6wn t h e  m a t e r i a l  c o s t s .  However, t h e  l o n g  term behav ior  
of c rushed  rock  under high- temperature  the rmal  c y c l i n g  i s  n o t  w e l l  
unders tood  and needs development .of .exper imental  d a t a .  

I n  t h i s  s t u d y ,  we have e s t i m a t e d  t h e  approximate  c o s t  of HITEC- 
Rock system.  The c u r r e n t  i n d i c a t i o n  i s  t h a t  t h e  HITEC t e m p e r a t u r e  w i l l  
v a r y  between 650°F as i t s  h i g h  and s t o r a g e  t e m p e r a t u r e  of 450°F a s  i t s  
de-energized t empera tu re ,  and s o  t h e  m a t e r i a l  remains  a  l i q u i d  through- 
o u t  t h e  o p e r a t i n g  range  s i n c e  i t  f r e e z e s  a t  288OF a t  a tmospher ic  p res -  
s u r e .  The s t o r a g e  sys tem i s  comprised of a  t a n k  s t o r a g e  a t  a tmospher ic  
p r e s s u r e  which h o l d s  HITEC and rock  h e a t  exchangers  t h a t  a l l o w  the rmal  
i n p u t  and o u t p u t  t o  and from t h e  s t o r a g e ,  plumbing, i n s u l a t i o n  f o r  t h e  
t a n k  and plumbing, pumps and c o n t r o l s .  The e s t i m a t e d  c o s t s  a r e  shown 
i n  Tab le  B-2. 

I V  . MAGNESIUf4 OXIDE BRICK STORAGE 

Recen t ly  Boeing Company (Refe rence  B-3) i n v e s t i g a t e d  t h e  u s e  of 
c a s t  i r o n  and r e f r a c t o r y  m a t e r i a l  such  a s  MgO a s  p o t e n t i a l  s e n s i b l e  h e a t  
s t o r a g e  media f o r  Brayton powered s o l a r  power p l a n t s .  A comparison of 
t h e  key c h a r a c t e r i s t i c s  of MgO and c a s t  i r o n  is  shown i n  Tab le  B-3. 

Tab le  B-2. Summary of Performance and Cost C h a r a c t e r i s t i c s  
f o r  HITEC-Rock. Energy S t o r a g e  

5  0  100 150 . S t o r a g e  Capac i ty  (MWe h r )  

Heat i n ,  Qi (MWth) 

Heat Loss ,  QL (MWth) 

Pump Wnrk (MWe h r )  

Expander Work (MWe h r )  - - - 
S t o r a g e  E f f i c i e n c y ,  

, "s 
0 . 8  0.79 0.78 

6 
Power Re la ted  Cos t s  ($x10 ) 0.9  1 .20  1 .30  

Heat Exchangers 
Plumbing 
Pump s 

6 
Energy Re la ted  Cos t s  ($x10 ) 2 . 1  ' 4.40 6 .6  

Tank 
HITEC 
I n s u l a t i o n  . - 



Table  B-3. Comparison o f  P r o p e r t i e s  Cast I r o n  and Magnesia B r i c k  

Cas t  I r o n  Magnesia B r i c k  

Cost  ($ /kg)  0.66 0.32 

~ h e r m d l  C o n d u c t i v i t y  (W/m - OC) 29.3 .: 5.07 

Ileat  Capac i ty  ( J / k g  - OC) 837 1 , 1 3 0  

Linear  Expansion (%) 
3 

Dens i ty  (kg/m ) 

For a  AT = 264OC 

S t o r a g e  c a p a c i t y  ( k J / $ )  334.8 932.2 
S t o r a g e  d e n s i t y  ( k J / g )  220.9 298.3 
Storage volume ( F I J / ~ ~ )  1 , 7 4 6  834.9 - 

MgO b r i c k s  a l s o  r e t a i n  h i g h  s t r e n g t h  at. ~ l . e v a t e d  fempcra tu rcs  1500QF 
and a r e  r e s i s t a n t  t o  s p a l l i n g ,  and hence a r e  s e l e c t e d  f o r  t h e  p r e s e n t  
s t u d y .  Checker work c o n s t r u c t i o n  t e c h n i q u e s  f o r  t h e s e  b r i c k s  a r e  p a r t  
of t h e  s t a n d a r d  i n d u s t r y  p r a c t i c e  a s  shown i n  F i g u r e  B-5. 

CHARGING AND 
DISCHARGING AT 
1500--1800°F 

He MANIFOLDS \ 

/ 
HIGH PRESSURE PLAN VIEW 

He CONTAINMENT 
VESSELS 

F i g u r e  B-5. MgO Br ick-Sens ib le  Heat S t o r a g e  



The s t o r a g e  medium can  be  c o n t a i n e d  i n  s e v e r a l  i n s u l a t e d  p r e s s u r e  
v e s s e l s .  The working f l u i d  (hel ium o r  a i r )  i s  d i s t r i b u t e d  by a  cascaded 
mani fo ld  sys tem w i t h  a  r e f r a c t o r y  d i f f u s e r .  The t a n k  is  made of %3 i n c h  
t h i c k  ca rbon  s t e e l  and h a s  t o  b e  des igned  i n  accordance  w i t h  ASME B o i l e r  
and P r e s s u r e  Vessel Code. The f l u i d  c i r c u l a t i o n  system compressor shou ld  
b e  s i z e d  t o  overcome t h e  p r e s s u r e  d rop  i n  t h e  b r i c k  s t o r a g e .  

. . 

The e s t i m a t e d  performance and c o s t s  a r e  shown i n  Tab le  B-4. The 
c o s t s  i n c l u d e  t a n k  f a b r i c a t i o n ,  r e f r a c t o r y  b r i c k  i n v e n t a r y ,  g a s  c i r c u l a -  
t i o n ,  plumbing, and i n s u l a t i o n .  DOE h a s  sponsored c u r r e n t  r e s e a r c h  t o  
a s s e s s  t h e  a p p l i c a b i l i t y  of p r e s t r e s s e d  c a s t  i r o n  v e s s e l  (PCIV) i n  ' t h i s  
s t o r a g e  (Refe rence  B-5). The PCIV concept  o f f e r s  a p o t e n t i a l  low-cos t  
a l t e r n a t i v e  t o  t h e  welded s t e e l  p r e s s u r e  v e s s e l  approach adopted i n  t h i s  
s t u d y .  

