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FOREWORD 

Under the  sponsorship o f  t he  U.S. Department o f  ~ n e r ~ ~ l s  D i v i s i o n  o f  

Centra 1 Solar  Technology, the P a c i f i c  Northwest Laboratory performed a com- 

p a r a t i v e  ana lys is  o f  s o l a r  thermal conversion concepts t h a t  are p o t e n t i a l  l y  

s u i t a b l e  f o r  development as. sma,ll e l e c t r i c  power systems (1 t o  10 MWe). 

Cogeneration and t o t a l  energy systems were beyond t h e  scope o f  t h i s  study. 

Seven .generic types o f  co l . lectors,  together  w i t h  associated subsystems 

f o r  e l e c t r i c  power generat ion, were considered. The c o l l e c t o r s  can be c l a s s i -  

f i e d  i n t o  th ree  categor ies:  1 )  two-axis t r a c k i n g  ( w i t h  compound-curvature 

r e f l e c t i n g  surfaces),  2 )  one-axis t r a c k i n g  ( w i t h  s ing le -curva ture  r e f l e c t i n g  

sur faces) ,  and 3)  nontrack' ing ( w i t h  low-concentrat ion r e f 1  e c t i n g  sur faces) .  

A l l  seven c o l l e c t o r s  were analyzed i n  conceptual system con f i gu ra t i ons  w i t h  

Rankine-cycle engines. I n  add i t i on ,  two o f  the  c o l l e c t o r s  ( t h e  Po in t  Focus 

Centra l  Receiver and t h e  Po in t  Focus D i s t r i b u t e d  -Receiver) were analyzed w i t h  

Brayton-cyc le engines, and the l a t t e r  o f  the  two a lso  was analyzed w i t h  

S t i r l i n g - c y c l e  engines. Wi th  these engine opt ions,  10 systems were formulated 

f o r  ana lys is .  

This i s  the  second volume o f  a f ive-volume r e p o r t  on the  work performed 

t o  analyze t h e  a l t e r n a t i v e  concepts, and t h e . r e s u l t s  obtained. Inc luded i n  

t h i s  volume are d e t a i l e d  desc r ip t i ons  o f  the concepts analyzed, and the  key 

ground r u l e s ,  assumptions, and design c o n s t r a i n t s  used i n  the  ana lys is .  The 

f i v e  volumes are: 

Volume I Execut ive Summary 

Volume I 1  I d e n t i f i c a t i o n  and Charac te r i za t i on  o f  Concepts f o r  

Analys is  

Volume I 1 1  Ana lys is  o f  Concepts 

Volume I V  Comparative Ranking o f  Concepts 

Volume V SOLSTEP - A Computer Model f o r  Solar  P lan t  System 

Simulat ions. 

iii 
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ASSESSMENT OF SOLAR OPTIONS 

FOR 

SMALL POWER SYSTEMS APPLICATIONS 

VOLUME I1 

IDENTIFICATION AND CHARACTERIZATION 
OF CONCEPTS FOR ANALYSIS 

1.0 INTRODUCTION 

Under the sponsorship of the U .S. Department of Energy's (DOE) Division 
of Central Solar Technology, the Pacific Northwest Laboratory (PNL)  performed,, 
a comparative analysis of solar thermal conversion concepts for  small e l ec t r i c  
power applications. This document i s  the second volume of the PNL report on 
the work performed . 

1.1 STUDY PURPOSE 

The primary purpose of th i s  study i s  to  provide DOE with an independent, 
objective assessment of the principal solar thermal conversion concepts tha t  
have the potential for achieving commercial success as small e l ec t r i c  power 
systems in the 1- t o  10-MWe range. This assessment was performed concurrently 
with a similar assessment by the Solar Energy Research Ins t i tu t e  (SERI). The 
resu l t s  of these assessments will serve as guidance fo r  DOE t o  make decisions 
on which concepts warrant pr ior i ty  attention in further technology development. 

1.2 STUDY SCOPE 

Seven generic types of col lectors ,  together with associated subsystems 
f o r  e l ec t r i c  power generation, were considered in t h i s  study. The col lectors  
can be ciassif  ied into three categories: 1) two-axis tracking (with compound 
curvature ref lect ing surfaces),  2) one-axis tracking (with sing1 e-curvature 
ref1 ec t i  ng surfaces),  and 3 )  nontracki ng (with low-concentrat.ion ref 1 ecting 
surf aces). 

,f 

1.1 



These c o l l e c t o r s  can be combi ned w i t h  energy t ranspor t ,  energy storage, 

and power conversion.subsystems i n  a wide v a r i e t y  o f  ways t o  fo rmula te  concep- 

t u a l  systems f o r  e l e c t r i c  power generat ion. I n  t h i s  study, a t t e n t i o n  was 

r e s t r i c t e d  t o  conf i g u r a t i  ons t h a t  are po tent  i a1 1 y s u i t a b l e  f o r  development as 

smal l  power systems ( 1  t o  10 MWe) i n  t h e  long term (1990 t o  2000), w i t h  i n i t i a l  

commerc ia l i za t ion  by the  m i  d-1980s. Cogeneration and t o t a l  energy systems were 

beyond t h e  scope o f  t h i s  study. 

A l l  seven types o f  c o l l e c t o r s  were analyzed i n  conceptual system conf igu-  

r a t i o n s  w i t h  Rankine-cycle engines. Because they  can operate a t  p a r t i c u l a r l y  

h i g h  concent ra t ion  r a t i o s ,  two of the  c o l l e c t o r s  ( t h e  Po in t  Focus Cent ra l  

Receiver and t h e  P o i n t  Focus D i s t r i b u t e d  Receiver)  were a lso  analyzed w i t h  

Bray ton-cyc le  engines. I n - a d d i t i o n ,  t he  l a t t e r  o f  the  two.was analyzed w i t h  

S t i r 1  i ng -cyc le  engines. With these engi'ne opt ions,  10 conceptual systems were 

fo rmula ted  f o r  ana lys is .  

1.2.1 P r i n c i p a l  Tasks 

The f o u r  p r i n c i p a l  tasks  inc luded i n  t h i s  s tudy are as fo l l ows :  

Task 1 - Determinat ion  and Charac te r i za t i on  of Concepts f o r  Analys is :  

The o b j e c t i v e s  o f  t h i s  t ask  were t o  determine the  so la r  thermal con- 

cepts t h a t  would be analyzed, and t o  acqu i re  and evaluate the  l i t e r a -  

t u r e  a v a i l  ab le  on each. 

Task 2 - Systems Ana lys is :  Each o f  t he  a l t e r n a t i v e  concepts se lec ted  

i n  Task 1 was analyzed t o  determine t h e  l e v e l i z e d  energy cos t  r e q u i r e d  

f o r  opera t ion  a t  a nominal poker l e v e l  o f  5 MWe w i t h  an annual capa- 

c i t y  f a c t o r  o f  0.4 and w i t h  cos ts  amort ized over 30 years. 

Task 3 - S e n s i t i v i t y  ~ n a l y s i s :  The e f f e c t  on each o f  the  a l t e rna -  

t i v e  concepts o f  va ry ing  r a t e d  power and annual capac i t y  f a c t o r  was 

determi ned . 
Task 4 - Concept Ranking: The a l t e r n a t i v e  concepts were ranked on 

t h e  b a s i s  o f  seven a t t r i b u t e s  considered i n  t h e  analyses performed 

as p a r t  o f  Tasks 2 and 3, together  w i t h  preference data  f o r  the  

a t t r i b u t e s  ob ta ined f rom in te rv iews  o f  managers represent ing  t h e  

u t i l i t y  i n d u s t r y  and DOE. M u l t i a t t r i b u t e  u t i l i t y  methodology was 

used t o  per form t h e  ranking.  



1.2.2 L i m i t a t i o n s  

Wi th in  the  c o n s t r a i n t s  imposed $by the  performance c h a r a c t e r i s t i c s  o f  the  

s o l a r  c o l l e c t o r  subsystems, t h e  ope ra t i ng  cond i t i ons  (e.g., t u r b i n e  i n l e t  

temperature) f o r  a1 t e r n a t f v e  concepts t h a t  work on the  same c y c l e  (e.g., 

Rankine) were t h e  same. This  f a c i l i t a t e d  t h e  i d e n t i f i c a t i o n  o f  d i f f e rences  

among concepts t h a t  could be a t t r i b u t e d  t o  the d i f f e r e n t  c o l l e c t o r  subsystem 

designs. No attempt was made t o  perform a d e t a i l e d  o p t i m i z a t i o n  o f  each con- 

ceptual  design. Rather, designs best  s u i t e d  f o r  a comparative eva lua t i on  o f  

t h e  concepts were f ormul ated. 

1.3 SCOPE OF VOLUME I1 

The seven gener ic  types o f  c o l l e c t o r s  considered i n  t h i s  study, and the  

conceptual system con f i gu ra t i ons  i n  which they  were analyzed, a re  descr ibed i n  

d e t a i l  i n  t h i s  volume. The manner i n  which the  gener ic  concepts were se lec ted  

i s  described i n  Sect ion 2.0. Presented i n  Sect ion 3.0 are  t h e  key ground 

r u l e s ,  assumptions, and design c o n s t r a i n t s  used i n  the performance analyses. 

The a l t e r n a t i v e  system conf igura t ions  are  described i n  Sect ion 4.0, and t h e  

approach taken t o  est imate subsystem costs, replacement c a p i t a l  costs,  and 

opera t ing  and maintenance cos ts  i s  discussed i n  Sect ion 5.0. Subsystems 

standardized fo r  the  concepts are described i n  Appendix A, and cost  est imates 

f o r  t h e  concepts are  summarized i n  Appendix B. 



2.0 SELECTION OF CONCEPTS FOR ANALYSIS 

The i n i t i a l  task o f  t h i s  s tudy was t o  i d e n t i f y  t h e  g e n e r i . ~  types o f  s o l a r  

thermal conversion concepts t o  be analyzed. I n  con junc t ion  w i t h  t h i s  task  an 

extensive l i t e r a t u r e  search was performed, and s p e c i a l i s t s  i n  s o l a r  thermal 

research and development who could l a t e r  p rov ide  assis tance were i d e n t i f i e d .  

The r e s u l t s  o f  these i n i t i a l  e f f o r t s  were documented i n  an e a r l i e r  r e p o r t  

(Apley 1978). 

2.1 BASIS FOR SELECTION 

E l e c t r i c  power may be produced from s o l a r  energy i n  a wide v a r i e t y  o f  

ways. A t t e n t i o n  was r e s t r i c t e d  i n  t h i s  s tudy t o  s o l a r  energy systems t h a t  

meet the  f o l l o w i n g  r e q u i s i t e s :  1)  power i s  generated v i a  thermal energy con- 

ve rs ion  ( r a t h e r  than, say, by p h o t o v o l t a i c  energy convers ion) ,  2) t he  power 

range i s  1 t o  10 MWe, and 3)  the  concepts have the  p o t e n t i a l  f o r  commercial i -  

z a t i o n  i n  t h e  1990-2000 t ime  frame. 

The process fo l lowed i n  t h i s  study t o  ca tegor ize  s o l a r  c o l l e c t o r s  and the  

power genera t ion  subsystems used w i t h  them i s  i l l u s t r a t e d  i n  F igu re  2.1. 

Re fe r r i ng  t o  Step 1 o f  t h a t  f i gu re ,  so la r  c o l l e c t o r s  may be c l a s s i f i e d  as 

e i t h e r  t r a c k i n g  o r  nontrack ing.  Those i n  the  former category use e i t h e r  one- 

ax is  or two-axis t r a c k i n g  systems (F igure  2.1, Step 2).  Because any c o l l e c t o r  

c o n s i s t s  o f  a concent ra tor  ( w i t h  a h i g h l y  r e f l e c t i v e  sur face)  and a r e c e i v e r  

( w i t h  a heat absorpt ion surface),  t r a c k i n g  c o l l e c t o r s  may be f u r t h e r  categor-  

i zed  according t o  whether t he  concent ra tor  moves, t h e  rece i ve r  moves, o r  bo th  

move (F igure  2.1, Step 3) .  

I n  a one-axis t r a c k i n g  c o l l e c t o r  i t  i s  necessary t o  move o n l y  the  rece i ve r  

o r  t h e  concent ra tor  t o  t r a c k  the  sun. Thus, t h e  one-axis t r a c k i n g  concentra- 

t o r / t r a c k i n g  r e c e i v e r  op t i on  i s  no t  c a r r i e d  beyond Step 3 i n  F igure  2.1. The 

o ther  two opt ions  i n  t h i s  category, one w i t h  a t r a c k i n g  r e c e i v e r  and t h e  o ther  

w i t h  a t r a c k i n g  concentrator ,  lead t o  several  conceptual systems. I n  t h e  

former, t he  t r a c k i n g  system and f l e x i b l e  p i p i n g  connect ions necessary f o r  t h e  

r e l a t i v e l y  heavy rece i ve r  r e s t r i c t  the a p p l i c a b i l i t y  o f  t h i s  op t i on  t o  d i s -  

t r i b u t e d  modules, as noted i n  F igu re  2.1. The l a t t e r  op t i on  leads t o  two 
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a l t e r n a t i v e s .  F ixed rece i ve rs  w i t h  one-axis t r a c k i n g  concentrators can be used 

i n  d i s t r i b u t e d  modules, or  a s i n g l e  f i x e d  rece i ve r  can be c e n t r a l l y  loca ted  i n  

a f i e l d  o f  concentrators t h a t  d i r e c t  i n c i d e n t  s o l a r  energy t o  it. 

Re fe r r i ng  t o  Step 4 o f  F igure 2.1, one of the  two-axis t r a c k i n g  op t ions  

i s  t he  f i xed ,  d i s t r i b u t e d  rece i ve r  w i t h  a t r a c k i n g  concentrator .  This  o p t i o n  

i s  not c a r r i e d  beyond Step 4 because i t s  performance i s  s u b s t a n t i a l l y  i n f e r i o r  

t o  the  a1 t e r n a t i v e  two-axis t rack ing ,  d ' i s t r i b u t e d  r e c e i v e r  opt i o n  w i t h  t h e  

rece i ve r  mounted a t  the f o c a l  p o i n t  o f ,  and t r a c k i n g  w i th ,  the concentrator .  

The f i n a l  step i l l u s t r a t e d  i n  F igu re  2.1 i nvo l ves  the  s e l e c t i o n  o f  appro- 

p r i a t e  thermodynamic cyc les  f o r  power generat ion. Three cyc les  were consid-  

ered: Brayton, Rankine, and S t i r l i n g .  

Brayton engines and, t o  a lesser  ex ten t ,  S t i r l i n g  engines operate econom- 

i c a l  l y  o n l y  a t  h igh  temperatures ( ~ 1 5 0 0 ~ ~ ) .  Accordingly,  these engines were 

considered f o r , u s e  o n l y  w i t h  two-axis t r a c k i n g  systems, which are capable o f  

developing h igh  temperatures because o f  t h e i r  h igh  concent ra t ion  r a t i o s .  

Brayton engines are a v a i l a b l e  i n  u n i t  s izes  f o r  a r e l a t i v e l y  l a r g e  range o f  

power leve ls ;  there fore ,  they  were se lec ted  f o r  ana lys is  w i t h  both the  P o i n t  

Focus Centra l  Receiver and t h e  Po in t  Focus D i s t r i b u t e d  Receiver concepts. 

S t i r l i n g  engines show p a r t i c u l a r  promise f o r  modular a p p l i c a t i o n s  and were, 

there fore ,  se lec ted  f o r  ana lys is  w i t h  t h e  Po in t  Focus D i s t r i b u t e d  Receiver 

concept. 

Rankine-cycle engines have been developed f o r  low-temperature as we l l  as 

high-temperature app l i ca t i ons .  They were, there fore ,  se lec ted  f o r  ana lys i s  

w i t h  a l l  types of c o l l e c t o r s  considered i n  t h i s  study. A c e n t r a l l y - l o c a t e d  

Rankine power p l a n t ,  r a t h e r  than d i s t r i b u t e d  Rankine engines, i s  used i n  t h i s  

study i n  conceptual systems w i t h  d i s t r i b u t e d  c o l l e c t o r s .  Because o f  increas-  

i n g  demands f o r  scarce water resources, p a r t i c u l a r l y  i n  t h e  a r i d  Southwest, 

t h i s  s tudy i s  based on the use o f  d r y  coo l i ng  w i t h  a l l  Rankine-cycle systems. 

I n  summary, t h e  process i l l u s t r a t e d  i n  F igu re  2.1 l e d  t o  the  s e l e c t i o n  o f  

seven gener ic  ' t ypes  o f  c o l l  ec to rs  f o r  ana lys is .  A1 1 seven c o l l  ec to rs  were 

analyzed i n  conceptual system c o n f i g u r a t i o n s  w i t h  Rankine-cycle engines. I n  

add i t ion ,  two o f  the  c o l l e c t o r s  ( t h e  P o i n t  Focus Cent ra l  Receiver and the  



P o i n t  Focus D i s t r i b u t e d  Receiver) were analyzed w i t h  Brayton-cyc le engines; 
I 

j 
! 

t h e  l a t t e r  o f  t h e  two was a l s o  analyzed w i t h  S t i r l i n g - c y c l e  engines. Wi th  

these engine opt ions,  10 conceptual systems were ' fo rmula ted  f o r  ana lys is .  
A / 

These are l i s t e d  i n  Table 2.1, t o g e t h e r . w i t h  t h e  nomenclature used t o  i d e n t i f y  

them i n  subsequent sec t ions  o f  t h i s  repo r t .  

2.2 SOURCES OF INFORMATION 

In fo rma t ion  needed f o r  t h i s  s tudy was acquired from two sources: a v a i l -  

, ab le  l i t e r a t u r e  and i n d i v i d u a l s  invo lved i n  t h e  development o f  s o l a r  thermal 

power. 

TABLE 2..1. Concepts Selected fo r  Analys is  

Concept 

TWO-AXIS TRACKING 

Po in t  Focus Cent ra l  Receiver 

Po in t  Focus D i s t r i b u t e d  Receiver 

F ixed M i r r o r  D i s t r i b u t e d  Focus 

ONE-AXIS TRACKING 

L i n e  Focus Cent ra l  Receiver 

L i n e  Focus D i s t r i b u t e d  Receiver 

Track i n q  Concentrator 

Tracking Receiver 

NONTRACKING 

Low-Concentration Nontracking 

thermodynamic 
Cycle 

(Rankine 

\ Brayton 

Ranki ne 

Brayton 

S t i r l i n g  

Rank i ne 

Rank i ne 

Rank i n e  

Rank i ne 

Rank i ne 

FMDF 

LFCR 

LFDR- TC 

LFDR-TR 



2.2.1 L i t e r a t u r e  Review 
, , . . 

An ex tens ive  l i t e r a t u r e  search was conducted, d u r i n g  the  i n i t i a l  'phase o f  
. .. 

t h i s  <tudy ( ~ a n i a r ;  t o  June 1978). dl 1 s o l &  energy updates, DOE/ERDA energy 
' 

. . 

resour& abs t rac ts ,  gbvernment' r'epbrts', annobncements; inb i n d i i e s ,  s o l $ r  

d i r e c t o r i e s ,  s o l a r  handbobkk, enginee;ing ind ices ,  and phys ics  abs t rac t s  were ' 

. . 
r ev  i e i ed ,  . and , a  comprehensive computer sea rch  o f  a1 1 energy . . i n fo rma t i on  da th  . . 

bases' completed. 

From the  l i t e r a t u r e  and f rom sources o f  i n fo rma t i on  no t  y e t  publ ished,  an 

ex tens ive  data base f o r  c h a r a c t e r i z i n g  and eva lua t i ng  t h e  concepts was estab-  

l i shed .  This  inc luded data f rom t e s t  f a c i l i t i e s ,  i n fo rma t i on  f rom organiza- 

t i o n s  i nvo l ved  i n  t h e  development o f  i n d i v i d u a l  concepts, and c o s t  and 

performance data f rom manufacturers. 

The da ta  base and re fe rence m a t e r i a l s  were updated as new i n f o r m a t i o n  

became a v a i l a b l e  du r i ng  t h e  course o f  t h e  study. An index o f  t h i s  i n f o r m a t i o n  

was mainta ined on a magnetic card f i l e  f o r  ease i n  updat ing it. A l l  re fe rence 

m a t e r i a l s  were r e a d i l y  a v a i l a b l e  t o  members o f  t h e  p r o j e c t  team; these ma te r i -  

a l s  were used e x t e n s i v e l y  throughout  t h e  study. 

2.2.2 Contacts Made w i t h  Solar  R&D Personnel 

I n  con junc t i on  w i t h  t h e  l i t e r a t u r e  review, a concerted e f f o r t  was begun 

dur ing  t h e  i n i t i a l  phase o f  t h i s  s tudy t o  i d e n t i f y  t h e  major  component manu- 

fac  t u r e r s  and system designers i nvo l ved  i n  s o l a r  thermal research and devel -  

opment. Over 50 sources were i d e n t i f i e d  and contacted.  These i nc luded  

i n d i v i d u a l s ,  i n s t i t u t i o n s ,  and companies w i t h  experience i n  s o l a r  component 

design, power generat i o n  system layout ,  a1 t e r n a t  i v e  thermal cyc les,  energy 

t r a n s p o r t  f l u i d s ,  and advanced thermal and e lec t rochemica l  s torage methods. 

As t h e  s tudy progressed, a d d i t i o n a l  con tac ts  were made as necessary t o  

acqui re needed in format ion.  Every e f f o r t  was made t o  i d e n t i f y  more than one 

source o f  i n f o r m a t i o n  on any g iven t o p i c ,  p a r t i c u l a r l y  when c o s t  and/or pe r -  

formance data were needed. 



Three consul tants were placed under .cont rac t  t o  a s s i s t ' i n  t h i s  study: 

1) D r .  L o r i n  L. Vant-Hull o f  the Un i ve r s i t y  o f  Houston .Solar Energy Laboratory, 

who assisted i n  the development of f i e l d  layouts f o r  the po in t  focus, cen t ra l  

rece ive r  concepts; 2) Dr. Wi l l i am R. Ma r t i n i  o f  Richland,. Washington, who pro- 

vided informat ion on S t i r l i n g  engine performance, ma in ta inab i l i t y ,  and oper- 

a t  i ng procedures ; and 3 )  .Bechtel - Nat ional  , Inc., which provided. techn ica l  and 

cost  informat ion on components f o r  energy conversion subsystems. 



3.0 FORMULATION OF SYSTEM CONFIGURATIONS 

This  sec t i on  b r i e f l y  descr ibes t h e  methods PNL used t o  determine t h e  c o s t  

and performance o f  each gener ic  c o l l e c t o r  type. 

3.1 OBJECTIVES 

I n  developing performance and cos t  i n fo rma t i on  f o r  t h e  seven gener ic  

concepts and a1 t e r n a t i v e  c o n f i g u r a t i o n s  considered i n  t h i s  study, t h e  use o f  

common performance and cos t  parameters was emphasized. The o b j e c t i v e  was t o  

eva lua te  a l l  t h e  c o n f i g u r a t i o n s  on a common bas i s .  

3.2 ENGINEERING GROUND RULES AND ASSUMPTIONS 

Four key ground r u l e s  and assumptions were es tab l i shed  a t  t h e  ou tse t  o f  

t h i s  study. They were se lec ted  t o  ensure t h a t  the  smal l  power systems ranked 

by PNL were comparable t o  those analyzed by SERI i n  i t s  p a r a l l e l  study. 

F i r s t ,  i t  was agreed t h a t  smal l  power systems o f  5 MWe would be compared. 

S e n s i t i v i t y  o f  t h e  rank ing  t o  p l a n t  s i zes  o f  1 MWe and 10 MWe would a l so  be 

determi ned. 

Second, a l l  p l a n t s  were t o  be designed t o  have a a capac i t y  f a c t o r  o f  0.4. 

Capaci ty  f a c t o r  i s  de f ined  as 

Net energy generated annual l y  (kwh) 
CF = Rated capac i t y  (kW) x number o f  hours i n  year 

The ne t  energy generated, used t o  c a l c u l a t e  capac i t y  f a c t o r ,  does no t  i n c l u d e  

fo rced  outages. The s e n s i t i v i t y  o f  the  rank ing  a t  c a p a c i t y  f a c t o r s  o f  0.7 and 

t h e  optimum, i . k . ,  lowest  l e v e l  i zed  energy cost ,  for each concept was a l s o  t o  

be determined. ' .AS p a r t  oT the  s e n s i t i v i t y  study, t he  concepts were a lso  t o  be 

compared a t  capac i t y  f a c t o r s  corresponding t o  zero s torage f o r  each system. 

By s p e c i f y i n g  capac i t y  f a c t o r ,  t he  p l a n t s  were compared a t  equ i va len t  energy 

output ,  as w e l l  as a t  equ iva len t  r a t i n g  (power). 



The third ground rule  was that  a l l  the small power systems would be con- 
nected to  a u t i l i t y  gr id.  This eliminated the need t o  match specif ic  dai ly  
and seasonal load character is t ics .  The u t i l i t y  grid was assumed large enough 
t o  take the small power system's output and to  supply power fo r  specific peaks 
tha t  would occur in any real load s i tuat ion,  Plant output was limited to nomi- 
nal rating. 

The fourth ground ru le  was that  insolation data from ,Barstow, California 
would be used to  determine plant output. The 1976 data collected by Aerospace 

Corporation were provided by the Je t  Propulsion Laboratory. 

3 . 3  DESIGN CONSTRAINTS 

In addition to  the four ground rules,  PNL imposed several constraints in 
formulating the systems to  be studied. The purposes of the additional con- 

s t r a i n t s  were to l imit  the scope of the engineering e f fo r t  involved and to 
ensure tha t  a l l  concepts were evaluated on the same technological basis. 

Descriptions of col lector  components (concentrator and receiver) were 
developed from designs representative of the generic concepts, t o  the extent 
tha t  such design information was available. The descriptions were then modi- 
f ied t o  r e f l ec t  proposed advances in structures,  optical coatings, select ive 
surfaces, and other features  tha t  would r e f l ec t  the s t a t e  of the a r t  in the 

1990s. 

Common subsystems and components were used as much as possible in formu- 
l a t  ing the small power systems representing each generic concept. Subsystems 

such as thermal and e lec t r ica l  storage and power conversion were standardized 
and used as appropriate with the generic col lector  concepts. 

The PNL s tudies  minimized the subsystem optimization of design and opera- 

t i ng  parameters. Previous studies were rel ied on t o  establ ish appropriate 
operatifig temperatures and other parameters for th i s  study. Exceptions were 

necessary fo r  the small plant s izes .  In these instances, some changes, such 
as f i e l d  layout for  central  receiver concepts for  small f i e lds ,  are appropri- 

a t e .  Temperatures can be adjusted when cavity receivers are substi tuted fo r  

open receivers. No attempt was made, however, to perform extensive suboptimi- 

zation, even when changes from previous designs were made. 



4.0 CONCEPT DESCRIP.TIONS 

. , 

Each o f  t h e  10 gener ic  concepts i d e n t i f i e d  and ana l yzed . i n  t h i s  s tudy  was 

organized i n t o  f o u r  subsystems : 

c o l l e c t o r  
. . 

o energy t ranspo r t  

energy s torage 

energy conversion. - , 

!, . . . 

Most o f  the c o n ~ e p t s  inc luded a c o l l e c t o r  subsystem t h a t  c o l l e c t s  i n c i d e n t  

s o l a r  r a d i a t i o n  and conver ts  i t  t o  thermal energy. The t r a n s p o r t  subsystem 

t ranspo r t s  thermal energy f rom the  c o l l e c t o r  subsystem t o  the  energy s torage 

and convers ion subsystems. The energy storage subsystem s to res  excess thermal 

energy co l l ec . t ed .du r i ng  per iods  o f  h i g h  inso l .a t ion  f o r  use when l i t t l e  o r  no 

i n s o l a t i o n  i s  ava i l ab le .  " The energy conversi 'on subsystem conver ts  t h e  thermal 

energy t o  e l e c t r i c a l  energy. 

However, t h ree  concepts-- the PFCRIB, PFDR/B, and PFDR/S--use a s l i g h t l y  

d i f f e r e n t  arrangement. The c o l l e c t o r  subsystem c o l l e c t s  i n c i d e n t  s o l a r  r a d i a -  

t i o n  and conver ts  i t  t o  thermal energy, which i s  supp l ied  d i r e c t l y  t o  t he  

energy convers ion subsystem. . The . t r a n s p o r t  subsystem t r a n s p o r t s  e l e c t r i c  

energy f rom the energy convers'ion subsystem t o  e i t h e r  t he  u t i  1 i t y  g r i d  o r  the  

storage subsystem, where excess e l e c t r i c  energy i s  s to red  f o r  use du r i ng  p 'er i -  

ods o f  l i t t l e  o r  no i n s o l a t i o n .  

For a l l  10 concepts, a base case arrangement was def ined.  The base case 

was t o  use.near- term technology wherever poss ib le .  For most concepts, one o r  

more a l t e r n a t i v e  arrangements was considered. These a l t e r n a t i v e  arrangements 

genera l  l y  cons is ted  o f  more advanced techno1 ogy t h a t  cou ld  improve concept 

performance bu t  would r e q u i r e  a d d i t i o n a l  research and development. 

I n  t h i s  sect ion,  t he  general  arrangement . .  . o f  each concept i s  ou t l i ned ,  

f o l l owed  by a d e t a i l e d  d e s c r i p t i o n  o f  t h e c o l l e c t o r  subsystem. The o the r  , 

t h ree  subsystems are descr ibed i n  less  d e t a i l .  More complete d is~cuss ions  o f  

t h e  t ranspor t ,  storage, and energy convers ion subsystems are presented i n  

Appendix A. F i n a l l y ,  a1 t e r n a t i v e  arrangements, i f  any, are b r i e f l y  descr ibed. 



4.1 POINT FOCUS CENTRAL RECEIVERIRANKINE CYCLE 

The concept c o n s i s t i n g  o f  a p o i n t  focus c e n t r a l  rece i ve r  and a Rankine- 

c y c l e  heat  engine w i  11 be discussed. 

4.1.1 General Arrangement 

The P o i n t  Focus Cent ra l  Receiver i s  a two-axis t r a c k i n g  c o l l e c t o r  concept 

capable o f  generat ing ve ry  h igh  ope ra t i ng  temperatures. I n  t h e  PFCRIR con- 

cept ,  t he  h igh  temperatures a v a i l a b l e  f rom the  rece i ve r  are used t o  generate 

steam i n  a Rankine-cycle energy conversion subsystem, producing e l e c t r i c  power. 

The concept has the  advantage of h igh  ope ra t i ng  temperature and good energy 

convers ion e f f i c i e n c y .  However, t h e  necessary components tend t o  be more 

expensive than those f o r  lower temperature concepts. 

The c o l l e c t o r  subsystem cons i s t s  o f  a l a r g e  a r r a y  o f  h e l i o s t a t s  ( m i r r o r s )  

t h a t  t r a c k  t h e  sun i n  two axes, r e d i r e c t i n g  t h e  i n c i d e n t  r a d i a t i o n  onto a 

r e c e i v e r  loca ted  on the  t o p  o f  a f i x e d  tower. Steam i s  generated a t  5 1 0 ~ ~  

(950 '~)  and 10.0 MPa (1450 p s i  ) .  The t ranspor t  subsystem t ranspor t s  feed- 

water t o  t h e  r e c e i v e r  and r e t u r n s  superheated steam t o  e i t h e r  t h e  storage o r  

energy conversion subsystem. The energy storage subsystem s tores  thermal 

energy i n  a mixed medium c o n s i s t i n g  o f  o i l  and rock. The thermal energy can 

be ex t rac ted  t o  generate steam f o r  the  energy conversion subsystem. The 

energy conversion subsystem cons i s t s  o f  a Rankine-cycle heat engine, which 

uses water as a work ing f l u i d ,  and a d r y  c o o l i n g  tower f o r  r e j e c t i n g  waste 

heat  t o  t h e  atmosphere. The PFCK/K concept i s  shown schemat lca l l y  I n  

F i g u r e  4.1. 

4.1.2 C o l l e c t o r  Subsystem 

The same he1 i o s t a t  and support assembly were used f o r  a1 1 PFCR cases. 

The se lec ted  design was very  s i m i l a r  t o  both t h e  Solaramics ( ~ o l a r a m i c s  1978) 

and McDonnell Doug1 as (MDAC) (Hal 1 e t  and Gervais 1977a) p ro to type he l  i o s t a t  

shown I n  F igure  4.2, s i r e d  Lu a 49-m2 aper tu re  area. tach  h e l i o s t a t  had an 
i n d i v i d u a l  t r a c k i n g  mechanism. The i n d i v i d u a l  m i r r o r s  were focused b u t  n o t  

canted. 
- 

Two d i f f e r e n t  rece i ve rs  were inc luded i n  the  analyses: an open and a 

c a v i t y  type.  The open r e c e i v e r  was s i m i l a r  i n  design t o  t h e  M a r t i n  M a r i e t t a  
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FIGURE 4. i .  Poin t  Focus Centra l  ReceiverIRankine Cycle Concept Schematic 
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FIGURE 4.2. Puir1.l: Focus Cerl tral  Receiver H e l i o s t a t  

mo l ten  s a l t  r ece i ve r ,  w h i l e  t h e  c a v i t y  type was s i m i l a r  t o  t h e  Boeing design 

(Sandia 1978); bo th  designs are shown i n  F igure  4.3. Each rece i ve r  type was 

i n d i v i d u a l l y  s ized t o  match t h e  power p l a n t  r a t i n g  and hours-of -s torage 
2 requ i red .  A  maximum rece i ve r  load ing  o f  0.3 MW/m was used t o  determine 

heat t r a n s f e r  area. A d d i t i o n a l  r e c e i v e r  s i z i n g  was needed t o  ensure t h e  o p t i -  

mal a b s o r p t i o n / s p i l l  age/thermal l oss  combination. 

The combined concent ra tor / rece iver  syste,m i s  shown i n  F igure  4.4. It i s  

impor tan t  t o  note t h a t  t h e  f i e l d  shape can change d r a m a t i c a l l y  when smal le r  

p l a n t s  or  c a v i t y  rece i ve rs  are considered. I n  both cases, the  f r a c t i o n  o f  

h e l i o s t a t s  l oca ted  i n  t h e  southern p o r t i o n  o f  t h e  f i e l d  i s  reduced. 
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FIGURE 4.3. Receiver  Types f o r  Po in t  Focus Cent ra l  ~ e c e i v e r  Concepts 

4.1.3 Transpor t  Subsystem 

The PFCR/R t r a n s p o r t  subsystem t r a n s p o r t s  feedwater f rom the  energy con- 

ve rs ion  subsystem, l oca ted  a t  ground l e v e l ,  t o  t h e  rece iver ,  l o c a t e d  on t o p  o f  . . 
the  f i x e d  tower. The t r a n s p o r t  subsystem r e t u r n s  superheated steam t o  e i t h e r  

t h e  energy convers ion subsystem o r  th'e energy storage subsystem. When com- 

, pared t o  o the r  concepts, the  PFCR/R t r a n s p o r t  subsystem i s  no t  extensive.  

Several types o f  thermal energy t r a n s p o r t  subsystems were considered f o r  

a p p l i c a t i o n  w i t h  t h e  PFCR/R. The steam/water t r a n s p o r t  system was chosen f o r  

t he  base case arrangement because o f  component avai  1 ab i  1 i t y  and ex tens i ve  

i n d u s t r i  a1 experience w i t h  t r a n s p o r t i n g  steam and water. The steam/water 

t r a n s p o r t  subsystem w i l l  be discussed here; t h e  a1 t e r n a t  i v e  arrangements w i  11 

be discussed i n  Sect ion 4.1.6. 



FIGURE 4.4. Point Focus Central Peceiver 



The t r a n s p o r t  subsystem supp l ies  feedwater t o  t h e  rece i ve r  d i s t r i b u t i o n  

p ip ing .  The water i s  b o i l e d  and superheated i n  a once-through process. The 

superheated steam i s  e i t h e r  used i n  t h e  energy conversion subsystem o r  desu- 

perheated and used t o  charge the thermal energy s to rage subsystem. Steam 

r e t u r n i n g  f r o m  the tower i s  a t  510 '~  (950'~)  and 10.0 MPa * ( I 4 5 0  p s i  ) . 
The t r a n s p o r t  subsystem cons i s t s  o f  the feedwater pump and t h e  supply and 

r e t u r n  p ip ing .  Appropr iate valves, expansion loops, and f l e x i b l e  coup l ing  have 

been inc luded t o  prov ide f o r  thermal expansion du r ing  s t a r t u p  and operat ion.  

The supply p i p i n g  i s  Schedule 160 carbon s t e e l  p i p i n g  w i t h  calc ium s i l i c a t e  

i n s u l a t i o n .  The r e t u r n  p i p i n g  i s  Schedule 160 low a l l o y  s t e e l  p i p i n g  w i t h  c a l -  

cium s i l i c a t e  i n s u l a t i o n .  The feed pump i s  a carbon s t e e l  c e n t r i f u g a l  pump 

w i t h  an e l e c t r i c  motor f o r  the d r i v e r .  A l l  valves are e i t h e r  carbon s t e e l  or  

low a l l o y  s tee l ,  depending on temperature, w i t h  an appropr ia te  pressure r a t i n g .  

4.1.4 Storage Subsystem 

Thermal energy c o l l e c t e d  i n  the c o l l e c t o r  f i e l d  can be . s to red  f o r  use 

dur ing  t h e  n i g h t  o r  per iods  o f  low i n s o l a t i o n .  The thermal energy i s  s to red  

as sens ib le  heat i n  the energy storage subsystem. For the PFCR/R concept, 

several  types o f  thermal energy storage subsystems were considered. The 

intermediate-temperature o i l  and rock subsystems was chosen f o r  t he  base case 

because t h i s  approach i s  t h e  c loses t  t o  commercial a v a i l a b i l i t y .  I t w i l l  be 

described here; the  a l t e r n a t i v e  approaches w i l l  be discussed i n  Sect ion 4.1.6. 

The thermal energy storage subsystem cons i s t s  o f  the storage medium, 

storage medium containment, charg ing heat exchanger, charg ing pump, d ischarge 

heat exchanger, discharge pump, and p ip ing .  The thermal energy storage sub- 

system i s  s i m i l a r  t o  t h a t  proposed by  McDonnell Douglas f o r  t h e  Barstow Power 

P lan t  ( H a l l e t  and Gervais 1977b). 

Thermal energy i s  s to red  as sens ib le  heat i n  an o i l  and rock  medium. The 

medium i s  conta ined i n  a tank arranged t o  ma in ta in  a thermocl ine between i t s  

ho t  and coo l  regions.  R iver  sand and pebbles were chosen as the  rock  compo- 

nent o f  t h e  heat,  t r a n s f e r  medium. C a l o r i a  ~ ~ 4 5 @  was se lec ted  as t h e  heat  
. . 

t r a n s f e r  o i l .  C a l o r i a  HT45 cannot be used success fu l l y  above 3 0 4 ' ~  (580'~)  

@ Trademark o f  the Exxon Co., Houston, Texas. 
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because o f  thermal decomposit ion. Therefore, the  s e l e c t i o n  o f  t h i s  o i  1  

r e q u i r e s  t h a t  the  maximum storage temperature be below 304 '~  ( 5 8 0 ' ~ ) .  

Du r ing  per iods  o f  h igh  i n s o l a t i o n ,  t he  thermal s torage subsystem i s  

charged by  e x t r a c t i n g  steam r e t u r n i n g  f rom t h e  c o l l e c t o r  subsystem. The steam 

i s  used t o  heat o i l  i n  t he  thermal s torage charging loop, bu t  i s  desuperheated 

t o  p revent  excessive temperatures i n  t h e  thermal s torage u n i t .  The charging 

l oop  cons i s t s  o f  charg ing  o i l  pumps, charg ing  p ip ing ,  charg ing heat exchang- 

ers,  and appropr ia te  c o n t r o l s .  

Dur ing  d ischarge the  thermal s torage u n i t  prov ides heat t o  generate steam 

i n  t h e  energy convers ion subsystem. Steam i s  generated i n  t h e  thermal s torage 

d ischarge loop, c o n t a i n i n g  a discharge o i l  pump, discharge p ip ing ,  d ischarge 

heat  exchangers, and app rop r ia te  c o n t r o l s .  

The storage subsystem has two a d d i t i o n a l  components t h a t  remove the  r e s i -  

due of any thermal degradat ion o f  t h e  heat t r a n s f e r  o i l .  The f l u i d  maintenance 

system f i l t e r s  the  o i l  t o  remove suspended so l i ds ,  d i s t i l l s  a s ide  stream t o  

remove h i g h  b o i l i n g  polymer ic  compounds, and adds f r e s h  makeup f l u i d  t o  

rep1 ace decomposed f 1 u id .  I n  a d d i t i o n  t o  ma in ta i  n ing  an oxygen-free gas above 

t h e  heat  t r a n s f e r  f l u i d ,  t h e  u l l a g e  maintenance u n i t  must a lso  remove t h e .  

v o l  a t i  1  e f r a c t i o n s  of t he  degradat ion products t h a t  evaporate i n t o  t h e  u l l  age 

space above the  heat  t r a n s f e r  f l u i d .  

The o i l  and rock  medium i s  contained i n  one or  more carbon s t e e l  tanks, 

depending on t h e  s i z e  o f  t h e  thermal s torage subsystem. The tanks are  insu-  

l a t e d  t o  reduce heat l oss  f rom storage. Appropr iate foundat ions and misce l -  

laneous equipment are inc luded.  A l l  p i p i n g  i s  Schedule 40 carbon s t e e l  w i t h  

ca lc ium s i  1  i c a t e  i n s u l a t i o n .  A l l  pumps are carbon s t e e l  c e n t r i f u g a l  pumps 

w i t h  e l e c t r i c  motor d r i ves .  

4.1.5 Energy Conversion Subsystem 

The energy convers ion subsystem takes thermal energy, supp l ied  f rom e i t h e r  

t h e  f i e l d  o r  storage, and conver ts  i t  t o  e l e c t r i c a l  energy. Th i s  subsystem 

c o n s i s t s  o f  the Rankine-cycle heat engine, generator, and a i r - coo led  condenser. 



The Rankine-cycle heat engine i s  a convent ional  steam power cyc le .  A 

d e t a i l e d  design o f  t h e  Rankine c y c l e  was beyond t h e  scope o f  t h i s  s tudy  b u t  

performance and cos t  i n fo rma t i on  were prov ided by a consu l tan t  f o r  a repre-  . 
s e n t a t i v e  Rankine-cycle engine steam power cyc le .  Accessories i n c l u d e  t h r e e  

feedwater heaters, feedwater booster pump, f eedwater pump, l u b r i c a t i o n  systems, 

steam seal systems, and c o n t r o l s .  

The generator i s  a three-phase, f ou r -po le  synchronous u n i t .  The genera- 

t o r  i s  d r i v e n  by t h e  t u r b i n e  through a double h e l i c a l  spur gear r e d u c t i o n  u n i t .  

The a i r - coo led  generator i s  equipped w i t h  a brushless e x c i t e r .  

The waste heat from the  Rankine c y c l e  i s  r e j e c t e d  t o  the  atmosphere i n  an 

a i r - coo led  condenser. Exhaust steam f rom t h e  t u r b i n e  i s  ducted t o  t h e  conden- 

ser where i t  i s  condensed i n  a s team/ai r  heat exchanger. The steam/air  heat 

exchangers are arranged i n  modules, each o f  which has a f a n  t o  f o r c e  a i r  pas t  

the  heat t r a n s f e r  surfaces. Accessories i nc lude  condensate pumps, p ip ing ,  a 

mechanical vacuum pump, and a u x i l i a r y  equipment. 

4.1.6 A l t e r n a t i v e  Concept Arrangements 

Once the  base case concept arrangement was de f ined  and analyzed, a l t e rna -  

t i v e  components were considered because o f  t h e i r  p o t e n t i a l  t o  e i t h e r  reduce 

cos t  o r  improve performance. I n  general ,  these a l t e r n a t i v e s  represented 

advanced technology w i t h  more research and development r i s k .  F i v e  components 

were considered t o  es t imate  the  1990 performance o f  t he  PFCR/R concept us ing  

c u r r e n t l y  p ro jec ted  technology: a c a v i t y  r e c e i v e r  f o r  t h e  c o l l e c t o r  subsystem; 

a high-temperature HITEC@ t r a n s p o r t  subsystem; a high-temperature HITEC s t o r -  

age subsystem; a high-temperature draw s a l t  t r a n s p o r t  subsystem; and a h igh-  

temperature draw s a l t  s torage subsystem. These components were combi.ned i n t o  

t h r e e  a l t e r n a t i v e  arrangements. 

4.1.6.1 PFCR/R C a v i t y  Receiver Arrangement 

I n  t h i s  arrangement, t he  base case open rece i ve r  i s  rep laced by a c a v i t y  

rece i ve r ,  w h i l e  m a i n t a i n i n g  t h e  water/steam t r a n s p o r t  subsystem and 

@ HITEC i s  a trademark f o r  heat t r a n s f e r  s a l t  manufactured by E. I. DuPont de 
Nemours & Co., Wilmington, Delaware. 



in termediate- temperature o i l / r o c k  storage subsystem. This arrangement has a 

h ighe r  o p t i c a l  e f f i c i e n c y  f o r  the small p l a n t  s i zes  considered i n  t h i s  study, 

p a r t i c u l a r l y  when a n o r t h  f i e l d  h e l i o s t a t  arrangement i s  used. I n  add i t i on ,  

thermal  losses from the  r e c e i v e r  are reduced. 

4.1.6.2 PFCR/R C a v i t y  Receiver, HITEC Arrangement 

I n  t h i s  arrangement, the  base case rece i ve r  i s  replaced by a c a v i t y  

r e c e i v e r ,  t h e  water/steam t r a n s p o r t  subsystem i s  replaced w i t h  a HITEC t rans -  

p o r t  subsystem, and the  i ntermedi ate-temperature o i l  / rock storage i s  rep1 aced 

by  a high-temperature HITEC/rock storage subsystem. The HITEC i s  used t o  

generate steam i n  heat exchanqer~  for  use i n  the  energy conversion subsystem, 

HITEC i s  heated i n  t he  r e c e i v e r  t o  538 '~  ( 1 0 0 0 ~ ~ )  and t ranspor ted  t o  

t h e  energy convers ion o r  energy storage subsystem by the  high-temperature 

HITEC t ranspor t  subsystem. This system cons i s t s  o f  supply p ip ing ,  r e t u r n  

p ip ing ,  f i e l d  c i r c u l a t i o n  pump, and f reeze p r o t e c t i o n  equipment. Due t o  t h e  

h igh  ope ra t i ng  temperature o f  the  HITEC, s t a i n l e s s  s t e e l  p i p i n g  must be used. 

The storage subsystem s tores  thermal energy i n  a combination o f  molten 

s a l t  and rock.  The subsystem cons i s t s  o f  t h e  storage medium, medium conta in -  

ment, discharge loop, and medium t reatment  and makeup systems. A charg ing 

l oop  i s  n o t  requ i red  because t h e  same f l u i d  i s  used f o r  t r a n s p o r t  and storage. 

Thermal energy i s  discharged t o  the  energy conversion subsystem i n  the  

d ischarge loop. The d ischarge loop cons i s t s  o f  p ip ing ,  HITEC pumps, heat  

exchangers, and mi s c e l l  aneous equipment. Steam i s  generated a t  510 '~  

(950 '~)  and 10 MPa (1450 p s i ) ,  regardless o f  whether energy i s  suppl ied from 

t h e  f i e l d  o r  f rom storage. Therefore, a single-admission t u r b i n e  i s  used i n  

t h e  Rankine cyc le.  

4.1.6.3 PFCR/R C a v i t y  Receiver, Draw S a l t  Arrangement 

Th is  arrangement i s  the same as the  P F C R I R  c a v i t y  rece iver ,  HITEC arrange- 

ment except t h a t  t h e  HITEC has been replaced by draw s a l t ,  a  l ess  expensive 

mol ten s a l t .  Draw s a l t  f reezes  a t  a h igher  temperature tran HITEC and the  

m a t e r i a l s  c o m p a t i b i l i t y  has no t  been complete ly  demonstrated. However, draw 

s a l t  may have the  p o t e n t i a l  f o r  reducing storage and t ranspor t  costs. 



4.2 POINT FOCUS CENTRAL RECEIVER/BRAYTON CYCLE 

The Po in t  Focus Cent ra l  Receiver/Brayton-cycle heat engine concept w i l l  

be discussed i n  t h i s  sect ion.  

4.2.1 General Arrangement 

The Po in t  Focus Cent ra l  Receiver i s  a two-axis t r a c k i n g  c o l l e c t o r  capable 

o f  generat ing very  h igh  ope ra t i ng  temperatures. I n  t h e  PFCR/B, t h e  h igh  tem- 

peratures a v a i l a b l e  from the rece i ve r  are used i n  a c losed-cyc le Brayton energy 

conversion subsystem t h a t  produces e l e c t r i c  power. The concept has t h e  advan- 

tage o f  h igh  ope ra t i ng  temperature and very  good energy conversion e f f i c i e n c y .  

  ow ever, the  components tend t o  be more expensive than those f o r  lower temper- 

a t  ure concepts, and major research and development e f f o r t s  w i  1  1 be requ i red  on 

c e r t a i n  high-temperature components. 

The c o l l e c t o r  subsystem cons i s t s  o f  a l a r g e  a r r a y  o f  h e l i o s t a t s  ( m i r r o r s )  

t h a t  t r a c k  t h e  sun i n  two axes, r e d i r e c t i n g  t h e  i n c i d e n t  r a d i a t i o n  onto a cav- 

i t y  rece iver  located on the  top  o f  a f i xed  tower. The rece i ve r  heats a i r  t o  

8 1 6 ' ~  (1500°~) ,  which i s  used i n  a c losed-cyc le Brayton engine energy con- 

vers ion  subsystem a l so  loca ted a t  t he  t o p  o f  t h e  tower. The t r a n s p o r t  subsys- 

tem t ranspor ts  e l e c t r i c  energy f rom the  energy conversion subsystem t o  e i t h e r  

t h e  storage subsystem o r  t h e  u t i l i t y  power g r i d .  The storage subsystem s to res  

e l e c t r i c  energy i n  one o f  several ' types o f  e x i s t i n g  o r  proposed b a t t e r i e s .  

The PFCR/B concept i s  i l l u s t r a t e d  schemat ica l l y  i n  F igu re  4.5. 

4.2.2 C o l l e c t o r  Subsystem 

The concentrator  subsystem was the  same as t h a t  used f o r  the PFCR/R con- 

cept, al though a mod i f i ed  c a v i t y  r e c e i v e r  was used because o f  t h e  h igher  tem- 

peratures (1500'~) requ i red  f o r  t he  B r a y t o n  cyc le.  The c a v i t y  aper tu re  was 

opt imized a t  a somewhat smal ler  s i z e  than f o r  t h e  Rankine cyc le .  This  was due 

t o  ba l  ancing s p i  11 age and thermal losses. Because o f  t he  increased opera t ing  

temperature, more expensive r e c e i v e r  m a t e r i a l s  and d i f f e r e n t  s e l e c t i v e  sur faces 

w i t h  much 1 ower performance capabi 1 i t  i es were used. 
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4.2.3 Transport  Subsystem 

The PFCR/B t ranspor t  subsystem t ranspor t s  e l e c t r i c  energy f rom the  energy 

conversion subsystem located a t  t h e  t o p  o f  t h e  tower t o  e i t h e r  t h e  energy 

storage subsystem or the u t i l i t y  g r i d .  When compared t o  o ther  concepts us ing  

e l e c t r i c  energy t ranspor t ,  t he  t r a n s p o r t  subsystem f o r  t h e  PFCR/B i s  n o t  exten- 

s ive;  i t  i s  l i m i t e d  t o  the  cable necessary t o  t r a n s f e r  power from the tower 
, ,  . 

t o p  t o  ground l e v e l .  

4.2.4 Storage Subsystem 

E l e c t r i c  energy generated i n  the energy conversion subsystem can be s to red 

f o r  use du r ing  t h e  n i g h t  o r  per iods o f  low i n s o l a t i o n .  The e l e c t r i c  energy i s  

s tored as e l  ectrochemi c a l  energy i n  b a t t e r i e s .  Several types o f  e l e c t r i c  

energy storage subsystems were considered, each us ing  a  d i f f e r e n t  t ype  o f  

ba t te ry .  The lead ac id  b a t t e r y  was chosen f o r  the base case because t h i s  

approach i s  t h e  c l o s e s t  t o  commercial a v a i l a b i l i t y .  The lead a c i d  b a t t e r y  

energy storage subsystem w i l l  be discussed here; t he  a l t e r n a t i v e  concepts w i l l  

be discussed i n  Sect ion 4.2.6. 

The e l e c t r i c  energy storage subsystem cons i s t s  o f  the b a t t e r i e s ,  ac/dc 

conver ter ,  and miscel laneous equipment such as monitors, c o o l i n g  water, makeup 

water, and w i r i n g  systems. The ac/dc conver ters conver t  the  ac power f rom the 

energy conversion subsystem t o  dc power, which can be s to red i n  t h e  b a t t e r i e s .  

The lead a c i d  b a t t e r i e s  are s t r i n g s  o f  sealed lead ac id  c e l l s ,  p h y s i c a l l y  

arranged i n  a  t r i - s t a c k  con f i gu ra t i on .  Each s t r i n g  cons i s t s  o f  se r i es -  

connected c e l l s .  The number o f  c e l l s  depends on the  power p l a n t  design 

r a t i n g .  The i n d i v i d u a l  c e l l s  are water-cooled by a  closed-loop c i r c u l a t i n g  

system. The ac/dc conver ter  equipment i s  s ized f o r  t he  maximum dc power 

i npu t .  The system inc ludes  the  necessary SCR br idges, breakers, t ransformers,  

in te rmed ia te  bus, and a n c i l l a r y  equipment. 

4.2.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy suppl i ed f rom the  

c o l l  e c t o r  subsystem and conver ts  i t  t o  e l e c t r i c a l  energy. The energy conver- 

s ion  subsystem cons i s t s  o f  the Brayton engine, the generator,  and a  heat 

r e j e c t i o n  u n i t .  



The Brayton-cyc le heat  engine i s  a c losed-cyc le gas t u r b i n e  w i t h  a recup- 

e r a t o r .  A d e t a i l e d  design o f  t h i s  component was beyond the  scope o f  t h i s  

s tudy  so vendor performance and cos t  i n fo rma t ion  was used. The c losed-cyc le 

Brayton engine i s  water-cooled. 

The generator i s  a three-phase, 60-Hz, f ou r -po le  synchronous u n i t .  The 

generator  i s  d r i v e n  by t h e  t u r b i n e  through a speed reducer.  The u n i t  i s  a i r -  

cooled and equipped w i t h  a brushless e x c i t e r .  
- 

Waste heat f rom the Brayton engine i s  r e j e c t e d  t o  the  atmosphere i n  an 

a i r  coo le r .  Hot water f rom t h e  Brayton cyc le  i s  piped t o  t h e  coo ler  where i t  

i s  cooled i n  a w a t e r / a i r  heat exchanger. The wa te r /a i r  heat exchangers are 

arranged i n  modules, each w i t h  a ' f a n  t o  f o r c e  a i r  pas t  t h e  heat t r a n s f e r  sur-  

f aces. Accessories inc lude pumps, p i  ping, and auxi 1 i a r y  equipment. 

4.2.6 A l t e r n a t i v e  Concept Arrangements 

A f t e r  the  base case concept arrangement was def ined and analyzed, a l t e r -  

n a t i v e  components were considered because o f  t h e i r  p o t e n t i a l  f o r  concept cos t  

r e d u c t i o n  or  performance improvement. I n  general,  the  a1 t e r n a t i v e  components 

represent  advanced technology w i t h  more research and development r i s k .  

Two b a t t e r y  types were considered t o  g i ve  an est imate o f  the  1990 

performance 'of t h e  PFCR/B concept us ing  c u r r e n t l y  p ro jec ted  technology: a 

gener ic  advanced b a t t e r y  and a Redox advanced b a t t e r y .  These components 

were combined w i t h  t h e  base case PFCR/B concept t o  p rov ide  two a l t e r n a t i v e  

arrangements. 

4.2.6.1 PFCR/Bener i c  Advanced B a t t e r y  

I n  t h i s  arrangement, t he  base case lead ac id  b a t t e r y  i s  replaced by an 

advanced b a t t e r y  having c h a r a c t e r i s t i c s  t y p i c a l  o f  a v a r i e t y  o f  s o l i d  anode/ 

cathode b a t t e r y  systems c u r r e n t l y  under development. 

4.2.6.2 PFCR/B Redox B a t t e r y  

The base case lead a c i d  b a t t e r y  i s  replaced by a Redox b a t t e r y  i n  t h i s  

arrangement. The Redox b a t t e r y  uses f u l l y  so lub le  anode and cathode f l u i d s  

separated by a s e l e c t i v e  i o n  exchange membrane. The reac tan ts  are normal ly  



s tored  i n  tanks. Dur ing charge and discharge, t h e  reac tan ts  are pumped through 

f l o w  c e l l s .  The e lect rochemical  r e a c t i o n s  take  p lace  a t  separate i n e r t  porous 

carbon f e l t  e lec t rodes .  

4.3 POINT FOCUS DISTRIBUTED RECEIVER/RANKINE CYCLE 

The PFDR/R concept, which inc ludes  a p o i n t  focus d i s t r i b u t e d  r e c e i v e r  and 

a Rankine-cycle energy convers ion subsystem, w i l l  be discussed i n  t h i s  sec t ion .  

4.341 General Arrangement 

The Po in t  Focus D i s t r i b u t e d  Receiver i s  a d i s t r i b u t e d ,  dish-shaped, two- 

: a x i s  t r a c k i n g  c o l l e c t o r  capable o f  genera t ing  ve ry  h igh  ope ra t i ng  temperatures. 

I n  the  PFDR/R concept, t he  h igh  temperatures a v a i l a b l e  f rom the  r e c e i v e r  are 

used t o  generate steam f o r . u s e  i n  a Rankine-cycle energy convers ion subsystem. 

The concept has the  advantage o f  h igh  ope ra t i ng  temperature and good energy 

'convers ion e f f i c i e n c y .  However, i t  r e q u i r e s  an ex tens ive  t r a n s p o r t  subsystem, 

and the  components tend t o  be more expensive than those f o r  lower temperature 

concepts. 

The c o l l e c t o r  subsystem cons i s t s  o f  an a r r a y  o f  p a r a b o l i c  dishes t h a t  

t r a c k  t h e  sun i n  two axes, r e d i r e c t i n g  t h e  i n c i d e n t  r a d i a t i o n  onto i n d i v i d u a l  

rece i ve rs  loca ted  a t  the  f o c a l  p o i n t  o f  each separate p a r a b o l i c  concent ra to r .  

Steam i s  generated i n  the i n d i v i d u a l  rece i ve rs ,  e x i t i n g  a t  5 1 0 ~ ~  (950 '~)  

and 10.0 MPa (1450 p s i ) .  The steam i s  t r anspo r ted  t o  a c e n t r a l  genera t ion  

f a c i l i t y  by t he  t r a n s p o r t  subsystem. The steam can be e i t h e r  used i n  t he  

energy convers ion subsystem o r  s to red  i n  t h e  s torage subsystem. The storage 

subsystem s to res  thermal energy i n  a mixed medium c o n s i s t i n g  o f  o i l  and rock.  

The thermal energy can be e x t r a c t e d  t o  generate steam f o r  t h e  energy conver- 

s i  on subsystem. The energy conversion subsystem cons i s t s  o f  a steam Rankine- 

c y c l e  heat  engine and a d r y  c o o l i n g  tower f o r  r e j e c t i n g  waste heat  t o  t h e  

atmosphere. The PFDR/R concept i s  diagrammed schemat ica l l y  i n  F igu re  4.6. 
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4.3.2 --. C o l l e c t o r  Subsystem 

The same concentrator  was used f o r  a l l  PFDR concepts. I t  cons is ted  o f  a  
2  p a r a b o l i c  d i s h  w i t h  a  100-m aper ture,  mounted on a  t r i p o d .  The t r i p o d  

cou ld  be r o t a t e d  on a  c i r c u l a r  t r a c k  and/or canted back by an i n d i v i d u a l  

t r a c k i n g  mechanism. The design i s  based on a  c o n f i g u r a t i o n  developed by the  

Je t  Propu ls ion  Laboratory (Truscel  l o  1978), modi f ied t o  be op t im ized u s i n g  PNL 

economic and performance values. 

Two high-temperature ( 1 0 0 0 ~ ~  and 1500'~) c a v i t y - t y p e  r e c e i v e r s  were 

inc luded i n  the  analys is .  The 1500 '~  subsystem inc luded m o d i f i c a t i o n s  t o  

a l l o w  separate Brayton and S t i r l i n g  engine opera t ion .  Features o f  bo th  t h e  

General E l e c t r i c  (Zimmerman 1979) and F a i r c h i l d  S t ra tos  D i v i s i o n  (Haglund and 

Tatge 1979) designs were combined w i t h  i n fo rma t  i o n  f rom NASA-Lewi s  (Dochat and 

Cameron 1979) and the  Je t  Propu ls ion  Laboratory (Caputo 1975; Wu and Wen 1978; 

T r u s c e l l o  1978) t o  cha rac te r i ze  t h e  opt imal  rece i ve r  designs. F igu re  4.7 

shows a  t y p i c a l  f i e l d  c o n f i g u r a t i o n  i n  which t h e  rece i ve r  i s  mounted t o  the  

concent ra to r ,  and bo th  are moved as p a r t  o f  t h e  e n t i r e  t r a c k i n g  assembly. 

4.3.3 Transpor t  Subsystem 

The PFDR/R t r a n s p o r t  subsystem t ranspo r t s  feedwater f rom the  c e n t r a l  gen- 

e r a t i n g  f a c i l i t y  t o  t h e  d i s t r i b u t e d  r e c e i v e r s  and r e t u r n s  superheated steam t o  

e i t h e r  t h e  energy convers ion or  energy s torage subsystem. The PFDR/R t r a n s -  

p o r t  subsystem i s  q u i t e  ex tens ive  and invo lves  a  major c a p i t a l  cos t .  

Several  types o f  thermal energy subsystems were considered f o r  app l i ca -  

t i o n  w i t h  t h e  PFDR/R. The steam/water t r a n s p o r t  system was chosen f o r  t h e  

base case arrangement because o t  component a v a i l a b i l i t y  and ex tens ive  indus- 

t r i a l  experience w i t h  t r a n s p o r t i n g  steam and water. The steam/water t r a n s p o r t  

subsystem w i l l  be discussed here; t h e  a l t e r n a t i v e  arrangements w i l l  be d i s -  

cussed i n  Sec t ion  4.3.6. 

