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PREFACE 

The ?herma1 Energy Storage f o r  Solar Thermal Applications program was i n i -  
t i a t e d  by t h e  U.S. k p a r t m e n t  of Energy (DOE) t o  develop thermal s to rage  
technologies  €o r  s o l a r  thermal c o l l e c t o r / r e c e i v e r  systems. The program plan  
was developed as  a j o i n t  e f f o r t  of t h e  Of f i ce  of  Advanced Conservation Tech- 
nologies ,  Division of Physical  and Chemical Energy Storage (PACES) and t h e  
O f f i c e  of Solar  Applicat ions for Indus t ry ,  Div is ion  of Sola r  Thermal Energy 
Systems (STES). PACES i s  respons ib le  f o r  t he  implementation of thermal energy 
s to rage  r e sea rch  and developolent. The o b j e c t i v e  of t h e  program i s  t o  propose 
thermal energy s to rage  technologies  t h a t  incorpora te  cost/perforrnance improve- 
ments over cu r ren t ly  a v a i l a b l e  s t o r a g e  technologies.  The Solar  Energy 
Research I n s t i t u t e  ( S E R I )  supports  t h e  program wi th  research  and systems 
analyses .  'Ihe systems ana lys i s  a c t i v i t y  c o n s i s t s  o f  both va lue  ana lyses  and 
comparative rankings of thermal s to rage  concepts. %is repor t  documents t h e  
results of a comparative-ranking s tudy  oE thermal  energy s to rage  technologies  
f o r  s e l ec t ed  s o l a r  thermal app l i ca t ions .  

S E R I  was a s s i s t e d  i n  t h e  ana lyses  by Stearns-Roger Se rv ices ,  Inc. (S-R). S-R 
provided the  cost  and performance data. SERI conducted the  s e n s i t i v i t y  
s t t i d i e s ,  va lue  ana lyses ,  and comparisons, and drew t h e  conclusions and recom- 
mendations. The study had many c o n t r i b u t o r s ,  however. Data from developers  
of thermal energy s to rage  was an e s s e n t i a l  ingredien t .  The f i r s t  o f  two 
reviews of t h e  material w a s  he ld  in September 1980; 32 people represent ing  14 
organ iza t ions  were involved. The purpose o f  t h a t  meeting w a s  t o  provide mid- 
study guidance on t h e  s tudy method, on t h e  c o s t  data  base,  on t h e  desc r ip t ions  
of  t h e  thermal  s to rage  concepts ,  and o n  t h e  o r d e r  i n  which t h e  concepts should 
be s tudied .  The workshop r e s u l t s  are sepa ra t e ly  documented in Copeland, 
Robert  J., and Larson, Ronal W,, A Review o f  Thermal Storage Subsystems 
In tegra ted  i n t o  So la r  Thermal Systems, A Workshop Summary, SERI/TR-631-439, 
January 19 8 2.  

'Ihe second, f i n a l  review w a s  he ld  in January 1981, and 26 people r ep resen t ing  
14 organiza t ions  at tended.  Action items were generated during the  f i n a l  
review; those  tasks have been accomplished, and t h e  results are included i n  
t h i s  repor t .  

The S-R e f f o r t  provided c o n s i s t e n t l y  ca l cu la t ed  cost and performance data .  
Volume I1 of t h i s  r epor t  documents t h a t  d a t a .  
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SIMMARY 

The DOE Department of Advanced Conservation, Technologies Dlvision of Physical  
and Chemical Energy Storage and t h e  O f f i c e  of So la r  Appl ica t ions  f o r  Indus t ry ,  
Division of Solar Thermal Energy Systems have developed a j o i n t  program plan  
t o  accelerate t h e  developnent o f  thermal s t o r a g e  f o r  s o l a r  thermal appl ica-  
t ions.  'Ihe plan focuses  on t he  development of thermal energy s to rage  f o r  six 
s o l a r  thermal  c o l l e c t o r / r e c e i v e r  systems and t h e  s p e c i f i c  a p p l i c a t i o n s  of each 
system. Tats repor t  documents t h e  S E N  systems ana lys i s  of thermal s t o r a g e  
concepts  f o r  water/steam r e c e i v e r s ,  o rgan ic  f l u i d  r e c e i v e r  systems, and an 
a i r /Brayton  r ece ive r  system. The ob jec t ives  of t he  s tudy are to conduct a 
comparative ranking of thermal s t o r a g e  technologies  and t o  make recommenda- 
t i o n s  on the  f u t u r e  development of those technologies .  These ob jec t ives  were 
m e t  by providing 

c o n s i s t e n t l y  ca l cu la t ed  c o s t  d a t a  f o r  s e v e r a l  thermal s to rage  concepts 
assoc ia ted  with both c e n t r a l  r ece ive r  and d i s t r i b u t e d  c o l l e c t o r  s o l a r  
thermal systems; 

c o n s i s t e n t  and r e a l i s t i c  performance d a t a  f o r  thermal s to rage  concepts 
i n t e g r a t e d  i n t o  s o l a r  thermal systems; 

t h e  same kinds of d a t a  p ro jec t ed  f o r  a mature technology based on t h e  
s ta te  of t he  a r t  and a n t i c i p a t e d  improvements i n  s to rage  technologies;  
and 

t h e  s e n s i t i v i t y  of t h e  d a t a  t o  c o s t i n g  unce r t a in t i e s .  

This study is l i m i t e d  i n  scope t o  the  eva lua t ion  of thermal s to rage  concepts 
i n  t h e  fo l lowing  s o l a r  thermal system app l i ca t ions :  '., 

0 

0 

0 

0 

TWO 

a 100-MWe advanced water /steam c e n t r a l  r ece ive r  s o l a r  e lec t r ic  power 
system; 

a n  o rgan ic  f l u i d  r ece fve r  for a 400-kWe t o t a l  energy system (Shenandoah 
Technology) ; 

a LSO-MW, c losed  Brayton-cycle s o l a r  e l e c t r i c  power systein; and 

process heat  app l i ca t ions  using t h e  waterjsteam and organic f l u i d  
r e c e i v e r s  s p e c i f i e d  above, less power-conversion and o the r  related 
equipment. 

methods a r e  used t o  compare thermal  s t o r a g e  concepts. One method i s  a 
present  worth of revenue requirements (FWRR) -economic- method; i t  consfders  
energy-related equipaent ( tanks ,  i n s u l a t i o n ,  etc. >; power-related equipnent 
(pumps, compressors, f a n s ,  e t c . ) ;  s to rage  media, i n s t a l l a t i o n ,  and i n d i r e c t  
cos t s ;  and f i r s t - y e a r  v a r i a b l e  c o s t s ,  such as O&M, e lec t r ica l  energy,  and 
chemical usage. The second method determines t h e  impact of s to rage  sys tems on 
t h e  de l ive red  energy c o s t  of s o l a r  thermal  systems and inc ludes  t h e  effecrs  of 
s to rage  i n e f f i c i e n c i e s .  

I 
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Water/ St earn Receiver (Power) 

The r e l a t i o n s h i p  between present  worth revenue requirements and hours  of 
s to rage  €or  the  waterlsteam r e c e i v e r  (power) a p p l i c a t i o n  wi th  t h e  s to rage  con- 
c e p t s  s t u d i e d  i s  shown i n  F igure  s-1. As i nd ica t ed ,  t h e  ca lor ia jgran i te -draw 
s a l t  two-stage s to rage  concept is t h e  most economical a t  below approximately 
s i x  hours '  s torage.  For more than  s i x  hours  o f  s to rage ,  underground pres- 
su r i zed  water ( i n  a s t ee l - l i ned  cavern)  i s  t h e  b e s t  f i r s r - s t a g e  choice.  Of 
t h e  l a t e n t  h e a t  s to rage  systems, a d i r ec t - con tac t  h e a t  exchange system wi th  a 
s e n s i b l e  heat second s t a g e  uslng phaserhmge media appears a t t r a c t i v e .  A 
modified tube-intensive hea t  exchange concept u t i l i z i n g  a n  enhanced heat  
exchange su r face  a l s o  appears  t o  be very cos t - e f f ec t ive .  

FkitedSteam bce lve t  (Process Heat) 

For water/s team rece€vver process  h e a t  c a s e s ,  supplying 288°C (55O0F) s a t u r a t e d  
steam, the  c o s t  summary is shown i n  Figure S-2. For t h i s  s p e c i f i c  appl ica-  
tion, underground p res su r i zed  water in a s t e e l - l i n e d  cavern i s  c l e a r l y  the  
most economical f o r  high s to rage  c a p a c i t i e s .  A modified tube-intensive h e a t  
exchange concept,  u t i l i z i n g  an enhanced h e a t  exchanger su r face ,  also appears  
t o  be very cos t - e f f ec t ive .  

c 
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FINNED-TUSE-INTENSIVE 

1 6 I5 
HOURS OF STORAGE ' 

?Xgure S-1. Present worth Revenue Requirements for Water/Steam 
Receiver (Power) 
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j Figure 5 2 .  Present Worth Revenue Requiraneots for  WaterlSteam 

kceiver (Process  hea t )  

Oreanic Fluid Receiver 

'Ihe PWRRs f o r  t h e  organic  f l u i d  r e c e i v e r  ( t o t a l  energy appl ica t ion)  thermal 
s to rage  concepts a r e  shown i n  Figure S-3. A t  l e s s  than approximately seven 
hours,  t h e  r e fe rence  Syl therm/taconi te ,  t r i c k l e  charge, s to rage  concept i s  t h e  
best  choice. Above seven hours ,  t he  Hitec s a l t  ( sens ib le )  and d i r ec t - con tac t  
( l a t e n t )  systems become cos t -e f fec t ive ,  owing pr imar i ly  t o  high Syltherm 800 
f l u i d  cos t  and degradation. 

For  t h e  organic  f l u i d  r e c e i v e r  process  h e a t  app l i ca t ion ,  nothing was i den t i -  
f i e d  with more promfse than Calor ia /gran i te  o r  Caloria only (two-tank). 

'., 

Closed Ai.r/Brayton Receiver (Power) 

'Ihe PWRR f o r  t h e  thermal s to rage  concepts f o r  the closed a i r / B r a y t o n  cyc le  
operat ing a t  816°C (1500'F) i s  shown i n  Figure 5-4. Nothing w a s  i d e n t i f i e d  
wi th  s i g n i f i c a n t l y  more promise than  t h e  re ference  a i r /a lumina  b r i ck  s e n s i b l e  
heat s to rage  sys tem.  A tube-intensive l a t e n t  hea t  system (not shown) w a s  
i nves t iga t ed  and reported;  however, i t s  performance was poor. 

Seensftivitg Results 

'Ihe d a t a  w i l l  be a f f ec t ed  by t h e  u n c e r t a i n t i e s  inherent  i n  any development 
program. However, the conclusions and recommendations should not change i n  
t h e  ranges expected f o r  t h e  fol lowing items: 

v i  i 
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0 the  economic d a t a  base assumption (l .e. ,  t h e  c o s t  of money); 

t h e  c o s t i n g  methodology (i-e., t h e  magnitude and d i s t r i b u t i o n  of i n d i r e c t  

ope ra t ions  and maintenance (O&M) c o s t  d a t a ;  

d i spa tch  of s to rage ;  and 

unce r t a in ty  in c o s t  es t imates .  

f a c t o r s )  ; 

The l a r g e s t  e f f e c t  i s  caused by the unce r t a in ty  i n  t h e  c o s t  estimates. For 
concepts t h a t  can probably meet t h e  program g o a l s ,  t h e  d a t a  are d e f i n i t i v e .  

Comparison to Value 

Value i s  a measure of what a u s e r  w i l l  pay €o r  thermal s torage.  Value i s  
determined by ca l cu la t ing  the  f o s s i l  f u e l  savings and the  c a p i t a l  c r e d i t  
gained in using s torage.  Obtainable c o s t  estimates are compared wi th  va lue  
f o r  both e l e c t r i c  power and process  heat  app l i ca t ions .  Conclusions are  
s ummar i zed be  low. 

Electric Power 

Water/steam rece ive r s :  Thermal s to rage  c o s t s  are less  than  va lue  a t  
approximately sfx hours of thermal  s to rage  o r  less;  

Organic f l u i d  r e c e i v e r  (Syltherm) : No concept w a s  i d e n t i f i e d  wi th  c o s t s  
less than value; and 

AirfBrayton: ?henna1 storage c o s t s  are  less  than  va lue  at approximately 
one hour o r  less. 

Process Beat 

Water/steam rece ive r s :  Thermal s to rage  c o s t s  are less  than va lue  f o r  

Organic f l u i d  r ece ive r :  

- Calor ia  rece iver :  

approximately s i x  hours or  more. 

S torage  c o s t s  a r e  less than  va lue  a t  approximately 
s i x  hours o r  more of thermal s to rage ;  and 

- Syltherm rece iver :  No concept  was i d e n t i f i e d  t h a t  c o s t s  l e s s  than  i t s  
value.  

Ee commendations 

'Ihe f i r s t -gene ra t ion  thermal s t o r a g e  concepts are sound; completion of devel- 
opment e fEor t s  is recommended. Tnese concepts tnc lude  (1) dua lmed ia ,  
C a l o r i a f g r a n i t e  thermocline; ( 2 )  molten salt; and ( 3 )  ceramLc b r i ck  for a€r  
rece iver  systems. However, no thermal s to rage  concept t h a t  i s  coupled t o  a 
Syltherm r e c e i v e r  meets t h e  value cr i ter ia .  Redi rec t ion  of some program 
elements t o  an  advanced technology s t a t u s  i s  recommended, e s p e c i a l l y  f o r  t h e  
t r ick le-charge ,  dual-media, Syl  t h e m  t a c o n i t e  concept. 

ix 
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Second-generation thermal s t o r a g e  concepts have been i d e n t f f i e d  t h a t  r ep resen t  
subs tan t ia l .  improvements over  t h e  f i r s t - g e n e r a t i o n  systems,  and developnent of 
a finned-tube-intensive,  l a t e n t - h e a t  s torage  f o r  waterlsteam rece ive r s  i s  
recommended. Underground, pressur ized  water s t o r a g e  is one of t h e  lowest  c o s t  
concepts f o r  water/steam rece ive r s .  However, t h e  concept I s  s i t e - s p e c i f f c ,  
entai ls  s u b s t a n t i a l  t e c h n i c a l  r i s k s ,  and involves  a cost ly  development 
program. Addit ional  s tudies  on underground pressur ized  water are recommended 
before  t h e  developnent e f f o r t  cont inues.  Cost improvements over f i r s t -  
genera t ion  technologies  can be obtained wi th  d i r e c t - c o n t a c t ,  l a t e n t - h e a t  
s to rage ,  but  l e s s  than  t h a t  ob ta ined  wi th  f inned-tube-intensive l a t e n t  hea t  
and underground pressur ized  water, Continued research  and low-pr ior i ty  devel-  
opnent i s  recommended on a l t e r n a t i v e  d i rec t -contac t  , l a ten t -hea t  s to rage  
concepts. 

Other concepts t h a t  o f f e r  minor improvements over  f i r s t - g e n e r a t i o n  technol- 
og ies  were i d e n t i f i e d  but are not  s p e c i f i c a l l y  recommended for development. 

The fo l lowing  concepts are not  recommended f o r  developnent because they are 
e i t h e r  more c o s t l y  than the  f i r s t - g e n e r a t i o n  technologies  o r  s i g n i f i c a n t l y  
less a t t r a c t i v e  t h a n  o t h e r  thermal  s t o r a g e  concepts:  

Containerized salt: 

a Above-ground pressur ized  water 

Tube-intensive l a t e n t  h e a t  with a n  o i l  in te rmedia te  loop.  

The sand moving bed and a i r / r o c k  thermal s t o r a g e  concepts  d i d  no t  r ep resen t  an  
improvement over molten draw s a l t  s torage.  TWO concepts are deemed t o  be more 
appropr i a t e  f o r  l i q u i d  metal r ece ive r s .  An evaluation o f  t h e s e  two concepts 
with l i q u i d  metal r ece ive r s  is recommended before  any development is  conducted 
on sand moving bed and a i r / r o c k  thermal  s torage .  , 
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SECTION 1.0 

INTRODUCTION 

i 

I 

Solar thermal power systems* developed f o r  commercial use must opera te  cont in-  
uously during per iods of v a r i a b l e  i n s o l a t i o n ,  ope ra t e  even dur ing  nonsolar  
hours,  buf fer  p o t e n t i a l l y  harmful system t r a n s i e n t s  caused by abrupt  i n so la -  
t i o n  changes, and ensure t h a t  p roduct ive  capac i ty  i s  a v a i l a b l e  dur ing  emer- 
gency per iods.  TWO options e x i s t  t o  meet these  requirements:  convent ional  
backup systems and thermal  storage.** Backup systems are a v i a b l e  near-term 
so lu t ion ;  however, as conventional f u e l  supp l i e s  become c r i t i c a l l y  l i m i t e d  
because of c o s t  o r  a v a i l a b i l i t y  problems , thermal  s t o r a g e  w i l l  become increas-  
i ng ly  important.  

A comprehensive program has  been d r a f t e d  t o  a c c e l e r a t e  t h e  developnent of 
thermal energy s to rage  technologies  by matching them t o  s o l a r  thermal system 
requirements and scheduled milestones.  The p l a n  f o r  t h i s  program [I] was pre- 
pared a t  the  j o i n t  request  of t he  DOE Mvis ions  of Solar lhermal Energy Sys- 
tems (STES) and Physical  and Chemical Energy Storage  (PACES). Ihe s t r a t e g y  of 
t he  program r e f l e c t s  t he  cur ren t  d i r e c t i o n  of t h e  s o l a r  thermal power systems 
program. lhermal s to rage  f o r  repower ing/ indus t r ia l  r e t r o f i t s ,  t o t a l  energy, 
and small community system app l i ca t ions  w i l l  be s t r e s s e d  i n  t h e  e a r l y  years .  

1.1 THERMAL STORAGE TECHNOLOGY DEVELOEHENT PLAN 

a 1.1.1 Cbjective o f  the Program Plan 

The goals  of t h e  development program are t o  provide  

Second-generation s t o r a g e  subsystems that: r ep resen t  cos t  and performance 
improvements over  f i r s t -gene ra t ion  s t o r a g e  subsystems f o r  s o l a r  thermal 
power app l i ca t ions  ( the  most promising concepts mst o f f e r  a t  least  a 25% 
imp r oveme n t over  f i r  a t-g ene ra  t ion  concepts) ; 

Fi r s t -gene ra t ion  s to rage  subsystems f o r  s o l a r  thermal app l i ca t ions  t h a t  
p re sen t ly  have no a s soc ia t ed  s t o r a g e  subsystems; and 

A technology base t o  support  s to rage  subsystem development f o r  f u t u r e  
s o l a r  thermal p o w e r  a p p l i c a t i o n s  ( t h i r d  genera t ion) .  

*Solar  thermal power systems c o l l e c t  and concen t r a t e  t h e  sun ' s  r a d i a n t  energy 
t o  h e a t  a working f l u i d ;  i . e . ,  they convert  t he  r ad ian t  energy t o  thermal 
energy. That thermal energy can be  used d i r e c t l y  €o r  h e a t  app l i ca t ions  (pro- 
cess hea t ,  hea t ing ,  cool ing,  e t c . )  o r  t o  d r i v e  a heat  engine,  producing 
mechanical and/or  e lec t r ica l  energy. Applicat ions f o r  t h e  l a t t e r  inc lude ,  bu t  
are not l imi t ed  to, e l e c t r i c  u t i l i t y  power p l a n t s ,  i r r i g a t i o n  pumping s y s t e m ,  
and t o t a l  energy systems (cogenerat ion) .  

**Backup systems inc lude  u t i l i t y  g r i d s ,  fo s s i l - fue l ed  systems, b a t t e r i e s ,  pumped 
hydro, e tc .  Thermal s to rage  inc ludes  s e n s i b l e  h e a t ,  l a t e n t  h e a t ,  and themo- 
chemical concepts.  

1 
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1.1.2 Program Elements 

Seven elements  make up t h e  s t o r a g e  developnent program. 
t o  s torage  development f o r  s p e c i f i c  c o l l e c t o r f r e c e i v e r  technologies.  
ments i nc lude  s to rage  f o r  

Six of them are keyed 
The ele- 

a Waterlsteam-cooled c o l l e c t o r / r e c e i v e r s  

b Gas-cooled s e n s i b l e  h e a t  c o l l e c t o r l r e c e i v e r s  

0 Advanced s to rage  technologies  ( t h i r d  genera t ion) .  

Molten sa l t -cooled  s e n s i b l e  h e a t  c o l l e c t o r /  r e c e i v e r s  

Uqu id  metal-cooled s e n s i b l e  hea t  c o l l e c t o r / r e c e i v e r s  

Organic f lu id-cooled  s e n s i b l e  h e a t  co l lec 'cor / rece ivers  

Liquid metal /sal t -cooled l a t e n t  h e a t  c o l l e c t o r / r e c e i v e r s  

P ro jec t  app l i ca t ions  € o r  t h e  f i r s t  s i x  elements have been i d e n t i f i e d ,  which 
provides a focus f o r  t he  s t o r a g e  technology development, 

1.1.3 The Role of S E R I  Systems Analysis 

SEBI i s  support ing t h e  j o i n t  program plan  wi th  systems a n a l y s i s ,  inc luding  
both value ana lys i s  and comparisons of thermal s to rage  technologies .  ?he 
value of thermal s t o r a g e  i n  a s o l a r  thermal sys tem/appl ica t ion  is a measure of 
i t s  worth, o r  b e n e f i t ,  t o  t he  user .  This bene f i t  i s  measured by the  c o s t s  
saved i n  conventional f u e l  and equipnent by us ing  thermal s torage.  If t h e  
cost  of a thermal s to rage  system exceeds i ts  va lue ,  t h e  u s e r  would c e r t a i n l y  
favor  a fos s i l - fue l ed  system. Program c o s t  g o a l s  a r e  s e t  equal  t o  o r  less 
than value,  ensuring t h a t  only technologies  t h a t  have t h e  p o t e n t i a l  t o  meet o r  
su rpass  c o s t  goa l s  w i l l  be developed and w i l l  be marketable. 

Several thermal s to rage  technologies  are expected t o  meet v a l u e d e r i v e d  cos t  
goals.  Program resources  a r e  l iml t ed ,  s o  only a few thermal s to rage  concepts 
can be developed. lhese should be t h e  most promising, t echn ica l ly  and econom- 
i c a l l y ,  SERI suppor ts  t h e  s e l e c t i o n  process  by reviewing data  being generated 
by the developers o f  each technology and comparing the  technologies on an 
equal  bas i s .  To support  t h e  program, thermal energy s to rage  technologies  a r e  
ident iEied  t h a t  a r e  appropr ia te  t o  each of t h e  s o l a r  thermal systems 
spec i f ied ,  

, 

1.2 OBTECTIVES OF THE STUDY 

The ob jec t ives  of t h e  SERI  s tudy a r e  t o  i d e n t i f y  and make recommendations on 
promising thermal s torage  concepts based on a comparative tanking. So t h a t  
t h e  study w i l l  be conducted f a i r l y ,  t h e  ana lyses  provide 

c o n s i s t e n t l y  ca lcu la ted  cost d a t a  f o r  s e v e r a l  thermal s to rage  concepts in 
d i f f e r e n t  s o l a r  thermal systems; 

cons i s t en t  and r e a l i s t i c  performance d a t a  for  thermal s torage  concepts 
i n t eg ra t ed  i n t o  s o l a r  thermal systems; 

I 
I 
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these  cos t  and performance d a t a  pro jec ted  f o r  a mature technology based 
on t h e  s ta te  of t h e  art  and a n t i c i p a t e d  improvements i n  s to rage  
technologies ;  

s e n s i t i v i t y  t o  cos t ing  u n c e r t a i n t i e s ;  and 

a d a t a  €or a range of  s to rage  c a p a c i t i e s .  

Cost d a t a  are a l s o  compared wi th  t h e  value of thermal s to rage  to provide 
information on the  f u t u r e  market p o t e n t i a l  of t h e  concepts being considered 
f o r  developnent. 

1.3 SCOW 

The scope of t h i s  study i s  l i m i t e d  t o  t h e  eva lua t ion  o f  thermal s to rage  con- 
cepts  i n  the  fol lowing s o l a r  thermal system app l i ca t ions :  

a a waterlsteam c e n t r a l  r e c e i v e r  f o r  a n  e l ec t r i c  power p l a n t  and a process  
hea t  p l an t ;  

an organ ic  f l u i d  r e c e i v e r  f o r  a d i s h  r e c e i v e r  t o t a l  energy a p p l i c a t i o n  
and a process-heat-only a p p l i c a t i o n ;  and 

a gas  r e c e i v e r  f o r  a closed-cycle Brayton e lectr ic  power p l an t .  a 

mese systems represent  t h r e e  of the  seven program elements. Analyses o f  
thermal s to rage  f o r  t h e  remaining elements are a l s o  planned, but  a t  l a t e r  
d a t e s  cons i s t en t  wi th  t h e  schedule of each element. 

\ 
1.4 APPROACH 

1.4.1 Bmparatlve Rankings 

Thermal s t o r a g e  i s  not an energy source,  bu t  a means of modulating t h e  energy 
supply t o  meet a demand. The cos t  of thermal s to rage  inc ludes  both the  cos t  
of t h e  s to rage  hardware and t h e  c o s t s  a s soc ia t ed  wi th  t h e  performance of t h e  
s to rage  subsystem. To determine the  l a t t e r ,  a s o l a r  thermal system must be 
defined. To i s o l a t e  t h e  d i f f e r e n c e s  among t h e  thermal  s t o r a g e  concepts ,  a l l  
those concepts have been examined i n  re ference  t o  t h e  same s o l a r  thermal 
c o l l e c t o r / r e c e i v e r  system and compared wi th  a r e fe rence  thermal s torage  
concept,  designated R. 