V.  LIQUID METAL STORAGE 

Liqu id  m e t a l s  have been found t o  be  e x c e l l e n t  h e a t  t r a n s p o r t  and 
s t o r a g e  media f o r  sys tems  des igned  t o  o p e r a t e  a t  t e m p e r a t u r e s  from 
1200 t o  1800°F. The s i z e  of t h e  p i p i n g  and major  ' p i e c e s  of equipment 
t o g e t h e r  w i t h  t h e  pumping power requ i rements  can be  k e p t  lower t h a n  i f  
g a s e s  were employed. However, t h e  c o r r o s i o n  problems p r e s e n t e d  by 
l i q u i d  metals r e q u i r e  t h a t  t h e  s t r u c t u r a l  m a t e r i a l s  b e  s e l e c t e d  w i t h  
c a r e .  Fur thermore,  t h e  sys tems must be des igned  f o r  a  h i g h  d e g r e e  of 

Tab le  B-4. Summary of Performance and Cost C h a r a c t e r i s t i c s  f o r  
Magnesium Oxide B r i c k  S t o r a g e  Energy S t o r a g e  

S t o r a g e  Capac i ty  (MWe h r )  

Heat i n ,  Qi (MWth h r )  

Heat Loss ,  QL (MWth h r )  

C i r c u l a t i o n  Work (MWe h r )  

Expander Work (MWe h r )  

S t o r a g e  E f f i c i e n c y ,  
'S 6 

Power Re la ted  Cos t s  ($x10 ) 
C i r c u l a t i o n  Compressors, 
Manifolds  and D i f f u s e r  

6 
Energy Relaced CosLs ( $ ) < l o  ) 

Tanks 
. MgO 

I n s u l a t i o n  



l e a k - t i g h t n e s s  t o  minimize  c o n t a m i n a t i o n  of t h e  l i q u i d  m e t a l  by wa te r  
vapor  o r  oxygen i f  c o r r o s i o n  r a t e s  a r e  t o  be  k e p t  s m a l l .  With p roper  
d e s i g n ,  c o n s t r u c t i o n ,  and o p e r a t i o n  l i q u i d  m e t a l  sys tems have been 
o p e r a t e d  a t  t e m p e r a t u r e s  of %1200°F and h i g h e r  w i t h  c o r r o s i o n  r a t e s  of 
l e s s  t h a n  0.0001 i n c h i y e a r  (Refe rence  B-6). The h e a t  t r a n s p o r t  and 
s t o r a g e  sys tems must be  des igned  f o r  p r o v i d i n g  p r e h e a t i n g  and good 
d r a i n a g e  t o  a v o i d  d i f f i c u l t i e s  w i t h  l i q u i d  f r e e z i n g .  Sodium a p p e a r s  t o  
have mainly  c o s t  and performance advan tages  o v e r  o t h e r  l i q u i d  m e t a l s  
(Refe rence  B-7) and hence  i s  t h e  s e l e c t e d  c a n d i d a t e  f o r  a n a l y s i s  i n  t h i s  
s t u d y .  

A s i m p l e  schemat ic  o f  t h e  l i q u i d  sodium s t o r a g e  sys tem i s  shown 
i n  F i g u r e  B-6. S i n c e  a l l  o p e r a t i o n  of  t h i s  sys tem i s  from s t o r e d  sodium, 
t h e r e  i s  no d i s t i n c t i o n  between day t ime  o r  n i g h t t i m e  opera t i .on ,  n ther  
t h a n  t h e  a u x i l i a r y  o r  p a r a s i t i c  power r e q u i r e m e n t s .  T h i s  c o n f i g u r a t i o n  
a l l o w s  a l l  of t h e  f i v e  d e s i r a b l e  o p e r a t i n g  sequences :  (1.) d i r e c . t  opcr-  
a t i o n  ( 2 ) , d i r e c t  p l u s  s t o r a g e  sys tem d i s c h a r g e  ( 3 )  d i r e c t  p l u s  s t o r a g e  
sys tem c h a r g e  (4 )  s t o r a g e  sys tem c h a r g e  o n l y  and (5) s t o r a g e  sys tem 
d i s c h a r g e  o n l y .  R e c e n t l y ,  a  c o n c e p t u a l  d e s i g n  f a r  a 100 G4We so la r  tower 
employing l i q u i d  sodium a s  a  h e a t  t r a n s f e r  f l u i d  and a s  a  s t o r a g e  
medium was g e n e r a t e d  u s i n g  t h i s  c o n f i g u r a t i o n  (Refe rence  B-8). 
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Fi ,gure  B-6. L iqu id  S o d i u m ' s t o r a g e  



The l i q u i d  sodium energy s t o r a g e  sys tem as shown i n  F i g u r e  B-6 
c o n s i s t s  of a  h o t  sodium s t o r a g e  t a n k ,  c o l d  sodium s t o r a g e ,  pumps, and 
i n t e r c o n n e c t i n g  p i p i n g .  The s t o r a g e  sys tem c o s t s  a r e  dominated by t h e  
c o s t  of t h e  t a n k s  and t h e  sodium. For t h i s  r e a s o n  (Reference B-6) 
examined i n  d e t a i l  t h e  t a n k  h e i g h t  v e r s u s  d i a m e t e r  r e l a t i o n s h i p  a s  w e l l  
a s  t h e  number of t a n k s .  It concluded t h a t  f o r  a  sys tem w i t h  s t a i n l e s s  
s t e e l  h o t  t a n k  and ca rbon  s t e e l  c o l d  t a n k ,  s i n g l e  t a n k s  w i t h  a  h e i g h t  t o  
d iamete r  r a t i o  of 1 :2 gave t h e  ' lowest  c o s t  sys tem.  T h i s  inc luded  m a t e r i a l ,  
l a b o r ,  i n s u l a t i o n ,  e l e c t r i c a l  p r e h e a t ,  i n t e r c o n n e c t i n g  p i p i n g ,  and 
v a l v e s .  

The 347 s t a i n l e s s  s t e e l  h a s  been t h e  most popula r  v a r i e t y  of s t a i n -  
l e s s  s t e e l  f o r  h i g h  t empera tu re  l i q u i d  sodium t r a n s p o r t  and s t o r a g e  
because  of i t s  Colombium s t a b i l i z a t i o n .  Type 3.04 s t a i n l e s s  s t e e l  h a s  
a l s o  been proved t o  be i n  every  way a s  r e s i s t a n t  t o  c o r r o s i o n  i n  sodium 
as t y p e  347 up t o  1000°F. For l i q u i d  t e m p e r a t u r e s  of i n t e r e s t  i n  t h i s  
s t u d y  (1500 - 1800°F) c a n d i d a t e  m a t e r i a l s  a r e  Type 347 s t a i n l e s s  s t e e l s ,  
I n c o n e l ,  Nichrome, H a s t e l l o y s ,  and Coba l t  a l l o y s .  Ceramics such as A12 
03,  BeO,  MgO are as r e s i s t a n t  t o  c o r r o s i o n  i n  sodium as any of t h e  
a u s t e n i t i c  s t a i n l e s s  steels. 

The e x p e r i e n c e  w i t h  l i q u i d  sodium containment  a t  t empera tu res  
1500 - 1800°F is  ex t remely  l i m i t e d .  No r e l i a b l e  d a t a  e x i s t s  on l i q u i d  
m e t a l  r e s i s t a n c e ,  t e m p e r a t u r e  dependent mechanical  s t r e n g t h  o r  metal -  
l u r g i c a l  s t a b i l i t y .  Much work needs  t o  b e . d o n e  i n  t h i s  a r e a  t o  deve lop  
s a t i s f a c t o r y  designs.-of low cost . .  Components such  as i n s u l a t i o n ,  l i q u i d  
m e t a l  pumps, v a l v e s ,  and c o n t r o l s  a l r e a d y  e x i s t  i n  c o n n e c t i o n  w i t h  
n u c l e a r  work, and t h e i r  c o s t  can  b e  b rought  down c o n s i d e r a b l y  by mass 
p r o d u c t i o n  t e c h n i q u e s  and e l i m i n a t i o n  of n u c l e a r  s p e c s  f o r  t h e s e  com- 
ponen ts .  Cost  and performance estimates based  on o u r  judgment a r e  shown 
i n  Tab le  B-5. 