The t r a n s p o r t  subsystem takes feedwater f rom the  Rankine-cycle energy 

convers ion subsystem and t r a n s p o r t s  i t  through t h e  supply  p i p i n g  t o  t h e  

c o l l e c t o r  a r ray .  The c o l l e c t o r  f i e l d  i s  d i v i d e d  i n t o  steam genera t ion  and 
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FIGURE 4.7. Point Focus Distributed Receiver 



superheating modules. The feedwater i s  supplied to the steam generation mod- 

ule where the water i s  circulated through the col lectors ,  producing a steam/ 

water mixture. The steam i s  separated and transported to  the superheating 

module; the water i s  recirculated through the steam generating module. Satu- 

rated steam from the steam generating module'is superheated in the superheater 

module and returned to  the central generating faci  1 i ty. Steam returning from 

the f i e ld  is  a t  ' 5 1 0 ~ ~  (950'~) and 10.0 MPa (1450 ps i ) .  

The individual col lectors  are grouped into modules arranged t o  form the 

col lector  f i e ld .  The transport subsystem can be divided into module supply 

pipi'ng, return piping, and internal piping. Supply piping for a steam gener- 

ating module i s  shown in Figure 4.8. Isolation valves are included t o  allow 

for maintenance on individual col lectors .  Expansion loops and f lex ib le  cou- 

pl i ng are included to  accommodate thermal expansion. 

A typical collector f i e ld  for a 5-MWe plant i s  shown in Figure 4.9. In 

th i s  arrangement, the superheating modules are the closest  t o  the centra,l gen- 

erating f a c i l i t y .  Module supply and return piping i s  included. 

TO SUPERHEATER MODULES 

STEAM DRUM 

,FIGURE 4.8. Steam Generator Module Supply Piping for  the Point Focus 
Distributed ReceiverIRankine Cycle- Concept 



FIGURE 4.9. Typical Collector Field Layout, Point Focus 
D i 5 l r *  i lru bed Receivcr/Ranki ne Cyele Concept 

In all cases the piping is Schedule 160 carbon steel or low alloy steel 
with calcium silicate insulation. Module supply, return, and internal piping 
is welded and buried. The feed pump and field circulation pumps are carbon 

steel centrifugal pumps driven by electric motors. A1 9 valves are assumed to 
be carbon steel gate valves of the appropriate pressure rating. 



4.3.4 Storage Subsystem 

Thermal energy c o l l e c t e d  i n  the  c o l l e c t o r  f i e l d  can be s to red f o r  use 

dur ing  the  n i g h t  o r  per iods  o f  low i n s o l a t i o n .  The thermal energy i s  s to red  

as sens ib le  heat i n  the energy storage subsystem. For t h i s  concept, several  

types o f  thermal energy storage subsystems were considered. The in te rmed ia te  

temperature o i l  and rock type was chosen f o r  the  base case because i t  i s  t he  

c l o s e s t  t o  commercial a v a i l a b i l i t y .  The intermediate-temperature o i l  and rock 

subsystem w i l l  be described here. A l t e r n a t i v e  types w i l l  be discussed i n  

Sect ion 4.3.6. 

The thermal energy storage subsystem cons i s t s  o f  the storage medium, 

medium containment, charg ing heat exchangers, charg ing pump,' d ischarge heat 

-exchangers, discharge pump, and p ip ing .  The thermal energy storage subsystem 

i s  s i m i l a r  t o  t h a t  proposed by McDonnell Douglas f o r  t h e  Barstow Power P lan t .  

Thermal energy i s  s to red  as sens ib le  heat i n  an o i l  and rock medium. The 

medium i s  conta ined i n  a tank arranged t o  main ta in  a thermocl ine between i t s  

ho t  and cool  regions. C a l o r i a  HT45 was selected as the  heat  t r a n s f e r  o i l ;  

r i v e r  sand and pebbles were chosen as the  rock component o f  the  heat t r a n s f e r  

medium. C a l o r i a  HT45 cannot be used success fu l l y  a t  a temperature above 3 0 4 ' ~  

(580°F), due t o  i t s  thermal decomposition. Therefore, the maximum s torage 

temperature must no t  exceed 3 0 4 ' ~  (580'~) .  

During per iods  o f  h igh  i nso la t i on ,  t h e  thermal s torage subsystem i s  

charged by e x t r a c t i n g  steam r e t u r n i n g  f rom the c o l l e c t o r  subsystem. The steam 

i s  used t o  heat o i l  i n  t he  thermal storage charging loop, b u t  i s  desuperheated 

t o  prevent  excessive temperatures i n  the  thermal s torage u n i t .  The charging 

loop cons i s t s  o f  charg ing o i l  pumps, charg ing p ip ing ,  charg ing heat  exchangers, 

and appropr iate con t ro l s .  

During discharge, the  thermal s torage u n i t  prov ides heat t o  generate steam 

i n  t h e  energy conversion subsystem. Steam i s  generated i n  the  thermal s torage 

discharge loop, which cons i s t s  o f  a discharge o i l  pump, diicharge p ip ing ,  d i s -  

'charge heat exchangers, and appropr ia te  c o n t r o l  s. 



The storage subsystem has two a d d i t i o n a l  'components t h a t  remove t h e  r e s i -  

due o f  any thermal degradat ion o f  the heat t r a n s f e r  o i l .  The f l u i d  mainte- 

nance system f i l t e r s  t h e  o i l  t o  remove suspended s o l i d s ,  d i s t i l l s  a s ide  

stream t o  remove h igh  b o i l i n g  polymer ic  compounds, and adds f r e s h  makeup f l u i d  

t o  rep lace  decomposed f l u i d .  The u l l a g e  maintenance u n i t  must remove t h e  

v o l a t i l e  f r a c t i o n s  o f  the  degradat ion products t h a t  evaporate i n t o  the  u l l a g e  

space above the  heat  t r a n s f e r  f l u i d ,  as w e l l  as main ta in  an oxygen-free gas 

above the  heat t r a n s f e r  f l u i d  

The o i l  and rock  medium i s  contained i n  one or  more carbon s t e e l  tanks, 

depending on the  s i z e  o f  t h e  thermal s torage subsystem. The tanks are insu-  

l a t e d  t o  reduce heat l oss  f rom storage. Appropr iate foundat ions and miscel -  

laneous equipment are inc luded.  A l l  p i p i n g  i s  Schedule 40 carbon s t e e l  w i t h  

ca lc ium s i l i c a t e  i n s u l a t i o n .  A l l  the pumps are carbon s t e e l  c e n t r i f u g a l  pumps 

w i t h  e l e c t r i c  motor d r i ves .  

4.3.5 Energy Conversion Subsystem 

The energy convers ion subsystem takes thermal energy, supp l ied  from e i t h e r  

t h e  f i e l d  o r  storage, and conver ts  i t  t o  e l e c t r i c a l  energy. The energy con- 

ve rs ion  subsystem cons i s t s  of the Rankine-cycle heat engine, generator,  and . 

a i r - c o o l e d  condenser. 

The Rankine-cycle heat engine i s  a convent ional  steam power cyc le .  

Although d e t a i l e d  design o f  t h e  Rankine c y c l e  was beyond t h e  scope o f  t h i s  

study, performance and cos t  i n fo rma t ion  were prov ided by a consu l tan t  f o r  a 

r e p r e s e n t a t i v e  Rankine-cycle engine steam power cyc le.  Accessories i nc lude  

t h r e e  feedwater heaters, feedwater booster pump, feedwater pump, l u b r i c a t i o n  

system, steam seal  system, and c o n t r o l s .  

The generator i s  a three-phase, f ou r -po le  synchronous u n i t ,  d r i ven  by the  

t u r b i n e  through a double h e l i c a l  spur gear reduc t i on  u n i t .  The generator i s  

a i r - coo led  and equipped w i t h  a brushless e x c i t e r .  

The waste heat from the  Rankine c y c l e  i s  r e j e c t e d  t o  the atmosphere i n  an 

a i r - coo led  condenser. Exhaust steam f rom t h e  t u r b i n e  i s  ducted t o  t h e  conden- 

ser  where i t  i s  condensed i n  a steam/air  heat exchanger. The steam/air  heat 



exchangers are arranged i n  modules, each w i t h  a fan  t o  f o r c e  a i r  past t h e  heat 

t r a n s f e r  s u r f  aces. Accessories i nc lude  condensate pumps, p ip ing ,  mechanical 

vacuum pump, and a u x i l i a r y  equipment. 

4.3.6 A l t e r n a t i v e  Concept Arrangements 

,A f te r  the base case concept arrangement was def ined and analyzed, a l t e r -  

n a t i v e  components were considered because o f  t h e i r  p o t e n t i a l  t o  e i t h e r  reduce 

cost  or  improve performance. I n  general, these components represented advanced 

technology w i t h  more research and development r i s k .  

S ix  a l t e r n a t i v e  components were considered, t o  f a c i l i t a t e  es t ima t ing  the 

1990 performance o f  ' t h e  PFDR/R concept us ing  c u r r e n t l y  p ro jec ted  technology: 

an intermediate-temperature HITEC t r a n s p o r t  subsystem 

a high-temperature HITEC subsystem 

an intermediate-temperature HITEC s torage subsystem 

a high-temperature HITEC storage subsystem 

an intermediate-temperature draw s a l t  t r a n s p o r t  .subsystem 

an intermediate-temperature draw s a l t  storage subsystem. 

These components were combined w i t h  the  base case PFDRIR concept t o  form th ree 

a l t e r n a t i v e  arrangements. 

4.3.6.1 PFDR/R Intermediate-Temperature HITEC Arrangement 

I n  t h i s  arrangement, the base case steamlwater t ranspor t  subsystem i s  

rep1 aced w i t h  an i ntermediate-temperature HITEC t r a n s p o r t  subsystem; the  base 

case o i l / r o c k  storage subsystem i s  replaced w i t h  an intermediate-temperature 

HITEC storage subsystem. The HITEC i s  used t o  generate steam i n  heat exchang- 

ers f o r  use i n  t he  energy conversion subsystem. 

HITEC i s  heated i n  t he  rece i ve r  t o  4 5 4 ' ~  (850 '~ )  and t ranspor ted  t o  

the  energy convers ion o r  energy storage subsystem by the  HITEC t r a n s p o r t  

subsystem. This- .system cons i s t s  o f  supply p ip ing ,  r e t u r n  p ip ing ,  f i e l d  c i r -  

c u l a t i o n  pump, and f reeze  p r o t e c t i o n  equipment. Because t h e  maximum HITEC 

temperature i s  below 4 5 4 ' ~  (850°~ ) ,  carbon s t e e l  p i p i n g  can be used. 



The storage subsystem s tores  thermal energy i n  a combination o f  molten 

s a l t  and rock.  The subsystem cons i s t s  o f  t h e  storage medium, medium conta in -  

ment, d ischarge loop, and medium t reatment  and makeup systems. A charging 

l oop  i s  no t  r e q u i r e d  because t h e  same f l u i d  i s  used f o r  t r a n s p o r t  and s t o r -  

age. Thermal energy i s  discharged t o  the  energy conversion subsystem i n  the  

d ischarge loop. The d ischarge loop cons i s t s  o f  p ip ing ,  HITEC pumps, heat 

exchangers , and mi sce 11 aneous equi pment . Steam i s  generated a t  4 2 7 ' ~  (800'~)  

and 10 MPa (1450 p s i ) ,  regard less  o f  whether energy i s  supp l ied  f rom t h e  f i e l d  

o r  f rom storage; t he re fo re ,  a single-admission t u r b i n e  i s  used i n  the Rankine 

cyc le .  

4.3.6.2 PFDR/R High-Temperature HITEC Arrangement 

Th i s  arrangement i s  the  same as the  PFDR/R i ntermedi ate-temperature HITEC 

arrangement, except t h a t  t h e  maximum temperature o f  t h e  HITEC i s  r a i s e d  t o  

5 3 8 ' ~  ( 1 0 0 0 ~ ~ ) .  ' The h igher  maximum temperature requ i res  the use o f  s t a i n -  

l e s s  s t e e l  i n  t h e  high-temperature sec t ions  o f  t h e  t r a n s p o r t  and storage sub- 

systems . 
4.3.6.3 PFDR/R Intermediate-Temperature Draw S a l t  Arrangement 

Th is  arrangement i s  the  same as the  PFDR/R intermediate-temperature HITEC 

arrangement except t h a t  t h e  HITEC has been replaced by draw s a l t ,  a  l ess  

expensive molten s a l t .  Draw s a l t  f reezes a t  a h igher  temperature than HITEC 

and t h e  m a t e r i a l s  c o m p a t i b i l i t y  has n o t  been complete ly  den~onstrated. How- 

ever, draw s a l t  may have the  p o t e n t i a l  f o r  reducing storage and t ranspor t  

cos t .  

POINT FOCUS DISTRIBUTED RECEIVER/STIRLING CYCLE 

The PFDR/S concept, which inc ludes  a p o i n t  focus d i s t r i b u t e d  rece i ve r  and 

a S t i r l i n g - c y c l e  engine, i s  discussed i n  t h i s  sect ion.  

4.4.1 General Arrangement 

The Po in t  Focus D i s t r i b u t e d  Receiver i s  a d i s t r i b u t e d ,  dish-shaped, two- 

a x i s  t r a c k i n g  c o l l e c t o r  capable o f  genera t ing  very  h igh  ope ra t i ng  temperatures. 

I n  the  PFDR/S concept, t he  h igh  temperatures a v a i l a b l e  from the  r e c e i v e r  are 

used w i t h  a S t i r l i n g - c y c l e  energy conversion subsystem. The concept has t h e  



advantage o f  h igh  ope ra t i ng  temperature and a very  good energy convers ion 

e f f i c i e n c y ;  However, the components, p a r t i c u l a r l y  high-temperature compo- 

nents, tend t o  be more expensive than those f o r  lower temperature concepts. 

The c o l l e c t o r  subsystem cons i s t s  o f  an a r ray  o f  pa rabo l i c  dishes t h a t  

t r a c k  t h e  sun i n  two axes, r e d i r e c t i n g  t h e  i n c i d e n t  r a d i a t i o n  onto i n d i v i d u a l  

rece i ve rs  1 ocated a t  the foca l  p o i n t  o f  each separate parabol i c concentrator .  

I n  t h e  rece i ve r ,  l i q u i d  metal i s  vaporized and then condensed on t h e  heater  

tubes o f  a 17.5-kWe S t i r l i n g - c y c l e  heat engine. The S t i r l i n g  engine normal ly  

operates w i t h  a heater tube temperature of 8 1 6 ' ~  (1500'~) and d r i v e s  a 

generator to 'p roduce e l e c t r i c  power. The e l e c t r i c  power i s  t ranspor ted  t o  

s torage or the u t i l i t y  power g r i d  by the  t ranspor t  subsystem. The storage 

subsystem s to res  e l e c t r i c  energy i n  one o f  several  types o f  e x i s t i n g  o r  

proposed b a t t e r i e s .  The PFDR/S concept i s  i l l u s t r a t e d  schemat ica l l y  i n  

F igu re  4.10. 

4.4.2 C o l l e c t o r  Subsystem 

The concentrator  used f o r  the  S t i r l i n g - c y c l e  case was the  same as t h a t  

used f o r  t h e  Rankine and Brayton c y c l e  cases. The r e c e i v e r  was a mod i f i ed  

vers ion  o f  the Brayton-cyc le design. The m o d i f i c a t i o n  was necessary t o  take  

i n t o  account t h e  lower volume area i n  which t h e  heat source must be conf ined 

t o  enable e f f i c i e n t  S t i r l i n g  engine operat ion.  I n c l u s i o n  o f  a heat p ipe  sub- 

system was requ i red  t o  e f f e c t i v e l y  concentrate the  heat source. 

4.4.3 Transport  Subsystem 

The PFDR/S t ranspor t  subsystem t r a n s p o r t s  e l e c t r i c  energy f rom the  

S t i r l i n g - c y c l e  energy conversion subsystem t o  e i t h e r  t h e  energy storage 

subsystem or  the u t i l i t y  g r i d .  Because subs tan t i a l  techno log ica l  improvements 

are no t  expected i n  e l e c t r i c  power t ransmiss ion,  o n l y  one t r a n s p o r t  subsystem . 

was considered i n  ana lyz ing  the PFDR/S concept. This subsystem i s  shown i n  

F igure  4.11. 

The t r a n s p o r t  subsystem i s  an ac power t ransmiss ion network and cons i s t s  

o f  t h e  cables, t ransformers,  c i r c u i t  breakers, and miscel laneous equipment 

necessary f o r  t r a n s m i t t i n g  power f rom the  many small S t i r l i n g  engines t o  the  
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FIGURE 4.11. Transport Subsystem Schematic f o r  the  Po in t  Focus 
D i s t r i b u t e d  R e c e i v e r / S t i r l i n g  Cycle Concept . 

, c e n t r a l  storage f a c i l i t y .  A l l  t r a n s p o r t  subsystem components are commercial ly 

a v a i l a b l e  and no problems are a n t i c i p a t e d  w i t h  e i t h e r  subsystem design o r  

operat ion.  ' 

, 4.4.4 S t o r a g m s t e m  

E l e c t r i c  energy generated i n  the  energy conversion subsystem can be 

s to red f o r  use du r ing  t h e  n i g h t  o r  per iods  o f  low i n s o l a t i o n .  The e l e c t r i c  

energy i s  s tored as e lect rochemical  energy i n  b a t t e r i e s .  Several e l e c t r i c  

energy storage subsystem types were considered f o r  t h e  PFDR/S concept, each 

us ing  a d i f f e r e n t  t ype  o f  b a t t e r y .  The lead a c i d  b a t t e r y  was chosen f o r  the 

base case because i t  i s  t h e  c loses t  t o  commercial a v a i l a b i l i t y .  The lead a c i d  

b a t t e r y  energy storage subsystem w i l l  be discussed here. The a l t e r n a t i v e  bat-  

t e r y  types w i l l  be discussed i n  Sect ion 4.4.6. 



The e l ec t r i c  energy storage subsystem consists of the ba t te r ies ,  ac/dc 
converters, and miscellaneous equipment such as monitoring, cooling water, 

makeup water, and wiring systems. The ac/dc converters convert the ac power 
from the energy conversion subsystem to dc power, which can be stored in the 
ba t te r ies .  

The lead acid ba t te r ies  are s t r ings  of sealed lead acid c e l l s ,  physically 
arranged in a t r i - s tack  configuration. Each s t r ing  consists of ser ies-  
connected ce l l s .  The number of . ce l l s  depends on the power plant design rating. 
The individual c e l l s  are water-cooled by a closed-loop circulating system. 
The ac/dc converter equipment i s  sized for  the maximum dc power input. The 

system includes the necessary SCR bridges, breakers, transformers, intermedi- 
a te  bus, and ancill  ary equipment.. 

4.4.5 Energy Conversion Subsystem 

The energy con.version subsystem takes thermal energy supplied from the 
col lector  subsystem and converts i t  t o  e lec t r ica l  energy. The energy conver- 
sion subsystem consists of the receiver, the S t i r l i ng  engine, the generator, 
and the heat rejection unit .  

The receiver consists of an annulus located inside a cavity receiver. 
The annulus acts as a vaporizor fo r  l iquid metal, which i s  condensed on the 
heater tubes of the S t i r l i n g  engine. The receiver i s  intended to produce a 
heater tube temperature of 816 '~ (1500'~). The S t i r l i ng  engine i s  a f ree-  
piston engine d i r ec t ly  coupled to  a l inear a l ternator  f o r  power generation. 
The free-piston design was chosen over the kinematic designs because i t  has 
the  potential f o r  a longer operating l i f e .  The engine and generator are sized 
to  produce 17.5 kWe. The S t i r l i ng  engine i s  oil-cooled; the oi l  re jec ts  heat 
t o  the atmosphere in an oi l - to-air  heat exchanger, which includes a fan t o  

force a i r ,  past the heat t ransfer  surf aces. 

4.4.6 A1 ternat ive Concept Arrangements 

Other components were considered af te r  the base case concept arrangement 
was defined and analyzed,.because of the i r  potential t o  e i ther  reduce cost or 

improve performance. These components generally represent advanced technology 



w i t h  more research and development r i s k ,  and were considered t o  est imate f u t u r e  

performance o f  t h e  PFDR/S concept us ing  c u r r e n t l y  p ro jec ted  technology. 

I '  Three components were considered: a thermal b u f f e r ,  a gener ic  advanced 

I ba t te ry ,  and a Redox advanced b a t t e r y .  These were combined w i t h  t h e  base case 
I 
I '  PFDR/S concept t o  y i e l d  th ree  a l t e r n a t i v e  concept arrangements. 
I 
I 

I 4.4.6.1 PFDR/S Thermal B u f f e r  

I n  t h i s  arrangement, a small thermal storage u n i t  i s  i n s t a l l e d  between 

t h e  l i q u i d  metal r e c e i v e r  and t h e  S t i r l i n g  engine. This  a l lows t h e  engine t o  

operate du r ing  sho r t  per iods  o f  reduced i n s o l a t i o n ,  " b u f f e r i n g  ou t "  the  e f f e c t s  

o f  s h o r t  i n s o l a t i o n  t rans ien ts .  The thermal b u f f e r  cons i s t s  o f  an i n s u l a t e d  

c y l i n d r i c a l  vessel con ta in ing  tubu la r  capsules f i  1 l e d  w i t h  a phase change s a l t .  

Thermal energy i s  s to red  as l a t e n t  heat i n  t h e  mol ten s a l t .  The capsules are 

heated by ,condensing l i q u i d  metal f rom the  rece i ve r .  The capsules g i v e  up 

heat t o  t h e  S t i r l i n g  engine heater  tubes. The thermal b u f f e r  component proved 

t o  be q u i t e  expensive, i n d i c a t i n g  t h a t  o ther  methods o f  hand l ing  shor t - term 

i n s o l a t i o n  t r a n s i e n t s  should be explored. 

1 4.4.6.2 PFDR/S Generic Advanced B a t t e r y  
1 
i 
I I n  t h i s  arrangement t-he base case lead a c i d  b a t t e r y  i s  replaced by an 
i 
I advanced b a t t e r y  having c h a r a c t e r i s t i c s  t y p i c a l  o f  a v a r i e t y  o f  s o l i d  anode/ 

I cathode b a t t e r y  systems c u r r e n t l y  under development. 

i 
I 4.4.6.3 PFDR/S Redox Advanced B a t t e r y  

The base case lead a c i d  b a t t e r y  i s  replaced by a Redox b a t t e r y  i n  t h i s  

arrangement.. The Rednx b a t t e r y  uses f u l l y - s o l u b l e  anode and cathode f l u i d s  

separated by a s e l e c t i v e  i o n  exchange membrane. The reac tan ts  are normal ly  

s to red  i n  tanks. Dur ing charge and discharge, t he  reac tan ts  are pumped through 

f 1 ow c e l l  s. The e lect rochemical  reac t i ons  take  p lace a t  separate i n e r t  porous 

carbon f e l  t e lec t rodes . 

! i 4.5 POINT FnCllS nTSTR TRIITEtl RECEIVER/BRAYTON CYCLE 

i The PFDR/B concept, which inc ludes  a p o i n t  focus d i s t r i b u t e d  r e c e i v e r  and 
i 
I -. 

a Brayton-cyc le engine, i s  discussed i n  t h i s  sec t ion .  
I ' 
I 



4.5.1 General Arrangement 

The P o i n t  Focus D i s t r i b u t e d  Receiver i s  a d i s t r i b u t e d ,  dish-shaped, two- 

a x i s  t r a c k i n g  c o l l e c t o r  capable o f  generat ing very  h igh  opera t ing  temperatures. 

The h igh  temperatures a v a i l a b l e  from the  rece i ve r  are used i n  the  PFDR/B con- 

cept  w i t h  a Brayton-cyc le energy convers ion subsystem. The concept has t h e  

advantage o f  h igh  o p e r a t i  ng temperature and a good energy conversion e f f  i - 
c iency.  However, t h e  components, p a r t i c u l a r l y  high-temperature components, 

tend t o  be more expensive than those fo r  lower temperature concepts. 

The c o l l e c t o r  subsystem cons i s t s  of an a r ray  of pa rabo l i c  dishes t h a t  

t r a c k  t h e  sun i n  two axes, r e d i r e c t i n g  t h e  i n c i d e n t  r a d i a t i o n  onto i n d i v i d u a l  

r e c e i v e r s  loca ted a t  the  f o c a l  p o i n t  o f  each separate parabol i c concentrator .  

I n  t h e  rece i ve r ,  l i q u i d  meta l  i s  vaporized and then condensed on t h e  heater  

tubes o f  a 17.5-kWe Brayton-cyc le heat engine. The Brayton engine normal ly  

operates w i t h  a heater  tube temperature o f  8 1 6 ' ~  ( 1 5 0 0 ~ ~ )  and d r i v e s  a 

generator  t o  produce e l e c t r i c  power. The e l e c t r i c  power i s  t ranspor ted  t o  

s to rage or  the  u t i l i t y  power g r i d  by t h e  t ranspor t  subsystem. The storage 

subsystem s tores  e l e c t r i c  energy i n  one o f  several  types o f  near-term o r  

advanced b a t t e r i e s .  The PFDR/B concept i s  shown schemat ica l l y  i n  F igure  4.12. 

4.5.2 C o l l e c t o r  Subsystem 

The concent ra tor  used f o r  the PFDR/B case was the same as t h a t  used f o r  

t h e  Rankine cyc le  cases, The r e c e i v e r  was d i f f e r e n t  due t o  t h e  h igher  temper- 

a tu re  requirements (1500°~) ,  and the  design was reopt imized t o  t rade  o f f  

thermal losses  aga ins t  s p i l l a g e  losses. 

4.5.3 Transport  Subsystem 

The PFDR/B t r a n s p o r t  subsystem t ranspor t s  e l e c t r i c  energy f rom the  Bray- 

ton-cyc le  energy convers ion subsystem t o  e i t h e r  t h e  energy storage subsystem 

o r  the  u t i l i t y  power g r i d .  Only one t ransport -subsystem was considered f o r  

t h e  PFUK/B concept because s u b s t a n t i a l  techno log ica l  improvements i n  e l e c t r i -  

c a l  power t ransmiss ion are no t  expected. 
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FIGURE 4.12. Po in t  Focus D i s t r i b u t e d  ReceiverIBrayton Cycle Concept Schematic 



The transport  subsystem shown i n  Figure 4.13 i s  an ac power transmission 
network and consis ts  of the cables, transformers, c i r c u i t  breakers, and miscel- 

laneous equipment necessary for  transmitting power from the many small Brayton 
engines to  the central  storage f a c i l i t y .  All transport subsystem components 
are commercially available and no problems are anticipated with ei ther  sub- 

system design or operation. 
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FIGURE 4.13. Transport Subsystem Schematic for the Point Focus 
Distributed ReceiverlBrayton Cycle Concept 

4.5.4 Storage Subsystem 

Electpic energy geflerated in the energy conversion subsystem can be stored 

f o r  use d u r i n g  the night or periods of low insolation. The e l e c t r i c  energy i s  

stored as electrochemical energy in bat ter ies .  For the PFDR/B concept, several 

types of e l e c t r i c  energy storage subsystems were considered, each using a d i f -  
fe rent  type of battery. The lead acid battery was chosen for the base case 



because it i s  the c loses t  t o  commercial a v a i l a b i l i t y .  The lead a c i d  b a t t e r y  

energy storage subsystem w i l l  be discussed here; o t h e r s . w i l 1  be discussed i n  

Sect ion 4.5.6. 

The e l e c t r i c  energy storage subsystem cons i s t s  o f  the  b a t t e r i e s ,  ac/dc 

converters, and miscel laneous equipment such as moni tor ing,  c o o l i n g  water, 

makeup water, and w i r i n g  systems. The ac/dc conver ters conver t  the  ac power 

f rom t h e  energy conversion subsystem t o  dc power, 'which can be s to red i n  t h e  

b a t t e r i e s .  

The lead ac id  b a t t e r i e s  are s t r i n g s  o f  sealed lead ac id  c e l l s ,  p h y s i c a l l y  

arranged i n  a tri -stack con f i gu ra t i on .  Each s t r i n g  cons i s t s  o f  se r i es -  

connected c e l l s .  The number o f  c e l l s  depends on the  power p l a n t  design r a t i n g .  

The i n d i v i d u a l  c e l l s  are water-cooled by a c losed- loop c i r c u l a t i n g  system. The 

ac/dc conver ter  equipment i s  s ized f o r  t h e  maximum dc power i npu t .  The system 

inc ludes  t h e  necessary SCR br idges,  breakers, t ransformers, in te rmed ia te  bus, 

and anc i 11 a r y  equipment. 

4.5.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy suppl ied f rom the  

c o l l e c t o r  subsystem and conver ts  i t  t o  e l e c t r i c a l  energy. The energy conver- 

si-on subsystem cons i s t s  o f  the rece iver ,  the  Brayton engine, the  generator,  

and t h e  heat r e j e c t i o n  u n i t .  

The r e c e i v e r  cons is ts  o f  an annulus loca ted i n s i d e  the  c a v i t y  rece i ve r .  

The annulus acts as a vapor izor  f o r  l i q u i d  metal,  which i s  condensed on t h e  

heater tubes o f  the Brayton engine. The rece i ve r  i s  intended t o  produce a 

heater tube temperature o f  8 1 6 ' ~  (1500'~).  The Brayton engine uses a c losed 

cyc le  w i t h  a i r  as t h e  working f l u i d .  The engine has a recupera tor  and. r e j e c t s  

heat t o  a c o o l i n g  o i l .  The engine has a ra ted  output  o f  17.5 kWe. The Brayton 

engine d r i v e s  a r o t a t i n g  i nduc t i on  generator.  Waste heat i s  r e j e c t e d  t o  t h e  

atmosphere i n  an o i l - t o - a i r  heat exchanger ' w i t h  a fan  t o  f o r c e  a i r  past  t he  

heat t r a n s f e r  surfaces. 

4.5.6 A l t e r n a t i v e  Concept Arrangements 

A f t e r  the  base case concept arrangement was def ined and analyzed, a l t e r -  

n a t i v e  components were considered because o f  t h e i r  p o t e n t i a l  t o  e i t h e r  reduce 



cost  o r  improve performance. I n  genera 1, these components represent  advanced 

technology w i t h  more research and development r i s k .  However, they were con- 

s idered i n  order t o  g i v e  an est imate of the fu ture  performance o f  the PFDR/B 

concept us ing  c u r r e n t l y  p ro jec ted  technology. 

The th ree  components considered were a  thermal bu f fe r ,  a  generic advanced 

b a t t e r y ,  and a  Redox advanced b a t t e r y .  These a l t e r n a t i v e s  were combined w i t h  

the  base case PFDR/B concept t o  create th ree other  arrangements. 

4.5.6.1 PFDR/B ~ h e r m a l  Bu f fe r  

I n  t h i s  arrangement, a  small  thermal storage u n i t  i s  i n s t a l l e d  between 

the  l i q u i d  metal r e c e i v e r  and the  Brayton engine, a l l ow ing  the  engine t o  oper- 

ate du r ing  shor t  per iods  of reduced inso la t i on .  I t  "bu f fe rs  outu  the  e f f e c t s  

o f  sho r t  i n s o l a t i o n  t r a n s i e n t s .  The thermal b u f f e r  cons is t s  o f  an i n s u l a t e d  

c y l i  n d r i c a l  vessel con ta in ing  tubu la r  capsules f i  1  l ed  w i t h  a  phase change s a l t .  

Thermal energy i s  s tored as l a t e n t  heat i n  t h e  molten s a l t .  The capsules are 

heated by condensing l i q u i d  metal f rom the rece iver ,  and g ive  up heat t o  the  

Brayton engine heater  tubes. The thermal b u f f e r  component proved t o  be q u i t e  

expensive. Exp lo ra t i on  o f  other  methods o f  hand l ing  short - term i n s o l a t i o n  

t r a n s i e n t s  i s  suggested. 

4.5.6.2 PFDR/B Generic Advanced B a t t e r y  

I n  t h i s  arrangement, t h e  base case lead a c i d  h a t t e r y  i s  replaced by an 

advanced b a t t e r y  w i t h  c h a r a c t e r i s t i c s  t y p i c a l  o f  a  v a r i e t y  o f  s o l i d  anode/ 

cathode b a t t e r y  systems c u r r e n t l y  under development. 

4.5.6.3 PFDR/B Redox Advanced B a t t e r y  

The base case lead ac id  b a t t e r y  i s  replaced by a  Redox b a t t e r y  i n  t h i s  

arrangement. Ihe Kedox b a t t e r y  uses f u l l y - s o l u b l e  anode and cathode f l u i d s  

separated by a  s e l e c t i v e  i o n  exchange membrane. The reac tants  are normal ly  

s to red  i n  tanks. Dur ing charge and discharge, the reac tants  are pumped through 

f l o w  c e l l s .  The e lectrochemical  reac t i ons  take p lace a t  separate i n 'e r t  porous 

carbon f e l t  e lectrodes.  



4.6 FIXED MIRROR DISTRIBUTED FOCUS/RANKINE CYCLE 

The FMDF concept, which . includes a f i x e d  m i r r o r  d i s t r i b u t e d  rece ive r  and 

a Rankine-cycle engine, i s  discussed i n  t h i s  sect ion.  

4.6.1 General Arrangement 

The f i x e d  m i r r o r  d i s t r i b u t e d  focus concept cons is ts  o f  a s t a t i o n a r y  con- 

cen t ra to r  and a two-axis t r a c k i n g  rece ive r  capable o f  generat ing h i g h  opera t ing  

temperatures. These h igh  temperatures are used i n  the  FMDF concept t o  generate 

steam i n  a Rankine-cycle energy conversion subsystem, which, i n  tu rn ,  produces 

e l e c t r i c  power. -High opera t ing  temperatures and good energy conversion e f f i -  

c iency  are advantageous. However, t h e  components tend t o  be more expensive 

than those f o r  lower temperature concepts. 

The c o l l e c t o r  subsystem i s  an a r ray  o f  large, bow l - l i ke  s t ruc tu res  con- 

s i s t i n g  of i n d i v i d u a l  m i r r o r  panels attached t o  a c r i ss -c ross  concrete frame. 

Steam i s  generated i n  the t r a c k i n g  rece ive r  and e x i t s  a t  510 '~  (950'~)  and 

10.0 MPa (1450 p s i ) .  The t ranspor t  subsystem t ranspor t s  feedwater t o  t h e  

rece ive r  and r e t u r n s  superheated steam t o  .e i ther  t h e  storage or  the  energy 

conversion' subsystem. The energy storage subsystem stores the  thermal energy 

i n  a mixed medium c o n s i s t i n g  o f  o i l  and rock. The thermal energy can be 

ex t rac ted t o  generate steam f o r  t h e  energy conversion subsystem. The energy 

conversion subsystem cons is ts  o f  a Rankine-cycle heat engine t h a t  uses water 

as a working f l u i d ,  and a d r y  c o o l i n g  tower f o r  r e j e c t i n g  waste heat t o  t h e  

atmosphere. The FMDF concept i s  i l l u s t r a t e d  schemat ica l ly  i n  F igure '  4.14. 

4.6.2 ~ o l  l e c t o r  Subsystem 

The FMDF concentrator  bowl i s  canted 15' . t o  the  south, and i s  200 f t  i n  

diameter. The gener ic  p lan t ,  as developed by Texas Tech U n i v e r s i t y  and 

E-Systems, Inc., inc ludes.  a number o f  these d i s t r i b u t e d  bowls (Texas Tech and 

E-Systems 1977, 1978; Clements and' ~ e i c h e r t  1979; C 1 ausi ng 1976). 

The rece ive r  i s  a tube-wound c y l i n d e r  moved by a boom/crane assembly t h a t  

keeps t h e  rece ive r  i n  t h e  moving f o c a l  reg ion  o f  t h e  bowl du r ing  a1 1 day1 i g h t  

hours. The lnconelQ 617 tub ing  w i t h  s e l e c t i v e  absorpt ive coa t ing  forms an open 

@   rand name f o r  n i c k e l  chromi urn a1 1 oys manufactured by Huntington A1 1 oys, 
Inc., Huntington, West V i r g i n i a .  

4.35 
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FIGURE 4.15. Fixed M i r r o r  D i s t r i b u t e d  Focus Concept 



receiver.  An a r t i s t ' s  conception of the combined concentrator/receiver system 
in operation is shown in Figure 4.15. 

4.6.3 Transport Subsystem 

The FMDF transport  subsystem transports feedwater from the energy conver- 
sion subsystem t o  the co l lec tor  array and returns superheated steam t o  e i the r  

the energy conversion or energy storage subsystem. The FMDF transport subsys- 

tem appears to be a major component of the concept's capital  cost .  

Several types of thermal energy transport subsystems were considered for 

application with the FMDF. The steam/water transport system was chosen fo r  
the base case arrangement because of component ava i lab i l i ty  and extensive 

i ndustri a1 experience with transporting steam and water. The steam/water 
transport  subsystem will be discussed here. A1 ternat ive transport subsystems 

wil l  be discussed i n  Section 4.6.6,. 

The transport subsystem takes feedwater from the Rankine-cycle energy con- 
version subsystem and transports i t  through the supply piping to  the col lector  
array. The coll ector f i e l d  is  divided into steam generating and superheating 
col lec tors .  The feedwater i s  supplied to  the steam generation col lectors  
through which the water i s  circulated, producing a steam/water mixture. The 
steam i s  separated and transported to  the superheating col lectors .  The water 
i s  recirculated through the steam generating collector.  Saturated steam from 

the steam generating col lector  i s  superheated in the superheating col lectors  
and returned to the central  generating f a c i l i t y .  Steam returning from the 
f i e l d  is a t  510'~ (950'~) and 10.0 MPa (1450 psi ) . 

The individual ,col lectors  are arranged in modules t o  form the col lector  

f i e l d .  Each module consists of f ive  steam generating collectors and two super- 
heating col lectors .  The transport subsystem can be divided into module supply 
piping, return piping, and internal piping. Module internal piping i s  shown 
in Figure 4.16. Isolation valves are included to allow for  individual collec- 
tor  maintenance. Expansion loops and f lex ib le  couplings are included to per- 
mit thermal expansion. A typical col lector  f i e ld  for  a 5-MWe plant i s  shown 
in Figure 4.17. 
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I n  a l l  cases, the  p i p i n g  i s  Schedule 160 carbon s t e e l  or  low a l l o y  s t e e l  

w i t h  ca lc ium s i l i c a t e  i n s u l a t i o n .  Module supply, re tu rn ,  and i n t e r n a l  p i p i n g  

i s  welded and bur ied.  The feed pumps and f i e l d  c i r c u l a t i o n  pumps are carbon 

s t e e l  c e n t r i f u g a l  pumps dr. iven by  e l e c t r i c  motors. A l l  valves are assumed t o  

be carbon s t e e l  gate valves o f  the appropr ia te  pressure r a t i n g .  

4.6.4 Storage Subsystem 

Thermal energy c o l l e c t e d  i n  the c o l l e c t o r  f i e l d  can be stored f o r  use 

d u r i n g  t h e  n i g h t  o r  per iods  o f  low i n s o l a t i o n .  The thermal energy i s  s to red  

as sens ib le  heat i n  the energy storage subsystem. Several types o f  thermal 

energy storage subsystems were c ~ n s i  dered f o r  t h e  FMDF. The in te rmed ia te-  

temperature o i l  and rock subsystem was chosen f o r  t he  base case because i t  i s  

t h e  c l o s e s t  t o  commercial avai  1 ab i  1 i t y .  This subsystem w i  11 be descr ibed here. 

Storage subsystem a1 t e r n a t i v e s  w i l l  be discussed i n  Sect ion 4.6.6. 

The storage medium, s to rage medium containment, charg ing heat exchangers, 

charg ing  pump, d ischarge heat exchangers, discharge pump, and p i p i n g  compose 

t h e  thermal energy storage subsystem. The arrangement i s  s i m i l a r  t o  t h a t  pro-  

posed b y  McDonnell Douglas f o r  t h e  Barstow Power P lan t .  

Thermal energy i s  s to red  as sens ib le  heat i n  an o i l  and rock medium. The 

tank c o n t a i n i n g  t h e  medium i s  arranged so t h a t  a thermocl ine i s  mainta ined 

between the  t a n k ' s  hot  and cool  regions. C a l o r i a  HT45 was se lec ted  as the  

heat  t r a n s f e r  o i l ;  r i v e r  sand and pebbles were chosen as t h e  rock  component o f  



the heat t r a n s f e r  medium. Because C a l o r i a  HT45 decomposes a t  temperatures 

above 3 0 4 ' ~  (580'~)  ,- maximum storage temperatures cannot exceed t h i s  l e v e l .  

z During per iods  o f  h i g h  i nso la t i on ,  the  thermal storage subsystem i s  

charged by e x t r a c t i n g  steam r e t u r n i n g  from t h e  c o l l e c t o r  subsystem. The steam 

e i s  used t o  heat o i l  i n  the  thermal storage charging loop, bu t  i t  i s  desuper- 
heated t o  prevent  excessive temperatures i n  the  thermal storage un iy .  The 

charging loop cons is ts  o f  charging o i l  pumps, charging p ip ing,  charging heat 

exchangers, and appropr ia te  cont ro ls .  

During discharge, the  thermal storage u n i t  provides heat t o  generate steam 

i n  the  energy conversion subsystem. Steam i s  generated i n  the  thermal s torage 

discharge loop, which cons is ts  o f  discharge o i l  pump, discharge p ip ing ,  d i s -  

charge heat exchangers, and appropr iate c o n t r o l  s. 

Two a d d i t i o n a l  components i n  t h i s  subsystem remove the  res idue o f  any heat 

t r a n s f e r  o i l  thermal degradation. The f l u i d  maintenance system f i l t e r s  t h e  

o i l  t o  remove suspended so l i ds ,  d i s t i l l s  a s ide  stream t o  remove h igh  b o i l i n g  

polymeric compounds, and adds f r e s h  makeup f l u i d  t o  rep1 ace decomp'osed f l u i d .  

The 'u l lage maintenance u n i t  mainta ins an oxygen-free gas above the  heat  t rans-  

f e r  f l u i d .  It must a l so  remove t h e  v o l a t i l e  f r a c t i o n s  o f  t h e  degradation pro-  

duct's t h a t  evaporate i n t o  the u l l a g e  space above t h e  heat t r a n s f e r  f l u i d .  

The o i l  and rock medium i s  contained i n  one or  more carbon, s t e e l  tanks, 

depending on t h e  s i z e  o f  t he  thermal storage subsystem. The tanks are insu-  

l a t e d  t o  reduce heat loss from storage. Appropriate foundations and misce l -  

laneous equipment are included. A l l  p i p i n g  i s  Schedule 40 carbon s tee l  w i t h  

calc ium s i l i c a t e  i nsu la t i on .  A l l  pumps are carbon s t e e l  c e n t r i f u g a l  pumps 

w i t h  e l e c t r i c  motor d r ives .  

4.6.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy, suppl ied f rom 

e i t h e r  t h e  f i e l d  o r  storage, and converts i t  t o  e l e c t r i c a l  energy. This 

system inc ludes the  Rankine-cycle heat engine, generator, and an a i r -coo led 

condenser. 

The Rankine-cycle heat engine i s  a convent ional  steam power cycle, .based 

on performance and cos t  i n fo rma t ion  provided by a consu l tan t .  Accessories 



i n c l u d e  t h r e e  feedwater heaters, feedwater booster pump, feedwater pump, l u b r i -  

c a t i o n  system, steam seal system, and con t ro l s .  

The generator i s  a three-phase, fou r -po le  synchronous u n i t .  The genera- 

t o r  i s  d r i v e n  by t h e  t u r b i n e  through a double h e l i c a l  spur gear reduc t ion  u n i t .  

The a i r - coo led  generator i s  equipped w i t h  a brushless e x c i t e r .  

The waste heat from the Rankine cyc le  i s  r e j e c t e d  t o  the  atmosphere i n  an 

a i r - coo led  condenser. Exhaust steam from t h e  t u r b i n e  i s  ducted t o  t h e  con- 

denser where i t  i s  condensed i n  steam/ai r  heat exchangers arranged i n  modules, 

each w i t h  a f a n  t o  fo rce  a i r  past  t h e  heat t rans fe r  surfaces. Accessories 

i nc lude  condensate pumps, p i  ping, mechanical vacuum pump, and auxi 1 i a r y  

equi  pment . 
4.6.6 ~l t e r n a t  i v e  Concept Arrangements 

A f t e r  the  base case FMDF concept arrangement was def ined and analyzed, 

o the r  components were considered f o r  t h e  same reasons as those a l t e r n a t i v e s  

assesed f o r  the  p r e v i o u s l y  described concepts. 

Four components were examined: an intermediate-temperature HITEC t rans -  

p o r t  subsystem, an intermediate- temperature HITEC storage subsystem, an 

in termedi  ate-temperature draw s a l t  t ranspor t  subsystem, and an intermediate-  

temperature draw s a l t  s torage subsystem. These components were combined w i t h  

the  base case FMDF concept t o  c reate  two a l t e r n a t i v e s .  

4.6.6.1 FMDF Intermediate-Temperature HITEC Arrangement 

The base case water/steam t ranspor t  subsystem i s  replaced i n  t h i s  arrange- 

ment w i t h  an intermediate-temperature HITEC t ranspor t  subsystem. The base case 

o i  1 / rock storage subsystem i s  replaced w i t h  an , i r ~ l e r ~ ~ ~ e d i  ate-temperature HITEC 

storage subsystem. The HITEC i s  used t o  generate s t c m  i n  heat exchangers f o r  

use i n  the  energy conversion subsystem. 

HITEC i s  healed i n  the receiver t o  454% (850'~) and transport.erl t n  

t h e  energy conversion o r  energy storage subsystem. The HITEC t r a n s p o r t  sub- 

system cons is ts  o f  supply p ip ing ,  r e t u r n  p ip ing ,  f i e l d  c i r c u l a t i o n  pump, and 

f r e e z e  p r o t e c t i o n  equipment. Carbon s t e e l  p i p i n g  can be used because t h e  max- 

imum HITEC temperature i s  below 4 5 4 ' ~  (850'~).  



The storage subsystem s tores  thermal energy i n  a combination o f  mol ten 

s a l t  and rock.  The subsystem cons i s t s  of t h e  storage medium, medium' conta in -  

ment, d ischarge loop, and medium t reatment  and makeup systems. A charg ing  

loop i s  no t  requ i red  because t h e  same f l u i d  i s  used f o r  t r a n s p o r t  and s t o r -  

age. Thermal energy i s  discharged t o  the  energy conversion subsystem i n  the  

discharge loop. The discharge loop cons i s t s  o f  p ip ing ,  HITEC pumps, heat  

exchangers, and m i  s c e l l  aneous equipment . Steam i s  generated a t  4 2 7 ' ~  (800 '~)  

and 10 MPa (1450 p s i  ), regardless o f  whether energy i s  suppl i e d  f rom t h e  f i e l d  

o r  from storage. Therefore, a s ingle-admiss ion t u r b i n e  i s  used i n  the  Rankine 

cyc le.  

4.6.6.2 FMDF Intermediate-Temperature Draw S a l t  Arrangement 

This  arrangement i s  the  same as the  HITEC arrangement j u s t  descr ibed 

except t h a t  t h e  HITEC has been replaced by draw s a l t ,  a l ess  expensive mol ten 

s a l t .  Draw s a l t  f reezes a t  a h igher  temperature than HITEC and the  m a t e r i a l s  

compa tab i l i t y  has no t  been complete ly  demonstrated. However, draw s a l t  may 

have the  p o t e n t i a l  f o r  reducing storage and t r a n s p o r t  cos t .  

4.7 LINE FOCUS CENTRAL RECEIVER/RANKINE CYCLE 

The LFCR concept, which inc ludes  a l i n e  focus c e n t r a l  rece i ve r  and a 

Rankine-cycle heat engine, i s  discussed i n  t h i s  sec t ion .  

4.7.1 General Arrangement 

The L ine  Focus Cent ra l  Receiver i s  a one-axis t r a c k i n g  c o l l e c t o r  capable 

o f  genera t ing  h igh  ope ra t i ng  temperatures. These h igh  temperatures are  used 

t o  generate steam f o r  use i n  a Rankine-cycle energy conversion subsystem. The 

LFCR concept has t h e  advantage o f  h igh  ope ra t i ng  temperatures and good energy 

conversion e f f i c i e n c y .  However, t he  r e c e i v e r  component tends t o  be more expen- 

s i v e  than t h e  same component f o r  lower temperature concepts. 

The c o l l e c t o r  subsystem cons i s t s  o f  an a r r a y  o f  rec tangu lar  s i  ng le -ax is  

h e l i o s t a t s  t h a t  focus  i n c i d e n t  s o l a r  r a d i a t i o n  onto an e levated l i n e  c e n t r a l  

rece i ve r .  The cav i t y - t ype  l i n e  r e c e i v e r  i s  tower-mounted and generates steam 

w i t h  e x i t  cond i t i ons  o f  5 1 0 ' ~  (950'~)  and 10.0 MPa (1450 p s i  ) .  The steam 

i s  t ranspor ted  t o  a c e n t r a l  generat ion f a c i l i t y  by t h e  t r a n s p o r t  subsystem. 



The steam can be e i the r  used in the energy conversion subsystem or stored in 
the storage subsystem. The storage subsystem stores  thermal energy in a mixed 
medium consisting of o i l  and rock. The thermal energy can be extracted to  
generate steam for  the energy conversion subsystem, consisting of a steam 
Rankine-cycle heat engine and a dry cooling tower for  waste heat rejection t o  
the atmosphere. Figure 4.18 presents a schematic of the LFCR concept. 

4.7.2 Collector Subsystem 

The LFCR concentrators are large (18.29 m long, 3.05 m wide), rectangular 
single-axis tracking he l ios ta t s .  They are arranged on an E-W orientation t o  
the north of the central l ine receiver. The hel iostats ,  which have adjustable 

focal lengths, are arranged in rows tha t  increase in length as distance from 
the receiver increases. There are 27 rows for  10-MWe plants, 26 rows for  5-MWe 
plants,  and 20 rows fo r  1-MWe plants. The rows far thes t  from the plant are 
longer than the receiver;  these outer hel iostats  form an area known as the 
"but terf ly ."  Optimization of the but terf ly  area s ize i s  c r i t i c a l  t o  the over- 
a l l  plant optimization, as i s  the calculation of hel iostat  row N-S distance 

separation. These s ize  and separation optimizations were conducted fo r  each 

plant being evaluated (e.g., each separate plant s ize and storage ra t ing) .  

The LFCR concept receiver i s  a l inear cavity type, canted a t  a 45' down- 
ward angle t o  the north. I t s  design, l i ke  that  of the concentrator, was deve1.- 
oped by the FMC Corporation (FMC 1976, 1977, 1978; FMC and Stanford Research 
Ins t i tu t e  1976, '1977, 1978). The receiver and concentrator systems are com- 
bined as shown in Figure 4.19. 

4.7.3 Transport Subsystem 

The LFCR transport  subsystem transports feedwater from the central gener- 
ating f a c i l i t y  t o  the l ine  receivers and returns superheated steam t o  e i ther  

the energy conversion or the energy storage subsystem. 

Several types of thermal energy transport subsystems were consi dered for  

application with the LFGR. The steam/water transport system was chosen fo r  

the base case arrangement because of component avai 1 abi 1 i t y  and extensive 
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FIGURE 4.18. Line Focus Central  Receiver Concept Schematic 



FIGURE 4.19. Line Focus Central Receiver 



i ndustr i a1 experience with transport i ng steam and water. The steam/water 
transport subsystem will be discussed here. Other transport subsystems will 
be described in Section 4.7.6. 

The transport subsystem transports .feedwater from the Rankine-cycle 
energy conversion subsystem through the supply piping t o  the l ine  receivers. 
Each receiver has steam generating and superheating sections internal to  the 
receiver. Superheated steam leaves the receiver a t  5 1 0 ~ ~  (950'~) and 

10.0 MPa (1450 ps i ) .  

The transport subsystem can be divided into supply and return piping. 
Isolation valves are included t o  allow for  maintenance on individual receivers. 
Expansion loops and f 1 exi ble coup1.i ngs permit thermal expansion. A typical 
collector f i e l d  for  a 5-MWe plant i s  shown in Figure 4.20. 
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FIGURE 4.20. Typical Collector Field Layout, Line Focus 
Central Receiver Concept 

In a l l  cases, the .piping i s  Schedule 160 carbon s tee l  or low alloy s teel  
with calcium s i l i c a t e  insulation. Module supply, return,  and internal piping 
i s  welded and' buried. The feed pump and f i e l d  circulation pumps are carbon 
s teel  centrifugal pumps with e l ec t r i c  motors fo r  the driver.  All valves are 
assumed to be carbon s teel  gate valves of appropriate pressure rating. 

4.7.4 Storage Subsystem 

Thermal energy collected in the collector f i e l d  can be stored for  use 
during the night or periods of low insolati.on. The thermal energy i s . s to red  

as sensible heat in the energy storage subsystem. For the LFCR concept, sev- 

eral types of thermal energy storage subsystems were' considered. The inter-  

mediate-temperature oi l  and rock subsystem was chosen for  the base case because 



it i s  the  c loses t  t o  commercial a v a i l a b i l i t y .  The intermediate-temperature 

o i l  and rock subsystem w i l l  be described here. A l t e r n a t i v e  storage subsystems 

w i l l  be discussed i n  Sect ion 4.7.6. 

The thermal energy storage subsystem cons is t s  o f  the  storage medium, 

storage medium containment, charging heat exchangers, charging pump, discharge 

heat  exchangers, d ischarge pump, and p ip ing .  This subsystem i s  s i m i l a r  t o  

t h a t  proposed by McDonnell Douglas f o r  t h e  Barstow Power Plant .  

Thermal energy i s  s to red  as' sens ib le  heat i n  an o i l  and rock medium. The 

medium-containing tank i s  arranged so t h a t  a thermocl ine i s  maintained between 

the t a n k ' s  hot  and coo l  regions.  C a l o r i a  HT45 was selected as the  heat t rans-  

f e r  o i l ;  r i v e r  sand and pebbles were chosen as the  rock component. The maximum 

s torage temperature cannot exceed 3 0 4 ' ~  (580'~) because Calor i a HT45 w l l  1  

decompose above t h a t  l e v e l .  

Dur ing per iods  o f  h i g h  i nso la t i on ,  the  thermal storage subsystem i s  

charged by e x t r a c t i n g  steam r e t u r n i n g  from t h e  c o l l e c t o r  subsystem. The steam 

i s  used t o  heat o i l  i n  the  thermal storage charging loop, bu t  i s  desuperheated 

t o  prevent  excessive temperatures i n  t h e  thermal storage u n i t .  The charging 

loop  cons is t s  o f  charg ing o i l  pumps, charging p ip ing,  charging heat exchangers, 

and appropr ia te  c o n t r o l s .  

Dur ing discharge, the  thermal storage u n i t  p rov ides  heat t o  generate steam 

i n  t h e  energy convers ion subsystem. Steam i s  generated i n  the thermal storage 

d ischarge loop, which cons is t s  o f  a discharge o i l  pump, discharge p ip ing,  d i s -  

charge heat exchangers, and appropr ia te  con t ro l s .  

Two a d d i t i o n a l  components i n  the  storage subsystem remove the  res idue o f  

any heat t r a n s f e r  o i l  thermal degradation. The f l u i d  maintenance system f i l -  

t e r s  the  o i l  t o  remove suspended so l i ds ,  d i s t i l  l s a s ide  stream t o  remove h igh  

bo i 1 i n g  .polymeric compounds, and adds f r e s h  makeup f l u i d  t o  rep1 ace decomposed 

f l u i d .  The u l l a g e  maintenance u n i t  mainta ins an oxygen-free gas above the heat 

t r a n s f e r  f l u i d .  This u n i t  must a l so  remove t h e  v o l a t i l e  f r a c t i o n s  o f  t h e  

degradat ion products t h a t  evaporate i n t o  the  u l l a g e  space above the  heat 

. t r a n s f e r  f l u i d .  



Depending on the s ize of the thermal storage subsystem, one or more car- 
bon s tee l  tanks contain the oil/rock medium. The tanks are insulated to  reduce 
heat 1 oss from storage. Appropriate foundations and mi scel 1 aneous equipment 
are included. All piping i s  Schedule 40 carbon s teel  with calcium s i l i c a t e  

insulation. All pumps are carbon s tee l  centrifugal pumps with e l ec t r i c  motor 
drives . 
4.7.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy, supplied from e i ther  

the f i e ld  or storage, and converts i t  t o  e lec t r ica l  energy. The energy con- 
version subsystem consists of the Rankine-cycle heat engine, generator and 
air-cooled condenser. 

The Rankine-cycle heat engine i s  a conventional steam power cycle, based 

on performance and cost information provided by a consultant. Accessories 

include three feedwater heaters, feedwater booster pump, feedwater pump, 

lubrication system, steam seal system, and controls.  

The generator i s  a three-phase, four-pole synchronous unit ,  driven by the 
turbine through a double helical spur gear reduction unit .  The generator i s  

air-cooled and equipped with a brushless exci ter .  

Waste heat from the Rankine cycle i s  rejected to the atmosphere in an 

air-cooled condenser. Exhaust steam from the turbine i s  ducted t o  the conden- 
ser where i t  i s  condensed in a steam/air heat exchanger. The steam/air heat 
exchangers are arranged in modules, each with a fan to  force a i r  past the heat 
t ransfer  surfaces. Accessories include condensate pumps, piping, mechanical 
vacuum pump, and auxi 1 i ary equ-ip111ent. 

4.7.6 Alternative Concept Arrangements 

After the base case concept arrangement was defined and analyzed, other 
components were considered to  provide estimates of the future performance 
expected from the LFCR concept. 

Four a1 tern'at i ve components were-consi dered: an i ntermed i ate-temperature 

HITEC transport subsystem, an intermediate-temperature HITEC storage subsys- 
tem, an i ntermedi ate-temperature draw s a l t  transport  subsystem, and an 

4 



in termediate- temperature draw s a l t  storage subsystem. These were combined 

w i t h  t h e  base case LFCR concept t o  y i e l d  two a l t e r n a t i v e  arrangements. 

4.7.6.1 LFCR Intermediate-Temperature HITEC Arrangement 

I n  t h i s  arrangement, t he  base case steam/water t r a n s p o r t  subsystem i s  

rep laced w i t h  an in termediate- temperature HITEC t r a n s p o r t  subsystem. The base 

case o i l / r o c k  storage subsystem i s  replaced w i t h  an intermediate-temperature 

HITEC storage subsystem.. The HITEC i s  used t o  generate steam i n  heat  

exchangers f o r  use i n  the energy conversion subsystem. 

HITCC i s  heated i n  t hc  r e c e i v e r  t o  454 '~  (850 '~)  and t ranspor ted  t o  

t h e  energy convers ion o r  energy storage subsystem by  t h e  HITEC t r a n s p o r t  sub- 

system. This system cons i s t s  o f  supply p ip ing ,  r e t u r n  p ip ing ,  f i e l d  c i r c u l a -  

t i o n  pump, and f reeze  p r o t e c t i o n  equipment. Carbon s t e e l  p i p i n g  can be used 
b 

because the  maximum HITEC temperature i s  below 454 '~  (850'~) .  

The storage subsystem s to res  thermal.energy i n  a combination o f  molten 

s a l t  and rock.  The subsystem cons i s t s  o f  t h e  storage medium, medium conta in -  

ment, d ischarge loop, and medium t reatment  and makeup systems. A charg ing 

l oop  i s  n o t  requ i red  because t h e  same f l u i d  i s  used f o r  t r a n s p o r t  and storage. 

Thermal energy i s  discharged t o  the energy conversion subsystem i n  the  d i s -  

charge loop. The d ischarge loop cons i s t s  of p lp jng ,  HITEC pu~sps, h e a l  

exchangers, and miscel laneous equipment. Steam i s  generated a t  4 2 7 ' ~  (800'~) 

and 10 MPa (1450 p s i )  regard less  o f  whether energy i s  supp l ied  f rom t h e  f i e l d  

o r  f rom storage; t he re fo re ,  a single-admission t u r b i n e  i s  used Sn the  Ranklne 

cyc le .  

4.7.6.2 LFCR Intermediate-Temperature Draw S a l t  Arrangement 

This  arrangement i s  t he  same as the HITEC arrangement j u s t  described, 

except  t h a t  t h e  HITEC i s  rep laced by draw s a l t ,  a l ess  expensive mol ten s a l t .  

Draw s a l t  f reezes a t  a h igher  temperature than HITEC and the  m a t e r i a l s  compat- 

i b i l i t y  has no t  been comple te ly  demonstrated. However, draw s a l t  may have t h e  

p o t e n t i a l  f o r  reducing storage and t r a n s p o r t  cos t .  



4.8 LINE FOCUS DISTRIBUTED RECEIVER - TRACKING RECEIVERIRANKINE CYCLE 

The LFDR-TR concept, which i nc ludes ,  a l i n e  focus d i s t r i b u t e d  r e c e i v e r  

w i t h  a t r a c k i n g  r e c e i v e r  and a Rankine-cycle heat engine, i s  discussed i n  t h i s  

sect ion.  

1 4.8.1 General ~ r rangemen t  - , . 

The L ine  Focus D i s t r i b u t e d  Receiver - Tracking Receiver i s  a one-axis 

t r a c k i n g  c o l l e c t o r .  This  concept inc ludes  a r e c e i v e r  o f  advanced design, 

a l l ow ing  the r e c e i v e r  t o  operate a t  a h igh  temperature w i thou t  excessive l os -  

ses. I n  t he  LFDR-TR concept, t he  c o l l e c t o r  i s  used t o  generate steam f o r  a 

Rankine-cycle energy conversion subsystem, which, i n  t u r n  produces e l e c t r i c  

power. The concept has t h e  advantage o f  h i g h  opera t ing  temperatures, b u t  t h e  

c o l l e c t o r  i s  expensive and has poor o p t i c a l  e f f i c i e n c y .  

The c o l l  e c t o r  subsystem cons i s t s  o f  an a r r a y  o f  f i x e d  m i r r o r  concentra- 

t o rs ,  each w i t h  a r e c e i v e r  t h a t  moves i n  a c i r c u l a r  a rc  t o  t r a c k  the  f o c a l  

l i n e .  Steam i s  generated i n  the  r e c e i v e r  and e x i t s  a t  5 1 0 ' ~  (950'~)  and 

10.0 MPa (1450 p s i ) .  The t r a n s p o r t  subsystem t ranspor t s  feedwater t o  t h e  

r e c e i v e r  and r e t u r n s  superheated steam t o  e i t h e r  t he  storage o r  energy conver- 

s ion  subsystem. The energy storage subsystem s tores  the  thermal energy i n  a 

mixed o i l / r o c k  medium. The thermal energy can be ex t rac ted  t o  generate steam 

f o r  t h e  energy convers ion subsystem.   he energy conversion subsystem cons i s t s  . 
o f  a Rankine-cycle heat engine, which uses water as a working f l u i d ,  and a dry. 

c o o l i n g  tower f o r  r e j e c t i n g  waste heat t o  t h e  atmosphere. The LFDR-TR concept 

i s  diagramned schemat ica l l y  i n  F igure  4.21. 