Figure 1-1 i l l u s t r a t e s  t h e  approach. A complete s o l a r  thermal  sys t em i s  f i r s t  
s e l ec t ed  f o r  t h e  a n a l y s i s ,  inc luding  t h e  c o l l e c t o r ,  power genera t ion  subsystem 
( i f  app l i cab le ) ,  thermal s t o r a g e  subsystem, etc. Without changing t h e  remain- 
der  of the  subsystems, we remove t h e  r e fe rence  thermal s to rage  concept,  R,  and 
r e p l a c e  it with  an  a l t e r n a t i v e  concept,  A .  All necessary changes are 
included,  and t h e  cos t  d i f f e r e n t i a l s  ( e i t h e r  up o r  down) a r e  considered t o  be 
p a r t  o f  t h e  cosr of t h e  a l t e r n a t i v e  concept, This process  i s  repeated,  syste-  
mat ica l ly  varying the  s i z e  of the c o l l e c t o r  f i e l d  (with a propor t iona l  change 
i n  t h e  tower / rece iver  system), d i s p a t c h  s t r a t e g y ,  l oca t ion ,  and q u a n t i t y  of 
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All other elements are unchanged (except as may be associated with the new storage, e.g , a 
dual admission turbine may be reptaced with a single admisston turbine if the storage allows 
I t 1  

Pigme 1-1. Comparison of Thermal Storage  Concepts 

s torage .  

s e l e c t i o n  of appropr i a t e  thermal s to rage  concepts.  

"he impac t  on t o t a l  energy system cos t  i s  determined f o r  each combi- 
\ nation. 'Ihis approach i d e n t i f i e s  which cond i t ions ,  i f  any ,  must i n f luence  t h e  

1.4.2 Caveats 

SERL's systems a n a l y s i s  method a t t e m p t s  t o  i d e n t i f y  promising thermal  s t o r a g e  
concepts f o r  Euture development. Since the  concepts are i n  an e a r l y  s t a g e  of 
developnent,  t h e r e  i s  a r i s k  t h a t  t h e  concept  w i l l  no t  f u n c t l o n  as described. 
No e x p l i c i t  judgment i s ,  t h e r e f o r e ,  made on t echn ica l  f e a s i b i l i t y .  Rather,  
t h e  approach i s  t o  determine i f  t h e  concept  i s  s u f f i c i e n t l y  promising t o  merit 
reso lv ing  t h e  t echn ica l  risks.  

The spec i f i c  s o l a r  thermal s t o r a g e  concepts  examined i n  this study a r e  e i t h e r  
cu r ren t ly  being developed o r  a r e  s l i g h t  modif icat ions o f  curren t  concepts.  
Whenever p o s s i b l e ,  d a t a  from t h e  concept 's  developer  have been included. Many 
modif icat ions were made t o  e i t h e r  improve the  concept or  add t echn ica l  fea- 
tu re s .  For example, t h e  phase-change concepts  were modified t o  inc lude  a 
c a p a b i l i t y  t o  superheat  steam (during d ischarge) .  Di f fe ren t  phase-change 
media than  those  s p e c i f i e d  i n  t h e  o r i g i n a l  p l ans  may be used, as appro- 
p r i a t e .  Modifications t o  concepts gene ra l ly  involve r e l a t i v e l y  minor tech- 
n i c a l  changes; similar technologies  are e i t h e r  c u r r e n t l y  being developed o r  
have a l ready  been demonstrated. Some modi f ica t ions  and other similar improve- 
ments could be developed simulraneously w i t h  second-generation concepts. In 
all cases, modif icat ions he lp  t o  achieve the  b e s t  system conf igura t ion  € o r  
each concept. 

P 
t 

I '  
j '  
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SECTION 2.0 

STIJDY GUIDELINES 

2.1 BEPEREKE SYSTEHS 

This s tudy  p r o v i d e s  c o s t  and performance d a t a  f o r  a l t e r n a t i v e  thermal energy 
s t o r a g e  concepts  i n  each of t h e  fo l lowing  r e f e r e n c e  s o l a r  thermal  systems:  

(1) A 100-MWe advanced water/s team c e n t r a l  r e c e i v e r  [ 1 ] (Fig. 2-1). 

( 2 )  An o r g a n i c  f l u i d  receiver f o r  a 400-kWe t o t a l  energy system--%enandoah 

( 3 )  A 150-MWe closed-cycle  a i r / B r a y t o n  c e n t r a l  r e c e i v e r  system [ 3 ]  

( 4 )  For  process  h e a t ,  t h e  r e f e r e n c e  systems are (1)  and (2) above, less 
power conversion and r e l a t e d  equipment. Both process  h e a t  s o l a r  thermal  
systems w i l l .  d e l i v e r  d r y ,  s a t u r a t e d  steam i n  a l l  o p e r a t i n g  modes. For 
t h e  advanced water/steam technology (Fig.  2-4), the steam temperature  
w i l l  b e  288'C (550OF); f o r  t h e  o r g a n i c  f l u i d  r e c e i v e r  (Fig. 2-5), t h e  
steam temperature  w i l l  be 172'C (341°F)-  Only process  h e a t  i s  provided. 

Tables  2-1 and 2-2 present: t h e  o p e r a t i n g  c o n d i t i o n s  f o r  a l l  t h e  r e f e r e n c e  
systems. 

Technology 121 (Fig.  2-2). 

(Fig.  2-3). 

2.2 

The 

a 

a 

a 

a 

0 

a 

TJBlWAL STORAGE COST BASE 

c o s t  and  performance d a t a  were determined under  t h e  f o l l o w i n g  c o n d i t i o n s :  

The rate of charging the thermal  s t o r a g e  i s  t h e  same as t h e  r e f e r e n c e  
system. 

The rate of d i s c h a r g i n g  t h e  thermal  s t o r a g e  is t h e  same as t h e  r e f e r e n c e  
system. 

The c a p a c i t y  t o  s t o r e  t h e  thermal  energy i s  t h e  same as  t h e  r e f e r e n c e  
system. Note: because t h e  work convers ion  e f f i c i e n c f e s  may d i f f e r ,  t h e  
e l e c t r i c a l  s t o r a g e  r a t i n g s  may also d i f f e r ,  even though t h e  amounts of 
thermal energy discharged are i d e n t i c a l .  

One hour of thermal  energy s t o r a g e  is d e f i n e d  as  t h e  a b i l i t y  t o  s t o r e  t h e  
thermal  energy from t h e  r e c e i v e r  t h a t  would have oper ted  t h e  p l a n t  f o r  
one hour at  i t s  thermal  d i s c h a r g e  r a t i n g  i f  that  energy had not  been 
s t o r e d .  

The nameplate  r a t i n g  i s  t h e  same as  i t  i s  f o r  t h e  r e f e r e n c e  system. 

The c o l l e c t o r  area is  t h e  same as i t  is f o r  t h e  r e f e r e n c e  system. 

All items not  a f f e c t e d  by thermal  s t o r a g e  are t h e  same as i n  t h e  r e f e r -  
ence system. 

5 
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Table 2-1. Reference Cycle Data 

Type of Receiver 

AirIBrayton WaterlSteam Organic Fluid 

Power Process Total Energy Process Power 

1. Generator rating 

2.  Receiver temperature 

3. Turbine i n l e t  pressure 
4 .  Turbine inlet temperature 
5 .  Turbine reheat temperature 
6 .  Process steam temperature 

7 .  Process s t e m  pressure 

r 
r 

110,000 kW, 
(78,000 kW, from 
storage) 
510'C (950°F) 

12.5 MPa (1815 psia) 
510'C (950'F) 
510'C (950'F) 
N/A 

N/A 

2-75,000 kW, W A  400 kW, N/A 

328°C (622'F) 399°C (75O0F) 31OoC (590'P) 816°C (1500'F) 
(saturated steam) 
N/A 379 MPa (750 psia)  N/A 260 EIPa (500 psia) 
NIA 382'C (720'F) N/A 816'C (15OOOP) 
N/A N / A  N/A N/A 
288'C 172'C (341°F) 172'C (341'F) N l A  
(saturated steam) 
7.21 Mfa (1046 psia) 0.72 MPa (120 psia) 0.72 MPa (120 psia) N/A 



TR-1283. V O ~ .  I 

a b l e  2-2. Design Criteria for Thermal Storage Concepts 

Storage T i m e  
(hours)  'Iherrnal Storage Concept u n i t s  

1 6 15 

Waterlsteam r e c e i v e r  (e lec t r ic  power 
o r  process  h e a t )  

So la r  mul t ip l e  - 1.16 1.96 2.80 
42.5 255.0 475.2 

224.0 224.0 224.0 
Charge rate 
Discharge r a t e  
Storage capac i ty  MWth 224.0 1344.0 3360.0 

MWt: 
MWt 

Organic fluid r e c e i v e r  ( t o t a l  
energy o r  process  h e a t )  

S o l a r  mul t ip l e  - 1.20 2.22 3.20 
0.43 2.58 4.64 
2.11 2.1 I 2.11 

Charge rate 

Storage capac i ty  MWth 2.11 12.66 31.05 
Discharge rate 

S o l a r  mu1 t i p l e  - 1.17 2.00 2.80 
60.0 360.0 648.0 

360.0 360.0 360.0 
Charge rate 
M scharge r a t e  
Storage capac i ty  MWrh 360.0 2160.0 5400.0 

MWt 
M W t  

Closed afr/Br a y t  on r e c e i v e r  

M W t  
MWr. 

2.3 ALLWABLE CHANGES IN TBE REFERENCE SYSTEHS 

In t eg ra t ing  a l t e r n a t i v e  s to rage  systems r equ i r e s  t h a t  changes be made t o  the  
r e fe rence  systems. Any change t h a t  does not  a f fec t  t h e  p r h a r y  nonstorage 
equipment i s  al lowable.  'Ihe fol lowing i s  a par t ia l  l i s t  of a l lowable changes: 

\ 

b 

b 

2.4 

Any 

Conversion-cycle temperatures  and p res su res  

Receiver temperatures and p res su res  

Dual admission t u r b i n e  changes t o  s i n g l e  admission o r  changes i n  des ign  
poin t  admission condi t ions  

Changes i n  any i tem as soc ia t ed  w i t h  t h e  thermal  s t o r a g e  subsystem. 

HOMALL(XJABLE CHANGES IN TBIS REFERENCE SYSTEMS 

change t h a t  modifies the- r ece ive r  or power conversion cycle  i s  n o t  
allowed. The fol lowing i s  a p a r t i a l  l i s t  of  nonallowable changes: 

a Change i n  the  power conversion cycle  (e-g. ,  from a rehear  steam cycle  t o  
a nonreheat cyc le)  

manges  i n  t h e  r e c e i v e r  t r a n s p o r t  f l u i d ,  except f o r  the organic  f l u i d  
r ece ive r ,  i n  which a t  least t w o  organic  t r a n s p o r t  f l u i d s  are inves t iga t ed  

, .  
! 
Y 
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a Changes i n  t h e  r e c e i v e r  des ign  (e.g., from an e x t e r n a l  s u r f a c e  t o  a 

a Changes i n  t h e  p l a n t  nameplate  r a t i n g ,  i n c l u d i n g  p r o c e s s  h e a t  d e l i v e r y  

c a v i t y )  

rate and q u a l i t y .  

2.5 TEE SITE 

The s i t e  f o r  t h i s  s t u d y  is assuned t o  b e  Albuquerque, N. Mex. Environmental 
des ign  c o n d i t i o n s  are assumed as f o l l o w s :  

a A maximum d e s i g n  wind speed ( i n c l u d i n g  g u s t s )  of 45 m/s (100 mph) 

Seismic UBC Zone 2 

A s o f l  b e a r i n g  of 192 kPa ( 4 0 0 0  p s f ) .  

Cer ta in  underground s t o r a g e  concepts--i,e.,  solution-mined caverns € o r  o i l /  
rock s t o r a g e  that  r e q u i r e  n a t u r a l  s a l t  d e p o s i t s  and underground caverns  f o r  
p r e s s u r i z e d  water s t o r a g e  t h a t  mst be e s t a b l i s h e d  i n  s o l i d  rock  formations-- 
may n o t  s p e c i f i c a l l y  apply t o  Albuquerque, b u t  t h e y  r e p r e s e n t  v i a b l e  s t o r a g e  
concepts.  

2.6 STBNDARD COSTING DATA 

Standard procedures  were e s t a b l i s h e d  t o  de te rmine  t h e  c o s t  of thermal  s t o r a g e  
subsystems. Materials and equipment p r i c e s  are a l l  given i n  1980 dollars. A 
s t a n d a r d  p r i c i n g  l i s t  was prepared  and  reviewed by developers  of t h e  concepts ;  
changes recommended by the developers  were inc luded  i n  t h e  final c o s t i n g  of 
each  concept. \ 

2.7 METHODS OF ECOKCMIC ANALYSIS 

Two economic a n a l y s i s  methods a r e  employed i n  t h i s  s tudy .  One method i s  t h e  
p r e s e n t  wor th  revenue requirement (PWRR). S t e a r n s - k g e r  S e r v i c e s ,  Inc., (S-R) 
e s t i m a t e d  the parameters  for t h e  PWRR method based on  a n  investor-owned elec- 
t r i c  u t i l i t y  (see Sec. 4.0).  The PGlRR i s  c a l c u l a t e d  €o r  t h e  thermal  s t o r a g e  
subsystem only; t h e  method accounts  only f o r  t h e  c o s t  parameters (power- 
r e l a t e d ,  energy-re la ted ,  media, p a r a s i t i c  power, o p e r a t i o n  and maintenance, 
and replacements).  'he e f f i c i e n c y  of thermal  s t o r a g e  i m p a c t s  on t h e  s o l a r  
thermal  system are not  induced i n  PWRR c a l c u l a t i o n s .  

'Ihe second method i s  t h e  u n i t  d e l i v e r e d  energy c o s t  of t h e  storage-coupled 
s o l a r  thermal  system that i n c l u d e s  e f f i c i e n c y  impacts on t h e  system. 'Ihe 
economic parameters  employed by SERI in t h i s  method a r e  t h o s e  s p e c i f i e d  by t h e  
Solar  lhermal Interlab Committee on Goals. The investor-owned u t i l i t y  assump- 
t i o n s  are only s l i g h t l y  d i f f e r e n t  from t h o s e  of S-R, but  t h e  two economic 
merhods d i f f e r  s i g n i f i c a n t l y  f o r  process  h e a t  and t o t a l  energy a p p l i c a t i o n s .  
In t h i s  s t u d y ,  SERI e v a l u a t e d  the s e n s i t i v i t y  of t h e  study's  conclus ions  t o  
t h e  economic parameters.  These d a t a  are p r e s e n t e d  i n  Sec. 5.0. 
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SECTION 3.0 

THE TFIERMAL EWRGY STORAGE CONCEPTS 

The study i n i t i a l l y  considered over 130 thermal energy s to rage  concepts i n t e -  
g r a t e d  i n t o  s o l a r  thermal systems. A rough screening  reduced t h e  n m b e r  of 
concepts t o  40. (The screening r a t i o n a l e  are presented i n  Volume 11, t h e  S-R 
r epor t . )  Preliminary c o s t  d a t a  were p r e p a r e d  € o r  t h e  concepts  on t h e  reduced 
l i s t ,  from which 20 were se l ec t ed  f o r  more d e t a i l e d  evaluat ion.  Conceptual 
des igns  and c o s t  da ta  f o r  t h e s e  concepts were prepared. These d a t a  were 
reviewed a t  a workshop i n  September 1980 t h a t  included most of the  developers 
of t h e  concepts  t h a t  were t o  be evaluated. l h e  d a t a  from t h e  workshop are 
documented [ 3 ]  including t h e  prel iminary cos t  ' d a t a  on the  o r i g i n a l  40 con- 
cepts. After t h e  workshop, t h e  l i s t  of concepts  was rev ised ,  conceptual  des- 
c r i p t i o n s  were modified,  and some special. cases were evaluated.  Section 3.1 
p re sen t s  t h e  concepts t h a t  were analyzed i n  d e t a i l ,  and Sec. 3.2 desc r ibes  
some examples. 

3.1 CONCEPTS FOR FINAL EVALUATION 

The thermal s to rage  concepts f o r  t h e  water/steam r e c e i v e r  (power) system are 
shown i n  Table 3-1. Water can be preheated and boi led  at moderate tempera- 
t u r e s  , but  superheat ing water r equ i r e s  h igh  temperatures.  mo-stage thermal 

%able 3-1. Thermal Storage Concepts for a Water/Steam Receiver (Power) 

F i r s t  Stagea Second Stage  b R a t  i o n a l e  

1. 
2. 

3. 
4. 

5. 

6 .  
7. 
8. 
9. 

10. 

Ca l o r  la/  g r a n i t e  
Ca lo r i a /g ran i t e  

Calor ia /gran i t  e 
Pressurized water 
- Underground 
- Above ground 
Unde rground o i l / r  ock 

G l o r i a  (two tank)  
n b e - i n t e n s i v e  FIX 
Containerized s a l t  
M re ct-con tac t HX, 

Fi nne& t ube-intensive 
phase change 

D r a w  sa l t  (two-tank) 
Air f rock  

Sand, moving bed 
D r a w  sa l t  (two-tank) 

D r a w  s a l t  (two-tank) 

Draw salt (two-tank) 
D r a w  s a l t  ( t wo-t ank) 
D r a w  s a l t  (two-tank) 
Phasechange  media  

D r a w  s a l t  

Experiment on second- 
s t a g e  concept s 

Experiment on f i r s t - s t a g e  
concepts 

Unique c a p a b i l i t y  

New concept--6 hours only 

'The f i r s t  stage provfdes t h e  c a p a b i l i t y  t o  b o i l  water a t  3.2 MPa 

bTi-ie second s t a g e  superhea ts  t h e  steam t o  approximately 510°C (900°F) f o r  

(468  p s i a )  producing a s a t u r a t e d  vapor a t  238°C (486'F). 

d e l i v e r y  t o  the  IP/LP turb ine .  

15 
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energy s to rage  concepts provide the  energy needed t o  prehea t  and b o i l  water i n  
t h e  f i r s t  s t a g e  and superhea t  i n  t h e  second stage.  An a n a l y t i c a l  comparison 
of la ten t -hea t  s to rage  heat  exchange (HX) methods w a s  made f o r  waterbteam 
(power) f i r s t - s t a g e  l a t e n t  h e a t  s to rage  concepts.  The same phase-change 
media,  NaOH, NaN03,  MnOZ ("Thermkeep"), were used fo r  the fou r  la ten t -hea t  
s to rage  concepts--i.e. , tube- intensive,  d i r ec t - con tac t ,  r o t a t i n g  drm scrap- 
p e r ,  and conta iner ized  salt,  A prel iminary c o s t  eva lua t ion  ind ica t ed  t h a t  t h e  
tube-intensive concept had t h e  h i g h e s t  eva lua ted  system c o s t ,  followed by t h e  
r o t a t i n g  drum scrapper  HX, t h e  d i r ec t - con tac t  HX, and conta iner ized  s a l t .  
Because t h e r e  were i n s u f f i c i e n t  t e s t  d a t a  on t h e  r o t a t i n g  drm sc rappe r  HX, 
t h a t  concept w a s  discountinued i n  t h e  f i n a l  sc reening  process. Work continued 
on t h e  tube-intensive HX, t h e  d i r ec t - con tac t  HX, and t h e  conta iner ized  s a l t  
concepts through conceptual des ign  and c o s t  a n a l y s i s  phases. 

Table 3-2 shows t h e  thermal s t o r a g e  concepts selected f o r  t h e  waterlsteam 
rece ive r  process  heat  app l i ca t ion .  For la ten t -hea t  concepts ,  the  container-  
i z e d  s a l t  s to rage  concept was s e l e c t e d  as r ep resen t ing  a l l  phase-change sys- 
tem i n  this s p e c i f i c  app l i ca t ion .  A finned-tube-intensive phase-change con- 
cep t  was added l a t e  i n  t h e  study. 

The thermal  s t o r a g e  concepts selected f o r  t h e  r e fe rence  t o t a l  energy system 
are shown i n  Table 3-3. As i nd ica t ed  i n  t h e  t a b l e ,  €o r  t h e  Calor ia  r ece ive r  
t o t a l  energy and process  h e a t  system cases, no concept showed more promise 
than Ca lo r i a lg ran i t e  o r  Calor ia  (two-tank). 

!bbLe 3-2. Thermal Storage Concepts for a WaterISteam Recellver 
(Process &at) 

Concept Comments 

1. & l o r i a l g r a n i t e  Reference system 
2. Underground pressur ized  water Low-cost media 
3. Oil/rock--excavated concre te  Test of a l t e r n a t e  containment of oil / 

P i t  rock system (most f avorab le  condi r ion  
f o r  a l t e r n a t i v e  containment, i .e. ,  
l a r g e s t  q u a n t i t y  of oil and rock and 
thus  l a r g e s t  t ank )  

4 .  Gontainerized salt Representat ive of phase-change systema 
5. Finned-tube-intensive, l a t e n t  New concept--6 hours  only 

a I n i t i a l l y ,  conta iner ized  s a l t  was t h e  only phase-change thermal s torage  
concept t o  be evaluated f o r  process  hea t .  'Ihe comparative ranking on 
l a t e n t  hea t  systems is  conducted i n  t h e  water/steam rece ive r  e l ec t r i c  
power case (see Table  3-1). 

bFinned-tube-intensive l a t e n t  h e a t  thermal  s t o r a g e  w a s  added l ace  i n  the  
s tudy,  so only a l imi ted  eva lua t ion  was performed. 'his d a t a  point  a l s o  
provides  a means of v a l i d a t i n g  t h e  l a t en t -hea t  rankings conducted i n  t h e  
waterlsteam electr ic  power case. 

b 

f 
i 

1 

1 
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B b l e  3-3. lhermal Storage Concepts for  an Organic F l u i d  Receiver 

Concept R a t  i o n a l e  

I 
' .  

Syltherm r e c e i v e r  To ta l  energy system 
1. Syltherm 800/ taconi te  Reference system 
2. % I t e n  s a l t  b e s  n o t  r e q u i r e  oi l - to-rock c o n t a c t  
3. Direc t -contac t  phase change Representat ive of phase-changea 

a6 two-stage system s y s t e m  ( s e n s i b l e  h e a t  s t o r e d  i n  
melted phase-change media) 

b Caloria  r e c e i v e r  
To ta l  energy system Nothing i d e n t i f i e d  wf th  more promise 
None than  Ca lo r i a /g ran i t e  o r  Calor ia  

only (two-tank) 
Process hea t  only 

None Nothing i d e n t i f i e d  w i t h  more promise 
than  Ca lo r i a /g ran i t e  o r  Calor ia  
only (two-tank) 

aOnly one l a t en t -hea t  system was eva lua ted  i n  t h i s  appl ica t ion .  l h e  
comparative ranking of l a t e n t  thermal  s t o r a g e  concepts i s  conducted i n  
t h e  water/steam r e c e i v e r  e l ec t r i c  power c a s e  ( s e e  Table 3-1). 

bSeveral  concepts were inves t iga t ed  and pre l iminary  c o s t  d a t a  were gen- 
e r a t e d  ( s e e  Ref. 3) .  

The s t o r a g e  concepts  s e l e c t e d  for t h e  c losed  a i r /Bray ton  c y c l e  s o l a r  thermal 
system are shown i n  Table 3-4, including two s e n s i b l e  h e a t ,  i n t e r n a l  hea t  
t r a n s f e r  concepts ,  a i r /a lumina  b r i c k ,  t h e  r e f e r e n c e  concept,  and a n  air/cas t 
i r o n  OPT (Meehanite). The a i r l g r a n i t e  s t o r a g e  concept was eva lua ted  t o  t e s t  
e x t e r n a l  h e a t  exchange systems,  and a Latent-heat  concept  w a s  eva lua ted  t h a t  
represented  a test of phase-change s t o r a g e  concepts.  

a b l e  3-4. Thermal Storage Concepts for a Closed AirfBrayton 
&e ceiver (Power) 

i '  
Concept Rat ionale  

1. Air/A1203 b r i c k  ( i n t e r n a l  Reference system 

2. Aidcast  i r o n  (Meehanite) More e f f e c t i v e  media 

3. A i r / g r a n f t e  ( e x t e r n a l  h e a t  T e s t  o f  e x t e r n a l  h e a t  exchange s t o r a g e  

h e a t  t r a n s f e r )  

i n t e r n a l  hea t  t r a n s f e r )  

exchanger) systems 
4. Latent h e a t  ' k s t  of  l a t en t -hea t  s t o r a g e - 4  hours  

only 

17 
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Special  s t u d i e s  were also conducted t o  eva lua te  the  in f  h e n c e  of a l t e r n a t i v e  
o rgan ic  f l u i d s .  Calor ia  was s e l e c t e d  f o r  a l l  o i l / r o c k  and o i l  (two-tank) 
s torage .  Al te rna t ive  316°C (600'F) f l u i d s  were considered f o r  t he  fol lowing 
app l i ca t ions :  

a Waterlstean r e c e i v e r s  

-e lectr ic  power 

-process h e a t  

a Organic f l u i d  r e c e i v e r  

-process h e a t  

S ince  t h e  decomposition of Syltherm at 399°C (750°F) w a s  i d e n t i f i e d  as  a 
p o t e n t i a l  problem, a l t e r n a t i v e  f l u i d s  were evaluated.  

3.2 A DESCRIPTIOW OF THE COWCEPTS 

Deta i led  d e s c r i p t i o n s  of a l l  the concepts are contained i n  t h e  S-I7 f i n a l  
r epor t  (Vol. I1 of t h i s  document). System schematics ,  equipment s i z e s ,  and 
material usage f o r  1, 6,  and 15 hours  of s t o r a g e  are included. 7he fol lowing 
paragraphs desc r ibe  one example concept f o r  each of t h e  app l i ca t ions  t h a t  were 
eva lua ted  i n  d e t a i l .  