V I .  PHASE CHANGE MATERIAL (PC2f) 

The l a t e n t  h e a t  of f u s i o n  h a s  l o n g  been c o n s i d e r e d  a n  a t t r a c t i v e  
mechanism f o r  thrrniaL ener.87 s t o r a g e .  The r e a s o n s  a r c  t h c  h i g h  poten-  
t i a l  energy s t o r a g e  d e n s i t y . a t  t empera tu res  i n  e x c e s s  o f  500°F, and t h e  
convenience of o p e r a t i n g  o v e r  a r e l a t i v e l y  narrow t e m p e r a t u r e  range .  

The c a n d i d a t e  phase  change m a t e r i a l  (PCM), i n  a d d i t i o n  t o  having 
t h e  p roper  t r a n s i t i o n  t e m p e r a t u r e  and h i g h  l a t e n t  h e a t  must a l s o  have 
s a t i s f a c t o r y  chemical  and p h y s i c a l  p r o p e r t i e s ,  e s p e c i a l l y  a n  a d e q u a t e  
the rmal  c o n d u c t i v i t y .  Also,  i t  must be  s t a b l e ,  c o n t a i n a b l e ,  cheap,  and 
p r e f e r a b l y  non-poisonous. 

S e v e r a l  of t h e  PCM s a l t s  shown i n  T a b l e  B-6 have been used i n  
commercial m o l t e n - s a l t  h e a t e r s  and i n  advance development h e a t e r s  
(Reference B-9). 



Table  8-5. Summary of Performance and Cost C h a r a c t e r i s t i c s  
f o r  L i q u i d  Metal' (sodium) Energy S t o r a g e  

S t o r a g e  Capac i ty  (MWe h r )  5  Q 100 150 

Heat tin, Qi (MWth h r )  

Heat Loss ,  QL (MWth h r )  

Pump Work (MWe h r )  

Expander Work (MWe h r )  

Storage E f f i a i e n c y ,  qs  

Power R e l a t e d  C o s t s  ($x106) 
- Pumps 
- Valves 
- p i p i n g  

Energy R e l a t e d  C o s t s  ($x106) 
- Tanks ( S t a i n l e s s  s t e e l  

and Carbon s t e e l )  
- I n s u l a t i o n  
- Sodium 

Cs ($/kWe h r )  

Accounted 
i n  Net 
Pump Work 

Accounted 
i n  N e t  
Pump Work 

Accounted 
i n  N e t  
Pump Work 

';n g e n e r a l ,  f l u o r i d e s  p o s s e s s  t h e  "bes t "  the rmal  p r o p e r t i e s  of a l l  
PCM and t h e r e f o r e  have r e c e i v e d  a  g r e a t  d e a l  o f  a t t e n t i o n  (Reference B-10 
and B-11). These s l a t s  a r e  abundant ,  r e l a t i v e l y  i n e x p e n s i v e  f o r  l a r g e  
p r o d u c t i o n  r a t e s ,  and chemica l ly  and t h e r m a l l y  s t a b l e .  Mixtures  of 
v a r i o u s  f l u o r i d e  s a l t s  p r o v i d e  a  wide v a r i a t i o n  i n  c o s t ,  m e l t  tempera- 
t u r e ,  and h e a t  of f u s i o n .  Tab le  B-7 l i s t s  some s e l e c t e d  m e t a l  f l u o r i d e  
sa l ts  c u r r e n t l y  under  i n v e s t i g a t i o n ,  t h e i r  h e a t  of f u s i o n  and t h e i r  e s t i -  
mated s e l l i n g  p r i c e .  Tab le  B-8 summarizes t h e  performance and c o s t  
c h a r a c t e r i s t i c s  of a PCM s t o r a g e  d e v i c e  shown i n  F i g u r e  B-7. 

\ '  

Table  B-6. Candidate  PCM S a l t s  

TY IJe 
( S i n g l e  S a l t )  Mel t ing  P o i n t  Range (OF) Heat of Fus ion  (Btullbm) 

C h l o r i d e s  475-1765 31-250 

N i t r a t e s  500-1100 '40-150 

Hydroxides 600-850 59-380 

Bromides 1000-1400 50-101 

Carbonates  

F l u o r i d e s  



Table  B-7. S e l e c t e d  Metal  F l u o r i d e  S a l t s  

Mel t ing  Est imated Heat of Fusion 

Temperature P o i n t  S e l l i n g  P r i c e  Composition 
O C $/kg $/m3 kJ/mole kJ /kg  M J / ~  3 

Range "C (Wt. 2)  

7 Based on ainbient d e n s i t i e s  
* Considered i n  p r e s e n t  s t u d y .  



Table B-8. Summary of Pesfurmance and Cost Characteristics 
for Molten Salt Storage (Power = 10 MWe) 

Storage chpacity (MWe hr) 50 100 150 

Heat in, Qi (MWth hr) 170 336 -5 00 

Heat Loss, QL (MWth hr) 18 38 60 

Pump Work (MWe hr) 5 12 .20 

Storage Efficiency, rl s 0.78 0.76 0.74 

h 
P u w e r  Related Coscs ($x10 j 0.5 0.5 0.5 

- Heat Exchanger and Pumps 
6 

Energy' Related Costs ($x10 ) 1.3 1.8 2.7 

- Salt Mixtures 
- Tanks 

WORKING FLUID 
t 

Figure B-7. Phase Change Energy Storage 
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V I I .  REVERSIBLE CHEMICAL REACTION STORAGE (RCR) 

The s t o r a g e  of the rmal  energy a s  t h e  h e a t  of r e a c t i o n  of a  
r e v e r s i b l e  chemical  sys tem h a s  l o n g  b e e n s o n s i d e r e d  a n  a t t r a c t i v e  p o s s i -  
b i l i t y .  , I n  t h e s e  sys tems ,  a r e v e r s i b l e  chemical  r e a c t i o n  consumes t h e r -  
m a l  energy (endothermic  r e a c t i o n )  by t r a n s f o r m i n g  chemica l s  i n t o  a  
s t o r a b l e ,  h i g h e r  p o t e n t i a l  energy s t a t e  d u r i n g  p e r i o d s  of e x c e s s  energy 
supp ly ,  such  a s  d u r i n g  h o u r s  of s u n l i g h t .  During p e r i o d s  of low o r  no 
i n s o l a t i o n ,  t h e  chemical  energy s t o r a g e  i s  c a l l e d  upon t o  g i v e  up t h e  
s t o r e d  h e a t  by t h e  recombina t ion  h e a t  of r e a c t i o n  (exothermic  r e a c t i o n )  
of s t o r e d  chemica l s .  