4.8.2 C o l l e c t o r  Subsystem ' 

The concentrator  i s  a f i x e d  m i r ro r ,  s l a t t e d  t rough t h a t  produces a l i n e  

focus regard less  o f  t he  sun's  p o s i t i o n .  This  design cons i s t s  o f  a concave 

a r ray  o f  long, narrow, f l a t  m i r r o r  f ace ts  f i x e d  t o  a concrete support. The 

m i r r o r  s t r i p s  are bonded t o  the  concre te  moldings. This concent ra tor  design, 

i nc  lud. ing the rece. iver , i s  very  s imi  1 a r  t o  the  Genera.1 Atomi c c o n f i g u r a t i o n  

(Russel l  e t  a l .  1977; Schuster e t  a l .  1978; General Atomic 1979). 



EUPERHEATIfJG MODULE 

7\ 

11 MPa 
(160 psi) 

STEAM /WATER 

------- 01 L 

FIGURE 4.21. Line Focus Distributed Receiver - Tracking Receiver Concept Schematic 



The r e c e i v e r  design, shown i n  F igure  4.22, i s  the  moving mechanism o f  t he  

LFDR-TR. It i s  moved i n  a c i r c u l a r  arc t o  t rack  the  f o c a l  1 ine.  When t h i s  

rece i ve r  and concentrator  are combined, the r e s u l t a n t  c o n f i g u r a t i o n  i s  1 i ke  
. . 

t h a t  shown i n  F igu re  4.23. 
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FIGURE 4.22 Receiver Design fo r -  the  L ine  Focus D i s t r i b u t e d  Receiver - 
Tracking ,Receiver Concept 



FIGURE 4.23. L ine  Focus D i s t r i b u t e d  Receiver - Tracking R x e i  ver Concept 



4.8.3 Transport  Subsystem 

The LFDR-TI? t r a n s p o r t  subsystem t ranspor t s  feedwater f rom the energy con- 

v e r s i o n  subsystem t o  the  c o l l e c t o r  'array and r e t u r n s  superheated steam t o  

e i t h e r  the  energy conversion or  energy storage subsystem. The LFDR-TR t rans -  

p o r t  subsystem i s  q u i t e  ex tens ive  and i s  a major component o f  t he  c a p i t a l  cos t .  

Several types o f  thermal energy t ranspor t  subsystems were considered f o r  

a p p l i c a t i o n  w i t h  the  LFDR-TR. The .steam/water t r a n s p o r t  subsystem was chosen 

f o r  the  base case arrangement because' o f  component avai  1 ab i  1 i t y  and ex tens ive  

i n d u s t r i a l  experience w i t h  t r a n s p o r t i n g  steam and water. The steam/water 

t ranspor t  subsystem w i l l  be discussed here. A1 t e r n a t i v e  t r a n s p o r t  subsystems 

w i l l  be discussed i n  Sect ion 4.8.6. 

The t ranspor t  subsystem t ranspor t s  feedwater f rom the Rankine-cycle energy 

convers ion subsystem through the  supply p i p i n g  t o  t h e  c o T l e c t o r  a r ray .  The 

c o l l e c t o r  f i e l d  i s  d i v ided  i n t o  steam genera t ion  and superheat ing modules. 

The feedwater i s  supp l ied  t o  t h e  steam genera t ion  module where i t  i s  c i r c u l a t e d  

through the  c o l l e c t o r s ,  producing a steam/water mix ture .  The steam i s  sepa- 

r a t e d  and t ranspor ted  t o  t h e  superheat ing module; t h e  water i s  r e c i r c u l a t e d  

through the  steam genera t ing  module. Saturated steam f rom the  steam generat ing 

module i s  superheated i n  t h e  superheater module and re tu rned  t o  t h e  c e n t r a l  

generat ing f a c i l i t y .  Steam r e t u r n i n g  f rom the f i e l d  i s  a t  5 1 0 ' ~  (950 '~)  and 

10.0 MPa (1450 p s i ) .  

The i n d i v i d u a l  c o l l e c t o r s  are arranged i n  modules, which are, i n  turn,  

arranged t o  form t h e  c o l l e c t o r  f i e l d .  Each steam genera t ing  module has f o r t y -  

f i v e  p a r a l l e l  200-111 f l o w  paths. Each superheat ing module has twenty - four  par-  

a l l e l  f l o w  paths, each 150 m long. The t r a n s p o r t  subsystem can be ,d iv ided i n t o  

module supply, re tu rn ,  and i n t e r n a l  p ip ing .  Module i n t e r n a l  p i p i n g  f o r  a steam 

genera t ing  module i s  shown i n  F igu re  4.24. I s o l a t i o n  values a re  inc luded t o  

a l l ow  maintenance on i n d i v i d u a l  f l o w  paths. Expansion loops and f l e x i b l e  cou- 

p l  i ngs  prov ide  f o r  thermal expansion. 

A t y p i c a l  c o l l e c t o r  f i e l d  showing module supply and r e t u r n  p i p i n g  i s  

i l l u s t r a t e d  i n  Fi.gure 4.25. This  arrangement f o r  a. 5-MWe p l a n t  p laces the  

superheat ing modules c l o s e s t  t o  t h e  c e n t r a l  genera t ing  f a c i l i t y .  
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FIGURE 4.24. Steam Generator Module P i p i n g  for the L iae  Focus 
D i  s t r  i b u t 4  Receiver - Track ing Receiver Concept 



FIGURE 4.25. Typical Collector Field Layout, Line Focus Distributed 
Receiver - Tracking Receiver Concept 
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In a l l  cases, the piping i s  Schedule 160 carbon s tee l  or low alloy s tee l  

with calcium s i l i c a t e  insulation. Module supply, - return and internal piping 
i s  welded and buried. The feed pump and f i e l d  circulation pumps are carbon 
s tee l  centrifugal pumps with e l e c t r i c  motor drives. All valves are assumed to  
be carbon s tee l  gate valves of the appropriate pressure rating. 

4.8.4 Storage Subsystem 

Thermal energy collected in the collector f i e l d  can be stored for  use 
during the night or periods of low insolation. The thermal energy i s  stored 
as sensible heat i n  the energy storage subsystem. Several types of thermal 
energy. storage subsystems were considered for  the LFDR-TR concept. The 

intermediate-temperature o i l  and rock subsystem was chosen for  the base case 
because i t  i s  the closest  t o  commercial ava i lab i l i ty .  This storage subsystem 
will be described here. The two al ternat ive subsystems will be discussed in 
Section 4.8.6. 

The thermal energy storage subsystem consists of the storage medium, 
storage medium containment, charging heat exchangers, charging pump, discharge 
heat exchangers, discharge pump, and piping. The thermal energy storage sub- 
system i s  similar to  tha t  proposed by McDonnell Douglas for  the Barstow Power 
Pl ant. 

Thermal energy is stored as sensible heat in an oi l  and rock medium. The 
medium i s  contained in a tank arranged to  maintain a thermocline between the 
hot and cool regions of the tank. Calorla HT45 was selected as the heat trans- 
f e r  o i l ;  r i ve r  sand and pebbles were chosen as the rock component of the heat 
t ransfer  medium. Calor i a HT45 cannot be used successfully above 304'~ 
(580'~) due to thermal decomposition of the o i l  ; therefore,  the maximum 
storage temperature must be kept below 304'~ (580'~).  

During periods of h i g h  insolation, the thermal storage subsystem i s  
charged by extracting steam returning from the col lector  subsystem. The steam 

i s  used to  heat oi l  in the thermal storage charging loop, b u t  i s  desuperheated 
t o  prevent excessive temperatures i n  the thermal storage u n i t .  The charging 

loop consists of charging oi l  pumps, charging piping, charging heat exchangers, 

and appropriate controls.  



During discharge, t he  thermal s torage u n i t  prov ides heat t o  generate steam 

i n  the energy conversion subsystem. Steam i s  generated i n  the thermal s torage 

discharge loop, which cons i s t s  o f  a discharge o i l  pump, 'discharge p ip ing ,  d i s -  

charge heat exchangers, and appropr ia te  c o n t r o l  s. 

The storage subsystem .has two add i t i onal components. These remove the  

res idue o f . a n y  thermal degradat ion o f  t h e  heat t r a n s f e r  o i l .  The f l u i d  main- 

tenance system f i l t e r s  the o i l  t o  remove suspended s o l i d s ,  d i s t i l l s  a s ide  

stream t o  remove h igh  b o i l i n g  polymer ic  compounds, and adds f r e s h  makeup f l u i d  

t o  rep lace decomposed f l u i d .  I n  a d d i t i o n  t o  ma in ta in ing  an oxygen-free gas 

above t h e  heat t r a n s f e r  f l u i d ,  t h e  u l l a g e  maintenance u n i t  must a lso  remove 

the  v o l a t i l e  f r a c t i o n s  o f  the degradat ion products t h a t  evaporate i n t o  the  

u l l a g e  space above t h e  heat t r a n s f e r  f l u i d .  

The o i l / r o c k  medium i s  contained i n  one o r  more carbon s t e e l  tanks, 

depending on t h e  s i z e  o f  t h e  thermal s torage subsystem. The tanks are insu-  

l a t e d  t o  reduce heat l oss  from storage. Appropr iate foundat ions and misce l -  
. , 

laneous equipment are inc luded.  A l l  p i p i n g  i s  Schedule 40 carbon s t e e l  w i t h  

calc ium s i l i c a t e  i n s u l a t i o n .  A l l  pumps are carbon s t e e l  c e n t r i f u g a l  pumps 

w i t h  e l e c t r i c  motor d r ives .  

4.8.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy, supp l ied  f rom e i t h e r  

t h e  f i e l d  o r  storage, and conver ts  i t  t o  e l e c t r i c a l  energy. The energy con- 

vers ion  subsystem cons i s t s  o f  the Rankine-cycle heat engine, generator,  and 

a i  r - coo l  ed condenser. 

The  ank kine-cycle heat engine i s  a convent ional  steam power cyc le,  based 

on performance and cos t  i n fo rma t ion  prov ided by a consu l tan t  f o r  a representa-  

t i  ve ~ a n k i  ne-cycl  e engine steam power cyc le.  Accessories inc lude th ree  feed- 

water heaters, feedwater booster  pump, feedwater pump, l u b r i c a t i o n  system, 

steam seal system, and con t ro l s .  

The generator i s  a three-phase, four -po le  synchronous u n i t ,  d r i v e n  by the  

t u r b i n e  through a double h e l i c a l  spur gear reduc t i on  u n i t .  The a i r - coo led  

generator i s  equipped w i t h  a brushless e x c i t e r .  ' . 



The waste heat f rom t h e  Rankine c y c l e  i s  r e j e c t e d  t o  the  atmosphere i n  an 

a i r - coo led  condenser. Exhaust steam from the t u r b i n e  i s  ducted t o  the  conden- 

ser where i t  i s  condensed i n  a steam/air heat exchanger. The s teamla i r  heat 

exchangers are arranged i n  modules, each w i t h  a fan t o  fo rce  a i r  past  the heat 

t r a n s f e r  surfaces. Accessories inc lude condensate pumps, p ip ing ,  mechanical 

pump, and a u x i l i a r y  equipment. 

4.8.6 A l t e r n a t i v e  Concept Arrangements 

A f t e r  t he  base case LFDR-TR concept arrangement was def ined and analyzed, 

o the r  components were considered. These a l t e r n a t i v e s  had the  p o t e n t i a l  t o  

e i t h e r  reduce cost  o r  improve performance, and were considered t o  est imate the 

f u t u r e  performance o f  t he  LFDR-TR concept us ing  c u r r e n t l y  p ro jec ted  technology. 

Four a l t e r n a t i v e s  were considered: an intermediate-temperature HITEC 

t r a n s p o r t  subsystem, an intermediate-temperature HITEC storage,subsystem, an 

intermediate-temperature draw s a l t  t ranspor t  subsystem, and an intermediate-  

temperature draw s a l t  storage subsystem. These components were combined w i t h  

t h e  base case LFDR-TR t o  c reate  two a d d i t i o n a l  arrangements. 

LFDR-TR Intermediate-Temperature HITEC Arrangement 

I n  t h i s  arrangement, the  base case steam/water t ranspor t  s~~hsystr lm i s  

rep1 aced w i t h  an i ntermediate-temperature H I  TEC t ranspor t  subsystem. The base 

case o i l h o c k  storage subsystem i s  replaced w i t h  an intermediate-temperature 

HPPEC storage subsystem. The HITEC i s  used t n  generate steam i n  heat 

exchangers f o r  use i n  the  energy conversion subsystem. 

HITEC i s  heated i n  the  rece ive r  t o  4 5 4 ' ~  (850'~)  and t ranspor ted t o  the 

energy convers ion o r  energy storage subsystem by the  HITEC t r a n s p o r t  subsystem, 

This system cons is t s  of supply p ip ing,  r e t u r n  p ip ing,  f i e l d  e i r c u l a t i n n  plrmp, 

and freeze p r o t e c t i o n  equipment. Because the  maximum HITEC temperature i s  

below 4 5 4 ' ~  (850°~) ,  carbon s t e e l  p i p i n g  can be used. 

The storage subsystem s tores  thermal energy i n  a combination o f  molten 

s a l t  and rock. The subsystem cons is t s  o f  t h e  storage medium, medium conta in-  

ment, d ischarge loop, and medium treatment and makeup systems. A charging loop 

i s  no t  r e q u i r e d  because t h e  same f l u i d  i s  used f o r  t ranspor t  and storage. 



Thermal energy i s  discharged t o  t h e  energy conversion subsystem i n  t h e  d i s -  

charge loop. The discharge loop cons is ts  of p ip ing ,  HITEC pumps, heat exchang- 

ers, and miscel laneous equipment. Steam i s  generated a t  4 2 7 ' ~  (800'~)  and . 

10 MPa (1450 p s i )  regardless o f 'whether  energy i s  suppl ied from the  f i e l d  o r  

f rom storage; theref.ore, a single-admission t u r b i n e  i s  used i n  the Rankine 

cycle. 

4.8.6.2 LFDR-TR Intermediate-Temperature Draw S a l t  Arrangement 

This arrangement i s  the same as the  HITEC arrangement j u s t  discussed, 

except t h a t  draw s a l t  ( a  less  expensive molten s a l t )  i s  used ins tead o f  HITEC. 

Draw s a l t  f reezes a t  a h igher temperature than HITEC and the  m a t e r i a l s  compat- 

i b i l i t y  has not  been complete ly  demonstrated. However, draw s a l t  may have t h e  

p o t e n t i a l  f o r  reducing storage and t ranspor t  cost.  

4.9 LINE FOCUS DISTRIBUTED RECEIVER- TRACKING COLLECTOR/RANKINE CYCLE 

The LFDR-TC concept, which inc ludes a l i n e  focus d i s t r i b u t e d  rece ive r  w i t h  

a t r a c k i n g  c o l l e c t o r  and a Rankine-cycle heat engine, i s  discussed i n  t h i s  

sect ion. 

4.9.1 General Arrangement 

The L ine  Focus D i s t r i b u t e d  Receiver - Tracking Co l l ec to r  i s  a one-axis 

t r a c k i n g  concept t h a t  can generate in termedia te  opera t ing  temperatures. I n  

the  LFDR-TC concept, the  c o l l e c t o r  i s  used t o  generate steam f o r  a Rankine- 

cyc le  energy conversion subsystem, which, i n  tu rn ,  produces e l e c t r i c  power. 

The concept has the advantage o f  inexpensive components; however, the  .lower 

opera t ing  temperature causes a reduc t ion  i n  t h e  energy conversion e f f i c i e n c y  

when compared t o  h igher temperature concepts. 

The c o l l e c t o r  subsystem cons is ts  o f  an a r ray  o f  s ing le-curvature  concen- 

t r a t o r s ' t h a t  focuses so la r  i n s o l a t i o n  on a f i x e d  l i n e a r  rece iver .  The concen- 

t r a t o r  i s  r o t a t e d  around one axis t o  t r a c k  the  sun's d i u r n a l  motion. Steam i s  

generated i n  the rece ive r  and e x i t s  a t  3 4 3 ' ~  (650'~)  and 4.83 MPa (700 p s i ) .  

The t ranspor t  subsystem t ranspor t s  feedwater t o  t h e  rece ive r  and r e t u r n s  super- 

heated steam t o  e i t h e r  storage or  ' the  energy convers ion  subsystem. The energy 

storage subsystem s tores  the  thermal energy i n  a mixed o i l  and rock medium. 



The thermal energy can be extracted to  generate steam fo r  the energy conver- 
sion subsystem. The energy conversion subsystem consists of a Rankine-cycle 
heat engine, which uses water as a working f lu id ,  and a .d ry  cooling tower fo r  
re jec t ing  waste heat to  the atmosphere. A schematic of the LFDR-TC concept 
appears in Figure 4.26. 

4.9.2 Collector Subsystem 

The LFDR-TC concentrator i s  a single-curvature design that  focuses inso- 
la t ion onto a fixed l inear  receiver. The concentrator i s  rotated about one 
axis to  track the sun 's  diurnal motion. The design selected for  t h i s  evalua- 
t inn closely models the Hexcel parabolic trough, chosen because tha t  collector 
was the most e f f ic ien t  yet tested a t  the Sandia Collector Module Test Faci l i ty ,  
e f fec t ive  March 1978 (Dudley and Workhoven 1978, p. 21) .  North-south, east-  
west, and polar orientations were evaluated. 

The receiver used in t h i s  analysis was a modified version of the Hexcel 
design used with tha t  concentrator subsystem. Figure 4.27 shows the receiver 
design. The concentrator and receiver subsystems are combi ned in formi ng the 

modul ar configuration shown in Figure 4.28. 

4.9.3 Transport Subsystem 

The LFDR-TC transport  subsystem transports feedwater from the energy 
conversion subsystem t o  the col lector  array and returns superheated steam t o  
e i ther  the energy conversion or energy storage subsystem. The LFDR-TC trans- 

port subsystem i s  quite extensive and i s  a major part of the concept's capital  
cost .  

Several types of thermal energy transport  subsystems were considered for  
application with the  LFDR-TC. The steam/water transport subsystem was chosen 
for  the base case arrangement because of component avai 1 abi 1 i t y  and extensive 
i ndustri a1 experience with transporting steam and water. The s led~n/water 

transport  subsystem will be discussed here. A1 ternative transport subsystems 
will  be discussed i n  Section 4.9.6. 

The transport  subsystem takes feedwater from the Rankine-cycle energy 

conversion subsystem and transports i t  through the supply piping to  the col- 
lector  array. The coilector f l e l d  Is divided irrto steam generation and 
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superheat ing modules. The feedwater i s  suppl ied t o  the  steam generat ion mod- 

' u l e  where t h e  water i s  c i r c u l a t e d  through t h e  c o l l e c t o r s ,  producing a steam/ 

water mix ture .  The steam i s  separated and t ranspor ted  t o  the superheat ing 

module; t h e  water i s  r e c i r c u l a t e d  through t h e  steam genera t ing  module. Satur- 

ated steam from the steam genera t ing  module i s  superheated i n  t he  superheater 

module and re turned t o  t h e  c e n t r a l  genera t ing  f a c i l i t y .  Steam r e t u r n i n g  f rom 

the  f i e l d  i s  a t  343 '~  (650'~)  and 4.83 MPa (700 p s i ) .  

The i n d i v i d u a l  c o l l e c t o r s  are arranged i n  modules, which are, i n  t u r n  

arranged t o  form t h e  c o l l e c t o r  f i e l d .  Each steam generat ing module has f o r t y  

p a r a l l e l  f l o w  paths, each 190 m long. Each superheat ing  module has four teen 

p a r a l l e l  90-m f l o w  paths. The t r a n s p o r t  subsystem can 'be  d i v i d e d  i n t o  module 

supply, re tu rn ,  and i n t e r n a l  p ip ing .  Module p i p i n g  and f i e l d  l a y o u t s  are sim- 

i l a r  t o  those discussed i n  Sect ion 4.8.3 f o r  t h e  LFDR-TR concept. They are 

i l l u s t r a t e d  i n  F igures 4.29 and 4.30. 

. I n  a l l  cases, the  p i p i n g  i s  Schedule 160.carbon s t e e l  o r  low a l l o y  s t e e l  

w i t h  calc ium s i l i c a t e  i n s u l a t i o n .  Module supply, re tu rn ,  and i n t e r n a l  p i p i n g  

i s  welded and bur ied  . The feed pump and f i e l d  c i  r c u l  a t  i on 'pumps are carbon 

s t e e l  c e n t r i f u g a l  pumps w i t h  e l e c t r i c  motor. A l l  valves are assumed t o  be . 
carbon s t e e l  gate valves o f  t he  appropr ia te  pressure r a t i n g .  

4.9.4 Storage Subsystem 

Thermal energy c o l l e c t e d  i n  the  c o l l e c t o r  f i e l d  can be s to red f o r  use 

du r ing  t h e  n i g h t  or  per iods  o f  low i n s o l a t i o n .  The thermal energy i s  s to red  

as sens ib le  heat i n  the energy storage subsystem. One t ype  o f  thermal energy 

storage subsystem was considered f o r  t h e  LFDR-TC concept. . The in te rmed ia te-  

temperature o i l  and rock  subsystem was chosen f o r  the  base case because i t  i s  

t h e  c loses t  t o  commercial a v a i l a b i l i t y ;  f u r t h e r ,  t h e  high-temperature capab i l -  

i t i e s  o f  o ther  s torage concepts were no t  requ i red .  

The thermal energy storage subsystem cons i s t s  o f  t he  storage medium, 

storage medium containment, charg ing heat exchangers, charg ing pump, d ischarge 

heat exchangers, d ischarge pump, and p ip ing .  The thermal energy storage sub- 

system i s  s i m i l a r  t o  t h a t  proposed by McDonnell .Douglas f o r  t h e  Barstow. Power 

P lan t .  
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Thermal energy.is stored as sensible heat in an o i l  and rock medium, con- 
tained in a tank that  i s  arranged to  maintain a thermocline between the hot 

and cool regions of the tank. Caloria HT45 was selected as the heat transfer 
o i l ,  and r iver  sand and pebbles were chosen as the rock component of the heat 
t ransfer  med i um. Because Cal or i a HT45 thermal l y  decomposes above 304'~ 
( 5 8 0 ' ~ ) ~  the maximum storage temperature must remain below that  level.  

During periods of high insolation the thermal storage subsystem i s  charged 
by extracting steam returning from the col lector  subsystem. The steam i s  used 
to  heat oil in the thermal storage charging loop, b u t  i s  desuperheated to  pre- 
vent excessive temperatures in the thermal storage unit'. The charging loop 
consists of charging oi l  pumps, charging piping, charging heat exchangers, and 
appropriate controls. 

During discharge, the thermal storage unit provides heat to ,  generate steam 
in the energy conversion subsystem. Steam i s  generated in the thermal storage 

discharge loop, which consists of a discharge oi l  pump, discharge piping, dis- 
charge heat exchangers, and appropriate controls. 

Two additional components in the storage subsystem remove the residue of 
any heat t ransfer  o i l  thermal degradation. The f lu id  maintenance system f i l -  

t e r s  the oil  to  remove suspended sol ids ,  d i s t i l l s  a side stream to remove high 
boiling polymeric compounds, and adds fresh makeup f lu id  t o  replace decomposed 
f lu id .  The ullage maintenance unit maintains an oxygen-free gas above the 
heat transfer f lu id .  I t  a140 removes the vola t i le  f ract ions of the degrada- 
tion products that evaporate into the ullage space above the heat t ransfer  
f lu id .  

The oil/rock medium i s  contained in one or more carbon s teel  tanks, 
depending on the s ize of the thermal storage subsystem. The tanks are insu- 

lated to reduce heat loss from storage. Appropriate foundations and miscel- 
laneous equipment are included. All piping i s  Schedule 40 carbon s tee l  with 
calcium s i l i c a t e  insulation. All pumps are carbon s teel  centrifugal pumps 
with e l ec t r i c  motor drives. 



4.9.5 Energy Conversion Subsystem 

The energy conversion subsystem takes thermal energy, supplied from ei ther  

the f i e l d  or storage, and converts i t  t o  e lec t r ica l  energy. The energy con- 
version subsystem consists of the Rankine-cycle heat engine, generator, and 
ai r-cool ed condenser. 

The Rankine-cycle heat engine i s  a conventional steam power cycle, 

designed on the basis of performance and cost information provided by a con- 
su l tan t  for  a representative Rankine-cycle engine steam power cycle. Acces- 
sor ies  i ncl ude three f eedwater heaters, f eedwater booster pump, f eedwater pump, 
lubrication system, steam seal system, and controls. 

The generator i s  a three-phase, four-pole synchronous uni t ,  driven by the 
turbine through a double helical spur gear reduction uni t .  I t  i s  air-cooled 
and equipped with a brushless exciter.  

The waste heat from the Rankine cycle i s  rejected to  the atmosphere in an 
air-cooled condenser. Exhaust steam from the turbine i s  ducted t o  the con- 
denser where i t  i s  condensed in a steam/air heat exchanger. The steam/air heat 
exchangers are arranged in modules, each of which has a fan t o  force a i r  past 
the heat t ransfer  surfaces. Accessories include condensate pumps, piping, 
mechanical vacuum pump, and auxiliary equipment. 

4.9.6 Alternative Concept Arrangements 

After the base case LFDR-TC concept arrangement was def i ned and analyzed, 
one al ternat ive was considered. In t h i s  arrangement, the steam/water trans- 
port subystem was replaced by an o i l  transport subsystem. The o i l  transport 
subsystem uses a heat t ransfer  o i l  such as Caloria HT45 as the heat t ransfer  

f lu id .  Due t o  thermal decomposition, Caloria HT45 cannot be operated a t  a 
temper a t  ure above 304'~ ( 580'~ ) . 

Caloria HT45 i s  heated in the collector f i e l d  to  304'~ (580'~) and 
returned t o  the storage subsystem. This system consists of supply and return 
piping and the f i e l d  circulation pump. The same f lu id  i s  used in the transport 
subsystem as that  used in the storage subsystem, so a charging loop i s  not 

required. In the Rankine cycle, steam i s  generated a t  274% (525'~) and 



4.83 MPa (700 p s i )  .regardless of whether energy i s  suppl ied f rom the f i e l d  or  

from storage. Therefore, a single-admission t u r b i n e  i s  used i n  t h e  Rankine 

cycle.  

The reduct ion '  i n  opera t ing  temperature when compared t o  the  base case 

w i l l  reduce energy c'onversion e f f i c i e n c y .  It was hoped t h a t  reduced h i g h  

pressure p i p i n g  cost,  charging loop costs, and the e l i m i n a t i o n  o f  the  dual- 

admission t u r b i n e  would o f f s e t  t h e  e f f e c t s  o f  t he  reduc t ion  i n  opera t ing  

e f f i c i e n c y .  

4.10 NONTRACKING CONCEPT --- ., 

Any nontracking concept must have a low concentrat ion r a t i o ,  which 

r e s u l t s  i n  low opera t ing  temperatures. While t h e  low opera t ing  temperature 

w i  11 reduce energy conversion subsystem e f f i c i e n c y ,  inexpensive nont rack i  ng 

c o l l e c t o r s  may s u b s t a n t i a l l y  reduce t h e  c a p i t a l  cos t  o f  t h e  c o l l e c t o r  f i e l d .  

The t rade -o f f s  associated w i t h  opera t ing  temperature should i n d i c a t e  i f  low- 

cost,  low-temperature concepts can success fu l l y  compete w i t h  t h e  more expen- 

s i  ve high-temperature concepts. 

4.10.1 General Arrangement 

The Low Concentrat ion Nontrpcking concept analyzed i n  t h i s  study i s  

designed t o  use t h e  compound pa rabo l i c  concentrator  (CPC), which has a concen- 

t r a t i o n  r a t i o  o f  5.25. The CPC does not  r e q u i r e  d a i l y  t rack ing ,  bu t  12 

adjustments must be made per  year t o  take advantage o f  maximum s o l a r  energy 

a c q u i s i t i o n  time. 

The LCNT concept i s  shown schemat ica l ly  i n  F igure 4.31. The CPC c o l l e c t o r  

segments are arranged i n  a c o l l e c t o r  f i e l d  c o n s i s t i n g  o f  standard modules. A 

heat t r a n s f e r  f l u i d  c i r c u l a t e d  through the  c o l l e c t o r  f i e l d  i s  heated by the  

absorbed s o l a r  energy. The hot  heat t r a n s f e r  f l u i d  i s  e i t h e r  s tored i n  t h e  

thermal storage subsystem or used t o  prov ide  thermal energy t o  the  energy con- 

vers ion  subsystem f o r  conversion t o  e l e c t r i c  power. The energy conversion 

subsystem i s  a Rankine-cycle heat engine w i t h  water as a working f l u i d .  Waste 

heat f rom t h e  Rankine cyc le  i s  r e j e c t e d  i n  an a i r -coo led condenser. 
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4.10.2 Collector Subsystem 

The LCNT 'concept uses a compound parabolic concentrbtor ( C P C )  coll  ec tor  . 
I *. 

The CPC i s  a nonimaging concentrator, which, in theory, wi 11 concentrate any 

I radiat ion within i t s  acceptance angle. The so la r  radia t ion i s  redirected onto 

/ , a  se lec t ive ly  coated vacuum-enclosed receiver where i t  i s  absorbed and t rans-  

ferred to  the heat t r ans fe r  f l u id .  The concentration r a t i o  can be increased 
by decreasing the  acceptance angle. Because the  CPC i s  a nontracking col lec-  

I 

i t o r ,  a reduction in the acceptance angle wil l  reduce the  time t h a t  beam radia- 

l t i on  from the  sun i s  within the  acceptance angle. To maintain a reasonable 
i 
I col lector  f i e l d  eff ic iency,  the compound parabolic co l lec to r  must be adjusted 
I 
I t o  compensate f o r  annual var ia t ions  in the  sun 's  elevation.  For t h i s  study a 

I truncated 7 . 2 ~  compound parabolic co l lec to r  with an e f f ec t i ve  concentration 
r a t i o  of 5.25 was selected.  The 5 . 2 5 ~  co l l ec to r  requires  12 annual t i l t  I adjustments . 

The individual co l lec to r  segment i s  based on the  designs developed a t  the 
University of Chicago and Argonne National Laboratory, and has overal l  dimen- 
sions of 5.18 m (17 f t )  by 2.74 m ( 9  f t )  (Collares-Pereira e t  a l .  1978; Cole 

e t  a l .  1977; L i t t l e  1975; Allen e t  a l .  1976). The concentrator i s  enclosed 

with a cover glass  t ha t  reduces heat loss and surface degradation. The 
receiver i s  a se lec t ive ly  coated vacuum-enclosed tube. A bank of pa r a l l e l  
co,l lectors i s  arranged to  form the co l lec to r  segment, which includes a frame 
t o  support the  co l lec to rs ,  manifolds, and an automatic shading system t o  pre- 
vent overheating in case of a loss of heat t r ans fe r  f l u i d  flow. 

The co l lec to r  segment s t ruc tura l  support i s  designed to  provide adequate 

I, support under conditions of sustained 90-mph winds. In addit ion,  the  co l lec -  
t o r  segment must be able to  have the t i l t  angle adjusted. The design shown in 

I Figure 4.32 involves a manual t i l t  adjustment, b u t  an automatic t i l t  adjus t -  
I 2 
I ment i s  a lso  feas ib le  a t  an added cost  of about $3/f t  . 
I 
1 The individual co l lec to r  segments are  arranged in a standard module. The 
l 
j t; 

co l lec tor  f i e l d  i s  a combination of standard modules with su f f i c i en t  area  t o  

I provide the  required thermal energy. The standard module consis ts  of 100 col- 
I 
i Y 

l ec to r  segments arranged i n  10 rows and 10 columns. Each of 50 para1 l e l  
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flow paths consist of two collector segments arranged in ser ies .  Each stan- 
6 dard module will provide around 550 kwh (1.9 x 10 Btu/hr) for  an annual 

2 average insolation of 800 W/m . The standard module has a to ta l  effect ive 
2 2 aperture area of 1,254 m (13,500 f t  ). 

In determining the collector f i e l d  optical performance, several variables 
were considered,. These include ground cover ' r a t io  and col 1 ector t i  1 t sched- 

ule. A ground cover r a t io .o f  0.42, which re la tes  to  a 2.44-111 (8.0-ft)  spacing 

between rows, was used in t h i s  study. Other ground cover r a t io s  were con- 

sidered, b u t  were found to  have minimal e f fec t  upon CPC collector optical 
efficiency. 

The compound parabolic collector with the select ively coated vacuum- 
enclosed receiver can operate a t  temperatures above 350'~' (662'~). Above 
approximately 232'~ (450°F), the increasing efficiency of the energy con- 
version subsystem does not compensate fo r  the reduction in col lector  efficiency 
due to increased collector heat loss.  For th i s  study, a col lector ,  ex i t  tem- 
perature of 232'~ (450'~) was chosen. 

4.10.3 Transport Subsystem 

- The transport subsystem consists of the pumps, piping, and heat transfer 

f lu id  necessary to  transport the thermal energy collected in the col lector  

f i e l d  to  the energy conversion and storage subsystems. The major components 

of the LCNT concept transport subsystem are the f i e l d  circulating pump; module 
supply, internal ,  and return piping; and the heat t ransfer  f lu id .  * 

The low operating temperature of the compound parabolic concentrator col- 
lector  f i e l d  allows a wide selection of heat t ransfer  f lu ids .  For the LCNT 

concept, a heat transfer oil  such as Caloria HT45 was chosen. Caloria HT45 i s  
also used as the storage medium in the energy storage subsystem. This dual 

application eliminates the need for  the thermal energy storage charging heat 

exchangers, piping, and pumps. 

Because Caloria HT45 does not experience a phase change while being heated 
in the collector f i e l d ,  once-through heating can be used with confidence, 
e l  5mi nati ng the need for  recircu 1 a t  i on pumps; steam drums, and accumul ators in 
the transport subsystem. The f i e l d  circulation pump pumps heat t ransfer  o i l  



from the cool end of the thermal storage subsystem through the module supply 
piping to the standard module where the o i l  i s  distributed to  the collector 
segments by means of the module internal piping. The o i l  i s  heated in the 
col lector  segments and returned via the module return piping to  the thermal 
energy storage subsystem. The hot o i l  can go e i ther  Into the thermal storage 
subsystem or d i rec t ly  to  the steam generators for  use in the energy conversion 
subsystem. 

Module internal piping i s  shown in Figure 4.33. The collector segments 
are arranged in 50 paral le l  flow paths; each flow path consists of two col- 
lector  segments. Valves are included to permit isolat ing a block of 20 col- 
lec tor  segments f o r  maintenance. Additional valves are included so tha t  the 
complete standard module can be removed from service,  if  necessary. Expansion 
loops and f lex ib le  couplings provide fo r  thermal expansion during startup and 
operation. 

A typical col lector  f i e l d  i s  shown in Figure 4.34. The standard modules 
are arranged i n  a rectangular grid with module supply and return piping 
arranged as shown. The f i e l d  circulation pump located a t  the central power 
generation f a c i l i t y  i s  sized t o  provide suff ic ient  discharge pressure to  pump 

the heat t ranster  oi l  through the transport piping network. 

In a l l  cases, the piping i s  Schedule 40 carbon s teel  with calcium s i l i -  

cate  insulation. Module supply and return piping i s  welded and buried. The 

module internal piping i s  above ground b u t  also welded. The f i e l d  circu lat. iufi 

pump i s  a carbon s teel  centrifugal pump with an e l ec t r i c  motor fo r  the driver.  

A1 1 valves are assumed t o  be carbvn s teel  gate valves of thc appropriate pres- 
sure rating. 

4.10.4 Storage Subsystem 

Thermal energy collected in the collector f i e l d  can be stored fo ih  use 
during night or periods of low insolation. The thermal energy i s  stored as 

sensible  heat in the energy storage subsystem. One type of thermal energy 
storage subsystems was considered fo r  the LCNT concept. The 1 ow-temperature 
o i l  and rock subsystem was chosen for  the base case because i t  i s  the closest  
t o  commercial ava i lab i l i ty .  The high-temperature capabi l i t ies  of the other 
storage types were not required. 
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The thermal energy s to rage subsystem cons i s t s  o f  the  storage medium, 

storage medium containment, charg ing heat exchangers, charg ing pump heat 

exchanger, d ischarge pump and p ip ing .  The thermal energy storage subsystem i s  

s i m i l a r  t o '  t h a t  proposed by  McDonnell Douglas f o r  t h e  Barstow Power Plant .  

Thermal energy i s  s to red  as sens ib le  heat i n  an o i l  and rock  medium. The 

medium i s  conta ined i n  a tank arranged t o  ma in ta in  a thermocl ine between t h e  

h o t  and cool  regions o f  the tank. R ive r  sand and pebbles were chosen as the  

rock component o f  t h e  heat t r a n s f e r  medium. C a l o r i a  HT45 was se lec ted  as t h e  

heat t r a n s f e r  o i l .  C a l o r i a  HT45 cannot be used successfu11.y a t  a temperature 

above 3 0 4 ' ~  (580'~)  due t o  thermal decomposit ion o f  the  o i l .  This  temper- 

a t u r e  l i m i t  was no t  a s i g n i f i c a n t  r e s t r a i n t  because o f  t h e  low c o l l e c t o r  oper- 

a t  i ng 'temper a t  ure . 
Dur ing  per iods  o f  h igh  i n s o l a t i o n ,  the thermal s torage subsystem i s  

charged by  e x t r a c t i n g  h o t  o i l  f rom t h e  c o l l e c t o r  subsystem. Because Cal- 

o r i a  HT45 i s  used i n  both the t r a n s p o r t  and storage subsystems, a charging 

loop i s  no t  requ i red .  



During discharge, the thermal storage u n i t  provides heat t o  generate 

steam i n  t h e  energy conversion subsystem. Steam i s  generated i ,n the  thermal 

storage discharge loop, which cons is ts  o f  discharge o i l  pump, discharge p ip -  

ing, discharge heat exchangers, and appropr ia te  c o n t r o l  s. 

The storage subsystem has two a d d i t i o n a l  components, which remove the  

res idue o f  any heat t r a n s f e r  o i l  therma1,degradation. The f l u i d  maintenance 

system f i l t e r s  the o i l  t o  remove suspended so l i ds ,  d i s t i l l s  a s ide  stream t o  

remove h i g h  b o i l i n g  polymer ic  compounds and adds f r e s h  makeup f l u i d  t o  rep lace 

decomposed f l u i d .  The u l l a g e  maintenance u n i t  mainta ins an oxygen-free gas 

above' t h e  heat t r a n s f e r  f l u i d .  This u n i t  a l so  removes t h e  v o l a t i  l e  f r a c t i o n s  

o f  the degradation products t h a t  evaporate i n t o  the u l l a g e  space above the  

heat t r a n s f e r  f l u i d .  

The o i l / r o c k  medium i s  contained i n  one or  more carbon s t e e l  tanks, 

depending on t h e  s i z e  o f  t h e  thermal storage subsystem. The tanks are  insu-  

l a t e d  t o  reduce heat loss from storage. Appropr iate foundat ions and miscel -  

laneous equipment are included. A l l  p i p i n g  i s  Schedule 40 carbon s t e e l  w i t h  

calc ium s i l i c a t e  i nsu la t i on .  A1 1 pumps are carbon s t e e l  c e n t r i f u g a l  pumps 

w i t h  e l e c t r i c  motor d r ives .  

4.10.5 Energy Conversion Subsystem 

The energy conversion subsystem cons is ts  o f  the  Rankine-cycle heat engine, 

generator,  and a i r - coo led  condenser. Due t o  t h e  low opera t ing  temperature o f  

the  compound pa rabo l i c  concentrator,  t he  energy conversion subsystem has a low 

conversion e f f i c i e n c y ,  p a r t i c u l a r l y  when.waste heat i s  r e j e c t e d  through an 

a i r -coo led condenser. 

Several Rankine-cycle engines were considered. A t  small s izes  an organic 

Rankine cyc le  appeared t o  be s l i g h t l y  more e f f i c i e n t  than the  steam Rankine 

cycle. However, t he  added complexi ty  and lack  o f  i n d u s t r i a l  experience w i t h  

l a rge  organic Rankine-cycle engines cou ld  o f f s e t  any advantage gained by t h e  

increased e f f i c i e n c y .  Therefore, a steam Rankine c y c l e  was chosen f o r  a l l  

p l a n t  s izes  analyzed. A d e t a i l e d  design o f  t he  Rankine cyc le  was beyond t h e  

scope o f  t h i s  study. The Rankine cyc le  performance and cost  in format ion  were 

* .- provided by a consu l tan t  f o r  a rep resen ta t i ve  Rankine-cycle engine t h a t  



i nc luded  a high-speed condensing steam t u r b i n e  w i t h  th ree  uncon t ro l l ed  

e x t r a c t i o n  connections. Accessories inc lude th ree  feedwater heaters, feed- 

water booster  pump, feedwater pump, l u b r i c a t i o n  system, steam seal system, and 

c o n t r o l s .  

The three-phase, 60-Hz, four -po le  synchronous generator i s  d r i ven  by the  

t u r b i n e  through a double he1 i c a l  spur gear reduct ion  u n i t .  The generator i s  

a i r - coo led  and equipped w i t h  a brushless e x c i t e r .  

An a i r -coo led condenser r e j e c t s  the  waste heat from the Rankine cyc le  t o  

t h e  atmosphere. The condenser i s  located e i t h e r  adjacent t o  t h e  t u r b i n e  gen- 

e r a t o r  b u i l d i n g  o r  on the  b u i l d i n g  r o o f ,  Exhaust steam from the t u r b i n e  i s  

ducted t o  t h e  condenser where t h e  steam i s  condensed by r e j e c t i n g  heat t o  

ambient a i r  i n  a steam/ai r  heat exchanyerV. Tlse steam/air heat exchsngcrs are 

arranged i n  modules, each w i t h  a f a n  t o  f o r c e  ambient a i r . p a s t  t h e  heat 

exchanger. Accessories i nc lude  condensate pumps, p ip ing ,  mechanical vacuum 

pump, and aux i  1 i a r y  equ i pment . 
4.10.6 A l t e r n a t i v e  Concept Arrangements 

No a1 t e r n a t i  ve .arrangements were considered f o r  t he  LCNT concept. 



5.0 ESTIMATION OF COSTS 

Est imat ion of costs f o r  s o l a r  thermal power p lan ts  occurs i n  two d i s t i n c t  

steps. Costs f o r  equipment and serv ices  requ i red  f o r  s p e c i f i c  p l a n t  con f ig -  

u ra t i ons  are estimated, giv. ing p o i n t  est imates. These p o i n t  est imates are 

then used t o  determine cost  est imate s c a l i n g  r e l a t i o n s h i p s  r e l a t i n g  component 

cos t  t o  va r iab les  such as nameplate p l a n t  r a t i n g ,  c o l l e c t o r  f i e l d  s ize,  capa- 

c i t y  f a c t o r ,  and storage subsystem capaci ty .  Cost est imate s c a l i n g  r e l a t i o n -  

ships permi t  t h e  ana lys is  o f  a  l a rge  number o f  p l a n t  con f igu ra t i ons  w i thou t  

r e q u i r i n g  d e t a i l e d  es t imat ion  o f  costs f o r  each. 

The es t imat ion  o f  component costs a t  s p e c i f i c  design po in ts  i s  by f a r  the  

more time-consuming o f  these two steps. This s tep  requ i res  developing assump- 

t i o n s  and ground ru les ,  cost  es t imat ing  methods, and u n i t  costs f o r  ma te r ia l s  

and labor.  F i n a l l y ,  a l l  these inpu ts  are used t o  assemble cos t  est imates f o r  

each component o f  each system. This approach was used t o  e s t a b l i s h  costs i n  

s u f f i c i e n t  d e t a i l  t o  de tec t  d i f f e rences  among concepts t h a t  may not  be appar- 

en t  from a broader perspect ive.  

Through s tandard iz ing  inputs  used i n  generat ing cos t  est imates f o r  each 

concept, ' r e s u l t s  obta ined are on a  comparable basis. Th is  cos t  est imate 

normal iza t ion  i s  important,  because seemingly minor changes i n  assumptions, 

methodologies, o r  u n i t  costs can have major impacts upon est imated cos ts  and, 

hence, on concept ranking. Without normal iza t ion  o f  cos t  est imates t o  a  

uni form basis, reasonable comparisons o f  concepts cannot be made. 

5.1 ASSUMPTIONS AND GROUND RULES 

Standardiz ing assumptions and ground r u l e s  used i n  es t imat ing  costs i s  

c r i t i c a l l y  important  i n  generat ing comparable, o r  normalized, r e s u l t s .  This 

i s  p a r t i c u l a r l y  t r u e  when conceptual designs are involved, as i s  the  case f o r  

c o l l e c t o r s .  Changing assumptions and ground r u l e s  can r a d i c a l l y  a f f e c t  c o l -  

1 ec tor  cost  estimates, which makes. f o r  unce r ta in  comparisons between c o l l  ec to rs  

when two concepts are evaluated us ing  d i f f e r e n t  bases. To ensure t h a t  cons is t -  

ent  assumptions and ground r u l e s  were used, the  PNL. p r o j e c t  team generated the  

cos t  est imates i ns tead  o f  r e l y i n g  on those a v a i l a b l e  i n  t h e  l i t e r a t u r e .  



5.1.1 Industry Maturity and Production Rate Assumptions and Ground Rules 

Assumptions and ground rules regarding industry maturi ty and production 
rates have large impacts upon component cost estimates. In general, costs for 
items produced by a mature, established industry are lower than those for 
identical items produced in a developing industry. Similarly, an item's cost 
tends to be inversely proportional to the item's production rate; as produc- 

tion rate increases, costs will decrease. These trends result from many fac- 
tors; foremost are learning and economies of scale in materials, labor, and 

capital i nvestments . 
Collectors are a logical choice in standardizing production for different 

components. Collector cost estimates are very sensitive to assumed production 
rates, and collectors are the largesl single eost elcmcnt of solar plant 

costs. In the PNL study, the production rate for collectors is the yardstick 
used to determine production rate assumptions for other components. As an 
example, for concepts using distributed engine generators, with one engine per 
collector, engine production rates are assumed to correspond to collector pro- 
duction rates. In this way, cost estimates for specialized components not 
used by all concepts are equivalent with other estimates. 

Several options exist for measuring co l lector product iun ra tes .  Possi - 
bilities include measurement by the number of collectors produced per year, by 
the number of new installed capacity of solar plants each year, or by the col- 
lector aperture area produced per year. Basing production rate on the number 
of collectors produced tends to distort assumed markets for collectors, because 
a given number of large collectors receives more insolation than the same num- 

ber of small collectors, Implylny it larger markct for the large cnl lector, 
Basing collector production rates on a number of installed solar MWe entails 
assuming that the only collector market is for electric applications, and 
ignores any nonelectric collector applications. Measuring production rate 
based on collector aperture area does not differentiate among collectors on 
the basis of size, and involves no assumptions concerning collector use. In 
addition, because aperture area is standardized, the insolat ion received by 
each concept will be exactly equivalent. Because of these advantages, aper- 
ture area was chosen as the variable from which to specify collector produc- 

tion rates. 



2 A col.1 ector production 1 eve1 of 1,200,000 m of aperture area per year 
was chosen as the reference a t  which to  evaluate a l l  concepts. This produc- 
tion level i s  large enough to allow collectors to experience s ignif icant  cost 
reductions due to  mass production, and was f e l t  t o  be a conservative estimate 
for  the time frame being considered in the overall project. This corresponds - 
to  roughly 100 to  200 MWe of new solar power each year, i f  a l l  col lectors  were 
used'for e lecr ic  power generation. 

Assumed production ra tes  for concentrator and receiver components for  

each concept are given in Table 5.1. Concentrator production ra tes  are deter- 
mined d i rec t ly  from the collector - aperture area. Receiver production ra tes  

are dependent upon the number of receivers used per concentrator, which varies 
considerably. f rom concept to concept. Central receiver concepts employ a 1 arge 

receiver surrounded by many smaller concentrators; the LCNT concept uses many 
small receiver tubes in each concentrator. 

TABLE 5.1. Collector Component Production Levels ( a )  

Collector Aperture Concentrator Production Receiver Production 
Concept Area, m2 Rate; Units/Year Rate, Units/Year 

PFCR/R 49.0 25,000 30 

PFCRI B 49.0 25,000 30 

PFDRIR , 100.0 12,000 12,000 

FMDF 

LFCR 55.8 21,000 250 

D L ( a )  The reference production level i s  1.2 x 10 m aperture area yearly. 



All cost  est imates assume tha t  a commercial so la r  industry has existed 
f o r  several  years. This avoids burdening concepts with one-time cos t s  asso- 
c ia ted  with new industry development, and r e f l e c t s  the' level a t  which costs  
would s t a b i l i z e  under t he  assumed production r a t e s .  

5.1.2 Other Assumptions and Ground Rules 

Economic assumptions and ground ru l e s  used in  the PNL study can be cate-  
gorized according t o  type: 

operation and maintenance .of small power systems 

economic and f inanc ia l  parameters fo r  the  u t i l i t y  company operating the 
power system 

the so la r  indhstry i n  general 

co l lec to r  manufacturing. 

Table 5.2 summarizes the uniform economic assumptions and ground ru les  of 

each type used i n  t he  t h i s  study. 

5.2 COST ESTIMATE REPORTING ACCOUNTS 

Costs fo r  so la r  thermal small power systems a re  summarized in  20 cost 
es t imate  report ing accounts. These accounts cover a l l  costs  from construction 
through plant  operations,  excluding plant decommissioning costs.  Cost accounts 
a r e  categorized a s  one of th ree  types: i n i t i a l  cap i ta l  cos t s ,  replacement 
cos t s ,  and operations and maintenance costs .  Cost accounts fo r  each type are 
l i s t e d  i n  Table 5.3. 

I n i t i a l  cap i ta l  cos t s  consis t  of a l l  cos t s  incurred prior t o  plant s tar tup.  

In addit ion t o  cos t s  d i r e c t l y  associated with the  four primary plant  subsystems 
(colq ec tors  , energy t r anspo r t ,  energy s torage,  and energy conversi on),  a number 
of other plant  cos t s  e x i s t .  These include cos t s  f o r  s t ruc tures ,  land, service  
f ac5l l t i e s ,  power conditioning equipment, instrumentation and controls ,  and 

spare  par t s .  Cost report ing accounts f o r  these  elements are grouped together 
as "other plant" cos t s .  Indirect  and contingency costs  are compiled f o r  plant 
construction as a whole ra ther  than added t o  each reporting account, and are  
reported i n  individual repor t ing accounts. 



TABLE 5.2 Economic Ground Rules and Assumptions 

Category Ground Rules and Assumptions 

So la r  I n d u s t r y  Concepts a re  analyzed assuming t h e  power system operates as p a r t  o f  a 
, c o r n e r c i a 1  e l e c t r i c i t y  p r o d u c t i o n  i n d u s t r y .  
C a p i t a l  investment  c o s t s  f o r  concepts a r e  es t imated  assuming s o p h i s t i c a t e d  
f a b r i c a t i o n ,  assembly, c o n s t r u c t i o n ,  and i n s t a l l a t i o n  techniques.  
Technological  and economic r i s k  as they  may a f f e c t  investment  d e c i s i o n s  f o r  
s o l a r  thermal  smal l  power systems a re  n o t  considered.  
R&O costs,  development subs id ies ,  and a l l  o t h e r  c o s t s  assoc ia ted  w i t h  s o l a r  
the rma l  i n d u s t r y  c o m n e r c i a l i z a t i o n  a r e  n o t  inc luded .  
Cost es t imates  do n o t  i n c l u d e  t h e  e f f e c t s  o f  investment  t a x  c r e d i t s  o r  n t h e r  
I n c e n t i v e s .  
Power p l a n t  decommissioning c o s t s  a re  n o t  i n c l u d e d  i n  es t imates .  

C o l l e c t o r  Manufac tu r ing  
Process 

Concen t ra to r  c o s t s  a r e  es t imated  assuming a r e f e r e n c e  p r o d u c t i o n  r a t e  of 
1.2 x  106 m2/year c o n c e n t r a t o r  r e f l e c t i v e  a p e r t u r e  area. 
C o l l e c t o r  manufac tu r ing  f a c i l i t i e s  a r e  assumed t o  c o n s i s t  o f  h i g h l y  automated 
processes, the reby  m i n i m i z i n g  p r o d u c t i o n  labor .  Manufac tu r ing  process 
techno logy  i s  assumed t o  be c u r r e n t  s t a t e - o f - t h e - a r t .  
C o l l e c t o r  c o s t  es t imates  i n c l u d e  manufac tu r ing  f a c i l i t y  i n d i r e c t  cos ts ,  
overhead, and a l lowances f o r  a r e q u i r e d  r e t u r n  on investment .  
Al lowances f o r  sa les  taxes, work ing  c a p i t a l ,  and manufac tu r ing  f a c i l i t y  
personnel  t r a i n i n g  a re  inc luded.  
Manufac tu r ing  f a c i l i t y  l i f e t i m e  i s  15 years.  
E f f e c t i v e  s t a t e  and f e d e r a l  income t a x  r a t e  burdened on manufac tu r ing  
f a c i l i t y  p r o f i t s  i s  0.52. 
E f f e c t i v e  o t h e r  taxes  burdened on manufac tu r ing  f a c i l i t y  p r o f i t s  a r e  0.02. 

Small Power Systems P l a n t  Unscheduled maintenance requi rements a r e  assumed t o  be min imal .  
Opera t ion  and Maintenance Concen t ra to r  c l e a n i n g  i s  per formed weekly. 

P l a n t  c o n t r o l  schemes a r e  h i g h l y  automated, r e q u i r i n g  l i t t l e  i n t e r f a c e  w i t h  
p l a n t  opera to rs .  
One opera to r  i s  r e q u i r e d  f o r  p l a n t  opera t ions ,  and i s  p resen t  whenever t h e  
p l a n t  i s  opera t ing .  Operators per form scheduled maintenance when n o t  
a c t i v e l y  i n v o l v e d  i n  p l a n t  opera t ions .  
Owner home o f f i c e  expenses a r e  n o t  i n c l u d e d  i n  c o s t  es t imates .  
A l l  r e q u i r e d  maintenance i s  per formed u s i n g  subcon t rac ted  labor .  F u l l - t i m e  
maintenance crews a r e  n o t  used. 
Small power systems a re  assumed t o  n o t  r e q u i r e  s e c u r i t y  personnel .  

Economic I n p u t s  L e v e l i z e d  energy c o s t s  a r e  c a l c u l a t e d  u s i n g  methodologies descr ibed  i n  
Doane e t  a l .  (1976). 
Power l i c e n s i n g ,  c o n s t r u c t i o n ,  and s t a r t - u p  p e r i o d s  a r e  assumed t o  be 
4 years.  
C a p i t a l  r e c o v e r y  f a c t o r  = 0.094 
F i x e d  charge r a t e  = 0.157 
Nominal c a p i t a l  e s c a l a t i o n  r a t e  = 0.06 
Nominal O&M expense e s c a l a t i o n  r a t e  = 0.07 
Nominal general  i n f l a t i o n  r a t e  = 0.06 
Cost o f  c a p i t a l  - 0.006 
Power system l i f e t i m e  = 30 years  
F i r s t  year  o f  power system comnerc ia l  o p e r a t i o n  = 1985 
Base year  o f  p r i c e  l e v e l s  = 1978 



TABLE 5.3. Cost Report ing Accounts 

Account Category Account Included Subsystem. o r  Elements 
Concentrator Costs 
Receiver Costs 

I n i t i a l  Cap i ta l  
Costs 

Rep 1 acement 
Costs 

Thermal Energy Transport Costs Transport 
E l e c t r i c  Energy Transport Costs 

Energy Conversion Costs ) Energy Conversion 

Thermal/Electr i c  Storage Costs } Energy Storage 

St ruc tures Costs 
Land Costs 
Service F a c i l i t i e s  Costs 
Power Condi t ioning Equipment Costs 
Instrumentat ion and Control Costs 
Spare Par ts  Costs 

I n d i r e c t  Construct ion Costs 
Contingency Costs 

( c o l l e c t o r  Replacement 

cap i t a l  { Eng i ne Rep 1 acement 

Other Plant 

I n d i r e c t  and 
Contingency 

( Storage Medium Rep1 acement- 

I Direct. Prndl lct ion Cost 

Operat ing and Maintenance Cost 
Maintenance Costs 

P lant  Overhead Cost 

Costs f o r  the c o l l e c t o r  subsystem are reported i n  concentrator and 

rece ive r  cost  accounts. Included i n  both accounts are manufacturers1 s e l l i n g  

cos ts  and cos ts  o f  f i e l d  i n s t a l l a t i o n  and checkout. F i e l d  i n s t a l l a t i o n  

inc ludes costs o f  cons t ruc t ion  tasks, such as foundation production, i n s t a l l a -  

t i o n  on foundations, and hookup t o  con t ro l  and energy t ranspor t  components. 

Costs f o r  alignment, adjustment, and t e s t i n g  are included as checkout costs. 



Elements o f  t h e  thermal energy t ranspor t  c o s t  r e p o r t i n g  account a re  p ipe,  

p ipe  f i t t i n g s , '  p ipe  trench, valves, i nsu la t i on ,  pumps, and f i e l d  stora,ge tanks. 

E l e c t r i c  energy t ranspor t  cos t  r e p o r t i n g  account elements are  e l e c t r i c a l  cab le ,  

and a n c i l l a r y  f i e l d  requ i red  t ranspor t  equipment. Items i n  e i t h e r  account are 

used f o r  t h e  t r a n s p o r t  o f  energy from d i s t r i b u t e d  l o c a t i o n s  i n  t h e  c o l l e c t o r  

f i e l d  t o  a  c e n t r a l  loca t ion . .  - 
Components o f  the Rankine-cycle energy conversion cos t  r e p o r t i n g  account 

are t h e  steam turbogenerator,  turbogenerator  b u i l d i n g ,  and a i r - coo led  conden- 

sers f o r  heat r e j e c t i o n . '  Components f o r  S t i r l i n g a n d  Brayton-cyc le energy 

convers ion c o s t  r e p o r t i n g  accounts are t h e  engine and generator,  w i t h  cos ts  o f  

heat r e j e c t i o n  equipment inc luded i n  engine costs. 

The energy storage cos t  r e p o r t i n g  account inc ludes  a l l  components requ i red  

s o l e l y  f o r  t h e  energy storage subsystem. The pr imary  components f o r  thermal 

energy storage subsystems are storage tanks, s torage media, heat exchangers, 

pumps, and p ip ing .  For Redox b a t t e r y  e l e c t r i c  energy storage subsystems, t he  

pr imary  components are the  Redox ba t te ry ,  power i n v e r t e r ,  and a u x i l i a r i e s .  

"Other p l a n t "  components are contained i n  s i x  cos t  r e p o r t i n g  accounts. 

The s t ruc tu res  account r e p o r t s  cos ts  f o r  b u i l d i n g s  used f o r  c o n t r o l ,  mainte- 

nance, and storage. Costs f o r  raw land, survey fees, s i t e  preparat ion,  and 

s i t e  improvement are inc luded i n  the  1  and cos t  r e p o r t i n g  account. Faci  1  i t i e s  

f o r  water treatment,  water and e l e c t r i c i t y  d i s t r i b u t i o n ,  and p l a n t  comnunica- 

tiorfs, as w e l l  as f i r e  p r o t e c t i o n  and c o l l e c t o r ,  c l ean ing  veh ic les ,  a re  repo r ted  

i n  the  se rv i ce  f a c i l i t i e s  cos t  r e p o r t i n g  account. Switchyard equipment f o r  

t he  p l a n t  i s  repor ted  i n  t h e  power c o n d i t i o n i n g  c o s t  r e p o r t i n g  account. The 

ins t rumenta t ion  and c o n t r o l  cos t  r e p o r t i n g  account conta ins  cos ts  f o r  o v e r a l l  

p l a n t  c o n t r o l  'systems, exc lud ing  any i n d i v i d u a l  c o n t r o l  devices f o r  c o l l e c t o r s ,  

which are ' included i n  concentrator  costs. .Costs o f  i n i t i a l  i n v e n t o r i e s  o f  

spare p a r t s  are inc luded i n  the  spare p a r t s  account. 

The i n d i r e c t  cons t ruc t i on  cos t  r e p o r t i n g  account covers engineer in'g and 

f i e l d '  superv is ion  expenses, general c o n s t r u c t i o n  expenses, and con t rac to rs  

fees for  the cons t ruc t i on  o f  the e n t i r e  power p lan t .  Contingency allowances 



for  increases in cost due to  equipment delivery problems, weather, labor con- 
f l i c t s ,  or other unforeseen d i f f i c u l t i e s  are reported fo r  the plant as a whole 
in the cont i ngency' cost report  i ng account. 

Rep1 acement capital  cost report i ng accounts correspond to capital  costs 
occurring during the operating l ifetime of the plant. These are incurred due 
to  the replacement of equipment with l i f e  expectancies considerably less than 
the  l ifetime of the plant as a whole. Collector replacement costs include 
costs of replacing concentrator or receiver components. The engine replace- 
ment cost account corresponds to  the cost of overhauling or replacing the 
engine portion of the energy conversion subsystem. Storage medi a rep1 acement 
costs  refer  to  the capi tal  cost of replacing ba t te r ies  or storage media in an 
energy storage system. 

Operating and maintenance costs are reported in three accounts. Direct 
production costs are associated with plant operation, and consist of expenses 
for  plant operating personnel . Maintenance costs consist of costs for sched- 

uled and unscheduled system maintenance not performed during daily plant oper- 
ations.  These include costs for  inspection, cleaning, equipment overhaul, and 

replacement of minor equipment, such as valves, due to  unscheduled fa i lure .  
Costs in addition to  d i rec t  payments for  d i rec t  production and maintenance 
costs  are reported as plant overhead costs.  Items in t h i s  account include 
administative costs and payroll burdens. 

Subsystem costs are aggregated from many component costs,  with cost e s t i -  
mates f o r  each component assessed in the same way f o r  a1 1 concepts. This 
approach ensures tha t  a1 1 concepts are uniformly evaluated, because the assump- 
t ions,  ground rules ,  cost estimating methodologies, and unit cost inputs were 
careful 1 y standardized by the PNL team. 