3.2.1 WaterISteam Receiver, Power Concept 

For t h e  water/steam r e c e i v e r  (power) a p p l i c a t i o n ,  t h e  TES system schematic  i s  
\ shown i n  Fig. 3-1. A modified tube-intensive la ten t -hea t  s to rage  concept ,  

cu r ren t ly  i n  t h e  conceptual  des ign  s t a g e  a t  Comstock & Wescott and Combustion 
Engineering (C&W/CE) [ 4 ] ,  w a s  eva lua ted  € o r  six hours of s torage .  The second- 
s t a g e  s e n s i b l e  h e a t  draw s a l t  (two-tank} s t o r a g e  system is i d e n t i c a l  t o  that 
f o r  t he  re ference  system. 

The C&W/CE des ign  (see Fig. 3-2) c o n s i s t s  o f  r ec t angu la r  s t ee l  tanks  f i l l e d  
with sale and r ec t angu la r  modular tube bundles; each tube bundle, i n  t u r n ,  
c o n s i s t s  of a number of  p a r a l l e l ,  small-diameter,  seamless carbon s t e e l  tubes.  
The tubes are f a b r i c a t e d  i n t o  a se rpen t ine  conf igu ra t ion  and are separated and 
supported by c lose ly  spaced channel  shapes formed f r o m  light-gauge shee t  a lu-  
minum and carbon s teel .  These channel shapes are known as "heat t r a n s f e r  
enhancement sheets"  because they a l s o  promote h e a t  t r a n s f e r  by a c t i n g  as  
extended su r faces  from the  tubing t o  t h e  s a l t  mass. C&W/CE computer simula- 
t i o n a  of the concept des ign  selected i n d i c a t e  t h a t  t h e  o v e r a l l  hea t  t r a n  f e r  
c o e f f i c i e n t  (ca lcu la ted  usLng e x t e r n a l  tube area only) is  over 480 J/sm'-"C 
(80 Btu/h-ft2-"F). 

C&W/CE's c u r r e n t  concept  des ign  work has  been based upon t h e  u s e  of  t he  NaOH- 
N a N 0 3  e u t e c t i c  (81.5 mol X &OH) which does no t  have a high enough melt ing 
temperature  €or  b e s t  a p p l i c a t i o n  t o  t h e  water/s team r e c e i v e r  (power) cycle. 
Accordingly', "Thermkeep" (91.8 w t  % NaOH, 8% NaN03 ,  0.2% Mn02), wi th  a melt ing 
po in t  of 292'C (558'F), was selected € o r  t h e  SERI s t u d y .  The tube diameter,  
0.15- (0.5-f t) spacing,  h o r i z o n t a l l y  and v e r t i c a l l y ,  and the 1.91-cm 

ii 
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(0.75-in.) heat  t r a n s f e r  enhancement shee t  spacing of t h e  C&W/CE concept have 
been retained.  S E R I ' s  c a l cu la t ed  (discharging)  o v e r a l l  h e a t  t r a n s f e r  coef f i- 
c ien t  i s  lower (by about 15%)  than t h e  one used by C&W/CE, so  t h e  design 
should be conservat ive i f  C&W/CE computer s imula t ions  a r e  accurate .  

The modified tube-intensive WX l a t e n t - h e a t  thermal s to rage  concept cu r ren t ly  
under study by C&W/CE appears  to o f f e r  c o s t  advantages. Ibwever, some techni-  
c a l  quest ions need t o  be addressed in t h e  development of t h i s  t y p e  of system: 

W i l l  s e rpen t ine  c o i l s  (with long, ho r i zon ta l  segments) b e  sub jec t  t o  
s luggish  flow when opera t ing  i n  t h e  charging (condensing) mode and i n  t h e  
discharging (evaporat ing)  mode? 

Can e f f e c t i v e  con tac t  be maintained between t h e  tubes  and t h e  h e a t  t r ans -  
f e r  enhancement shee ts?  

Cansidering t h e  l a r g e  n m b e r  of tube welds required,  can tube  l e a k s  be 
avoided and, i f  no t ,  can t h e  leaks  b e  de tec t ed ,  loca ted ,  and repa i red  
e a s i l y ?  

If carbon steel  tubes  a r e  used and a l e a k  does occur,  w i l l  t h e  r e s u l t i n g  
evolu t ion  of hydrogen c o n s t i t u t e  a s a f e t y  hazard? 

3.2.2 TJater/Steam Receiver, Process Heat Concept 

Figure 3-3 presents  a TES f o r  a water/steam rece ive r  i n  a process  hea t  app l i -  
ca t ion .  The underground pressur ized  water s to rage  concept proposed €or  this  
a p p l i c a t i o n  u t i l i z e s  a n  underground s t ee l - l i ned  c a v i t y ,  as shown i n  Fig. 3-3. 
h e  cavi ty  would be l o c a t e d  approximately 549 m (1800 f t )  below grade i n  a 
s o l i d  rock o r  s o l i d  salt  formation. &mineral ized water  i s  used a s  t h e  s t o r -  
age medium, 

A s  ind ica ted  in Fig. 3-3, t h e  r ece ive r  steam is suppl ied during charging 
d i r e c t l y  i n t o  the underground water containment where i t  i s  condensed, which 
inc reases  t h e  pressure and temperature of t h e  water. During discharging,  
steam i s  admitted through a pressure con t ro l  valve which maintains 7.2 MPa 
(1000 ps i a )  of pressure. As  steam i s  removed from s to rage ,  t he  pressure  i n  
the cav i ty  decreases  and more water i s  f l a shed  t o  steam. 'Ihe pressure i n  t h e  
c a v i t y  ranges from 11.9 MPa (1725 ps ia )  f u l l y  discharged wi th  a corresponding 
temperature range of 324°C (615'F) t o  7.2 MPa (1050 p s i a ) ,  288°C (550°F). 
Although t h i s  i s  not shown on t h e  diagram, i t  is necessary t o  add a smal l  
amount of feedwater t o  s to rage  during charging i n  order  t o  achieve a mass and 
enthalpy balance between charging and discharging. 

\ 

The underground pressur ized  water r equ i r e s  a s u i t a b l e  subterranean s t r u c t u r e ,  
so  i t  i s  s i t e - s p e c i f i c  Probable s i t e s  have been i d e n t i f i e d  i n  47 s t a t e s ,  b u t  
not i n  a l l  areas of each s t a t e .  Risks a r e  involved,  however, because of t h e  
unknown behavior of t h e  l a r g e  s t ee l - l i ned  c a v i t i e s  when they  a r e  subjec ted  t o  
thermal and pressure  cycling. Underground cons t ruc t ion  involves  unce r t a in t i e s  
i n  methods and c o s t s  t h a t  a r e  not  r e f l e c t e d  i n  t h i s  s tudy.  
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3.2.3 (kganic F l u i d  Receiver (Total EnerRy) Concept 

A flow diagram showing thermal energy s to rage  f o r  t h e  o rgan ic  f l u i d  r e c e i v e r  
system i s  shown i n  Fig, 3-4. The d i r ec t - con tac t  concept u t i l i z e s  t h e  l a t e n t -  
h e a t  as w e l l  as t h e  sensible-heat  p r o p e r t i e s  of  a s a l t  mixture  i n  a two-stage 
combined system. lhe f i r s t  s t a g e  incorpora tes  a so l id- l iqu id  s a l t  phase 
change wi th  a unique sp ray  chamber system, which i s  be ing  developed by Grumrnan 
Aerospace Corporation [S]; t he  second s t a g e  incorpora tes  a s e n s i b l e  two-tank 
system us ing  only a h o t  s a l t  t ank ,  s i n c e  t h e  co ld  t ank  was p a r t  of t h e  f i r s t  
s tage .  

During t h e  d ischarg ing  mode, t h e  f i r s t - s t a g e  d ischarge  punp t akes  molten s a l t  
a t  310°C (590°F) from t h e  f i r s t - s t a g e  l i q u i d  sa l t  s to rage  tank and pumps it  t o  
t h e  main  spray  chamber where i t  i s  mixed w i t h  l i q u i d  lead-bismuth (PbfBi) a t  
279°C (534°F). ?he h o t t e r  molten salt  g ives  up i t s  l a t e n t  hea t  as i t  f r e e z e s  
i n t o  sa l t  granules  t o  t h e  coo le r  Pb/Bi f l u i d .  %en, pr imar i ly  because o f  t h e  
l a r g e  d i f f e rence  i n  s p e c i f i c  g r a v i t i e s  of t he  two substances,  t h e  salt gran- 
u l e s  f l o a t  TO t h e  t o p  of t h e  chamber and c a r r y  over  t h e  s i d e s  t o  be depos i ted  
i n  the  bottom of t he  tank as granules  of s o l i d  sa l t .  In t h e  process ,  t h e  
l i q u i d  Pb/Bi mixture is heated by the  f r e e z i n g  sa l t  t o  299°C (570°F) and, 
a f t e r  s ink ing  t o  the  bottom of the  spray  chamber, i s  pumped away t o  t h e  l i q u i d  
metal s to rage  tank  and then on t o  t h e  f i r s t  s t a g e  of t h e  d ischarg ing  hea t  
exchanger (evaporator /preheater) .  m e r e ,  i t  is  cooled back t o  279°C (534°F) 
t o  complete t h e  cycle.  A t  t h e  same time, t h e  second-stage discharge pump 
takes molten salt a t  385'C (725°F) from t h e  second-tage hot  tank and pumps i t  
through t h e  second stage o f  ' t h e  d i scha rg ing  h e a t  exchanger (superheater)  where 
it i s  cooled t o  310°C (590°F) while genera t ing  steam a t  4.92 MPa (715 p s i a ) ,  
371°C (700'F). The discharge  steam flow rate, because of t h e  lower t h r o t t l e  
temperature,  had t o  be increased  approximately 1% over t h e  re ference  s to rage  
s y s t a n  t o  main ta in  a cons tan t  thermal  d i scha rge  r a t e  of 2.11 MW The cooled 
molten salt  then cont inues back t o  t h e  l i q u i d  s a l t  s t o r a g e  tan\*. Note t h a t  
t h e  d i rec t -contac t  phase-change concept h a s  been s ized  t o  handle t h e  f u l l  
rece iver  ourput of 4.69 MWt. As  i t  i s  presen t ly  conceived, t h i s  direct-  
con tac t  s to rage  concept does not  allow stem genera t ion  d i r e c t l y  from t h e  
r ece ive r s  except when i t  passes  through t h e  s to rage  system. In t h i s  r e spec t ,  
t h e  sys t an  i s  always ope ra t ing  from s t o r a g e  when genera t ing  steam. 

Because the  second s t a g e  i s  a molten s a l t  two-tank thermal s to rage  s y s t e m ,  i t 5  
t e c h n i c a l  f e a s i b i l i t y  i s  reasonably ce r t a in .  However, t h e  technology proposed 
i n  the  f i r s t  s t a g e  has not  been demonstrated. For example, t he  P b f B I  and the  
s a l t  mixture  are supposed t o  be immiscible f l u i d s ,  bu t  some carryover  should 
be expected. The fol lowing i s s u e s  are a few of many t h a t  must be resolved:  

0 €bw much carryover  w i l l  t h e r e  be  of s a l t  t o  Pb/Bi o r  Pb/Bi t o  s a l t ,  o r  
both? 

fsow w i l l  carryover  a f f e c t  t h e  p r o p e r t i e s  of  t h e  PbfBI and t h e  s a l t ?  

salt? 

a 

How w i l l  carryover a f f e c t  tlie makeup requirements of t h e  Pb/Bi and t h e  

Fbw e f f e c t i v e  w i l l  t h e  d i r ec t - con tac t  h e a t  t r a n s f e r  be? 
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Because of t he  many u n c e r t a i n t i e s  surrounding t h e  f i r s t  stage of t h i s  concept ,  
a 4% O&M has  been assigned t o  t h e  f i r s t  s t age ,  as  opposed t o  2% on t h e  second 
s tage .  

3.2.4 Qosed Brayton Cycle Concept 

Figure  3-5 p re sen t s  t h e  TES f o r  t h e  c losed  Brayton c y c l e  system. The l a t e n t -  
hea t ,  tube-intensive HX six-hour thermal s to rage  system i s  a scale-up o f  an  
earlier Boeing Engineering and Construct ion concept [ 6 ] .  The Boeing design 
was €or  s ix  hours of thermal s to rage  f o r  a 50-MWe turbine.  The p resen t  s t o r -  
age concept c o n s i s t s  of a l a r g e  bur ied  r ec t angu la r  conc re t e  thermal s to rage  
tank with i n t e r n a l  i n s u l a t i o n  ( r e f r a c t o r y  b r i c k )  and a supera l loy  l i n e r .  The 
thermal s to rage  mediun contained i n  t h e  tank  i s  t h e  e u t e c t i c  salt 7 w t  % 
CaF2-54% KF-39% NaF; t h i s  s a l t  has  a melting temperature of 682°C (1260'F). A 
l a r g e  number of  p a r a l l e l ,  v e r t i c a l  Inconel  617 tubes  c o n t a i n  t h e  working f l u i d  
t h a t  t r a n s f e r s  heat  t o  o r  from the  thermal s to rage  medium. The tubes a r e  
arranged i n  a r ec t angu la r  a r r a y  wi th  c e n t e r l i n e  spacings of 8.54 c m  
(3 .362  i n . ) ;  t h e  outs ide  diameter of t h e  tubes  i s  1.049 c m  (0.413 in . )  and 
they  are cons t ruc ted  of 22 BWG tubing. The tubes  are connected t o  large 
i n l e t / o u t l e t  piping a t  t h e  top  and bottom by " c a p i l l a r y  network" manifolding. 
(See flow diagram, Fig. 3-5.) This  manffolding i s  complex w i t h  many l e v e l s  of 
branching but t he  a l t e r n a t i v e ,  high-pressure plenums--such as t h e  heads i n  a 
s ingle-pass  shell-and-tube h e a t  exchanger--would n o t  be p r a c t i c a l  f o r  such a 
Large, high-pressure vesse l .  

The piping i s  arranged s o  t h a t  h o t  working f l u i d  e n t e r s  o r  l eaves  t h e  v e s s e l  
a t  t h e  top and cold working f l u i d  e n t e r s  o r  l eaves  from t h e  bottom; i.e., dur- 
i n g  charging, hot working f l u i d  e n t e r s  t h e  t o p  and dur ing  discharging,  cold 
working f l u i d  e n t e r s  the  bottom. A s  a r e s u l t ,  t he  melt pool is always on t o p  
of t h e  s o l i d  s a l t ,  e l imina t ing  t h e  p o s s i b l i t y  of void formation, and conse- 
quent heat  t r a n s f e r  impairment, during s a l t  s o l i d i f i c a t i o n . ,  A c i r c u l a t i o n  
compressor, cons i s t ing  of a large e l ec t r i c  motor-driven c e n t r i f u g a l  compres- 
s o r ,  i s  provided t o  make up t he  pressure  drop (4% o f  the  compressor o u t l e t  
p ressure)  through t h e  s to rage  u n i t  (and through t h e  r e c e i v e r  dur ing  stand- 
a lone operat ion) .  

Boeing's conf igura t ion  f o r  t h e  phase-change thermal energy s to rage  system i s  
based on the  use  of helium as a working fluid--a popular working f l u i d  i n  
1976. Boeing has s i n c e  repor ted  work on thermal  energy s to rage  systems f o r  
c losed Brayton cycles  using a i r  as a working f l u i d  [ 3 ] ,  but  t hese  were sens i -  
b l e  h e a t  s to rage  systems. Since t h e  phys ica l  p r o p e r t i e s  of  heliwn are so much 
d i f f e r e n t  from those of air--i.e., helium has almost f i v e  times the  hea t  
capac i ty ,  over  seven times t h e  s p e c i f i c  vo1Ume, and h a s  a much h igher  thermal 
conduct iv i ty  than air--Boeing% l a t e n t - h e a t  thermal s to rage  system is l i k e l y  
t o  have been d i f f e r e n t ,  and more expensive,  had i t  been optimized f o r  a i r  as 
t h e  working f l u i d .  Since i t  w a s  ou t s ide  t h e  scope of S-R's e f f o r t  t o  redesign 
and optimize the thermal s t o r a g e  system us ing  a d i f f e r e n t  working f l u i d ,  S-R 
has scaled up the  Boeing system f o r  2-6 hours  x 75-MWe modules, re ta ined  t h e  
he l iun  working f l u i d ,  and assuned t h e  same average t u r b i n e  cyc le  e f f i c i e n c y  
t h a t  Boeing estimated f o r  t h e  two 5O-MWe helium turb ines  of their concept. 

If t h e  thermal s to rage  system i s  f u l l y  charged, t h e  i n i t i a l  heliun o u t l e t  tern- 
pe ra tu re  w i l l  be e s s e n t i a l l y  t h e  same as the rece iver  temperature,  816'C 
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(1500"F), but t h a t  temperature w i l l  drop r ap id ly  t o  e s s e n t i a l l y  the s a l t  
f r e e z i n g  temperature and remain t h e r e  f o r  some t i m e .  As most of t h e  tube ' s  
sur face  becomes surrounded by fused s a l t ,  temperature g rad ien t s  appear and the  
o u t l e t  temperature w i l l  drop below t h e  s a l t  f r e e z i n g  temperature. When t h e  
helium o u t l e t  temperature drops a s  low as the  minimum tu rb ine  i n l e t  tempera- 
t u r e  (593°C o r  1100"F), t h e  system is f u l l y  discharged and opera t ion  from 
s torage  terminates.  By employing va r i ab le -p res su re  opera t ion ,  r a t ed  turbfne  
output  can be maintained dur ing  t h e  en t i r e  d ischarge  cycle.  Average t u r b i n e  
gross  cycle e f f i c i ency  i s  only 3 4 . 1 % ,  however; consequently,  a l a r g e r  thermal 
s t o r a g e  system and a l a r g e r  s o l a r  m u l t i p l i e r  a r e  requt red  than  would be  t h e  
case i f  a higher  tu rb ine  i n l e t  temperature and r e s u l t i n g  higher  e f f i c i e n c y  
could be  maintained. 

Boeing repor ted  i n  Ref. [6 ]  t h a t  t h e  p r i n c i p a l  obs t ac l e  t o  t h e  development of 
phase-change tube-intensive thermal. energy s to rage  systems s u i t a b l e  f o r  high- 
temperature Brayton cyc les  is  t h a t  s a l t s  t h a t  a r e  thermally and chemically 
s t a b l e  a t  such high temperatures tend t o  be cor ros ive  t o  superal loy metals  
used t o  conta in  t h e  salts. Oak Ridge National Laborator ies  has  done some 
research  on salt c o r r o s i v i t y  for t h e  molten s a l t  r e a c t o r  program and i s  devel- 
oping p ro tec t ive  l i n e r s  such a s  Hastel loy N. P h i l l i p s  Labora tor ies  of Germany 
has proposed the  use  of g e t t e r i n g  agents  such as powdered aluminum t o  r e a c t  
w i th  t h e  cor ros ive  impur i t i e s  i n  t h e  s a l t  t o  p r o t e c t  t h e  low chromim superal-  
loys  used f o r  hea t  exchanger tubing. Boeing r epor t s  t h a t  

Considerable experimental  t e s t i n g  of this approach w i l l  be 
required t o  verify the  s u i t a b i l i t y  of t h e  heat  exchanger tubing 
f o r  a 30-year l i f e . . .  . It appears t h a t  wi th  adequate t e s t i n g ,  
appropr ia te  mater ia l s  and cor ros ion  con t ro l  agents  can be obtained 
f o r  t h e  phasechange concept. 

\ 
Another ques t ion  t h a t  must be  answered regard ing  t h e  Boeing phasechange  tube- 
i n t ens ive  HX thermal s to rage  concept is how much of its cos t  advantage can be 
maintained i f  i t s  design is changed t o  accommodate an a i r  working f lu id .  It 
i s  l i k e l y  t h a t  t he  tubing cross -sec t iona l  a r e a ,  and hence, c o s t s ,  w i l l  
i n c r e a s e  i f  system f r i c t i o n a l  l o s s e s  are h e l d  t o  economical l eve l s .  
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SECTION 4.0 

COST ANALYSIS 

4.1 SCOPE 

This s e c t i o n  p r e s e n t s  t h e  methodology t h a t  was used t o  c o s t  and e v a l u a t e  va r i -  
ous thermal s to rage  concepts i n  s o l a r  thermal. systems. The c a p i t a l  cos t  and 
p resen t  worth summaries are a l s o  presented  f o r  each thermal s to rage  concept 
costed f o r  1, 6,  and 15 hours of s torage .  

4.2 mTEIoDoLoGp 

Capi t a l  c o s t  e s t ima tes  were prepared f o r  each  thermal  s to rage  concept us ing  
cur ren t  materials p r i c e s ,  equipment cos t  estimates, budget quota t ions ,  and 
cons t ruc t ion  c o s t  f a c t o r s  based p r imar i ly  on S-R's p a s t  experience i n  e l e c t r i c  
u t i l i t y  p l an t  cos t  es t imat ing  and cons t ruc t ion .  Cost es t imates  were prepared 
f o r  t h e s e  major items: 

Energy-related equipment 
- t anks  - tank i n s u l a t i o n  and l agg ing  
- tank foundations 
- pip ing  

- pumps/compressor s /fans 
- h e a t  exchangers 

Power r e l a t e d  equipnent 

a Storage media 

0 Fi r s t -yea r  v a r i a b l e  c o s t s  - O&M 
- energy ( p a r a s i t i c  power) 
- chemical usage 

Major replacement cos ts .  

Costs  are presented  i n  1980 d o l l a r s  and inc lude  m a t e r i a l  and equipnent ,  E ie ld  
i n s t a l l a t i o n ,  i n d i r e c t  f i e l d  c.osts, and engineer ing.  

4.2.1 (bnstruction Cost Factors 

me methodology used t o  a r r i v e  a t  a t o t a l  c a p i t a l  investment c o s t  incorpora ted  
a number of cos t  f a c t o r s ,  o r  m u l t i p l i e r s ,  t o  convert  f ab r i ca t ed  ma te r i a l  and 
f a c t o r y  equipnent c o s t s  t o  d i r e c t  f i e l d  c o s t s  and t o t a l  c a p i t a l  fnvestrnent. 
'Ihese cons t ruc t ion  cos t  f a c t o r s  are based on S-R's experience with similar 
cons t ruc t ion  and previous s tud ie s .  The c o s t  equat ion  used i s  a s  follows: 

CI = 1-95 [1.8 (CE + CP) + MEDIA] , 
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where 

CL = c a p i t a l  investment 

CE = energy-related equipment c o s t  

CP = power-related equipnent c o s t  

MEDIA = media cos t  

1.8 = m u l t i p l i e r  on equipnent c o s t  t o  a r r i v e  a t  d i r e c t  f i e l d  c o s t  

1.95 = m u l t i p l i e r  on d i r e c t  f i e l d  c o s t  and media t o  a r r i v e  a t  t o t a l  cap- 

(accounts €or  f i e l d  l a b o r )  

i t a l  investment. 

The 1.95 c a p i t a l  investment f a c t o r  i nc ludes  

0 engineer ing 

i n t e r e s t  du r ing  cons t ruc t ion  

f e e s ,  permits ,  s t a t e  and local t axes  

i n d i r e c t  f i e l d  c o s t s ,  inc luding  - f € e l d  expense 
- temporary f a c i l i t i e s  
- cons t ruc t ion  equipment . 
- p a y r o l l  t a x e s ,  insurance - performance bonds 

contingency allowance. 

For purposes o f  t h i s  s tudy ,  i t  w a s  assuned that t h e  cons t ruc t ion  c o s t  burdens 
apply equal ly  t o  a l l  c a p i t a l  expenditures.  \ 

4.2.2 Ihe Economic lkthod 

The economic method S-R used t o  e v a l u a t e  va r ious  thermal s to rage  concepts i s  
present  worth revenue requirement (PWRR). lhe FWRR method has become the  
s tandard  f o r  t h e  e l ec t r i c  u t i l i t y  i ndus t ry  and o t h e r  i n d u s t r i e s  a s  w e l l .  ?he 
economic model used i n  t h i s  s tudy  is based on the  methods of ana lys i s  ou t l i ned  
i n  a J u l y  1979 E P R I  r epor t  [7]. 

The economic model g ives  t h e  PWRR €or each  thermal s t o r a g e  concept. ?he ones 
with t h e  lowest  PWRR values a r e  t h e  m o s t  d e s i r a b l e  econoraically. Based on the  
var ious  economic t a b l e s  and assmed economic f a c t o r s ,  t h e  PWRR equat ion is 

PWRR = PWFC + PWVC + PWRC 

where, f o r  t y p i c a l  economic f a c t o r s  f o r  an investor-owned u t i l i t y ,  

PWFC = present  worth of f ixed  c o s t s  = 1.6 x ( C I )  

PWVC = presen t  worth of v a r i a b l e  c o s t s  (opera t ions  and maintenance and 
f l u i d  o r  chemicals replacement) = 20.1 x (FYVC) 

I 

/: 
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PWRC = present  worth of replacement c o s t s  = (replacement cos t  I n  Xth 
year) x (P /F )  

where (P /F )  = series p resen t  worth f a c t o r  f o r  replacement y e a r  X. 

'Ihe t h i r d  t e r m ,  PWRC, was not used i n  t h e  s tudy  because no major replacement 
c o s t s  were i d e n t i f i e d  f o r  any thermal s t o r a g e  concept. 