R e v e r s i b l e  chemical  r e a c t i o n  s t o r a g e  (RCR) systems c a n  be  c a t e -  
g o r i z e d  a c c o r d i n g  t o  t h e  t empera tu re  regime i n  which t h e y  o p e r a t e ,  by 
t h e  p h y s i c a l  s t a t e  of t h e  r e a c t a n t s  ( g a s ,  l i q u i d  o r  s o l i d ) ,  and by t h e  
volume change a s s o c i a t e d  w i t h  t h e  r e a c t i o n  (Reference B-12). The reac -  
t i o n s  a r e  e a s i e r  t o  conduct i f  a l l  r e a c t a n t s  a r e  g a s e s  a t  r e a c t i o n  tem- 
p e r a t u r e .  The p r o d u c t s  a r e  e a s i e r  t o  s t o r e  i f  t h e y  a r e  l i q u i d s  a t  
ambient t empera tu re .  A compromise h a s  t o  be  sought  between t h e s e  con- 
t r a d i c t o r y  requ i rements .  Refe rence  B-12 d i s c u s s e s  i n  d e t a i l  t h e  
s e l e c t i o n  c r i t e r i a  f o r  c a n d i d a t e  RCR sys tems and performance of some 
of  t h e s e  sys tems .  The s e l e c t i o n  c r i t e r i a  inc luded  energy  s t o r a g e  
c a p a c i t y  p e r  u n i t  mass o r  p e r  u n i t  volume, t h e  r e a c t i o n  r a t e s ,  a v a i l -  
a b i l i t y  of p roper  s e p a r a t i o n  t e c h n i q u e s  of t h e  r e a c t i o n  p r o d u c t s ,  c o s t  
of chemica l s ,  t o x i c i t y ,  c o r r o s i v e n e s s ,  and i n f l a m m a b i l i t y  of t h e  invo lved  
chemica l s .  I n  our  s t u d y ,  we have chosen t o  i n v e s t i g a t e  (1)  t h e  methana- 
t i o n  r e a c t i o n  ( 2 )  t h e  s u l f u r  t r i o x i d e  r e a c t i o n  and (3 )  ammonium hydro- 
gen s u l f a t e  r e a c t i o n .  

V I I I .  METHANATION REACTION 

The i n t e r e s t  i n  t h i s  sys tem d e r i v e s  from t h e  p i o n e e r i n g  work of 
German i n v e s t i g a t o r s  (Reference B-1) who have been s t u d y i n g  t h e  use  of 
t h e  r e a c t i o n ,  CHq + H20 - CO + 3H2, f o r  t h e  l o n g  d i s t a n c e  t r a n s m i s s i o n  
o f  n u c l e a r  h e a t .  General  E l e c t r i c  Compariy i s  c u r r e n t l y  3 tudy ing  the  
u s e  of t h i s  r e v e r s i b l e  chemical  r e a c t i o n  f o r  b o t h  t r a n s p o r t  (chemical  
h e a t  p i p e s ) ,  and energy s t o r a g e .  The b a s i c  scheme f o r  t h e  u s e  of metha- 
n a t i o n  r e a c t i o n  i s  shown i n  F i g u r e  B-8. During s u n l i t  h o u r s ,  t h e  h e a t  - 
from t h e  r e c e i v e r  i s  absorbed i n  t h e  endothermic r e a c t o r  ( r e f o r m e r )  where 
t h e  p r e v i o u s l y  s t o r e d  low e n t h a l p y  r e a c t a n t s  (CH4,H20) a r e  c o n v e r t e d  t o  
h i g h  e n t h a l p y  p r o d u c t s  (CO/H2). A f t e r  h e a t  exchange w i t h  incoming 
r e a c t a n t s ,  t h e  p r o d u c t s  are t h e n  s t o r e d  a t  n e a r l y  aullsient t empera tu re  
c o n d i t i o n s .  Although t h e  r e v e r s e  r e a c t i o n  i s  thermodynamically f a v o r e d ,  
i t  w i l l  n o t  occur  a t  low tempera tu res  and i n  t h e  absence  of n c a t a l y s t .  
Hence, t h e  i n t r i n s i c  s t o r a g e  t ime  i s  p r a c t i c a l l y  i n f i n i t e .  The h i g h e r  
e n t h a l p y  p r o d u c t s  a r e  recovered from s t o r a g e  and t h e  r e v e r s e ,  exothermic  
r e a c t i o n  (methanat ion)  i s  run t o  r e c o v e r  t h e  s t o r e d  h e a t  a f t e r  sundown. 
It i s  n e c e s s a r y  t o  s t o r e  t h e  g a s e s  a t  h i g h  p r e s s u r e s  of 2 7 0  atm i n  o r d e r  
t o  a c h i e v e  r e a s o n a b l e  energy s t o r a g e  d e n s i t y .  The s t o r a g e  cou ld  b e  i n  



CO (GAS) + 3H2 (GAS)rrCHq (G) + H20 (VAPOR) 

ENDOTHERMIC 

I 
NOTE: SIORSGE OF REACTION PRODUCTS PLACES A VERY HEAVY PENALTY ON 

THIS SYSTEM 

Figure B-8. Simplified Schematic of Chemical Energ). System Eased on 
Steam Reforming - Methanation Reaction 



s t e e l  tanks o r  in .underground mined caverns.  The l a t t e r  w i l l  b e  most 
economical i f  a  s u i t a b l e  s i t e  is  a v a i l a b l e .  One concern i n  t h e  des ign  
of an  underground s t o r a g e  system would be  t h e  contamination of h igh  . 

enthalpy products  by t h e  n a t u r a l l y  r e l ea sed  impure gases  i n  s t o r a g e  which 
could lead  t o  t h e  poisoning of t h e  c a t a l y s t s  employed i n  t h e  r e a c t o r s .  
Another concern is  t h e  d i f f u s i o n  through t h e  rock of l i g h t  gases  such 
a s  hydrogen. I n  our  a n a l y s i s  we have assumed s t e e l  s t o r a g e  v e s s e l s  t o  
avoid these  unresolved concerns.  Table B-9 summarizes t h e  performance 
and c o s t  e s t ima te s .  

I X .  SO2 - SO3 ENERGY STORAGE 

The s u l f u r  t r i o x i d e  d i s s o c i a t i o n  w a s ' f i r s t  proposed a t  t h e  Naval 
Research Laboratory (.Reference B-10). I n  t h i s  concept ,  s u l f u r  t r i o x i d e  
w i l l  be  d i s s o c i a t e d  t o  s u l f u r  d ioxide  and oxygen wi th  h e a t  abso rp t ion  
dur ing  s u n l i t  hours.  Af t e r  sundown,. t h e s e  chemicals w i l l  be recombined 
t o  r e l e a s e  h e a t .  Before systems can be  implemented based upon t h i s  
r e a c t i o n ,  a  c a t a l y s t  must be found capab le  of w i t h s t a n d i n g ' t h e  high- 
temperature endothermic r e a c t i o n  condi t ions .  DOE has  r e c e n t l y  sponsored 
a  s tudy (Refernce B-1) t o  eva lua t e  t h e  a b i l i t y  of c u r r e n t l y  a v a i l a b l e  
c a t a l y s t s  t o  func t ion  i n  t h e  requi red  environment a n d , i f  necessary ,  t o  
develop new, more l a s t i n g  c a t a l y s t s .  