Approaches used to  estimate subsystem costs varied among subsystems. 
Costs fo r  subsystems consisting of conventional, off -the-shelf i terns (such as 
thermal energy transport  subsystems) were estimated using current component 

cost information. Subsystems containing nonconventional components, such as 



the col 1 ector subsystem, require different  estimating approaches, which can 
assess the impact of increased production over present-day levels on component 

3 costs.  For most subsystems, cost estimates were developed independently from 
previous studies,  using a detailed cost analysis. Because of the large number 

-' 

of components involved, t h i s  approach was not feas ib le  fo r  a l l  components of 
a l l  subsystems. For example, .a detailed manufacturing cost analysis of small 
S t i r l i ng .o r  Brayton engines was clear ly beyond the scope of the project. When 
component costs were not independently estimated, cost information was assem- 

i bled from previous studies in which detailed .analysis had been made. Using 
! cost estimates from previous studies requires careful interpretation of the 

s tudies '  approach and resu l t s ,  because of the importance of evaluating a l l  
concepts on equivalent c r i t e r i a .  

Subsystem cost estimates were deveioped specif i call  y to produce compara- 
t ive  estimates of concept costs ,  and should not replace or subst i tute  fo r  more 
detailed cost estimates necessary before actual pi1 ot or commercial plant 

designs are designated fo r  construction. 

Collector subsystems consist of concentrator and receiver components, and 
are the single most distinguishing character is t ic  among concepts. Because of 

the i r  importance in characterizing concepts. and the i r  major impact on i nst a1 1 ed 
system costs,  a considerable amount of work was devoted to  achieving r e a l i s t i c  
co 11 ector cost estimates . Rather than simply e x t r a c t  col 1 ector cost estimates 
d i rec t ly  from available l i t e ra tu re ,  emphasis was placed on independently con- 
s t ruc t i  ng coll e ~ t o r  manufacturing and f i e l d  instal  1 ation cost estimates for  

, 

each concept. 

The approach used was designed to  obtain r e a l i s t i c  collector cost e s t i -  
mates fo r  each of the designs analyzed. In 'analyzing collector concepts, pri-  

mary attention was given to  major cost elements such as materials and labor 
cost. Less attention was given elements that  contribute l i t t l e  t o  cost d i f -  
ferences among coll ector concepts, such as manufacturing plant overheads, 
capital costs for  constructing manufacturing f a c i l i t i e s ,  and manufacturing 

f a c i l i t y  return on investment requirements. A major benefit in using th i s  



approach .was the ab i  1 i t y  t o  analyze a1 t e r n a t i  ve c o l l  ec to r  concepts us ing  a 

c o n s i s t e n t  da ta  base o f  u n i t  cos ts  f o r  m a t e r i a l s  and labor .  

U n i t  costs f o r  m a t e r i a l s  and 1 abor common t o  a1 1 c o l l e c t o r  types were 

developed us ing  a v a r i e t y  o f  sources. U n i t  cos ts  f o r  convent ional  i tems and 

tasks  were developed f rom cons t ruc t i on  cos t  es t ima t ing  guidebooks, vendor 

quotes, equipment cos t  guides, and o the r  i n d u s t r y  cos t  in fo rmat ion .  For cases 

i n  which component u n i t  cos t  was h i g h l y  dependent upon the  s p e c i f i c  app l ica-  

t i o n s  o f  t h e  component, un. i t  cos ts  were developed f o r  each a l t e r n a t i v e  a p p l i -  

c a t i o n  o r  l oca t i on .  An example o f  t h i s  i s  f i e l d - i n s t a l l e d  r e i n f o r c e d  concrete, 

where the  u n i t  cos ts  developed ranged f rom $70 t o  $450/~d', depending upon the  

comp lex i t y  o f  t he  concrete placement. Some c o l l e c t o r  elements, such as t r a c k -  

i n g  u n i t s ,  have n o t  been produced i n  the  q u a n t i t i e s  t h a t  would be requ i red  i n  

an es tab l i shed  s o l a r  thermal i ndus t r y ;  there fore ,  u n i t  cos ts  a t  t h e  increased 

product ion  l e v e l s  are somewhat uncer ta in.  Several methods were used t o  estab- 

l i s h  u n i t  cos ts  f o r  these i tems. I n  instances when manufacturers were ab le  t o  

es t imate  t h e i r  s e l l i n g  cos t  a t  d i f f e r e n t  p roduct ion  l eve l s ,  these est imated 

u n i t  cos t  measures were used. When these est imates were no t  ava i l ab le ,  t hey  

were made by comparing system components w i t h  o ther  components o f  l i k e  s i z e  

and c o n f i g u r a t i o n  t h a t  do.have cos t  i n fo rma t ion  ava i lab le .  

An overview o f  the  major steps i n  the  c o l l e c t o r  cos t  es t ima t ing  methodol- 

ogy i s  shown i n  F i g u r e  5.1. I n  general,  e i g h t  steps are i nvo l ved  i n  app ly ing  

the  methodology. To begin the  process, a . re fe rence  c o l l e c t o r  design i s  chosen 

and charac ter ized,  and an o v e r a l l  assembly l i  n s t a l  l a t i o n  scenar io devised. 

Cost? f o r  m a t e r i a l s  and assembly, as we l l  as the manufactur ing p l a n t  c a p i t a l  

cost ,  are then est imated and combined. These combined cos ts  are then used t o  

c a l c u l a t e  the  s e l l i n g  p r i c e  o f  the manufactured c o l l e c t o r .  F i e l d  i n s t a l l a t i o n /  

c o n s t r u c t i o n  costs are est imated, then added t o  the  manufactured c o l l e c t o r  

s e l l i n g  p r i c e ,  determin ing the  t o t a l  i n s t a l l e d  c o l l e c t o r  cos t .  Each o f  these 

steps i s  descr ibed i n  g rea te r  d e t a i l  i n  t h e  f o l l o w i n g  paragraphs. C o l l e c t o r  

cos ts  are shown i n  Appendix 6. 
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FIGURE 5.1. C o l l e c t o r  Cost Es t imat ing  Methodology 

5.3.1.1 C o l l e c t o r  'Descr ipt ion Development 

~ e s ' c r i ~ t i  ons o f  each c o l l  & t o r  conceptual design must be developed i n  

s u f f i c i e n t  d e t a i l  t o  a l l ow  es t imat ion  o f  ma te r ia l s ,  f a b r i c a t i o n  labor,  and 

i n s t a l l  a t i o n  labor  costs. C o l l e c t o r  conceptual design documents and any 

e x i s t i n g  pro to type c o l l e c t o r s  are analyzed and used t o  const ruc t  a  "st raw man" 

c o l l e c t o r  design. This "straw man" c o l l e c t o r  design i s  then modi f ied  i n  two 

ways. Design o p t i m i z a t i o n  changes r e f l e c t  t he  f a c t  t h a t  designs appearing 



optimal f o r  near-term appl icat ions  may not be optimal under mass production 
condit ions.  Design optimization i s  bas ica l ly  a subjective s tep  involving 
changes such as small va r ia t ions  in concentrator s i z e ,  d i f fe ren t  s i z e s  of 
s t r uc tu r a l  support members, or improved foundation designs. Input f o r  design 
optimization changes came primarily from proponents of the  d i f f e r en t  generic 
concepts, based on t h e i r  opinions of what modifications would be done in mass 
production t o  lower overal l  co l lec to r  cost .  Changes in t he  "straw man" col-  
l e c to r  design due to  component avail abi 1 i  t y  are simi 1 ar t o  design optimization 

changes, and are a r e s u l t  of types of special ized co l lec to r  components assumed 
t o  become avail able  a t  the reference co l lec to r  production r a t e .  As an example, 

i f  low-cost tracking un i t s  are  assumed t o  be avai lable  f o r  one concept, t he  
same tracking uni t  would be used f o r  other concepts when applicable.  Incor- 
porating design optimization and component changes in t he  "straw man" col lec-  
t o r  conceptual design serves t o  standardize the  basis on which the co l lec to r  

designs f o r  a l t e rna t i ve  concepts are  based. 

5.3.1.2 Manufacturing/Installation Scheme Development 

A manuf ac tur ing / ins ta l l  at ion scheme i s  out1 ined fo r  each coll  ec to r ,  
dividing co l lec to r  production tasks  i n to  those performed in the  manufacturing 
f a c i l i t y  and those performed in the f i e l d .  Division of these tasks  i s  a sub- 

j e c t i v e  judgment based on the  overall  co l lec to r  s i z e  and complexity. 

I t  i s  assumed tha t  most tasks  of collector,production could be more econ- 
omically performed in a manufacturing f a c i l i t y  than in t he  f i e l d .  One mit i -  
gat ing f ac to r  to t h i s  i s  co l lec to r  s i z e .  Collector s i z e  r e l a t e s  t o  shipping 

considerations;  namely, a maximum co l lec tor  component s i z e  can be economically 
shipped. In addit ion,  shipping costs  f o r  f u l l y  assembled co l lec to rs  will be 
higher than fo r  pa r t l y  assembled co l l ec to r s ,  due t o  packing eff ic iency.  Size 
considerations can become c r i t i c a l  as concentrator or receiver s i  zes approach 

t h e  l im i t s  handled by conventional shipping. In most cases, concentrators 
were assumed to  be shipped in several pieces,  with simple assembly performed 

in  t he  f i e l d .  

Simple construction tasks ,  such as pouring foundations, pay l i t t l e  or no 

penalty f o r  being performed in the  f i e l d ,  and may, in f a c t ,  be more expensive 
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i f  performed in  a manufacturing f a c i l i t y .  Construction tasks  t ha t  are  t r ad i -  
t i o n a l l y  performed in the f i e l d  . a re  .assumed t o  be most economically performed 
i n  the  f i e l d  f o r  co l lec to r  cost  estimating purposes. 

Field i n s t a l l a t i on  tasks  are dic ta ted by co l lec to r  construction methods 
and the  extent  of co l lec to r  construction occurring a t  the  plant  s i t e .  Ins ta l -  
l ation of assembled co l lec to rs  t yp i ca l l y  consis ts  of mounting on foundations, 
hookup t o  t ranspor t  and control systems, alignment, and checkout. 

5.3.1.3 Materials and Fabrication Cost Estimating 

Materials and fabr icat ion costs  are incurred by the co l lec to r  manufactur- 
ing f a c i l i t y  during co l lec to r  production. Direct materials  cos t s  are  actual 
purchase costs  of mater ia ls ,  while fabr icat ion costs consis t  of 1abor.costs  
required f o r  cu t t ing ,  shaping, or otherwise fabr ica t ing  purchased materi a1 s 
into t h e i r  f i n a l  form. 

Collector par ts  d i f f e r  according t o  the form in  which each may be pur-  

chased--raw mater ia ls  t o  be completely fabr icated in the  manufacturing f a c i l -  
i t y ,  a f inished product ready fo r  assembly, or something between the  two. A 

complex component, such as  an e l e c t r i c  motor f o r  a dr ive  un i t ,  i s  assumed t o  
be bought, s ince the number required per year would not j u s t i f y  s e t t i n g  up an 
assembly l i ne  f o r  motor production. Less complex items with larger  require-  
ments per co l lec to r ,  such as s t e e l  channels in s t ruc tura l  supports, are assumed 
t o  be p a r t i a l l y  fabr icated in the  manufacturing f a c i l i t y .  In no case-was i t  
assumed tha t  coll ector par ts  would be produced a t  the manuf ac tur i  ng f ac i l  i t y  
d i r e c t l y  from raw mater ia ls ,  s ince complete fabr ica t ion  of par t s  may not be 
economical except a t  higher prnd~lction rates than assumed. A t  s u f f i c i e n t l y  
high production r a t e s ,  complete fabr ica t ion  of co l lec to r  par t s  could s l i g h t l y  
lower materials  and fabr icat ion cost  est imates formulated fo r  t h i s  study. 

General fabr icat ion scenarios were developed f o r  co l lec to r  par t s  t h a t  are 
p a r t i a l l y  fabr icated in the  manufacturing f a c i l i t y .  Fabrication i s  assumed t o  
be' carr ied out on highly automated production l ines .  Labor cos t s  are  gener- 
ated using es t imates ,of  production l i n e  throughput and labor requirements. 



5.3.1.4 Assembly Cost Es t imat ion  

Assembly costs are considered t o  cons is t  so. le ly  o f  labor  costs f o r  assem- 

b l i n g  c o l l e c t o r s  a t  t h e  manufactur ing f a c i l i t y .  Basic c o l l e c t o r  assembly sce- 

na r ios  were developed and used t o  designate assembly tasks. Simple assembly 

tasks  were assumed t o  be performed on h i g h l y  automated assembly l i n e s  r e q u i r -  

i n g  l i t t l e  d i r e c t  ope ra t i ng  labor .  Tasks considered too  complex f o r  machine 

execut ion  were assumed t o  be performed us ing a combination o f  machine and human 

labor .  Having def ined the'  assembly processes required,  operator requirements 

were est imated f o r  each process and summed t o  ob ta in  t o t a l  assembly man-hours. 

To ta l  assembly cos t  was ca l cu la ted  us ing  an average wage r a t e .  

5.3.1.5 Manufactur ing P lan t  Cap i ta l  Cost Es t imat ion  

C a p i t a l  costs f o r  the  c o l l e c t o r  manufactur ing f a c i l i t y  are requ i red  t o  

c a l c u l a t e  a c o l l e c t o r  s e l l i n g  cost.  Estimates o f  manufactur ing p l a n t  c a p i t a l  

cos t  ranges f o r  PFCR h e l i o s t a t s  have been i d e n t i f i e d  i n  previous studies;  these 

prov ided t h e  base l ine  used f o r  es t ima t ing  c a p i t a l  costs f o r  o ther  components. 

Manufactur ing p l a n t  c a p i t a l  costs are s u b j e c t i v e l y  scaled from the PFCR h e l i o -  

s t a t  es t imate  based upon t h e  complexi ty  o f  f a b r i c a t i n g  and assembling t h e  

c o l l e c t o r ,  and the  requ i red  product ion r a t e s  f o r  c o l l e c t o r  components. The 

r e l a t i v e l y  h igh  u n c e r t a i n t y  invo lved i n  t h i s  approach i s  compensated f o r  by 

the  m i  nor c o n t r i b u t i o n  manuf a c t u r i n g  p l a n t  c a p i t a l  costs make t o  c o l l  ec to r  

s e l l i n g  cos t .  Th is  r e s u l t  o f  t h e  PNL ana lys is  i s  upheld by other  c o l l e c t o r  

cos t  es t  imates (Drumhell e r  1978). 

5.3.1.6 C o l l e c t o r  S e l l i n g  Cost Ca lcu la t i on  

C o l l e c t o r  manufactur ing s e l l i n g  costs are def ined as the cost  a t  which 

c o l l e c t o r s  could be purchased by power p l a n t  const ruc tors  from an independent 

manufactur ing f a c i l i t y .  C o l l e c t o r  s e l l i n g  costs inc lude d i r e c t  m a t e r i a l s  and 

labo r  costs,  i n d i r e c t  m a t e r i a l s  and labor  costs, c a p i t a l  investment deprecia- 

t i on, p l a n t  overhead costs,  and manufacturers ' p r o f i t .  

D i r e c t  m a t e r i a l s  costs, described i n  Sect ion 5.3.1.3, are what m a t e r i a l s  

cos ts  would be i n  an i d e a l  process, w i t h  no m a t e r i a l s  wastage. I n d i r e c t  

m a t e r i a l s  costs stem from the f a c t  t h a t  some mate r ia l s  wastage w i l l  occur 



dur ing  c o l l e c t o r  product ion. This wastage i s  caused by r e j e c t i o n  o f  p a r t s  not  

meeting spec i f i ca t i ons ,  breakage, and t h e  i nabi 1 i t y  t o  p e r f e c t l y  use a1 1 

m a t e r i a l s  d u r i n g  f a b r i c a t i o n  steps. I n d i r e c t  ma te r ia l s  costs are ca l cu la ted  

as a percentage o f  d i r e c t  ma te r ia l s  costs.  

D i r e c t  labor  costs cons is t  o f  f a b r i c a t i o n  costs and assembly costs, as 

described i n  Sect ions 5.3.1.3 and 5.3.1.4, respec t i ve l y .  I n d i r e c t  labor  costs 

do not d i r e c t l y  c o n t r i b u t e  t o  c o l l e c t o r  product ion, and are c l a s s i f i e d  i n  

th ree  categories: superv isory  labor,  admin i s t ra t i ve  expense, and p l a n t  main- 

tenance costs. Supervisory labor costs account f o r  inspect ion  and qua1 i ty  

con t ro l ,  s h i f t -  supervisors, and o ther  lower - leve l  management personnel. 

Admi n i s t r a t i  v.e expenses t a l l y  costs i ncu r red  f o r  upper- l e v e l  management and 

management support organizat ions.  These inc lude  s a l a r i e s  and wages f o r  admi n- 

i s t r a t o r s ,  c l e r i c a l  s t a f f ,  and accountants. Both superv isory 1 abor costs and 

admin i s t ra t i ve  expenses are est imated as a percentage o f  d i r e c t  p roduct ion  

labor cost .  P lan t  maintenance costs cons is t  o f  expenses f o r  scheduled main- 

tenance and r e p a i r  o f  t he  c o l l e c t o r  manufactur ing f a c i l i t i e s .  These cos ts  

inc lude mater ia ls ,  labor, and d i r e c t  superv is ion.  P lant  maintenance costs are 

est imated as a percentage o f  p i a n t  c a p i t a l  costs. 

Cap i ta l  costs f o r  the  manufactur ing f a c i l i t y  are m u l t i p l i e d  by the  f a c i l -  

i t i e s '  f i x e d  charge r a t e . t o  ob ta in  an annualized cos t  c o n t r i b u t i o n  f o r  c a p i t a l  

costs. This approach i s  analogous t o  t h e  use o f  the  f i x e d  charge r a t e  i n  com- 

pu t ing  l e v e l i z e d  busbar energy costs. Annualized c o n t r i b u t i o n s  o f  c a p i t a l  

cos t  obtained i n  t h i s  way account f o r  both the deprec ia t ion  o f  equipment and 

requ i red  r a t e  o f  r e t u r n  on c a p i t a l  investment. 

P lan t  overhead costs cons is t  o f  expenses such as p a y r o l l  burdens, employee 

bene f i t s ,  s a f e t y  inspect ions  and equipment, and other  general p l a n t  serv ices  

unre la ted t o  product ion. P lant  overhead costs are computed as a percentage o f  

d i r e c t  and i n d i r e c t  labor  costs. 

P r o f i t  allowances are computed f o r  both c a p i t a l  investment and manufac- 

t u r i n g  f a c i l i t y  opera t ing  costs. Allowances f o r  p r o f i t  f rom c a p i t a l  investment 

are inherent  i n  the treatment o f  c a p i t a l  investment cost .  Pro f  i t  a1 1 owances 

f rom opera t ing  costs are computed as a percentage o f  d i r e c t  and i n d i r e c t  

m a t e r i a l s  and labor  cost, and p l a n t  overhead costs. 



C o l l e c t o r  manufactur ing s e l l i n g  costs are ca l cu la ted  by adding d i r e c t  and 

i n d i r e c t  m a t e r i a l s  and labo r  costs, c a p i t a l  investment depreciat ion,  p l a n t  

overhead costs, and manufactur ing p r o f i t ,  and d i v i d i n g  t h i s  sum by the  annual 

c o l l e c t o r  p roduct ion  r a t e .  Th is  y i e l d s  the  u n i t  c o l l e c t o r  manufactur ing cost ,  

i n  $ / c o l l e c t o r .  

5.3.1.7 F i e l d  I n s t a l l a t i o n  Cost Es t imat ion  

F i e l d  i n s t a l l  a t i o n  cos ts  account fo r  what happens t o  the c o l l e c t o r  a f te r  

i t  leaves t h e  manufactur ing f a c i l i t y .  A l l  cos ts  f o r  f i e l d  i n s t a l l a t i o n  and 

cons t ruc t i on  tasks are considered f i e l d  i n s t a l l a t i o n  costs. These tasks t y p i -  

c a l l y  c o n s i s t  o f  foundat ion  const ruc t ion ,  unpacking, and minor f i e l d  assemblage 

o f  concentrators,  i n s t a l l  a t i o n  o f  concentrator  and rece iver ,  and hookup t o  

c o n t r o l  and t ranspor t  subsystems. 

Based upon the  manuf a c t u r i n g / i  n s t a l l  a t i o n  scheme developed f o r  each c o l -  

l e c t o r  type, the  major tasks  t o  be performed i n  t h e  f i e l d  were i d e n t i f i e d .  

For convent ional  opera t ions  such as pour ing  foundations, costs are est imated 

us ing  standard cons t ruc t i on  cos t  es t ima t ing  in format ion .  For nonconventional 

opera t ions  such as c o l l e c t o r  i n s t a l l  a t i o n  and hookup, charac ter ized by l i t t l e  

o r  no a v a i l a b l e  in format ion ,  est imates are based on comparison t o  s i m i l a r  

opera t ions  w i t h  known costs. Specia l ized veh ic les  are assumed t o  be a v a i l a b l e  

t o  f a c i l i t a t e  f i e l d  t r a n s p o r t a t i o n  and i n s t a l l a t i o n  o f  t h e  c o l l e c t o r s .  

C o l l e c t o r  i n d i r e c t  cons t ruc t i on  costs are normal ly  covered i n  the  i n d i r e c t  

c o s t  r e p o r t i n g  account. An except ion i s  made when la rge  f i e l d  cons t ruc t i on  

requirements i n d i c a t e  necessary add i t i ona l  i n d i r e c t  costs app l i cab le  o n l y  t o  

c o l l e c t o r  const ruc t ion .  These i n d i r e c t  cons t ruc t i on  costs cover t h e  a d d i t i o n a l  

superv is ion,  engineering, and f i e l d  m o b i l i z a t i o n  costs incur red when a  l a r g e  

percentage o f  c o l l e c t o r  cons t ruc t i on  occurs i n  t h e  f i e l d .  C o l l e c t o r  i n d i r e c t  

cons t ruc t i on  costs are est imated as a  f r a c t i o n  o f  the  f i e l d  i n s t a l l  a t i o n  cos t .  

C o l l e c t o r  manufactur ing s c l l i n g  costs are added t o  the u n i t  f i e l d  

i n s t a l l a t i o n  cost  t o  o b t a i n  t h e  t o t a l  i n s t a l l e d  c o l l e c t o r  cost .  

Energy Conversion 

The w ide ly  va ry ing  components used i n  a l t e r n a t i v e  energy conversion sub- 

systems are not  convent ional ,  o f f - t h e - s h e l f  items. Rankine-cycle tu rb ines  as 



a .class have had extensive usage, b u t  very few high-temperature and pressure 
turbines have been bui l t  in the 1 to  10 MWe capacity range. Similarly, Bray- 
ton-cycle engines have been used widely, b u t  those designed spec i f ica l ly  for  
solar applications have not been mass-produced. Only 1 imi ted production 

experience ex is t s  fo r  any Stirl ing-cycle engine. 

Due to component nonconvent i onal i t y ,  costs are strongly dependent on the  

component's assumed production rate .  As production r a t e  increases, component 
costs would decrease due to  mass production benefits . The production depend- 

. . 

ence of energy conversion components requires that  cost estimates be t ied to  a 
particular production ra te ,  which for  th i s  study was the reference coll ector 
production rate .  For distributed energy conversion systems using one engine - 
per coll ector , assumed engine production ra tes  correspond to coll ector produc- 
t ion rates .  For central energy conversion systems using one engine per power 
plant, engine production rates  were chosen to  correspond to the number of 
plants installed a t  the reference collector production ra te .  Assumed produc- 
tion rates  and estimate costs for each energy conversion subsystem are found 

in Appendix B. 

5.3.2.1 Rankine Cvcle 

Primary components of the Rankine-cycle energy conversion cost account 

are the heat engine, generator, and heat rejection units. High-temperature 
and pressure steam turbogenerators are used as engine/generator; heat i s  
rejected by air-cooled condensers using no cooling water. Detailed component 

descriptions are given in Appendix A.3.3. 

Steam turbogenerators are generally considered conventional technology, 
b u t  production experience has been centered around much larger turbogenerators 
than are required for  small power systems. Available cost information for  
small (1- to  10-MWe) turbogenerators i s  1 imi ted. 

Cost estimates for turbogenerators in a wide range of s izes  were compiled 
through l i t e ra tu re  reviews and contact with manufacturers. These cost e s t i -  

mates were used to judge the effects  of economies of scale in steam turbogen- 
erators ,  or how cost varies with unit size.  Scaling exponents derived from 

these data were useful in . interpret ing cost estimates in the 1- t o  10-MWe 

range, where data were scarce. 
I 



Turbogenerator cost information was also obtained from Bechtel National, 

Inc. In t h e i r  report (Appendix C), they concluded tha t ,  although costs for 
turbogenerators in the 1- to  10-MWe range would be expected to  decrease with 
increased production r a t e s ,  no information i s  currently avail able to evaluate 
such an ef fec t .  This e f f ec t  was taken into account in considering the cost 
data; turbogenerator cost estimates were developed assuming tha t  some cost 
reduction would take place. The amount of cost reduction assumed was based 
upon cost estimates of the.  largest turbogenerators and estimated scaling 
parameters relat ing s ize  to  u n i t  cost. I t ,was assumed that  decreases in cost 
due to increased production would r~ol  be enough to off se t  unit cost increases 

associated with decreasing turbogenerator size.  

Current costs for  state-of-the-art  air-cooled condensers are quite high, 
in part  because of limited production. I t  was assumed tha t ,  a t  the required 
production rates ,  costs for  air-cooled condensers would f a l l  in l ine with 
those of more conventional air-cooled heat rejection equipment. Air-cooled 
condenser costs were estimated using cost information for  conventional a i r -  
cooled heat rejection equipment, with allowances fo r  cost increases due t o  
more sophisticated designs. 

5 . 3 . 2 . 3  Rrayton Cycle 

Brayton-cycl e engines are used for  both distributed energy conversion, 
one per col lector ,  and central energy conversion, one per plant. Design 
d e t a i l s  of Brayton engines are found in Appendix A.3.2. 

Brayton engines assumed for  t h i s  study are not currently being produced, 

. b u t  are similar i n  design to  units that  have both limited and mass production 
experience . The principal I n f  ormat i ur~ used i n estimating the cost of Brayton 

engi ne/generators was obtai ned through AiResearch Manufacturing Company, and 

was the r e su l t  of conceptual design studies for  Brayton engines. A l i t e r a tu re  

review was also used t o  establ ish costs fo r  both current Brayton engines and 
proposed solar designs. 

Instal la t ion costs were estimated separately from purchase price for  
Brayton engines, as opposed t o  Rankine engine estimates where costs in infor- 
mation sources were generally instal  led costs. - Field instal  1 ation tasks were 



estab l ished f o r  the engine/generator in. t h e  same' manner as was described f o r  

t h e  c o l l e c t o r .  Estimates of man-hours requ i red  per  task  were combined w i t h  

average f i e l d  wage r a t e  t o  ob ta in  i n s t a l l a t i o n  costs. 
4 

5.3.2.3 S t i r l i n g  Cycle 

.. S t i r l i  ng-cycle engines are used i n  d i s t r i b u t e d  energy conversion subsys- 
1 

terns, and are described i n . d e t a i 1  i n  Appendix A.3.1. As p rev ious l y  noted, 

l i t t l e  product ion experience e x i s t s  w i t h  any S t i r l i n g  engine, compl ica t ing  the  
. . 

es t imat ion  o f  costs. 

S t i r l i n g  engine/generator costs were est imated us ing  in format ion  f rom 

previous so la r  s tudies,  manufactur ing est imates o f  conceptual design S t i r l i n g  

engines, consul tants,  and cost  in format ion  f o r  S t i r l i n g  engines t h a t  have been 

produced t o  date. These sources i n d i c a t e d  t h a t  est imated costs were h i g h l y  

dependent upon assumed product ion ra te .  Care was taken i n  developing S t  i r l  i ng 

engine/generator cos t  est imates t o  ensure t h a t  t he  est imates were v a l i d  a t  t h e  

assumed engine product ion ra te .  

As w i t h  other cost  est imates i n  t h i s  study, S t i r l i n g  engine/generator 

est imated cos ts  are ac tua l  s e l l i n g  costs, i n c l u d i n g  i n d i r e c t  manufactur ing 

costs, manufactur ing overheads, and p r o f i t ,  i n  a d d i t i o n  t o  d i r e c t  manufactur- 

i n g  costs. . . 

I n s t a l l  a t i o n  costs f o r  S t i r l i  ng engine/generators were est imated sepa- 

r a t e l y  from t h e  purchase p r i c e .  I n s t a l l a t i o n  costs were est imated s i m i l a r l y  

t o  those f o r  Brayton engines, by i d e n t i f y i n g  i n s t a l  1 a t i o n  tasks, es t ima t ing  

man-hours t o  complete, and m u l t i p l y i n g  by an average wage r a t e  to. a r r i v e  a t  

the ' i n s t a l l a t i o n  cost.  

5.3.3 Energy Storage 

Energy storage subsystems are not  conventional technology, and are not  

c u r r e n t l y  commercial ly produced. As such, cos t  est imates f o r  energy storage 

subsystems depend considerably upon assumptions concerning i n d u s t r y  m a t u r i t y  

and component product ion ra tes .  Energy storage subsystem cost  est imates were 

developed assuming t h a t  energy storage technology had been demonstrated and 

was a v a i l a b l e  f o r  commercial app l i ca t i on ,  under these assumptions. Costs 

associated w i t h  cons t ruc t i on  o f  " f i r s t  of a k ind "  systems are not  included. 



Assumed production r a t e s  for energy storage subsystems were chosen to 
correspond to  the number of solar plants instal  led under the reference col lec- 
to r  production assumption. A t  these production ra tes  i t  was assumed that  indi- 
rec t  construction costs will be similar to  those fo r  other plant subsystems. 

A1 though application of energy storage subsystems i s  considered noncon- 
venti onal technology, the majori t y  of storage system components are conven- 
t i ona l ,  commercially available hardware, ' w i t h  cost levels unlikely to  be 
affected by the commerci a1 development. of energy storage subsystems. Where 
possible, subsystem costs were developed by aggregation of component costs 
with costs f o r  conventional components developed from vendors1 quotes, cost 
estimating guides, and other current cost information. 

5.3.3.1 Thermal Storage 

Thermal storage subsystems considered d i f fe r  primarily in the choice of 

storage medium: high-temperature storage subsystems use heat t ransfer  s a l t s ;  
low-temperature storage subsystems use heat transfer oi l  . Detailed descrip- 
t ions  of both thermal storage subsystem types are found in Appendix A-2.1.  

Identical procedures were used in estimating costs of the high- and low- 

temperature subsystems. 

A1 though thermal storage applications. are not considered conventional 

technology, a l l  subsystem components such as storage tanks, pumps, insulation 
and heat exchangers are conventional items. Cost estimates for  thermal s tor-  
age subsystems were developed by individually estimating costs fo r  each sub- 
system component. Primary sources used were cost estimating manual s and 
contact with manufacturers and vendors. These sources, in many cases, were 
identical to  sources used in developing component cost estimates for other 
subsystems, a factor  contributing to  consistency among estimates. In addition 
t o  the primary cost information sources, other studies discussing thermal 
storage subsystem costs were also reviewed, both as an aid in estimating com- 
ponent costs and a check on the overall subsystem cost estimate. 

5.3.3.2 Electr ic  Storage 

Electr ic  storage subsystems considered use lead acid, advanced generic, 
or Redox bat ter ies .  Lead acid ba t te r ies  can be considered near-term technology 



f o r  s t o r i n g  e l e c t r i c  energy, wh i l e  advanced generic and Redox b a t t e r i e s  use 

more advanced technologies. Descr ip t ions  o f  a l l  b a t t e r y  types are conta ined 

. i n -  Appendix A.2.2. 

Cost est imates f o r  lead ac id  b a t t e r i e s  were obtained from review o f  manu- 

+ f a c t u r i n g  cos t  est imates developed by major b a t t e r y  proponents. Cost est imates 

f o r  other  subsystem components were developed us ingx in format ion  from other  

s tudies and independent est imates. 

Redox b a t t e r y  e l e c t r i c  storage subsystems o f f e r  promise o f  low-cost e lec-  

tr i c  energy storage' us ing  advanced technology. Cost est imates f o r  Redox ba t -  

t e r y  and advanced generic subsystems were developed using in format ion  obtained 

through l i t e r a t u r e  reviews. 

I 
I 

5.3.4 Energy Transport 

Energy t ranspor t  subsystems use e i t h e r  e l e c t r i c a l  'energy t ranspor t  or  

thermal energy t ranspor t .  Both types are described i n  d e t a i l  i n  Appendix A. 

Conventional components and technologies are used i n  both thermal and e l e c t r i c  

t ranspor t  subsystems, .making cos t  est imates r e l a t i v e l y  i n s e n s i t i v e  t o  assump- 

t i o n s  regarding the  number o f  systems produced. 

I Cost est imates f o r  energy t ranspor t  subsystems were developed by aggre- 
1 ga t i ng  i n d i v i d u a l  cos t  est imates f o r  major subsystem components. A l l  est imates 

assume good labor p r o d u c t i v i t y .  Cost est imates do not  conta in  contingency 

f a c t o r s  or  i n d i r e c t  f i e l d  cons t ruc t i on  costs, which are covered i n  separate 

cost  accounts. 
! 

Thermal Energy Transport 

Major components o f  thermal energy t ranspor t  subsystems are p i p i n g  runs, 
I 
I valves, pumps,' and i n s u l a t i o n .  These components are  conventional,  and are  

i described i n  d e t a i l  i n  Appendix A.1. Cost est imates were developed us ing 
I 

ma te r ia l  requirements and s p e c i f i c a t i o n s  obtained from t ranspor t  subsystem 
I desi gris. 

Cost est imates f o r  p i p e  runs were based upon s p e c i f i c a t i o n s  o f  p i p e  diam- 
li 

'1 e te r ,  schedule, cons t ruc t i on  ma te r ia l ,  and length.  . Pipe i s  assumed t o  r u n  

1 e i t h e r  along the ground or  i n  p i p e  trenches. Pipe t rench leng th  was est imated 
I 



as a  f r a c t i o n  o f  the l eng th  o f  the t o t a l  p i p i n g  run. A  standardized u n i t  cost  

base was developed f o r  p ipe  and p ipe  trench, us ing cost  es t ima t ing  manuals, 

c o n s t r u c t i o n  cost  es t ima t ing  guides, and in format ion  from vendors. This u n i t  

cos t  base was used i n  eva lua t ing  a l l  concepts. 

Cost est imates f o r  p ipe  f i t t i n g s  were developed f o r  several t ranspor t  

systems us ing s p e c i f i c a t i o n s  de ta i l i . ng  types and numbers o f  f i t t i n g s ,  as w e l l  

as the  same cost  i n fo rma t ion  sources used i n  es t imat ing  p ipe  costs.  These 

d e t a i l e d  cos t  est imates were used t o  de r i ve  es t imat ing  r e l a t i o n s h i p s  c o r r e l a t -  

i n g  f i t t i n g s  cost  w i t h  p ipe  cost .  The es t ima t ing  r e l a t i o n s h i p s  were then used 

t o  es t imate  f i t t i n g s  cos t  f o r  t he  m a j o r i t y  o f  t ranspor t  subsystems. 

Costs f o r  valves, pumps, i n s u l a t i o n ,  and other  t ranspor t  subsystem 

components were est imated us ing  methods and cos t  i n fo rma t ion  sources s i m i l a r  

t o  those used i n  es t ima t ing  p ipe  costs. Spec i f i ca t i ons  and m a t e r i a l s  quant i -  

t i e s  were obta ined f o r  each o f  these components, and combined w i t h  o ther  com- 

ponent costs t o  generate the o v e r a l l  thermal energy t ranspor t  subsystem cost  

est imates.  

5.3.4.2 E l e c t r i c  Energy Transport 

Major elements o f  e l e c t r i c  energy t ranspor t  subsystems are. e l e c t r i c a l  

cable, capaci tors,  and swi tch ing  equipment. Re ta i l ed  subsystem desc r ip t i ons  

are contained i n  Appendix A. 

A l l  components o f  e l e c t r i c  energy t ranspor t  subsystems are conventional 

hardware. Subsystem cos t  est imates were developed analogously t o  those f o r  

thermal energy t ranspor t  subsystems, based upon mater i a1 s  requirements and 

s p e c i f i c a t i o n s  obta ined f rom subsystem designs. A standardized se t  o f  mater- 

i a l s  and i n s t a l l  a t i o n  costs was developed, us ing  cons t ruc t i on  cost  es t imat ing  

guides as sources, and used f o r  a l l  e l e c t r i c  energy t ranspor t  subsystem cos t  

es t imat ing .  

Other Plan t  
I 

compon;nts making up "other  p l a n t u  cos t  accounts tend t o  be common t o  . ,  1 
broad groups o f  concepts. Th is  commonality o f  "other  p l a n t "  components makes I 
them poor d i f f e r e n t  i ators  among concepts. Because o f  the  small c o n t r i b u t i o n  1 



of "other pl ant" components to  differences between concepts, primary a t tent ion 
in est imating system costs  ,was focused upon the  four primary subsystems: 
col l  ec tors  , energy t ranspor t ,  energy conversion, and energy storage.  The 
approach used t o  est imate "other plant" cos t s  i s .  described i n  t he  following 
s i x  subsections. 

5.3.5.1 Power Conditioning 

Equipment required fo r  the power conditioning cost  account was assumed to  
be ident ical  f o r  a1 1 concepts. .Therefore, cos t s  f o r  power conditioning equip- 
ment do not discriminate among concepts. Cost estimates fo r  power conditioning 
.equipment were obtained from a previous study assessing the  cos t s  f o r  con- 
s t r u c t i  ng geothermal power plants (Schul t e  1977). 

5.3.5.2 Structures 

Building requirements contained in t he ' s t r uc tu r e s  cost account are assumed 
t o  be ident ical  among concepts. Floor areas f o r  each required s t ruc tu r e  were 

, . 

developed fo r  I-, 5-, and 10-MWe plants ,  and used as a basis t o  est imate 
2 s t ruc tures  costs .  Average bui1,ding costs  on a $ / f t  . basis were obtained from 

construction cost  estimating manuals, and applied t o  f l oo r  area est imates t o  
a r r ive  a t  s t ruc tures  costs .  

5..3.5.3 - Land 
I 

Land requirements are determined by surface area required fo r  the  collec- 
t o r  f i e l d ,  and surface area required f o r  the  remainder of the  plant .  ~emainder-  
of plant area requirements account fo r  plant  s t ruc tures ,  access roads, and a, 
plant  perim,eter, and were assumed t o  be ident ical  f o r  a1 1 concepts. 

. Unit costs  fo r  raw land were established as a study- ground ru le .  Unit . 

costs  f o r  s i t e  preparation were developed using information from construction 
cost  estimating manuals. S i t e  preparation requirements were assumed t o  be 
equivalent f o r  all:  land, both collector f ie ld - re la ted  and remainder of plant-  

' 

re  1 ated . 
5.3.5.4 Instrumentation and Control ---.-..-.----..-.-.- - .--. .--. , 

Cost estimates fo r  instrumentation and control components assume t h a t  
major components are  commercially avai lable .  Instrumentation and control  



costs were assumed to be equal for  concepts w i t h  similar collector tracking 
requirements and energy conversion systems. 

Costs associated with central computer control for  the plants were assumed 
t o  vary with nameplate plant rating, and t o  be re la t ive ly  insensit ive t o  
changes in collector f i e l d  s i ze  or storage subsystem s.ize. Central computer 

.* 

control costs  were estimated using information from cost estimates for  the 
Barstow plant (Honeywell, Inc. 1977). Cost reductions due to increased 
commercial production of control. systems were factored in t o  these estimates. 
Costs for centra 1 computer control were assumed to be identical for concepts 

. w i t h  similar tracking requirements, i.e.,  two-axis tracking, one-axis tracking, 

and nontracking. 

Costs for instrumentation and control components other than central 
computer control were estimated as percentages of plant equipment costs.  
Estimating percentages used were based upon information obtained from cost 
estimating guides. 

5.3.5.5 Spare Parts 

Cost allowances required for spare parts were assumed to be similar for 
a l l  concepts. Spare par t s  allowances were based upon subjective judgment and , 

information from other studies.  Estimated costs for  spare parts were computed 

as a percentage of equipment costs. 

5.3.5.6 Service Fac i l i t i e s  

Differences in costs among concepts for  service f a c i l i t i e s  were assumed 
t o  be related primarily t o  type of energy conversion subsystem employed and t o  
the complexity of col lector  cleaning vehicles. Cost estimates for service 
f a c i l i t i e s  not related t o  col lector  cleaning were developed using information 
from cost estimating manuals. Cost estimates for  collector cleaning systems 
were based upon comparison of conceptual design of cleaning systems t o  simi- 
l a r ,  currently available equipment. Service f a c i l i t i e s  costs were estimated 

as a percentage of plant equipment costs .  



I n d i r e c t  and Contingency 

I n d i r e c t  cons t ruc t i on  costs and cont ingency cos ts  were est imated as per- 

centages o f  d i r e c t  c a p i t a l  costs. Es t imat ing  percentages were developed f rom 

a  rev iew o f  cons t ruc t i on  cos t  es t ima t ing  guides, prev ious s o l a r  s tudy cost  

est imates, and cos t  est imates f o r  o ther  advanced energy concepts. 

Es t imat ing  percentages used f o r  cont ingency costs were i d e n t i c a l  f o r  a l l  

concepts. With except ion o f  t h e  p o r t i o n  o f  i n d i r e c t  cos ts  a l l o c a t e d  f o r  

engineer ing and f i e l d  supervision, i n d i r e c t  cons t ruc t i on  cos t  es t ima t ing  per- 

centages were a1 so ' i d e n t i c a l  f o r  a1 1  concepts. Cost es t ima t ing  percentages 

f o r  engineer ing and f i e l d  superv is ion  costs var ied  between concepts, w i t h  var- 

i a t i o n s  based upon d i f ferences i n  t h e  complexi ty  o f  designing and cons t ruc t i ng  

the  concepts. 

5.3.7 Cost Est imate Sca l ing  Re1 a t i onsh ips  

Cost est imate s c a l i n g  r e l a t i o n s h i p s  (CESRs) are mathematical r e l a t i o n s h i p s  

used t o  est imate how component cos ts  w i l l  va ry  w i t h  changes i n  component phys- 

i c a l  parameters, such as s i z e  or  power r a t i n g .  The advantage o f  CESRs i s  t h a t ,  

once they  are generated, they  can be- used t o  q u i c k l y  es t imate  component cos ts  

over a  w.ide range o f  component s izes  and capac i t i es .  For each c a p i t a l  inves t -  

ment component,'a CESR i s  developed and implemented i n  t h e  p l a n t  s imu la t i on  

code SOLSTEP. This approach a l lows s imu la t i on  o f  many p l a n t  con f i gu ra t i ons  

w i thou t  developing d e t a i l e d  cos t  est imates f o r  each. An a d d i t i o n a l  b e n e f i t  o f  

us ing  CESRs t o  est imate p l a n t  c a p i t a l  investment costs i s  t h a t  i t  al lows a  

much more d e t a i l e d  ana lys is  o f  how p l a n t  cos ts  w i l l  va ry  w i t h  design changes. 

P lan t  design va r ia t i ons ,  such as changes i n  c o l l e c t o r  f i e l d  s ize ,  w i l l  a f f e c t .  

cos ts  o f  each p l a n t  component d i f f e r e n t l y .  With proper use o f  CESRs f o r  each 

component, the  e f f e c t s  o f  p l a n t  design changes are r e a d i l y  known. 

Development o f  CESRs invo lved d e f i n i n g  any component-specif ic cons t ra in t s ,  

o r  assumptions, o r  both; determin ing which phys i ca l  parameters can bes t  be 

r e l a t e d  t o  component costs; es t ima t ing  costs f o r  t h e  component a t  several  

values o f  t he  phys ica l  s c a l i n g  parameters; and us ing  regress ion  ana lys i s  t o  

determine the form and c o e f f i c i e n t s  o f  the CESR. Const ra in ts  and assumptions 

are necessary t o  reduce t h e  complex i ty  o f  developing CESRs because even simple, 



o f f - the -she l f  i tems r a r e l y  have costs which are a  f u n c t i o n  o f  o n l y  several  

va r iab les .  Making qua1 i f y i n g  cons t ra in ts  and assumptions a1 1  ows one or  two 

phys ica l  parameters t o  be chosen t o  which component cos t  can adequately be 

r e 1  ated. Ranges of i n t e r e s t  were then es tab l ished f o r  the  phys ica l  parameters 

and several  component cos t  est imates were develaped a t  p o i n t s  spanning t h e  

area of i n t e r e s t .  Standard regression ana lys is  was used t o  e s t a b l i s h  the CESR 

w i t h  t h e  form o f  t h e  r e l a t i o n s h i p  being chosen based upon s t a t i s t i c a l  t e s t s  

and graph ica l  interpretation o f  the  r e s u l t s .  

Cost est imate s c a l i n g  r e l a t i o n s h i p s  used i n  t h i s  study genera l l y  have 

forms such as 

Cost = A  + B ( x ) '  + c ( y l T  

Here X  and Y are phys ica l  s c a l i n g  parameters, the  component c h a r a c t e r i s t i c s  

used t o  sca le  component costs. F ixed costs are any costs not  re l .ated t o  t h e  

phys ica l  s c a l i n g  parameters, and are represented by A. Var iab le  costs coef- 

f i c i e n t s  are represented by B and C, and S and T  represent  s c a l i n g  fac to rs .  

Funct iona l  forms of the  CESR f o r  each c a p i t a l  investment cost  account 

a re  g iven i n  Table 5.4. C o e f f i c i e n t  values f o r  each concept are found i n  

Appendix B.  I t  should be noted t h a t  many r e s t r i c t i o n s  apply toward the  a p p l i -  

c a t i o n  o f  t h e  CESRs t o  generate c a p i t a l  cos t  est imates and, as such, they  

should not  be used as component cost  p r e d i c t o r s  f o r  other  s tudies.  

5.4 REPLACEMENT CAPITAL COST ESTIMATING 

Assessing the  economic s i g n i f i c a n c e  of replacement c a p i t a l  costs requ i res  

est imates o f  both component-replacement cost  and component l i f e t i m e .  Th is  

task  i s  complicated by t h e  f a c t  t h a t  component l i f e t i m e  and replacement costs 

are i n t e r r e l  ated. From a broad perspect ive,  component rep1 acement would occur 

when the  replacement r e s u l t e d  i n  the lowest l i f e t i m e  cos t  o f  energy from the 

p l a n t .  For expensive components, t h e  opt imal  economic s o l u t i o n  may be t o  

s u f f e r  degraded system performance f o r  long per iods r a t h e r  than t o  pay f o r  



TABLE 5.4. Cost Est imate Scal'ing Relat ionships,  f o r  
Cap i ta l  Investment Cost Accounts 

Subsystem ' Relat ionship Term D e f i n i t i o n  

Concentrator Cost = A + B ( x ) ~  X = Co l lec to r  f i e l d  size, m 2 

Receiver Cost = A + B ( x ) ~  + c ( x ) ?  X = Co l lec to r  f i e l d  size, m 2 

Thermal ' Transport 'S C + D ( x ) ~  X = Number o f  co l  l ec to rs  Cost = A + B(X) + 
Y "  . Y = Ground cover r a t i o  

X = Co l lec to r  f i e l d  size, m 2 

E l e c t r i c  Transport Cost = A(,) + [y] X = Number o f  c o l l e c t o r s  

Y = Ground cover r a t i o  

Energy Conversion X = Nameplate p lan t  ra t ing ,  MWe 

Y = Number o f  c o l l e c t o r s  

Power Cond it ion  i ng Cost = A + B ( x ) ~  X = Nameplate p lan t  ra t ing ,  MWe 

Thermal/Electric Storage Cost = A + B ( x ) ~  X = Storage capacity, k ~ h t  

Structurps Cost = A + B ( x ) ~  X = Nameplate p lan t  ra t ing ,  MWe .- -. 

I Land Cost = A B + C(X) + ' X = Nameplate p lan t  ra t ing ,  MWe 
2 Y = Co l lec to r  f i e l d  size, m 

Z = Ground cover r a t i o  

Instrumentat ion and Cost = A + B(X) + C(Y) X = Concentrator cost  
Control  

Y = Cost o f  receiver, s t ruc-  
tures; thermal transport,  

. e l e c t r i c  transport,  power 
condi t ion ing,  energy 
conversion, land, thermal/ 
e l e c t r i c  storage 

Spare Parts Cost = A(x)S 

Service F a c i l i t i e s  Cost = A(x)S 

X = Cost of concentrator, 
receiver ,  thermal t rans-  
por t ,  e l e c t r i c  t ransport ,  
energy conversion, power 
condi t ion ing,  thermal/- 
e l e c t r i c  storage, s t ruc-  
tures, and instrumentat ion 
and con t ro l  

X = Cost o f  concentrator, 
rece iver  thermal t ransport ,  

' e l e c t r i c  t ransport ,  energy 
conversion, power condi- 
t ion ing ,  thermal /e lec t r i c  
storage, s t ructures and 
instrumentat ion and 
con t ro l  



component replacement. For r e l a t i v e l y  inexpensive components, opt imal  replace-  

ment may occur a f t e r  o n l y  s l  i ght degradation o f  system performance. 

A d e t a i l e d  ana lys is  t o  determine opt imal  values o f  replacement c a p i t a l  

cos ts  was considered beyond t h e  scope o f  t h i s  p r o j e c t .  The approach used t o  

es t imate  replacement c a p i t a l  costs was based upon expectat ions o f  maximum 

component l i f e t i m e s ,  degradation o f  component performance, and component 

replacement costs. I f  e x i s t i n g  in format ion  on component l i f e t i m e s  suggested a 

maximum l i f e t i m e  less  than t h e  30-year assumed p l a n t  l i f e t i m e ,  replacement was 

assumed t o  occur a f t e r  t he  maximum component l i f e .  If component performance 

degradat ion was expected, and i f  replacement costs were low, component replace-  

ment was assumed t o  occur be fore  complete f a i l u r e  a t  t he  end o f  i t s  maximum 

l i f e t i m e .  Unless otherwise spec i f i ed ,  a l l  components were assumed t o  have a 

30-year l i f e t i m e .  

5.4.1 C o l l e c t o r  Replacement 

R e f l e c t i v e  sur faces not  p ro tec ted by glass covers were assumed t o  r e q u i r e  

replacement a f t e r  15 years due t o  sur face degradation. Cost est imates f o r  

r e f  1 ec t i  ve s u r f  ace rep1 acement were based upon the  o r i g i n a l  mater i a1 s cost,  

p l u s  an allowance f o r  f i e l d  i n s t a l l a t i o n  o f  .the surface. I n s t a l l a t i o n  costs 

assume t h a t  c o l l e c t o r s  are designed f o r  easy r e f l e c t i v e  sur face replacement, 

so o n l y  small  costs f o r  i n s t a l l a t i o n  labor  were involved.  

The p r o t e c t i v e  cover glass on the  LCNT c o l l e c t o r  was assumed t o  be cost-  

e f f e c t i v e  t o  rep lace a f t e r  15 years. Th is  assumption was based upon expecta- 

t i o n s  o f  g reater  than normal sur face scor ing  due t o  the i n a b i l i t y  o f  the  LCNT 

c o l l e c t o r  t o  go t o  a stow pos i t i on ,  and the  low cos t  o f  r e p l a c i n g  t h e  cover 

g lass.  

A1 1 o ther  c o l l  ec to r  components were assumed t o  have 30-year 1 i f  e t  imes. 

5.4.2 Energy Conversion Replacement 

Est imates o f  S t i r l i n g - c y c l e  engine l i f e t i m e s  from other  s tud ies  ( F u j i t a  

e t  a l .  1 9 7 8 ) ( ~ )  and con tac t  w i t h  a consu l tan t  ( M a r t i n i  1979) were used t o  

( a )  Est imates were a lso  obta ined f rom Mechanical Technology, Inc.  



develop St i r l ing  engine l ifetime assumptions. Free-piston St i r l ing  engines 
were assumed to  require major overhauls a f t e r  15 years of operation. This 

, overhaul would be performed by detaching the engine in the f i e l d ,  shipping i t  
t o  a repair f a c i l i t y ,  and instal l ing a new one in i t s  place. Overhaul costs 
were assumed to be 50% of the original engine cost. 

i 
! Brayton-cycle engine 1 i f  etime assumptions were developed using informat ion 
! from other studies and contact with manufacturers. Small Brayton engines used 

in the PFDR/B concept were assumed to require a major overhaul every 15 years, 
which would be performed in a manner similar t o  the S t i r l ing  engine overhaul. 
Overhaul costs were assumed to be 50% of the original engine cost.  The 1 i fe -  

time estimates fo r  the Brayton engine used in the PFCR/B concept were based 
upon specific information obtained from AiResearch Manufacturing Company. The 
time between overhauls fo r  th i s  engine was assumed t o  be 23 years, with over- ' 

haul costs equaling 40% of the original engine cost. 

OPERATING AND MAINTENANCE COSTS 

Analysis by PNL has indicated tha t ,  under some conditions, O&M costs can 
become major determinants of levelized energy cost fo r  solar thermal small 

power systems. ~epend ing up.on i n i t  i a1 assumpt ions and operation scenarios 
used, O&M costs can const i tute  between 10% and 45% of to ta l  levelized energy 
costs for 1-MWe plants. Due to the' potentially large impact of O&M costs ,  PNL 

spent considerable e f fo r t  t o  identify key assumptions affecting O&M costs ,  and 

determine differences in O&M requirements for various, concepts. 

In general, two types of .  information are required for  estimating O&M 

costs. System operating information re la tes  t o  what the actual requirements 
for plant operations will be. Information regarding system integration into 
an existing u t i l  i t y  grid dictates  the administrative requirements for  the 

I 
I 

i 
plant, and determi nes the magnitude of operating, maintenance, and overhead 

! costs tha t  are assigned. directl; t o  the small power system, as opposed t o  
j being allocated against fixed overheads already present in the grid.  
i. 
I ,. 
j Systems operating information must determine both operating and main- 
I tenance requirements, and how these requirements will vary with plant s i ze  

I - changes. The number of plant operators required, t he i r  duties,  and the phases 

I 
i 



o f  p l a n t  opera t ion  needing operators must a1 1 be determi ned. Scheduled main- 

tenance must be i d e n t i f i e d ,  along w i t h  resources necessary f o r  i t s  complet ion. 

Items p o t e n t i  a1 l y  needing unscheduled maintenance must be i d e n t i f i e d ,  and 

est imates o f  r e p a i r  o r  replacement cos t  made. 

Systems i n t e g r a t i o n  in format ion  r e l a t e s  p r i m a r i l y  t o  the u t i l i t y  g r i d  i n  

which t h e  small power system i s  i n s t a l l e d ,  r a t h e r  than t o  t h e  power system 

i t s e l f .  Large u t i l i t y  g r i d s  would have the  capac i ty  t o  absorb p l a n t  admini- 

s t r a t i v e  cos ts  and p o r t i o n s  o f  p l a n t  opera t ing  and maintenance i n t o  an e x i s t i n g  

u t i l i t y  overhead. Smaller u t i l i t y  q r i d s  would be less  capable o f  doing t h i s ,  

and consequently would have h igher marginal  costs associated w i t h  t h e  s o l a r  

p l a n t  add i t i on .  

Two pr imary assumptions concerning system i n t e g r a t i o n  were made by PNL i n  

e s t i m a t i n g  small power systems OW costs.  F i r s t ,  i t  was assumed t h a t  t h e  

u t i l i t y  had the capac i t y  t o  absorb the admin i s t ra t i ve  costs associated w i t h  

t h e  small  power sys-tem. Th is  assumption should prove reasonable f o r  a l l  b u t  

v e r y  small u t i l i t i e s ,  and has the e f f e c t  o f  d e l e t i n g  a l l  admin i s t ra t i ve  costs 

f rom O&M costs. Second, i t  was assumed t h a t  a l l  r equ i red  scheduled and 

unscheduled maintenance would be performed by a subcontractor.  This would 

prove more economical than h i r i n g  a f u l l - t i m e  maintenance crew. It a lso  

seemed more reasonable than assuming maintenance requirements would be absorbed 

b.y e x i s t i n q  maintenance crews w i t h i n  t h e  u t i l i t y ,  because i t  was f e l t  t h a t  

u t i l i t i e s  opera t ing  small so la r  power systems would not  have t h i s  c a p a b i l i t y .  

5.5.1 D i r e c t  Product ion Costs 

D i r e c t  product ion costs cons is t  o f  costs f o r  p l a n t  operators. These are 

est imated based upon expectat ions o f  p l a n t  opera t ing  requirements. For each 

concept, p l a n t  opera t ing  tasks  were described, assuming the use o f  h i g h l y  auto- 

m a t i c  c o n t r o l  subsystems. These p l a n t  opera t ing  tasks were used t o  develop 

est imates o f  p l a n t  operator requirements, o r  how long operators were requ i red  

each day. Estimates o f  p l a n t  operator  requirements are g iven i n  Appendix B. 

Estimates o f  d i r e c t  product ion costs were developed assuming t h a t  one 

opera tor  would be present  whenever each p l a n t  was operat ing,  and t h a t  these 

operators would per form r o u t i n e  scheduled maintenance when not  a c t i v e l y  



in'volved i n  p l a n t  operat ions. The number o f  operators requ i red  f o r  each p l a n t  

c o n f i g u r a t i o n  was determined by SOLSTEP, based upon t h e  number o f  hours y e a r l y  

the  p lan t  was operated and assuming a norma.1 40-hour work week f o r  ope ra to rs .  

Add i t i ona l  operators were added when p l a n t  opera t ing  hours would r e q u i r e  oper- 

a tors  working i n  excess o f  8 over t ime hours per week. Assumed salar . ies f o r  

p l a n t  operators were based upon average wage r a t e s  f o r  s i m i l a r  pos i t i ons .  

5.5.2 Maintenance Costs 

Scheduled maintenance inc ludes c o l l e c t o r  cleaning, subsystem inspect ion,  

and regu la r  requ i red  subsystem maintenance. Unscheduled maintenance cons is t s  

o f  minor r e p a i r  or  replacement t o  items such as valves o r  con t ro l s .  - 
Scheduled mai ntenance requirments are o f  two types: f i x e d  and var iab le .  

Var iable maintenance requirements change as c o l l e c t o r  f i e l d  s i z e  changes. 

Fixed maintenance requirements remain constant as c o l l e c t o r  f i e l d  s i z e  var ies,  

and are assumed t o  remain constant as power p l a n t  r a t i n g  changes as w e l l .  

Scheduled maintenance tasks are est imated f o r  s i x  major areas: co l lec t ,o r  

subsystem, t ranspor t  subsystem, energy conversion subsystem, storage subsystem, 

power cond i t i on ing  subsystem, and p l a n t  grounds. Requirements f o r  c o l l e c t o r  

subsystem scheduled maintenance are inspect ion ,  l u b r i c a t i o n ,  alignment and 

adjustment, and c leaning.  Inspect ion  i s  performed q u a r t e r l y  f o r  a1 1 concepts, 

and cons is ts  o f  a check f o r  defects such as mounting and foundat ion  s h i f t s ,  

broken or  degraded r e f l e c t i v e  s u r f  aces, and mal func t ion ing t r a c k i n g  u n i t s .  

Lub r i ca t i on  inc ludes greasing and c lean ing contact  sur faces i n  t r a c k i n g  

mechanisms, and i s  performed q u a r t e r l y  f o r  a l l  t r a c k i n g  concepts. Alignment 

and adjustment are performed q u a r t e r l y  f o r  t r a c k i n g  concepts, as i s  c o r r e c t i v e  

ac t i on  f o r  e r r o r s  i n  c o l l e c t o r  alignment. Monthly adjustments are made t o  the  

LCNT system t o  opt imize  energy co l l ec ted .  Cleaning i s  performed weekly f o r  

a l l  concepts, and assumed t o  be done using spec ia l i zed veh ic les  developed f o r  

c o l l e c t o r  cleaning. Estimated man-hour requirements t o  complete scheduled 

maintenance tasks are summarized i n  Appendix B. 

Costs f o r  scheduled maintenance were developed i n  SOLSTEP, based upon 

maintenance man-hour requirements and t h e  number o f  hours operators were 



a v a i l a b l e  t o  per form maintenance. Hour ly  costs f o r  maintenance personnel were 

assumed t o  be equ iva lent  t o  average wage r a t e s  f o r  cons t ruc t i on  labor .  

Unscheduled mai ntenance costs were es t  imated as a percentage o f  equi pment 

cost ,  w i t h  es t ima t ing  percentages developed using in fo rmat ion  f rom cost  e s t i -  

mat ing guides. These costs were developed assuming t h a t  systems have been 

designed t o  minimize unscheduled maintenance requirements. 

5.5.3 Overhead Costs 

P a y r o l l  overheads f o r  operat ions and maintenance s t a f f  were est imated as 

a percentage o f  d i r e c t  p roduct ion  cos t  and maintenance cost .  Es t imat ing  per -  

cent  ages were based upon in format ion  f rom other  i n d u s t r i e s  . 
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STANDARDIZED SUBSYSTEMS 

A. 1 TRANSPORT SUBSYSTEM 

When considering the t ransport  subsystem, the various concepts can be 

classif ied into one of two .types: 1) those' with energy storage between the 
collector subsystem and the energy conversion subsystem, and 2 )  those with 
energy storage af te r  the energy conversion subsystem. Both arrangements are 

shown in Figure A.1.  In concepts with energy storage between the collector 
and energy conversion subsystems, the collector subsystem absorbs thermal 
energy; the transport subsystem transfers  th i s  thermal energy to  e i ther  the 
storage or energy conversion subsystem. The collector subsystem in concepts 

with energy storage af te r  the energy conversion subsystem absorbs thermal 
energy. This energy i s  then converted to  e lec t r ica l  energy in the energy con- 

version subsystem. The transport subsystem transfers the e lec t r ica l  energy to  
e i ther  the storage subsystem or the u t i l i t y  power gr id.  

THERMAL ENERGY STORAGE 

COLLECTOR 
SUBSYSTEM 

ELECTRIC ENERGY STORAGE 

FIGURE A. 1. Concept Arrangements for  Thermal and ~l ec t r  i c' Storage' 
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Heat Transfer  O i l  Transport  Subsystem - This subsystem uses a heat 

t r a n s f e r  o i l  such as C a l o r i a  HT45 f o r  t he  heat t r a n s f e r  f l u i d .  

Because the decomposit ion r a t e  o f  heat t r a n s f e r  o i l  i s  unacceptably 

h igh  above an ope ra t i ng  temperature of 304 '~  (580°~ ) ,  t h i s  approach 

was considered f o r  t h e  low temperature concepts only ,  such as t h e  

LCNT and LFDR-TC. 

Water/Steam Transport  Subsystem - This subsystem uses water/steam as 

t h e  heat t r a n s f e r  f l u i d .  This  approach represents cu r ren t  technol-  

ogy, so i t  was considered the near-term heat t r a n s f e r  subsystem f o r  

t h e  in te rmed ia te-  and high-temperature thermal energy t r a n s p o r t  

subsystems. 

~ n t e r m e d  i ate-~emperature '  Heat Transfer  S a l t  Subsystem - This subsys- 

tem uses a heat t r a n s f e r  s a l t  such as HITEC f o r  t h e  working f l u i d .  