4.3.1 %ter /S tean  (Power) 

Figure 4-1 presents  t h e  PWRR of t h e  concepts eva lua ted  f o r  a water/steam 
rece ive r  i n  an e lec t r ic  power app l i ca t ion .  Only t h r e e  concepts represent  c o s t  
improvements over  t he  r e fe rence  system: (1) f inned-tube-intensive ( l a t e n t  
h e a t ) ,  (2 )  underground pressur ized  water, and (3)  d i rec t - con tac t  ( l a t e n t  
hea t ) .  Data f o r  t h e  finned-tube-intensive concept  are f o r  only s ix  hours of 
s torage .  ?his concept had not  been descr ibed  when the  S-R study began. Com- 
b u s t i o n  Engineering 141 provided d a t a  l a t e  i n  t h e  S-R s tudy;  consequently,  
only a l imi t ed  a n a l y s i s  was  poss ib le .  Costs o f  t h e  finned-tube-intensive con- 
c e p t  a t  1 and 15 hours a r e  uncertain.  The s l o p e  of t h e  PWRR vs. s to rage  
capac i ty  l i n e  should be similar t o  t h a t  of concept 7 (another tube-intensive 
concept).  A t  one hour 's  s to rage  c a p a c i t y ,  t h e  c o s t s  are  probably less than  , 
concept 1 (o i l / rock ) ;  a t  I5 hours ,  t he  c o s t s  are probably equivalent  t o  con- 
c e p t  9 (d i rec t -contac t ,  l a t e n t ) .  A t  h igh s t o r a g e  c a p a c i t i e s  (15 hours ) ,  sub- 
s t a n t i a l  cos t  reduct ions are poss ib l e  wi th  underground pressur ized  water. 

4.3.2 Water/St eam (Process Beat)  

Figure  4-2  p r e s e n t s  t h e  PWRR o f  concepts  eva lua ted  € o r  a waterlsteam rece ive r  
i n  a process heat  app l i ca t ion .  Underground pressur ized  water i s  the  lowest- 
c o s t  s to rage  concept €o r  a l l  s to rage  c a p a c i t i e s  g r e a t e r  t h a n  about  one hour. 
The finned-tube-intensive concept i s  eva lua ted  only at  s i x  hours '  capac i ty .  
Assuning t h e  s lope  of t h e  PWRR l i n e  i s  s imilar  t o  t h a t  of conta iner ized  sa l t ,  
the  finned-tube-intensive concept is  less than o i l / r o c k  a t  one hour,  and 
between underground pressur ized  water and conta iner ized  s a l t  a t  15 hours. The 
excavated concrete  p i t  i s  lower in c o s t  than the  o i l / r o c k  re ference  concept. 
In process  h e a t  a p p l i c a t i o n s ,  t h e r e  a r e  l a r g e  v a r i a t i o n s  i n  p l a n t  r a t i n g s .  In 
f a c t ,  many app l i ca t ions  are much smaller than those  evaluated i n  t h i s  study. 
Except f o r  underground pressur ized  water, our results are not p a r t i c u l a r l y  
s e n s i t i v e  t o  scale. The underground system, however, i s  - not  appl icable  t o  
s i z e s  less t h a n  100 MWt. 

4.3.3 Organic Fluid, Tota l  Energy 

F i g u r e  4-3 presen t s  t h e  PWRR f o r  an  o rgan ic  f l u i d  r e c e i v e r  (Syltherm) in a 
t o t a l  energy appl ica t ion .  Calor ia  r ece ive r s  f o r  both process  heat  and t o t a l  
energy app l i ca t ions  were considered a s  p a r t  of t h i s  s tudy;  however, d a t a  
obtained e a r l y  i n  the  s tudy  demonstrated t h a t  no second-eneration thermal 
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s torage  concept i d e n t i f i e d  had a p o t e n t i a l  f o r  lower c o s t  , t h a n  the  f i r s t -  
genera t ion  concepts ( o i l / r o c k  o r  o i l ,  two-tank). W r e  e f f o r t  w a s  then  appl ' ied 
t o  the  water/steam rece ive r  cases ,  because the  r e s u l t s  of t h e  G l o r i a  r ece ive r  
case made i t  obvious t h a t  t h a t  system was no t  appropriate .  

4.3.4 Qosed-Cycle AirIBrayton 

r 
8 ,  

F igure  4-4 presen t s  t h e  PWRR of thermal  s t o r a g e  concepts wfth an air-cooled 
rece iver  i n  a Brayton-cycle e lectr ic  power app l i ca t ion .  The e x t e r n a l  h e a t  
exchanger wi th  o i l / r o c k  s torage  i s  very high i n  c o s t ,  p r i m a r i l y  because i t  
employs a l a r g e ,  hfgh-temperature, a i r - to -a i r  hea t  exchanger. Since t h e  
charging h e a t  ra te  inc reases  t o  provide a l a r g e r  amount of h e a t  dur ing  t h e  
c o l l e c t i o n  per iod ,  t he  charging hea t  exchange inc reases  wi th  s i z e .  No advan- 
t a g e  occurs  wi th  t h i s  concept a t  any s t o r a g e  capac i ty .  Other  e x t e r n a l  h e a t  
t r a n s f e r  concepts (e.g., moving sand beds and f l u i d i z e d  beds wi th  sand s to rage  
media) may be lower i n  c o s t  t h a n  t h e  a i r / r o c k  concept; however, due t o  t h e  
similarities ( a l l  r equ i r e  a pressur ized  air hea t  exchanger on a t  least  one 
s i d e  and a l l  have a low c o s t  s t o r a g e  medim) and t h e  l a r g e  c o s t  d i f f e r e n c e s  
from t h e  a i r /a lumina  sys t em,  no e x t e r n a l  h e a t  t r a n s f e r  system is  a n t i c i p a t e d  
t o  have lower c o s t s  f o r  t h i s  a p p l i c a t i o n  t h a n  t h e  re ference  concept. In addi- 
t i o n ,  t h e  e f f i c i e n c y  of the  a i r / r o c k  concept is s i g n i f i c a n t l y  lower because o f  
bo th  lower temperatures i n  t h e  conversion cyc le  and p a r a s i t i c  power 
requirements. 

The la ten t -hea t  concept i s  lower i n  c o s t  t han  t h e  re ference  concept,  a i r /  
alumina. However, i ts  o v e r a l l  e f f i c i e n c y  is  mch lower. Because i t  has  such 
a high r e t u r n  temperature when charging s t o r a g e ,  t h e  r e c e i v e r ' s  e f f i c i e n c y  i s  
g r e a t l y  reduced. Since the  air- f low rate  mst inc rease  because of t he  reduced 
temperature  d i f f e rence  i n  t h e  r ece ive r ,  t h e  p a r a s i t i c  power i s  increased,  
which reduces the  n e t  power de l ivered .  A l s o ,  t h e  a i r  temperature de l ivered  to 
t h e  t u r b i n e  when d ischarg ing  s to rage  i s  lower t h a n  t h e  r e fe rence  concept,  and 
the  cycle  e f f i c i e n c y  i s  reduced so less power i s  generated.  The ne t  e f f e c t  i s  
a low s to rage  e f f i c i ency ;  i .e. ,  only 31.2% can  be  de l ive red  of  t h e  n e t  e lec-  
t r i c  energy t h a t  could have been generated i f  t h e  a i r /a lumtna  concept had been 
employed. The impact of such e f f i c i e n c y  i s  presented i n  Fig. 4-5. The d a t a  
represent  t he  r a t i o  o f  the  system's busbar energy cos t  (BBEC) of a s o l a r  
thermal  a i r /Bray ton  system t o  t h e  BBEC o f  t h e  r e fe rence  a i r /a lumina  concept. 
The da ta  are presented as a func t ion  of t he  cos t  of t he  phase-change (PC) 
thermal s t o r a g e  subsystem t o  t h e  c o s t  of  t h e  r e fe rence  system. The es t imated  
cos t  of t he  phase-change concept i s  a l s o  presented.  A t  t h e  ca l cu la t ed  3 1 . 2 %  
e f f i c i e n c y ,  de l ive red  energy is more expensive h e r e  t h a n  wi th  t h e  r e fe rence  
concepts.  Because design improvements are poss ib l e  ( i . e . ,  a more e f f i c i e n t  
r e c e i v e r  design, l a r g e r  des igns  f o r  t r a n s p o r t  p ip ing  which would r e d u c e  para- 
s i t i c  power, and o t h e r  phase-change materials), t h e  e f f i c i e n c y  w a s  a r b i t r a r i l y  
doubled, assuning t h e  same cos t .  Even w i t h  those  o p t i m i s t i c  assunpt ions ,  how- 
eve r ,  the  phase-change concept would inc rease  the  s y s t e m ' s  de l ivered  energy 
cos ts .  
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4.3.5 Special Fluid Studies 

4.3.5.1 Ihe New 399°C (750°F) Oil/Organic Fluid Eeceiver System 

Scope of the Study. Because Syltherm i s  high i n  c o s t  and t h e r e  i s  concern 
o v e r  i t s  f l u i d  s t a b i l i t y ,  an  a l t e r n a t i v e  399'C (750°F) r e c e i v e r  f l u i d  w a s  
evaluated.  Ihe re ference  thermal energy s to rage  system used with t h e  new 
r e c e i v e r  f l u i d  was t h e  Shenandoah t o t a l  energy sys tem,  employed i n  t h e  s tudy  
with six hours of Hitec two-tank molten s a l t  s torage ,  The system cos t  of t h e  
Hi t ec  two-tank concept,  as w e l l  as t h e  performance of t h e  s y s t e m  wi th  the  new 
f l u i d ,  was t o  be determined. 

Approach. F i r s t ,  an acceptab le  a l t e r n a t e  r e c e i v e r  f l u i d  had t o  he chosen. 
The only f l u i d  i d e n t i f i e d  s u i t a b l e  f o r  399°C (750°F) s e r v i c e  w a s  MCS 1980, 
manufactured by the  Monsanto Company. MCS (Monsanto Chemical Sample) 1980 i s  
a p ropr i e t a ry  organic  h e a t  t r a n s f e r  f l u i d .  It has  a h ighe r  d e n s i t y ,  h igher  
s p e c i f i c  h e a t ,  and lower apparent l o s s  r a t e  than Dow Corning's Syltherm 800, 
b u t  costs  about  10% more, i n i t i a l l y .  F lu id  l o s s  ra tes ,  i n  percent  p e r  2500 
hours ,  f o r  Syltherm 800 and MCS 1980, were taken from test r e s u l t s  documented 
by Burol fa  I S ] ,  w i t h  Loss rates ad jus t ed  t o  r e f l e c t  f l u i d  temperatures used i n  
the study. All o ther  c h a r a c t e r i s t i c s  of t he  f l u i d s  were provided by Dow 
Corning and Monsanto. 

In t h i s  a n a l y s i s ,  a l l  of the r e c e i v e r  l oop  equipnent  (i.e., c o l l e c t o r s ,  pip- 
ing ,  charging hea t  exchanger) w a s  unchanged f o r  each d i f f e r e n t  r ece ive r  f l u i d .  
The only changes involved t h e  s i z e  of t h e  c i r c u l a t i n g  pump, because of t h e  

\ d i f f e r e n t  d e n s i t i e s  of t h e  f l u i d s ,  and t h e  add i t ion  of hea t  t r a c i n g  t o  t h e  
MCS 1980 s y s t m .  This allowed us  t o  u s e  t h e  c a p i t a l  c o s t s  obtained i n  t h e  
study and provided a good b a s i s  f o r  comparison. With the same s ize  I0.15 m 
(0.5 f t ) ]  l i n e ,  pmp c o s t s ,  pumping heads,  and pumping power do change. This 
change w a s  determined using v i s c o s i t y  and v e l o c i t y  r a t i o s  t o  s p e c i f i c  powers, 
us ing  t h e  f l u i d  hydrau l i c  d a t a  i n  Cameron [lo]. 

Resul ts  of t h e  a l t e r n a t i v e  r ece ive r  f l u i d  eva lua t ion  are shown i n  Table  4-1. 
- The t o t a l  p re sen t  worth c o s t  o f  t h e  system u s i n g  MCS 1980 i s  10.9% less t h a n  

the  system using Syltherm 800, p r i m a r i l y  because o f  t he  lower f l u i d  loss ra te  
demonstrated by MCS 1980. In add i t ion ,  f o r  Syltherm 800 t o  be competi t ive a t  
the  f l u i d  l o s s  ra te  shown f o r  MCS 1980, t h e  f l u i d  l o s s  rate f o r  Syltherrn 800 
would have t o  be  5.8%/yr or less ,  Obviously, MCS 1980 would be more s u i t a b l e  
economically than Syltherm 800 f o r  a 399°C (750OP) r ece ive r  f l u i d  app l i ca t ion .  

In a d d i t i o n  t o  t h e  c o s t  sav ings  caused by i t s  low f l u i d  l o s s  r a t e ,  MCS 1980 
could provide o ther  cos t  advantages as w e l l .  Because of t h e  higher  s torage  
d e n s i t y  of MCS 1980 (53% h ighe r ) ,  t h e  s i z e  of the l i n e  i n  t h e  r ece ive r  l o o p  
could be reduced t o  t h e  next smallest pipe s i z e ,  t he re fo re  making a lower 
inventory of MCS 1980 necessary as  w e l l  as a lower c a p i t a l  c o s t  f o r  p ipe ,  
In s ign i f i can t  increases  i n  system c o s t s ,  however, w i l l  be caused by increased  
pumping power requirements.  !be c o s t  sav ings  r e s u l t i n g  from such changes are  
expected t o  show t h a t  MCS 1980 i s  more a t t r a c t i v e  than is  evident  i n  
Table 4-1. 

1. 
. .  

38 



I 

. :\ 

I '  

I .  

TR-1283. Val. I 
- 

l$ble 4-1. G s t  Comparison Using S y l t h e k  800 
and MCS 1980 Receiver Fluids w i t h  an 
Organic F l u i d  Re ceiver--Total Energy 
(Six hours ' s t o r a g e )  

Receiver Fluid 
Costb 

(thousand d o l l a r s )  

Syltherm 800 78 125 217 I135 34 2502 
MCS 1980 83 124 223 1163 1 8  2229 

a&dia  cos t  inc ludes  r e c e i v e r  f l u i d  and s to rage  

b1980 do l l a r s .  

media (HITEC). 

Receiver Loop Beat bss Evaluation. A h e a t  l o s s  a n a l y s i s  on t h e  r ece ive r  loop 
was performed €or  t h e  system concept using t h e  MCS 1980 rece ive r  f l u i d  t o  
determine overnight (12-hour) temperature l o s s e s  in t he  receiver loop. The 
f l u i d  temperature a f t e r  1 2  hours of cool ing was ca l cu la t ed  t o  be about 204OC 
(400OP). Overnight heat l o s s  was the re fo re  not  considered t o  be a concern 
wi th  MCS 1-980, because t h e  temperature remained w e l l  above t h e  pour  point. 
For 35 days each year ,  t h e  p l an t  would be down f o r  maintenance o r  cloudy days. 
' R r l s  downtime amounted t o  a 20-kWe h e a t  t r a c i n g  load  on t h e  sys tem f o r  
840 h l y r  t o  maintain temperature above the  pour point  [93OC (200°F)] i n  t h e  
r e c e i v e r  loop when MCS 1980 i s  used. 'Ihe c o s t  of  t h i s  power i s  included i n  
t he  FYVC t e r m  of Table 4-1. 

4.3.5.2 muids Cost Sensi t iv i ty  Analysis 

This study was conducted employing Calor ia  €IT-43 as the  organic  f l u i d  i n  a l l  
o i l l r o c k  o r  o i l ,  two-tank concepts € o r  316OC (600°F) or less service.  

Scope of the Study.  h r i n g  t h e  cour se  of t h e  s tudy ,  we discovered t h a t  f l u i d  
c o s t s  and l o s s  r a t e s  bo th  had s i g n i f i c a n t  impacts on t h e  c o s t  of t he  t o t a l  
thermal s to rage  system. To eva lua te  t h e  e f f e c t  f o r  f l u i d s  other than Calor ia ,  
a 600'F f l u i d  c o s t  s e n s i t i v i t y  a n a l y s i s  w a s  adopted as part of the  s c o p e  of 
work f o r  the following s to rage  concepts:  

Wa t er/s t em ( p owe r) 
- f i r s t  s tage:  o i l / rock ;  second stage: draw s a l t  (two-tank) - f i r s t  s tage :  oil (two-tank); second s t age :  draw s a l t  (two-tank) 

- o i l l r o c k  (above-ground tanks) .  
0 Water/-steam (process  hea t )  
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Approach. To maximize t h e  usefu lness  of t h e  da t a ,  t h e  study was conducted 
very genera l ly ;  f l u i d  cost ,  f l u i d  l o s s  r a t e s ,  and hours  of s to rage  were t h e  
parameters considered. Fluid c o s t s  used were $1, $7.50, and $15/gal;  f l u i d  
l o s s  rates were assuned a t  0%, 1 5 % ,  and 30%/2500 h; and hours of s to rage  were 
1, 6,  and 15 hours. All  o f  t h e  f l u i d s  considered i n  t h e  s tudy  f e l l  wi th in  t h e  
bounds o f  t h e s e  c o s t  and l o s s  r a t e s ,  

Cost and design d a t a  from work a l ready  performed €or  1, 6,  and 15 hours of 
s to rage  were used as a base,  and f l u i d  cos t  and l o s s  rates were var ied.  These 
v a r i a t i o n s  were r e f l e c t e d  i n  t h e  p re sen t  worth c o s t s  of t h e  systems. 

& s t i l t s  and DLscussion. 
Figs.  4-6, 4-7, and 4-8. 
s to rage  a l l  have s i g n i f i  

Resul t s  of  t h e  c o s t  s e n s i t i v i t y  a n a l y s i s  a r e  shown i n  
Although f l u i d  c o s t ,  f l u i d  l o s s  rate,  and hours  o f  

cant impacts on t h e  t o t a l  p resent  worth cost  of t h e  
sys t an ,  using a low-cost f l u i d  provides  the g r e a t e s t  c o s t  savings because i t  
a f f e c t s  not  only t h e  i n i t i a l  cos t  of t h e  f l u i d  inventory but replacement costs 
a s  w e l l ,  r ega rd le s s  of t h e  f l u i d  l o s s  rate. For  example, f o r  t h e  waterfsteam 
(power) reference case ,  a f l u i d  cos t ing  approximately $S/gal would have t o  
have a zero f l u i d  l o s s  r a t e  t o  be competi t ive with C a l o r i a  HT-43 a t  about 
$1.50/gal,  even though Caloria has  an est imated 27%/2500 h f l u i d  l o s s  r a t e  a t  
316°C (600'F). b r e  s p e c i f i c a l l y ,  f o r  Therminol 66  ( a t  $lO.B5/gal, and with a 
5.7%/2500 h f l u i d  l o s s  r a t e )  t o  be competi t ive with Calor ia  HT-43 a t  s i x  hours 
of s torage ,  t he  Calor ia  f l u i d  l o s s  r a t e  would have to exceed. 125%/2500 h, 
wbich appears highly unl ike ly .  This a n a l y s i s  shows t he  obvious importance of 
using a low-cost f l u i d  i n  designing it thermal  s to rage  system. 

This study has not attempted t o  eva lua te  a11 the  candidate  f l u i d s ,  For exam- 
p le ,  'IherminoL 4 5  has  a c o s t  of $2.53/gaP. tbwever, good f l u i d  l o s s  ra te  d a t a  
are not r ead i ly  ava i l ab le  €or t h i s  f l u i d .  If t he  l o s s  r a t e s  a r e  s imi l a r  t o  
those  of 7henninol 6 6 ,  then  Theminol  55 has  a p o t e n t i a l l y  lower l i f e - cyc le  
c o s t  than Calor ia  HT-43. Several  f l u i d s  a r e  charac te r ized  by low losses and 
low c o s t s ;  t h e  d a t a  presented i n  Figs.  4-6, 4-7, and 4-8 provide some c r i t e r i a  
f o r  eva lua t ing  them. 

\ 
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Figure 4-6. F l u i d  Sensitivity Cost Curves for a Water/Steam Receiver (Power) 
First Stage: Qll/godc; Second Stage: Draw salt (Two-Tank) 
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Figure 4-7. Fluid Sensitivity Cost Curves for a Water/Steam Receiver (Power) 
First Stage: 011 (Two-Tank); Second Stage: Draw Salt (%o-Tank) 
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SECTION 5.0 

SENSITIVITY STUDY 

We evaluated the  s e n s i t i v i t y  of t he  s tudy  r e s u l t s  t o  a number of d i f f e r e n t  
p a r m e t e r s ,  based on c o s t  and performance d a t a  provided by S-R. AR important 
par t  of the s e n s i t i v i t y  s tudy was  t he  cons idera t ion  of both the cost of t h e  
thermal s to rage  and i t s  e f f i c i e n c y  ( i ,e . ,  performance). The d a t a  a r e  a l l  cal-  
culated on a unit-of-delivered-energy cos t  b a s i s  f o r  a storage-coupled s o l a r  
thermal system. P a r a s i t i c  power requirements are included in t h e  n e t  cyc le  
e f f i c i ency  in power-generation app l i ca t ions .  Receiver e f f i c i e n c y  impacts and 
thermal l o s s e s  from s to rage  are a l s o  included i n  t h e s e  ca l cu la t ions .  Ibe c o s t  
o f  t he  s o l a r  c o l l e c t o r ,  s to rage ,  and balance of plant  a r e  included in calcu-  
l a t i n g  t h e  u n i t  energy c o s t .  By comparison, t h e  S-R PWRR d a t a  r ep resen t  only 
thermal s to rage  subsystem cos t s  (i.e., e f f i c i e n c y  i s  n o t  included) .  The eco- 
nomic d a t a  employed in t h e  s e n s i t i v i t y  c a l c u l a t i o n s  a r e  those  recommended by 
the  Solar Tnermal In te r lab  Committee on Goals. These d a t a  a r e  d i f f e r e n t  from 
those  employed i n  t h e  PWRR c a l c u l a t i o n s ,  and t h e  impacts o f  two d i f f e r e n t  eco- 
nomic assumptions a r e  thus determined. Detailed da t a  f o r  the s e n s i t i v i t y  
study are presented i n  t h e  Appendix. S i g n i f i c a n t  results a r e  discussed i n  
t h i s  sect ion.  

Three economic parameters were va r i ed  dur ing  t h e  s e n s i t i v i t y  study:  (1) t h e  
f a c t o r  f o r  i n d i r e c t  c o s t s  assoc ia ted  with s to rage  equipment; (2)  the  f a c t o r  
accounting f o r  i n s t a l l a t i o n  and i n d i r e c t  c o s t s  of t h e  s to rage  media; and ( 3 )  
t he  f a c t o r  accounting €or  s to rage  opera t ions  and maintenance. 'Ihe t o t a l  i nd i -  
rect  c o s t  for t h e  s to rage  equipnent w a s  assuned t o  be  95% o f  t h e  s to rage  sub- 
system's c a p i t a l  cost .  To determine t h e  s e n s i t i v i t y  of our r e s u l t s  t o  t h i s  
assunpt ion,  t h e  s to rage  ranking was done w i t h  a 95% f a c t o r  and then  wi th  a 44% 
f a c t o r  f o r  i n d i r e c t  cos t s .  No s i g n i f i c a n t  change i n  r e s u l t s  occurred; t he  
s to rage  concepts t h a t  appeared t o  be most promising a t  an ind i r ec t - cos t  l e v e l  
of 95% of c a p i t a l  cos t  a l s o  appeared t o  be most promising a t  t he  44% i n d i r e c t -  
c o s t  level .  The same v a r i a t i o n  was u s e d  f o r  t h e  s to rage  media i n s t a l l a t i o n  
and i n d i r e c t  cos ts .  I n i t i a l l y ,  t h i s  cos t  was set a t  95% of the  d i r e c t  media 
c o s t ,  then  t h e  ranking was done a second time wi th  t h e  f a c t o r  s e t  at 44% o f  
t he  d i r e c t  c o s t .  Again, no s f g n i f i c a n t  change in resu l t s  w a s  observed. After 
t h e s e  two f a c t o r s  were var i ed  i n d i v i d u a l l y ,  t h e  ranking was done aga in  wi th  
both f a c t o r s  set a t  44%; s t i l l ,  no s i g n i f i c a n t  change in the  ranking w a s  
observed. 

\ 

The t h i r d  economic f a c t o r  examined i n  t h e  s e n s i t i v i t y  s tudy ,  s to rage  O&M c o s t ,  
was h i t i a l l y  set at 2% of t h e  s to rage  equipment d i r e c t  c o s t  f o r  a given s t o r -  
age subsystem. Recognizing t h a t  t h e  O&M c o s t s  would n o t  uniformly be 2% f o r  
a l l  concepts,  a schedule w a s  developed t o  r e f l e c t  t he  var iance i n  O&M c o s t s  
among t h e  concepts. Although t h e  
va r i ab le  ra te  schedule i s  a more accura te  es t imate  of t he  06N c o s t s  f o r  a sys- 
tem, once again,  t h e  results show no s i g n i f i c a n t  d i f f e rence  from those  
obtained with the 2% O&M charge. 

( lhe schedule i s  provided i n  t h e  Appendix.) 

Another parameter t h a t  was va r i ed  dur ing  t h e  s e n s i t i v i t y  s tudy i s  t h e  l e v e l  of 
storage use. This parameter incorpora tes  t h e  performance e f f e c t s  of c o l l e c t o r  
a r ea ,  l oca t ion ,  and d i spa tch  s t r a t egy .  A complete d e s c r i p t i o n  of t h e  v a r i a b l e  
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i s  provided i n  Ref. [ I I ] ,  but i t  i s  s u f f i c i e n t  t o  no te  he re  t h a t  v a r i a t i o n s  i n  
t h e  l e v e l  of s to rage  u s e  d id  n o t  y i e l d  s i g n i f i c a n t  changes in r e s u l t s  from 
nominal condi t ions.  * 
Fluid  degradat ion r a t e s  f o r  storage concepts  t h a t  u s e  o i l  as a med i tm were 
determined from the small amount of empir ica l  d a t a  ava i lab le .  The accuracy of 
t h e  assuned rates i s  unknown, so a b r i e f  check was made t o  examine t h e  sens i -  
t i v i t y  o f  t h e  r e s u l t s  t o  the  assumptions. While no s t rong  conclusions can be 
drawn from t h e  results, i t  should be noted t h a t  inaccurac ies  i n  t h e  a s s m e d  
rates would change t h e  r e l a t i v e  rankings of t h e  s to rage  concepts. 