Commercially a v a i l a b l e  vanadium and platinum c a t a l y s t s  appear t o  
degrade a t  h igh  temperature because of evaporat ion and hence a r e  no t  
favored a t  t h e  present  t ime.  Fe and bfn c a t a l y s t s  a r e  being t e s t e d  a t  
high temperatures  f o r  prolonged t imes t o  t e s t  t h e i r  u t i l i z a t i o n .  Molten 
c a t a l y s t s  have a l s o  been i n v e s t i g a t e d ,  but have been found u n a t t r a c t i v e  
because of t h e i r  high mel t ing  po in t s .  

A p rocesses  f low shee t  of t h e  SO2 - SO3 energy s t o r a g e  system 
desc r ib ing  t h e  major system components and f l u i d  phys i ca l  cond i t i ons  i s  
shown i n  F igure  B-9. During t h e  s u n l i t  hours,  p a r t  of t h e  d i s soc i a -  
t i o n  product (S03, S02, 02) i s  t r anspor t ed  a f t e r  being cooled and 
cunlpressed t o  t h c  exothermic r e a c t o r  t o  produce steam a t  -lOOO°F and 
1500 p s i a .  The r e s t  of t h e  products  a r e  separa ted  and s to red  f o r  l a t e r  
u s e  pas t  sundown. Steam i s  produced i n  t h e  tubes  embedded i n  t h e  f i x e d  
bed c a t a l y t i c  r e a c t o r .  The bottom p a r t  of t h e  v e r t i c a l  tubes  s e rve  a s  
p rehea te r s .  The est imated performance and c o s t s  a r e  shown i n  Table B-10. 

X .  AMMONIUM HYDROGEN SULFATE STORAGE (AHS) 

Use of t h e  r e a c t i o n s  

NH SO (2) + Na2s04(2) = Qi+ Na2S207 + H20(g) + NH3 ( g )  4 4  

Na2s207 (2) + Qi-@Na2S04  ( 2 )  + SO3 (9) 

NH3 (9) + H20(g) + SO3 (g)+NH4HS04 ( 2 )  + (Qo) 



Table b-9. Summary of Performance and Cost C h a r a c t e r i s t i c s  
f o r  (CO-H2), Methanation RCR Energy Storage 

S torage  Capaci ty (MWe h r )  50 100 150 

Heat i n ,  Qi (MWth h r )  

Heat Loss, QL (MWth h r )  

Pump Work (MWe h r )  
(Compressor) 

Expander Work (MWe h r )  

S torage  Ef f i c i ency  TI 
s 

Power Related Costs  ($x106) 

- Reactors  (Reformer and Methanator) 
- Heat Exchanger 
- compressor 

Energy Related Costs  ($x106) 

- Chemical Inventory 
- Storage Tanks 
- Water Tank 

f o r  thermal energy s t o r a g e  appears  promising f o r  s e v e r a l  reasons.  It 
possesses  a h igh  hea t  of r e a c t i o n ,  which w i l l  l e a d  t o  a high energy 
d e n s i t y .  The r e a c t i o n  products  a r e  condensable which f a c i l i t a t e s  s t o r a g e ,  
and t h e  l i q u i d  and gas  phases involved minimize hea t  t r a n s f e r  problems 
a s soc i a t ed  w i t h  t h e  r e a c t o r .  The thermal r e a c t i o n s  a r e  complete and 
r e q u i r e  no c a t a l y s t  (Reference B-12). Problems which must be  resolved 
inc lude :  

r Development u f  a means of s epa ra t ing  t h e  products  

Se l ec t ion  of m a t e r i a l s  f o r  containment 

Development of complete ope- ra t iona l  c y c l e s  w i t h  h e a t  
r ecupe ra t ion  and work e x t r a c t i o n  by means' of expanders. 



Figure B-9. Process Flow Sheet for SO - SO System 
2 .  3 



Table  B-10. Summary o f  Performance and Cost C h a r a c t e r i s t i c s  
f o r  SO2 - SO' Energy S t o r a g e  

3  

S t o r a g e  C a p a c i t y  (MWe h r )  .5 0- 100  150 

Heat i n  Q (MWth h r )  
i 

Heat Loss  QL (MWth h r )  1 8  3 8 58  

Pump Compressor Work (MWe h r )  18 3  7  5  2 

Expander Work (MWe h r )  7  14 2  1  

S t o r a g e  e f f i c i e n c y ,  
ns 0.67 0.66 0 .65 

6  Power R e l a t e d  C o s t s  ($x10 ) 

- Reactors 
- Hear Exchanger 
- Compressor 
- C a t a l y s t  

Energy R e l a t e d  Cos t s  ($x lo6  0 .5  0 .9  1.25 

- Chemical I n v e n t o r y  
- S t o r a g e  Tanks 

C (S/kWe) 130 1 3 0  / 130 
P 

Some d a t a  on AHS c y c l e  i s  a v a i l a b l e  from r e c e n t  work a t  t h e  
U n i v e r s i t y  o f  Houston (Refe rence  B-13). A p r o c e s s  schemat ic  of t h e  t y p e  
o f  energy  s t o r a g e  sys tem i s  shown i n  F i g u r e  B-10. The f i r s t  two 
r e a c t i o n s  l i s t e d  above a r e  r e q u i r e d  d u r i n g  c h a r g i n g  i n v o l v i n g  t h e  
c a r r i e r  r e a c t a n t ,  N a  SO which i s  c y c l e d  between r e a c t i o n s  one and two i n  

2  4  o r d e r  t o  keep t h e  t e m p e r a t u r e  down and a i d  i n  t h e  s e p a r a t i o n  of p r o d u c t s .  