The maximum opera t i ng  temperature i s  l i m i t e d  t o  4 5 4 ' ~  ( 8 5 0 ~ ~ )  t o  
a l l ow  t h e  use o f  carbon s tee l  i n  t h e  t r a n s p o r t  subsystem. 

High-Temperature Heat Trans fer  S a l t  Subsystem - This subsystem a l so  

uses a heat t r a n s f e r  s a l t  such as HITEC f o r  t h e  working f l u i d .  

Operat i ng temperatures are now 1 i m i  t ed  t o  5 3 8 ' ~  ( lOOoO~) ,  r e q u i r i n g  

t h e  use of s t a i n l e s s  s t e e l  i n  t h e  high-temperature sec t ions  o f  t h e  

. t r a n s p o r t  subsystem. 

Low-Cost Heat Trans fer  S a l t  Subsystem - This subsystem i s  s i m i l a r  t o  

t h e  in termediate- temperature heat t r a n s f e r  s a l t  subsystem except 

t h a t  a low cos t  heat t r a n s f e r  s a l t  such as l ess  r e f i n e d  draw s a l t  i s  

assumed t o  be used i n  a t ranspor t  subsystem. 

"l'hese f i v e  t r a n s p o r t  subsystems w i l  'I be discussed i n  Sect ions A . l . l  through 

A.1.5. The i r  arrangements and the  methods used t o  analyze components and per-  

f ormance w i  11 be described. 

Only one t ype  of e l e c t r i c a l  t r a n s p o r t  subsystem was analyzed, because i t  

was assumed t h a t  no s u b s t a n t i a l  improvement would occur i n  i t s  performance o r  

cos t .  .Th is  subsystem. i s  discussed i n  Sect ion A.1.6. 



A. l . l  O i  1 Transport Subsystem 

.The o i l  t r anspor t  subsystem uses cu r ren t  technology w i t h  a r e l a t i v e l y -  

inexpensive heat t rans fer  f l u i d ,  which e x h i b i t s  good thermal p roper t i es .  The 

pr imary disadvantage o f  us ing  heat t r a n s f e r  o i l  as a working f l u i d  i s  t h a t  i t  

decomposes a t  h igh  temperatures. Above 304 '~  (580'~)  the  decomposi t ion  r a t e  i s  

i n t o l e r a b l y  h igh.  This l i m i t s  t h e  o i l  t r anspor t  subsystem t o  lower tempera- 

t u r e  app l ica t ions .  The o n l y  concepts w i t h  s u f f i c i e n t l y  low maximum opera t ing  

temperature are the  LCNT (CPC), opera t ing  a t  232 '~  (450'~) and the  LFDR-TC, 

which operates a t  3 0 4 ' ~  (580'~).  

A.1.1;l Subsystem Arrangement 

I n  a l l  d i s t r i b u t e d  rece ive r  concepts, the  c o l l e c t o r s  are arranged i n  

standard modules and the  modules are arranged t o  form t h e  c o l l e c t o r  f i e l d .  

The t ranspor t  subsystem must supply low-temperature o i l  t o  the  modules, d i s -  

t r i b u t e  i t  through t h e  module i n t e r n a l  p ip ing ,  and r e t u r n  i t  t o  t h e  c e n t r a l  

generat ing f a c i l i t y .  The subsystem cons is ts  o f  f o u r  components: heat  t rans-  

f e r  o i l ,  module d i s t r i b u t i o n  p ip ing ,  module i n t e r n a l  p ip ing ,  and feed pump. 

The components are arranged as shown i n  Figure A.2. 

The o i l  t r anspor t  subsystem arrangement i s  s impler  than t h a t  o f  a s i m i l a r  

water/steam system because o i l  does not  experience a phase change; once-through 

heat ing can be used w i t h  conf idence. I n  add i t ion ,  t h e  same f l u i d  i s  used as 

r- ----------------- -------- MODULE SUPPLY PIPING 
r----------' ---------- - - -1 

FIGURE A.2. O i  1 Transport Subsystem Component Arrangement 



t h e  work ing f l u i d  i n  both the  t ranspor t  and storage subsystems; there fore ,  o i l  

can be supp l ied  d i r e c t l y  from, and re turned d i r e c t l y  to ,  storage, e l i m i n a t i n g  

t h e  storage charging heat exchanger loop. 

A.1.1.2 Component Ana lys is  

F i v e  components o f  the  o i l  t r anspor t  subsystem requ i red e i t h e r  s i z i n g  or  

ma te r i  a1 se lec t i on :  

heat  t r a n s f e r  f l u i d  

p i p i n g  

valves 

i n s u l a t i o n  

feed pump. 

Each i s  discussed i n  the  f o l  lowing paragraphs. 

Several heat t r a n s f e r  o i l s  are a v a i l a b l e  f o r  high-temperature app l ica-  

t i o n s .  Previous s tud ies  (Hal l e t  and Gervais 1977, p. 4-23) have ind i ca ted  

t h a t  C a l o r i a  HT45 i s  the  most a t t r a c t i v e  heat t r a n s f e r  o i l  from both volumet- 

r i c  storage and c o s t  s tandpoints.  I n  add i t ion ,  C a l o r i a  has good s t a b i l i t y  and 

no f o u l i n g  i n  the temperature range being considered. Because C a l o r i a  HT45 i s  

a l so  used i n  the  thermal s torage subsystem, i t was decided t o  use C a l o r i a  as 

t h e  heat t r a n s f e r  f l u i d .  P roper t i es  o f  C a l o r i a  HT45 are given i n  H a l l e t  and 

Gervai s. 

The t ranspor t  subsystems have two types o f  p ip ing :  the  module i n t e r n a l  

p i p i n g  and t h e  module d i s t r i b u t i o n  p ip ing .  Both were s ized i n  a s i m i l a r  man- 

ner.  F i r s t ,  an assumed p i p i n g  l ayou t  was developed, which appeared t o  minimize 

t h e  r e q u i r e d  leng th  o f  p ip ing ,  bu t  t h e  p i p i n g  l ayou t  was no t  f o r m a l l y  o p t i -  

m i  zed. The mass f l o w  r a t e s  o f  o i l  were determined from an energy balance on 

appropr ia te  c o l l e c t o r s ,  design temperature r i s e  i n  t h e  f l u i d ,  and t h e  f l u i d  

s p e c i f i c  heat. Based on the  design mass f l o w  r a t e  o f  o i l ,  the  design v e l o c i t y ,  

and f l u l d  density,  t h e  r e q u i r e d  p ipe  diameter was ca l cu la ted  f o r  each component 

o f  the  p i p i n g  system. Using the  p ipe  diameters, lengths, and design v e l o c i t y ,  

t h e  pressure drop and pump work were ca l cu la ted  f o r  t h e  p ip ing ,  system. I f  

e i t h e r  the  p ipe  diameters or  the  pump work seemed excessive, the  design 



v e l o c i t y  was modi f ied and the process,repeated u n t i l  reasonable p ipe diameters 

and pump work were obtained. 

Thermal expansion o f  the p i p i ng  required inc lud ing  expansion j o i n t s  i n  . 

th'e module i n t e r n a l  p ip ing  design. . In  the  longer module d i s t r i b u t i o n  pip ing,  

thermal expansion i s  handled by increasing the length  o f  the p ip ing  by a  fac-  

t o r  o f  fi t o  provide f o r  e i t h e r  expansion 1  oops or  some other compensatory 

met hod. 

I n  a l l  cases, Schedule 40 carbon s tee l  p i p i ng  was assumed. Appropriate 

f langes and f i t t i n g s  -were assumed and included i n  the cost  estimate. 

A l l  valves were spec i f i ed  as #600 c lass carbon s tee l  gate valves. 

Insu la t ion  was spec i f i ed  as calcium s i l i c a t e  w i t h  appropriate lagging. 

I nsu la t i on  thickness was based on optimal i n su la t i on  thickness given i n  Perry, 

Chi1 ton, and K i rkpa t r  i c k  (1963). 

The feed pump was sized using the t ranspor t  system pumping power deter- 

mined i n  the p ipe s i z i ng  rout ine.  A carbon s tee l ,  motor-driven cen t r i f uga l  

pump w i t h  a  pump e f f i c i e n c y  o f  75% was assumed. 

A. 1.1.3 Performance Analysis 

The t ranspor t  subsystem impacts p l an t  performance i n  two areas--heat loss 

from the  subsystem i t s e l f  and power used.by the  feed pumps. 

Heat loss through the p i p i ng  i nsu la t i on  was ca lcu la ted assuming t h a t  the 

dominant resistance t o  heat t r ans fe r  was the i n s u l a t i o n  so t ha t  t he  i n s u l a t i o n  

inner wal l  temperature was t ha t  o f  the o i l  and the outer wa l l  temperature was 

t h a t  o f  the ambient a i r .  Ambient temperature was assumed t o  be 70'~. Fur- 

the r  thermal loss  would occur when..the t ranspor t  subsystem cooled dur ing per- 

iods o f  no inso la t ion.  This was not  included i n  the t ranspor t  subsystem heat 

l oss  because i t  was assumed t h a t  the  subsystem would be warmed t o  operat ing 

temperature by the so lar  energy co l lec ted  dur ing the tu rb ine  s ta r tup  procedure. 

If t h i s  energy were not used t o  warm.the t ranspor t  subsystem, i t  would be 

wasted because the tu rb ine  could operate on ly  a t  some f r a c t i o n  o f  f u l l  load. 



The base case pumping power was ca lcu la ted  i n  the  pump s i z i n g  r o u t i n e  
\ 

(see A.1.1.2) f o r  f u l l  l o a d  us ing  an assumed f i e l d  s i z e  and ground cover r a t i o .  

Because the  computer s imu la t i on  considers a range o f  f i e l d  sizes, t he  pumping 

power must be determined f o r  va ry ing  f i e l d  size, ground cover r a t i o s ,  and p a r t -  

l oad  operat ion.  The i n s t a l l e d  pumping power i s  assumed t o  vary  l i n e a r l y  w i t h  

f i e l d  s i z e  and l o g a r i t h m i c a l l y  w i t h  ground cover r a t i o .  

I n s t a l l e d  pumping power = (a + b lnx )  ( c y )  

where 

x i s  ground cover r a t i o  

y i s  f i e l d  s i z e  

a, b, c a re ,constants  determined f rom the  base case. 

Ac tua l  pumping power inc ludes t h e  e f f e c t  o f  pa r t - l oad  operat ion.  

Actual  pumping power = C0.25 + 0.75(dz)] ( i n s t a l l e d  power) 

where 

z i s  the  energy f 1 ow r a t e  through the  pump 

d i s  a constant  determined from t h e  base case. 

A.1.2 Water/Steam Transport  

The waterlsteam t r a n s p o r t  subsystem has the  advantage o f  u s i r ~ y  curarerlt 

technology w i t h  an extremely low-cost heat t r a n s f e r  f l u i d  w i t h  exce l l en t  t h e r -  

mal p roper t i es .  The pr imary  disadvantage o f  t he  water/steam t ranspor t  subsys- 

tem i s  t h a t  water experiences a phase change w i t h  a h igh  vapor pressure. High 

pressure p i p i n g  i s  requ i red .  I n  add i t ion ,  heat exchangers are necessary t o  

t r a n s f e r  energy i n t o  t h e  storage subsystem, r e s u l t i n g  i n  a l o s s  o f  a v a i l a b i l -  

i ty .  The water/steam a l t e r n a t i v e  i s  considered the  near-term t ranspor t  sub- 

system f o r  a l l  concepts us ing  a thermal t ranspor t  subsystem, except t h e  LCNT 

and LFDR-TC concepts. 



A.1.2.1 Subsystem Arrangement 

I n  a l l  d i s t r i b u t e d  rece i ve r  concepts, the  c o l l e c t o r s  are arranged i n  

standard modules and t h e  modules are arranged t o  form t h e , c o l l e c t o r  f i e l d .  

For these concepts, the  t ranspor t  subsystem cons i s t s  o f  the  module d i s t r i b u -  

t i o n  p ip ing ,  module i n t e r n a l  equipment, and t h e  c o l l e c t o r  feed pump. The cen- 

t r a l  rece i ve r  concepts have o n l y  one rece i ve r ,  so modules are not  requ i red .  

For these concepts t h e  t ranspor t  subsystem cons i s t s  o f  t h e  r e c e i v e r  supply and 

r e t u r n  p i p i n g  and the rece i ve r  feed pump. 

There are two approaches t o  generat ing steam i n  the  c o l l e c t o r  f i e l d  o r  

rece i ve r .  One method invo lves  once-through steam genera t ion  i n  which t h e  steam 

i s  preheated, bo i led ,  and superheated i n '  a s i n g l e  pass through the  rece i ve r .  

The second method i nvo l ves  separate steam generat ion and superheat ing rece i ve rs  

o r  modules. I n  such a system, feedwater f rom the  p l a n t  i s  supp l ied  t o  t h e  

steam drum o f  t he  steam generat ion module. A c i r c u l a t i n g  pump takes water 

f rom the steam drum and c i r c u l a t e s  i t  through the  steam generat ion module. 

The water i s  preheated; approximately one-s ix th  i s  evaporated. The water/  

steam mix ture  i s  re tu rned t o  the steam drum, where the  steam i s  separated from 

t h e  water and sent t o  t he  superheater module. I n  t h e  superheater module, t h e  

sa tura ted  steam i s '  superheated and t ranspor ted  back t o  the  c e n t r a l  generat ion 

f a c i l i t y .  F igu re  A.3 i l l u s t r a t e s  t h i s  t r a n s p o r t  subsystem. Due t o  t h e  d i f f i -  

c u l t i e s  i n  once-through steam generat ion, p a r t i c u l a r l y  w i t h  many p a r a l l e l  f low 

paths, t h e  approach us ing  a steam generator f o l l owed  by  a superheater was used 

f o r  . a l l  concepts except the PFCR. 

The cond i t i ons  o f  the steam e x i t i n g  the  superheater module are determined 

by a t r a d e - o f f  between r e c e i v e r  performance, which decreases w i t h  steam tem- 

perature,  and heat engine e f f i c i e n c y ,  which increases w i t h  steam temperature. 

Standard steam cond i t i ons  o f  5 1 0 ~ ~  (950'~)  and 10,000 kPa (1450 p s i  ) were 

used wherever poss ib le .  These steam cond i t i ons  are  t h e  same as those used a t  

t he  Barstow p i l o t  p l a n t .  The one except ion i s  t he  LFDR-TC, where steam condi- 

t i o n s  o f  3 4 3 ' ~  (650'~)  and 4830 kPa (700 p s i )  were used. I n  a l l  cases t h e  

feedwater was assumed t o  be a t  204 '~  (400'~) .  
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FIGURE A.3. Water/Steam Transport Subsystem Arrangement 

Th is  t ranspor t  subsystem inc ludes an accumulator and appropr ia te  valves. 

Because o i l  i s  used as the energy storage f l u i d ,  the  storage subsystem must 

i n c l u d e  storage charging heat exchangers. I n  add i t ion ,  t h e  temperature o f  t h e  

o i  1 cannot' r i s e  above 304 '~  (580°~ ) ,  which may r e q u i r e  desuperheating the  

steam be fo re  i t  enters  t h e  storage charging heat exchangers. 

The d i s t r i b u t e d  rece ive r  c ~ n c e p t s  (PFDR/R, LFDR-TR, LFDR-TC, and FMDF) 

are arranged i n  standard modules. Each concept has a standard steam generator 

module and a standard superheater module. Each type o f  standard module i s  an 

arrangement o f  p a r a l l e l  and se r ies  f l o w  paths. The standard steam generator 

module inc ludes a steam drum and c i r c u l a t i n g  pump. 

A.1.2.2 Component Ana lys is  

The water/steam t ranspor t  subsystem has several components t h a t  r e q u i r e  

e i t h e r  s i z i n g  or  m a t e r i a l  se lec t ion ,  i nc lud ing :  

heat t r a n s f e r  f l u i d  

p i p i n g  

valves. 

i n s u l a t i o n  

pumps. 



The water used. in  t h e  waterlsteam t ranspor t  subsystem must be of s u f f i -  

c i e n t  p u r i t y  t o  prevent s c a l i n g  and cor ros ion  i n  the  rece'iver tubes. 

-> Pip ing  may be d i v ided  i n t o  f i v e  types: steam generator module feedwater 

supply p ip ing ,  steam generator module i nte rna l  p ip ing ,  superheater module sup- 

I. 
p l y  p ip ing ,  superheater module i n t e r n a l  p ip ing ,  and superheated steam r e t u r n  

p ip ing .  The steam generator module feedwater supply p i p i n g  c a r r i e s  subcooled 

l i q u i d  a t  i n l e t  condi t ions.  The module i n t e r n a l  p i p i n g  c a r r i e s  e i t h e r  satu- 

ra ted  l i q u i d  o r  low q u a l i t y  steam, depending on t h e  l o c a t i o n  i n  t h e  module. 

Superheater module supply p i p i n g  c a r r i e s  saturated steam; the  superheater 

i n t e r n a l  and r e t u r n  p i p i n g  c a r r y  superheated steam. 

An assumed p i p i n g  l ayou t  was developed f o r  each p i p i n g  type. The layout  

appeared t o  minimize t h e  requ i red  leng th  o f  p ip ing,  bu t  was not  opt imized i n  a 

formal sense. The mass f l o w  r a t e  t o  the  f i e l d  was determined by the design 

energy i n p u t  f rom t h e  f i e l d  and t h e  design enthalpy r i s e  i n  t h e  water. The 

mass f l o w  r a t e  i n  the steam generator module was based on a r e c i r c u l a t i o n  

r a t i o  o f  6 : l .  

Based on the  design mass f l o w  ra te ,  t he  l o c a l  s p e c i f i c  volume, and the  

design v e l o c i t y ,  t he  requ i red  p ipe  diameter was ca l cu la ted  f o r  each p i p i n g  

system component. D i f f e r e n t  design v e l o c i t i e s  were used f o r  t he  l i q u i d ,  low 

q u a l i t y  steam, saturated steam, and superheated steam. The design v e l o c i t i e s  

general 1 y used were : 

1.52 m/s ( 5  f t / s e c )  f o r  l i q u i d  

6.1 m/s (20 f t l s e c )  f o r  low q u a l i t y  steam 

7.62 m/s. (25 f t / s e c )  f o r  superheated steam. 

These v e l o c i t i e s  are lower than those u s u a l l y  used i n  power p l a n t  design, but  

t h e  extensive d i s t r i b u t i o n  p i p i n g  produced excessive pressure drops a t  h igher 

v e l o c i t i e s .  

Using the p ipe  diameters, lengths, and design v e l o c i t i e s ,  the  pressure 

drops and, pump work were ca l cu la ted  f o r  t h e  p i p i n g  system. I f  e i t h e r  t h e  p ipe  

diameters or  the  pump work seemed excessive, the  design v e l o c i t y  was modi f ied  

and t h e  process repeated u n t i l  reasonable p ipe  diameters and pump work were 

obtained. 



Thermal expansion o f  t h e  p i p i n g  requ i res  i n c l u d i n g  expansion j o i n t s  . i n  

t h e  design o f  the module i n t e r n a l  p ip ing .  I n  t h e  longer module d i s t r i b u t i o n  

p ip ing ,  thermal expansion i s  accommodated by increas ing t h e  p i p i n g  length  by a 

f a c t o r  of a t o  p rov ide  f o r  expansion loops o r  some other  compensatory method, 

I n  a l l  cases, module supply p ip ing ,  steam generator .module i n t e r n a l  p i p -  

i ng ,  and superheater module supply p i p i n g  were assumed t o  be o f  Schedule 160 

carbon s t e e l .  

A l l  valves were s p e c i f i e d  as #I500 c lass  carbon s t e e l  o r  low a l l o y  s t e e l  

y a l e  vdlves. 

~ ~ s u ~ a t i o n  was s p e c i t l e d  a5 CalClum sllleate w l 1 l 1  dppl 'opr i r te lagging. 

I n s u l a t i o n  th ickness was based on those g iven i n  Perry, Ch i l ton ,  and 

K i  r k p a t r  i ck (1963). 

The feed pump was s ized using the  t ranspor t  system pumping power deter -  

mined i n  t h e  p ipe  s i z i n g  r o u t i n e ,  minus the  power used i n  t h e  steam generator 

module. A carbon s tee l ,  motor-dr iven, c e n t r i f u g a l  pump w i t h  a pump e f f i c i e n c y  

o f  75% was assumed. The c i r c u l a t i o n  pump was s ized us ing  the  steam generator 

module pumping power determined i n  the p ipe  s i z i n g  r o u t i n e .  The c i r c u l a t i o n  

pump was o f  t h e  same s p e c i f i c a t i o n s  and e f f i c i e n c y  as t h e  feed pump. 

A.1.2.3 Performance Analys is  

The waterlsteam t r a n s p o r t  subsystem performance was determi ned us i  ng the  

methods decribed i n  Sect ion  A.1.1.3 f o r  t he  o i l  t r anspor t  subsys.l;e~~~. Both t h e  

feed pump and the c i r c u l a t i o n  pump use the  same pump performance model as 

descr ibed i n  Sect ion A.1.1.3. 

A.1.3 Intermediate-Temperature Molten S a l t  Subsystem 

Mol ten s a l t s  such as HITEC have been w ide ly  used, and t h e i r  p r o p e r t i e s  

are w e l l  def ined. While t h e  use o f  molten s a l t s  i n  an extensive p i p i n g  network 

exposed t o  low ambient temperatures cannot be curls idered cu r ren t  technology, 

i t i s  reasonable t o  assume t h a t  such a system can be success fu l l y  designed. 

Mol ten s a l t s  have the  advantage o f  being able t o  operate a t  h igh  temperature 

w i thou t  decomposition o r  h i g h  vapor pressure. I n  add i t ion ,  a molten s a l t  

t r a n s p o r t  subsystem can be combined w i t h  a molten s a l t  storage subsystem, 



which e l im ina tes  the storage charging heat exchangers and r e s u l t i n g  tempera- 

t u r e  drop. Mol ten s a l t s  have several  disadvantages. They f reeze  a t  tempera- 

t u res  above ambient; t hey  are expensive; and s a l t s  l i k e  HITEC are incompat ib le 

w i t h  carbon s t e e l .  above 454 '~  (850 '~) .  I n  t h i s  approach the  mol ten s a l t  

ope ra t i ng  temperature w i  11 be mainta ined below 454 '~  (850'~)  t o  a1 1 ow the  

use of carbon s t e e l  ,p ip ing.  The intermediate-temperature mol ten s a l t  subsys- 

tem i s  considered an a1 t e r n a t i v e  f o r  the high-temperature d i s t r i b u t e d  rece i ve r  

concepts and t h e  LFCR concept because these concepts use ex tens ive  p i p i n g  ne t -  

works. The LFDR-TC and LCNT/R do not  operate a t  . a  temperature h igh  enough t o  

ga in  any advantage from us ing  mol ten s a l t s .  This appro,ach was n o t  considered 

f o r  the  PFCR/R because the  ex ten , t ' o f  s t a i n l e s s  s t e e l  p i p i n g  requ i red  by a 

h igher  temperature system was no t  excessive. 

A.1.3.1 Subsystem Arrangement 

The subsystem arrangement i s ' .  s imi  1 ar t o  t h a t  used w i t h  the  water/steam 

t r a n s p o r t  subsystem, i n  which the  c o l l e c t o r s  are arranged i n  standard modules 

f o r  the d i s t r i b u t e d  rece i ve r  concepts. The molten s a l t  does no t  ex,perience a 

phase change, so once-through.heat ing can be used; e l i m i n a t i n g  .the need f o r  

separate steam generati 'on and superheat ing modules., c i r c u l a t i o n  pumps, steam 

drums, and accumulators. I n  add i t ion ;  t h e  mol ten . s a l t  t r a n s p o r t  subsystem , i s  

used w i t h  a molten s a l t  storage system. .Because the  same f l u i d  i s  used -as the  

working f l u i d  i n  both t h e  t ranspor t  and storage. subsystem, s a l t  can be sup- 

p l i e d  d i r e c t l y  from, and re turned d i r e c t l y  to ,  storage, e l i m i n a t i n g  the storage 

charging heat exchangers. 

Molten s a l t s  have a me1 t i  ng p o i n t  subs tant i  a1 l y  above ambient temperature, 
, - 

so p rov i s ions  f o r  p revent ing  f r e e z i n g  must be inc luded i n  t h e  t r a n s p o r t  sub- . 

system design. A d r a i n  tank and a purge system are inc luded i n  the  design t o  

a 1  low drainage o f  t h e  system du r ing  'per iods o f  no i n s o l a t i o n  o r  p l a n t  outage. 

A heated mix ing  tank w i t h  a' s o l i d  HITEC storage f a c i l i t y  i s  inc luded t o  a l l ow  

f o r  adding makeup HITEC and f o r  i n i t i a l l y  charg ing t h e  system. 

. . A. 1.3.2 Component Anal ys'i's 

Several components o f  t h i s  t r a n s p o r t  subsystem requ i red  e i t h e r  s i z i n g  o r  

m a t e r i a l  se lec t i on .  These components inc luded:  



heat  t r a n s f e r  f l u i d  

p i p i n g  

valves 

i n s u l a t i o n  

feed pump. 

This subsystem requ i red  a near-term molten s a l t ,  so HITEC o r  i t s  equiva- 

l e n t  was chosen f rom t h e  a r ray  o f  a v a i l a b l e  molten s a l t s .  The p r o p e r t i e s  o f  

HITEC used i n  t h i s  study are given i n  Table A.1. 

TABLE A.1. Properties b f  HITEC 

Maximum Temperature 

Maximum Temperature 
f o r  C o m p a t i b i l i t y  w i t h  Carbon Steel  454 '~  (850 '~)  

Dens i t y  1909 kg/m3 (119 1b / f t3 )  

Spec i f  i c Heat 1.558 kJ/kg OC (0.373 ~ t u / l b - O F )  

The p i p i n g  system was s ized us ing  t h e  method described i n  Sect ion A.1.1.2. 

A l l  p i p e  was assumed t o  be o f  Schedule 40 carbon s t e e l  w i t h  appropr iate f langes 

and f i t t i n g s .  The d r a i n  tank was a l so  carbon s tee l .  

A l l  va lves were s p e c i f i e d  as #600 c lass  carbon s t e e l  gate valves. 

I n s u l a t i o n  was s p e c i f i e d  as calc ium s i l i c a t e  w i t h  appropr iate lagging. 

1nsu la t  1 i n  th ickness was based on opt imal  i n s u l a t i o n  th ickness g iven i n  Perry, 

c h i 1  ton, and K i r k p a t r i c k  (1963). 

The feed pump was s ized us ing  , the t ranspor t  system pumping power deter -  

mined i n  t h e  p ipe  s i z i n g  rou t ine .  A carbon s tee l ,  motor-dr iven c e n t r i f u g a l  

pump w i t h  a pump e f f i c i e n c y  o f  75% was assumed. 

A.1.3.3 Performance Ana lys is  

The intermed iate- temperature molten s a l t  t ranspor t  subsystem performance 

was determined us ing t h e  methods described i n  Sect ion A.1.1.3 f o r  t h e  o i l  

t r a n s p o r t  subsystem. 



A.1.4 High-Temperature Mol ten S a l t  Subsystem 

Molten s a l t s  such as HITEC can operate a t  temperatures h igher  than those 
* 

used i n  t h e  intermediate-temperature mol ten s a l t  system w i thou t  decomposition, 

b u t  s ta in less  s t e e l  p i p i n g  must be used. To examine the  t r a d e - o f f  between 

. b e t t e r  p l a n t  e f f i c i e n c y  due t o  h igher  ope ra t i ng  temperature and increased 

t ranspor t  subsystem cos t  due t o  s t a i n l e s s  s t e e l  p ip ing ,  a high-temperature 

mol ten s a l t  subsystem w i l l  be considered. 

I n  the high-temperature molten sa l t ' sys tem,  t h e  maximum mol ten s a l t  tem- 

pera ture  i s  . 1 im i  t e d  t o  5 3 8 ' ~  ( 1 0 0 0 ~ ~ ) .  Above t h i s  temperature the  decom- 

p o s i t i o n  o f  t h e  mol ten s a l t  becomes s i g n i f i c a n t .  A1 1 r e t u r n  p i p i n g  f rom t h e  

rece i ve r  w i l l  see the maximum temperature and must be s t a i n l e s s  s t e e l .  A l l  

r e c e i v e r  p i p i n g  must a l so  be s t a i n l e s s  s t e e l .  

The high-temperature molten s a l t  subsystem was considered as an a l t e rna -  

t i v e  t ranspor t  subsystem f o r  t h e  PFCR/R and PFDR/R. This  approach was used 

w i t h  the  PFCRIR because i t  has o n l y  a sho r t  r u n  o f  r e t u r n  p ip ing .  The h i g h - .  

temperature mol ten s a l t  system was used w i t h  t h e  PFDRIR t o  prov ide  da ta  f o r  

comparison w i th .  the intermediate-temperature mol ten  s a l t  system. 

A.1.4.1 Subsystem Arrangement 

The subsystem arrangement i s  the same as t h a t  used w i t h  the  in termediate-  

temperature mol ten s a l t  system discussed i n  Sect ion A.1.3.1. 

A.1.4.2 Component Ana lys is  

The subsystem components are the  same as those used w i t h  the  in te rmed ia te  

temperature mol ten s a l t  system discussed i n  Sect ion A.1.3.2, except t h a t  t h e  

high-temperature r e t u r n  p i p i n g  i s  s t a i n l e s s  s tee l ,  as are the  valves on t h e  

r e t u r n  l i n e s  and t h e  d r a i n  tank. 

A.1.4.3 Performance Ana lys is  

The high-temperature mol te; s a l t  t r a n s p o r t  s u b ~ ' ~ s t e m  performance was 

determined us ing  t h e  methods described i n  Sect ion A.1.1.3 f o r  t h e  o i l  t r ans -  

p o r t  subsystem. & 



A.1.5 Low-Cost Mol ten S a l t  Subsystem 

It i s  poss ib le  t h a t  other,  less expensive, molten ' s a l t s  would be s u i t a b l e  

f o r  use as t h e  t ranspor t  workiqg f l u i d .  The e u t e c t i c  o f  sodium and potassium 

n i t r a t e ,  known as draw s a l t ,  has a lso been considered (Hausz, Berkowitz, and 

Hare 1978). H igh -pu r i t y  draw s a l t  has been est imated t o  cos t  30% less  than 

HITEC. Draw s a l t  o f  h i g h  p u r i t y  appears t o  be compatible w i t h  carbon s t e e l  a t  

i n te rmed ia te  temperatures. The s u i t a b i l i t y  o f  less  pure draw s a l t  has not  

been determined. I f  i t  were proven su i tab le ,  working f l u i d  cost  could be sub- 

s t a n t i a l l y  reduced, because commercial grade draw s a l t  s e l l s  a t  around 4$/ lb  

(Hausz, Berkowitz, and Hare 1978). The r e a l  b e n e f i t  o f  us ing draw s a l t  i s  i n  

reduc ing storage medium costs .  However, t o  e l  iminate t h e  storage charging 

heat  exchangers, the  t r a n s p o r t  working f l u i d  and the  storage working f l u i d  

must be t h e  same. 

For t h i s  t ranspor t  subsystem, it was assumed t h a t  impure draw s a l t  can be 

used as a heat t r a n s f e r  f l u i d ,  and t h a t  i t  was compatible w i t h  carbon s t e e l  a t  

ope ra t i ng  temperatures below 4 5 4 ' ~  (850'~) and s t a i n l e s s  s t e e l  below 538 '~  

( 1 0 0 0 ~ ~ ) .  The technology associated w i t h  low-cost molten s a l t  subsystems has 

n o t  been complete ly  demonstrated, and the re  i s  a greater  r i s k  i n  spec i f y ing  

inexpensive draw s a l t  as a s u i t a b l e  heat t r a n s f e r l h e a t  storage f l u i d .  Although 

t h i s  subsystem i s  no t  so f irmly based on e x i s t i n g  technology, i t  does g i ve  

i n d i c a t i o n  o f  the best poss ib le  performance t h a t  could be expected i n  a thermal 

t r a n s p o r t  subsystem, e x t r a p o l a t i n g  cu r ren t  procedures. 

A.1.5.1 Subsystem Arrangement 

The subsystem arrangement i s  t h e  same as t h a t  used w i t h  the  intermediate-  

temperature molten s a l t  system discussed i n  Sect ion A.1.3.1. 

A.1.5.2 Component Ana lys is  

The subsystem components are t h e  same as those used w i t h  the  intermediate-  

temperature molten s a l t  system discussed i n  Sect ion A.1.3.2, except t h a t  t h e  

high-temperature ' r e t u r n  p i p i n g  i s  s t a i n l e s s  s tee l ,  as are the  valves on the  

Feturn  l i n e s  and d r a i n  tank. 



A.1.5.3 Performance Analysis 

The low-cost molten s a l t  subsystem performance was determined using the 
methods described in Section A.1.1.3 fo r  the o i l  transport subsystem. 

A.1.6 Electric Transport Subsystem' 

The energy storage subsystem i s  located af te r  the energy conversion sub- 
system in the PFDRIS, PFDR/B, and PFCRIB concepts. The PFDR/S and PFDRIB are 
distributed generation concepts tha t  use a f i e l d  of col lectors ,  each with a 

small heat engine. These concepts require a transport subsystem tha t  co l lec ts  
the e l ec t r i c  energy from the f i e l d  and transports i t  to  e i ther  the energy 

storage subsystem or the u t i l i t y  grid.  The PFCR/B consists of one tower- 
mounted Brayton-cycle engine. The transport subsystem for the PFCR/B i s  lim- 
ited to  the cable necessary to  t ransfer  the e l ec t r i c  energy from the engine t o  
the tower's base where the e l ec t r i c  energy storage and the u t i l i t y  connections 
are located. Due to  the simplicity of the PFCR/B transport subsystem t h i s  
discussion will be limited to  the distributed generation concepts. The elec- 
t r i c  transport subsystem ? s  existing technology and a l l '  components are commer- 
c i a l l y  avail able. 

A.1.6.1 Subsystem Arrangement 

In the distributed generation concepts, the collectors are arranged in 
standard modules; the modules are arranged to  form the collector f i e l d .  The 
transport subsystem col lects  the e l e c t r i c  energy generated a t  the col lectors ,  
increases the voltage to  levels sui table  for  the u t i l i t y  gr id,  and supplies 
the energy to  the storage subsystem or the u t i l  i t y  grid. The c i r cu i t  i s  shown 
in Figure A.4. The heat engine generators are small ac induction generators, 

so the transport subsystem i s  ac; the energy storage subsystem has a r e c t i f i e r /  
inverter fo r  converting t o  dc for  battery storage. 

The standard module has twenty-one 17.5-kW generators in para l le l ,  each 

a t  440 V .  A 440-V bus i s  located a t  each module. The bus receives the input 
from the generators and feeds i t  to  a step-up transformer, which provides 
4160 V power. The 4160-V cables combine a t  the 4160-V stat ion bus .  A c i r cu i t  
breaker i s  on the u t i l i t y  side of the bus  for  disconnecting the en t i r e  plant, 
with the exception of the storage subsystem. The r ec t i f i e r l inve r t e r  of the 
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FIGURE A.4. Electr ic  Transport Subsystem 

energy storage subsystem requires 900 V power, so the transport subsystem 
includes 4160/900-V transformers for charging and discharging storage. When 

the  transport  subsystem i s  supplying power to  the u t i l i t y ,  the power is again 
stepped up t o  power grid voltage w i t h  another transformer. 

A.1.6.2 Component Analysis 

Several components of the e l ec t r i c  transport subsystem required e i ther  

sizing or material select  ion: 

460-V cable - The 460-V cable i s  specified as 3 conductor, #4 Alumi- 
num 600 V ,  Type UF cable w i t h  overall covering sui table  for  d i rec t  
burial in earth.  The cahle i s  instal led below ground. 

4160-V cable - The 4160-V cable i s  specified as 3 conductor, $2 Alum- 

inum 5000 V ,  Type UF cable with overall covering sui table  fo r  d i rec t  

burial in carth.  The cable i s  installed helow ground, 



41601900-V transformer - The 41601900-V transformer has three-phase 
six-pulse feeding into bridges with thyris tors  capable of operating 
at  1000 A or 2000 A for  two in paral le l .  

Performance Analysis 

The transport subsystem performance i s  based on component performance. 
The subsystem efficiency i s  the product of the eff ic iencies  of the 460-V cable, 
46014160 tranformer , the 4160-V cable, and the 4160lgrid voltage transformer . 
The efficiency of the 460-V cable f o r  a standard module was calculated from 
resistance losses as 0.988. The efficiency of the 4160-V cable was also cal-  

culated from resistance losses, b u t  the cable length varies depending on plant 
s i  ze. Because the variation was not large, an average value of 0.992 was used. 
The 46014160-V transformer had an assumed efficiency of 0.985 and the 4160lgrid 
voltage transformer had an assumed efficiency of 0.99. The e l ec t r i c  transport 
subsystem efficiency i s  the product of the component eff ic iencies ,  or 0.955. 

A.2 ENERGY STORAGE SUBSYSTEM 

With respect to energy storage subsystem, the concepts analyzed in t h i s  
study 'can be classif ied into one of two types: 1) those with energy storage 
between the collector subsystem and the energy conversion subsystem, and 
2) those with energy storage af te r  the energy conversion subsystem. The con- 
cepts with storage between the collector subsystem and the energy conversion 
subsystem col lect  and s tore  thermal energy. Concepts with storage a f t e r  the 
energy conversion subsystem must s tore  e lec t r ica l  energy. Two generic types 
of energy storage subsystems are thus required--a thermal energy storage sub- 
system 'and an e lec t r ica l  energy storage subsystem, 

A . 2 . 1  Thermal Energy Storage 
. . 

Five therm,al energy storage subsystems were considered, each using ei ther  
' ' 

a different  thermal energy storage medium or a different  temperature range: 

Low-Temperature Oil and Rock Storage - This subsystem uses a heat 
transfer o i l  such as Caloria and rock as the thermal energy storage 

medium, and i s  used with the o i l  transport subsystem. The subsystem 



operates a t  a maximum temperature o f  232 '~  (450°F), which i s  we l l  

below t h e  maximum opera t i ng  temperature o f  Ca lor ia .  

Intermed iate-Temperature O i  1 and Rock Storage - This subsystem also 

uses heat t r a n s f e r  o i l  such as C a l o r i a  and rock as the  thermal energy 

storage medium, b u t  a maximum opera t ing  temperature o f  304 '~  (580'~)  

i s  used. Above t h i s  temperature t h e  decomposition r a t e  o f  t h e  heat 

t r a n s f e r  o i l  i s  unacceptably high. Because t h i s  storage subsystem 

i s  based on t h e  McDonnell Douglas design f o r  t h e  Barstow p lan t ,  i t  

i s  considered c u r r e n l  lechnology and i s  uscd as the base case f o r  

a l l  concepts except the ICNT using thermal storage. The low- 

temperature o i l  and rock a l t e r n a t i v e  i s  the  base case storage sub- 

system f o r  t h e  LCNT concept. 

Intermediate-Temperature Molten S a l t  and Rock Storage - This sub- 

system uses a molten s a l t  such as HITEC and rock f o r  t he  thermal 

s torage medium. The subsystem opera t ing  temperature i s  l i m i t e d  t o  

454 '~  (850 '~)  t o  a l l ow  the  use o f  carbon s t e e l  i n  the  storage and 

t r a n s p o r t  subsystems. 

High-Temperature Molten S a l t  and Rock Storage - This subsystem a lso  

uses a molten s a l t  such as HITEC and rock f o r  t he  thermal s torage 

medium, bu t  the  subsystem opera t ing  temperature i s  now l i m i t e d  t o  

5 3 8 ' ~  (lOOoO~)., r e q u l r i n g  t h a t  s t a i n l e s s  s t e e l  be used i n  the  storage 

subsystem and i n  t h e  high-temperature sec t ions  o f  t h e  t ranspor t  

subsystem. 

Low-Cost Molten S a l t  and Rock Storage - This subsystem I s  s i m i l a r  t o  

t h e  in termedia te  temperature molten s a l t  subsystem except t h a t  a 

low-cost molten s a l t  such as impure draw s a l t  i s  assumed t o  be used. 

Each type o f  storage w i l l  be discussed and the  methods o f  subsystem 

arrangement, component analys is ,  and performance ana lys is  w i l l  be described. 



A. 2.'1.1 Low Temperature O i  1 and Rock Storage Subsystem 

The low-temperature o i l  and rock storage subsystem i s  used w i t h  the  o i l  

t r a n s p o r t  subsystem, where o i l  i s  heated i n  t he  f i e l d  and re tu rned  d i r e c t l y  t o  

t he  thermal energy storage subsystem. The low-temperature o i l  and rock s t o r -  

age subsystem i s  used o n l y  w i t h  the  LCNT/R concept, operated a t  232 '~  (450°F), . 
which i s  we l l .be low the  maximum opera t ing  temperature o f  heat t r a n s f e r  o i l .  

The design i s  based on the  McDonnell Douglas design f o r  t he  Barstow power 

p l a n t  ( H a l l e t  and Gervais 1977). 

A.2.1.1.1 Subsystem Arrangement. The low-temperature o i l  and rock s t o r -  

age subsystem uses an o i l  and rock thermocl ine storage medium. The o i l .  and 

rock are contained i n  an i nsu la ted  s t e e l  tank, where a s u b s t a n t i a l  f r a c t i o n  o f  

t h e  volume i s  f i . l l e d  w i t h  inexpensive rock. The remaining tank volume i s  f i l -  

led  w i t h .  more cost  l y  oi.1. Thermal energy i s  s to red  as sens ib le  heat i n  the  

o i l  and rock. Hot o i l  i s  added o r  removed f rom the  t o p  o f  t h e  tank; coo l  o i l  

i s  added or removed f rom the bottom of the  tank. This  main ta ins  the  segrega- 

t i o n  ( o r  thermocl ine)  between the  ho t  and c o l d  o i l  i n  t he  tank. 

The thermal s torage subsystem does not  inc lude heat  exchangers f o r  charg- 

i n g  storage because o i l  i s  pumped d i r e c t l y  from the  thermal s torage tank t o  

the  f i e l d  and re turned d i r e c t l y  t o  the  top  . o f  t he  thermal s torage tank. A 

storage discharge loop i s  r e q u i r e d  t o  t r a n s f e r  t he  thermal energy f rom t h e  

rock and o i l  s torage t o  the water/steam used as the  working f l u i d  i n  the 

Rankine engine. The storage discharge loop inc ludes  p ip ing ,  an o i l  d ischarge . . 
pump, a preheat ing heat exchanger, b o i l e r ,  and superheat ing heatexchanger 

(see F igu re  A.5). 

Heat t r a n s f e r  o i l s  tend t o  degrade a t  e leva ted temperatures. Above 3 0 4 ' ~  

(580°F), the  degradat ion r a t e  i s  very  h igh  and heat t r a n s f e r  o i l s  cannot be 

success fu l l y  used. Below 3 0 4 ' ~  (580°F), degradat ion s t i l l  occurs b u t  a t  a 

s u b s t a n t i a l l y  reduced r a t e .  The low-temperature o i l  and rock storage subsys- 

tem operates a t  a temperature low enough t o  prec lude major degradat ion prob- 

lems. However, du r ing  operat ion, t h e  products o f  degradat ion must be removed 

and replacement o i l  added ( H a l l e t  and Gervais 1977, p. 4-65). 
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FIGURE A.5. Low-Temperature O i l  and Rock Storage Subsystem 

Two a d d i t i o n a l  components are requ i red  t o  remove t h e  o i l  degradation res-  

idue. The f l u i d  maintenance system f i l t e r s  the  o i l  t o  remove suspended so l i ds ,  

d i s t i l l s  a s ide  stream t o  remove h igh  b o i l i n g  polymeric compounds, and adds 

f r e s h  makeup f l u i d  t o  rep lace decomposed f l u i d  ( H a l l e t  and Gervais 1977, 

p. 4-85). The u l l a g e  maintenance u n i t ,  i n  a d d i t i o n  t o  ma in ta in ing  an oxygen- 

f ree  gas above the heat  t rans fe r  f l u i d ,  a lso  must remove t h e  v o l a t i l e  f r a c t i o n s  

of t h e  products o f  degradation which evaporate i n t o  t h e  u l l a g e  space above t h e  

heat  t r a n s f e r  f l u i d  (p. 4-66). 

The hot  o i l  temperature i n  the thermal energy storage tank i s  a t  231°c 

(447'~)  and the  c o l d  o i l  i s  a t  181°c (358OF), so c o l d  o i l  i s  suppl ied t o  the  

f i e l d  a t  approximately 1 7 8 ' ~  (350'~)  and r e t u r n s  a t  233 '~  (450'~) .  ~ i m i l  ar ly, '  

h o t  o i l  i s  sent t o  the  discharge heat exchangers a t  231°C ~ 4 4 7 ~ ~ )  and r e t u r n s  

a t  181°c (358'~) .  The o i l  and water/steam cond i t i ons  e x i t i n g  each discharge 

heat  exchanger are g iven i n  ~ i ~ u i e  A.5. 

A.2.1.1.2 Subsystem Siz ing .  I n  the  concept charac ter iza t ion ,  t h ree  power 

p l a n t  s izes  were considered--1-MWe, 5-MWe, and 10-MWe. Each s i z e  requ i red  a 

s p e c i f i c  s torage subsystem. In add i t ion ,  a range o f  s torage capac i t i es  was 

considered, which would a l l ow  t h e  eva luat ion  o f  p l a n t  performance over a range 



of capacity fac tors .  This necessi tated characterizing storage subsystems 
capable of allowing plant operation fo r  3, 6, 9, or 18 hours a f t e r  the  col lec- .  
to r  subsystem was taken out of service.  

The ideal storage medium volume was sized by determining the  t o t a l  quan-t. ,. . 

t i t y  o f  thermal energy t o  be stored.  This cons i s t s  of thermal energy necessary . 

for  the next turbine s ta r tup ,  turbine s ea l  steam, and thermal energy required 
t o  generate steam t o  run the turbine while the plant  i s  generating power from. 
storage. Thermal energy fo r  s ta r tup  has been estimated as 7.5 MWt-hr fo r  a 
10-MWe plant ,  assuming a hot s t a r t  ('Hallet and Gervais 1977, p. 4-6.). This 

study assumed tha t  thermal energy for  s ta r tup  var ies  l inear ly  with plant s ize .  
Seal steam requires  0.33 M W t  f o r  each hour the  turbine  i s  down ( p .  4-6). In 

, . .  

t h i s  study, seal  steam requirements were based on the hours of turbine down- 
time between s t a r t s ,  arid were assumed to' vary l i nea r ly  with plant '  s i ze .  

. , 

The steam generator requirements are based on the energy conversion sub- 
system output when operating from storage,  as  well as  the  energy conversion 
subsystem overall ef f ic iency,  

Storage ( M W t )  = ECS rated output (MWe)/ECS overall  e f f i c iency  

where the  energy conversion subsystem output includes a 10% increase f o r  para- 
s i t i c  loads. The overall  conversion eff ic iency is discussed in Section 2.4.3. 

The ideal medium volume can.now be calculated using the volumetric spe- 
c i f i c  heat of the .o i l / rock  combination. For t h i s  study a value of 2.61 mega- 

joule/m3-oc (32.9 ~ t u / f t ~ - O ~ )  was used (Hal le t  and ~ e r v a i s  1977, p. 4-25). 
This assumes a 25% void f rac t ion  so t h a t  75% of the  storage volume i s  rock and 
25% i s  heat t r ans fe r  o i l .  The ideal storage volume also  depends on the tem- 
perature difference in storage between the  hot and cold o i l .  For t h i s  subsys- 

tem the temperature di f ference i s  5 6 ' ~  (100'~).  

The ideal s torage volume must be increased t o  account fo r  nonideal fac- 
. to r s ,  su,ch as heat loss from storage and unavailable energy. Heat loss from 

storage. represents energy loss by conduction and convection from the thermal 
energy storage tank. Unavailable energy represents a minimum amount of s to r -  - 
age capacity t ha t  cannot be u t i l i z ed ,  primarily because the thermocline breaks ., 



down when the  thermal energy storage tank i s  nea r l y  drawn down. This would 

r e s u l t  i n  low-temperature o i l  being suppl ied t o  the  discharge heat exchangers. 

Heat l oss  f rom storage f o r  a 24-hour per iod  i s  est imated t o  be between 2% 

and 6% o f  t h e  s tored energy, depending on tank s i z e  (Hal l e t  and Gervais 1977, 

p. 4-42). Unavai lable energy i s  est imated t o  be between 10% and 15% (p. 4-32). 

For t h i s  s tudy an average value o f  12.5% was used. The ac tua l  storage volume 

i s  g iven by 

Storage volume = Idea l  storage' vo l  ume 
- (heat loss  + unava i lab le  energy) 

where heat l o s s  and unava i l ab le  energy are decimal f r a c t i o n s .  

The maximum charge r a t e  i s  in f luenced by both the  p l a n t ' s  maximum output  

.and t h e  storage capaci ty .  Dur ing per iods  o f  i n t e r m i t t e n t  i n s o l a t i o n ,  t he  out-  

p u t  f rom the  f i e l d  must be buf fe red t o  prevent  the  energy conversion subsystem 

f rom exper iencing 1 arge temperature swings. B u f f e r i n g  i s  accomplished by 

d i r e c t i n g  the  f i e l d  output  through storage so t h a t  the  charge r a t e  must a l low 

f o r  t h e  e n t i r e  output  o f  t h e  f i e l d  t o  be used t o  charge storage. Because t h e  

f i e l d  i s  s ized t o  operate the  p l a n t  wh i l e  charging storage, the  maximum charge 

r a t e  can be ca l cu la ted  as 

- Output + Idea l  Maximum Storage Maximum Charge Rate - 
'ECS qTh x CT 

where 
11 

Output i s  p l a n t  gross output  i n  MWe . 
'ECS i s  energy conversion e f f i c i e n c y  i n  MWe/MWt 

Idea l  maximum storage i s  t h e  ideal.maximum storage capac i ty  in .  M W t  . 

' ~ h  i s  thermal e f f i c i e n c y  o f  storage 

CT i s  charging t i m e  (assumed t o  b e  8 hour's). 

The maximum charge r a t e  would be used t o  s i z e  t h e  charge loop and heat 

' exchangers. However, t he  low-temperature o i  1 and rock subsystem does not  . 



r e q u i r e  a charg ing  heater  because the  t r a n s p o r t  and storage f l u i d s  are the. 

same. The maximum e x t r a c t i o n  r a t e  i s  used t o  s i z e  t h e  d ischarge l oop  and heat 

exchangers. 

Capac.it ies o f  the  u l l a g e  and f l u i d  maintenance u n i t s  are based on t h e  r a t e  

o f  heat t r a n s f e r  o i  1 degradat ion. The degradat ion r a t e  f o r  t h e  se lec ted  heat 

t r a n s f e r  o i l ,  C a l o r i a  HT45, i s  est imated f rom the  r a t e  equat ion obta ined f o r  , 

t h e  percentage weight l o s s  o f .  C a l o r i a  HT45 as 'a f u n c t i o n  o f  temperature ( H a l l e t  

and Gervais 1977, p. 4-88): 
. . 

R = 5.3 x 10" exp [-17650/T] 

where 

R i s  weight  percent per hour 

T i s  temperature i n  OK. 

The annual makeup requirement can now be determined us ing  an assumed tem- 

pe ra tu re  c y c l e  f o r  t h e  o i l  i n  t h e  s torage u n i t  and t'he equat ion g i ven  above. 

A.2.1.1.3 Component Analys is .  Several  s torage subsystems components 

r e q u i r e d  e i t h e r  s i z i n g  o r  m a t e r i a l  s e l e c t i o n .  These inc luded t h e  storage 

medium, thermal s torage tank, d ischarge .heaters  and loop, and u l l a g e  and f l u i d  

malntenance u n i t s .  

Energy Storage Medium. A wide v a r i e t y  o f  media are a v a i l a b l e  f o r  sens ib le  

heat storage. Other s tud ies  ( H a l l e t  and Gervais  1977, p. 4-25) have i n d i c a t e d  

t h a t ,  f o r  s torage temperatures below 3 0 4 ' ~  ( 5 8 0 ° ~ ) ,  t he  most a t t r a c t i v e ,  

sens ib le ,  heat s torage medium i s  a combinat ion o f  C a l o r i a  HT45 and rock.  Calo- 

r i a  HT45 i s  a heat  t r a n s f e r  o i l  'w i t h  good thermal performance. A v o i d  f r a c t i o n  

o f  0.25 was assumed f o r  t h e  o i l  and rock  combinat ion. Two rock s i zes - - l a rge  

r i v e r  g rave l  and No. 6 s i l i c a  sand--were t o  be used. 

Thermal Storage Tank. The d e t a i l s  o f  t he  thermal s torage tank are g iven 

i n  H a l l e t  and Gervais (1977, p. 4-28). The thermal s torage tank i s  assumed t o  . 
have a maximum h e i g h t  of 44 ft, determined by the  tank foundat ion  design. The 

tank diameter i s  adjusted. t o  g i v e  t h e  r e q u i r e d  storage volume. I n  some cases, 

m u l t i p l e  tanks were used f o r  concepts w i t h  l a r g e  storage v,olumes. The tank i s  . 



const ruc ted o f  A 547 h igh-s t rength  s t e e l  w i t h  f i b e r g l a s s  i nsu la t i on ,  10 t o  

20 cm t h i c k .  The f i b e r g l a s s  i n s u l a t i o n  i s  covered w i t h  an aluminum weather 

cover. 

Discharge Heaters. Three types o f  d ischarge heaters are used i n  the  d i s -  

charge loop: the  preheater,  t h e  b o i l e r ,  and t h e  superheater. The 1- and 5-MWe - 
p l a n t  s torage subsystems have one o f  each. The 10-MWe p l a n t  s torage subsystem 

has two of each. The d ischarge heaters are s ized t o  take subcooled l i q u i d  a t  

100 p s i  and 6 7 ' ~  and generate steam a t  100 p s i  and 216'~. The preheater r a i s e s  

t h e  temperature o f  t h e  subcooled l i q u i d  t o  s a t u r a t i o n  cond i t ions .  The b o i l e r  

b o i l s  the  sa tura ted l i q u i d  and produces saturated '  vapor, which i s  superheated 

i n  t h e  superheater.  The heat t r a n s f e r  i n  each heater i s  determined by t h e  

r e q u i r e d  enthalpy change i n  the water and the  mass f l o w  r a t e  o f  the water. 

Based on t h e  requ i red  heat t r a n s f e r  i n  t h e  heater,  t h e  temperature 'change i n  

t h e  o i l  can be ca l cu la ted  us ing  the mass f l o w  r a t e  and s p e c i f i c  heat o f  the 

o i l . '  Wi th  t h e  i n l e t  cond i t i ons  determined, the  NTU method o f  heat exchanger 

-ana lys i s  was used t o  determine the  requ i red  area o f  the  heaters. Heat t r a n s f e r  

c o e f f i c i e n t s  were assumed t o  be the  same as those f o r  t he  discharge heaters i n  

t h e  Barstow p l a n t  ( H a l l e t  and Gervais 1977, p. 4-138): 

Overa l l  Heat Transfer  
Discharqe he ate^ (Btu/hr-OF-f t 

Superheater 44.6 

B o i l e r  102.52 

Preheater 86.8 

The preheater  was assumed t o  be a s t r a i g h t  tube, f l o a t i n g  head, counter-  

f l o w  heat exchanger. The b o i l e r  was assumed t o  be a h o r i z o n t a l  U-tube k e t t l e  

b o i l e r .  The superheater was assumed t o  be a h o r i z o n t a l  U-tube c ross f l ow  heat 

exchanger. 

Discharge Loop. The discharge loop cons is ts  o f  the discharge p i p i n g  and, 

d ischarge pump. The discharge p i p i n g  was s ized by assuming a design v e l o c i t y  

f o r  the  o i l  and c a l c u l a t i n g  a requ i red  diameter based on the  o i l  vo lumet r ic  



p lan t ,  us ing  the 7/10 r u l e .  The discharge pump was s ized by c a l c u l a t i n g  the  
. headloss i n  t h e  discharge p i p i n g  and i n  t h e  heaters. The pressure drop i n  t h e  

heaters was assumed t o  be the same as f o r  the  heaters i n  the  Barstow p lan t .  

~ a s e d  on t h e  headloss, mass f l o w  r a t e  o f  o i l ,  and an assumed pump e f f i c i e n c y  

o f  0.75, the requ i red  pumping power was ca lcu la ted .  The pump and p i p i n g  were 

assumed t o  be carbon s tee l .  A c e n t r i f u g a l  motor-dr iven pump was assumed. 

U l l age  Maintenance Un i t ,  F l u i d  Maintenance U n i t .  The u l l a g e  and f l u i d  

maintenance u n i t s  are described i n  Hal l e t  and Gervais (1977, p. 4-23). Because 

they  represent  a small pa r t .  o f  the storage system, no attempt was made t o  ana- 

l y z e  these systems. 

A.2.1.1.4 Performance Analys is .  The storage subsystem impacts p l a n t  . 

performance i n  several areas. The storage output  e f f i c i e n c y ,  heat exchanger 

standby energy requirements, and storage energy loss  reduce the  amount o f  

energy a v a i l a b l e  i n  storage. I n  add i t ion ,  p a r a s i t i c  loads such as discharge 

loop pumping power f u r t h e r  reduce p l a n t  output  when us ing  storage. 

Storage Output E f f i c i e n c y .  Because pumping power i s  considered below, 

t h e  on'ly l oss  associated w i t h  s torage output  i s  heat l oss  f rom t h e  discharge 

p i p i n g  and discharge heat exchangers. The heat l oss  was ca l cu la ted  assuming 

4 i n .  o f  ca lc ium s i l i c a t e  i n s u l a t i o n  on both t h e  p i p i n g  and t h e  heat exchang- 

ers. Because the i n s u l a t i o n  prov ides the dominant res i s tance  t o  heat t r a n s f e r ,  

t h e  i n s u l a t i o n  inner -wa l l  temperature was assumed t o  be t h a t  o f  t he  o i l  and 

the '  ou ter -wa l l  teinperature was assumed t h a t  o f  the ambient a i r ,  70'~. 

Storage Energy Loss. The storage thermal energy l oss  due t o  media cool -  

i n g  was taken f rom ~ a l l e ' t  and Gervais (1977, p. 4-42) f o r  a Barstow type rock 

and o i l  thermal storage u n i t .  

Discharge Pump Performance. The SOLSTEP code ca l cu la ted  base case pump- 

i n g  power i n  t h e  pump s i z i n g  r o u t i n e  f o r  f u l l - l o a d  operat ion.  Because t h e  

computer s imu la t i on  considers a range o f  opera t ing  cond i t ions ,  t he  pumping 

power must be determined f o r  p a r t - l o a d  operat ion.  Actual  pumping power 

inc ludes  the eff 'ect of pa r t - l oad  opera t ion  and i s  g iven by 



Actual pumping power = C0.25 + 0.75 (ab)] ( Instal led pumping power) 

where 

a is  a constant determined from base case 
b i s  the energy flow ra te  through the pump. 

Storage O u t p u t  Standby Energy. The energy required to keep the discharge 

heat exchangers a t  close t o  operating conditions i s  termed the storage output 
standby energy. The standby energy i s  assumed to equal the energy loss calcu- 
lated in the storage output efficiency analysis. 

A.2.1.2 Intermediate-Temperature O i  1 and Rock Storage Subsystem 

Except for  the LCNT/R and LFDR-TC, a l l  concepts with thermal storage use 
water/steam as the base case heat t ransfer  f lu id .  In addition, the steam 
returning from the f i e l d  i s  a t  temperatures well above the maximum operating 
temperature of Caloria HT45. This requires considering a second o i l  and rock 
storage subsystem. This subsystem would require a storage charging loop with 
storage charging heat exchangers to  transfer energy from the steam t o  the o i l  
for  storage. In addition, the storage subsystem can now be operated a t  , i t s  
maximum temperature, around 304'~ (580'~).  Because the LFDR-TC concept uses an 
o i l  transport  subsystem operating a t  304'~ (580°F), i t  does not require charg- 
.ing heat exchangers. The intermediate-temperature o i l  and rock storage sub- 
system i s  considered the base case storage subsystem for a l l  concepts using 
intermediate-temperature thermal storage, and i s  based on the McDonnel 1 Douglas 
design for the Barstow power plant. 

A.2.1.2.1 Subsystem Arrangement. The subsystem arrangement for  the 
intermediate-temperature o i l  and rock storage subsystem i s  similar t o  the low- 

temperature system described in Section A.2.1.1.1. However, i t  d i f fe rs  in two 
respects: the intermediate-temperature system operates a t  the maximum allow- 
able temperature for  Calor i a  HT45 and requires charging heaters. 

The temperature of steam returning from the f i e l d  is  e i ther  343'~ ( 6 5 0 0 ~ )  
or 510 '~ (950°F), depending on the concept. In e i ther  case, the energy must be 
transferred from the steam to  the storage system o i l  without exceeding the 
o i l ' s  maximum operating temperature. The charging loop, included to t ransfer  



o i l  from the steam t o  the o i l ,  cons i s t s  o f  p ip ing ,  an o i l  charg ing pump, and 

- s torage heaters. To prevent  overheat ing t h e  o i l ,  t h e  steam i s  desuperheated 

+ w i t h  a spray desuperheater before e n t e r i n g  the  storage heaters. 

The ho t  o i l  i n  the thermal energy storage tank i s  a t  3 0 4 ' ~  (580'~)  and t h e  

coo ler  o i l  i s  a t  218 '~  ( 4 2 5 ' ~ ) ~  so co ld  o i l  i s  supp l ied  t o  the  storage charging . 
heaters a t  2 1 8 ' ~  (425 '~)  and r e t u r n s  a t  3 0 4 ' ~  (580'~) .  S i m i l a r l y ,  ho t  o i l  i s  

sent t o  the  d ischarge heat exchangers a t  3 0 4 ' ~  (580 '~)  and r e t u r n s  a t  218 '~  

(425'~).  The o i l  and water steam cond i t i ons  e x i t i n g  each heat  exchanger are 

g iven i n  F igure  A.6. 

A.2.1.2.2 Subsystem Siz ing.  The i d e a l  and ac tua l  s torage volumes f o r  

t h i s  subsystem were s ized us ing  t h e  method described i n  Sect ion A.2.1.1.2, w i t h  

one except ion. I n  the  high-temperature system, the  temperature change o f  the ' 

o i l  and rock  between ho t  and c o l d  cond i t i ons  i s .  86OC (155OF), which means 

t h a t  more energy can be s to red i n  a g iven volume o f  medium f o r  t h e  in te rmed i -  

ate-temperature system than f o r  the  low-temperature system. 