The f i n a l  cons idera t ion  i n  t h e  s e n s i t i v i t y  a n a l y s i s  was t h e  o v e r a l l  uncer- 
t a i n t y  of t h e  s to rage  subsystem cos t .  m e  cos t  es t imates  developed f o r  t h e  
s to rage  concepts a r e  a s  accu ra t e  as poss ib l e ,  but  t h e r e  i s  no precedent f o r  
t hese  es t imates  s ince  many of t he  s t o r a g e  technologies  are in t h e  conceptual ,  
experimental ,  o r  developnental  s tages .  Given t h i s  low Level of experience 
with a c t u a l  systems cons t ruc t ion ,  i t  i s  c l e a r  t h a t  t h e r e  i s  a s i g n i f i c a n t  
unce r t a in ty  a s soc ia t ed  wi th  t h e s e  c o s t  estimates. Using t h e  nominal condi- 
t i o n s  and assuming a cos t  unce r t a in ty  of 20%, t h e  ranking was repeated;  exam- 
p l e  results a r e  shown i n  Figs.  5-1 through 5-4. In t h e  c h a r t s ,  t h e  p o s i t i o n  
of t he  heavy l i n e  a t  t he  cen te r  o f  each bar  represents  t h e  percent  diEference 
i n  BBEC f o r  a s to rage  concept compared w i t h  t h a t  of t h e  r e fe rence  concept,  
both at nominal condi t ions.  The top of a bar  i nd ica t e s  t he  BREC percentage 
change i f  t h e  s to rage  subsystem c o s t s  were t o  be 20% g r e a t e r  than  t h e  c o s t  
es t imate .  The bottom of a bar  i n d i c a t e s  t h e  percentage change i f  t h e  s to rage  
costs  were 20% less than  t h e  c o s t  es t imate .  

For the water/steam rece iver  e l e c t r i c i t y  production appl ica t ion  shown i n  
Fig. 5-1, a t  nominal condi t ions ,  only t h e  finned-tube-intensive and t h e  under- 
ground pressurized water, draw-salt concepts show p o t e n t i a l  improvement i n  
BBEC wi th  r e spec t  t o  t h e  o i l l r o c k ,  draw-salt  r e f e rence  systan.  I f ,  however, 
t he  cos t  es t imates  a r e  i n c o r r e c t ,  t he  r e s u l t s  could be very d i f f e r e n t .  For 
example, i f  t h e  c o s t  of t h e  r e fe rence  concept has been s i g n i f i c a n t l y  underest-  
imated,, i.e., if the  top of Bar 1 more accura t e ly  represents  t he  energy c o s t ,  
t hen  Systems 2 ,  3 ,  4, 6 ,  9, and 10 a l l  show p o t e n t i a l  c o s t  improvements a t  
t h e i r  nominal values ,  Conversely, i f  t he  re ference  concept cos ts  have been 
overestimated, then  none of the  a l t e r n a t i v e s  a r e  a t t r a c t i v e .  Because of t h e  
magnitude of the unce r t a in t i e s  involved,  t he  results f o r  6 hours of s t o r a g e  
a r e  not  d e f i n i t i v e ;  i .e.,  t h e  lowest-cost  system cannot be iden t i f i ed .  For 15 
hours of s to rage  (see Fig A-4 i n  t h e  Appendix), t he  r e s u l t s  are d e f i n i t i v e ,  
and two concepta--underground pressur ized  water and direct-contact  phase- 
change sal t - -are  more a t t r a c t i v e  than t h e  re ference  o i l / rock  concepr. But t h e  
f inned-tube-intensive,  phase-change concept i s  a l s o  expected t o  be more 
a t t r a c t i v e  than the reference concept. 

F o r  t h e  w a t e r / s t e m  rece ive r  process  h e a t  a p p l i c a t i o n  (Fig. 5-2) , a l l  t h r e e  
a l t e r n a t e  s torage  concepts show p o t e n t i a l  improvement over the reference sys- 
tem €or  6 hours of s torage ,  p a r t i c u l a r l y  the underground pressurized-water 

\ 

*Nominal condi t ions a r e  (1) midrange s t o r a g e  use,  (2) 95% f e e  f o r  i n d i r e c t  
s to rage  equipment c o s t s ,  ( 3 )  95% fee f o r  t n s t a l l a t i o n ,  ( 4 )  t he  i n d i r e c t  c o s t s  
of  s t o r a g e  media, and (5)  ' t h e  v a r i a b l e  O&M schedule. 
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concept. If t he  cos t  of t he  r e fe rence  system has been underestimated, t h e  
a l t e r n a t i v e  concepts are even more a t t r a c t i v e  by comparison; i f  t h e  r e fe rence  
cos t  has been overestimated, both t h e  underground pressur ized  water and t h e  
finned rube-intensive concepts would s t i l l  r ep resen t  c o s t  improvements. For 
15 hours of s to rage ,  t h e  r e s u l t s  are t h e  same with an even s t ronge r  preference  
f o r  t h e  underground pressurized-water concept. 

'fhe a i r /a lumina  b r i ck  and air/cast  i r o n  concepts € o r  t he  Brayton cycle  power- 
gene ra t ion  a p p l i c a t i o n  are c l o s e  enough i n  estimated BBEC (Fig. 5-3) t o  make 
i t  unreasonable t o  choose one over  t h e  o t h e r  on t h e  b a s i s  of a n t i c i p a t e d  cos t .  
This  is  t r u e  f o r  bo th  nominal cond i t ions  and f o r  large-cost-uncertainty condi- 
t i ons .  Under no condi t ions does t h e  a i r / g r a n i t e  concept show any p o t e n t i a l  
f o r  BBEC improvements. 

The organic- f lu id ,  t o t a l  e n e r u  a p p l i c a t f o n  i l l u s t r a t e s  t h e  importance of con- 
s i d e r i n g  the  e f f e c t  of cos t  uncer ta in ty .  In Fig. 5-4, i t  is  clear t h a t  t h e  
t h r e e  s t o r a g e  concepts  examined f o r  t h i s  a p p l i c a t i o n  are so  c l o s e  i n  es t imared  
energy cos t  t h a t  i t  i s  again unreasonable t o  choose one system o r  another  on 
t h i s  bas i s .  Any of t h e  concepts could  b e  s i g n i f i c a n t l y  b e t t e r  o r  s f g n i f i -  
can t ly  worse than t h e  o thers  i f  c o s t  inaccurac ies  are as g rea t  as t h e  20% 
considered here. 

In sunmary, t h e  reasons f o r  cons ider ing  t h e  u n c e r t a i n t i e s  of t h e  s t o r a g e  c u s t  
estimates are twofold: f i r s t ,  t o  h i g h l i g h t  concepts t h a t  show p o t e n t i a l  f o r  
unit-energy-cost improvements regardless of cost: estimate inaccurac ies ,  such 
as t he  underground pressur ized-water  system for the  water/steam rece ive r  pro- 
cess h e a t  appl ica t ion .  Second, conducting t h i s  po r t ion  of t h e  a n a l y s i s  p o i n t s  
out  (as i n  the  water/steam rece ive r  e l e c t r i c i t y  genera t ion  app l i ca t ion )  t h e  
results' s e n s i t i v i t y  t o  c o s t  e s t ima t ing  accuracy--if c o s t  estimates a r e  inac- 
cu ra t e ,  s torage  concepts may rank s i g n i f i c a n t l y  higher  o r  lower than i n  t h e  
nominal ranking. 

In consider ing t h e  c o s t  of  s t o r a g e  i n  a s o l a r  thermal system, t h e  sys tem un i t -  
energy c o s t ,  shown i n  Figs. 5-1 through 5-4, i s  an  important measure. For 
s to rage  program purposes,  however, i t  i s  a l s o  important  t o  determine t h e  per -  
centage change i n  the  s to rage  subsystem c o s t  r e l a t i v e  t o  t h e  re ference  con- 
cepts .  ?he program's goa l  was to i d e n t i f y  s to rage  concepts t h a t  have t h e  
p o t e n t i a l  t o  decrease s to rage  subsystem cos t s  by 25% o r  more, compared wi th  
t h e  r e fe rence  concept. In t h i s  s t u d y ,  only s to rage  concepts a s soc ia t ed  wi th  
the  water/steam rece iver  demonstrated t h e  p o t e n t i a l  t o  meet t h i s  goa l  
(Table 5-1). The results sugges t  t h a t  t h e  underground pressurized-water and 
la ten t -hea t  s a l t  s torage  concepts are a t t r a c t i v e  f o r  both power and process  
h e a t  a p p l i c a t i o n s  a t  middle and h igh  s t o r a g e  capacities. 

The s e n s i t i v i t y  ana lys i s  was conducted t o  determine the  e f f e c t s  of va r ious  
f a c t o r s  and assunpt ions on s tudy results. The lack  of s e n s i t i v i t y  shown t o  
many of t he  parameters descr ibed here  lends credence t o  the  r e s u l t s .  'Ihe 
a n a l y s i s  has  a l s o  shown, however, t h a t  i t  i s  important t o  recognize t h e  c o s t  
u n c e r t a i n t i e s  inherent  i n  the  r e s u l t s  and not  t o  base dec is ions  on nominal 
c o s t s  alone. 
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a b l e  5-1, Storage Concepts with the Potential of 
Meeting Program Goal& 

~~ ~~~ ~~ ~~ 

Waterfsteam r e c e i v e r ,  e lec t r ic  power and process h e a t  
Finned-tube-intenslve, l a t e n t  heat 
Underground p r e s s u r i z e d  water 
Mrec t -contac t ,  l a t e n t  h e a t  
Container ized s a l t ,  l a t e n t  heat (process  h e a t  only)  

Organic f l u i d  r e c e i v e r  
None i d e n t i f i e d  

AtrfBrayton r e c e i v e r  
None i d e n t i f i e d  

b 

aA 25% or more improvement i n  t h e  thermal s t o r a g e  
equipnent  c o s t  , i n c l u d i n g  e f  f icfency impacts. 

blhe s tudy  was s t r u c t u r e d  t o  eva lua te  t h e  va r ious  
types  of l a t en t -hea t  thermal  s t o r a g e  i n  the w a t e r /  
steam e lec t r ic  power case ,  In  t h a t  comparative rank- 
ing, con ta ine r i zed  salt w a s  a poor t h i r d ,  w i t h  s i g n i -  
f i c a n t l y  less promise than  the finned-tube-fntensive 
concept and d i r e c t - c o n t a c t  l a t e n t  heat a t  a l l  s t o r a g e  
capac i t i e s .  Ihe l i m i t e d  d a t a  a v a i l a b l e  f o r  water/ 
steam process hear po in t  t o  the same ranking. 

i 

c- i ,  

I 

L .  

i 

i 
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SECTION 6.0 

C(PIPARIS0N OF COST TO VALUE 

Value i s  a measure of the  worth of  t h e  thermal s torage  subsystems i n  a s o l a r  
thermal system. Value i s  determined by c a l c u l a t i n g  t h e  avoided c o s t s  of  t h e  
a l t e r n a t i v e  f o s s i l  f u e l  system ( f u e l ,  f o s s i l - f i r e d  equipment, o t h e r  equipment, 
and ope ra t ions  and maintenance). Thus, i f  ob ta inable  c o s t  exceeds value,  
users w i l l  tend t o  select the  fos s i l - fue l ed  system over a s o l a r  thermal system 
wi th  thermal  srorage.  Conversely, thermal  s t o r a g e  is p r e f e r r e d  when i t s  c o s t s  
are l e s s  than i t s  value. The goa l  of DOE'S program is  t o  develop technologies  
t h a t  can c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  n a t i o n ' s  energy supply; c l e a r l y ,  t h a t  
goa l  r equ i r e s  technologies  whose obta inable  (mature technology) c o s t s  a r e  less 
t h a n  o r  n e a r  t h e i r  value.  

The va lue  of thermal s t o r a g e  subsystems has been c a l c u l a t e d  i n  o t h e r  r epor t s .  
Copeland [ 1 11 presents  the  thermal s to rage  value of solar  thermal e lectr ic  
power appl ica t ions .  Hock and Karpuk's work [12]  presen t s  thermal s to rage  
value f o r  s o l a r  thermal process hea t  a p p l i c a t i o n s ;  t o  d a t e ,  thermal s t o r a g e  
va lue  had not  y e t  been determined f o r  t o t a l  energy appl ica t ions .  However, 
thermal s to rage  f o r  the  t o t a l  energy system evaluated here  may be used f o r  
o t h e r  app l i ca t ions .  Omirting appropr i a t e  p a r t s  of t h e  system enables  a u s e r  
t ~ ~ d e t e r m i n e  t h e  cos t  of thermal s to rage  as a n  electr ic-power-only o r  process- 
hea t -only  s to rage  system. 

In a s o l a r  thermal system, a t o t a l  energy a p p l l c a t i o n  has ,  i n  genera l ,  a va lue  
equal  t o  the  sum of t h e  p r i c e  of t h e  d isp laced  f o s s i l  f u e l  and purchased elec- 
t r i c i t y .  To ta l  energy (cogenerat ion)  a p p l i c a t i o n s  a r e  not  unique to s o l a r  
thermal systems, Any fossil f u e l  ( o i l ,  gas, c o a l )  can be employed t o  opera!e 
t h e  power conversion cycle, e x t r a c t i o n  steam, and low-temperature r e j e c t  h e a t  
c o l l e c t i o n  systems at prec i se ly  t h e  same condi t ions  as the  s o l a r  thermal sys-  
tem. Consequently, t h e  s o l a r  thermal energy may be  regarded as saving f o s s i l  
f u e l .  The s o l a r  thermal energy simply provides  high-grade heat  t o  a system. 
h' t h i s  study,  superheated steam i s  suppl ied  t o  a tu rb ine ,  bu t  if t h e  t u r b i n e  
i s  considered t o  be another  type of h e a t  u s e r ,  t h e  a p p l i c a t i o n  can be consid- 
e red  a process  h e a t  appl ica t ion .  To ta l  energy app l i ca t ions  are,  in genera l ,  
i n d u s t r i a l ;  the  same economic parameters as process hea t  e x i s t  i n  t he  two 
app l i ca t ions .  lhus, i f  superheated steam i s  considered a process  h e a t  appl i -  
ca t ion ,  the  value of t he  thermal s to rage  i n  a cogenerat ion a p p l i c a t i o n  becomes 
t h e  same as  t h a t  va lue  i n  a process  h e a t  appl ica t ion .  

The same l o g i c  allows us  t o  assess t h e  value of t he  thermal s to rage  i n  a n  
e lectr ic  power appl ica t ion .  In t h a t  case, t h e  e x t r a c t i o n  steam and low- 
temperature heat  subsystems are e l imina ted ,  conversion cycle  e f f i c i e n c i e s  are 
appropr i a t e ly  accounted f o r ,  and u t i l i t y  f inanc ing  is employed. The s to rage  
subsystem c o s t ,  with an organic  f l u i d  r e c e i v e r  i n  e i t h e r  e l e c t r i c  power o r  
process  h e a t ,  is t h e  same i n  both  cases;  however, t h e  r a t i n g  i n  terms of kWt 
or  kW, i s  d i f f e r e n t .  The appropr ia te  c o s t  p e r  u n i t  r a t i n g  i s  compared wi th  an 
appropr i a t e  value. 
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6.1 ELBC'IRIC POWER APPLICAIPIONS 

Table 6-1 presents  t h e  obta inable  c o s t  and value  f o r  t h e  referenced thermal 
s to rage  systems i n  a solar thermal e lec t r ic  power appl ica t ion .  R e  value o f  
thermal s to rage  i s  presented f o r  a high-insolat ion s i t e  (e.g., Albuquerque, 
New Mex,). Data for other  l oca t ions  have been ca lcu la ted  but are always lower 
f o r  lower- insolat ion s i tes .  ?he va lue  i s  f o r  a n  investor-owned e l ec t r i c  u t i l -  
i t y  with a r e l a t i v e l y  small solar thermal pene t r a t ion  i n t o  t h e  u t i l i t i e s '  gen- 
e r a t i o n  c a p a c i t y .  A l l  d a t a  a r e  i n  1980 d o l l a r s ,  except  t h a t  p l a n t  s t a r t u p  
t i m e  i s  assumed t o  be around 1990. The value d a t a  a r e  based on f u t u r e  projec-  
t i o n s  of f u e l  and c a p f t a l  eqaipnent  p r i ces .  Obviously, t h e  d a t a  a r e  no t  pre- 
cise; considerable  uncer ta in ty  still e x i s t s .  The authors  have examined f u e l  
p r i c e  p ro jec t ions  from s e v e r a l  sources.  The va lue  d a t a  have an e s t i m a t e d  
accuracy of -430% (even t h i s  l e v e l  may be an  overest imat ion of the p rec i s ion  
involved). ?lie value d a t a  should not  be considered absolu te  c r i t e r i a  €or  
thermal s to rage ,  because o f  nonquant i ta t ive  bene f i t  f a c t o r s  (e.g., reduced 
dependence on uncer ta in  supp l i e s  of o i l ,  unce r t a in ty  about f u t u r e  environ- 
mental r e s t r i c t i o n s  and f u e l  p r i c e s ,  r i s k s  associated with employing new tech-  
nologies ,  etc. ). 

There i s ,  i n  f a c t ,  a d i s t r i b u t i o n  f o r  end-users' p red ic ted  va lue  of thermal 
s torage .  Even when c o s t  is  equal  t o  o r  less than value,  not  a l l  u se r s  w i l l  
select  thermal s torage;  conversely,  when c o s t  is  g r e a t e r  than value,  some 
users w i l l  s t i l l  select a thermal s to rage  subsystem. 'he value d a t a  a r e  not  
precise measures bu t  s e rve  as a n  i n d i c a t o r  of how f u t u r e  dec is ions  w i l l  be 

Eable 6-1. Value Comparison for Electric Power Applications 

Storage 
Concept 

Capi ta l  Investment f o r  S torage  Capacity 
( $Awe la 

1 hour 6 hours  15 hours 

Thermal s t o r a g e  va lue  
(Mgh- inso la t ion  s i t e )  320 

Wateristeam 
Oi3/rock: draw s a l t  134 

145 

4 40 

387 
387 

5 60 

7 8 8  
667 

Organic f l u i d  
Tr i ck le  charge 
S y l  t h e m i t  a c o n i t e  417 1067 2140 

GasiBrayton 
Ce rami c b r i ck  114 6 2 7  1545 

a1980 d o l l a r s .  

buriderground pressur ized  water a t  15 hours w i t h  draw s a l t  second stage.  

i 
i 

d i " 

t .  
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made. The authors  adopt t he  poin t  of view t h a t  whenever c o s t  is less than o r  
s l i g h t l y  g r e a t e r  t han  value,  a reasonably l a r g e  market f o r  thermal s t o r a g e  
w i l l  e x i s t .  

I . .  
I .  

i 

t .  

The c o s t  d a t a  i n  Table 6-1 are based on S-R estimates. S-R employed a mult i -  
p ly ing  f a c t o r  of 1.95 times the  d i r e c t  cos t  t o  c a l c u l a t e  the  c a p i t a l  i nves t -  
ment requi red  f o r  t h e  thermal s torage.  'Ihis f a c t o r  t akes  i n t o  account s e v e r a l  
i n d i r e c t  f a c t o r s  and is based on S-R's experience wi th  e l e c t r i c  power p l a n t s  
( fos s i l - fue l ed  and nuc lear ) .  A s o l a r  thermal  p l a n t  i s  cap i t a l - in t ens ive ;  i t  
r equ i r e s  a g r e a t  dea l  of s tandard ized  equipment (pr imar i ly  t h e  modular co l l ec -  
t o r  f i e l d ) ,  This results i n  a l a r g e r  c a p i t a l  base  over  which t o  d i s t r i b u t e  
i n d i r e c t  cos t s .  Because of t h i s ,  t he  Solar Thermal In t e r l ab  Committee on 
Goals recommends mul t ip ly ing  t h e  d i r e c t  c o s t  by a f a c t o r  of 1.44. The obtain-  
a b l e  cos t  d a t a  i n  Table 6-1 are based upon t h a t  lower f a c t o r ;  t o  ob ta in  s-R's 
c o s t  d a t a ,  t h e  va lues  i n  Table 6-1 may be  f a c t o r e d  up by t h e  r a t i o  of 1.95 t o  
1.44. 

The obta inable  c o s t s  of thermal s t o r a g e  wi th  a water/steam r e c e i v e r  could 
p o t e n t i a l l y  be less than t h e i r  value. A t  both 1 and 6 hours of s to rage  capac- 
ity, c o s t s  are s u b s t a n t i a l l y  less t h a n  value.  A t  15 hours of capac i ty ,  t h e  
c o s t s  of both o i l / r o c k  and underground pressur ized  water s to rage  are g r e a t e r  
t han  value. However, t h e s e  d i f f e r e n c e s  are not  g r e a t  (about  30%) and are 
wi th in  the  range of unce r t a in ty  f o r  t hese  da t a .  Second-generation concepts 
were i d e n t i f i e d  w i t h  c o s t  improvements i n  t h e  6- through 15-hour range. Ilata 
f o r  underground pressur ized  water s to rage  a r e  included i n  Table  6-1 and o f f e r  
t h e  greatest  p o t e n t i a l  f o r  meeting value;  t h e  d i f f e r e n c e s  are less t h a n  t h e  
unce r t a in ty  i n  cos t  and value data .  

The organic  f l u i d  r ece ive r  c a s e  inc ludes  Syl therm/ taconi te  thermal s torage .  
A t  a l l  s torage  c a p a c i t i e s ,  the  c o s t s  are s u b s t a n t i a l l y  g r e a t e r  than value.  
None o f  t h e  second-generation concepts  o f f e r  s u f f i c i e n t  improvement t o  d a t e  t o  
al ter t h i s  conclusion. 

The gas/Brayton case employs ceramic b r i cks  i n  a n  i n t e r n a l l y  in su la t ed ,  
welded-steel  p ressure  vesse l .  A t  1 hour 's  s t o r a g e  capac i ty ,  t he  cos t  is m c h  
less than  value. However, a t  6 and 15 hours o f  s to rage  capac i ty ,  c o s t s  are 
s u b s t a n t i a l l y  g r e a t e r .  None of the  second-generation concepts o f f e r  suf f  i- 
c i e n t  improvement t o  a l t e r  t h e s e  conclusions a t  t h i s  time. 

6.2 PROCESS HEAT APPLICATIONS 

T a b l e  6-2 presen t s  c o s t  and value d a t a  f o r  thennal  s to rage  i n  s o l a r  thermal 
process heat  app l i ca t ions .  These value d a t a  were ca l cu la t ed  for a hybrid 
s o l a r  thermal p lan t .  The thermal  s t o r a g e  va lue  was determined t o  be t h e  d i f -  
fe rence  between the  p r i c e  of the  f u e l  saved and t h e  cos t  of t h e  added s o l a r  
thermal  c o l l e c t o r  f i e l d .  Due t o  t h e  u n c e r t a i n t i e s  i n  pro jec ted  f u e l  pr ices  
and i n  the cos t  of s o l a r  c o l l e c t o r s ,  t h e  value of thermal s to rage  i s  obviously 
uncertain.  The expected range of thermal  s t o r a g e  va lue  i s  presented f o r  each  
s to rage  capaci ty .  The cost o f  t h e  s t o r a g e  i s  s i m i l a r l y  unce r t a in ,  as noted in 
Sec. 6.1. 
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B b l e  6-2. (bmparison Value far Procesa Beat Applications 

Concept 

Cap i t a l  Investment 
S/kWt la 

1 Hour 6 Hours 15 Hours 

Value of thermal  s t o r a g e  
(High i n s o l a t i o n  s i t e )  

Water /s t earn 
238°C ( 4 6 0 ° F )  s a t u r a t e d  steam 
O i  1 / rock 
288°C (550°F) s a t u r a t e d  steam 
Oi l / r  ock 

10-20 60-1 20 150-300 

4 1  119 247 

75 266 5 7 6 b  
(147) (211) 

Organic f l u i d  
1 7 1 ° C  (341'F) s a t u r a t e d  steam (CalorZa r ece ive r )  

700 p s i ,  superheated steam (Syltherm rece ive r )  
Tr ick le  charge 
Syl thermj taconi te  78 202 40 5 

O i  1 /rock (33IC 93 

a1980 d o l l a r s  

bUnderground pressur ized  water 

CExtrapoLated d a t a  

Data f o r  two process  h e a t  ( s a t u r a t e d  steam) cases  are presented  fo r  water/  
steam rece ive r s .  One case is sa tu ra t ed  steam a t  238OC (460OF). ?his q u a l i t y  
of  steam i s  generated in t h e  f i r s t  s t a g e  o f  the  e l e c t r i c p o w e r  case. (Note 
t h a t  t he  s to rage  is a l s o  charged wi th  s a t u r a t e d  steam.) The c o s t s  were deter- 
mined from e l e c t r i c  power d a t a  by s u b t r a c t i n g  t h e  c o s t  of t h e  second s t a g e  
(draw sa l t ) .  Data f o r  t he  288&C (550'F) s a t u r a t e d  steam case are those previ-  
ous ly  calculated by S-R. Tn both  cases, c o s t s  are s u b s t a n t i a l l y  g r e a t e r  t han  
value a t  1 hour of s torage .  A t  6 hours '  capac i ty ,  c o s t s  are s l i g h t l y  g r e a t e r  
than  value.  At 15 hours '  capac i ty ,  c o s t s  a r e  p o t e n t i a l l y  less than  va lue  wi th  
o i l / r o c k  s to rage  and a 238°C (460°F) s a t u r a t e d  steam app l i ca t ion  and with  
underground pressur ized  water  s t o r a g e  i n  a 288'C (550'F) s a t u r a t e d  steam 
appl fca t ion .  These d a t a  i l l u s t r a t e  t h a t  t h e  most favorable  economic condi tons 
e x i s t  a t  high s to rage  capac i t i e s .  This i s  t r u e  because the c o s t  p e r  u n i t  
capac i ty  of thermal s to rage  decreases  as s to rage  capac i ty  inc reases ,  but t h e  
va lue  per u n i t  s to rage  capac i ty  i n  a process  h e a t  a p p l i c a t i o n  i s  r e l a t i v e l y  
constant .  