The p r o c e s s ,  a t  t h e  c u r r e n t  s t a g e  of development,  con templa tes  no 
s e p a r a t i o n  o f  t h e  ammonia and w a t e r  s i n c e  they  can b e  c o n v e n i e n t l y  
condensed and s t o r e d  as a n  equ imola l  m i x t u r e  r e s u l t i n g  i n  lowered c o s t s  
f o r  t a n k  s t o r a g e .  I n  t h e  d i s c h a r g e  s i d e  r e a c t i o n ,  t h e  AHS s y n t h e s i s ,  
i n v o l v e s  b r i n g i n g  t o g e t h e r  NH3, Hz0 and SO3 a s  g a s e s  t o  form t h e  
p r o d u c t  as a l i q u i d .  As seen LLUIII   lie p r o c e E E  schemaeic,  t h e  endother-  
mic r e a c t i o n s  t a k e  p l a c e  a t  a  v e r y  h i g h  p r e s s u r e  of -143 a tmospheres ,  
whereas  t h e  exo thermic  r e a c t i o n  t a k e s  p l a c e  a t  -: atm p r e s s u r e .  
T h i s  p r o c e s s  o f f e r s  s i g n i f i c a n t  o p p o r t u n i t i t e s  f o r  t h e  recovery  of expan- - 
s i o n  work i f  s u i t a b l e  expander d e v i c e s  a r e  i n c o r p o r a t e d  a t  a p p r o p r i a t e  
p l a c e s .  I n  t h e  p r e s e n t  s t u d y ,  we have c o n s i d e r e d  t h i s  p o s s i b i l i t y  of 
work r e c o v e r y .  A d d i t i o n a l l y ,  l a r g e  amounts of h e a t  a r e  r e j e c t e d  i n  t h e  
NH3and SO2 c o n d e n s a t i o n  which a r e  low grade  w a s t e  h e a t  s t reams .  It i s  
a l s o  p o s s i b l e  t o  improve t h e  o v e r a l l  u t i l i z a t i o n  of t h i s  was te  h e a t  
d u r i n g  t h e  c h a r g i n g  c y c l e .  



Figure B-10. Sim?lified Schematic of the Amnonium Hydrogen Sulfate System 

REACTION: NH3(G) + H200 / )  + SOS(G) NH4HS04(1) 

THEORETICAL ENERGY CONTENT = 1272 ~tu/lbm 
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The o p e r a t i o n a l  c y c l e  a s  shown poses  some problems i f  energy 
s t o r a g e  f o r  more than  s i x  hours  i s  cons idered .  Expander power i t s e l f  i n  
such a  c a s e  can exceed 10 MWe. Hence no energy conversion system i s  
needed durirtg t h e  charg ing  cyc l e .  Estimated performance and c o s t s  a r e  
shown i n  Table  B-11.  Th is  r e v e r s i b l e  chemical energy s t o r a g e  c y c l e  
appears  t o  b e  a t t r a c t i v e .  The key t o  success  depends on working 
out  reac. tor  de s igns ,  b e t t e r  u t i l ' f z a t i o n  of work a s  hea t  recovery;  and 
minimizing t h e  temperature  drop between charg ing  and d i scha rg ing  of t h e  
energy s t o r a g e  cyc l e .  

Table  B-11. Summary of Performance and Cost C h a r a c t e r i s t i c s  
f o r  Ammonium Hydrogen S u l f a t e  Energy S torage  

-- 

Storage  Capaci ty  (MWe h r )  10 30 6 0 

Heat i n ,  Qi (MWth h r )  

Heat Loss ,  QL (MWth h r )  4 .1  12.6 28 

Pump and Compressor Work (MWe h r )  8 .1  24.7 5 0 

Expander Work (MWe h r )  8.5 2  5  52 

S torage  Ef f  i cency ,  
S 

0.91 0.9 0.89 

6 Power Rela ted  Cos ts  ($XI0 1 1 . 6  1.6 1.6 

- ~ e a c t o r s  
- Expanders 
- Compressors 

ti Energy Rela ted  Cos ts  ($XI0 ) 0.2 

- Chemical Inventory  
- Storage  Tanks 

C ($/kWe h r )  . . 
S 

20 20  20 



X I .  EXTERNAL ENERGY STORAGE (Battery Storage)  

Ba t t e ry  energy s t o r a g e  i s  a  we l l  known form of chemical energy 
s t o r a g e  i n  which d i r e c t  cu r r en t  e l e c t r i c i t y  is  e lec t rochemica l ly  
converted t o  chemical energy dur ing  charging and dur ing  d ischarge  
chemical energy i s  converted e lec t rochemica l ly  i n t o  d-c e l e c t r i c i t y .  
Advantages of b a t t e r y  energy s to rage  a r e :  (a )  an absence of moving p a r t s ,  
(b)  r ap id  system response ( c )  compactness and modular i ty .  A l a r g e  
number of e lec t rochemica l  systems have been inves t iga t ed  r e c e n t l y  
(References B-2, B-14 and B-15). In  our  s tudy ,  we have focused on 
redox b a t t e r y  energy s torage .  

Redox b a t t e r i e s  using v a r i o u s  inorganic  couples  i n  aqueous 
s o l u t i o n s  have been proposed f o r  energy s to rage  (Reference B-15). A 
proposed iron-chromium system i s  shown i n  F igure  B-11. The redox 
b a t t e r y  i s  cha rac t e r i zed  a s  an e l e c t r i c a l l y  rechargeable f low c e l l  based 
on two redox couples  which a r e  a  p a i r  of oxidat ion-reduct ion r eac t ions .  
I n  e i t h e r  ox id ized  o r  reduced s t a t e s ,  t h e  i o n s  remain s o l u b l e  i n  t h e i r  
e l e c t r o l y t e s .  The c e l l  i s  comprised of two compartments separa ted  by 
an anion permeable s e l e c t i v e  ion  exchange membrane and conta in ing  
i n e r t  carbon e l ec t rodes .  Separate  e l e c t r o l y t e s  flow from e x t e r n a l  
s to rage  t anks  i n t o  t h e  compartments. I n  one compartment an ox ida t ion  
r e a c t i o n  r e l e a s e s  e l e c t r o n s  which pas s  through t h e  e l e c t r o d e  t o  t h e  load 
and f i n a l l y  i n t o  t h e  e l e c t r o d e  of t h e  o t h e r  compartment where a  
reduct ion  r e a c t i o n  uses  t h e s e  e l e c t r o n s  t o  r e l e a s e  anions.  These an ions  
i n  t u r n  pas s  through t h e  membrane t o  p a r t i c i p a t e  i n  t he  ox ida t ion  
r eac t ion .  The c e l l  i s  recharged by r eve r s ing  t h e  d i r e c t i o n  of cu r r en t  
flow, The development of redox b a t t e r i e s  i s  s t i l l  a t  A pre l iminary  
s t age .  Key cost-determining cons ide ra t ions  a r e :  t h e  e l e c t r o d e s  and 
c u r r e n t  d e n s i t i e s ,  e l e c t r o d e  d e t e r i o r a t i o n ,  charge-discharge e f f  i c i en -  
c i e s ,  and s e l e c t i v e  membranes. Much of t h e  r e s t  of t h e  system - t anks ,  
pumps, p ip ing ,  and inorganic  s a l t s  a r e  c u r r e n t l y  a v a i l a b l e  a t  reasonable  
c o s t s .  Table B-12 summarizes t h e  performance and cos t  c h a r a c t e r i s t i c s .  