The maximum charge and discharge r a t e s  are determined us ing  the  method 

described i n  Sect ion A.2.1.2 except t h a t  i n  t h i s  case, t h e  charge r a t e  i s  used 

t o  s i z e  the  charging loop and heaters. 

A.2.1.2.3 Component Analys is .  The intermediate-temperature o i l  and rock 

storage subsystem has several  components r e q u i r i n g  e i t h e r  s i z i n g  o r  m a t e r i a l  

se lec t i on .  Because o f  simi 1 a r i t y  t o  the  low-temperature system, ana lys is  

desc r ip t i ons  o f  t he  energy storage medium, thermal storage tank, d ischarge 

loop, and u l l a g e  and f l u i d  maintenance u n i t s  discussed i n  Sect ion A.2.1.1.2 

w i l l  apply  here, Thc charging heaters and loop, as w e l l  as t h e  d ischarge 

heaters and loop, are described i n  the nex t  f o u r  subsections: 

Charging Heaters. The charging heaters were s ized us ing  the  maximum 

charge r a t e  determined i n  A.2.1.2.2. Where poss ib le ,  t he  charging heater  

designed f o r  the  Barstow p l a n t  was used. M u l t i p l e  heaters were added f o r  

l a r g e  storage sizes. For small s torage sizes, t h e  heater area was decreased 

l i n e a r l y  w i t h  requ i red  heat t r a n s f e r .  Because entrance and e x i t  cond i t i ons  

are no t  in f luenced by u n i t  s ize,  t h i s  assumption r e s u l t e d  i n  an o v e r a l l  heat 

t r a n s f e r  c o e f f i c i e n t  constant  w i t h  s ize.  I n  a l l  cases, the  heat  exchangers 

were h o r i z o n t a l  s t e e l  U-tube heat exchangers. 
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Charging Loop. The charg ing loop p i p i n g  and pump were s ized  us ing  .the 

method descr ibed i n  Sect ion A.2.1.1.3. 

Discharge Heaters. The d ischarge heaters  i n  the  in te rmed ia te  temperature ' 

system are s i m i l a r  t o  those descr ibed i n  Sect ion A.2.1.1.3, a  superheater f o l -  

9 lowed by a b o i l e r  and a preheater.  Because t h e  heaters  operate a t  cond i t i ons  
i d e n t i c a l  t o  those used a t  t h e  Barstow p l a n t ,  t h e  design i n fo rma t i on  f o r  t h e  

Barstow heaters ( H a l l e t  and Gervais 1977, p. 4-139) was used. The heaters  

used i n  t h e  5-MWe p l a n t  were i d e n t i c a l  t o  t h e  Barstow heaters; t h e  10-MWe 

p l a n t  used two t r a i n s  composed o f  t he  same heaters.  The 1-MWe p l a n t  heaters 

were s i zed  by assuming t h e  requ i red  heat exchanger area was p r o p o r t i o n a l  t o  

t he  requ i red  heat t r a n s f e r .  

Discharge Loop. The d ischarge loop p i p i n g  and pump were s ized  us ing  the  

method descr ibed i n  Sec t ion  A.2.1.3. 

A.2.1.2.4 Performance Analys is .  The methods o f  de termin ing  storage ou t -  

p u t  e f f i c i e n c y ;  s torage energy loss,  d ischarge pump performance, and storage 

ou tpu t  standby energy are descr ibed i n  Sect ion A.2.1.1.4. Three o the r  perform- 

ance parameters were determined f o r  t h e  in termediate- temperature subsystem: 

s torage i n p u t  e f f i c i e n c y ,  charg ing pump performance, and storage ou tpu t  standby 

energy. 

Storage I n p u t  E f f i c i e n c y .  The o n l y  loss  associated w i t h  s torage i n p u t  i s  

t h e  heat l oss  f rom t h e  charg ing p i p i n g  and charg ing heat exchangers. The heat  

loss  was c a l c u l a t e d  assuming 4 i n .  o f  ca l c i um s i l i c a t e  i n s u l a t i o n  on bo th  the  

p i p i n g  and t h e  heat exchangers. The i n s u l a t i o n  i s  t h e  dominant r e s i s t e r  o f  

heat t r a n s f e r ,  i t  was assumed t h a t  the  i n s u l a t i o n  inner -wa l l  temperature was 

t h a t  o f  the  o i l ,  and the  ou ter -wa l l  temperature was t h a t  o f  ambient a i r ,  70'~. 

Charging Pump Performance. The base case pumping power was c a l c u l a t e d  i n  

SOLSTEP1s pump s i z i n g  r o u t i n e  f o r  f u l l - l o a d  ope ra t i on  and an assumed f i e l d  

s ize .  Because the  computer s imu la t i on  considers a range o f  f i e l d  sizes, the  

pumping power had t o  be determined f o r  va ry ing  f i e l d  s i zes  and p a r t - l o a d  oper- 

a t ion .  The i n s t a l l e d  pumping power was assumed t o  vary  l i n e a r l y  w i t h  f i e l d  

s ize .  Actual  pumping power inc ludes-  t h e  e f f e c t s  o f  p a r t - l o a d  opera t ion :  



Actual  pumping power = 10.25 + 0.75(ax) ( b y ) ]  ( I n s t a l l e d  pumping power) 

where 

x ' i s  energy f l o w  r a t e  through the  pump 

y i s  f i e l d  s i z e  

a and b are constants determined from the base case. 

Storage Inpu t  Standby Energy. Storage inpu t  standby energy i s  the  energy 

r e q u i r e d  t o  keep the  discharge heat exchangers a t  c lose t o  opera t ing  condi- 

t i o n s .  The standby energy i s  assumed t o  equal t h e  energy loss  ca l cu la ted  i n  

the  storage output  e f f i c i e n c y  analys is .  

A.2.1.3 Ir i termedi ate-Temperature Molten S a l t  and Rock Storage Subsystem 

Several a t t r i b u t e s  o f  molten s a l t s  such as HITEC make them a t t r a c t i v e ,  

sens ib le  heat storage media. Molten s a l t s  can operate a t  high-temperatures 

w i t h o u t  decomposition or- h igh  vapor pressure. I n  add i t ion ,  a molten s a l t  

s torage subsystem can be combined w i t h  a molten s a l t  t ranspor t  subsystem. 

This combinat ion would e l im ina te  the storage charging heaters and the  ' r e s u l t  

i ng temperature drop. 

Several disadvantages must be overcome before molten s a l t  storage systems 

can be considered as a v i a b l e  opt ion.  F i r s t ,  molten s a l t s  f reeze a t  tempera- 

t u r e s  we 11 above ambient. Second, molten s a l t s  operat ing above 4 5 4 ' ~  (850'~)  

are incompat ib le  w i t h  carbon s tee l ;  more expensive stainless s t e e l  rrlusl be 

used. Th i rd ,  h i g h - p u r i t y  molten s a l t s  such as HITEC are expensive. HITEC i s  

approximately two and one-half  t imes as expensive as o i l  and e i g h t  t imes more 

expensive than o i l  and rock on a cost  per u n i t  mass bas is  ( H d l l e l  and Gervais 

1977, Table 11, p. 6-27). A f t e r  c o r r e c t i n g  f o r  d i f f e r e n t  s p e c i f i c  heat and 

s torage temperature, HITEC I s  s t i l l  tw i ce  as exper~sive as o i l  and three t imes 

more expensive than o i l  and rock per u n i t  o f  energy stored. 

I n  the  intermediate-temperature rrlul L ~ I I  s d  I t  storage subsystem, the  molten 

s a l t  temperature i s  maintained below 454 '~  (850'~)  t o  a l low the  use o f  carbon 

s t e e l .  To reduce t h e  cos t  o f  t h e  storage medium, use o f  a packed-bed/ 

thermoc l ine  tank w i t h  HITEC and some compatible rock was assumed. Th is  

approach has been considered by Honeywell, Inc., and t e s t s  on degradation 



r a t e s  o f  mol ten s a l t  i n  t h e  presence o f  var ious  minera ls  have been conducted 

by DOE ( H a l l e t  and Gervais 1977, p. 6-35). It i s  no t  poss ib le  a t  t h i s  t ime  t o  

determine i f  a HITEC/rock packed-bed tank i s  feasib le;  there fore ,  t h i s  s torage 

subsystem cannot be considered as near-term technology. 

The in te rmed ia te  temperature mol ten s a l t  storage subsystem was considered 

as an a l t e r n a t i v e  f o r  t h e  high-temperature d i s t r i b u t e d  rece i ve r  concepts and 

the  LFCR/R concept because i t  i s  compat ib le w i t h  the  intermediate-temperature 

mol ten s a l t  t r a n s p o r t  subsystem used on these concepts. The LFDR-TC and t h e  

LCNT/R do not  operate a t  a temperature h igh  enough t o  ga in  any advantage from 

us ing  mol ten s a l t s .  This  storage subsystem was no t  considered f o r  use w i t h  

the  PFCR/R because t h i s  concept uses o n l y  the high-temperature mol ten s a l t  

t r anspor t  subsystem. 

A.2.1.3.1 Subsystem Arrangement. The intermediate-temperature mol ten 

s a l t  and rock storage subsystem uses a mol ten s a l t  and rock packed-bed/ 

thermocl ine storage. The molten s a l t  and rock  are contained i n  an i n s u l a t e d  

s tee l  tank. 

The thermal storage subsystem does no t  inc lude heat exchangers f o r  charg- 

i n g  storage because mol ten s a l t  i s  pumped d i r e c t l y  f rom t h e  thermal s torage 

tank t o  the f i e l d  and re turned d i r e c t l y  t o  t he  top  o f  the thermal s torage tank. 

A storage d ischarge loop i s  requ i red  t o  t r a n s f e r  t he  thermal energy f rom t h e  

mol ten s a l t  and rock  storage t o  the water/steam used as the  working f l u i d  i n  

t h e  Rankine engine. The storage d ischarge loop inc ludes  p ip ing ,  mol ten s a l t  

discharge pump, a preheat i ng heat exchanger, bo i  1 e r  and superheat ing heat 

exchanger. F igu re  A.7 i l l u s t r a t e s  t h i s  subsystem. 

Because the degradat ion r a t e  o f  molten s a l t s  such as HITEC i s  low a t  

s torage system opera t i ng  temperatures, t h e  f l u i d  maintenance u n i t  i s  n o t  

requ i red .  The u l l  age maintenance u n i t  i s  s t i l l  r equ i red  t o  ma in ta in  an i n e r t  

gas cover over t he  heat t r a n s f e r  mol ten s a l t  i n  t h e  storage tank. Prov is ions  

f o r  p revent ing  the  f r e e z i n g  o f  the mol ten s a l t  du r i ng  long outages w i l l  be 

inc luded.  . T h i s  would i nc lude  heat t r a c i n g  o f  p ipes and storage tanks. Another 

method i s  t o  add water a t  an appropr ia te  r a t e  du r ing  the  coo l i ng  pe r iod  t o  

assure t h a t  t h e  mol ten s a l t  m ix tu re  remains i n  l i q u i d  form ( H a l l e t  and Gervais 

1977, p. 6-35). 
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FIGURE A.7. Intermediate-Temperature Molten Sa l t  and Rock Storage Subsystem 

Hot mol ten s a l t  in the thermal storage tank i s  maintained a t  454 '~  (850°F), 

and the cold molten s a l t  i s  maintained a t  257'~ ( 4 9 4 ' ~ ) ~  so cold molten s a l t  i s  

supplied t o  the f i e l d  a t  254 '~  (489'~) and re turns  a t  454'~ (850'~).  Similarly,  , 

hot molten s a l t  a t  454 '~  (850'~) i s  supplied t o  the discharge loop heat I 

exchangers and re turns  a t  257'~ (494'~).  The molten s a l t  and water steam 

conditons ex i t ing  each discharge heat exchanger are given in Figure A.7. 
i 

A.2.1.3.2 Subsystem Sizing. The required energy storage capacity was 

sized using t he  method described in Section A.2.1.1.2. The ideal storage vol- 

ume was calculated using the volumetric spec i f i c  heat of the molten sa l t / rock 

combination. For t h i s  study a value of 3.28 M J / ~ ~ - ? c  (41.4 ~ t u / f t ~ - O F )  was 

used (Hal le t  and Gervais 1977, p'. 6-27). This assumes' a 0.25 void f r ac t i on .  

 he ideal  storage volume also  depends on the temperature difference in  storage 

between t he  hot and cold molten s a l t .  For t h i s  subsystem the  temperature 

di f ference i s  198 '~  (356 '~) .  

The ideal storage volume must be increased t o  account fo r  nonideal fac- I 

t o r s ,  such as  heat loss  from storage and unavailable energy. Heat loss  from 
s torage i s  determined in Section A.2.1.3.4. Unavai 1 able energy was estimated - 



to  be 12.5%, the same value as that  used with the o i l  and rock subsystem. The 
actual 'storage volume, maximum extraction ra te ,  and maximum charge r a t e  were 

I determi ned using the method described in '  Section A.2.1.1.2. 

A.2.1.3.3 Component Analysis. Fo.ur components of the intermediate- 
? temperature molten s a l t  storage subsystem required e i ther  sizing or material 

selection. The analyses are described in the following paragraphs. 

Energy Storage Media. Several heat transfer molten s a l t s  are avail able. 
HITEC i s  typical and will be used as the base case molten s a l t .  The packed 
bed was assumed to be river rock and sand, b u t  the actual packed bed medium 
has not been determined and must be compatible with HITEC. 

Thermal Storage Tank. The thermal storage tank for  HITEC and rock was 
assumed t o  be similar to that  used fo r  o i l  and rock, described in Sec- 
tion A.2.1.1.3. 

Discharge Heaters. Three types of discharge heaters are used in the dis- 
charge loop: the preheater, the boi ler ,  and the superheater. Storage subsys- 
tems for the 1- and 5-MWe plants have one heat exchanger t r a i n ;  the 10-MWe 
plant has two heat exchanger t ra ins .  The heat exchanger t r a in  takes subcooled 
water at  204'~ (400'~) and 1000 psi and produces 427'~ (800'~) steam 
a t  900 psi.  The heat transfer in each heat exchanger i s  determined by the 
enthalpy change in the waterlsteam and the mass flow ra te  of the water. Based 
on the heat transfer in each heat exchanger, the temperature change in the 
molten s a l t  can be calculated using the mass flow ra te  and specif ic  heat of 
the molten s a l t .  With the in l e t  conditions determined, the log mean tempera- 
ture difference method was used t o  deter.~iiir~t! the requSred area of the discharge 
heat exchangers. The heat transfer coeff\cients fo r  the heat exchangers were 
taken from Martin Marietta (1977, p. D-12). All three were assumed to be 
counterflow heat exchangers. 

Discharge Loop. .The discharge loop consists of the discharge piping and 
discharge pump. The discharge piping was sized by assuming a design velocity 
for the molten s a l t  and calculating a required diameter based on the molten 

s a l t  volumetric flow rate .  Because piping layouts were not developed, the 



piping length was assumed to  be the same as tha t  fo r  the o i l  and rock subsys- 
tem described in A.2.1.1.3. The pump was sized using the method described in 

Section A.2.1.1.3. 

A.2.1.3.4 Performance Analysis. Subsystem performance was calculated 
using the method described in Section A.2.1.1.4. 

A.2.1.4 High-Temperature Molten Sal t  and Rock Storage Subsystem 

Molten sa l t s  such as HITEC can operate a t  temperatures higher than those 
used in the intermediate-temperature molten s a l t  system without degradation, 
b u t  s ta in less  s tee l  must be used i r ~  place of earbon s t ee l .  To cxamine the 
trade-off between bet ter  plant efficiency due to  higher operating temperature 
and increased storage subsystem cost due to s ta in less  s teel  piping, a high- 
temperature molten s a l t  subsystem was considered. 

In the high-temperature molten s a l t  storage subsystem, the maximum molten 
s a l t  temperature i s  limited to 538'~ ( 1 0 0 0 ~ ~ ) .  A t  higher temperatures the 
degradation of HITEC Increases to  intolerable levels. The storage tank, sec- 
t ions of the discharge loop, discharge. pump, and the superheating heat 
exchanger will be subjected to  molten s a l t  temperatures above 454'~ (850'~) and 
must be constructed of s ta in less  s t ee l .  With t h i s  exception, the subsystem 
arrangement and s i  zing, component analysis, and performance analysis were per- 
formed using the methods described in Sections A.2.1.3.1, A.2.1.3.2, A.2.1.3.3, 
and A.2.1.3.4. 

A.2.1.5 Low-Cost Molten Sal t  Subsystem 

One of the major drawbacks of using molten s a l t  for sensible heat storage 
i s  the excessive cost of s a l t s  such as HITEC. Other, less  expensive, molten 

salts may prove sui table  for  use as a thermal energy storage medium. Several 
other s a l t s  such as draw s a l t  are being considered. High-purity draw s a l t  has 
been estimated to cost 30% less  than HITEC w i t h  sui table  compatibility with 
carbon s t ee l .  Impure draw s a l t  has been discussed as an a1 ternatlve thern~dl 
energy storage medium. If impure draw s a l t  i s  proven to be sui table ,  then a 
substant ial  cost reduction can be expected, Currently, the s u i t a b i l i t y  of 
draw s a l t  has not been completely demonstrated, and l h i s  concept must be con- 
sidered as a hi gher-risk a1 ternat ive. 



I For th i s  storage concept i t  was assumed that  impure draw s a l t  can be used 
as a thermal energy storage medium and tha t  i t  i s  compatible with carbon s teel  

below 454'~ (850'~) and s tainless  s teel  below 538'~ ( 1 0 0 0 ~ ~ ) .  This subsystem 
indicates the best performance in a thermal storage subsystem, extrapolating 
current procedures. 

The low-cost molten s a l t  subsystem i s  an a l ternat ive storage subsystem 
f o r  a l l  concepts using e i ther  the intermediateor high-temperature molten s a l t  
thermal storage subsystems. With the exception of the thermal storage medium, 
the subsystem arrangement, subsystem sizing, component analysis,  and perform- 
ance analysis are the same as those described in Sections A.2.1.3.1, A.2.1.3.2, 

A.2.1.3.3, and A.2.1.3.4. 

A.2.2 Electrical Storage 

The generic concepts using the Brayton and St i r l ing  cycles required e i ther  
very high-temperature thermal storage, involving an assumption of high-risk 
materials technology development, or e lec t r ica l  storage, which also has tech- 
nical barr iers  to  overcome, b u t  does have more developed programs in place t o  
overcome the barriers.  Three d i s t inc t  types of e lec t r ica l  storage were con- 

sidered: lead acid, advanced conventional, and Redox. All three were evalu- 
ated and are l a t e r  discussed i n  de ta i l .  

The three e lec t r ica l  storage subsystems have in common the interface con- 
verter equipment shown in Figure A.8. The converter 'equipment provides the 

rec t i f ica t ion  and inversion functions,  thereby connecting the 'dc battery and 
the ac u t i  1 i t y  system. The output transformer, ac breaker, and 1 ightning 
ar res te r ,  as we1 1 as a1 1 dc 'breakers, fuses,  s t a t i c  i nterruptors, br idges ,  

reactors, disconnects, f i l t e r s ,  VAR compensation, controls,  and cooling systems 
are included in the converter subsystem. 

While i t  i.s possible to  ra te  converter equipment power on several basis 

(dc power input, ac power input, product of maximum dc voltage and' current,  or 
product of average dc voltage and current) ,  i t  was' found tha t  the dc power 
i n p u t  was the most appropriate (Bechtel 1976, p. 4-6). An ac output voltage 

of 13.8 kV was chosen for  connecting to  the u t i l l t y  gr id,  while the maximum 
and minimum dc voltages are dictated by the battery type and s ize.  Certain 
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The output transformer, ac breaker and lightning arrester, as well as 
all dc breakers, fuses, static interruptors, bridges, reactors, disconnects, 
filters, VAR compensation, controls, and cooling systems,are Included In ,. 

t he  converter subsystem. 

FIGURE A.8. Battery System Layout 

design de ta i l s  are worth noting when the converter subsystem i s  compared t o  
other configurations. These de ta i l s  have been collected by Bechtel in an 
assessment of similar sized e lec t r ica l  storage designs conducted in 1976, and 
presented here for  information on assumptions used in the PNL study (Bechtel 
1976, pp. 4-9 and 4-10): 

Converters form the en t i re  link between the dc bus and ac grid. 
Hardware and logic are provided fo r  complete self  protection. This 
includes internal logic for  SCR f i r ing ;  breaker (or fuse) ,  lightning 
ar res te r  on the ac side; fuse (or breaker) backed sol id  s t a t e  inter-  
ruption on the dc side; and appropriate f a u l t  detection instrumenta- 

t ion and logic. A11 n t h ~ r  ancillary systems (e.q., cooling, pulse 
. 

generators) are also included. 

Convcrters are modular; several sets  o f  SCR bridges are used and are 
housed in cabinets separate from other major equipment units such as 
the output transformer . 



Phasing of bridges and transformer design are used to  aid in harmonic 
cancellat ion.  All designs achieve a level of harmonic content ade- 

quate fo r  connection to  a u t i l i t y  system (e.g., less  than 1% a t  any 
s ingle  frequency and l e s s  than 3% t o t a l  ) .  

Both a i r  and li.quid cooling of internal  components are used, b u t  in 
, a l l  cases f i na l  re ject ion of waste heat i s  t o  the  atmosphere without 
the need for  any extern'al cooling water. 

Both converter and bat tery  manufacturers agree t ha t  the dc system 

should be f loa t ing  so t ha t  bat tery  ground f a u l t s  require  two coinci-  
dent f a u l t s  . 
All designs include adequate design fo r  reac t ive  power and fo r  main- 

ta ining power f ac to r s  above 0.9. 

Equipment space (exclusive of a i s l e s ,  fence clearances, e t c . )  are 53 
2 t o  68 f t  /MU, based on dc input power, w'ith packing dens i t i es  

'(including a is l 'es  and some clearance) ranging from 0.25 t o  0.5. 

The bus systems are insulated to  withstand 5 pu t r ans ien t s .  

The estimates of the fu l l - load ,  one-way eff ic iency f o r  the  converter range 
from 0.935 t o  0.968, with an average of 0.951 based on the  Bechtel manufacturer 

analysis .  Advanced ba t t e r i e s  (both conventional and bedox) can take advantage 
of fu l l - load ,  one-way e f f i c i enc i e s  approaching 0.98 due t o  a s i gn i f i c an t l y  

narrower voltage range. For the PNL study the following converter e f f i c i enc i e s  

were used: 

Battery Type Converter Efficiency 

Lead Acid 0.95 
Advanced Conventional 0.98 

Redox 0.98 

These e f f i c i enc i e s  were used in conjunction with t h e ' b a t t e r y  performance infor-  
1 

mation given in  the  folowing subsections. 



Another s imi lar i ty  of a l l  three battery configurations i s  related t o  
t r i c k l e  discharge ra te .  Because of the potential for  safety and performance 
degradation problems associated with a1 ternately charging and discharging a 
bat tery,  i t  is  uncornmon to  run the battery with a zero f l o a t .  A zero f l o a t  

implies tha t  the bat tery i s  being neither charged nor discharged. However, 
because no instrumentation i s  100% accurate, the battery - i s  being al ternately 
charged and discharged. This loss of control of the number of actual charge/ 
discharge cycles actual ly  conducted can void a manufacturer's warranty for  the 

bat tery.  To prevent t h i s  and maintain an accurate knowledge of how the bat- 
t e r y  has been operated, a t r i c k l e  discharge of 15 amps i s  maintained for  a l l  
three systems during periods when normal charge/di scharge operations are not 
being conducted. 

One other simi 1 a r i t y  among the three systems concerned "depth of dls- 
charge," which re la tes  to  what percentage of battery capacity can be used 
before discharge mus t  be secured due to reaching minimum cell  voltage. This 
fac tor  a f fec ts  i n i t i a l  cost in that  a somewhat oversized storage device must 
be ins ta l led .  I t  also affects  performance in that  the charging of that  bat- 
te ry  capacity below the "depth of discharge" l imit  cannot be recovered. Typi- 
cal values for t h i s  l imit  are between 0.80 and 0.90. 

A parameter that  also impacts battery operation i s  the variation of capac- 
i t y ,  from i n i t i a l  t o  end of l i f e .  This term i s  made up  for  again by over- 

s iz ing the i n i t i a l  uni t .  The relationship between Snitial  dr~d end of l i f e  
capacity f o r  the lead acid battery i s  shown in Figure A.9 (Bechtel 1976, 
p. 4-149). This variation i s  also applicable to  the advanced conventional 
bat tery,  a1 though the degradation i s  over a signif lcantly longer 1 ifetime (3x). 
The Redox battery system i s  able to  purify, replace, and malntain (via  a 
rebalance c e l l )  the f 1 uid reactants t o  a1 1 h u l  e l  i~ninate capacity rcduction. 

A.2.2.1 Lead Acid Battery 

In the 100-plus years the lead acid battery has been in use, significant 
improvements have been made to  make i t  one of the leas t  expensive, most r e l i -  
able, and frequently used energy storage source today. The f o l l  owing excerpt 

i s  include to  provide a brief description of the basics of a lead acid storaye 
subsystem (Lee e t  a l .  1978, p. IV-1,4,5): 
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FIGURE A.9. I n i t i a l  t o  End-of-L i fe Capacity Reduction f o r  
Lead Acid B a t t e r y  System 

The lead-acid b a t t e r y  contains p l a t e s  made o f  sponge lead (Pb), which 
i s  a porous form o f  lead, and lead peroxide (PbOz), These p l a t e s  
are immersed i n  a s o l u t i o n  o f  s u l f u r i c  ac id  (H2SO4), which acts 
as t h e  e l e c t r o l y t e  f o r  t he  ba t te ry .  During discharge, the  p o s i t i v e  
p l a t e  i s  changed from lead peroxide i n t o  lead. s u l f a t e  (PbS04). ~t 
the  negat ive p la te ,  t h e  sponge lead i s  ox id i zed  imto lead s u l f a t e .  
While charging, the  processes are reversed, and the  lead su l fa te  a t  
both p l a t e s  i s  changed back i n t o  sponge lead and lead peroxide. The 
o v e r a l l  reac t i on  f o r  t he  charging-discharging process is.: 



charge 
Pb02 + Pb + 2H SO - 2PbS04 + 2H20 

4- 

The nominal voltage for  th i s  reaction i s  two volts per c e l l .  Higher vol- 
tages are achieved by connecting individual. ce l l s  in ser ies .  

A lead-acid battery i s  composed of a case, plates,  separators, and sul- 
f u r i c  acid. The active materials in a battery are the posit ive plate,  
made from lead peroxide, the negative plate,  made from lead, and sulfur ic  
acid. The lead materials are formed from a paste composed of lead oxides 
and water. 

Pastes are made from lead oxide and electrochemically converted into lead 
and lead peroxlde a f t e r  t . h ~  pastes  have been bonded t o  the  grlds. This  
process produces plates  superior to  those formed from lead peroxide and 
lead. The paste material i s  highly porous, giving the battery a large 
surface area. Since the reactions of the battery occur a t  the interface 
between the solid and liquid materials in the battery,  a large surface 
area i s  essential  for  high capacity and power output. 

The pastes used i n  battery manufacture are s t ruc tura l ly  very weak and 
also are poor conductors of e l ec t r i c i ty .  In order to  provide an even 
dis t r ibut ion of e l e c t r i c i t y  to  the paste and t o  support the paste struc- 
tu ra l ly ,  a grid made from metall ic lead i s  used. The grid consists of a 
l a t t i c e ,  cast  from lead, which holds the paste in the spaces between the 
1 a t t i  cework. Antimoni a1 lead has been the t radi t ional  materi a1 for  lead 
gr ids ,  although recently other alloys,  most notably calcium-lead alloys,  
have been used for  grid material. These alloys have been developed pri-  
marily to reduce the decomposition of the water in the battery while 
char'ging. Electrolysis losses are a major reason why conventional bat- 
t e r i e s  must have water added periodically. 

In order to keep the positive and negative plates from contacting each 
other and shor t -c i rcu i t ing . the  battery,  thin insulators called separators 
are used. These separators, which may be made from glass,  p las t ic ,  wood, 
asbestos, rubber, or f iberglass ,  are porous and allow the electrolyte  t o  
pass freely between the plates whi 1 e prevent i ng physical contact between 
the p o s i t i v e  and negative plates.  The separators also help to  hold the 
active material onto the plates ( loss  of active material from positive 
plates i s  a common cause of battery f a i l u r e ) .  

Sulfuric acid for.llls the remaining portion o f  thc active ~odl;er-.idl. 
Sulfuric acid i s  usually diluted so that  when the battery i s  ' fu l ly  
charged, the specif ic  gravity i s  1.28 (37.5% sul fur ic  acid by weight). 
As the battery discharges, . the su l fur ic  acid reacts with the lead 
materials to  form lead su l fa te ,  and the electrolyte  becomes less acidic 
un t i l ,  when the battery i s  f u l l y  discharged, the electrolyte  Is mostly 
water and the specif ic  gravity approaches 1.12. 



The plates and the su'lfuric acid are contained in a p las t ic  or rubber 
container. Polypropylene i s  the favored substance fo r  cases because i t  
i s  l igh t ,  chemically iner t ,  and strong, b u t  any material that  i s  nonpo- 
rous and resis tant  t o  sulfur ic  acid may be used. 

When a lead acid battery i s  being charged, losses above and beyond the 
ac/dc conversion efficiency occur. The ampere-hours and voltage required dur- 
ing recharge are higher than those of the discharge. This means that  the 
energy efficiency i s  somewhat reduced from the simple converter throughput 
efficiency value. The subsystem design evaluated in the PNL study employed 
strings of sealed lead acid battery c e l l s ,  stacked three high for  compactness. 
Each s t r ing  consists of series-connected ESB ce l l s .  The number of c e l l s  
depends on the design power plant rating. The individual c e l l s  are water- 
cooled by a closed loop circulat ing system. Operating voltages are 1.65 volts 
per cel l  a t  maximum discharge condition, 2.35 volts per ce l l  a t  f ina l  charging, 
and 2.65 volts per cell  a t  the end of an equalizing charge. The nominal dc 
bus voltage range i s  from a minimum a t  (k ser ies  connected c e l l s )  (discharge 
cutoff = 1.65 V )  to  a maximum of ( #  ser ies  connected.cells (equalizing charge 
voltage = 2.65 V ) .  For a 900-cell s t r ing ,  the dc bus voltage would vary 
between %I500 and 2400 volts.  For the rated l i f e  of 2000 to  2500 cycles, the 
energy efficiency can be expected to  be in range of 80 t o  85% (Bechtel 1976, 
pp. 4-86,103). This configuration i s  described in greater detail  in the 
Bechtel report ,  including a l l  necessary buildings, cooling, vent i la t ion,  
instrumentation and control c i rcu i t ry ,  safety devices, and miscell aneous sup- 
port equipment. 

A.2.2.2 Advanced Conventional Battery . 

This subsystem uses an advanced battery. of unspecified type with perform- 
ance and cost representative of proposed advanced battery concepts. This 
approach was taken because of the numerous battery component development pro- 
grams currently being conduc'ted; including improvements in conventional lead 
acid designs. I t  is expected tha t  the goals will be achieved or exceeded by a 
number of proposed advanced battery types; however, t o  couple the successful 

commerciali zation of a generic solar thermal, power concept using e l ec t r i c  
storage to  one particular battery development program i s  not appropriate. 



Three major improvements will be required for the successful development 
of utility-oriented advanced batteries: 

i ncreased battery eff i ci ency 
longer battery lifetime 

reduced battery cost. 
The utility applications may not require as high an energy density as certain 
transport applications, but high-current densities will still be needed to 
minimize the costly electrode and separator areas. This suggests that the 

most dramatic improvements may be in lifetime and cost, not in the efficiency, 
which is subject to a numiier of major technological constraints. Electrode 

(active) materials being studied as the basis for battery systenis that may 
achieve the required goals include (Birk and Kalhammer 1976, p. A.ll): 

Negatives Positives 
sodium (liquid) sulfur (1 iquid) 
Lithium (1 iquid; a1 loy chlorides (soluble) 

zinc (soluble product) sulfides (reversible solids) 
iron (soluble product) chlorine (soluble gas) 

bromine (soluble liquid). 

The most promising combinations of these materials seem to be the 
sodium - sulfur 
sodium antimony chloride . lithium (alloy) - metal sulfide 
zinc - chlorine (bromine). 

These systems and others appear to have the potential for achieving total 

battery effiencies of 83 to 85%, according to Argonne National Laboratory 

(1978, p. 22), Shimotake and Bartholme (1976 p. B-216), Bechtel Corporation 
(1976, P. 4-86), and General Electric Company (1978, p. C-6). These and other 
sources (Appleby and Gabano 1976, p. A.49; Cairns and Our~niriy 1976, p. A.91; 
Weiner 1976, p. 8.225; Public Service Electric and Gas Company 1976, p. 1-19) 
suggest a theoretically predicted lifetime approaching 6000 cycles. 



A.2.2.3 Redox Battery 

The Redox system is  an electrochemical storage device under development 
by NASA-Lewis Research Center, Oak Ridge National Laboratory, and others. '  I t  
uses the reduction and oxidation of two full-soluble Redox couples (acidified 
chloride solution of chromi um ( ~ r + ' / ~ r + ~ )  and iron ( ~ e + ~ / F e + ~ )  for  dis- 
charging and charging. The following description of the Redox battery system 

was provided by NASA-Lewis Research Center (Thaller 1979): 

Figure A.10 i l l u s t r a t e s  the system in i t s  simplest form. 

This shows that  the reactant solutions are stored in tanks outside 
the power conversion section in which the associated electrochemic.al 
reactions take place a t  iner t  electrodes. The Redox solutions tha t  
are pumped through the porous electrodes and kept separated by a 
highly select ive ion exchange membrane. This membrane has been 
engineered to  almost completely prohibit the passage of iron and 
chromium ions and yet allow easy passage of chloride and.hydrogen 
ions. The reactant solutions are currently 1.0 molar in ei ther  iron 
or chromium chloride and 2.0 normal in hydrochloric acid. The iner t  
electrodes are a highly porous carbon f e l t  material. ,The electrode 
material used on the chromium side of the ce l l  i s  catalyzed with 
small amounts of lead and gold. \ 

The electrochemical reactions are very simple and highly reversible.  
When the system i s  in the charged s t a t e ,  the chromium solution i s  
mostly chromous ion and the iron solution, f e r r i c  ion. As the f lu ids  
are pumped through the system and they undergo discharge, the 
chromous ions are oxidized to  chromic ions and the f e r r i c  ions are 
reduced to  ferrous ions. To maintain overall charge neutral i t y  in 
the system, these el ectrochemi cal reactions are accompanied by the 
gain of chloride ion (and/or loss of hydrogen ion) in the chromium 
solution and the commensurate loss of chloride ion (and/or gain of 
hydrogen ion) in the iron solution. The discharge processes may be 
summarized as follows: 

A t  anode :- ~r+ ' -  ,crf3 + e- 

A t  cathode: ~ e + 3  + e-5Fe+2 

Across membrane: net posit ive charge from chromium solution to  iron 

solution. 
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FIGURE A.lO. Redox B a t t e r y  System 

As t h e  d ischarge cont inues,  t he re  i s  a  gradual  change i n  r a t i o  o f  t h e  
charged t o  discharged species i n  the  two s o l u t i o n s  and a  p o i n t  i s  reached 
where l i k e  any o ther  secondary b a t t e r y ,  i t must be recharged. A  power 
supply i s  connected t o  the te rm ina l s  and the  reverse e lec t rochemica l  
r e a c t i o n s  take place. Although F igu re  A.10 shows o n l y  a  s i n g l e  c e l l  
connected t o  t he  two Redox so lu t ions ,  i t  i s  easy t o  see how a number o f  
such c e l l s  cou ld  be connected together  i n  p a r a l l e l  h y d r a u l i c a l l y  and i n  
s e r i e s  e l e c t r i c a l l y .  These stacks o f  c e l l s  c l o s e l y  resemble f u e l  c e l l  
b a t t e r i e s  and water e l e c t r o d i a l y s i s  equipment. 

The bas ic  Redox system thus cons i s t s  o f  a  s tack o f  c e l l s ,  two pumps f o r  . 
c i r c u l a t i n g  t h e  Redox so lu t ions ,  two tanks i n  which these f l u i d s  are  
stored, and some degree o f  c o n t r o l  and sw i t ch ing  equipment as w i t h  any 
o the r  b a t t e r y  system. Several f ea tu res  o f  t h i s  system deserve f u r t h e r  
d iscussion.  

1. The major f ea tu re  o f  Redox systems t h a t  d i f f e r e n t i a t e  them f rom 
o the r  b a t t e r y  systems i s  t he  complete independent s i z i n g  o f  t h e  
system s torage capac i t y  (kwh) by the  s e l e c t i o n  o f  the tank 



volumes and solution concentration and the system power (kW) by 
. -  t he  grouping of c e l l s  in  the  Redox.cel1 stack.  This i s  pa r t i c -  

u l a r l y  s ign i f ican t  f o r  long term storage applications where the  
r e l a t i ve ly  inexpensive par t  of the  system (chemicals and tanks) 
account fo r  a high proportion of the system cost .  

2. Since the  charge and discharge reactions- involve simple Redox 
react ions ,  there  .are neither any plat ing/deplating react ions ,  
nor any so l id  compound phase changes. There are  thus no funda- 
.mental cycle l i f e  l imi ta t ions  from a electrochemical stand- 
point .  Also., no capacity losses or f a i l u r e s  caused by shape 
change, slumping, shedding or other phenomenon t h a t  are re la ted 
t o  electrode morphology changes can occur. 

3; The mi 1 d operating conditions associated with aqueous solut ions  
, . permits the  use of inexpensive carbon, graphi te  and p l a s t i c  

. . 
mater ia ls  fo r  the tanks, piping, pumps and stack components. 

4. The absence of any highly react ive  or tox ic  ingredients wi l l  
minimize the sa fe ty  and environmental hazards. - 

5. The existence of an applicable industr ia l  technology base in  
both the fuel  c e l l  and water e lec t rod ia lys i s  f i e l d  i s  highly 
s ign i f ican t .  These industr ies  could well form the  manufactur- 
ing base fo r  the Redox hardware which i s  simi 1 ar in many 
respects.  This s im i l a r i t y  has already been useful in making 
credible  preliminary cost  est imates for  fu tu re  Redox systems. 

Only 1% of the  system's energy i s  consumed in operating the  c i rcu la t ing  
system, while a round-trip bat tery  eff ic iency of 0.75 i s  obtainable. No so l id  

compounds are formed in t he  Redox bat tery .  Flow of the  reactant  f l u i d s  i s  

uniform through a l l  c e l l s  t ha t  make up the bat tery  (Mechanical Engineering 
1979, p. 55). The membrane material separating the  two reactant  f l u i d s  i s  the  

l i fe - l imi t ing  component, b u t  based on accelerated l i fe t ime  t e s t s  by NASA-Lewis 
(Thaller  1979), a  30-year period i s  estimated as f ea s ib l e .  While the  eff i - '  

ciency gains are not impressive, the lower cost  of the flow c e l l s ,  ease of 
maintenance, and a b i l i t y  t o  simply increase tank s i z e  t o  increase storage 
capacity make the Redox bat tery  system an a t t r a c t i v e  a l t e rna t ive .  The docu- 

mentation used in character iz ing the  cost  and performance of the  Redox system 
i s  su f f i c i en t  to  predict  with some r e l i a b i l i t y  the  expected advantages of such 
an advanced storage device (Warshay and Wright 1975; Line 1975; Ciprios e t  a l .  
1977; Roy and Kaplan 1978; Thall e r  1974; Mechanical Engineering 1979; Thall er  
1979; NASA-Lewi s  Research Center 1977). 



A.2.2.4 Comparison o f  B a t t e r y  Inpu t  Parameters 

Small changes needed t o  be made t o  account f o r  d i f f e r e n t  b a t t e r y  storage 

s izes,  but,  i n  general, t h e  numbers presented i n  Table A.2 prov ide  a  bas ic  

comparison o f  the parameters used t o  charac ter ize  the  a l t e r n a t e  b a t t e r y  type. 

It can be noted t h a t  i n i t i a l  c o s t  and system l i f e t i m e  f r e q u e n t l y  provided f o r  

b e t t e r  economy than d i d  m i  nor  improvements i n  e f f i c i e n c y .  

TABLE A.2. Comparison o f  B a t t e r y  Types 

B a t t e r y  Type 
Advanced 

Lead Acid Conventional Redox 
Performance Parameter B a t t e r y  B a t t e r y  Ba t te ry  

One-way conver ter  
eff i c i ency 0.95 

T r i c k l e  d ischarge 
(amps) 15 

Depth o f  d ischarge 0.80 0.90 0.90 

L i f e t i m e  capac i t y  
reduc t ion  0.93 

L i f e t i m e  2500 cyc les  6000 cyc les  30 y r s  

Round-t r ip  
e f f i c i e n c y  

ENERGY CONVERSION SUBSYSTEM 

Two approaches t o  the  energy conversion subsystem arrangement were 

considered: 

d i s t r i b u t e d  generat ion 

c e n t r a l  generat ion. 

I n  the  d i s t r i b u t e d  generat ion concepts, the  energy conversion subsystem i s  

l oca ted  a t  t h e  c o l l e c t o r  and a l a rge  number o f  small heat eng ines ' i s  requ i red .  

The c e n t r a l  generat ion approach has o n l y  one heat engine and the  energy c o l -  

l e c t e d  i n  t h e  c o l l e c t o r  f i e l d  i s  t ranspor ted t o  t h e  heat engine t h e  energy 

t r a n s p o r t  suhsyztem. 



Two energy conversion~subsystem types. were considered f o r  a p p l i c a t i o n  

w i t h  d i s t r i b u t e d  generat ion concepts. They are: . . 

S t i r l i n g - c y c l e  energy conversion subsystem - This subsystem uses a 

small  (17.5-kW) S t i r l i n g - c y c l e  engine attached t o  an ac 1 inear  

a l t e r n a t o r  f o r  the  energy conversion subsystem. The engine i s  

operated a t  8 1 6 ' ~  ( 1 5 0 0 ~ ~ )  and i s  located a t  the f o c a l  p o i n t  o f  

a two-axis t r a c k i n g  c o l l  ec to r  (PFDR) . I 

Small Brayton-cycle energy conversion subsystem - This subsystem. 

uses a small  (17.5-kW) 'c losed-cycle Brayton engine attached t o  an ac 

i nduc t ion  generator f o r  the energy conversion subsystem. The engine 

i s  operated a t  8 1 6 ' ~  (1500°F) and i s  located a t  the f o c a l  p o i n t  

o f  a two-axis t r a c k i n g  c o l l e c t o r  (PFDR). 

Two types o f  energy conversion subsystems were considered fo r  t he  

c e n t r a l  generat ion concepts: 

Rankine-cycle energy conversion subsystem - This subsystem uses a 

Rankine-cycle engine attached t o  an ac synchronous generator f o r  t h e  

energy conversion subsystem. D i f f e r e n t  Rankine cyc les  have been 

developed f o r  concepts w i t h  d i f f e r e n t  maximum operat ing tempera- 

tures: Rankine-cycle engines have been character ized f o r  opera t ing  

temperatures o f  216 '~  (420°F), 274 '~  (525OF), 343 '~  (650°F), 427 '~  

(800°F), 510 '~  (950'~) .  For each opera t ing  temperature, Rank ine-cycle 

engines were character ized f o r  f a c i l i t i e s  w i t h  a net  output  o f  1 MWe, 

5 MWe and 10 MWe. I n  a l l  cases the  energy conversion subsystem i s  

located a t  a c e n t r a l  f a c i l i t y  w i th .one  engine i n s t a l l e d .  

Large Brayton-cycle energy conversion subsystem - A c losed-cycle Brayton. 

engine i s  attached t o  an ac, synchronous generator i n  t h i s  energy 

conversion subsystem. The s i n g l e  i n s t a l  l e d  engine i s  operated a t  8 1 6 ' ~  

(1500°F) and i s  located a t  a c e n t r a l  f a c i l i t y .  Brayton-cycle engines 

were character ized f o r  f a c i l i t i e s  w i t h  net  outputs o f  1 MWe, 5 MWe and 

10 MWe. 



A l l  f o u r  energy convers ion subsystems w i l l  be discussed. the  methods of ' 

subsystem arrangement, component analysis, and performance ana lys is  w i l l  be 

descr ibed. 

A.3.1 S t i r l i n g - C y c l e  Energy Conversion Subsystem 

The S t i r l i n g - c y c l e  energy conversion subsystem i s  considered a d i s t r i b u t e d  

genera t ion  scheme f o r  a p p l i c a t i o n  w i t h  t h e  Po in t  Focus D i s t r i b u t e d  Receiver 

(PFDR) concept. The S t i r l i n g  cyc le  has several  advantages i n  t h i s  app l i ca t i on .  

The PFDR c o l l e c t o r  i s  capable o f  producing temperatures above those used i n  

Rankine cycles.  The S t i r l i n g  engine can operate w i t h  a heat source tempera- 

t u r e  o f  8 1 6 ' ~  (1500'~) w i t h  a conversion e f f i c i e n c y  we l l  above those a t t a i n a b l e  

f rom Rankine-cycle engines i n  t h e  1 MWe t o  10 MWe range. The S t i r l i n g - c y c l e  

engine and t h e  d i s h  c o l l e c t o r  o f  the PFDR are matched so t h a t  a h i g h l y  modular 

u n i t  i s  ava i lab le .  The modu la r i t y  o f  t h e  PFDR/S concept i s  considered a major 

advantage i n  small power system app l ica t ions .  

The S t i r l i n g  c y c l e  has several  disadvantages. ' The most s i g n i f i c a n t  i s  

t h a t  S t i r l i n g  engine technology cannot be considered as r e a d i l y  a v a i l a b l e  i n  

the  near-term.   he S t i r l i n g  engine has not  been ex tens ive l y  proven i n  f i e l d  .. 

appl i c a t  ions  and a 1 arge, expensive research and development program would be 

r e q u i r e d  t o  commercial ize St  i r l i  ng technology. Previous s tud ies  have suggested 

t h a t  a S t i r l i n g  engine f o r  s o l a r  app l i ca t i ons  would r e q u i r e  a thermal b u f f e r  

between the  c o l l e c t o r  and the  engine t o  smooth o u t  shor t - term v a r i a t i o n s  i n  

i n s o l a t i o n  ( J e t  Propuls ion Laboratory 1978, pp. 2-9). Current proposals f o r  

t h e  thermal b u f f e r  are unproven and est imated t o  be very expensive. 

S t i r l i n g  engines, i n  the  s i z e  range o f  i n t e r e s t  w i t h  c h a r a c t e r i s t i c s  

s p e c i f i c a l l y  s u i t a b l e  f o r  s o l a r  app l i ca t i on ,  do not c u r r e n t l y  e x i s t ,  even as 

prototypes.  Because it was impossible t o  base St i r l i  ng engine c h a r a c t e r i s t i c s  

on a machine s u i t a b l e  f o r  s o l a r  app l i ca t i on ,  i t  was decided t o  base the  engine 

c h a r a c t e r i s t i c s  on a rev iew o f  e x i s t i n g  prototypes i n  the  proper s i z e  range. 

The r e s u l t i n g  desc r ip t i on  and performance was f e l t  t o  be rep resen ta t i ve  o f  

e x i s t i n g  S t i r l i n g  engine technology. 



A.3.1.1 Subsystem Arranqement 

The S t i r  li ng-cycle energy convers ion subsystem 'has f o u r  major components, 

i l l u s t r a t e d  i n  F igu re  A . l l :  t h e ' r e c e i v e r / t h e r m a l  b u f f e r ,  t h e  engine, t h e  gen- 

e ra to r ,  and t h e  heat  r e j e c t i o n  subsystem. The engine l o c a t i o n  has been di.s- 

cussed i n  o ther  s tudies;  an engine l oca ted  a t  t he  focus o f  t h e  concent ra to r  

has been determined as the  opt imal  arrangement ( J e t  Propu ls ion  Labora tory  

1978, pp. 3-11). This  arrangement r e q u i r e s  t h a t  t h e  rece iver / thermal  b u f f e r ,  

engine, and generator be loca ted  a t  .the focus o f  t he  concentrator ,  w i t h  t he  

heat r e j e c t i o n  u n i t  l oca ted  on t h e  ground adjacent  t o  t h e  c o l l e c t o r .  

FIGURE A . l l .  S t i r l i n g - C y c l e  Energy Conversion Subsystem Arrangement 

A.49 



The rece ive r  i s  an i n t e g r a l  p a r t  o f  the  thermal b u f f e r  and engine design. 

Therefore, t h e  r e c e i v e r ' s  heat t rans fer  components were considered as p a r t  o f  

t h e  energy conversion subsystem. The thermal b u f f e r  was considered an a l t e r -  

n a t i v e  t o  t h e  base case. The thermal buffer has proven t o  be very expensive; 

thus, i t was f e l t  t h a t  accept ing the performance pena l ty  associated w i t h  l a r g e  

v a r i a t i o n s  i n  i n s o l a t i o n  may prove t o  be cos t -e f fec t i ve .  The rece ive r  uses 

l i q u i d  metal t o  t r a n s f e r .  thermal energy f rom the rece ive r  t o  the  thermal b u f f e r  

o r  d i r e c t l y  t o  t h e  S t i r l i n g  engine heater tubes i f  t h e  b u f f e r  i s  no t  included. 

The S t i r l i n g  engine rece ives  heat from e i t h e r  the  rece ive r  or  the  thermal 

bu f fe r  i n  t h e  S t i r l i n g  englne heater  tubes and r e j e c l s  heat t o  o i l  which ac t s  - 
as a heat s ink .  The o i l  i s  cooled i n  the  heat r e j e c t i o n  u n i t .  t he  S t i r l j n g  

engine converts heat t o  work i n  the  form o f  a r e c i p r o c a t i n g  shaf t ,  which t rans-  

m i t s  work t o  the  generator where the work i s  converted t o  e l e c t r i c  energy. 

The S t i r l i  ng engine rece ives  thermal energy a t  8 1 6 ' ~  (1500'~) and u l t i m a t e l y  

r e j e c t s  heat t o  ambient cond i t ions .  

A.3.1.2 Component Ana lys is  

Several components i n  the  S t i r 1  i ng-cycle conversion subsystem are compl i - 
cated and need f u r t h e r  d iscussion.  These inc lude  t h e  rece ive r ,  thermal bu f -  

f e r ,  t he  S t i r l i  ng-cycle engine, heat r e j e c t i o n  u n i t ,  and generator. 

A.3.1.2.1 Receiver. The rece ive r  i s  assumed t o  be s i m i l a r  t o  the  

r e c e i v e r  proposed by  Ford Aerospace. The rece ive r  cons is t s  o f  an annulus 

f i l l e d  w i t h  l i q u i d  sodium. The annulus furrns Lt~e wa l l  o f  the rece ive r  c a v i t y .  

The sodium i s  evaporated i n  t h e  annulus and condensed on t h e  heater  tubes o f  

t h e  S t i r l i n g  engine. The design inc ludes a door t o  reduce heat l oss  (and 

f r e e z i n g  of sodium) du r ing  outages and a valve t o  c o n t r o l  l i q u i d  sodium f l o w  

tn  the  S t i r l i n g  engine. 

A.3.1.2.2 Thermal Bu f fe r .  The thermal b u f f e r  cons is ts  o f  an i nsu la ted  

c y l i n d r i c a l  vessel con ta in ing  140 L i F - f i l l e d  t u b u l a r  capsules arranged i n  a 

hexagona1,pattern. The condensing ends o f  t he  rece ive r  heat pipes extend 

through t h e  back end o f  t h e  c y l i n d r i c a l  vessel.  The c y l i n d r i c a l  vessel ac ts  

as a heat p ipe.  Sodium i s  evaporated a t  the  f r o n t  end o f  the  c y l i n d e r  and i s  

condensed e i t h e r  on t h e  L i F - f i l l e d  t u b u l a r  capsules o r  on t h e  S t i r l i n g  engine 



heater tube depending on t h e i r  respec t i ve  temperatures. Energy i s  s to red  as 

l a t e n t  heat i n  the LiF, which mel ts  a t  857 '~  (1575'~).  Due t o  the  h igh  temper- 

ature, ex tens ive  use was made of expensive a l l o y s  such as Inconel  617, HA-188 

and expensive i n s u l a t i o n  ma te r ia l .  The r e s u l t i n g  cos t  was very  high. By 

de ra t i ng  t h e  thermal b u f f e r  performance o r  i nco rpo ra t i ng  some undetermined 

design change, a cost  o f  $400/kWe i s  est imated f o r  t he  b u f f e r  and rece i ve r  

( J e t  Propuls ion Laboratory 1978, pp. 2-9). 

1 .  

A.3.1.2.3 s t i r l i n g  Engine. The c h a r a c t e r i s t i c s  o'f the  S t i r l i n g  engine 

used i n  t h i s  study are based on a rev iew o f  cu r ren t  S t i r l i n g  engine'  technology 

and are rep resen ta t i ve  o f  the MTI f r e e - p i s t o n  engine. The s t i r l i n g  engine 

w i l l  have a f r e e  p i s t o n  coupled d i r e c t l y  t o  a l i n e a r  a l t e r n a t o r .  Free-p is ton 

machines w i t h  l i n e a r  a l t e r n a t o r s  were chosen over k inemat ic  S t i r l i n g  engine 

designs because o f  t he  p o t e n t i a l  f o r  i nc reas ing  engine l i f e .  

The S t i r l i  ng engine w i l l  have a heater tube ex te rna l  temperature o f  8 1 6 ' ~  

(1500'~)  and w i l l  r e j e c t  heat t o  c o o l i n g  o i l  a t  a nominal temperature o f  30°c 

(86 '~ ) .  Other a u x i l i a r i e s  inc lude the  c o o l i n g  o i l  pump and con t ro l s .  I n  addi-  

t i o n ,  t h e  S t i r l i n g  engine and generator  must p rov ide  e l e c r i c  power t o  operate 

the heat r e j e c t i o n  u n i t .  

A.3.1.2.4 Heat Re jec t i on  U n i t .  .The heat r e j e c t i o n  u n i t  would c o n s i s t  o f  

an o i l - t o - a i r  heat exchanger, a fan  and motor, and p i p i n g .  

A.3.1.2.5 Generator. The t ype  o f  generator f o r  a p p l i c a t i o n  w i t h  the  f r e e  

p i s t o n  S t i r l i n g  engine was reviewed by MTI. A l i n e a r  a l t e r n a t o r  designed by  

MTI was chosen. 

Performance Anal ys i s 

Energy conversion subsystem performance impacts p l a n t  performance i n  sev- 

e r a l  ways. The major impact i s  t he  thermal energy t o  e l e c t r i c  energy conver- 

s ion  e f f i c i e n c y .  Other, less important  impacts i nc lude  t h e  t ime  requ i red  t o  

reach f u l l  power dur ing  startup,, standby load thermal energy requirements, and 

'unrecoverable energy used du r ing  s ta r tup .  

The thermal energy t o  e l e c t r i c  energy conve rs ion  e f f i c i ency  (qcS) i s  

modeled as a nominal e f f i c i e n c y ,  co r rec ted  f o r  pa r t - l oad  ope ra t i on  and ambient 

cond i t ions .  This  conversion e f f i c i e n c y  was determined f o r  a nominal c o n d i t i o n  



[ambient a i r  temperature of 21°c ( 7 o 0 ~ ) ]  and f u l l  - load operat ion. Operat ing 

a t  l ess  than f u l l  - load w i l l  change nECS; there fore ,  a  c o r r e c t i o n  curve was 

developed, r e l a t i n g  the  r e l a t i v e  oECS t o  f u l l - l o a d  f r a c t i o n .  I n  add i t ion ,  as 

ambient a i r  temperature changes, the  temperature o f  t h e  heat engine heat s ink  

changes, which r e s u l t s  i n  a  v a r i a t i o n  i n  qECS. 

The energy conversion subsystem performance i s  modeled as the  product of 

f o u r  component e f f i c i e n c i e s .  The rece ive r  e f f i c i e n c y  i s  inc luded i n  t h e  c o l -  

l e c t o r  performance mode1 

where 

' TB = thermal  b u f f e r  e f f i c i e n c y  

' HE = heat  engine e f f i c i e n c y  

= generator e f f i c i e n c y  
a '  

- - gross  ouput - auxi 1  i a r y  load ' AU x gross output  

The thermal b u f f e r  i s  small and we l l - i nsu la ted  so t h a t  qTB can be , 

assumed t o  be 1.00. The generator  e f f i c i e n c y  f o r  t he  l i n e a r  a l t e r n a t o r  i s  

est imated as 0.9. ~,,uX, which accounts f o r  p a r a s i t i c  loads such as heat 

r e j e c t i o n  u n i t  f an  power, i s  assumed t o  be 0.95. 

The S t i r l i n g  engine performance i s  assumed t o  be s i m i l a r  t o  the  perform- 

ance o f  t h e  MTI f r e e - p i s t o n  design w i t h  a  net  e f f i c i e n c y  o f  41.8%. This g ives  

a  value o f  0'36 f o r  0 ECS' 
Par t - l oad  opera t ion  was based on the  pa r t - l oad  performance o f  the MTI 

f r e e - p i s t o n  engine. F igu re  A.12 presents t h e  c o r r e c t i o n  curve f o r  p a r t  load , 

operation. 

Ambient a i r  temperature c o r r e c t i o n  was ca lcu la ted  by assuming t h a t  the  

ac tua l  nECS i s  a  f i xed  f r a c t i o n  o f  the  Carnot e f f i c i e n c y .  By c a l c u l a t i n g  

t h e  Carnot e f f i c i e n c y  f o r  vary ing  ambient temperature, t he  r e l a t i v e  v a r i a t i o n  

in 'ECS can be determined. The c o r r e c t i o n  curve f o r  ambient a i r  temperature 

appears . i n  F igure  A. 13. 
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FIGURE A.  13. Stir1 ing-Cycle Ambient Temperature Correction 
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The St i r l ing  engine should have good t ransient  performance. The time 
required t o  reach f u l l  power is assumed t o  be 0.1 hour. Standby thermal load 
i s  negligible. The unrecoverable energy used during daily startup is  e s t i -  
mated as  1 kWt-hr, which was calculated assuming that  the engine would be 
ramped from no power to f u l l  power in 0.1 hour and tha t  a l l  energy used during 
s ta r tup  was wasted. 

A.3.2 Small Brayton-Cycle Engine Conversion Subsystem 

The small Brayton-cycle energy conversion subsystem was considered as a 
d is t r ibuted  generation scheme for  application with the Point Focus Distributed 

Receiver concept. The small Brayton engine has the same advantages as the 
S t i r  1 ing engi ne just discussed except tha t  the conversion efficiency of both 
an open- and closed-cycle Brayton engine are substantial ly  below those est  i - 
mated fo r  the S t i r l ing  engine. The small Brayton-cycle engine has the advan- 

tage of being nearer-term technology than the St i r l i  ng engine. 
' The receiver for the small Brayton engine does not appear to have been 

studied in the same detai l  as for  the S t i r l ing .  Although i t  i s  not c lear  
whether a liquid metal heat pipe receiver and thermal buffer will be required 
f o r  a Brayton-cycle engine, i t  does appear that  they would be needed because 
of the d i f f i cu l ty  in t ransferr ing large heat fluxes from the receiver absorp- 
t ion  surfaces to  a gas while maintaining a tolerable  temperature drop across 
the receiver metal. For th i s  study, the de ta i l s  of the closed-cycle Brayton 
engine were based on information provided by vendors. 

A.3.2.P Subsystem Arrangement 

The Brayton cycle energy conversion subsystem consists of four major com- 

ponents: the receiver/thermal buffer, the engine, the generator, and the heat 
re ject ions subsystem. The receiver/thermal buffer, engine and generator are 
located a t  the focus of the concentrator. The heat rejection unit  will  be 
located on the ground adjacent to the collector.  

The receiver i s  an integral part of the thermal buffer and Brayton cycle; 
. therefore,  the heat t ransfer  components of the receiver were consi.dered as 

part  of the energy conversion subsystem. The thermal buffer was considered an 
a l te rna t ive  t o  the base case because the thermal buffer was proven very 



expensive. I t  was f e l t  t h a t  accepting the  performance pena l t y  associated w i t h  

v a r i a t i o n s  i n  i n s o l a t i o n  may p r o v e ' t o  be more cos t -e f fec t i ve .  The rece ive r  

uses l i q u i d  metal heat p i p e s ' t o  t r a n s f e r  thermal eriergy from the rece iver  
v e i t h e r  t o  t h e  thermal b u f f e r  o r  d i r e c t l y  t o  t h e  Brayton engine heater, depend- 

i n g  on whether a thermal b u f f e r  i s  included. 

The ~ r a ~ t o n  engine receives heat a t  8 1 6 ' ~  ( 1 5 0 0 ~ ~ )  i n  the  heater and 

r e j e c t s  heat t o  o i l ,  which acts as t h e  heat s ink.  The o i l  i s  cooled i n  t h e  

heat r e j e c t i o n  u n i t .  The Brayton engine-converts heat t o  work i n  the  form o f  

a ro ta t i -ng  shaf t .  Work i s  t r a n s m i t t e d . t o  the  generator, where i t  i s  converted 

t o  e l e c t r i c  energy. The Brayton engine receives thermal energy a t  8 1 6 ' ~  

( 1 5 0 0 ~ ~ )  and u l t i m a t e l y  r e j e c t s  heat t o  the atmosphere. 

A.3.2.2 Component Analys is  

The rece iver ,  thermal bu f fe r ,  and heat r e j e c t i o n  u n i t  used w i t h  the  

Brayton-cycle energy conversion subsystem are described i n  Sect ion A.3.1.2 on 

S t i  r l i  ng c y c l e  component analys is .  The generators and Brayton-cycle engine 

are analyzed i n  the. f o l l o w i n g  paragraphs. ' ,  

A.3.2.2.1 Generators. Several generator types 'were considered f o r  

a p p l i c a t i o n  w i t h  t h e  Brayton engine. Synchronous generators were r e j e c t e d  

because each would requ i re  synchronizing and the  17.5-kWe s i z e  i s  too small t o  

r e a l i z e  t h e  advantages o f  a synchrono'us machine. D i r e c t  cu r ren t  generators 

were re jec ted  because o f  d i f f i c u l t y  i n  many con t ro l1  i n g  generators i n  p a r a l l e l .  

Fur ther ,  t h e  p l a n t ' s  e n t i r e  output  would have t o  be converted t o  ac power f o r  

most app l ica t ions .  

An induct ion  generator was chosen f o r  t h i s  a p p l i c a t i o n  because i t  i s  

rugged, and requ i res  no synchronizing and l i t t l e  a t t e n t i o n .  The i n d u c t i o n  

generator does requ i re  a synchronous generator, a synchronous condenser, o r  

capaci tors i n  p a r a l l e l  w i t h  i t  t o  prov ide  magnetizing cu r ren t  and any r e a c t i v e  

power requ i red  by the  load. Appropr iate e x c i t a t i o n  must be inc luded t o  render 

t h e  generators operable a t  a1 1 loads and t o  ensure comparab i l i t y  o f  power out-  

pu t  q u a l i t y  t o  t h a t  o f  other  types o f  generators. A condenser can be used f o r  

thSs app l i ca t i on .  