Data f o r  two process  hea t  a p p l i c a t i o n s  were generated f o r  organic  f l u i d  
rece ivers .  In one case, s a t u r a t e d  steam i s  de l ive red  a t  171°C (341°F) with a 
Caloria r e c e i v e r  and C a l o r i a / g r a n i t e  t h e m a l  s torage .  In t h e  o ther ,  4.93 MPa 
(700 p s i )  of superheated steam a t  382OC (720°F) is  de l ive red ,  with a Syltherm 
r e c e i v e r  and Syl therm/ taconi te  thermal storage. For a l l  s t o r a g e  c a p a c i t i e s ,  
the  Syl therm/taconi te  s to rage  i s  s i g n i f i c a n t l y  g r e a t e r  i n  c o s t  than i t s  value.  
Even t h e  second-generation improvements are  n o t  s u f f i c i e n t  t o  a l t e r  t h i s  

a 
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conclusion €or  a Syltherm rece iver .  With t h e  Calor ia  r e c e i v e r ,  o i l  /rock stor- 
age is a t t r a c t i v e  a t  bo th  6 and 15 hours. The Ca lo r i a /g ran i t e  d a t a  es t imated  
by S-R are prel iminary cos t  dara  ca l cu la t ed  o n l y  f o r  6 hours;  S E R I  extrapo-  
la ted  t h e  S-R d a t a  t o  both  1- and 15-hour c a p a c i t i e s .  
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SECTION 7.0 

CONCLIJSIOHS AND RECCMMENDATIONS 

7. I CONCLUSIONS 

7.1.1 (bbnclusions Based on Cost and Value Comparisons 

7.1.1.1 Water/Steam Receiver Applicat ions 

Thermal s torage  concepts with waterjsteam rece ivers  could p o t e n t i a l l y  c o s t  
l e s s  t h a n  t h e i r  va lue  i n  a n  e l ec t r i c  power and process  steam appl ica t ion .  l h e  
most favorable  condi t ions e x i s t  a t  r e l a t f v e l y  small  d iu rna l  s to rage  c a p a c i t i e s  
(1-6 hours).  For process  h e a t ,  t h e  most f avorab le  condi t ions  occur a t  l a r g e r  
d iu rna l  s to rage  c a p a c i t i e s  (6-15 hours) .  

Three second-generation thermal s to rage  concepts represent  s i g n i f i c a n t  
improvements over t he  re ference  system. 'Ihese are a s  fol lows:  

Finned-tube-fntensive ( l a t e n t  hea t )  

Underground pressurized water 

Direct-contact ( 1 a t e n t . h e a t ) .  

The research  and development (R&D) e f f o r t  f o r  t h e  f inned-tube-intensive con- 
cept  has been e s t i m a t e d  by Combustion Engineering t o  be a minimum of $1.5 m i l -  
l i o n ;  t h a t  e f f o r t  inc ludes  ma te r i a l s  t e s t i n g  and t h e  design,  cons t ruc t ion ,  and 
t e s t i n g  of a subscale  research experiment (SRE). The research  and development 
c o s t  of  t h e  underground pressurized-water concept i s  on t h e  o rde r  of $ 1 5  m i l -  
l ion.  Direct-contact,  l a t e n t  hea t  concept development has not  y e t  been e s t i -  
mated. The finned-tube-intensive,  l a t e n t  h e a t  concept d a t a  i n d i c a t e ,  however, 
t ha t  t he  R&D e f f o r t  necessary is on the  order of $2 mill ion.  None of t h e  
o t h e r  concepts i nves t iga t ed  show s u f f i c i e n t  promise t o  warrant f u r t h e r  study 
a t  t h i s  time. Many a c t u a l l y  impose  cos t  p e n a l t i e s ,  i n  f a c t .  

\ 

7.1.1.2 Organic F lu id  Receivers 

Thermal s to rage  cost-versus-value results f o r  organic  f l u i d  r ece ive r s  depend 
s t rongly  on the  p a r t i c u l a r  syatem, s p e c i f i c a l l y ,  on the  type of rece iver  and 
on t h e  s to rage  app l i ca t ions  involved. For r e l a t i v e l y  low-temperature s to rage  
(e.g., low-pressure steam), an inexpensive organic  f l u i d  ( e . g . ,  Caloria) may 
be employed. "he thermal s t o r a g e  c o s t  i s  low because t h e  r ece ive r ' s  working 
f l u i d  can be used i n  the  s to rage ,  e l imina t ing  one set of hea t  exchangers, ?he 
value o f  t h i s  concept i s  h igher  than  t h e  estimated c o s t  of Calor ia /gran i te  
s torage  and t h e  economics a r e  very favorable .  me most favorable  condi t ions 
occur a t  high s to rage  c a p a c i t i e s  (6-15 hours).  

For s torage  a t  r e l a t i v e l y  higher  temperatures,  expensive organic  f l u i d s  (e.g., 
Syltherm) must h e  employed because inexpensive organics  w i l l  r ap id ly  decow 
pose. Using the rece iver  working f l u i d  i n  the  s torage  avoids the expense 
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assoc ia t ed  wi th  hea t  exchangers. However, t he  cos t  of t h e  s t o r a g e  i s  s i g n i f i -  
can t ly  g r e a t e r  t han  t h e  va lue  f o r  a31 s t o r a g e  c a p a c i t i e s  and a l l  a p p l i c a t i o n s  
inves t iga t ed  at  t h i s  t i m e .  

Se cond-generation concepts represent: a t  l eas t  minor improvements over  f i r s t -  
genera t ion  Syltherm/taconife thermal s to rage  subsystems. The c a p i t a l  i n v e s t -  
ment f o r  S y l t h e m l t a c o n i t e  is lower t h a n  t h a t  f o r  d i r ec t - con tac t ,  l a t en t -hea t ,  
o r  mtec two-tank concepts.  However, due t o  the  high replacement cos t  o f  
Syltherm, t h e  o t h e r  concepts shows some advantages i n  PWRR a t  high s to rage  
capacities. 

Because of t h e  r e l a t i v e l y  high r a t e  o f  decomposition of Sylrherm a t  h igh  tem- 
pe ra tu res ,  an a l t e r n a t i v e  organic  r e c e i v e r  f l u i d  was evaluated-*CS 1980. The 
lower replacement c o s t  of MCS 1980 provided some reduct ion  in PWRR, but  t h f s  
f l u i d  a l s o  r equ i r e s  hea t  t r a c i n g  i n  a l l  f i e l d  piping.  If ope ra t iona l  problems 
occur wi th  Syltherm, however, MCS 1980 is a v i a b l e  a l t e r n a t i v e .  

Calor ia  HT-43 w a s  the  o i l  employed i n  a l l  s to rage  app l i ca t ions  a t  316°C 
(600°F)  o r  less. This o i l  a l s o  has  a r e l a t i v e l y  high decomposition r a t e ,  so 
a l t e r n a t i v e  316°C (600OF) o i l s  were evaluated.  Even with a h igh  decomposition 
ra te ,  Ca lo r i a  HT-43 is t h e  p re fe r r ed  o i l  u n l e s s  t h e  a l t e r n a t i v e  i s  s i g n i f i -  
can t ly  lower i n  cos t .  Therminol 5 5 ,  however, i s  t he  only a l t e r n a t i v e  f l u i d  
i d e n t i f i e d  t o  date wi th  a s u f f i c i e n t l y  l o w  c o s t  t o  warrant  f u r t h e r  eva lua t ion  
as an a l t e r n a t i v e  t o  Caloria.  

7.1.1.3 Airflrayton Systems. 

For a i r  receiver/Brayton-cycle power genera t ion ,  thermal s to rage  has l imi t ed  
p o t e n t i a l .  A t  r e l a t i v e l y  small d i u r n a l  s to rage  capacit ies (approximately 

i., 1 hour) ,  t h e  economics are favorable .  A t  h igher  s to rage  c a p a c i t i e s  (6-15 
hours) ,  t h e  s t o r a g e  cos t  is  s i g n i f i c a n t l y  g r e a t e r  than value.  

None of t h e  concepts eva lua ted  i n  t h i s  study represented  a s i g n i f i c a n t  
improvement over t he  referenced s to rage  concept,  alumina/brick.  Magnesia and 
cas t - i ron  s to rage  media provide r e l a t f v e l y  s m a l l  improvements, less than  t h e  
goal of t h e  thermal s to rage  program. Pres t ressed  cast i r o n  vessels represenr  
t h e  g r e a t e s t  improvement (-lo%), s t i l l  less t han  t h e  goa l  of 2 5 %  o r  more. 

A l a ten t -hea t  thermal  s to rage  concept w a s  a l s o  evaluated.  Its c o s t  w a s  s ign i -  
f i c a n t l y  less  than  t h e  alumina/brfck concept. lbwever, i t  w a s  much less e f f i -  
c i e n t ;  the l o s s  i n  performance a s soc ia t ed  wi th  l a t e n t  heat  more than o f f s e t s  
t h e  c o s t  advantage. In f a c t ,  t h e  l a t e n t  h e a t  concept would a c t u a l l y  i n c r e a s e  
the  cos t  of de l ive red  s o l a r  thermal energy. 

7.1.2 Sensitivity Study Conclusions 

In t h e  s e n s i t i v i t y  study, s e v e r a l  parameters were inves t iga t ed  t h a t  could 
a f f e c t  t he  data. .  Changes d i d  occur i n  t h e  d a t a ,  but none of them were s u f f i -  
c i e n t l y  large t o  a f f e c t  our conclusions and recommendations. Tne l a r g e s t  
e f f e c t  w a s  t h e  r e s u l t  of the b a s i c  u n c e r t a i n t i e s  t h a t  e x i s t  in t h e  est imated 
cost  of thermal  s t o r a g e  (see t h e  Appendix). 

60 



- TR-1283, Vo1. I 

7.2 REC(WMENDBT1OHS 

7.2.1 First-Generation Concepts 

'Ihe r e fe rence  concepts in t h e  s tudy  are a l l  f i r s t -gene ra t ion  thermal s to rage  
concepts.  These concepts are gene ra l ly  very good; continued development i s  
recommended. 'Ihe fo l lowing  s p e c i f i c  recommendations, however, are made: 

Oil/Rock Storage 
Reduce t h e  u n c e r t a i n t i e s  and t e c h n i c a l  r i s k s  ( t ank  r a t che t ing ,  hea t  
exchanger f o i l i n g ,  and o i l  decomposition r a t e ) .  Evaluate o i l  (Ca lo r i a )  
s t a b i l i t y  wi th  o the r ,  p o t e n t i a l l y  more a v a i l a b l e ,  low-cost s o l i d  media 
(g l a s s  and s l a g ) .  

T r i ck le  Charge Sylrherm/Taconite S torage  
'Ihe economic v i a b i l i t y  of d i u r n a l  thermal  s to rage  wi th  t h i s  concept i s  
quest ionable .  Based on an a n a l y s i s  of ob ta inable  cos t  versus  thermal  
s t o r a g e  va lue ,  l i t t l e  market pene t r a t ion  i s  expected. Continued develop- 
ment, t he re fo re ,  i s  not recommended. Rather,  a d d i t i o n a l  research  is 
needed t o  i d e n t i f y  technologies  t h a t  can meet program goals ;  r e d i r e c t i o n  
o f  t h i s  program element t o  t h i rd -gene ra t ion  (advanced technology) s t a t u s  
i s  recommended. 

7.2.2 SecondGeneration Concepts e 

Three concepts  were i d e n t f f i e d  as  having s i g n i f i c a n t  p o t e n t i a l  and a r e  recom- 
mended f o r  continued research  and development. n o s e  recommended, i n  order  of 
p r i o r i t y ,  are as fo l lows:  

'., 
(1) Finned-tube-intensive, l a t e n t  h e a t  concept 

( 2) Underground pressurized-water  concept 

( 3 )  Mrect -contac t ,  l a t e n t  h e a r  concept. 

The finned-tube-intensive concept appears t o  be t he  most c o s t - e f f e c t i v e  f o r  
e l e c t r i c  power and second b e s t  f o r  t h e  process  h e a t  appl ica t ion .  If t h e  
la ten t -hea t  sa l t  i s  changed, i t  can be used a t  a w i d e  range of temperature 
condi t ions;  t h e  developnent c o s t  should b e  moderate. This concept nay have 
app l i ca t ions  t o  l i q u i d  metal and organic  f l u i d  r ece ive r s  in add i t ion  t o  water/ 
steam r e c e i v e r s  i n  both  l a r g e  and small systems. 

The underground pressurized-water  concept appears t o  be the most cos t -  
e f f e c t i v e  f o r  process  h e a t  and second b e s t  f o r  water/steam e lec t r ic  power. 
However, t h i s  concept is s i t e - s p e c i f i c  and s u i t a b l e  only f o r  l a r g e  s o l a r  
thermal  water/s team rece ive r  systems, In add i t ion ,  development c o s t s  are 
high, about 10 times g r e a t e r  than t h e  finned-tube-intensive,  l a ten t -hea t  con- 
cept.  Research is recommended only a t  l o w  l e v e l s  t o  r e so lve  t echn ica l  uncer- 
t a i n t i e s ,  I€ t echn ica l  r i s k s  are shown t o  be minimal, then l a r g e  scale devel-  
opmental t e s t i n g  on SRE should be considered. 

The d i rec t -contac t  concept w a s  t he  lowest i n  c o s t  i n  t h e  t o t a l  energy appl ica-  
t i o n  a t  high s to rage  capacities; i t  w a s  t h i r d  b e s t  i n  t h e  e l e c t r i c  power 
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a p p l i c a t i o n  with a water/steam rece ive r .  'Ihe concept is applicable t o  large 
and s m a l l  systems and may be more advantageous wf th  a l i q u i d  metal r ece ive r ,  
R&D c o s t s  are an t i c ipa t ed  t o  be moderate. Continued r e sea rch  is recommended 
t o  r e so lve  t e c h n i c a l  r i s k s  and t o  improve t h e  performance and c o s t s  of t h e  
concept. A development e f f o r t  i s  not  recommended a t  t h i s  t i m e .  

i. 
7.2.3 P o t e n t i a l  ThirdGeneration Improvements 

From t h e  d a t a  generated i n  t h i s  s tudy ,  t h e  fo l lowing  sugges t ions  can be made 
concerning p o t e n t i a l  improvements t o  t h e  concepts s tud ied .  Because no evalua- 
t i o n s  have y e t  been performed--economic o r  technical--some of t h e  items may 
prove t o  be imprac t ica l :  

o Using t a c o n i t e ,  g r a n i t e ,  s l a g ,  and g l a s s  as low-cost media i n  a molten- 

0 Employing mul t i s tage  la ten t  h e a t  i n  a gas/Brayton system t o  improve 
performance 

Using a l t e r n a t i v e  t r a n s f e r  f l u i d s  € o r  d i scha rge  i n  d i r ec t - con tac t ,  l a t e n t  
hea t  s to rage ;  reducing the c o s t  of lead/bismuth inventory  and p a r a s i t i c  
punping power [suggested f l u i d s  are  t h e  o rgan ic  o i l s  (bo th  as s e n s i b l e  
heat  t r a n s f e r  and as a b o i l i n g  l i q u i d )  and o t h e r  i no rgan ic  media] 

A l t e rna t ing  phase-change concepts €or organic  f l u i d  r e c e i v e r s  (e.g. , 
finned-tube-intensive wi th  an i n t e g r a l  oil. and steam hea t  exchanger i n  
t h e  phase-change tank)  

Using a l t e r n a t i v e  lowmel t ing-poin t  t r a n s p o r t  f l u i d s  f o r  d i shes  and 
troughs [ these  f l u i d s  should be low i n  c o s t  and high i n  temperature capa- 
b f l i t i e s  ( 4 O O 0 C ,  750°F)]; molten sal ts  (Hitec and A l C l g  e u t e c t i c s )  are 
suggested f o r  both t r a n s p o r t  and storage media] 

e Employing high-temperature concre tes  i n  s to rage  tanks  wi th  high- 
temperature s to rage  medfa (e.g., molten s a l t )  

Incorpora t ing  new i d e a s  i n  d i r ec t - con tac t  s t o r a g e  us ing  low-cost s t o r a g e  
f l u i d s .  

s a l t  thermocline 

'., 

7.2.4 Other Recommendations 

7.2.4.1 Evaluations UsIng Liquid Metal Receivers 

The s p e c i f i c  opera t ing  condi t ions  of  a given a p p l i c a t i o n  a f f e c t  the  choice o f  
an  appropr i a t e  thermal  s t o r a g e  system. Some of t h e  concepts  were o r i g i n a l l y  
proposed f o r  l i q u i d  metal (sodium) s o l a r  thermal  r e c e i v e r s ,  but modified t o  
match t h e  condi t ions  i n  t h i s  s tudy ,  s p e c i f i c a l l y  the  a i r / r o c k  and d i r e c t -  
con tac t ,  l a t e n t  hea t  concepts. Evaluat ion of t h e s e  two concepts and t h e  mov- 
i n g  sand bed i n  combination w i t h  a l i q u i d  m e t a l  s o l a r  thermal r e c e i v e r  i s  
recommended. 

i. , 
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7.2.4.2 low-Prior i ty  Development 

S e v e r a l  items provided some c o s t  improvements, b u t  t h e s e  were l e s s  t h a n  t h o s e  
r e q u i r e d  by t h e  program goals .  Development of t h e  fo l lowing  Ls recommended, 
on a low-pr ior i ty  b a s i s :  

P r e s t r e s s e d  cast i r o n  v e s s e l s  

Concrete  p i t s  

A l t e r n a t i v e  media f o r  a i r / B r a y t o n  
- cast iron 
- g o .  

No r e l a t i v e  ranking  on t h e s e  i s  a s s i g n e d  a t  t h i s  t i m e .  

7.2.4.3 Ihpronising Concepts 

Development of unpromising concepts  i s  n o t  recommended. In g e n e r a l ,  major 
improvements i n  t h e s e  concepts  are needed. V such needed improvements can be  
i d e n t i f i e d ,  t h e n  t h e s e  e s s e n t i a l l y  become new concepts  and as such  should  be 
considered f o r  t h i r d - g e n e r a t i o n  research rather than  as second-generat ion 
development i t e m s .  
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APPENDIX 

THE SLNSITIYITY STUDY 

8.1 INTRODUCTION 

S E R I  used thermal s to rage  subsystem c o s t  estimates Erom Stearns-Roger (S -R) ,  
i n  conjunct ion with performance d a t a  t o  compare t h e  de l ive red  energy cos t s  of 
t h e  s t o r a g e  concepts under s tudy.  'he accuracy of t h e  conclusions drawn from 
such a study obviously depends on the  accuracy of the  cost and performance 
d a t a  used and, i n  tu rn ,  on t h e  accuracy of t h e  assunpt ions  made i n  gene ra t ing  
the  cos t  and performance d a t a .  Therefore,  a s e n s i t i v i t y  ' a n a l y s i s  of var ious  
parameters w a s  performed t o  determine t h e  e f f e c t  of v a r i a t i o n s  i n  c o s t  es t i -  
mating assumptions on the  f i n a l  conclusions of t h e  s tudy.  

From d i scuss ions  wi th  Storage Program personnel  and wi th  t h e  proponents of 
s p e c i f i c  concepts,  the  parameters t h a t  would be subjected t o  the  s e n s i t i v i t y  
a n a l y s i s  were determined. As descr ibed  i n  more d e t a i l  below, t h e  parameters 
examined were those assoc ia ted  wi th  i n d i r e c t  c o s t s ,  O&M costs ,  and i n s t a l l a -  
t i o n  cos t s .  A l s o  i nves t iga t ed  were t h e  e f € e c t s .  o f  unce r t a in ty  i n  t he  o v e r a l l  
s to rage  subsystem cos t s  and the  e f f e c t s  of assumptions as t o  the  Level of use 
of s torage.  

The a n a l y s i s  w a s  conducted €or  a l l  of t h e  s o l a r  thermal a p p l i c a t i o n s  consid- 
e red :  a water/steam rece ive r  f o r  bo th  power genera t ion  and process hea t  gen- 
e r a t i o n ;  an  a i r  r e c e i v e r  f o r  Brayton cyc le  power generat ion;  and o rgan ic  f l u i d  
r ece ive r s  f o r  a t o t a l  energy system. The d e t a i l e d  r e s u l t s  of t he  s e n s i t i v i t y  
ana lyses  € o r  each  a p p l i c a t i o n  a re  g iven  below, fol lowing a n  explana t ion  of t h e  
data base and t h e  approach used t o  conduct t h e  study. 

8.2 DATA BASE, ECONWICS, AND RANKING INDEX 

'Ihe s to rage  subsystem cos t  d a t a  base f o r  t h i s  study was developed by S-R; 
information about a p a r t i c u l a r  concept 's  c o s t  is provided in t h e  c o s t  break- 
down t a b l e s  i n  Volume I1 of t h i s  r epor t .  'Ihe economic d a t a  base used is  shown 
i n  Table A-1. The values  f o r  t h e  parameters l i s t e d  were taken  from those  of 
the  Solar  Thermal Cost Goals Committee (August 1980). ?he ana lys i s  was done 
us ing  1980 d o l l a r s  and assuning t h e  s o l a r  thermal  p l a n t  would b e  ope ra t iona l  
beginning in 1995. 

The c o s t  a l g o r i t h n  f o r  t h e  complete s o l a r  thermal  p l a n t  was simply t h e  sum of 
the  cos t s  of t he  s to rage  aubsystem and t h e  nonstorage p l an t  c o s t :  

cc = PC + [SC * SF] 

Total  Capi ta l  (A- 1) Nonstorage St orage Subsystems S t  orage 
Cost Factor  Cost of Solar Thermal = Plant Cost + 

Plant 
r 
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lhb le  A-1. Ihta Base-1995 Plant On-Line (1980 d o l l a r s )  

U t i l i t y  I n d u s t r y  

Fixed c h a r g e  r a t e  15.2% 28.2% 
P l a n t  s e r v i c e  l i f e  30 y e a r s  20 y e a r s  
L e v e l i z i n g  f a c t o r  f o r  f u e l  2.44 1.68 
k v e l i z i n g  f a c t o r  f o r  O&M 1.90 1.68 
Discount  r a t e  9.84% 19.0% 

E s c a l a t i o n  rate: 2.6% 1980 - 1990 
2.2% 1991 - 2000 
1.1% 2001 - 2014 

E l e c t r i c i t y  c o s t  $9.4 O/MBt u 
O i l  c o s t  $8.53/MBtu 

i 

The p l a n t  c o s t ,  PC, w a s  d e f i n e d  as: 

c = RC + HC + BOP 
(A-2)  Nonstorage - Receiver  Subsystan 

P l a n t  C o s t  Cost 
H e l i o s t a t / D i s h  + Balance of P l a n t  

Cost Cost  
- + 

i .  

The a l g o r i t h m  used t o  compute t h e  c o s t  of the s t o r a g e  subsystems--the area of 
primary concern i n  t h i s  s tudy-- is  g i v e n  i n  t h e  l e f t  column wi th  a b r i e f  des- 
c r i p t i o n  of t h e  term provided in t h e  r i g h t  column. 

SC = [FI * FN * (CP + CE)] Storage  C o s t  = Power & Energy Equipment Costs  

+ [FI * F O M l  * (CPt f CEl)] 

+ [FI * FQMZ * (CP2 + CE2)]  

+ [FM * MED] + Media Cost 

+ O&M Cost f o r  F i r s t  Stage 

-+ O&M Cost for Second S t a g e .  

+ [LFOM * FLUID/FCRJ 

+ [LFF * FUEL/FCR] + Purchased Fuel  Cost (A-3) 

A d e f i n i t i o n  o f  t h e  v a r i a b l e  i s  g i v e n  a t  t h e  end  o f  t h i s  appendix. Values f o r  
t h e  power-related and energy-re la ted  equipment costs, media c o s t s ,  f l u i d  
replacement  ra tes  and c o s t s ,  and amount of purchased f u e l  r e q u i r e d  were all 
genera ted  by S-R. The f a c t o r  F I  ( l a b o r  f o r  i n s t a l l a t i o n  of equipment) was se t  
a t  1.8 throughout  t h e  s tudy .  

+ Media Replacement Cost 

The s e n s i t i v i t y  s tudy  i n v e s t i g a t e d  v a r i a t i o n s  i n  s e v e r a l  parameters :  FM, the 
f a c t o r  a p p l i e d  f o r  i n s t a l l a t i o n  and d i r e c t  c o s t s  a s s o c i a t e d  wi th  t h e  s t o r a g e  
media; FN, t h e  f a c t o r  account ing  f o r  i n d i r e c t  costs o f  s t o r a g e  equipment; and 
FOMx, t h e  factors  account ing f o r  o p e r a t i o n s  and maintenance (O&M) c o s t s  of 
s torage .  In t he i r  c o s t  estimates, S-R u s e d  1.95 a s  t h e  v a l u e  f o r  b o t h  FM and 
FN. During t h e  s e n s i t i v i t y  study, w e  a p p l i e d  1.95 t o  both  f a c t o r s ,  t h e n  
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changed each one independently and then simultaneously to 1.44 t o  determine 
t h e  impact of such v a r i a t i o n s  i n  assunpt ions  on our conclusions.  