I 

Discharge 1 1 1 -  .. I Discharge 

crt7 - c r t 3  + e- .. . Fe.l 3 + e- - i e + 2  
i 

INERT : j-" '  '-- SELECTIVE 
ELECTRODE -;,.- '. .. ? -  

MEMBRANE 

Charge . , \::: Charge 

Cr+3 + r- tr+2 ,- h Fed - re+3 + e- 
I 

I I - 
. POWER CONVERSION SECTION ' \ 0' 

\ ,/ ' \ * ' 
/ - 

'\\ 

'PUMPS (CONTINUOUS) ' 0' 

F i g u r e  B-11. Two-Tank E l e c t r i c a l l y  Rechargeable  
Redox Flow C e l l  

Table  B-12. Summary of Performance and Cost C h a r a c t e r i s t i c s  
f o r  Redox B a t t e r y  Energy S t o r a g e  

S t o r a g e  C a p a c i t y  (MWe h r )  5 0 100 150 

E l e c t r i c a l  Energy i n  (MW h r )  6 7 133 2 00 

Heat i n ,  Qi (MWth h r )  0 0 0 

Heat l o s s ,  QL (PIWrh h r  j 12 2 3 3 5 
( I ~ R  Losses )  

Pump Work (MWe h r )  5 10 15 



Table B-12. 'Summary of  Performance and Cost C h a r a c t e r i s t i c s  
f o r  Redox Ba t t e ry  Energy Storage (Cont) 

6 Power Related Costs  ($10 ) 1.00 1.00 1.00 

- Membrane 
- Elec t rodes  
- C e l l  Modules 
- Pumps 
- Power Conditioning 

6 Energy Related Costs  ($10 ) 0.85 

- Flu id  Tanks 
- S a l t s  

C '  ('kWe h r l  
S 

7 7 7 
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Accumulated d a t a  on t h e  performance and c o s t  o f  advanced s o l a r  
the rmal  power p l a n t  subsystems t h a t  might  b e  s u i t a b l e  c a n d i d a t e s  i n  t h e  
t imeframe 1990-2000 were sc reened  and e v a l u a t e d  t o  d e t e r m i n e  t h e  d a t a  
b a s e  f o r  t h i s  s t u d y .  I n  t h i s  appendix t h e  d a t a  u t i l i z e d  is  a r r a n g e d  i n  
two groups .  The f i r s t  group of d a t a  i s  common t o  a l l  t h e  sys tems  con- 
s i d e r e d  i n  t h i s  s t u d y .  The second group l i s t s  t h e  d a t a  a p p r o p r i a t e  f o r  
t h e  p a r t i c u l a r  system. 

Group 1: Data Common t o  A l l  Systems 

Tab le  C-1. Economic Assumptions 

P l a n t  C o n s t r u c t i o n  Time, Years 

Annual Growth R a t e s ,  % 
- 

1977-1987 A f t e r  1987 

Genera l  p r i c e '  Level  5 .0  4 .2  

Labor ' ( C o n s t r u c t i o n )  7.0 6 .2  

~ a n u f a c t u r e d  Goods 4 . 3  3.8 

O&M (314 Labor ,  114 Goods) 6 . 3 '  5 .6  

Other  ( I n s u r a n c e ,  Taxes,  P r o f i t ,  e t c . )  5  .O 4.2 

I n s t a l l e d  c a p i t a l  6 .2  4 .8  

Table  C-2. Performance Assumptions 

Low M o s t ' L i k e l y  High 
-- 

C o l l e c t o r  O p t i c a l  R e f l e c t a n c e  

Rcce ivcr  Absorptance 0 . 9 2  0.95 0.96 

Scheduled Maintenance F a c t o r  0.89 0.90 0 . 9 5  

Unscheduled Waintenance F a c t o r  0 . 9 5  0.96 0.97 

Iizpl..ant E l e c t r i c  Transpor t  E f f i c i e n c y  0 .95 0 .95 0  .,95 

C o r r e c t i o n  F a c t o r  f o r  A u x i l i a r y  .Power 0.97 0 .97 . 0 . 9 7  . - 

Group 2 : Ind iv idua l  Systems 

Data f o r  i n d i v i d u a l  s e l e c t e d  sys tems  a r e  p r e s e n t e d  i n  T a b l e s  C-3 
through C-11 .  The f i r s t  f o u r  sys tems  a r e  f o r  c e n t r a l  r e c e i v e r s  
( i n c l u d i n g  t h e  b a s e l i n e )  w h i l e  t h e  remaining f i v e  encompass s e l e c t e d  
d i s t r i b u t e d  sys tems .  The low, most l i k e l y ,  and h i g h  v a l u e s  used i n  t h e  
p r o b a b i l i s t i c  s i m u l a t i o n  program a r e  p r e s e n t e d .  



Table C-3. Data Base f o r  System HR 
- - 

Cen t ra l  Receiver,  Rankine Steam Cycle 
-llOO°F, Rock O i l  S torage ,  LF = 0.4 

Low Most Like ly  High 

Atmospheric At tenuat ion  0.97 0.98 0.99 

Collector-Receiver  Matching 0.941 0.958 0.980 

Geometric Tracking Eff ic iency  0.702 0.738 0.771 

Receiver Ef f ic iency  0.920 0.944 0.956 

Energy Transport  E f f i c i ency  0.94 0.96 0.98 

Energy Storage Eff ic iency  0.70 . 0.80 0.825 

Power P lan t  E f f i c i ency  (Direc t )  0.290 0.298 , 0.310 
Power P lan t  E f f i c i ency  (Stored)  0.205 0.208 0.221 

C a p i t a l  Cost ($/k.We) 800 1323 1764 

F i r s t  Year Operat ion & Maintenance 
Cost ($ /k l~e )  6 7 9 

Table C-4. Data Base f o r  system (HS1L.M) 

Cen t r a l  Receiver ,  S t i r l i n g  Engine, Liquid Metal 
Transport  and Storage ,  LF = 0.4 

Low Most Like ly  High 

Atmospheric At tenuat ion  

Collector-Receiver  Matching 

Geometric Tracking Eff ic iency  

Keceiver Ef f ic iency  

Ener'gy Transport  E f f i c i ency  

Energy Storage Ef f i c i ency  

Power P l a n t  E f f i c i ency  (Direc t )  
Power P l a n t  E f f i c i ency  (Stored)  

C a p i t a l  Cost ($ /We)  

Firs t -Year  Operation & Maintenance 
Cost ($/kWe) 



Table C-5. Data Base f o r  System (HBILM) 

Cen t r a l  Receiver ,  Open Cycle Brayton, --1500°F, 
Liquid Metal Transpor t  and S torage ,  LF = 0.4 ' 

Low Most L ike ly  High 

Atmospheric At tenua t ion  0.97 0.98 0.99 

Collector-Receiver  Matching 0.941 0.958 0.980 

Geometric Tracking Ef f i c i ency  0.702 0.738 0.771 

Receiver  E f f i c i ency  0.9 0.92 0.95 

Energy Transport  E f f i c i ency  0.87 0.89 0.91 

Energy S torage  E f f i c i ency  0.88 0.91 0.92 

Power P l a n t  E f f i c i ency  (Di rec t )  0.361 0.374 0.390 
Power P l a n t  E f f i c i ency  (Stored)  0.360 0.372 0.387 

C a p i t a l  Cost ($/kWe) 79 7 1227 1631 

Firs t -Year  Operat ion & Maintenance 
Cost ( $ M e )  6 7 9 

Table  C-6. Data Base f o r  System. (H(B/R) ICH) 

Cen t r a l  Receiver ,  Combined Brayton-Rankine Cycle 
-1800°F, Liquid ~ e t a l ' ~ r a n s p o r t ,  Chemical-Ammonium Hydrogen L 

S u l f a t e  Energy S torage  LF = 0.4 

Low Most L ike ly  High 

Atmospheric At tenua t ion  0 .97 0.98 0;99 

Collector-Receiver  Matching 0.941 0.958 0.980 

Geometric Tracking Ef f i c i ency  0.702 0.738 0.771 

Receiver E f f i c i ency  0.82 0.85 0.90 

Energy Transport  E f f i c i ency  '. 0.87 0.89 0.91 

Enecgy Storage E f f i c i ency  

Power P l an t  E f f i c i ency  (D i r ec t )  0.428 0.437 0.441 ,. - .  