A generator i n s t a l l e d  a t  t he  . focus o f  the  co lec to r  would cons is t  of a 

comple te ly  enclosed i n d u c t i o n  machine w i t h  i t s  leads t o  a te rmina l  o f  t h e  

460-V cable. The induc t ion  machine i s  an o f f  the  s h e l f  i t em a v a i l a b l e  f o r  

outdoor i n s t a l l a t i o n .  

One condenser for  each generator would be located on t h e  ground. To pre-  

vent  any unbal ance between generat ing capac i ty  and on-1 i n e  capac i to rs  t h e  

c a p a c i t y  r a t i n g  w i l l  be about 15 kVA t o  ensure r e l i a b l e  generator opera t ion  

and ' s u f f i c i e n t  r e a c t i v e  kVA t o  meet t h e  s o l a r  p l a n t ' s  appropr ia te  share o f  

r e a c t i v e  component i n  the  average u t i l i t y  load. 

A.3.2.2.2 Brayton Cycle Engine. br he Brayton c y c l e  engine w i l l  use a ' 

c l osed  cyc le  w i t h  a recuperator .  The engine i s  r a t e d  a t  17.5 kWe output  and 

- w i l l  use a i r  as the  cyc le  working f l u i d .  

A.3.2.3 Performance Ana lys is  

The performance mode 1 used f o r  the Brayton cyc le  energy conversion sub- 

system i s  t h e  same as t h a t  o f  t h e  S t i r l i n g  engine described i n  Sect ion A.3.1.3. 

As w i t h  the  S t i r l i n g  engine, the  thermal b u f f e r  e f f i c i e n c y  i s  assumed t o  

be 1.0. Brayton-cycle performance i s  based on vendor-supplied performance 

curves, which inc lude qHE, qg and qAUX. A nominal e f f i c i e n c y  o f  0.32 was used. 

Par t - l oad  and ambient a i r  temperature c o r r e c t i o n  curves are shown i n  F ig -  

u res  A.14 and A.15. 

The Brayton engine should have good t r a n s i e n t  performance. The t ime 

r e q u i r e d  to . reach  f u l l  power i s  assumed t o  be 0.1 hour. Standby.therrna1' load 

i s  n e g l i g i b l e .  The unrecoverable energy used d u r i n g , d a i l y  s ta r tup  i s  e s t i -  

. mated as 1 kWt-hr, which was ca lcu la ted  assuming t h a t  t h e  engine would be 
ramped f rom no power t o  fu l .1 power i n  0.1 hour and t h a t  a l l  energy used dur ing  

star.,tup was wasted. 

A.3.3 Rankine-Cycle Energy Conversion Subsystem 

The Ranking c y c l e  energy conversion subsystem was considered t h e  base 

case energy convers ion subsystem f o r  a l l  concepts us ing  c e n t r a l  generat ion. 

The Rankine-cycle c e n t r a l  generat ion scheme requ i res  a thermal t ranspor t  sub- 

system t o  t r a n s f e r  heat f rom t h e  rece ive r  t o  a c e n t r a l  f a c i l i t y  conta in ing  t h e  
' Rankine-cycle engine and a u x i l i a r y  equipment. 



LOAD (ACTUAL ENERGY FLOW/NOMI NAL ENERGY FLOW) 

F IGURE A.14. Small Brayton-Cycle Part-Load Correction 

AMB l ENT TEMPERATURE, OC 

F IGURE A.  15. Small Brayton-Cycle Ambient Temperature Correction 



' Rankine-cycle engines us ing  steam as the  working f l u i d  are proven tech- 
. . 

nology and can be expected t o  be h i g h l y  r e l i a b l e  machines. The problems 

associated w i t h  opera t ing  a Rankine-cycle steam engine are w e l l  understood, 

and performance can be pred ic ted w i t h  confidence. Rankine-cycle engines using 

organic working f l u i d s  do no t  have the  opera t ing  experience o f  steam Rankine 

engines b u t  can s t i l l  be considered cu r ren t  technology. 

Rankine-cycle engines have several disadvantages. Cycle e f f i c i e n c y  i s  

good f o r  l a r g e  engines bu t  dec l ines  r a p i d l y  f o r  smal ler  engines i n  t h e  1-MWe 

t o  10-MWe range. I n  add i t i on ,  cyc le  e f f i c i e n c y  i s  s e n s i t i v e  t o  v a r i a t i o n s  i n  

. . t h e  heat s i n k  temperature. Because d r y  coo l i ng  towers are used f o r  heat 

r e j e c t i o n ,  t he  cyc le  e f f i c i e n c y  decreases r a p i d l y  w i t h  increas ing ambient 

temperature, p a r t i c u l a r l y  f o r  t h e  low-temperature concepts. 

Several Rankine cyc les  were considered because o f  d i f f e rences  i n  c o l l  ec- 

t o r  performance. Rankine-cycle. performance improves w i t h  increas ing heat 
.i I 

source temperature. Conversely, c o l l e c t o r  subsystem performance worsens w i t h  

i nc reas ing  heat source temperature. I n  t h i s  study a heat source temperature 

(maximum temperature o f  .Rankine-cycle working f l  u i d )  was chosen so t h a t  both 

t h e  c o l l e c t o r  and t h e  energy conversion subsystem e x h i b i t  reasonable perform- 

ance. Because c e r t a i n  c o l l e c t o r  designs are b e t t e r  su i ted  f o r  high-temperature 

- opera t ion ,  i t  was decided t o  consider  d i f f e r e n t  maximum working f l u i d  tempera- 

t u r e s  f o r  d i f f e r e n t  co;lcepts. S i x  cyc les  were considered. Table A.3 inc ludes 

t h e  c h a r a c t e r i s t i c s  o f  each cycle.  
I' . 

Concepts us ing use o i l  and rock storage may have an a d d i t i o n a l  tempera- 

t u r e  l i m i t a t i o n  when opera t i ng  f rom storage. The maximum temperature l i m i t  o f  

3 0 4 ' ~  (580'~)  f o r  t h e  o i l  d i c t a t e s  a maximum Rankine-cycle working f l u i d  tem- 

pera ture  o f  2 7 4 ' ~  (525 '~)  when opera t ing  from storage. This l i m i t a t i o n  has no 

e f f e c t  on the  LCNT, which operates a t  232% (420'~) .  However, f o r  concepts 

opera t i ng  a t  343 '~  (650'~)  and 510 '~  (950°C), a reduct ion  i n  working f l u i d  

temperature r e s u l t s .  These .concepts must t o  use a dual-admission tursline t h a t  

can operate e f f i c i e n t l y  w i t h  e i t h e r  working f l u i d  temperature. 



TABLE A.3. A l t e r n a t i v e  Rankine Cycle C h a r a c t e r i s t i c s  

Steam Turbine 
Cycle I n l e t  Condi t ions Appl icable 'Concepts 

1 5 1 0 ' ~  (950'~)  PFCR, PFDRIR, LFCR, LFDR-TR, FMDF 

2 427 '~  (800'~)  PFDR/R, LFCR, LFDR-TR, FMDF 

3 343 '~  (650'~)  LFDR-TC 

4 216 '~  (420'~) LCNT 

5 274 '~  ( 5 2 5 ' ~  
dual-admission) PFCR, PFDRIR, LFCR, LFDR-TR, FMDF 

6 274 '~  ( 5 2 5 ' ~  
dual-admission) LFDR-TC . 

The Rankine-cycle arrangements, component analys is ,  and performance 

ana lys is  are based on a rev iew o f  Rankine-cycle engines conducted by Bechte l  

Nat iona l ,  Inc. under subcontract  t o  PNL. The Bechtel  r e p o r t  i s  reproduced i n  

i t s  e n t i r e t y  as Appendix C. 

A.3.3.1 Subsystem Arrangement 

The Rankine-cycle energy conversion subsystem cons i s t s  o f  t h ree  compo- 

nents: t h e  Rankine-cycle heat engine, t h e  generator,  and t h e  heat  r e j e c t i o n  

u n i t .  The steam generator o f  the Rankine c y c l e  i s  inc luded i n  e i t h e r  t he  

c o l l e c t o r  subsystem o r  t h e  storage subsystem. The feed pump i s  inc luded i n  

the  t ranspor t  subsystem f o r  a l l  concepts except the  PFCR. The feed pump .was 

inc luded i n  t h e  PFCR energy convers ion subsystem because i t s  s i z e  was n o t  a 

s t rong f u n c t i o n  o f  f i e l d  s i z e  and l ayou t .  I n  the o ther  c e n t r a l  generat ion 

concepts, t h e  feed pump s i z e  and p a r a s i t i c  load were s t r o n g l y  i n f l uenced  by 

the  c o l l e c t o r  f i e l d  c h a r a c t e r i s t i c s .  

Rankine-cycle energy conversion subsystems were charac ter ized f o r  p l a n t s  

w i t h  ne t  ou tpu ts  o f  1 MWe, 5 MWe and 10 MWe. I n  s i z i n g  the  Rankine-cycle 

engine, a p a r a s i t i c  load o f  10% was inc luded so t h a t  the gross e l e c t r i c  power 

ou tput  f rom t h e  energy convers ion subsystem was 1.1 MWe, 5.5 MWe, and 11 MWe: 



A.3.3.2 Component Analysis 

Because of t h e i r  complexity, several components in the Rankine-cycle 
energy conversion subsystem need fur ther  discussion. These include the work- 
ing f l u i d ,  turbine cycle equipment, and heat rejection unit .  

A.3.3.2.1 Rankine Cycle Working Fluid. Several working f lu ids  can be 
used in the Rankine-cycle energy conversion subsystem. The most common i s  
water. A t  low and i ntermed i a te  temperatures [1 ess than 37l0c ( ~ O O ~ F ) ]  , 
other organic working f lu ids  can be considered. The organic working f lu ids  
tend to have an advantage a t  lower temperatures and for  small plants. A 

toluene working f l u i d  was considered fo r  the LCNT/R concept because of the low 
operating temperature. The toluene Rankine cycle showed a small increase in 
turbine eff ic iency f o r  a 1-MW plant, b u t  the increase was not suf f ic ien t  t o  
j u s t i f y  the added complication of using a working f lu id  other than water. 

A.3.3.2.2 Turbine. The turbine for  the 10-MWe 5 1 0 ~ ~  (950'~) o i l  
storage energy conversion subsystem i s  described in de ta i l .  Smaller systems 
and those with different  operating conditions will be similar except tha t  a 
dual-admission turbine will not be required for  the 2 3 2 ° ~ ( 4 2 0 0 ~ ) ,  274'~ 

(525OF), 427'~ (800'~) and 510'~ (950°F) HITEC storage system. 

The turbine i s  a single automat id extraction (admission) condensing steam 
turbine with three uncontrolled extraction connections. I t  consists of a 
two-stage, high pressure section supplied by main steam and a 19-stage low 

pressure section tha t  operates on steam from the high pressure section and/or 
admission steam. The design speed of the turbine i s  9500 rpm. A similar tur- 
bine rated a t  1 MWe would operate a t  13,000 rpm and have two uncontrolled 
extraction points. ~ e c a u s e  the steam i s  condensed in an air-cooled condenser, 
the turbine must be sui table  f o r  operating a t  higher than normal back pressure. 

Bechtel National, Inc., has indicated tha t ,  for  a 1-MWe turbine, e f f i -  
ciency i s  not improved by operating with an in l e t  steam pressure above 6.89 MPa 
(1000 psi ). The high-temperature subsystems considered in th i s  study are 
intended t o  operate a t  10.0 MPa (1450 p s i ) .  I t  may be that  the operating pres- 
sure of the 1-MWe systems can be reduced, b u t  i t  has not been considered fo r  
t h i s  study. 



Accessories fo r  the turbine-generator include in l e t  steam stop and con- 
t ro l  valves, extraction stop valves, turning gear, lubrication system, steam 

seal system electrohydraulic control system, and foundation plate  with bolts. 

A.3.3.2.3 Generator. The turbine a t  9500 rpm drives the generator a t  
1800 rpm through a double helical spur gear reduction unit .  The generator i s  

a three-phase, 60-Hz, four-pole synchronous unit rated a t  13.8 kV with a power 

factor  of. 0.9. The generator i s  air-cooled 'and equipped with a brushless 

exciter . 
A.3.3.2.4 Turbine Cycle Equipment. The turbine cycle equipment includes 

the feedwater heaters, the mechanical condensate pumps, booster pumps, miscel- 
laneous piping and valves, condensate demineralizers, condensate makeup and 
storage, instruments and controls, and auxiliary equipment. 

The lowest pressure of the three feedwater heaters would be of the open 
deaerating type, with the two intermediate pressure shell  and tube heaters 
operating at  approximately 0.344 MPa (50 psia) and 1.171 MPa (1.70 psia).  The 

feedwater booster pumps draw from the deaerating heater drain tank and pump 
the condensate through the other two feedwater heaters to  the feed pump suc- 
t ion.  A 1-MWe cycle would have only one intermediate pressure heater, operat- 
ing at  approximately 0.55 MPa (80 psia) .  

A.3.3.2.5 Heat Rejection Unit. The heat rejection equipment consists of 
an air-cooled condenser, condensate pumps, piping, mechanical vacuum pump, and 
auxiliary equipment. The air-cooled condenser.can-be located e i ther  adjacent 
to  the turbine generator building or on . the  building roof. Exhaust steam from 

the turbine i s  ducted to the condenser, which consists of a number of modules, 
each having one 75-kW fan and three air/steam heat exchangers. The condensed 

water i s  collected in the hot well and returned to the plant by the condensate 

pumps and piping. . Approximately one module i s  required fo r  each 1 MWe of plant 
s ize,  assuming a design point of 24 '~  (75 '~) .  

A.3.3.3 Performance Analysis 

The thermal energy to  e l ec t r i c  energy conversion efficiency (vECS) was 

modeled using the method described in Section A.3.1.3. A nominal efficiency 

was determi ned for  each s i  ze Ranki ne-cycle energy conversion subsystem.' The 



nominal e f f i c i e n c y  was determined f o r  f u l l - l o a d  operat ing condi t ions and a 

design ambient a i r  temperature o f  2 3 ' ~  (75'~) .  co r rec t i on  curves were developed 
t o  r e l a t e  r e l a t i v e  "cC o f  f u l l - l o a d  f r a c t i o n  and ambient a i r  temperature. q 

Bechtel Nat ional ,  Inc..  has developed curves r e l a t i n g  nominal engine e f f  i- 

ciency t o  p l an t  s i ze  and steam i n l e t  condi t ions.  Figure A.16 shows cyc le  

e f f i c i e n c y  f o r  s i x  i n l e t  cond i t ions over a s i ze  range o f  1 MWe t o  10 MWe.  he 
data shown are f o r  3600-rpm addmission turbines.  The net  cyc le  e f f i c i e n c y  i s  

based on the net e l e c t r i c a l  output, which i s  equal t o  the gross e l e c t r i c a l  

output  l ess  the  a u x i l i a r y  loads. The e f f i c i ency  o f  the  high speed t u rb i ne  i s  

assumed t o  be 8% higher than the 3600-rpm turbine.  For some systems the feed 

pump has been included i n  the  t ranspor t  subsystem, so the nominal e f f i c i e n c y  

I TURBINE INLET TEMPERATURE 

1 2 3 4 5 6 7 8 9 10 

ENERGY CONVERSION SUBSYSTEM SI H, MWe 

FIGURE A.16. Rankine Cycle E f f i c i ency  



must be increased t o  c o r r e c t  f o r  the  increased a u x i l i a r y  load o f  the feed pump. 

. . . The feed pump used i n  developing the  performance curve r e q u i r e s  3.5% o f  t h e  

p l a n t  output .  Nominal e f f i c i e n c y  i s  g iven by 

For systems i n  which feedwater i s  no t  c i r c u l a t e d  through the  f i e l d  by the  

feed pump (LCNT, HITEC concepts) t h e  feed pump i s  accounted f o r  i n  t he  energy 

conversion subsystem e f f i c iency .  I n  these systems the  energy conversion sub- 

system e f f i c i e n c y  i s  n o t ' c o r r e c t e d  f o r  t h e  3.5% a l l o t t e d  t o  the  feed pump. 

Table A.4 summarizes the  nominal e f f i c i e n c y  as a f u n c t i o n  o f  p l a n t  s i z e  and 

i n l e t  cond i t ions .  

TABLE A.4. Nominal ~ f f i c i e n c ~ ( a )  

P lan t  Size 
Turbine I n l e t  Cond i t ion  1 MWe 5 MWe 10 MWe 

950°F 0.293 0.323 0.337 

800°F 0.277 0.305 0.324 

650 '~  . . 0.256 0.283 0.305 

420°F 0.219 0.239 0.252 

5 2 5 ' ~  (dual-admission) 0.221 0.239 0.251 

5 2 5 ' ~  (s ingle-admiss ion)  0.246 0.268 0.290 

(a)  F u l l  load, 750F ambient temperature, h igh  speed 
tu rb ine ,  no feed pump. 

The v a r i a t i o n  o f  t u r b i n e  cyc le  e f f i c i e n c y  w i t h  opera t ion  a t  p a r t  load i s  

shown i n  F igure  A.17. The e f f e c t  o f  a u x i l i a r y  load's i s  inc luded.  This i n f o r -  
mat ion i s  based on t h e  p r e l i m i n a r y  design r e p o r t  f o r  t h e  10-MWe Barstow p i l o t  

. p l a n t .  The pa r t - l oad  c o r r e c t i o n .  curve f o r  the  232 '~  (420'~)  system i s  assumed 

. t o  have the  same shape as the  admission steam o n l y  curve (274 '~) .  The curves 

-. 
f o r  the  3 4 3 ' ~  (650'~)  and 4 2 7 ' ~  (800 '~)  systems were' developed by assuming t h a t  



LOAD, (70 RATED 

FIGURE A.17. Turbine Cycle E f f i c i e n c y  f o r  Part-Load Operation 

t h e  c o r r e c t i o n  f a c t o r  was a l i n e a r  f u n c t i o n  o f  i n l e t  temperature between t h e  

main steam and admission steam l i n e s  f o r  a given p a r t  load. 

The v a r i a t i o n  o f  t u r b i n e  cyc le  e f f i c i e n c y  w i t h  ambient a i r  temperature i s  

shown i n  F igure  A.18. The c a l c u l a t i o n  of t u r b i n e  e f f i c i e n c y  v a r i a t i o n  w i t h  

ambient a i r  temperature i s  complicated because t u r b i n e  and a i r - coo led  conden- 

ser performance are coupled. I n  t h i s  analys is  a t u r b i n e  e x i t  temperature was 

assumed, and t h e  corresponding ambient temperature was ca lcu la ted.  

The Rankine-cycle engine has f a i r  t r a n s i e n t  performance. Bechtel Nat ional  

has es t imated the  t i m e  requ i red  t o  reach f u l l  power as 45 minutes f o r  a h o t  

s t a r t .  Standby thermal energy load i s  est imated t o  be 330 kWt f o r  the  10-MWe 

t u r b i n e  ( H a l l e t  and Gervais 1977, p. 4-14) and i s  assumed t o  decrease l i n e a r l y  

w i t h  t u r b i n e  s ize.  The p r e l i m i n a r y  unrecoverable engine s t a r t u p  thermal load 

requirement i s  est imated t o  be 7500 kWt-hr f o r  t h e  10-MWe t u r b i n e  (p. 4-14) 

and i s  a l so  assumed t o  decrease l i n e a r l y  w i t h  t u r b i n e  s ize.  



AMBIENT TEMPERATURE, OC 

FIGURE A. 18. Rankine-Cycle Energy Conversion Subsystem Ambient 
Temperature Correction Curves 

A.3.4 Large Brayton-Cycle Energy Conversion Subsystem 

The large Brayton-cycle energy conversion subsystem i s  considered an 
a1 ternat ive energy conversion subsystem fo r  the Point Focus Central ~ e c e i v e r  
concept. The large Brayton engine central generation scheme i s  located on the 

central receiver tower so that  a thermal transport subsystem i s  not required. 
An e l ec t r i c  transport  subsystem transfers  the e l ec t r i c  power from the tower to 

e i ther  storage or the u t i l i t y  grid.  

The closed-cycle large Brayton engine has been widely used, and the 
problems' associated with operating the Brayton engine are well understood. 
Operating at  the receiver temperature of approximately 816 '~ (1500'~) the 

Brayton-cycle operating conditions are well within current technology. A t  
these operating conditions the large Brayton-cycle engine i s  more e f f i c i en t  
than a similarly sized Rankine engine, assuming that  the Brayton engine has an 

ef f ic ien t  recuperator. 



The l a rge  Brayton-cycle engine arrangement, component analysis and per- 

formance analysis are based on vendor information. The ~ r a ~ t o n  engines are 

assumed t o  be sirni l  ar t o  those suppl ied by AiResearch. 

A.3.4.1 Subsystem Arrangement 

The la rge  Brayton-cycle energy conversion subsystem consists o f  two com- 

ponents, t he  Brayton engine and the generator. Because the Brayton engine uses 

a closed cycle, a heat r e j e c t i o n  subsystem i s  required and would be located 

adjacent t o  the  tower. The Brayton engine i s  a normal closed-cycle gas tu rb ine  

except t ha t  the combustion chamber has been replaced w i t h  the so lar  thermal 

a i r  heater i n  the cen t ra l  receiver.  The a i r  heater w i l l  be discussed as p a r t  

o f  the c o l l e c t o r  subsystem. Both the Brayton engine and the generator are 

located on the tower c lose t o  the rece iver  and a i r  heater. 

Large Brayton-cycle energy conversion subsystems were characterized f o r  

p l an t s  w i t h  net output  o f  1 MWe, 5 MWe, and 10 MWe. I n  s i z i n g  the Brayton- 

cyc l e  engine, a p a r a s i t i c  load o f  2% was included so t h a t  the gross e l e c t r i c  

power output  from each p l a n t ' s  energy conversion subsystem was 1.02 MWe, 

5.1 MWe, and 10.2 MWe, respect ive ly .  

A.3.4.2 Component Analysis 

Three components i n  the 1 arge Brayton-cycle energy conversl on subsyste~n 

need f u r t h e r  discussion: the Brayton engine, generator, and heat r e j e c t i o n  

u n i t .  

A.3.4.2.1 Brayton Engine. The Brayton engine i s  a closed-cycle gas t u r -  

b ine w i t h  a recuperator. The cyc le  i s  shown schematical ly . in Figure A.19. 

The gas turb ines are s im i l a r  t o  those suppl ied by AiResearch. 

A.3.4.2.2 Generator. The gas turb ine dr ives the generator through a 

speed reducer. The generator i s  a three-phase, 60-Hz, four-pole synchronous 

u n i t  ra ted a t  13.8 kV w i t h  a power f ac to r  o f  0.9. The generator i s  a i r -cooled 

and equipped w i t h  a brushless exc i te r .  

A.3.4.2.3 Heat Reject ion Uni t .  The heat r e j e c t i o n  u n i t  would cons is t  o f  

a w a t e r l a i r  heat exchanger, fans, motors, pumps, and pip ing.  



FIGURE A. 19. Brayton Engine cyc le  
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A.3.4.3 Performance Ana lys is .  

The thermal energy t o  e l e c t r i c  energy conversion e f f i c i e n c y  (qECS) was 

modeled us ing  t h e  method described i n  Sect ion A.3.1.3. A nominal e f f i c i ency  

was determined f o r  each s i z e  o f  the  l a rge  Brayton-cycle energy conversion sub- 

system. The nominal e f f i c i e n c y  was determined f o r  f u l l - l o a d  opera t ing  condi- 

t i o n s  and a design ambient a i r  temperature o f  2 3 ' ~  (75 '~ ) .  Cor rec t ion  curves 

were developed t o  r e l a t e  r e l a t i v e  qECS t o  f u l l - l o a d  f r a c t i o n  and ambient a i r  

temperature. 
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COST ESTIMATES 

Determinat ion o f  t he  l e v e l i z e d  energy cost  (LEC) a t t r i b u t e  and the  f i xed.  

cos t  as a percentage o f  l e v e l  i zed  energy c o s t  (FIX) a t t r i b u t e  requ i res  e s t i -  

mating costs o f  c a p i t a l  investment, opera t ing  and maintenance, and replacement 

c a p i t a l .  Of '  these, t h e  c a p i t a l  investment costs arel t he  most imp,ortant; they 

are the pr imary 'determinants o f  l e x e l i z e d  energy cos t  and vary .w ide ly  among ' 

concepts. U n i t  c o ~ t  est imates and cos t  est imate s c a l i n g  r e l a t i o n s h i p s  used- i n  

determi n ing  c a p i t a l  investment costs are discussed i n  t h i s  appendix. 

B. l  COLLECTOR COST ESTIMATES 

Costs f o r  concentrators and receivers,  which j o i n t l y  comprise the  c o l l e c -  

t o r  subsystem, were est imated us ing  approaches described i n  Sect i o n  5.3.1. 

The l e v e l  o f  d e t a i l  i n -  the  est imates va r ied  among components due t o  d i f f e rences  

i n  t h e i r  documentation and design de ta i  1. 

For some c o l l e c t o r  components, design in format ion  was very l i m i t e d ,  

r e s u l t i n g  i n  rough est imates o f  component cost .  

B. l . l  M a t e r i a l  and Labor Est imate Bases 

Co l l ec to r  cos t  est imates were developed using in format ion  from a v a r i e t y  

o f  sources. Design in format ion  was obtained p r i m a r i l y  through concept propo- 

nents and, f o r  some c o l l e c t o r s ,  was acquired from several sources. Sources 

f o r  cost est.imates var ied  considerably among concepts and were determined 

p r i n c i p a l l y  by the l e v e l  o f  d e t a i l  a v a i l a b l e  i n  c o l l e c t o r  designs. Cost e s t i -  

mates f o r  w l l - d e f i n e d  components were developed us ing in format ion  f rom ven- 

dors, average u n i t  cos ts  f o r  mater ia ls ,  and in fo rmat ion  from other  c o l l e c t o r  

cost  studies. Cost est imates f o r  components t h a t  were not  we l l -de f ined were 

based p r i n c i p a l l y  upon est imates from concept proponents and o ther  c o l l e c t o r  

cos t  studies. 

The general basis f o r  est imates o f  ma te r ia l s  and labor costs i s  described 

be1 ow f o r  each concept. 



B.1.1.1 PFCR/R Est imate Basis 

The base l ine  design f o r  t he  PFCR/R h e l i o s t a t  (concent ra tor )  i s  very  s imi -  

l a r  t o  bo th  t h e  McDonnell, Douglas (MDAC) and Solaramics pro to type he1 i o s t a t s .  

Pr imary m a t e r i a l s  requirements were obta ined f rom MDAC design desc r ip t i ons  and 
. manufactur ing ana lys is  o f  he1 i o s t a t s  ( ~ c ~ o n n e l l  Douglas 1977; Drumhel l e r  1978). 

S p e c i f i c a t i o n s  assumed f o r  h e l i o s t a t  cos t i ng  purposes are given i n  Table B.1. 

TABLE B. 1. M a t e r i a l s  S p e c i f i c a t i o n s  Assumed f o r  PFCR/R He1 i o s t a t  

I tem s p e c i f i c a t i o n  Q u a n t i t y  
R e f l e c t i v e  Surface Second sur face m j r r o r  

laminated t o  g lass  
back panel 49 m2 

M i r r o r  S t r u c t u r a l  Support Galvanized s t e e l  1012 l b  

Support Structure.  ' . Galvanized s t e e l  351 1b 

Dr ive/Tracking U n i t  Two-axis d r i v e / t r a c k -  
i n g  mechanism 1 per h e l i o s t a t  

Pedestal .. Galvanized s tee l  306 l b  

Foundation. Concrete, average 
r e i n f o r c i n g  2.8 yd3 

Foundation Galvanized s t e e l  form 75 l b  

H e l i  o s t a t  cost est imates were developed assuming t h a t  most ma te r ia l s  would 

be purchased f u l l y  fabr ica ted,  w i t h  some m a t e r i a l s  p a r t l y  f a b r i c a t e d  i n  t h e  

h e l i o s t a t  manufactur ing f a c i l i t y .  Minimal f i e l d  assembly o f  the h e l i o s t a t  

would be requ i red ,  because any p a r t s  r e q u i r i n g  complex assembly cou ld  be ship- 

ped f u l l y  assembled f rom the  manufactur ing f a c i l i t y .  F i e l d  i n s t a l l a t i o n  costs, 

assure t h e  use o f  spec ia l i zed  i n s t a l l a t i o n  equ,ipment such as i s  'discussed by 

McDonnell Douglas (1977). 

M a t e r i a l  costs f o r  galvanized and carbon s t e e l  components were developed 

f rom in fo rmat ion  i n  cos t  es t ima t ing  guides, i n d u s t r y  cos t  trends, and previous 

s o l a r  cos t i ng  r e p o r t s  (Robert Snow Means Co. 1976, 1977; Dodge 1977; M i t r e  



Corp. 1977; Gu th r i e  1974). U n i t  cos ts  f o r  r e f 1  e c t i v e  sur faces were developed 

us ing  est imates f rom prev ious  s o l a r  c o s t i n g  r e p o r t s  as gu ide l ines ,  and a re  

based upon o p t i m i s t i c  assumptions regard ing  p o t e n t i a l  cos t  reduc t i ons  due t o  

increased s o l a r  product  i o n  ( M i t r e  Corp. 1977; Drumhel l e r  1978). The d r i v e /  

t r a c k i n g  u n i t  was considered t o  c o n s i s t  of motors, gearbox, and t r a c k i n g  u n i t ,  

w i t h  each o f  these components t r e a t e d  e s s e n t i a l l y  as a  "b lack box." Cost 

est imates f o r  d r i v e / t r a c k i n g  components were developed f rom in fo rma t i on  i n  

o the r  c o s t  s tudies,  con tac t  w i t h  s o l a r  manufac turers ,~contac t  w i t h  concept 

proponents, and compar.ison w i t h  c u r r e n t  motor and gear ing cos ts  f o r  nonsolar  

appl i c a t  i ons ( ~ c ~ o n n e 1 1  Douglas 1977; Drumhell e r  1978; Robert Snow Means Co. 

1976, 1977). An o v e r a l l  m a t e r i a l s  and i n s t a l l a t i o n  cos t  was developed f o r  the 

foundat ion  concre te  work, and was obta ined f rom the  Robert  Snow Means Co. con- 

s t r u c t i o n  cos t  es t ima t i ng  guides (1976, 1977). 

Receiver c o s t  e s t i m a t i o n  f o r  t h e  PFCRIR concept was compl i c a t e d  by  t h e  

f a c t  t h a t  r e c e i v e r  s i z e  va r i ed  as concent ra to r  f i e l d  s i z e  var ied .  Hence, a  

standard r e c e i v e r  cou ld  no t  be used f o r  a1 1  p lan ts .  Receiver c o s t  es t imates  

were based p r i m a r i l y  on i n fo rma t i on  f o r  smal l  c e n t r a l  r e c e i v e r s  repo r ted  by 

Sandia Labora tor ies  ( H o l l  1978). The e f f e c t s  o f  r e c e i v e r  s i z e  on c o s t  were 

accounted f o r  by us ing  cos t  est imate s c a l i n g  r e l a t i o n s h i p s  f o r  va r i ous  

p o r t i o n s  o f  t h e  r e c e i v e r  costs .  Cost es t ima te  s c a l i n g  r e l a t i o n s h i p s  were of 

t he  form 

S i  zeA S 

cost, = cost; (%) 
where 

CostA = cos t  o f  component A 

CostB = cos t  o f  component B  

SizeA = capac i t y  o f  component A  

Sizeg = capac i t y  o f  component B 

S  = s c a l i n g  .parameter. 



Estimates f o r  rece ive rs  o f  var ious s izes  were developed us ing r e c e i v e r  

steam f l o w  r a t e s  as capac i t y  parameters f o r  a l l  po r t i ons .  o f  rece ive r  cost. 

Assumed s c a l i n g  parameters were based upon known s c a l i n g  parameters f o r  s imi -  

l a r  equipment and operat ions.  

Receiver costs f rom other  s o l a r  cost  s tud ies  were compared t o  the  PNL cos t  

e s t  imates obta ined by s c a l i n g  t h e  Sandia cos t  in format  i o n  ( M i t r e  Corp. 1977; 

F u j i t a  e t  a l .  1978; Selcuk 1975; M a r t i n  M a r i e t t a  1975; McDonnell Douglas 1976). 

Although s t r i c t  comparisons o f  t h e  est imates are not  f e a s i b l e  because o f  d i f -  

ferences i n  rece ive r  size, c o s t i n g  assumptions, and design assumptions, i t  was 

f e l t  t h a t  t h e  PNL est imates f e l l  w i t h i n  an appropr ia te  range. 

Towers f o r  suppor t ing  c e n t r a l  rece ive rs  were costed separa te ly  f rom 

rece ive rs  and were inc luded i n  t h e  rece ive r  c o s t  account. Tower cos ts  f o r  

towers o f  va r ious  he ights  and land-bearing c a p a b i l i t i e s  were obtained f rom a 

number o f  sources, and used t o  determine average tower c o s t  as a  f u n c t i o n  o f  

tower he igh t  ( M i t r e  Corp. 1977; Selcuk 1975; Mart i n  M a r i e t t a  1975; McDonnell 

Douglas 1976; Honeywell, Inc .  1977). Tower cos t  est imates assume a  product i o n  

r a t e  o f  20 t o  40 s imi  1  a r  towers year ly .  

0.1.1.2 PFCR/B Est imate Basis 

The concentrator  p o r t  i o n  of the PFCR/B c o l l  ec to r  subsystem i s  i d e n t i c a l  

t o . t h a t  o f  t h e  PFCR/R concept described i n  Sect ion 0.1.1.1. 

The conceptual design rece ive r  f o r  t h e  PFCR/B concept was assumed t o  be 

s i m i l a r  i n  c o n f i g u r a t i o n  t o  t h e  PFCR/R rece ive r  b u t  would use l i q u i d  metal heat  

p ipes  t o  enhance heat  t rans fe r .  Incremental cos ts  o f  us ing  heat p ipes  i n  the  

r e c e i v e r  design were assessed by comparison t o  t h e  add i t i ona l  cos ts  f o r  small  

d i s t r i b u t e d  rece ivers .  Receivers t o r  t h e  PFDH/S concept were est imated as 60% 

more expensive than lower temperature rece ive rs  not  us ing heat pipes. Because 

c e n t r a l  rece ive rs  would be produced a t  much lower r a t e s  than d i s t r i b u t e d  

rece ivers ,  i t was es t imated t h a t  heat p ipe  technology would experience fewer 

mass product ion  b e n e f i t s  and cos t  reduct ions  f o r  c e n t r a l  rece ive rs  than f o r  

d i s t r i b u t e d  rece ivers .  For these reasons, i t was est imated t h a t  t h e  r e c e i v e r  

f o r  the  PFCR/B concept would be 80% more expensive o v e r a l l  than the  counterpar t  

PFCR/R rece ive r .  An inherent  l i a b i l i t y  i n  t h i s  est imate i s  tha t ,  even i f  the re  



were no u n c e r t a i n t y  on t h e  a d d i t i o n a l  cos ts  fo r  a s p e c i f i c  design, t h e  percent-  

age a d d i t i o n a l  cos ts  cou ld  vary  s u b s t a n t i a l l y  over t he  rece i ve r  s i z e  range con- 
* sidered. U n t i l  more d e t a i l e d  designs become ava i lab le ,  assessing p o t e n t i a l  

v a r i a t i o n s  i n  cost  f o r  the  PFCR/B r e c e i v e r  w i l l  remain somewhat speculat ive.  

The tower used t o  support t h e  r e c e i v e r  and engine was assumed t o  cos t  t h e  

same as towers f o r  the PFCR/R concept, as discussed i n  sec t i on  B.1.1.1. 

A1 though the  'tower fo r  t h e  PFCR/B concept would be requ i red  t o  support more 

weight than the  tower f o r  the  PFCR/R concept, in fo rmat ion  on tower cos ts  sug- 

gests t h a t  cos t  increases f o r  t h e  PFCR/B towers are minimal.  A much more' 

d e t a i l e d  ana lys is  .would be requ i red  t o  assess exact d i f f e rences  i n  cos t  between 

PFCR/B and PFCR/R towers, as a number o f  tower he igh ts  and r e c e i v e r  weights . 

must be considered f o r  each concept. 

B. 1.1-.3 PFDR/R Est  imate Basis 

The base l ine  design f o r  the  PFDR/R concentrator  uses a pa rabo l i c  concen- 
2 t r a t o r  w i t h  a 100-m aperture area t h a t  t racks  the  sun i n  two axes. A t  the 

t ime  o f  t h i s  repo r t ,  conceptual designs f o r  PFDR/R concent ra tors  were g e n e r a l l y  

less  de f ined than f o r  o ther  concepts; as such, t h e i r  m a t e r i a l  requirements and 

cos t  est imates are based upon more s u b j e c t i v e  judgments than those used f o r  

o ther  concepts. 

Conceptual designs f o r  a PFDR concent ra tor  are discussed i n  general i n  

several  p rev ious  so la r  r e p o r t s  (Selcuk 1976; F u j i t a  e t  a l .  1977; M i t r e  Corp. 

1977). Est imated ma te r ia l s  q u a n t i t i e s  were developed based upon p r e l i m i n a r y  

design c a l c u l a t i o n s  f o r  these conceptual designs and are shown i n  Table B.2. 

Basic spec if i c a t i o n s  f o r  the  r e f 1  e c t i v e  sur face were assumed t o  be i d e n t i c a l  

t o  those f o r  t h e  PFDR/R h e l i o s t a t .  The d r i v e / t r a c k i n g  u n i t  was assumed t o  be 

s i m i l a r  t o  the u n i t  used f o r  the  PFDR/R h e l i o s t a t ,  w i t h  allowance f o r  increased 

d r i v e  capac i t y . requ i red  because o f  the  l a r g e r  sur face area and g rea te r  concen- 

t r a t o r  weight. R e f l e c t i v e  sur face supports are used t o  s t r u c t u r a l l y  s t rqngthen 

r e f l e c t i v e  sur faces and t o  p rov ide  f o r  easy mounting t o  t h e  m i r r o r  s t r u c t u r a l  

suppur. t s  . 
Concentrator cost  est imates were developed assumi ng t h a t  the  m a j o r i t y  o f  

m a t e r i a l s  would be purchased f u l l y  fabricated.,  w i t h  p a r t i a l  f a b r i c a t i o n  o f  some 



TABLE 8.2. M a t e r i a l s  Spec i f i ca t i ons  Assumed f o r  PFDR/R Concentrator 

I tem S p e c i f i c a t i o n  \ Q u a n t i t y  
Ref1 ec t i v e  Surface Second sur face m i r r o r  

laminated t o  g lass  
. . back panel 106 m2 

R e f l e c t i v e  Surface Support Galvanized s tee l  180 1b 

M i  r r o r  S t r u c t u r a l  Support ' Galvanized s t e e l  2050 l b  

Support S t ruc tu re  Galvanized s t e e l  1110 1b 

Dr ive/Tracking U n i t  Two-axis d r i ve / t rack -  
. . i ng mechanism 1 per concent ra tor  

Pedesta 1 Galvanized s t e e l .  850 . 

Foundat i on 

Fou ndat i on 

Concrete, average 
r e i n f o r c i n g  

Galvanized s t e e l  
form 

components performed i n  t h e  concentrator  manufactur ing f a c i l i t y .  Concentrator 

assembly i s  assumed t o  be performed on an assembly l i n e  i n  the  manufactur ing 

f a c i l i t y  w i t h  concentrators shipped i n  several  pieces f o r  f i e l d  I n s t a l l a t i o n .  

F i n a l  concentrator  assembly would be performed a t  the  power p l a n t  s i t e  and i s  

inc luded under f i e l d  costs.  F i e l d  i n s t a l l a t i o n  cos ts  assume the  use o f  spe- 

c i a l i  zed i n s t a l l  a t i o n  equipment simi 1 a r  t o  t h a t  used f o r  t h e  PFCR/R h e l i o s t a t .  

U n i t  c o i t s  f o r  r e f l e c t i v e  surfaces were t h e  same as those used f o r  t h e  
- PFCR/R he l i ' o s t a t .  M a t e r i a l  cos ts  f o r  galvanized s t e e l  components were devel- 

oped us ing t h e  same data base as was used f o r  t h e  PFCR/R he1 i o s t a t  (Robert Snow 

Means Co. 1976, 1977; Dodge 1977; Miska 1978; M i t r e  Corp. 1977; Guthr ie  1974). 

Costs f o r  t h e  d r i v e / t r a c k i n g  u n i t  were based upon d r i v e / t r a c k i n g  u n i t  cos ts  ' 

f o r  the PFDR/R h e l i  ds ta t ,  w i t h  a d d i t i o n a l  cos t  a'l'lowances t o  r e f 1  e c t  increased 

d r i v e  capaci ty .  An o v e r a l l  'm i te r  i a l s  and i n s t a l  l a t i o n  c o s t  was developed f o r  

t h e  foundat i o n  concrete work based upon in format ion  from cons t ruc t i on  cos t  

e s t i m a t i n g  guides (Robert Snow Means Co. 1976, 1977). 



The PFDR/R rece ive r  i s  a  c a v i t y  rece ive r  mounted a t  the  f o c a l  p o i n t  o f  

the  concentrator.  Receiver costs were est imated based upon conceptual design 

in format ion  and checked by comparison t o  o ther  rece ive r  cos t  est imates. 

Receiver conceptual design in format ion  was obtained from the  same sources 

used i n  e s t a b l i s h i n g  concentrator  design (Selcuk 1976; F u j i t a  1977; M i t r e  Corp. 

1977). This information, was then used i n  e s t a b l i s h i n g  base l ine  est imates o f  

m a t e r i a l  q u a n t i t i e s  f o r  heat exchanger tubing, i nsu la t i on ,  and t h e  rece ive r  

s t r u c t u r a l  support. ~ s t i m a t e s  o f  t he  purchase p r i c e  o f  these mate r ia l s  were 

developed from cos t  es t ima t ing  guides and combined wi th,  assembly labor c o s t  

est imates and manufactur ing overheads t o  ob ta in  an est imate o f  rece ive r  manu- 

f a c t u r i n g  cos t  (Robert Snow Means Co. 1976, 1977; Dodge 1977; Miska 1978; 

M i t r e  Corp. 1977; ' ~ u t h r i e  1974; Peters and Timmerhaus 1968). F i e l d  i n s t a l l  a- 

t i o n  costs. were est imated assuming a  simple bo l t -on  attachmen,t o f  rece ive r  t o  

concentrator  and quick connect ion o f  the  rece iver  t o  the  t ranspor t  subsystem. 

A1 though c o l l e c t o r  c o s t  est imates f o r  a1 1' concepts were compared t o  e s t i  - 
mates o f  other  sources as a  check, spec ia l  e f f o r t  was p u t  i n t o  comparison o f  

t h e  PFDR/R rece ive r  cos t  est imate. I n  a d d i t i o n  t o  est imates found i n  prev ious  

so la r  designs s tud ies  (FU ji t i  1977; Fu j i t a  e t  a1 . 1978), o rgan iza t ions  invo lved 

i n  rece iver  R&D ( F a i r c h i  Id, GE, Ford Aerospace) provided informat ion.  I n  

general, the PNL rece ive r  cost- est imates were h igher than those from other  

sources. This discrepancy r e s u l t e d  from d i f f e rences  i n  assumed rece ive r  pro-  

duc t ion  r a t e s  and d i f f e rences  i n  cos t  accounting procedures. Est imates from 

other  sources o f t e n  used product ion  r a t e s  an order o f  magnitude g rea te r  than 

the  reference product ion r a t e  assumed f o r  t h i s  study. The l a r g e r  product ion 

r a t e s  lowered manufactur ing cos t  est imates due t o  l ea rn ing  and product ion  

economies o f  scale. I n  add i t ion ,  many o f  the  other  rece ive r  cost  est imates 

d i f f e r e d  i n  t h e  way costs were reported, w i t h  some g i v i n g  on ly  d i r e c t  m a t e r i a l s  

and labor cost  f o r  a  given product ion scenario. The PNL r e c e i v e r  cost  e s t i -  

mates inc lude d i r e c t  costs, i n d i r e c t  costs, f a c t o r y  overheads, and p r o f i t s  and 

f i e l d  i n s t a l l a t i o n  costs. A f t e r  accounting f o r  d iscrepancies i n  est imates due 

t o  accounting d i f f e rences  and d i f f e rences  i n  product i o n  r a t e  assumptions, i t  

was concluded t h a t  PNL est imates were comparable t o  o ther  est imates checked. 



8.1.1.4 PFDR/B Estimate Basis 

The concentrator portion of the PFDR/B collector subsystem is  assumed to 
be identical t o  tha t  of the PFDR/R concept, and i s  described in Section 

B.1.1.3. 

The conceptual design developed for the receiver was similar enough to 

the receiver of the PFDR/R concept tha t ,  for costing purposes, i t  was e s t i -  
mated in the same manner. This resulted in an overall collector cost identi-  
cal t o  tha t  fo r  the PFDR/R concept. 

B.1.1.5 PFDR/S Estimate Basis 

The concentrator portion of the PFUK/S collector subsysterr~ is  dssun~ed to  
be identical t o  tha t  of the PFDR/R concept described in Section 8.1.1.3. 

The PFDR/S receiver,  described in more d e t a i l  i n  Section A.3.1.2.1, u t i -  
1 izes a 1 iquid sodium-f i l  led annulus to  enhance heat t ransfer .  Cost estimates 
were based upon information received from Ford Aerospace and cost analysis of 
another receiver proposed for  small St i r l  ing-cycle engines ( Je t  Propulsion 
Laboratory 1978). Receiver manufacturing costs include materials and labor, 
indirect  costs ,  overheads, and prof i t .  Field ins ta l la t ion  costs were assumed 
to be the same as for  the PFDR/R receiver. 

B.1.1.6 FMDF Estimate Basis 

Several approaches to  conceptual designs for the F M D F  concentrator have 
been described, differing in Lhe Lype of structural supports used, the amount 
of excavation required, and in general, the type and quantity of materials 
required (E-Systems, Inc. 1978a, 1978b; Texas Tech University 1977). The con- 
ceptua l  concentrator design analyzed in th i s  study consists of a large bowl- 
l i ke  s t ructure made up of individual mirror panels attached t o  a criss-cross 

concrete frame. Par t ia l  excavation i s  used in the bowl construction. 

Materials specifications and quant i t ies  were for  the FMDF concentrator 
obtained from E-Systems, Inc., and' are shown in Table 8.3. These materials 
quant i t ies  are for  a specif ic  FMDF design, and are not universally character- 
i s t i c  of a l l  conceptual designs for FMDF concentrators discussed in the l i t e r -  
a ture  (E-Systems, Inc. 1978a, 1978b; Texas Tech University 1977). 



TABLE 8.3. Ma te r i  a1 s s p e c i f i c a t i o n s  Assumed f o r  FMDF Concentrator 

I tem Q u a n t i t y  ( U n i t s )  

R e f l e c t i v e  Panel (Average S ize )  

Backsheet - 28 ga. ga l v .  sheet 
meta l  - 23.7 l b  

Edgesheet - 28 ga. ga lv .  sheet meta l  
2.74 l b  

Honeycomb - 2 i n .  x 48 i n . . x  96 i n .  1307 

Back-S i lvered 'Glass  - 48 i n .  x 96 i n .  

Attachment Brackets  

Adhesive - 0.2 l b / f t 2  

Panel Attachments 

Threaded Rod - 1/2  i n .  x 1 3 /8 .  i n .  

Nuts - 1/2 i n .  
Washer 
Channel B o l t s  
Channel - 1 i n .  x 2 i n .  x 12 i n .  
6 KWIK-SET B o l t s  

~ i+ r& r  Wash 

Pump & Motor 
Brushes 
Support S t r u c t u r e  
D r i v e  Mechanism & D r i v e  Motor 
P ipe  

Concrete Support  Framework 

Panel Support S t r u c t u r e  
Main Beams 
Subs t ruc tu re  

Foundat ion 

P i e r  - 16 i n .  d iameter,  10 f t  deep 107 

Excavat ion 

Excavat ion 

Hecei ve r  D r i ve /T rack ing  U n i t  

18,617 yd3 

1 p e r  concen t ra to r  



Concentrator cos t  e s t  imates were developed assuming t h a t  panel f a b r i  ca- 

t i o n  would be c a r r i e d  o u t  i n  a  manufactur ing f a c i l i t y ,  and cons t ruc t i on  o f  the  

concrete support framework p e r f  ormed i n  t h e  f i e l d .  Components o f  t he  r e f  l ec -  

t i v e  panel were assumed t o  be purchased by the  manufactur ing f a c i l i t y  e i t h e r  

f u l l y  o r  p a r t i a l l y  f ab r i ca ted ,  w i t h  minimal f a b r i c a t i o n  f o r  some components 

performed i n  the manuf a c t u r i n g  f a c i l i t y .  R e f l e c t i v e  panels would be shipped 

t o  t h e  p l a n t  s i t e  where they  would be attached t o  t h e  completed concrete 

support framework and a1 igned f o r  proper pos i t i on .  I n s t a l  1  a t i o n  costs f o r  

r e f l e c t o r  panels assume t h e  use o f  a  l ase r  alignment system t o  expedi te proper 

p o s i t i o n i n g  o f  panels, bu t  would requ i re  no unique equipment fo r  i n i t i a l  panel 

attachment t o  the  support s t ruc tu re .  

M a t e r i a l s  costs f o r  galvanized and carbon s t e e l  components were obtained 

from t h e  same cost  data base used t o  evaluate t h e  PFCR/R h e l i o s t a t  (Robert 

Snow Means Co. 1976, 1977; Dodge 1977; Miska 1978; M i t r e  Corp. 1977; Guthr ie  

1974). U n i t  costs f o r  back-s i l vered g lass were assumed t o  be the  same as f o r  

t h e  PFCR/R h e l i o s t a t .  Cost est imates f o r  m i r r o r  wash systems and the  rece ive r  

d r  i v e / t r a c k i  ng u n i t  were based upon ana lys is  o f  E-Systems cos t  est imates f o r  

these items. 

F i e l d  cons t ruc t i on  o f  t he  concentrator  foundat ion would i nvo lve  standard 

c o n s t r u c t i o n  techniques, s i m i l a r  t o  those used f o r  other  concentrator  app l ica-  

t i o n s .  Cost est imates f o r  foundat ion  concrete work were obtained f rom the 

Robert Snow Means Co, c o n s t r u c t i o n  cos t  estimating guides (197G, 1977). E s t i -  

mated cos ts  f o r  t he  concrete support framework assumed tha t ,  a t  t he  reference 

concent ra tor  p roduct ion  ra te ,  i n s t a l l e d  concrete costs w i l l  b e  s i m i l a r  t o  

i n s t a l l e d  concrete costs f o r  h i g h - r i s e  b u i l d i n g  construclSon. Cost est imates 

f o r  concrete support framework were developed us ing in fo rmat ion  f rom t h e  

Robert Snow Means Co. cons t ruc t i on  cos t  es t ima t ing  yu-ides (1976, 1977). 

Receiver cos t  was based upon and lys is  o f  rece ive r  cos t  est imates provided 

by E-Systems (1978a). Although these est imates were based upon somcwt~dt d i f -  

f e r e n t  assumptions and u n i t  costs than PNL est imates f o r  o ther  rece ivers ,  i t  

. was concluded t h a t  d i f f e rences  tended t o  o f f s e t  each other .  For t h i s  reason, 

t h e  o v e r a l l  est imate of rece ive r  cos t  obta ined from E-Systems was used i n  t h e  

ana lys is .  



9.1.1.7 LFCR Est imate Basis 

The conceptual design f o r  the  LFCR concentrator  inc ludes one-axis t rack -  

i n g  h e l i o s t a t s  w i t h  an ad jus tab le  f o c a l  length.  Estimated h e l i o s t a t  m a t e r i a l s  

requirements were developed us ing  i n fo rma t ion  obtained from LFCR design docu- , 
ments (FMC c o r p o r a t i  on 1978) and contac ts  w i t h  concept proponents. He1 i o s t a t  

m a t e r i a l s  s p e c i f i c a t i o n s  used f o r  cos t i ng  purposes are given i n  Table B.4. . 

TABLE 9.4. M a t e r i a l s  Spec i f i ca t i ons  A'ss'umed f o r  LFCR H e l i o s t a t  

I tem S p e c i f i c a t i o n  Q u a n t i t y  

Ref 1  e c t  i ve Sur f  ace Second sur face m i r r o r  laminated 
t o  glass back panel 55.8 m2 

M i r r o r  S t r u c t u r a l  Support Galvanized s tee l  384 l b  

Support S t ruc ture  Galvanized s t e e l  2580 l b  

Drive/Tracking/Focus U n i t  Ax i s /d r i ve / t rack ing  mechanism, 
f o c a l  length  adjustment 1/2 per c o l  1  ec to r  

pedestal  Galvani,zed s t e e l  100 l b  

Foundat i on Concrete, average r e i n f o r c i n g  1.6 yd3 

H e l i o s t a t  cos t  est imates were developed assuming t h a t  most m a t e r i a l s  would 

be pgr'chased f u l l y f a b r i c a t e d ,  w i t h  p a r t i a l  f a b r i c a t i o n  f o r  some m a t e r i a l s  done - 

i n  the' he1 i o s t a t  manufactur ing f a c i l  i t y .  Minimal f i e l d  assembl'y o f  t he '  he1 i o -  

s t 'a t  would be requ i red  because a1 1  p a r t s  r e q u i r i n g  complex assembly cou ld '  be 

shipped f u l  l y  assembled f rom the  manufactur ing f a c i  1  ity. Except f o r  t ie l  i o s t a t  

checkout, a l l  f i e l d  i n s t a l l a t i o n  tasks were assumed t o  be performed us ing  con- 

ven t i  onal cons t ruc t i on  equipment. . . 

Mater i a1 s  costs f o r  gal  v.,ani zed s t e e l  components were developed f rom the 
. . 

same cos t  data base es tab l ished f o r  t h e  PFCR/R concept, a s  descri.bed i n  Sec- 

. ' t i o n  8.1.1.1. R e f l e c t i v e  panel m a t e r i a l s  and construct ' ion were i d e n t i c a l  t o  

t h e  PFCR/R h e l i o s t a t ,  and were costed us ing  the  same u n i t  cos ts  as f o r  t h e  

PFCR/R h e l i  o s t a t .  As w i t h  other  concepts, the  d r i v e / t r a c k i n g  u n i t  was t rea ted ,  

as a  "b lack boxu w i t h  cos t  est imates based upon allowances f o r  motors, gear- 

box, and t r a c k i n g  u n i t .  Est imates f o r .  t he  d r i v e / t r a c k i n g  u n i t  were developed . 



f r om in fo rma t  i o n  i n  o ther  cost  s tudies,  contac t  w i t h  so la r  manufacturers, con- 

t a c t  w i t h  concept proponents, and comparison w i t h  cu r ren t  motor and gear ing  

cos ts  f o r  nonsolar a p p l i c a t i o n s  (McDonnell Douglas 1977; Drumheller 1978; 

Robert Snow Means Co. 1976, 1977). Focal length  adjustment would be prov ided 

by a smal l ,  c e n t r a l l y - c o n t r o l l e d  motor. Motor costs were est imated us ing  

i n f o r m a t i o n  from c o s t  e s t i m a t i n g  guides, w i t h  a1 lowances f o r  gear ing  and con- 

t r o l  cos ts  based upon in fo rmat ion  developed f o r  d r i v e / t r a c k i n g  u n i t s  (Robert 

Snow Means Co. 1976, 1977). An o v e r a l l  c o s t  es t imate  f o r  foundat ion  m a t e r i a l s  

and labor  was obta ined based upon i n fo rma t ion  i n  the Robert Snow Means Co. 

c o n s t r u c t i o n  c o s t  e s t i m a t i n g  guides (1976, 1977). 

Receiver cost  est imates were based upor1 cos t  est imates publ ished i n  thc  

l i t e r a t u r e .  These r e c e i v e r  cos ts  were judged t o  be reasonable f o r  t he  condi-  

t i o n s  modeled by t h i s  study, and were used w i thou t  mod i f i ca t i on  (FMC Corp. 

1978). 

Towers used f o r  r e c e i v e r  support were costed separa te ly  from rece ivers ,  

and i nc luded  i n  the  r e c e i v e r  c o s t  account. The est imates o f  LFCR towers exam- 

ined (FMC Corp. 1978) were considered t o  be too  low. Cost est imates f o r  PFCRIR 

towers were used as a base l i ne  t o  e s t a b l i s h  reasonable ranges f o r  LFCR tower 

cos ts  ( M i t r e  Corp. 1977; Selcuk 1976; M a r t i n  M a r i e t t a  1975; McDonnell Douglas 

1976; Honeywell, Inc.  1977). Based upon i n f i r m a t  i o n  from these sources, and 

est imated weights f o r  LFCR r e c e i v e r  sect ions, it was judged t h a t  any d i f f e r -  

ences i n  s t r u c t u r a l  requi rements between LFCK towers and PFCR towers o f  equiv-  

a l e n t  h e i g h t  would .not have a s i g n i f i c a n t  impact upon the  cos t  o f  LFCR towers. 

Reductions i n  cos t  f o r  LFCR towers would be expected due t o  mass p roduc t i on  

b e n e f i t s  and the  e f f e c t s  o f  learn ing .  A t  the re ference product ion  r a t e  assump- 
6 2 t i o n  o f  1.2 x  10 m concent ra tor  aper ture area produced per year, approxi -  

ma te l y  250,LFCR towers would be requ i red  compared t o  10 t o  20 towers f o r  t h e  

PFCR'IR. Mass product ion  b e n e f i t s  were assessed assuming t h a t  no reduc t i on  i n  

tower m a t e r i a l s  c o s t  would take place, w h i l e  tower labor  and i n d i r e c t  cos ts  

would be lowered. Taking product ion  b e n e f i t s  and l ea rn ing  e f f e c t s  i n t o  account 

r e s u l t e d  i n  a tower c o s t  f o r  t h e  LFCR 29% lower than an equ iva len t  tower f o r  

t h e  PFCRIR. 



B.1.1.8 LFDR-TC Est imate Basis 

Primary ma te r ia l s  requirements f o r  the  LFDR-TC concentrator  were est imated 

based on examination o f  designs c u r r e n t l y  produced by Accurex Corporat ion and 

Hexcel Corporat ion, and conversat ions w i t h  manufacturers concerning p o t e n t i a l  

design improvements feas ib le  a t  l a r g e r  product ion  ra tes .  Ma te r ia l s  r e q u i r e -  

ments and spec i f i ca t i ons  developed f o r  cos t i ng  purposes are given i n  Table 8.5. 

TABLE 8.5. Ma te r ia l s  Spec i f i ca t i ons  Assumed f o r  LFDR-TC Concentrator 

I tem S p e c i f i c a t i o n  Q u a n t i t y  

, R e f l e c t i v e  Surface Po 1 i shed a1 umi num 16.8 m 2 

M i r r o r  S t ruc tu ra l  Support Galvanized s t e e l  . 150 l b  

Support S t ruc ture  Galvani.zed s t e e l  250 l b  

Drive/Tracking U n i t  One-axis d r i v e / t r a c k i n g  

u n i t  1/8 per concentrator  

Pedestal ~ a l v a n i z e d  s t e e l  20 l b  

Found a t  i on Concrete, average 

r e i n f o r c i n g  1.6 yd  3 

Concentrator cos t  est imates were developed assuming t h a t  t h e  m a j o r i t y  o f  

ma te r ia l s  would be purchased f u l l y  fabr ica ted,  w i t h  p a r t i a 1 , f a b r i c a t i o n  f o r  

some components performed i n  the  concentrator  manufactur ing f a c i l i t y .  I n s t a l -  

l a t i o n  costs assume t h a t  the  concentrator  was shipped f rom the manufactur ing 

f a c i l i t y  f u l l y  assembled except f o r  d r i v e  u n i t  and pedesta l .  This would m i n i -  

mize f i e l d  assembly labor a t  the expense o f  increased sh ipp ing and handl ing 

costs. F i e l d  i n s t a l l a t i o n  costs assume the  use o f  convent ional  c o n s t r u c t i o n  

equipment. 

. Ma te r ia l s  costs f o r  galvanized s t e e l  components were est imated us ing  the 

same c o s t . d a t a  base developed f o r  t h e  PFCR/R h e l i o s t a t ,  as discussed i n  Sec- 

t i o n  B .1.1.1. In format ion  regarding cu r ren t  p r i c e s  o f  aluminum r e f l e c t i v e  

surfaces was obta ined through conversat ions w i t h  cu r ren t  manufacturers. u n i t  

costs f o r  aluminum r e f l e c t i v e  sur faces were developed us ing cu r ren t  cost  i n f o r -  

mation as guide1 ines, and are based upon o p t i m i s t i c  assumptions concerning 

p o t e n t i a l  cos t  reduct ions  due t o  increased product ion o f  so la r  hardware. 



Cost allowances f o r  t he  d r i v e / t r a c k i n g  u n i t  were determined us ing the  same 

i n f o r m a t i o n  sources as descr ibed f o r  t h e  PFCR/R h e l i o s t a t  i n  Sect ion  B.1.1.1. 

An o v e r a l l  ma te r i  a1 s and i n s t a l  1 a t i  on cos t  was developed f o r  t he  foundation, 

based upon in fo rmat ion  f rom t h e  Robert Snow Means Co. cons t ruc t i on  cost  e s t i -  

mat ing  guides (1976, 1977). 

Sources f o r  r e c e i v e r  cos t  est imates inc luded previous so la r  s tud ies  

( F u j i t a  e t  a l .  1977; M i t r e  Corp. 1977) and contac t  w i t h  so la r  manufacturers. 

An o v e r a l l  est imate o f  r e c e i v e r  mater i  a1 s cos t  was developed, based p r i m a r i  1 y 

on in fo rmat ion  received f rom Hexcel Corporat ion. I t  was assumed i n  developing 

t h e  m a t e r i a l s  cost  est imate t h a t  rece ive r  components would be purchased f u l l y  

f ab r i ca ted ,  and r e q u i r e  o n l y  assembly i n  the  manufactur ing f a c i  1 i t y .  

B.1.1.9 LFDR-TR Est imate Basis 

M a t e r i a l s  requirements f o r  the LFDR-TR concentrator  were est imated based 

upon examinat ion o f  p ro to type concentrators a l ready constructed, concentrator  

conceptual designs, and con tac t  w i t h  concept proponents. Ma te r ia l s  requ i re-  

ments and s p e c i f i c a t i o n s  developed f o r  c o s t i n g  purposes are given i n  Table B.6. 