Other parameters t h a t  were var ied were t h e  FOM terms. S-R compiled a schedule 
( T a b l e  A-2) of  O&M r a t e s  f o r  va r ious  s t o r a g e  concepts.  'his schedule was used 
i n  t h e i r  c o s t  es t imat ing and i n  our study. Addit ional ly ,  w e  ran a permutation 
i n  which t h e  O&M charge € o r  a l l  s t a g e s  and a l l  concepts was s e t  a t  2% r a t h e r  
than a t  t he  va r i ab le  schedule,  

The f i n a l  parameter var ied  in t h i s  p o r t i o n  of  t he  study was t h e  f a c t o r  FS, 
which was appl ied t o  the  o v e r a l l  s to rage  subsystem cos t .  Nominally, FS w a s  
s e t  a t  1.0. A genera l  c o s t  unce r t a in ty  of 20% was assuned, and t h e  f a c t o r  FS 
was r a i sed  t o  1.2 and then dropped t o  0.8 t o  determlne t h e  e f f e c t s  of such 
u n c e r t a h t i e s .  This parametr ic  v a r i a r i o n  was i nves t iga t ed  only  f o r  t h e  nom- 
i n a l  case;  €or  t h e  o the r  cases, FS was set a t  1.0. 

In Table A-3, t h e  combinations of parameter va lues  used in t h e  s e n s i t i v i t y  
study are summarlzed. Note t h a t  Case 1 i s  considered t o  be t he  nominal case ,  
and i t  inc ludes  t h e  va lues  used by S-R i n  t h e i r  study. Nominal va lues  f o r  
c o l l e c t o r  areas f o r  t he  th ree  s to rage  times considered a r e  given in Table A-4. 

n b l e  A-2. O&M Schedule+ 

Concept 
O&M 

Rate 

Ca l o  r i a /  g r  ani t e 
Underground pressur ized  water 
Solution-mined cavern ( o i l / r o c k )  
G l o r i a ,  two tank 
Tube-intensive HX 
Containerized sa l t  
Direct contac t  HX, f i r s t  s t a g e  
Direct contac t  HX, second s t a g e  
D r a w  salt, second s t a g e  
Air / rock,  second s t a g e  
Sand moving bed, second s t a g e  
Gillrock excavated p i t  

Air/alumfna br ick  
Air /cas t  i r o n  
A i d g r a n i t e ,  e x t e r n a l  HX 

2% 
2% 
3% 
3% 
3% 
3% 
4% 
2% 
2% 
3% 
4% 
3% 

2% 
2% 
4% 

*Excludes f l u i d  replacement charges,  This ra te  is 
t he  f i r a t -yea r  charge f o r  O&M as a percentage of 
t h e  c a p i t a l  investment. 
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% b l e  A-3. Magnitudes of the 
I t e m s  in t h e  Sensi- 
rfvlty Study 

Case FN FM O&Ma FS Number 

lb  1.95 1.95 Variable 1.2 
1.0 
0.8 

2 1.44 1.95 Variable  1.0 
3 1.44 1.44 Variable 1.0 
4 1.95 1.95 2% 1.0 

asee Table A-2. 

bCase I i s  t h e  nominal case when 
FS = 1.0. 

6.3 THERANRING INDEX 

a b l e  A-4. Nominal C o l l e c t o r  Areas 
(m2) 

Receiver 1 Jhur 6 Hours 

Water/steam 534,000 902,000 
Air 766,000 1,310,000 
Grgani c 6,400 11,800 

15 Hours 

Water / s  t e a m  1,288,000 
Air 1,s 38,000 
Organic 17,000 

The method used t o  compare t h e  s t o r a g e  concepts  w i t h i n  each solar  thermal  
a p p l i c a t i o n  was to compute and compare t h e  "Ranking Index" of each concept. 
The ranking index method, developed by R. J. Copeland, i s  explained and docu- 
mented i n  Ref. [ l l ] .  Bas ica l ly ,  t he  method allows us t o  c a l c u l a t e  the busbar 
energy c o s t  (BBEC) ( o r  u n i t  energy cos t )  of a s o l a r  thermal  p l a n t  t h a t  w i l l  be  
using a p a r t i c u l a r  s to rage  concept. The ranking index ( R I )  i s  def ined as 

BBECA 
BBE% ' R f  =:- ( A - 4 )  

-1 The equatfon represents  t he  r a t i o  of t h e  busbar energy cos t  of a s o l a r  thermal  
p l a n t  using a n  a l t e r n a t i v e  s t o r a g e  subsystem ( A )  t o  t h e  busbar  energy c o s t  of 
t he  same p l a n t  us ing  t h e  re ference  s t o r a g e  subsystem (B). As can be seen  from 
later equat ions ,  c a l c u l a t i o n  of t h e  ranking  index  accounts  f o r  bo th  c o s t  and 
perEormance v a r i a t i o n s  t h a t  r e s u l t  from a l t e r n a t i v e  s torage  concepts.  The 
solar thermal p l a n t  remains t h e  same f o r  a g iven  app l i ca t ion ,  except as  i t  
would be a l tered by the  p a r t i c u l a r  s t o r a g e  subsystem employed. For example, 
t h e  same water/steam r e c e i v e r  s o l a r  thermal p l a n t  f o r  a process  h e a t  appl ica-  
t i o n  would be used with var ious  s to rage  concepts except as the  concepts would 
a f f e c t  system temperatures and power requirements ,  and as a r e s u l t ,  o v e r a l l  
system e f f i c i e n c i e s .  Such d i f f e r e n c e s  i n  p l a n t  e f f i c i e n c i e s  a r e  accounted f o r  
i n  computing t h e  ranking index. 

From t h e  d e f i n i t i o n  of t h e  ranking index, a n  a l t e r n a t i v e  s t o r a g e  concept € o r  
which BI < 1.0 i n d i c a t e s  t h a t  t he  concept is more p r o d s i n g  than the  re ference  
s t o r a g e  concept f o r  t h a t  p a r t i c u l a r  se t  of  cond i t ions  and app l i ca t ions .  For 
R I  > 1.0, t he  a l t e r n a t i v e  concept i s  less promising than t h e  re ference  system. 
Cer t a in ly ,  t h i s  method of comparison h a s  i t s  l i m i t a t i o n s ;  it is important t h a t  
q u a l i t a r i v e  information be combined with r e s u l t s  from the  ranking index 
approach i n  drawing f i n a l  conclusions about t h e  s t o r a g e  concepts.  

! 
. .  
1 
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a 

!. . ~ ,  

For e lec t r ic  power genera t ion  a p p l f c a t i o n s ,  

RI = (A- 5) 

where 

ccA - = t h e  r a t i o  of c a p i t a l i z e d  c o a t  of t o t a l  s o l a r  thermal. p l a n t  wi th  
''It a l t e r n a t i v e  s t o r a g e  subsystem t o  c a p i t a l i z e d  c o s t  o f  t o t a l  s o l a r  

thermal p l an t  wi th  r e fe rence  s t o r a g e  subsystem [see Eq. ( A - l ) ]  

- ESR 
= t h e  r a t i o  of usable  energy de l ive red  from s to rage  t o  usable  

- A = t he  r a t f o  of f i r s t - l aw  (round-tr ip)  e f f i c i e n c i e s  of t h e  a l t e r n a -  

EDR energy de l ive red  d i r e c t  for t h e  r e fe rence  system 

RRT t i ve  and r e fe rence  s t o r a g e  concepts  

A = t he  r a t i o  of conversion cycle  e f f i c i e n c i e s  f o r  t h e  a l t e r n a t i v e  
RCYC 

- = the  r a t i o  of s o l a r  c o l l e c t o r  ( r ece ive r )  e f f i c i e n c i e s  f o r  t h e  A 
ACoL 

AD 
RDCYC 

and r e fe rence  s t o r a g e  concepts  when opera t ing  through s to rage  

a l t e r n a t i v e  and r e fe rence  s t o r a g e  concepts when charging s$orage 

= the  r a t i o  of conversion cycle e f f i c i e n c i e s  f o r  t he  a l t e r n a t i v e  
and r e fe rence  s t o r a g e  concepts  when opera t ing  d i r e c t  

-= A t h e  r a t f o  of s o l a r  c o l l e c t o r  ( r ece ive r )  e f f i c i e n c i e s  f o r  t h e  
RDCoL a l t e r n a t i v e  and r e fe rence  s t o r a g e  concepts  when charging s torage.  

Values f o r  CCA and C$ were ca l cu la t ed  as descr ibed  i n  Sec, A2. ESR/EDR val-  
ues  were ca l cu la t ed  a t  SERI  t o  support  t h i s  and s imilar  s t u d i e s .  A/RRT w a s  
determined from S-R ca l cu la t ions  of s to rage  heat lo s ses  and purchased energy 
requirements;  h igher  h e a t  loss o r  g r e a t e r  amount of energy purchased r e s u l t e d  
i n  a lower e f f i c i e n c y  and a lower A/RRT value €o r  a concept. S-R, i n  an ear- 
l i e r  s tudy ,  suppl ied  S E R I  with values  of conversion e f f i c i e n c i e s  of s o l a r  
thermal power systems [Ref. 111, and, t h e r e f o r e ,  values  f o r  AIRCrC. AIRCoL was 
taken from Ref. 11, Fig. 4-8, wi th  e x t r a p o l a t i o n  of t h e  curves  and a s s m i n g  
the  sodium rece ive r  curve t o  be accura t e  f o r  a steam rece ive r .  AD/RDCyC and 
AD/RDCOL were set  a t  1.0 throughout t h e  s tudy  wi th  t h e  except ion  of t h e  t o t a l  
energy sys t em app l i ca t ion ,  i n  which AD/RCmC w a s  assumed t o  be  equal  t o  

A/RCYC 

For process  h e a t  a p p l i c a t i o n s ,  t h e  ranking index  equat ion  becomes 

ESR 

(A-6)  A A 

F R T  
RCOL 

RI = 
- * - * E] + [el - 

This is  the  same as Eq. ( A - 5 ) ,  with t h e  cycle  e f f i c i e n c y  terms e q u a l  t o  1.0. 
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Calculat ing the ranking index f o r  a t o t a l  energy system is somewhat more 
camp 1 ex. 

[ ccA - CCJ + [ STWER * DPE *  FA^ 
TCR RI = 

ESR 1 f -  EDR 

F A =  1 - 

TCR =: CCR + [WET - STWER] * DPE -k [QT - STQ] * DPQ , 

where 

WET = t o t a l  annual e l e c t r i c i t y  demand o f  t h e  r e fe rence  system 

STWER = annual s o l a r  thermal e l e c t r i c i t y  del ivered by the re ference  
system 

DPE = annualized, l e v e l i z e d  purchased e l e c t r i c i t y  c o s t  

QT = t o t a l  annual hea t  demand o f  t h e  re ference  system 

STQ = annual  so la r  thermal h e a t  d e l i v e r e d  by t h e  r e fe rence  system 

DPQ = annual ized,  l eve l i zed  purchased hea t  cos t .  

Values f o r  STWER, WET, QT, AND STQ were de r ived  from d a t a  developed € o r  t h e  
Shenandoah, Georgia, s o l a r  thermal p l an t  design [ 4 ] .  DPE and DPQ were calcu- 
l a t e d  us ing  energy Costs from t h e  S o l a r  Thermal Cost  Goals Committee and eco- 
nomic methods suggested by E P R I  [5].  '., 

A.4 WATER/STEBM XECEIVERS 

A.4.1 E l e c t r i c  Power Generation Application 

The nonstorage s o l a r  thermal p l a n t  c o s t  was ca l cu la t ed  using c o s t  e s t ima tes  
from Sandia Livermore Laborator ies  [6] and equat ions of t h e  form given i n  
SERI 's  work on t h e  c o s t  and performance of s o l a r  thermal systems. The 
r e s u l t s ,  r e f e r r i n g  t o  the  terms i n  Eq. (A-Z),  were as fol lows:  

R C  = 21 .5A + 197 ( A ) 0 g 8  
HC = 80A 

BOP = 480 * RP 
where A i s  the c o l l e c t o r  a r e a  i n  m2 and RP i s  the r a t e d  power of the solar 
thermal p l an t  in kW. The cons tan ts  were a r r i v e d  a t  assuming a 10% inc rease  i n  
equipnent c o s t s  from 1978 t o  1979 and f r o m  1979 t o  1980; t h i s  assunpt ion was 
held throughout t he  s e n s i t i v i t y  study. 

I 
I 

Performance d a t a  of t h e  s to rage  concepts considered.  f o r  t he  water/stem 
rece iver  e lec t r ic  power app l i ca t ion  a r e  given i n  Table A-5. The t a b l e  i s  
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Ihble A-5. Water/Steam Power Application Performance Data 

Fluid Efficiency Ratios 
Hours Replacement O&Ma 

Cost ($) First-Law Cycle Collector Concept of 

(S /Yr )  AIRRT A/”mC A/RCoL 
Storage 

Oil/rock, draw s a l t  (reference) 

OiI/rock, sand moving bed 

Underground pressure (water, draw salt) 

Aboveground pressure (water, draw sa l t )  

Solution-mined cavern, draw salt  

Caloria, draw s a l t  

Thbe-intensive, draw sa l t  

Containerized s a l t ,  draw s a l t  

Direct-contact HX, s a l t  

1 
6 

15 

1 
6 
15 
1 
6 

15 

1 
6 

1 
6 
15 

1 
6 

15 

1 
6 

15 

1 
6 

15 

1 
6 

15 

136,000 
1,169,000 
3,3 15,000 

127,000 
1,095,000 
3,129,000 

12,000 
74,000 
18 6,000 

12,000 
74,000 

116,000 
990,000 

2,800,000 

116,000 
994,000 

2,817,000 

17,000 
80,000 
199,000 

14,000 
82,000 
205,000 

4 1,000 
244,000 
606,000 

.03/ .02 

.O 31.0 3 

.02/.02 

.o 21.0 2 

.O 31.0 2 

.03/.02 

.03/.02 

.03/.02 

.04/.02 

I .O 

0.91 
0.94 
0.92 

1.06 
1.01 

0.98 
0.99 
1 .oo 
1.01 
1 .oo 
1 .oo 
0.99 
0.99 

0.95 
0.96 
0.97 

1 .oo 
1.03 
1.01 

o.gn 
0.88 
0.83 

ul 
t11 
N 
I 

1 .o 1 .o 
(0.2 84) 

0.98 1.00 

1.00 1.01 
1.01 

1.00 1.01 

1.00 1.00 

1-00 1.00 

1.00 0.99 

1.00 0.99 

1.00 0.99 

aFirst stagelsecond stage. 

bAb s 0 lu te  e f f iciency-a ctual. 
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se l f -explana tory ,  and t h e  informateon i s  provided so  t h a t  comparisons can be 
made between t h e  performance c h a r a c t e r i s t i c s  o f  t h e  va r ious  s to rage  concepts.  
Note t h a t  t h e  e f f i c i e n c i e s  are given a s  r a t i o s  with respect t o  the  r e fe rence  
system's e f f i c i e n c i e s  and are  not  a c t u a l  o r  a b s o l u t e  va lues .  

The pr imary  r e s u l t s  o f  the  waterjsteam power a p p l i c a t i o n  s tudy are shown i n  
Fig. A-1. A s  suggested by RF va lues  of less  than  one, both t h e  d i r ec t - con tac t  
heat  exchanger concept (89) and t h e  underground pressur ized-water  concept (83) 
may y i e l d  s i g n i f i c a n t  improvements i n  BBEC ove r  t h e  o i l / r o c k ,  draw s a l t  r e fe r -  
ence system a t  high s to rage  capacities. Concepts 1, 2,  4 ,  5, 6 ,  and 7 ,  w i th  
R I  va lues  n e a r  o r  above 1.0, show l i t t l e  o r  no  p o t e n t i a l  improvement i n  de l iv -  
ered energy c o s t ,  compared with t h e  r e fe rence  concept a t  a l l  s to rage  capaci-  
ties. A l l  l i n e s  represent  nominal-condition results. Ihe dashed l i n e  (# lo )  
was included t o  show t h e  s e n s i t i v i t y  of t h e  r e s u l t s  t o  assumptions of t h e  oil- 
replacement ra te  f o r  t h e  r e fe rence  system. ?he condi t ion  considered w a s  t h a t  
of no o i l  replacement; t h i s  was designated a n  u n r e a l i s t i c  case, but was 
employed t o  d e f i n e  t h e  lower l i m i t  of  oil-replacement rates. Mne 10 on t h e  
graph is s i g n i f i c a n t  because i t  shows t h a t  t he  conclusions drawn from t h e  
graph might be a l t e r e d  i f  t h e  assuned oil-replacement rates are inaccura te .  
That i s ,  i f  t he  oil-replacement rates used i n  t h i s  s tudy  are s i g n i f i c a n t  over- 
e s t i m a t e s  of t h e  ra tes  determined from a c t u a l  t e s t i n g  and use ,  t h e  two a l t e t n -  
a t i v e  s to rage  concepts t h a t  showed promise w i l l  he c l o s e r  i n  BBEC t o  t h e  r e f -  
e rence  system, and t h e  concepts  showing l i t t l e  o r  no improvement i n  BBEC i n  
Fig. A-1 w i l l  look somewhat worse. 

The results of t h e  s e n s i t i v i t y  study are g iven  in Table A-6 €or  t h e  water/ 
steam rece ive r  power app l i ca t ion .  A l l  values  are expressed i n  terms of per- 
cent change i n  BBEC wi th  r e s p e c t  t o  t h e  r e f e r e n c e  system ope ra t ing  a t  t h e  same 
condi t ions  and using the  same economic parameters. In t h e  nominal column, t h e  
d a t a  from Fig. A-1 are presented  numerical ly .  ' he  next  two columns show the  

\ r e s u l t s  of applying the  1.44 f a c t o r  t o  t h e  media t e r m  a lone and t o  both t h e  
media and e q u i m e n t  terms, r e spec t ive ly .  We can s e e  from t h i s  d a t a  t h a t  va r i -  
a t i o n s  i n  these  parameters,  while  they a l te r  t h e  r e s u l t s  by a few percentage 
p o i n t s ,  have no e f f e c t  on our  conclusions.  Results from applying t h e  2% O&M 
to a l l  concepts r a t h e r  than t h e  v a r i a b l e  r a t e  schedule  are shown next. Again, 
t h e  pe rcen t  change i n  BBEC va lues  vary by a few p o i n t s  from t h e  nominal case, 
but t h e  conclusions remain unchanged. The l a s t  two columns in t he  t a b l e  con- 
t a i n  t h e  results of varying t h e  ESRjEDR parameter-Tarying t h e  l e v e l  of s tor -  
age use. ?he percentages aga in  change only s l i g h t l y ,  and conclusions drawn 
from t h e  nominal case a re  s t i l l  va l id .  

The e f f e c t s  of u n c e r t a i n t i e s  about  o v e r a l l  s t o r a g e  subsystem c o s t s  are shown 
i n  Figs. A-2 and A-3 f o r  6 and 15 hours o f  s to rage ,  r e spec t ive ly .  These 
c h a t t s  i l l u s t r a t e  t h e  most s i g n i f i c a n t  f i n d i n g  of  t h e  s e n s i t i v i t y  s tudy.  In 
both f i g u r e s ,  t he  underground pressur ized-water  and d i r ec t - con tac t  h e a t  
exchange concepts show t h e  most promise o f  decreas ing  energy c o s t s ,  y e t  i t  i s  
a l s o  apparent  t h a t  t he  v a l i d i t y  of o the r  conclusions depends on the  accuracy 
of t h e  c o s t  estimates. For example, at 6 hours  o f  s t o r a g e ,  i f  t h e  nominal 
re ference  system cos t  has been underestimated by 20%, the  top  of B a r  /I1 in 
Fig. A-2 would r ep resen t  t h e  a c t u a l  r e f e r e n c e  BBEC value,  and Concepts 2,  3, 
4 ,  6 ,  9 ,  and 10 would a l l  show p o t e n t i a l  improvement with respect t o  t h e  r e f -  
e r ence  system. This cond i t ion  f u r t h e r  suppor ts  t h e  caveat  t h a t  f i n a l  conclu- 
s ions  should not  be drawn f r o m  only one estimate of c o s t s .  
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B b l e  8-6. Water/Steam Power Application 3BEC 

Concept 

Percent Change in BBEC 
Hours 

of  on A l l  Low High 
o&M Storage Storage 
(2%)  Use Us e 

On Media  Equipment 
(1.44) (1.44) Storage Nominal 

4 
cn 

Oil/rock, afr/rock 

Oil/rock, sand moving bed 

Underground pressure (water, draw salt) 

Aboveground pressure (water, draw salt)  

Solution-mined cavern, draw salr 

Caloria, draw s a l t  

%be-intensive, draw salt 

Containerized s a l t ,  draw s a l t  

Direct-contact HX,  s a l t  

1 
6 

15 
1 
6 

I 5  

1 
6 
15 
1 
6 

1 
6 

15 
1 
6 
15 

1 
6 

15 
1 
6 

1 5  

1 
6 

15 

+L 1 
+ 4  
+ 7  

+ 2  
+ 2  
+ 3  

+13 
- 2  
-15 
+ 3  
+2 3 

+ 9  
+ 3  
0 

+ 2  
+ 8  
+I 0 

+2 1 
+I 0 
+ 7  

+ 3  
+ 3  

0 

1-5 
0 

- 6  

+11 
+ 5  
+ 7  
+ 2  
+ 3  
f 4  
+13 
- 1  
-1 4 

+ 3  
+2 4 

+ 9  
+ 3  

0 

+ 2  
+ 6  
+ 8  

+2 0 
+10 
i - 6  

+ 3  
+ 2  
- 1  

+ 4  
- 1  
- 7  

+ 9  
+ 4  
+ 6  

+ 1  
+ 2  
1 - 3  

+I 0 
- 3  
-1 5 
+ 2  
+17 

+ 7  
4 - 2  
- 1  
+ 2  
+ 6  
+ 8  

+17 
t 7  
+ 3  
+ 2  
+ L  
- 2  

+ 4  
- 1  
- 6  

+10 
+ 4  
+ h  

4 - 1  
+ 2  
+ 2  

+I 3 
- 1  
-14 
+ 3  
+2 3 

+ 8  
+ 3  

0 

+ 2  
+ 7  
+lo 
+2 0 
+ 9  
+ 6  

+ 3  
+ 2  

0 

f 5  
0 

- 6  

+10 
+ 4  
+ 6  

+ l  
+ 2  
+ 3  

+14 
- 1  
-15 

+ 3  
+2 3 

+ 9  
+ 3  

0 

+ 2  
+ 8  
+10 
+20 
+ 9  
f 6  

+ 3  
+ 3  

0 

+ 4  
- 1  
- 8  

+12 
4 - 7  
+11 

+ 2  
+ 3  
$ 4  

+I 2 
- 2  
-15 
4 - 3  
+2 3 

+ 9  
+ 3  

0 

+ 2  
+ 8  
+10 
+2 2 
+12 
1 - 7  
+ 3  
+ 2  

0 

+ 6  
+ 5  
+ 1  

Reference: o i l h o c k ,  draw s a l t .  
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Figure A-2. Effects of *20% Cost Uncertainty for  Water/Steam Pover Concept 
(6-hour storage capacity) 
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An ob jec t ive  of the  s to rage  program i s  t o  decrease  s to rage  subsystem c o s t s  by 
25%; Table A-7 presen t s  BBEC i n c r e a s e s  or decreases  and a s soc ia t ed  s t o r a g e  
cos t  increases  o r  decreases.  For t h e  waterlsteam rece ive r  power a p p l i c a t i o n ,  
only t h e  underground pressurized-water and t h e  d i r ec t - con tac t  h e a t  exchange 
concepts show promise of achieving t h e  program goal ;  a t  h igh  s to rage  capaci-  
t i e s ,  these concepts are expected t o  decrease a c t u a l  s t o r a g e  subsystem c o s t s  
by approximately 30% t o  40%. The o t h e r  concepts are hard ly  s i g n i f i c a n t  
improvements over t h e  s to rage  c o s t s  of t h e  r e fe rence  system. 

Table A-7. Percent Change in Storage Subsysten Cost 
(Waterlsteam power a p p l i c a t i o n )  

Hours Change i n  Change i n  
Concept Of BBEC Storage Cost 

Storage (%)  (.%I 
O i l  f r o c k ,  a i r l r o c k  

Oil / rock,  sand moving bed 

1 +11 + 75 
6 + 4  + 12 

15 + 7  + 1 1  
1 + 2  + 10 
6 4 - 2  + 8  

15 + 3  + 7  
Underground pressure  (water,  draw s a l t )  1 

6 
15 

Aboveground pressure ( w a t e r ,  draw salt) 1 
6 

Solution-mined cavern,  draw sa l t  1 
6 
15 

G l o r i a ,  draw sa l t  

Tube-intensive. draw s a l t  

1 
6 
15 
1 
6 
15 

Containerized salt, draw s a l t  1 
6 
15 

Direct-contact HX. draw sa l t  1 
6 
15 

4-1 3 
- 2  
-1 5 

+ 3  
4-2 3 

+ 9  
+ 8  
0 

+ 2  
+ 8  
+10 
+2 I 
+10 
+ 7  
+ 3  
+ 3  

0 

+ 5  
0 

- 6  

+110 
- 5  
- 40 

+ 23 
+ 9 2  

+ 70 
+ 1 2  

0 

+ 1 5  
+ 30 
+- 28 
+16 1 
f 36 
+ 16 

+ 25 
4- 12 

0 

f 3 3  
+ 12 
- 30 

Reference: nominal and used. 
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The percentage of t h e  t o t a l  s o l a r  thermal p l a n t  c o s t  t h a t  makes up t h e  s t o r a g e  
subsystem c o s t  i n c r e a s e s  wi th  i n c r e a s i n g  s t o r a g e  capac i ty .  In Table A-8,  t h e  
t o t a l  c a p i t a l i z e d  cost o f  the  complete s o l a r  thermal p l a n t  i s  given,  as w e l l  
as i t s  breakdown into s to rage  and nonstorage (p lan t )  c o s t s  ( s e e  Fq. A-I ) .  
Note that t he  s to rage  c o s t s  presented are ca l cu la t ed  f o r  the  r e fe rence  o i l /  
rock draw s a l t  system under nominal condi t ions .  

a b l e  A-8, Plant Cost Breakdawn 
(water /s t eam power 
a p p l i c a t i o n )  

Hours Capi ta l ized  Storage Plant  
Of Cost Costa Cost 

Storage ( SM) ( S W  ( $MI 

1 155 19 136 
6 248 6 1  187 
15 374 134 24 0 

I' 
I 

I: 
aReference s to rage  system, nominal condi- 

t i o n s ,  

8.4.2 Process Heat Application 

The second a p p l i c a t i o n  considered f o r  a water/steam r e c e i v e r  was t he  produc- 
t i o n  of process hea t .  Appropriate modi f ica t ions  were made t o  nonstorage 
equipnent designs;  t h e  a l g o r i t h s  used t o  determine t h e  c o s t  of t h i s  equipment 
r e f l e c t  those changes, The rece ive r  (RC) ,  h e l i o s t a t  (HC),  and balance-of- 
p l a n t  (BOP) c o s t  a l g o r i t h n s  are,  r e s p e c t l v e l y  , 

RC = 26.38 + 77- 5(A)0*8 
HC = 80A 

BOP = 149 * RP. 