Power P l a n t  E f f i c i ency  (Stored)  0.205 0.208 0.221 

Cap i t a l  Cost ($/kWe) 9 60 1358 1800 

F i r s t  Year Operat ion & Maintenance, 
Cost ($/kWe) . 6 7 9 

C-5 



Table C-7. Daea Base f o r  System (PS-2) 

D i s t r i b u t e d  Dish, S t i r l i n g  Engine -1800°F, 
Redox Ba t t e ry  S torage ,  LF = 0.4 

Low Most L ike ly  High 

Atmospheric A t t enua t ion  1 .0  1 .O 1 . 0  

Col lector-Receiver  Matching 1 .0  1 .0  1 .O 

Geometric Tracking Ef f i c i ency  1 . 0  1 .0  1 .0  

Receiver  E f f i c i ency  U. 860 0.874 0.890 

Energy 'I'ranoport E f f i c i e ~ l c y  U. 94 0.975 0.980 

Energy Storage E f f i c i ency  

Power P l a n t  E f f i c i ency  (D i r ec t )  0.440 0.456 0.475 
Power P l an t  E f f i c i ency  (Stored)  - - - 

C a p i t a l  Cost ($/kWe) ' 696 1123 1500 

Firs t -Year  Operat ion & Maintenance 
Cost ($/kWe) 7 8 9 

. . 
Table C-8. Data Base f o r  System (PB) 

D i s t r i b u t e d  Dish, Closed Cycle Brayton -2000°F, 
Redox Ba t t e ry  S torage ,  LF = 0.4 

Low Most Like ly  High 

Atmospheric At tenua t ion  1.00 1.00 1.00 

Collector-Receiver  Matching 1.00 1.00 1 - 0 0  

Geometric Tracking Ef f i c i ency  1.00 1.00 1.00 

Receiver  E f f i c i ency  0.824 0.838 0.840 

Energy Transport  E f f i c i e n c y  0 .341  0,976 U.989 

Energy Storage E f f i c i ency  0.70 0.75 . 0.80 

Power P l an t  E f f i c i ency  (Di rec t )  0.435 0.438 0.438 
Power P l a n t  E f f i c i ency  (Stored)  - - - 

C a p i t a l  Cost ($/kWe) 784 . 1142 1525 

Firs t -Year  Operat ion & Maintenance 
Cost ( $/kWe) + 7 8 9 

e-b 



T a b l e  C-9. Data  Base f o r  System (PSIMD) 

D i s t r i b u t e d  Dish,  S t i r l i n g  Engine -1500°F, Seven-Dish P e r  Module, . 
L i q u i d  Metal    ran sport and S t o r a g e ,  LF = 0.4  

Low Most L i k e l y  High ' 

Atmospheric A t t e n u a t i o n  1 . 0 0  1 .00 1 - 0 0  

Col lec to r -Rece iver  Matching 1 . 0 0  1 .00 1 .00 

Geometric Tracking E f f i c i e n c y  1 .00 1 ..OO 1'. 00 

Rece iver  E f f i c i e n c y  0.90 0.92 0 .93  

Energy T r a n s p o r t  E f f i c i e n c y  0.894 0.912 0.926 

Energy S t o r a g e  E f f i c i e n c y  0.880 - 0 .91  . 0.92 

Power P l a n t  E f f i c i e n c y  ( D i r e c t )  0.400 0 .401 0.41'5 
Power P l a n t  E f f i c i e n c y  (S to red)  0.398 0.400 0.412 

c a p i t a l  Cost  ($/kWe) 654 1006 1350 

F i r s t -Year  o p e r a t i o n  & l l a in tenance  7 8' 9 
Cost ($/kWe) 

T a b l e  C-10. Data Base f o r  System (PP(B/R)/MD) 

D i s t r i b u t e d  Dish,  Combined Brayton-Rankine Cycle -1800°F, 
L iqu id  Metal  T r a n s p o r t  and S t o r a g e  LF = 0.4  

Low Most L i k e l y  High 

Atmospheric A t t e n u a t i o n  1.00 1 .00 1 .00 

Col lec to r -Rece iver  Matching 1 .00 1.00 1 .00 

Geometric Track ing  E f f i c i e n c y  1 .00 1 .00 1 .00 

Rece iver  E f f i c i e n c y  0.860 0.874 0.888 

Energy T r a n s p o r t  E f f i c i e n c y  0 .891  0 .901 0.916 

Energy S t o r a g e  Eff ic iency  0 ,880  0.90 0.. 9 15 

Power P l a n t  E f f i c i e n c y  ( D i r e c t )  0 .423  0.44 0.45 
Power P l a n t  E f f i c i e n c y  ( S t o r e d )  0.420 0.43 0.44 

C a p i t a l  Cost  ($/kWe) 720 1032 1390 

F i r s t -Year  O p e r a t i o n  & Maintenance 
Cost  ($/kwe) 7 8 '9 



T a b l e  C-11 .  Data  Base f o r  System (FR/DIS) 

D i s t r i b u t e d  Dish  F r e s n e l ,  Rankine Steam Cycle  -1100"F, 
Redox B a t t e r y  S t o r a g e ,  LF = 0.4 

Low Most L i k e l y  High 

Atmospheric A t t e n u a t i o n  1 .OO 1 .00  1 .OO 

C o l l e c  to r -Rece iver  l l a tch ing  1 .00  1 .00 1 .00  

Geometric Track ing  E f f i c i e n c y  1 .00  1 .00 1 .OO 

R e c e i v e r  E f f i c i e n c y  0 .93  0.952 0..96 

Energy T r a n s p o r t  E f f i c i e n c y  0.975 ' . 0 .987  . 0.998 

Energy S t o r a g e  E f f i c i e n c y  0.7d 0 . 7 5  0.80 

Power P l a n t  E f f i c i e n c y  ( D i r e c t )  0.284 0.292 0.301, 
Power P l a n t  E f f i c i e n c y  ( S t o r e d )  - - - 

C a p i t a l  Cost ($/kWe) 700 1110 1460 

F i r s t - Y e a r  O p e r a t i o n  & Maintenance 
Cost  ($/kWe) 7 8. 9 