The d i f f e r e n c e s  i n  cos t  a lgo r i thns  f o r  t he  power a p p l i c a t i o n  and t h e  process  
heat  a p p l i c a t i o n  are the  r e s u l t  of d i f f e r e n c e s  i n  materials requirements i n  
t h e  r e c e i v e r  subsys t em and t h e  absence of t h e  tu rb ine /gene ra to r  and related 
equipment i n  the  process  hea t  system. Subsystem costs  were der ived from va l -  
u e s ,  ob ta ined  by Sandia Nat ional  Labora tor ies ,  a s  were t h e  materials d i s t r i b u -  
t i o n s  f o r  the  r ece ive r  [6]. 

The performance d a t a  f o r  t h e  s t o r a g e  concepts  a r e  given i n  Table A-9. Again, 
t he  e f f i c i e n c i e s  have been normalized t o  the  re ference  system's e f f i c i e n c i e s  
and so ,  wi th  the except ion  of t h e  c y c l e  e f f i c i e n c i e s ,  they  are not  abso lu t e  
values. While the  o ther  a l t e r n a t i v e  concepts a r e  very c lose  t o  the o i l / r o c k  
r e fe rence  system performance, t h e  underground pressurized-water system i s  con- 
s i s t e n t l y  higher  i n  e f f i c i e n c y  and lower i n  r ecu r r ing  c o s t s  than the  re ference  
systan.  

i 
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Table A-9. WaterjSteam Process &at Application Performance D a t a  

Efficiency Ratios Other F l u i d  
Replacement 

Cost 

Hours 

Storage 
OtiM %curring 
('I Costsa First-Law Cycle Collector 

Concept of 

($/yr) 

IX1/rock (reference) 1 38 6,000 77,000 

15 9,7 15,000 1,317,000 
6 3 , 406,000 3 5 14,000 1.00 1.0 1.00 

Underground pressure (water) 1 46,000 1.02 
6 0 2 288,000 1.03 1 .o 1.01 

15 729,000 1.04 

O i l  frock excavated p i t  1 386,000 7 7,000 1 .oo 

15 9,715,000 1,317,000 1.01 

Containerized salt 1 6,000 35,000 1.00 

15  49,000 596,000 1,oo 

6 3,406,000 3 5 14,000 1.00 1.0 0.99 

6 2 3,000 3 226,000 1 .oo 1.0 0.99 

aPur chased e Ze c t  r i  c i  t y . 
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Unlike the  power app l i ca t ion  r e s u l t s ,  r e s u l t s  f o r  t h e  water/steam r e c e i v e r  
process  h e a t  a p p l i c a t i o n  suggest t h a t  a l l  o f  t h e  a l t e r n a t i v e  s to rage  concepts  
have p o t e n t i a l l y  lower energy c o s t s  than the  re ference  concept a t  some s t o r a g e  
c a p a c i t i e s  ( s e e  Fig. A-4)  ; t h e  underground pressurized-water  concept i s  par- 
t i c u l a r l y  a t t r a c t i v e  if a high s to rage  capac i ty  i s  requi red .  'Ihe contafner-  
i zed  s a l t  concept  might a l s o  be p r e f e r a b l e  a t  c a p a c i t i e s  above f i v e  hours ,  and 
t h e  o i l / r o c k  excavated p i t  concept shows a moderate energy cos t  improvement a t  
a11 c a p a c i t i e s .  Line 4 has  been included t o  i l l u s t r a t e  t h e  e f f e c t s  of  o i l  
replacement rate assumptions. Again, t h e  conclusions drawn from t h e  d a t a  may 
be s e n s i t i v e  t o  t h i s  assunpt ion;  a lower replacement r a t e  would make t h e  s a l t  
and the  excavared p i t  concepts appear l i t t l e  b e t t e r  than the  r e fe rence  
concept. 

In Table A-10 t h e  percent  change i n  u n l t  energy c o s t  wi th  respect t o  t h e  
re ference  system is shown f o r  v a r i a t i o n s  i n  s e v e r a l  parameters.  Again, t h e  
results oE t h e  s e n s i t i v i t y  s tudy  are e a s i l y  sunmarized by not ing  t h a t  t h e  
t rends  shown i n  the  ranking index p l o t  f o r  nominal condi t ions  (F ig .  A-4)  are 
maintained throughout t h e  paramet r ic  changes l i s t e d  i n  Table A-10. Al te r ing  
the O&M, F n s t a l l a t i o n ,  and i n d i r e c t  factors applied t o  t h e  s t o r a g e  subsystems 
d i d  no t  s i g n i f i c a n t l y  a l t e r  t h e  results. 

'Ihe e f f e c t s  of up t o  a 20% s to rage  c o s t  unce r t a in ty  i n  t h e  process  hea t  a p p l i -  
c a t i o n  a r e  shown i n  Figs. A-5 and A-6. ?he underground pressurized-water con- 
cept  c o n s i s t e n t l y  s tands  out as being t h e  concept most l i k e l y  t o  provide t h e  
lowest-cost  energy , even i f  major cos t -es t imate  u n c e r t a i n t i e s  s t i l l  exist. 
For the  o t h e r  concepts,  however, cos t  u n c e r t a i n t i e s  make i t  ques t ionable  to 
assme t h a t  t h e  u n i t  energy c o s t  from one system would be s i g n i f i c a n t l y  d i f -  
f e r e n t  from t h a t  of another  system; given a 20% unce r t a in ty ,  the  ranges of 
energy c o s t s  f o r  t h e s e  systems are very c lose .  

In l i g h t  of t he  25% cos t  improvement program goa l ,  t h e  values  i n  Table A-11 
sugges t  t h a t  t h e  goa l  could be achieved w i t h  an  underground pressurized-water 
system a t  c a p a c i t i e s  g r e a t e r  than bu f fe r  s to rage .  A l s o ,  t h e  conta iner ized  
sa l t  concept could adequately reduce s t o r a g e  c o s t  a t  h igh  capacities, but  t h e  
o i l / r o c k  excavated p i t  concept is not  expected t o  do so. 

?he s o l a r  thermal  p l a n t  c o s t  breakdown i s  presented  i n  Table A-12 f o r  t h e  pro- 
cess heat  app l i ca t ion .  Again, the percentage of t o t a l  p lan t  cos t  t h a t  i s  
a l l o c a t e d  to t h e  s to rage  subsystem i n c r e a s e s  w i t h  inc reas ing  s t o r a g e  capac i ty ,  
and, i n  f a c t ,  dominates the  c o s t  a t  high s to rage  capacities. 

i l  
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Pigure A-4. Water/Steau Process Application 
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=able A-11. Ik rcen t  Change i n  Storage Subsystea C o s t  
(Water/Steam Process B a t )  

b u r s  Change i n  Change i n  
Concept of BBEC Storage Cost 

St orage  ( X I  ( X I  

Underground p res su re ,  water 1 
6 

15 
Oil / rock,  excavated p i t  1 

6 
15 

Containerized s a l t  1 
6 

15 

+ 6  
-26 
-4 2 
- 2  
- 4  
-1 7 
+12 
- 4  
-1  7 

+2 5 
-5 5 
-7 1 

- 7  
-10 
-12 

+4 8 
- 9  
-30 

&ference: o i l l r o c k  system. 

Table A-12. Plant Cost Breakdown 
(Water/steam power 
a p p l i c a t i o n )  

Hours Capi ta l ized Storage Plant 
O f  Cost Costa Cost 

Storage ( S W  ( SM) ( SM) 

I 110 27 83 
6 237 108 129 

15 4 2 4  248 176 

aReference s t o r a g e  system, nominal condi- 
t i ons .  

A S  AIR RECEIVER-BRAYTON CYCLE PawEK GENeRATION 

The t h i r d  app l i ca t ion  considered i n  t h i s  s tudy was a closed Brayton cycle  
power-generation app l i ca t ion  using a n  air-cooled c e n t r a l  r ece ive r  s o l a r  
thermal p l an t .  A schemat ic .  and d e s c r i p t i o n  of t h e  p l an t  are given i n  
Volume 11, along with schematics f o r  t h e  r e fe rence  and a l t e r n a t i v e  s to rage  
subsystems, 

The c o s t  a l g o r i t h m  f o r  nonstorage p l a n t  equipnent were developed from SEBI  
data .  For  t h e  closed Brayton cycle  system w e  have 

RC 6 . 1 4 A  + 3 2 3 ( A ) O g 8  
HC = BOA 

BOP = 6 6 2  * RP. 
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Performance da ta  f o r  the th ree  s to rage  concepts a r e  given i n  T a b l e  A-13. 
While t h e  a i r / c a s t  i r o n  system demonstrates h igher  f i r s t - law e f f i c i e n c y  than  
the re ference  system, the a i r / g r a n i t e  concept e x h i b i t s  a decrease i n  e f f i -  
c iency ,  caused by h igher  pumping power requirements,  The c y c l e  e f f i c i e n c y  f o r  
the a i r l g r a n i t e  system is  a l s o  lower because t h e  temperature of t h e  a i r  en ter -  
i n g  t h e  t u r b i n e  i s  lower. 

The results of t h e  ranking, presented i n  Fig. A-7, i n d i c a t e  t h a t  t h e  a i r /  
g r a n i t e  concept is  most l i k e l y  to i nc rease  t h e  BBEC, whi le  a i r / c a s t  i r o n  s t o r -  
age would have very l i t t l e  e f f e c t  on e n e r w  cos t .  

As with the  app l i ca t ions  previously dfscussed,  v a r i a t i o n s  i n  t h e  l e v e l  of 
s t o r a g e  u s e  and i n  t h e  OM, i n s t a l l a t i o n ,  and i n d i r e c t  f a c t o r s  app l i ed  t o  t h e  
systems y i e l d  conclusions the  same a s  those drawn from nominal condi t ion 
results. The r e s u l t s  o f  t hese  parametric v a r i a t i o n s  a r e  given i n  Table A-14. 
Although the numerical values of t h e  percent  change i n  BBEC vary somewhat, 
they  do n o t  vary enough t o  a f f e c t  t h e  conclusions.  

Cost-uncertainty e f f e c t s  f o r  6-hour and 15-hour c a p a c i t i e s  (Figs.  A-8 and A-9) 
do not  a l t e r  t h e  conclusions i n  t h i s  case;  t h e  a i r / g r a n i t e  system s t i l l  
appears t o  be undesirable ,  and t h e  a i r l c a s t  i r o n  system remains almost i d e n t i -  
c a l  t o  t h e  a i r /a lumina  reference.  These conclusions a re  borne ou t  by t h e  d a t a  
i n  Table A-15, i n  which t h e  a i r l c a s t  iron concept appears t o  have as l i t t l e  
e f fec t  on s to rage  subsystem c o s t  a s  on energy cos t ,  and t h e  a i r / r o c k  concept 
i s  even l e s s  a t t r a c t i v e  when t h e  s to rage  c o s t s  a r e  compared. The p lan t  c o s t  
breakdowns f o r  each s t o r a g e  capac i ty  of t h e  re ference  concept a t  nominal con- 
d i t i o n s  a r e  shown i n  Table A-15. 

'hble A-14. Ereeat Change in Storage Subsystem t b s t  
(Brayton e l e c t r i c  power app l i ca t ion )  

Hours Change in Change i n  
Concept Of BBEC Storage Cost 

S t  orage ( X  1 ( X I  

A f r / c a s t  iron 

Oil/ rock,  excavated p i t  

+ o  - 4  
0 - 2  

1 
6 

15 + 1  - 2  

1 +7 1 +400 
6 +3 6 +I07 

1 5  +4 3 + 5 4  

Reference: a i r /a lumina b r i c k  system. 
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Figure 8-8. Effects of *20% Cost Uncertainty for Brayton Power 
(6-hour storage capacity) 
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Table 8-15. Plant Cost Breakdown 
(Brayton power cycle  
a p p l i c a t i o n  ) 

Hours Capi ta l ized  Storage P lan t  
of  Cost Costa c o s t  

Storage ( $MI ( S W  ( SM) 

1 33 2 25 307 
6 537 135 402 
15 824 332 40 2 

aReference s to rage  system, nominal condi- 
t ions. 

8.6 ORGANIC FLUID RECEIWR--TOTAL ENERGY SYSTpn 

The f i n a l  app l i ca t ion  inves t iga t ed  i n  t h i s  s tudy  w a s  an organic  f l u i d ,  para- 
b o l i c  d i s h  s o l a r  thermal p l a n t  used as  a t o t a l  energy system; i .e. ,  t h e  des ign  
f o r  the  Shenandoah, Georgia, system. 'Ihe p l a n t  schematic and t h e  s to rage  sub- 
system schematics and cond i t ions  are  g iven  i n  Volume 11. 

Nonstorage c o s t s  f o r  t h i s  a p p l i c a t i o n  were broken down i n t o  only two catego- 
ries, because c o l l e c t o r  and r e c e i v e r  c o s t s  are combined i n t o  one subsystem. 
'he c o s t s  were ca l cu la t ed  as 

RC + HC = 2 0 3  
BOP = 7100 * RP. 

These a lgo r i thns  were a l s o  developed u s i n g  S E R I  data .  

The performance of the  assoc ia ted  s to rage  concepts ( % M e  A-16) appears t o  be  
very similar. The lower temperatures  d e l i v e r e d  by t h e  two a l t e r n a t i v e  systems 
(see the  t a b l e )  account f o r  t h e i r  s l i g h t l y  lower cycle e f f i c i e n c i e s .  'Ihe 
a c t u a l  r e fe rence  cycle e f f i c i e n c y  was approximately 15%. 

Calculat ing the  ranking index €or  the  concepts y i e l d s  t h e  curves shown in 
Fig. A-10. Neither  a l t e r n a t i v e  concept r ep resen t s  a s i g n i f i c a n t  improvement 
i n  u n i t  energy c o s t ,  compared with the  Syl therm/taconi te  re ference  concept. 
The d i rec t -contac t  h e a t  exchange concept may y i e l d  an  improvement a t  high 
c a p a c i t i e s ,  bu t ,  as seen i n  Table A-17, i t  i s  a very s l i g h t  improvement. A s  
wi th  t h e  o t h e r  app l i ca t ions  a l ready  d iscussed ,  varying t h e  O&M percentage,  t h e  
var ious  economic f a c t o r s ,  and the  l e v e l  of s to rage  use does n o t  s i g n i f i c a n t l y  
affect our  conclusions.  

F igu res  A-ll and A-12 i l l u s t r a t e  t h e  similar busbar  energy c o s t s  provided by 
these  concepts. The d i r e c t r o n t a c t  concept does not  appear t o  be a t t r a c t i v e  
a t  s ix  hours  of s to rage ,  even i f  c o s t  u n c e r t a i n t i e s  are  taken  i n t o  conaidera- 
t i on .  
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M e r e  A-11. Effects of f20X Cost Uncertainty for  Organlc Total Energy 
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a b l e  A-16. Ckganic Total Energy Systen: Rerformance Data 

Fluid  Eff ic iency  Ra t ios  

Cost 

Hours 

Storage 

Replacement O&M 

(%) Firs t -Law Cycle Collector  
Concept O f  

( $/yr 1 
~~ ~ ~~~~~~ ~~~~ ~~~~ 

Syl thermft  acon i t e  1 5,000 
( r e f e r e n c e  system) 6 43,000 3 1.0 1.0 1.0 

15 119,000 (0.15) 

H i  t e  c, two-tank 1 1,000 

15 20,000 

Direct-contact  , 1 400 

15 6,000 

6 8,000 2 1.0 0.99 1.0 

phase change 6 2,000 4/  2 1.0 0.99 1.0 

With t h a t  except ion,  based OR a n t i c i p a t e d  BBEC, t he  bar  graphs suggest t h a t  
one concept is no more a t t r a c t i v e  than  t h e  o t h e r s  a t  m i d d l e  and h igh  s t o r a g e  
capac i t i e s .  

The expected changes i n  s t o r a g e  subsystem c o s t s  are given i n  Table A-18. ki- 
t h e r  of t he  a l t e r n a t i v e  systems has t h e  p o t e n t i a l  t o  meet t h e  program goa l  o f  
a 25% decrease  i n  cos t .  'Ihe p l a n t  breakdown i s  presented i n  Table A-19, and 
i t  i n d i c a t e s  t h a t  the  percentage of t h e  t o t a l  s o l a r  thermal p lan t  c o s t  t h a t  
would have t o  be a l l o c a t e d  t o  s t o r a g e  i s  much lower f o r  t h i s  sys tem and appl i -  
ca t ion  than f o r  t h e  o the r s  w e  examined. \ 

B b l e  A-18. Percent Change in Storage Subsys tm Cost 
(Organic t o t a l  energy app l i ca t ion )  

Hours Change i n  Change i n  
Concept Of BBEC Storage Cost 

Storage ( X I  ( X I  

Hi t ec  1 + 9  - 9 5  
6 + 5  + 32 

15 4 - 2  + 8  

Direct-contact ,  phase change 1 +2 0 $200 
6 + 8  + 50 

15 - 2  - 8  

Reference: Syl  thermft aconi  t e  system. 
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lkble A-17. Organic Total Energy System 

Concept 

Percent Change in BBEC 
Hours 
of on A l l  LOW Hf gh '" Storage Storage 

(2%) Use Us e 
Storage Nominal On &dia Equipment 

4 4 )  { 1.4 4) 

W 
m 

H i  rec 1 + 9  + 9  + 7  + 9  4-9 + 9  
6 i - 5  1-5 + 3  + 6  + 5  + 5  

15  + 2  + 2  + 2  + 2  4 - 2  4 - 2  

Air /r o ck 1 +20 +19 +I 6 +19 +20 +20 
6 + 8  + 9  + 6  + 8  + R  + 8  

15 - 2  - 1  - 3  + 6  - 2  - 2  

Reference: Syltherm/taconite system. 
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Table 8-19. Plant Cost Breakdown 
(Organic t o t a l  energy 
a p p l i c a t i o n )  

Hours Capi ta l ized  Storage Plant  
of Cost Costa Cost 

Storage ( SM) ( $MI ($MI 

1 2282 267 2015 
6 4575 857 37 18 

15 7252 1897 5 3 5 5  
I 

aReference s to rage  system, nominal condi- 
t ions. 

8.7 CONCLUSIONS 

Results of t h e  s e n s i t i v i t y  s t u d i e s  conducted f o r  each of  t h e  so l a r  thermal  
system app l i ca t ions  have now been presented.  Several  genera l  conclusions can 
be drawn t h a t  appear  t o  be t r u e  f o r  a l l  t h e  app l i ca t ions .  

Referr ing t o  the  s torage  cos t  c a l c u l a t i o n  [Eq. ( A - 3 ) ] ,  we found t h a t  var ia -  
t i o n s  i n  t h e  f a c t o r s  FM, FN, and FOM d i d  not  produce d i f f e r e n t  conclusions 
than the  ones t h a t  were drawn from the  nominal case. That i s ,  varying t h e  
f a c t o r  applies f o r  i n s t a l l a t i o n  and d i r e c t  c o s t s  a s soc ia t ed  w i t h  t h e  s t o r a g e  
media (FM) between 44% and 95% o f  t he  media cos t  d i d  not produce a s i g n i f i c a n t  
v a r i a t i o n  i n  results. !the concepts t h a t  appeared promising--in terms of 
decreasing u n i t  energy costs--with FM = 1.44 remained promising with FM = 
1.95. 'he same e f f e c t  was observed when FN, t h e  f a c t o r  accounting f o r  ind i -  
rect c o s t s  of s to rage  equipment, var ied  between 1.44  and 1.95 o r  44% and 95% 
of t h e  i n i t i a l  c a p i t a l  investment. Also, as t h e  FOM terms were var ied ,  
thereby varying the  O&M percentage appl ied  t o  each s to rage  concept,  t he  con- 
c l u s i o n s  aga in  remained unchanged. 

Although varying t h e  economic f a c t o r s  d i d  n o t  y i e l d  s i g n i f k a n t  v a r i a t i o n s  i n  
r e s u l t s ,  two o ther  condi t ions may indeed have some e f f e c t  on the  conclusions 
of t h i s  study. The s tudy ' s  r e s u l t s  are  s e n s i t i v e  t o  t h e  accuracy of t h e  
assumed Glo r i a  replacement r a t e  f o r  waterlsteam rece ive r  app l i ca t ions .  I f  

) .  . .  

t h e  rates assuned are overes t imates  of t h e  a c t u a l  amounts required,  t h e  rank- 
ing  index would be higher  f o r  each of t h e  waterlsteam rece ive r  s torage  con- 
cepts .  If t h i s  should be  t h e  case, t h e  a l t e r n a t i v e  concepts t h a t  appeared 
rnargfnally promising would then apppear t o  be less promising than the  r e f e r -  
ence concept. The degree to which t h e  results would be a f f e c t e d  depends on 
the  degree of inaccuracy i n  the  replacement-rate assumption. 

The o v e r a l l  unce r t a in ty  about s t o r a g e  subsystem c o s t s  can a l s o  a f f e c t  t h e s e  
conclusions.  An uncer ta in ty  of 20% means w e  are de f in ing  a range of poss ib l e  
costs r a t h e r  t h a n  a s i n g l e  value. Although t h e  nominal u n i t  energy c o s t  of a 
concept may be higher  than t h a t  of i t s  re ference  concept,  i f  the  range of 
u n c e r t a i n t y  i s  considered, t h e  two systems' p red ic ted  energy c o s t s  may over- 
lap.  This condi t ion prompts the  caveat  t h a t ,  f o r  concepts i n  which t h i s  
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overlap exists ,  our conclusions about which concept is most promising are no t  
def i n f t i v e .  

Conclusions were a l s o  drawn about  t h e  s p e c i f i c  s t o r a g e  concepts  considered f o r  
each app l i ca t ion .  For t he  water/steam r e c e i v e r  power-generation a p p l i c a t l o n ,  
t h e  busbar  energy c o s t  of  t h e  underground pressurized-water,  draw s a l t  concept 
i s  a s i g n i f i c a n t  improvement above about six hours of s torage.  The d i r e c t -  
c o n t a c t  h e a t  exchange, d r a w  s a l t  concept e x h i b i t s  less d rama t i c  b u t  s t i l l  sig- 
n i f i c a n t  BBEC improvments above e i g h t  hours  of s torage ,  

In t h e  water18 team rece ive r ,  p rocess  h e a t  gene ra t ion  a p p l i c a t i o n  with under- 
ground pressurized-water  appeared to be very promising f o r  bath  midrange and 
high-capaci ty  s torage .  Container ized-sal t  and o i l / r o c k  excavated-pit  s to rage  
appeared t o  have lower u n i t  energy c o s t s  at  a l l  s to rage  c a p a c i t i e s ,  but not: as 
s i g n i f i c a n t l y  lower as  the  pressurized-water concept. 

For both t he  a i r  r ece ive r  Brayton cycle  power genera t ion  a p p l i c a t i o n  and t h e  
o rgan ic  f l u i d  t o t a l  energy system a p p l i c a t i o n ,  none of t h e  a l t e r n a t i v e  s t o r a g e  
concepts considered promise t o  s i g n i f i c a n t l y  reduce the  busbar energy c o s t ,  
compared w i t h  the r e fe rence  s t o r a g e  concepts.  

It is important t o  note  t h a t  t h e  conclusions given he re  are based s o l e l y  on 
t h e  results genera ted  in t h i s  s e n s i t i v i t y  s tudy ,  The conclusions and results 
of the  o v e r a l l  s tudy are presented i n  t h e  body of the  r epor t .  

E 
I 
I 

I 
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LIST OF VARIABLES 

A 

CEX 

FCR 

F I  

FM 

FN 

F OMx 

FLU ID 

FUEL 

A LFF 

LFOM 

RP 

2 Gross c o l l e c t o r  area (m ) 

Cost of energy-related equipment; e.g., s t o r a g e  t anks ,  piping, 
i n s u l a t i o n .  Subscr ipt  i n d i c a t e s  s t o r a g e  stage--first o r  second--if 
a p p l i c a b l e  

Cost of power-related equipment; e.g., pumps, h e a t  exchangers. Subs- 
c r i p t  i n d i c a t e s  s t o r a g e  s t age - - f i r s t  o r  second--if a p p l i c a b l e  

Fixed charge  r a t e  ( s e e  Table A-1) 

Factor  accounting for i n s t a l l a t i o n  and o the r  d i r e c t  c o s t s  of s t o r a g e  
equipnent  

Fac to r  account ing f o r  i n s  t a l l a t i o n  and i n d i r e c t  c o s t s  of s t o r a g e  media 

Factor  account ing f o r  i n d i r e c t  c o s t s  of s t o r a g e  equipment 

Fac to r  account ing f o r  ope ra t ions  and maintenance c o s t s  f o r  s to rage  
s t age 

b s t  of annual  s t o r a g e  g e d i a  replacement 

Cost of purchased e l e c t r i c i t y  of thermal energy requi red  by s t o r a g e  
subsystem 

Level iz ing  f a c t o r  for f u e l  

Level iz ing f a c t o r  €or O&M 

Rated power of solar thermal  p l a n t  (kW) 
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