TABLE 8.6. M a t e r i a l s  S p e c i f i c a t i o n s  Assumed f o r  LFDR-TR Concentrator 

I tem S p e c i f i c a t i o n  Q u a n t i t y  

R e f l e c t i v e  Surface Second s u r f  ace m i r r o r  18.1 m2 

Support S t r u c t u r e  Concrete w i t h  w i r c  f i b e r  
r e i n f o r c i n g  4.5 yd3 

Dr ive /Track ing U n i t  One-axis d r i v e l t r a c k i n g  
u n i t  1 per concentrator  

Foundation Concrete w i t h  w i r e  f i b e r  
r e i n f o r c i n g  0.9 yd 3 

Concentrator cos t  estimates.assume t h a t  d r i v e / t r a c k i n g  u n i t  components 

would be purchased f u l l  y fabr ica ted,  and r e f l e c t i v e  sur face m a t e r i a l s  pur- 

chased p a r t i a l l y  f ab r i ca ted .  Concentrator support s t r u c t u r e  and foundat ion  

would be f i e l d  fabr ica ted,  w i t h  the r e f l e c t i v e  sur face i n s t a l l e d  as p a r t  o f  



. support s t r u c t u r e  f a b r i c a t i o n .  F i e l d  i n s t a l l a t i o n  and cons t ruc t i on  costs 

assume t h e  use o f  reusable forms f o r  concrete work, and conventional construc- 

t i o n  equipment. 

U n i t  costs f o r  r e f  1  e c t i  ve surfaces and d r i v e l t r a c k i n g  u n i t s  were devel- 

oped us ing the  same cost  bases es tab l ished f o r  t h e  PFCR/R h e l i o s t a t ,  as 

described i n  Sect ion 8.1.1.1.  ater ria is costs f o r  concrete w i t h  w i re  f i b e r  

r e i n f o r c i n g  were developed us ing in fo rmat ion  from t h e  Robert Snow Means Co. 

cons t ruc t i on  cos t  e s t i m a t i  ng manuals (1976, 1977) and in format ion  obtained 

f rom General Atomic Company. . . 

Receiver conceptual design in format ion  was obtained from design docu- 

ments, examination o f  p ro to type ' rece ivers ,  and d iscussion w i t h  'concept propo- 

nents. Ma te r ia l s  costs f o r  the  rece ive r  were est imated us ing  the  same cost  

data as developed f o r  concentrator  ma te r ia l s ,  and assume t h a t  rece ive r  mater- 

i a l s  are purchased p a r t i a l l y  o r  f u l l y  fabr ica ted.  ,. 

B.l. l .10 LCNT Est imate Basis 

The LCNT concentrator  conceptual design i s  s i m i l a r  t o  nonimaging concen- 

t r a t o r s  being developed a t  Argonne Nat iona l  Laboratory and t h e  U n i v e r s i t y  o f  

Chicago. Mater i  a1 s  s p e c i f i c a t i o n s  and q u a n t i t i e s  were based p r i n c i p a l  l y  on 

design in format ion  publ ished by A r thu r  D. L i t t l e ,  Inc.  (1977), and are shown 

i n  Table 8.7. 

TABLE B. 7. Mater'i a1 s  'spec' i f  i c a t i  ons Assumed f o r  LCNT Concentrator 

I tem S p e c i f i c a t i o n  Q u a n t i t y  

Ref1 e c t i  ve Surface Po l  i shed a1 umi num 51.2 m2 

Cover G l  ass G l  ass 14.2 m2 

Support S t ruc tu re  Galvanized s tee l  240 1  b  

Support S t ruc tu re  Carbon s t e e l  230 l b  

T i 1  t ~ s s e m b l ~  Manual t i 1  t adjustment 1 per concentrator  

Foundat i on Concrete, average r e i n f o r c i n g  1.6 yd3 



Concentrator cost  est imates were developed assuming t h a t  most ma te r ia l s  

would be purchased f u l l y  f ab r i ca ted ,  w i t h  p a r t i a l  f a b r i c a t i o n  of some compo- 

nents done i n  the concent ra tor  manufactur ing fac i 1 i ty. Concentrators would be 

shipped f rom t h e  manufactur ing f a c i l i t y  e s s e n t i a l l y  f u l l y  assembled, r e q u i r i n g  

o n l y  mounting on foundat ions and i n s t a l l a t i o n  o f  t he  tilt assembly i n  the  

f i e l d .  F i e l d  i n s t a l l a t i o n  cos ts  assume t h e  use o f  convent ional  cons t ruc t i on  

equipment: 

  ate rials costs f o r  galvanized and carbon s t e e l  components were developed 

us ing  t h e  same cos t  data base es tab l ished f o r  t h e  PFCR/R h e l i o s t a t ,  as 

descr ibed i n  Sect ion B.1.1.1. Ma te r ia l s  costs f o r  aluminum r e f l e c t i v e  sur-  

faces were obta ined us ing  u n i t  cos t  est imates developed f o r  t he  LFDR-TC,curr- 

cen t ra to r ,  as discussed i n  Sect ion B.1.1.8. The t i l t assembly was assumed t o  

c o n s i s t  of cable, drums, and p ipe.  Costs f o r  p ipe  were obtained from con- 

s t r u c t i o n  cos t  es t imat ing  manuals (Robert Snow Means Co. 1976, 1977; Guthr ie  

1974). Cost allowances f o r  cable and cable drums were'based upon considera- 

' t i o n  o f  c u r r e n t  costs f o r  s i m i l a r  app l ica t ions .  An o v e r a l l  ma te r ia l s  and 

i n s t a l l a t i o n  cos t  was developed f o r  t he  concentrator  foundation, and was 

, obta ined f rom cons t ruc t i on  cost  es t imat ing  guides (Robert Snow Means Co. 1976, 

1977). 

Est imates o f  rece ive r  cost  were based upon cu r ren t  costs o f  vacuum tube 

rece ivers ,  and expectat ions f o r  cos t  reduct  ions al: irrcr;eased product ion  v o l =  

umes ( ~ r t h u r  D. L i t t l e  1977). Receiver costs assume t h a t  rece iver  tubes would 

be purchased f u l l y  f a b r i c a t e d  from a s p e c i a l t y  manufacturer, and i n s t a l l e d  i n  

the  concentrator  a t  the c o l l e c t o r  manufactur ing f a c i l i t y .  

Concentrator Cost Est imates 

Concentrator cost  est imates are shown i n  Table B .8. Cusl $esL i~i iates site 
2 a lso  repor ted  o n ' a  u n i t  cost  basis, i n  $/m , i n  Table B.9. Concentrator 

cos ts  are broken ou t  i n t o  major accounts, namely mater ia ls ,  labor, f i x e d  

charges, manufactur ing markup, and f i e l d  costs. Mater ia ls ,  labor ,  f i x e d  . 

charges, and manufactur ing markup are cos ts  incur red a t  t h e  concentrator  manu- 

f a c t u r i n g  f a c i l i t y .  It should be noted t h a t  the  est imates i n  Table B.8 do not  

i n c l u d e  standard f i e l d  i n d i r e c t  cos ts  o r  cont ingencies, which are conta ined i n  

separate accounts. 



Concentrator Cost Est imates ($/Concentrator; 1978 $ )  

PFCR/R PFCR/B PFDR/R PFDR/B PFDR/S . FMDF LFCR LFDR-TC 

MATERIALS 

Ref 1 e c t i  ve Surf ace 

Ref 1 ect i v e  Surf ace Support 

Main St ructura l  Support 

~ e b e s t a l  . . :"" 

Drive/Tracking . 

Miscell.aneous ' .  ' 

' .  
LABOR 

D i rec t  Production 47 47 840 840 840 2,530 108 30 

Oirkt supervisory and C le r i ca l  7 
. . 

7 126 126 126 3 80 16 4 

~ d m i n i s t r a t i v e  . ' 19 ' 19 , 336 336 336 1.013 43 12 

Manufacturing Plant.  ~ a i  ntenanze 11 11 33 33 33 422 16 3 

Over heads 16 16 .. 250 250 . 250 8 34 35 9 

FIXED CHA1GES. : . ., .: 266 266 857 857 857 10,554, 401 . . 87, 

MANUFACTU~ING MARKUP 

FIELD COSTS 

Foundat ion . . 310 310 1.100 1,100 1,100 7,317 200 200 

F i e l d  Construct ion -- -- -- - - - - 49,500 -- . - - 
I n s t a l l a t i o n  and Checkout 350 350 1,700 1,700 1,700 19,000' 180 123 

TOTAL COST 3,898 3,898 . . 
11,653 11,653 11,653 ' 190.000 4,023 1,070 

LFDR-TR 



TABLE B.9. 

R e f l e c t i v e  Surface 8.2 

Ref 1 ec t  i v e  Surf ace Support -- 
Main S t ruc tu ra l  Suppor': 10.2 

Pedestal 2.2 

Dr ive/Tracking 28.6 

~ i s c e l  laneous 3.0 

LABOR 

D i r e c t  Production 1.0 

D i r e c t  Superdisory and C l e r i c a l  0.1 

Admin is t ra t i  .e 0.4 

Manuf acturin; P lant  Mai n t e ~ a n c e  0.2 

Overheads 0.3 

FIXED CHARGES 5.4 

MANUFACTURING MARKUP 6.5 

FIELD COSTS 

. .  . Foundation 6.3 ' 

F i e l d  Construct ion - - 
I n s t a l l a t i o n  and Checkout 7.1 

TOTAL UNIT CO'T, $/m2 80 

Concentrator U n i t  Cost Est imates ($/r2, 1978 $)  

FMDF; PFCR/B 'FDR/R PFDR/B PFDR/S LFCR LFDR-TC LCNT 



General t rends i n  the  concentrator  cos t  .estimates can be observed most 

e a s i l y  f rom Table B.9, where u n i t  cos ts  are shown. D i f fe rences among e s t i -  

mated concentrator  u n i t  costs are discussed and r a t i o n a l i z e d  below. 

B.1.2.1 M a t e r i a l s  

A1 1 m a t e r i a l s  purchased by the  concentrator  manufactur ing f a c i l i t y  are 

inc luded i n  t h e  m a t e r i a l s  account. M a t e r i a l s  are broken out  f u r t h e r  i n t o  major 

subaccounts. The r e f 1  e c t i v e  surface subaccount covers a1 1 m a t e r i a l s  used i n  

t he  concentrator  r e f l e c t i v e  surface, bu t  excludes anyth ing r e l a t i n g  t o  t h e  

s t r u c t u r a l  r i g i d i t y  o f  the r e f l e c t i v e  panel. Panel s t i f f e n i n g  members are 

inc luded i n  t h e  r e f l e c t i v e  sur face support subaccount. Pr imary concent ra tor  

s t r u c t u r a l  members are contained i n  the main s t r u c t u r a l  support subaccount. 

The d i s t i n c t i o n  between t h e  r e f l e c t i v e  sur face support and the  concent ra tor  

s t r u c t u r a l  support subaccounts i s  sub jec t ive ,  and i s  intended t o  h i g h l i g h t  

d i f ferences between r e f l e c t i v e  panels us ing  i n t e g r a l  s t r u c t u r a l  support and 

panels b o l t e d  d i r e c t l y  t o  the main concentrator  support s t ruc tu re .  Components 

i n  t h e  pedestal  subaccount are used t o  r a i s e  t h e  concent ra tor  above ground 

l e v e l .  The d r i v e / t r a c k i n g  subaccount conta ins  a l l  motors, gearing, and t rack -  

i n g  u n i t s  requ i red  f o r  t he  c o l l e c t o r ,  regard less  o f  whether t h e  concept has a 

t r a c k i n g  concentrator  or  t r a c k i n g  rece i ve r .  Attachment brackets, al lowances 

f o r  wastage, and s i m i l a r  m a t e r i a l s  no t  f i t t i n g  i n t o  o ther  subaccounts are  

inc luded i n  the miscel laneous subaccount. 

Ref1 e c t i v e  sur face costs d i f f e r  among concepts p r i n c i p a l l y  because o f  the 

type o f  m a t e r i a l  used ( i  .e., g lass versus a luminized)  and the  r a t i o  o f  aper- 

t u r e  area t o  t o t a l  r e f l e c t i v e  sur face area. Among the  concepts us ing  a g lass 

m i r r o r ,  t h e  lowest  r e f l e c t i v e  sur face cos t  i s  achieved by the  FMDF and LFDR-TR 

concepts, which do no t  use a glass back panel. This can be somewhat decep- 

t ive.,  however. I n  t h e  case o f  t h e  FMDF, d e l e t i o n  o f  t h e  g lass back panel 

necess i ta tes  a more complicated, and expensive, r e f l e c t i v e  sur face support t o  

p r o t e c t  t he  m i r r o r  s i l v e r i n g .  The PFDR concepts have somewhat h igher  r e f l e c -  
- 

t i v e  sur face costs than o ther  concepts us ing  glass m i r r o r s  due t o  more complex 
.I 

fo rmat ion  o f  t h e  m i r r o r  t o  achieve a pa rabo l i c  s t ruc tu re .  The h ighes t  r e f l e c -  

t i v e  sur face cost  f o r  any concept was achieved by the  LCNT concept, which 

r e s u l t e d  f rom a l a r g e  sur face area- to-aper ture area r a t i o ,  and i n c l u s i o n  o f  

t he  cover glass i n  the  r e f l e c t i v e  sur face cos t  accounting. 



R e f l e c t i v e  sur face support was, used i n  the  cons t ruc t i on  o f  m i r r o r  panels 

f o r  t h e  PFDR concepts and t h e  FMDF concept. I n  t h e  case o f  t h e  PFDR concepts, 

r e f l  e c t i v e  surface support was achieved w i t h  an economy o f  mater ia ls ,  r e s u l t -  

i n g  i n  a low cost .  R e f l e c t i v e  sur face support f o r  t h e  FMDF used a much more 

compl icated m i r r o r  panel const ruc t ion ,  i n v o l v i n g  both advantages and disadvan- 

tages. The advantages o f  t h i s  cons t ruc t i on  are t h a t  t h e  need f o r  a g lass back 

panel t o  the  r e f l  e c t i v e  panel i s  e l  iminated, and requirements f o r  concentrator  

s t r u c t u r a l  support are s i m p l i f i e d .  The pr imary disadvantage t o  t h i s  approach 

i s  the  subs tan t ia l  added cos t  t o  m i r r o r  panel const ruc t ion .  

M a t e r i a l s  costs f o r  t he  concentrator  main s t r u c t u r a l  support vary consid- 

e r a b l y  f o r  two concepts, t h e  LFCR and LCNT. S t r u c t u r a l  support costs f o r  t h e  

LCNT are the  lowest o f  any concept. This r e s u l t s  from low requirements f o r  

concent ra tor  r i g i d i t y ,  and a v e r y  l i g h t  concentrator  const ruc t ion .  At t h e  

h i g h  end o f  the  scale, s t r u c t u r a l  support costs f o r  the  LFCR concentrator  are 

rough ly  t w i c e  those o f  t h e  o ther  h e l i o s t a t  concepts, t h e  PFCR/R and PFCR/B. 

The l a r g e  cos t  increase r e s u l t s  from the requirement f o r  a v a r i a b l e  f o c a l  

l e n g t h  on t h e  LFCR concentrator .  Achieving t h e  f o c a l  l eng th  adjustment neces- 

s i t a t e s  a much more complicated concentrator  support s t r u c t u r e  than would 

otherwise be requ i red .  

Main s t r u c t u r a l  support costs tend t o  be grouped f a i r l y  c lose f o r  the  

PFCR, PFDR, and LFDR-TC concepts. D i f fe rences among these concepts are a t t r i -  

buted t o  both the concentrator  weight t h a t  must be supported and the  complex- 

i t y  o f  t h e  support s t ruc tu re .  Ma te r ia l s  costs f o r  main s t r u c t u r a l  supports 

are no t  l i s t e d  f o r  the  FMDF and LFDR-TR concentrators, as these concepts 

employ f i e l d - c o n s t r u c t e d  concrete support s t ruc tures ,  which are  inc luded under 

f i e l d  costs. 

Pedestal mater i a1 s costs are lowest f o r  1 i ne focus concentrators, which 

are supported r e l a t i v e l y  c lose  t o  ground l e v e l .  O f  t h e  p o i n t  focus ing con- 

cepts us ing  pedestals, t he  PFCR concepts have somewhat lower cos ts  than the  

PFDR concepts, because pedesta l  he ights  are lower and pedesta ls  are requ i red  

t o  support less  weight fo r  t he  PFCR concepts. Pedestal m a t e r i a l s  costs are 



not listed for the FMDF and LFDR-TR concepts; because pedestal costs are 

inherent in their concrete support structures, they are included under field- 
incurred cost s. 

2 Drive/tracking units vary over a range of $28/m among the concepts, 
and hence have a significant impact upon concentrator cost estimates. Among 
the two-axis tracking concepts, economies of scale play a major role in the 
relative costs of drive units. Many drive/tracking components remain fixed, 
or increase only moderately in price, as concentrator aperture area increases. 

This effect is responsible for the lower unit -cost for the drive/tracking por- 
ti on of the PFDR concepts in comparison to the PFCR concepts, and partially 
explains why the two-axis tracking FMDF concentrator has lower drive/tracking 
costs than either the PFCR or PFDR concentrators. 

In addition to economies of scale, design differences among the two-axis 
tracking systems must also be considered in examining relative drive/tracking 
unit costs. Differences between the drive/tracking costs of the FMDF and the 
other two-axis tracking concepts are partly due to the use of a tracking 
receiver rather than a tracking concentrator. Unfortunately, there is not 
sufficient information to ferret out what portion of the FMDF concept's advan- 
tage in drive unit cost is due to economies of scale, and what portion. is 
related to the cost advantages or disadvantages of using a tracking receiver. 
It is noted, however, that using a tracking receiver concept seems to be the 
only feasible approach for concentrators as large as the FMDF, suggesting 
that, to obtain maximum economies of scale benefits in drive/tracking unit 
costs, tracking receivers must be used. 

Relative drive/tracking unit costs for one-axis tracking concentrators 
tend to be affected by economies of scale, as are the two-axis tracking con- 
centrators. Minimizing drive/tracking unit costs can be done to a great 

extent by operating a number of concentrators ganged to a common drive/track- 
ing unit . The LFDR-TC concept achieved the lowest overall drive/tracking cost 

2 using eight concentrators, a total of 128 m , ganged to a common unit. The 

LFCR concept employed a common drive/tracking unit ganged to a total of 112 m 2 

and achieved a cost slightly greater than the LFDR-TC concept. A significant 
portion of the LFCR drive/tracking unit cost is incurred for the focus unit, 



used to adjust concentrator focal length. The LFDR-TR concept uses a tracking 

jack fo r  each concentrator section, and so cannot gang a number of concentra- 
tors  to  a common drive. This resul ts  in a much higher cost for  the .LFDR-TR 

drive/tracking unit than fo r  other one-axis tracking concepts. 

Because of i t s  nontracking configuration, the LCNT concept incurs no cost 

f o r  a drive/tracking uni t .  Mechanisms providing manual ti1 t adjustments t o  
the LCNT concentrator are included under concentrator main s t ructural  support. 

Miscell aneous mater i a1 s cost a1 1 owances ref 1 ect  the complexity of concen- 
t r a t o r  designs. Concentrators with complicated support structures and more 
complicated re f lec t ive  panel attachment incurred higher costs for  miscellane- 
ous materials than did concentrators with simpler designs. 

B.1.2.2 ' ~ a b o r  

This account includes a l l  d i rec t  and indirect labor-oriented costs incur- 
red in the concentrator manufacturing f a c i l i t y .  The d i rec t  production subac- 
count includes al l  estimated costs for  d i rec t  manufacturing labor and assembly 
labor. Labor costs tha t  are not d i rec t ly  related t o  concentrator production 
are contained in the d i rec t  supervisory and c l e r i ca l ,  administrative, and man- 
ufacturing plant maintenance subaccounts. Labor overheads are contained in 
the overheads subaccount. 

Direct production labor costs are d i rec t ly  proportional to  the number and 
complexity of concentrator components that  must be fabricated and assembled I n  
the concentrator manufacturing f a c i l i t y .  Direct production labor costs are 
lowest fo r  the LFDR-TR and FMDF concepts, both of which employ extensive f i e l d  
construction. The use of f i e l d  construction reduces direct  production costs 
a t  the expense of an increase in f i e l d  construction costs.  Concentrator com- 
plexi ty and number of par ts  i s  suf f ic ien t ly  similar for  the PFCRIR, PFCRIB,  
LFCR,  LFDR-TC, and LCNT concepts that  only re la t ive ly  minor variations in 
d i rec t  production costs occur. Because of the i r  large s i t e  and complex struc- 

tu re ,  d i r ec t  production costs are higher for  the PFDR/R,  PFDR/B, and PFDR/S 
concentrators than for  those of other concepts. The complexity of assembling 

PFDR concentrators requires assembly scenarios with a higher percentage of 
human labor than other concepts, where more automation i s  feasible .  



Direct supervisory and clerical, administrative, and manufacturing plant 

maintenance are all indirect labor costs. These were calculated in the same 

way for all concepts, based upon other manufacturing inputs. Calculation 
methods for each subaccount are given in Table B.lO. These estimating rules 
are essent i a1 ly assumptions regarding the amount of indirect, 1 abor required in 
the concentrator manufacturing industry. This somewhat simplified approach 
was possible because of the belative nature of the concentrator comparison. 
Use of a,standard estimating method tends to affect all concepts equally; 
without disrupting relative cost ranking. 

TABLE B.lO. Calculation Methods for Indirect Labor Costs 

Subaccount Calculation Method 

Direct supervisory and 15% of direct production 
clerical labor cost labor cost 

Administrative costs 40% of direct production 
labor cost 

Manufacturing plant 1% of manufacturing 
mai ntenance , plant capital cost 

Overheads on labor cost were estimated as 25% of the costs for direct 
production labor, direct supervisory and clerical 1 abor , and manufacturing 
plant maintenance. As with indeirect labor costs, this was essentially an 
assumption that was applied equally to all concepts. 

B.1.2.3 Fixed Charges 

Fixed charges associated with the concentrator manufacturing facil i ty 
include return on investment, depreciation, annual taxes, and other payments. 
Fixed charges were calculated as a percentage of the capital investment for 
the concentrator manufacturing facility. 

Estimates of the overall collector manufacturing facility capital cost 
for the PFCR concepts were developed based upon information in heliostat manu- 
facturing studies (Drumhel ler 1978). Manufacturing faci 1 ity capital cost 

estimates for other types of collectors were subjectively scaled 'from the PFCR 
estimate, based on the complexity of collector fabrication and assembly. 



The judgments of c o l l  e c t o r  f a b r i c a t i o n  and assembly complexi ty  are shown 

i n  Table B.11. F a b r i c a t i o n  complexi ty  was judged by t h e  number o f  c o l l e c t o r  

components f a b r i c a t e d  i n  the  manufactur ing f a c i  1 i t y  and' the degree o f  f a b r i c a -  

t i o n  involved.  Assembly complex i ty  was judged by t h e  number o f  c o l l e c t o r  com- 

ponents assembled i n  the  manufactur ing f a c i l i t y ,  and the  type o f  assemblage 

requ i red .  Both f a b r i c a t i o n  and assemblage complexi ty  are a f fec ted  by c o l l e c -  

t o r  p roduct ion  ra tes ,  w i t h  h igher  product ion r a t e s  increas ing complexity.  

TABLE B. 11. C o l l  e c t o r  Fabr i ca t  i o n  and Assemblage Complexity 

Fabr i ca t i on  Complexity 

Moderate ly  Moderately 
Low Low Base1 i ne High High 

LC NT FMDF PFCR/R LFCR PFDR/R 

LFDR-TR PFCR/B LFDR-TC PFDR/B 

PFDR/S 

Assemblage Complexity 

Moderate ly  Moderately 
Low Low Base1 i ne High High 

FMBF LFDR-TC PFCR/R I.. I: NT PFDR/R 

LFDR-TR PFCR/B LFCR PFDR/B 

. PFDR/S 

Cap i ta l  cos t  est imates were developed based on est imates o f  PFCR h e l i o -  

s ta t *manu fac tu r ing  f a c i l i t y  c a p i t a l  costs and the  judgments o f  Table B.11, and 

are shown i n  Table B.12. The est imates are f o r  a l l  c o l l e c t o r  manufactur ing 

f a c i l i t y  c a p i t a l  costs,  and not  s p e c i f i c a l l y  f o r  items r e l a t i n g  t o  concentra- 

t o r s  only.  

Estimates o f  f i x e d  charges were developed using an annual f i x e d  charge 

r a t e  o f  25%. Fixed charges were a l l oca ted  between concentrator  and rece ive r  

components based upon cons idera t ions  of the  o v e r a l l  product ion scenario. 



TABLE..B.12.. Collector Manufacturing Fac i l i t y  Capital Cost ~ s t i m a t e s  
(1978. $)  

Concept 
LFDR-TR 

FMDF 

LCNT 

. LFDR-TC 

LFCR 

Faci 1 i t y  Cap'i t a l  Cost 
$12,000,000 
$17,000,000 

'$18,0,00,000 . . 

$26,000,000 
$26,000,000 
$29,000,000 
$33,000,000 

Uncertainties involved in estimates of fixed 'charges are r e l a t i ve ly  large. 
However, the  e f f e c t s  of these  uncer ta int ies  in  the  overall  concentrator cos t  
estimate are .small, because of the  small percentage of co l lec to r  costs  consti-  
tu ted by fixed charges. 

8.1.2.4 Manufacturing ~ a r k u ~ s  

The manufacturing markup account consis ts  of a standard p ro f i t  markup 
applied t o  concentrator mater ia ls  and labor cos t s .  This markup was calculated 
as 12% of materi a1 s and 1 abor costs  ' f o r  a1 1 concepts. 

B.1.2.5 Field Costs 

Field -costs  sumnarize . a l l  . . concentrator costs  incurred outside the concen- 
t r a t o r  manufacturing f ac i  1 i t y .    he foundation subaccount cons i s t s  b f  cos t s  
f o r  materi a1 s and 1 abor f o r  -the concentrator foundation. The f i e l d  construc- 

t ion  subaccount contains cos t s  f o r  major concentrator fabr jca t ion  and con- 
s t ruct ion - performed in the f i e l d ,  and consis ts  o f  mater ia ls  and labor cos t s ,  
and remote construction burdens. The i n s t a l  l a t ion  and checkout subaccount 

consis ts  of costs  fo r  f i e l d  i n s t a l l a t i on  of concentrator components, hookup t o  
control systems, and concentrator checkout. 



Foundation cos ts  show e f f e c t s  o f  economies o f  sca le  f o r  most concepts, 

w i t h  foundat ion  cos ts  decreasing as concentrator  aper ture area increases.. 

Th i s  i s  ev iden t  f rom examining t h e  range o f  foundat ion  costs.  Lowest founda- 

t i o n  cos ts  were achieved by the  FMDF concentrator ,  which i s  by f a r  the l a r g e s t  

concent ra tor .  The h ighes t  foundat ion  cos ts  were i ncu r red  f o r  t h e  LCNT concen- 

t r a t o r ,  t he  smal lest  concent ra tor  o f  the group. 

Two o f  the  concepts analyzed show except ion t o  the  economies-of-scale 

t r e n d  i n  foundat ion  costs.  The LFDR-TR concent ra tor  h a s ' s i g n i f i c a n t l y  lower 

founda t ion  cos ts  than o ther  concentrators i n  the  same s i z e  range. Low founda- 

t i o n  cos ts  f o r  t he  LFDR-TR concent ra tor  are due t o  t h e  i nco rpo ra t i on  o f  an 

i n t e g r a l  foundat ion pad du r ing  f i e l d  cons t ruc t i on  o f  the  concrete main s t ruc -  

t u r a l  support.  The PFDR concent ra tors  stand out  as n o t  having cos t  reduc t ions  

due t o  economies o f  scale. R e l a t i v e l y  h igh  foundat ion  cos ts  f o r  the PFDR con- 

c e n t r a t o r s  cou ld  be t h e  r e s u l t  o f  a  nonoptimal foundat ion  design, o r  some 

diseconomies o f  sca le  t h a t  may e x i s t  f o r  l a r g e  concentrators us ing  a s i n g l e  

f oundat i on. 

F i e l d  cons t ruc t i on  cos ts  are i ncu r red  by t h e  FMDF and LFDR-TR concepts 

d u r i n g  c o n s t r u c t i o n  o f  t h e i r  concrete s t r u c t u r a l  supports. Costs are lower 

f o r  the  FMDF concept, a l though i t  uses a much more complex cons t ruc t ion ,  

because o f  i t s  use o f . c r i s s - c r o s s  concrete support beams. The LFDR-TR concen- 

t r a t o r  r e q u i r e s  a s o l i d  concrete support s t ruc tu re ,  which uses much more con- '  

c r e t e  per  square meter ape r tu re  area than .does t h e  FMDF concentrator .  

I n s t a l l a t i o n  and checkout. costs are d i r e c t l y  r e l a t e d  t o  the  complex i ty  o f  

concen t ra to r  f i e l d  assembly. The LCNT concentrator ,  which i s  shipped f u l l y  

assembled, requ i res  o n l y  qu ick  mounting on i t s  foundat ion,  and no p rec i se  

al ignment.  Complex f i e l d  assembly and more p rec i se  al ignment i s  requ i red  f o r  
2 t he  PFDR concentrators, 'which r e s u l t  i n  cos ts  almost $151111 h igher  than f o r  

t h e  LCNT. I n s t a l l a t i o n  and checkout cos ts  f o r  o ther  concepts f a l l  between t h e  

LCNT concept a t  the  low end o f  the sca le  and the  PFDR concepts a t  the  h igh  end 

o f  t h e  scale.  



811.3 - Receiver Cost Estimates . . 

Reeiver cost estimates can best be discussed as. two groups: distributed 

'- receivers and central receivers. Distributed receiver concepts use a receiver 

of constant design, and use receivers in a constant proportion to concentra- 

tors (generally one receiver per concentrator). Central receiver concepts use 

one receiver for any number of concentrators, and vary receiver design as the 

size of the concentrator field changes. These approaches to col lector design 

lead to fundamentally different receiver cost behavior. Receiver unit costs 

for 'distributed receiver concepts are constant for any collector field size, 

while unit costs for.centra1 rece'ivers vary with changing collector field size. 

B.1.3.,1 ~istributed Receiver Costs 

Receiver cost est imates for the seven distributed receiver concepts ana- 
2 lyzed are shown in Table ~ . 1 3 ,  on a $/m unit cost basis. Table B.13 pre- 

sents an aggregated cost estimate for the FMDF receiver, because it was not .. 

possible to generate more detailed cost breakdowns within the scope of this 

study. Estimated costs for fi.eld installation, fixed charges, and manufactur- 

ing markups were, in most cases, generated for an overall collector cost esti- 

mate, and split out later for allocation between concentrator and receiver 

components. Division of these costs among concentrator and receiver compo- 

nents was determined somewhat subjectively, depending upon collector design 

and assembly scenarios. 

.TABLE 8.13. Distributed ~eceiver unit Costs ($/m*, 1978 $ )  

Mater i a1 s 
PFDR/R PFDR/B PFDR/S FMDF LFDR-TC LFDR-TR LCNT 
20 20 32 -- 4.6 7 21 

Labor (Direct and 0.8 . 0.8 1.5 -- 0.5 0.6 2.5 
Indirect) 

Fixed Charges and Manu- 
facturing Markup 3.5 3.5 6.3 -- 1 .4. 3.3 3.5 

Field Installation 0.7 0.7 0.7 -- 1.1 3.6 2.5 

Total Unit Cost 2 5 2 5 40 24.8 7.8 28 2 9 



Materials costs account for approximately 60 to 80% of the total installed 
receiver cost. The LFDR-TC receiver attains the lowest unit cost by a consid- 
erable margin. . A large portion of the advantage in materials cost of the 
LFDR-TC receiver is.due to its considerably lower operating temperature com- 
pared to all concepts other than the LCNT. The lower temperature characteris- 
tics of the LFDR-TC receiver allow the use of a relatively simple design using 

standard, inexpensive components. The LCNT concept, using a relatively low- 
temperature receiver design, does not experience materials cost advantages 
over other concepts due to the overall collector design. By using a low con- 
centration concentrator, the LCNT reduces concentrator costs at the expense of 
receiver costs. The low concentration ratio requires a large number of 

receiver tubes per collector, greatly increasing receiver unit cost. In addi- 
tion, the vacuum tube receivers required for the LCNT are significantly more 
expensive than the nonvacuum receiver used on the LFDR-TC. 

Material costs are highest for the PFDR/S receiver, because it uses 
sodium heat pipes. The heat pipe design adds 60%,to the materials cost of the 

nonheat pipe PFDR/B receiver. / 

Labor costs are affected by the degree of fabrication required for 

receiver components and the complexity of receiver assembly. Lowest labor 
costs were required for the LFDR-TC and LFDR-TR receivers, because of the 
small amount of fabrication assumed and the relatively simple assembly of 
receiver components. Labor costs for the PFDR/R and PFDR/B receivers were 
slightly higher than the lowest group due to somewhat more complex assembly. 
Assembly was significantly more difficult for the PFDR/S receiver with its 
heat pipe design, and was reflected in higher labor costs. Highest labor 
costs were incurred for the LCNT receiver, and account purely for factory 
installation of the receiver in the concentrator, because LCNT receivers were 

assumed to be purchased fully fabricated. Installation of the LCNT receiver 
was complicated by the large number of receiver tubes to be installed and con- 

nected within each concentrator. 

Fixed charges and manufacturing markup follow exactly the same order as 

labor costs, with the exception of the LCNT concept. The trend is established 



largely by the fixed charge component, which is related to the capital invest- 
ment required to fabricate and assemble receiver components. Costs for the 
LCNT receiver are no longer at the top of the group as they were for labor 
costs, because a relatively large portion of LCNT labor is performed by hand, 
minimizing capital investment. For all other concepts, the relative order of 
fixed charges and manufacturing markup* is the ,same as for labor costs. The 
manufacturing markup component is proportional to mater i a1 s costs, and results 
in a larger spread among concepts for fixed charges and manufacturing markup 
than was present for labor costs. . , 

Field. installation costs. were assumed to be the same for the PFDR/R, 

PFDR/B, and PFDR/S!receivers, and were. the lowest of any concept. Although 
field installation of the PFDR receivers was relatively complex, this cost was 
spread .out over a large concentrator area, resulting in a 1ow.unit cost.. Dif- 

ferences among installation costs for the LFDR-TC, LFDR-TR, and LCNT concepts 
are due to differences in .the type .ofc installation tasks required and in the . . 

allocation of costs for install ation tasks gong co"centrator and receiver 

Receiver unit costs for the FMDF concept are based upon E-Systems esti- . 

mates..and presented as an aggregated cost. The.PFDR/R receiver is most similar 
in function ' to the FMDF receiver, and so provides a:basel i ne. for a subjective 
comparison of designs and cost estimates. The FMDF receiver.is. more compli- 
cated in structural support than the PFDR/R receiver, because of the FMDF's 

. . 
tracking receiver design. ~eglecting,structural~supports, , . .  the FMDF receiver 

, '  ' 

is inherently simpler than the ,PFDR/R .receiver on the basis of its open, rather 
' " ,  - 

than cavity,. design. : $..From a cost standpoint, two factors are potential ly of 
great importance: mass prodictiop cost benefits favor the PFDR/R receiver , 
since, it was assumed to be produced.. at larger production . . rates than the FMDF. 
Economies of. scale favor the, FMDF, since its receiver is much 1 arger than the 
PFDR/R receiver.,..It.was judged that economies of scale and an overall simpler 

* . .  
receiver design would, outweigh . . factors favoring the, PFDR/R receiver, so that 

. . 

the unit . . cost for the FMDF would be the l<ower of . the-two. . .  For these reasons, 
the E-Systems overall estimate of receiver ?ost was consi dered to be suff i - . 

, . 
ciently conservatixe for use in this study. 



B.1.3.2 Cent ra l  Receiver Costs 

Un li k e  d i s t r i b u t e d  r e c e i v e r  concepts, c e n t r a l  r e c e i v e r  concepts were 

analyzed u s i n g  r e c e i v e r  c o n f i g u r a t i o n s  t h a t  were va r ied  f o r  d i f f e r e n t  c o l l e c -  

t o r  f i e l d  s izes .  F o r ' t h e  PFCR/R and PFCR/B concepts, adding h e l i o s t a t s  t o  the 

c o l l e c t o r  f i e l d  requ i red  i nc reas ing  tower he igh t  and r e c e i v e r  s i ze .  For the 'r 

LFCR concept, i nc reas ing  the  number o f  h e l i o s t a t s  necessi tated adding a  l i n e a r  

r e c e i v e r  segment and support tower. 'Because no s i n g l e  r e c e i v e r  c o n f i g u r a t i o n  

was used, r e c e i v e r  cos ts  va ry  w i t h  h e l i o s t a t  f i e l d  s ize.  

Cen t ra l  r e c e i v e r  cos ts  can be broken down i n t o  costs f o r  t he  r e c e i v e r  

i t s e l f ,  i w A  cnsts f o r  towers, I n  t h i s  d e f i n i t i o n ,  a l l  s t r u c t u r a l  support com- 

ponents f rom the  r e c e i v e r  base down are considered as p a r t  o f  the  tower; a l l  

o ther  components are p a r t  o f  t h e  rece i ve r .  

Tower cos ts  as a  f u n c t i o n  o f  tower h e i g h t  are shown i n  F igure B.'1. A  

range of tower he igh ts  i s  used f o r  t h e  PFCR/R and PFCR/B, w h i l e  a  s i n g l e  s i z e  

tower, 61 m  high,  i s  used fo r  t he  LFCR concept. The LFCR tower costs approxi -  

ma te l y  28% l e s s  than towers o f  s i m i l a r  he igh t  f o r  ' t h e  PFCR concepts because o f  

mass p roduc t i on  bene f i t s .  By us ing  a  l a r g e  number o f  i d e n t i c a l  towers, tower 

eng ineer ing  and c o n s t r u c t i o n  cos ts  can be g r e a t l y  reduced. PFCR/R and ,PFCR/B 

concepts do n o t  experience these e f f e c t s  t o  t h e  same degree as t he  LFCR because 

t h e y  use a  number o f  d i f f e r e n t - s i z e d  towers. 

Tower cos ts  f o r  PFCR/R and PFCR/B concepts vary '  w i t h  h e l i o s t a t  f i e ' l d  s i z e  

because t a l l e r  towers are r e q u i r e d  as more h e l i o s t a t s  a re  added t o  the  f i e l d .  

A d d i t i o n a l  towers are requ i red  f o r  t he  LFCR concept as h e l i o s t a t s  are added t o  

the  f i e l d .  Est imated tower cos ts  f o r  a m a t r i x  o f  h e l i o s t a t  f i e l d  s i zes  a re  

shown i n  Table B.14. Tower costs f o r  t h e  PFCR/R arid PFCR/B concepts e x h i b i t  

economies o t  scale, w l t h  tower u r ~  i L c o s t  dect-easing as h c l  i o s t a t  a f i e l d  s i z e  

increases. Tower cos ts  f o r  t he  LFCR show diseconomies o f  scale, w i t h  tower . 

u n i t  c o s t  hecoming p r o g r e s s i v e l y  h igher  f o r  l a r g e r  h e l i o s t a t  f i e l d  areas. The 

diseconomies o f  scale stem f rom l a r g e r  r a t i o s  o f  h e l i o s t a t  f i e l d  area t o  the  

.number of rece i ve r  sec t ions  a t  smal ler  f i e l d  s izes.  Un l i ke  t h e  PFCR/R and 

PFCR/B concepts, t he  LFCR uses d i f f e r e n t  h e l i  o s t a t  arrangements fo r  a l t e r n a -  

t i v e  power p l a n t  r a t i n g s .  Therefore, LFCR r e c e i v e r  cos ts  vary  w i t h  bo th  h e l i o -  

s t a t  f i e l d  area and power p l a n t  r a t i n g .  



lo4 
10 loo loo0 . . 

TOWER HE1 GHT, METERS 

FIGURE, B.1. Central Receiver Tower Cost Estimates 

TABLE 8.14.. Central ~ e c e i v e r  Tower Costs ($/m2, 1978 $)  

.. . . . Concentrator Area ,. 

Concept 10,000 m2 40,000 m2 100,000 m2 400,000 m2 

PFCR/R 7.8 7.6. 7.5 7.3 

PFCR/B 7.8 7.6 7.5 7.3 
. , 

LFCR, 
' 1 . M W  ';d 1 46 ' .47 -- 

LFCR, ' 

.. .5 MW -- 33 36 37 

LFCR , 
10 MW 

Total  rece iver  costs, i nc lud ing  towers, are shown i n   able B.15. Receiver 

costs f o l l ow  the same trends as do tower costs, w i t h  economies o f  scale 

present f o r  the  PFCRIR and PFCR/B concepts, and disecoriomies o f  scale present 



f o r  t h e  LFCR concept. I n  general, costs f o r  LFCR rece ive rs  are s i g n i f i c a n t l y  

h ighe r  than fo r '  PFCR rece ive rs .  The major p o r t i o n  o f  t h i s  cos t  d i f f e r e n t i a l  

i s  due t o  tower costs. Both PFCR concepts experience s i g n i f i c a n t  savings a t  

a l l  f i e l d  s izes  by us ing  one support tower, r a t h e r  than many. 

TABLE 8.15. Cen t ra l  Receiver Costs, Tower and Receiver 
($/m2, 1978 $1 

Concentrator Area 

Concept, 10,000 m2 40,000 m2 100,000 m2 400,000 m2 

LFCR, 
1 MW 56 72 

LFCR, 
5 MW -- 

LFCR, 
10 MW 

O f  t h e  two PFCR concepts, t h e  PFCR/B rece ive r  i s  s i g n i f i c a n t l y  more expen- 

siv,e a t  a l l  f i e l d  s i zes  because o f  i t s  sodium hea t  pipes. Cost d i f f e rences  

between t h e  two rece ive rs  decrease s'l i g h t  l y  a t  l a rge  f l e l d  s izes,  as cu~~~ponen ts  

common t o  both rece ive rs  become la rge r  percentages o f  o v e r a l l  rece ive r  costs. 

B  .2 ENERGY CONVERSION SUBSYSTEM COST ESTIMATES 

Costs f o r  energy conversion subsystems were est imated using in format ion  

f rom a v a r i e t y  o f  sources, i n c l u d i n g  prev ious  studies,  contac t  w i t h  manufac- 

t u r e r s ,  and in format ion  f rom subcontractors. Estimated costs are s e n s i t i v e  t o  

, assumptions regard ing m a t u r i t y  O f  t he  I n d u s t r y  pr.uduc i l ly tlre energy convers ion 

subsystems and assumed product  i on  rates.  A1 1  cos t  est  imates assume t h e  energy 

convers ion subsystem i s  produced by a  commercial i n d u s t r y  a t  p roduct ion  r a t e s  

t o  match t h e  product ion o f  so la r  thermal power p lan ts .  Cost est imates do not  

i n c l u d e  R&D costs  and o ther  one-time cos ts  associated w i t h  i n i t i a l  i n d u s t r y  

commerciali zat ion.  



B.2.1 Rankine Cycle 

.The Rankine-cycle energy convers ion subsystems are described i n  d e t a i l  

i n  Appendix A.3.1. Bas ica l l y ,  two Rankine-cycle subsystems were considered: 

a low-temperature subsystem , f o r  t h e  LFDR-TC and LCNT concepts, and a high- 

temperature subsystem fo r  other  concepts. Both t h e  low- and high-temperature 

subsystems are c e n t r a l  generat ing types, us ing one turbogenerator per p lan t ,  

and so r e q u i r e  t h e  use o f  d i f f e r e n t  capac i ty  components as o v e r a l l  p l a n t  name- 

p l a t e  r a t  i ng changes. . 

Cost est imates f o r  Rankine-cycl'e energy conversion were based upon i n f o r -  

mation obtained f rom previous studies, publ ished cos t  in format ion,  and i n f o r -  

mation obtained through subcontractors. (Honeywell, Inc.  1977; S t e r l i c h  1975; 

Guthr ie  1.974; Meador 1977). Est imated costs are shown i n  Table B.16. 

S i g n i f i c a n t  economies o f  sca le  are present f o r  both the  low- and h igh-  

temperature systems. These economies o f  scale cause costs f o r  t he  conversion 

subsystems t o  be h igher than f o r  la rger ,  more conventional power p lants.  The 

high-temperature Rankine subsystems experience greater  b e n e f i t s  from economies 

o f  scale, and are l ess  expensive than the  low-temperature subsystems i n  a l l  

but  t h e  1-MWe case. 

TABLE 8.16. Rankine-Cycle Energy Conversion Subsystem Costs 
(1978 $ )  

Rated Capaci ty  . To ta l  Cost 
Subsystem Type MWe $1 kW 

1 860 

H i  gh-Temperature Ranki ne 5 

10 

Low-Temperature Ranki ne 

10 490 

B.2.2 Brayton Cycle 

Brayton-cycle energy conversion subsystems are decribed i n  d e t a i l  i n  

Appendix A.3.2. A c e n t r a l  Brayton-cycle engine was used f o r  t h e  PFCRIB con- 

cept, and small, d i s t r i b u t e d  engines were used f o r  t h e  PFDRIB concept. 



Sources used i n  determining Brayton-cycle energy conversion subsystem 

costs inc luded previous studies and contact  w i t h  .manufacturers (Sel cuk 1976; 

F u j i t a  e t  a l .  1978; AiResearch ,1975). . . 

Data suppl ied by AiResearch Manufacturing Company were heav i l y  weighted 

i n  developing cost est imates used i n  the analysis. These cost  estimates are 

shown i n  Table B.17. 

TABLE B.17. Brayton-Cycle Energy Conversion Subsystem Costs 
(1978 $ )  

Hated Capaclty Cost  
Subsystem Type MWe - $/kW 

1 162 
I 

Central  Brayton 5 155 

10 154 

D i s t r i b u t e d  Brayton 0.0175 246 

Although the d i s t r i b u t e d  Brayton conversion subsystem reaps greater  bene- 

f i t  f rom mass product ion than do the cent ra l  conversion subsystems, economies 

o f  sca le  make the cen t ra l  subsystems considerably less expensive. 

B.2.3 S t i r l i n g  Cycle 

S t i r l i n g - c y c l e  energy conversion subsystems are described i n  d e t a i l  i n  

Appendix A.3.3. The subsystem cons is ts  o f  a small S t i r l i n g  engine/generator 

mounted on each co l l ec to r .  

Sources used i n  es t imat inq S t i r l i n g  engine costs included previous cost  

studies and subcontractor in format ion concerning present-day S t i r l  i ng  costs 

and expected costs i n  mass product ion ( F u j i t a  e t  a l .  1978; Ma r t i n i  1979; 

Selcuk 1976). In format ion from these sources ind ica ted  t h a t  S t i r l  i n g  engine 

costs were very  dependent upon assumed product ion rates.  S o r t i r ~ y  out actual  

d i f fe rences  i n  cost estimates from a l t e r n a t i v e  sources i s  complicated by vary- 

i n g  standards f o r  cost  repor t ing;  some sources reported on l y  d i r e c t  manufac- 

t u r i n g  costs, whi le others estimated t o t a l  manufacturing s e l l i n g  cost. 



Costs est imated f o r  t h e  S t i r l  i ng ,  energy conversion subsystem are summar- 

i zed  i n  Table 8.18 f o r  an engine w i t h  a 17.5-kW r a t e d  capacity.  Costs are 

broken ou t  t o  show con t r i bu t i ons  o f  t h e  var ious cost  elements, and t o  f a c i l i -  

t a t e  comparison w i t h  est imates from other  sources. Overa l l  est imated costs 

are h igher  than those reported i n  several other  sources because o f  t h e  assumed 

engine product ion ra te ,  which i s  more than an order  o f  magnitude less  than pro- 

d u c t i  on r a t e s  o f  400,000 engi nes/year assumed i n  some studies. 

TABLE 8.18. S t i r l  i ng-Cycle Energy Conversion Subsystem Costs 
(1978 $ )  

Component Cost, $/kW 

D i r e c t  Manufactur ing Mater ia ls ,  Labor 113 

Overheads, I n d i r e c t s  68 

Manufacturers P r o f i t  18 

F i e l d  I n s t a l l a t i o n  6 

T o t a l  $205/kW 

B.3 ENERGY STORAGE COST ESTIMATES 

Cost est imates f o r  energy storage subsystems assume t h a t  these subsystems 

are constructed as p a r t  o f  the  comnercial so la r  indust ry ,  us ing proven tech- 

nology. Cost est imates do not  r e f l e c t  R&D costs o r  o ther  one-time costs asso- 

c i a t e d  w i t h  developing a commercial energy storage indust ry .  

It should be noted t h a t  est imates f o r  energy storage subsystems are 

reported i n  either 1977 or 1978 p r i c e  leve ls .  Those repor ted  i n  1977 p r i c e  

l e v e l s  were escalated t o  1978 l e v e l s  by SOLSTEP du r ing  computer s imulat ion.  

8.3.1 Thermal Storage 

Thermal storage cos t  est imates were based upon ana lys is  o f  t he  cos ts  o f  

major subsystem components. I n fo rmat ion  sources consisted p r i m a r i l y  o f  pub- 

l i s h e d  cos t  in format ion  f o r  conventional,, o f f - t h e - s h e l f  hardware. Previous 

studies were consul ted f o r  comparison, and f o r  ob ta in ing  cos t  in format ion  f o r  

some components ( E l e c t r i c  Power Research I n s t i t u t e  1976; M i t r e  Corp. 1977; 

Fu j i t a  e t  a l .  1978; F u j i t a  1977; Department o f  Energy 1978). 



Estimated costs f o r  draw s a l t  thermal storage subsyste'ms f o r  var ious  sub- 

system c o n f i g u r a t i o n s  are shown i n  Tables B.19 and 8.20. Costs are h igher  . f o r  

t h e  high-temperature subsystem because s t a i n l e s s  s t e e l  i s  subs t i t u ted  f o r  car- 

bon s t e e l  i n  many o f  t h e  components. Cost est imates f o r  o i  1  and rock thermal 

s torage subsystems are given i n  Tables B.21 and B.22. 

B.3.2 E l e c t r i c  Energy Storage - 

Cost est imates fo r  Redox b a t t e r y  e l e c t r i c  energy storage subsystems were 

based upon in fo rmat ion  repor ted  i n  other  s tud ies  and d iscussions w i t h  energy 

s torage R&D personnel (Warshey and Wright 1975; T h a l l e r  1974, 1979). Storage 

c o s t  es t imates  f o r  Redox b a t t e r i e s  c o n s i s t  o f  a  cos t  r e l a t e d  t o  t h e  maximum 

s torage power, i n  $/kW, and a  cos t  r e l a t e d  t o  the t o t a l  energy stored, i n  

$/kwh.' Redox b a t t e r y  c o s t  est imates used f o r  t h e  ana lys is  were $160/kW f o r  

power r e l a t e d  costs, and $14/kWh f o r  capac i ty  r e l a t e d  costs, both i n  1978 

p r i c e  l eve ls .  

6.4 ENERGY TRANSPORT SUBSYSTEM COST ESTIMATES 

A number o f  i n fo rma t ion  sources were used i n  developing cost  est imates 

f o r  energy t r a n s p o r t  subsystems, i n c l u d i n g  c o s t  es t ima t ing  guides, publ ished 

cos t  in format ion ,  and con tac t  w i t h  vendors. A standard s e t  o f  u n i t  costs and 

e s t i m a t i n g  procedures was developed and used i n  es t ima t ing  component cos ts  f o r  

a l l  concepts, so t h a t  cost  d i f f e rences  among concepts r e f 1  e c t  design d i f f e r -  

ences only.  

Energy t ranspor t  subsystem cost  est imates are found i n  Tables B.23 

through 8.29. Estimates do no t  appear f o r  t h e  PFCR/R and PFCRIB concepts 

because t ranspor t  costs are inc luded w i t h  r e c e i v e r  costs f o r  those concepts. 

8.5 OTHER PLANT 

Costs f o r  power c o n d i t i o n i n g  equipment, s t ruc tures ,  land, ins t rumenta t ion  

and c o n t r o l ,  spare par ts ,  and se rv i ce  f a c i l i t i e s  are grouped under "other  

p l a n t "  costs. U n i t  costs f o r  these accounts tend t o  vary l i t t l e  among con- . .  

cepts, because the  components are more o r  less  common t o  a l l  concepts. 



TABLE B.19. Draw S a l t  Thermal .Energy Storage Subsystem Costs, 9500F Heat Storage (1977 $ )  

~ a r n e i l a t e  P lan t  Storage 
Rat ing,  Capaci ty,  Heat Charging/Freeze 

HWe kWt-h Tank I n s u l a t i o n  P ip ing  Pumps Draw S a l t  Exchangers P r o t e c t i o n  System To ta l  

1 12,500 BL3.000 $10.000 $2,000 $12,000 $ 7,000 $166,000 $19,000 $ 259,.000 

1 23,800 E39,OOO 14,000 2,000 12,000 14,000 166.000 19,000 286,000 

1 35,000 E0.000 17,000 2,000 12,000 20,000 166,000 19.000 316., 000 

1 68,800 123.000 25,000 2,000 12,000 41,000 166.000 19,000 388,000 

TABLE 8.20. Draw S a l t  Thermal Energy Storage Subsystem Costs, 8000F Heat Storage (1977 $ )  

Nameplate P lan t  Storage 
Rat ing,  Capacity, Heat Charging/Freeze 

Mh'e kWt-h -ank I n s u l a t i o n  P ip ing  Pumps Draw S a l t  Exchangers P r o t e c t i o n  System To ta l  

1 . 13,200 $ 23,000 $13,000 $1,000 $12,000 $ 11,000 $ 79.000 $19,000 $ 158,000 
1 25,100 26,000 18,000 1,000 12,000 21,000 79,000 19,000 186,000 

1. 37 ,000 t5.000 21,000 1,000 13,000 31,000 79,000 19,000 208,000 
1 . 72,800 iO.000 31,000 1,000 12,000 61.000 79,000 19,000 273,000 



Nameplate P l a n t  
k.ati ng, 

MWe 

Nameplate P l a n t  
Rat ing ,  

MWe 

TABLE 8.21.  O i l  and Rock Thermal Energy S torage  Subsystem Costs, 
4500F Heat  S torage  (1977 $ )  

Storage 
Capacity,  - - Heat Heat  U l l a g e  and F l u i d  

kWt-h Tank I n s u l a t i o n ,  P i p i n g  Pumps Transfer  O i  1 Exchangers Maintenance T o t a l  

19,250 $65,000 $25,000 $2,000 $15,000 $ 35,000 $64.000 $14,000 $ 220,000 

37,040 86,000 37,000 2,000 15,000 68,000 64.. 000 14,000 286,000 
54,800 123,000 46,000 2,000 15,000 100,000 64 ,000 14,000 364,000 

108,000 175,000 70,000 2,000 15,000 198,000 64.000 18,000 542,000 

TABLE B.22. O i l  and Rock Thermal Energy Storage Subsystem Costs, 
5800F.  Heat  Storage (1977 $) 

Storage 
Capacity,  Heat i e a t  U l l a g e  and F l u i d  

kWt-h Tank I n s u l a t i c n  P i p i n g  Pumps Transfer  O i '  Exchangers Maintenance T o t a l  

13.400 f 38,000 $ 15,00G $1,000 $ 5,000 $ 17,000 $ 83,000 $ 7,000 $ 163,000 

25,003 65,000 22,OOC 1.000 5,000 31,000 &0,000 7,000 211,000 

36,703 69,000 27,00C 1,000 5,000 450,000 a, 000 7,000 234,000 

69.003 107 ;OOO 45,OOC 1,000 5,000 85,000 E0,OOO 9, GOO 332,000 



TABLE 8.23. P o i n t  Focus D i s t r i b u t e d  Receiver 8500F Draw S a l t  
Transpor t  System Costs (1977 $; GCR = 0.44) 

F i e l d  S ize Pipe and Storage 
m2 F i t t i n g s  Pipe Trench I n s u l a t i o n  Valves Pumps Draw S a l t  Tank To ta l  

10,000 $ 45,600 S 43,600 $ 75,700 $ 78,000 $ 24,500 $ 1,100 $ 4,800 $ 273,000 

50,000 228,000 222,000 37 2,000 390,000 81,400 5,400 12,600 1,310,000 

100,000 474,000 446,000 757,000 780,000 158,000 12,000 16,100 2,640,000 

TABLE B.24. ' E l e c t r i c  Energy Transpor t  Costs f o r  t h e  PFDR/B, S Concepts 
(1977 $; GCR .= 0.11) 

P r o t e c t i v e  
mi Cab 1  e Capaci tors  Equipment . To ta l  

'6,700 $ 63,000 $ 17,000 $ 4,000 $ 84,000 

40,000 402,000 104,000 16,000 352,000 

66,700 69 1,000 174,000 27,000 892,000 

TABLE B.25. F i xed  M i r r o r  D i s t r i b u t e d  Focus 8500F HITEC 
. Transpor t  System Costs (1977 $; GCR = 0.55) 

S a l t  . . 

F i e l d  S ize Pipe and Storage 
m2 F i t t i n g s  Pipe .Trench I n s u l a t i o n  Valves . Pumps Draw S a l t  Tank To ta l  

19,500 $ 15,600 $ 8,200 $21,100 $3,000 $20,400 $1,100 $4,600 $74,000 

TABLE 8.26. L i n e  Focus Cen t ra l  Receiver  850°F Draw S a l t  
T ranspor t  System Costs (1977 8 ;  GCR = 0.47) 

S a l t  
F i e l d  Size Pipe.. and Storage 

m2 F i t t i n g s  3 ipe Trench I n s u l a t i o n  va lves  Pumps Draw S a l t  ' Tank To ta l  



TA'BLE 8.27. L ine  Focus D i s t r i b u t e d  Receiver - Track ing Co l l  ec to r  Thermal 
Energy Transport  Costs (1977 $; GCR = 0.50) 

' F i e l d  S ize  Pipe and 
n2 F i t t i n g s  Pipe Trenzh I n s u l a t i o n  Valves Pumps To ta l  

20,000 $30,000 $10,000 $36,000 $15,000 $25,000 $ 116,000 

00, ,000 19 1 ,000 48,000 208,000 67,000 YO, 000 584,000 

161,000 331,000 97,000 334,000 133,000 163,000 1,060,000 

TABLE B .28. L i n e  Focus D i s t r i b u t e d  Receiver - Track ing  Receiver 8500F 
Draw S a l t  Transpor t  Costs (1977 $; GCR = 0.25) 

S a l t  
F i e l d  S ize Pipe and Storage 

m2 F i t t i n g s  Pipe Trench I n s u l a t i o n  Valves Pumps Draw S a l t  Tank To ta l  

19,800 $ 9,600 $ 5,600 $ 14,500 $ 14,600 $12,300 $ 1,300 $ 5,000 $ 63,400 

79,200 54,000 25,700 71,300 58,600 30,900 5,600 13,500 260,000 

158,000 122,000 54,900 159,000 119,000 69,900 20,000 17,400 562,000 

TABLE B.29. Low Concentrat ion Nontracking Thermal Energy 
Transpor t  Costs (1977 $; GCR = 0.53) 

F i e l d  S ize Pipe and Heat T rans fe r  
m2 F i t t i n g s  Pipe Trench I n s u l a t i o n  Valves Pumps O i  1  To ta l  

27,000 $ 142,000 $ 159,000 $ 296,000 $9,000 $26,000 $ 9,000 $ 641,000 

136,000 876,000 815,000 1,860,000 46,000 154,000 87,000 3,740,000 

270,000 1,820,000 1,610,003 3,960,000 91,000 317,000 211,000 8,010,000 



. . Power cond i t i on ing  equipment va r ies  o n l y  w i t h  ra ted  p l a n t  capacity,  and 

was assumed t o  be common t o  a l l  concepts. Cost est imates f o r  power cond i t ion-  

i n g  equipment were based upon, in format ion  from previous studies, and are shown 

i n  Table B.30 (Schul te 1977). 

TABLE B.30. Power. Cond i t ion ing  Account Cost Estimates (1977 $ )  

P l a n t  Capacity,. Power Cond i t ion ing  
MWe Costs 

Inc luded i n  the  's t ruc tures  account were the  main con t ro l  bui lding, '  a  

general maintenance bu i l d ing ,  and a storage b u i l d i n g  f o r  equipment and spares. 

These b u i l d i n g s  were assumed t o  be common t o  a l l  concepts, and t o  vary  o n l y  

w i t h  ra ted  p l  ant capacity.  S t ruc tures  cos t  est imates were based upon i n f  orma- 

t i o n  from .const ruc t ion  cos t  es t ima t ing  guides (Robert Snow Means.Co. 1976, 

1977; Guthr ie  19,74). S t ruc tures :  cost  .estimates are given, i n  Table B.31. 

U n i t  costs f o r  land were assumed t o  be the  same f o r  a l l  concepts,; and. con- 

s i s t  o f  costs f o r  raw land and s'ite preparat ion.  Raw land costs were estab- . , 

l i s h e d  as a study ground r u l e ,  w i t h  s i t e  prepara t ion  costs developed from 

i n f  ormati  on ' i n  cost  e s t  ima t l  ng 'guides '(Robert Snow Means Co. 1976; 1977; Dodge 

1977).  and costs  .are shown i n  Table 8.32. Costs f o r  grading and s i t e  .surveys 

are based upon' o p t i m i s t i c  assumptions regarding the  p l a n t  s i t e ,  and could be 
. . 

consi derab ly  h igher i <some locat ions .  
. . . . 

- .. 
TABLE B.'31'. S t ruc tures  Account Cost Est imates (1977 $ )  . 

.' P 1 ant  Capacity, Control .  :: Maintenance Storage 
I ,  MWe . B u i l d i n g  B u i l d i n g  B u i l d i n g  To ta l  

1 $80,000 $ 66,000 $25,000 . $171,000 



TABLE B.32. Land Account Cost Estimates (1978 $ )  

Component Cost, $/Acre 
Raw Land $5,000 

Survey Fee 
Grading 
Dust Suppress ion 98 4 
(crushed stone) , , 

Total $6,600 

Cnqt ~ q t  imates for instrumentat ion and control, spare parts,  and service 
f a c i l i t i e s  were developed as functions of costs for  other accounts, rather 
than as expl ic i t ly  estimated costs.  Cost es t  imatlng relationships for these 

accounts are given in Section B.7. 

8.6 OPERATION AND MAINTENANCE COSTS 

~ s t i m a t e s  of labor required for scheduled operation and maintenance are 
shown in Table B.33. Plant operation quantifies the amount of time plant 
operators would be actively involved in plant control, and unavailable for 
other tasks. Scheduled maintenance tasks for  the col lector  subsystem include 
inspection for potential defects,  lubrication of moving parts,  optical align- 
ment and adjustments, and ref lec t ive  surface cleaning. Transport system 
scheduled maintenance conslsts of i r~spec  tion, system test ing,  and preventive 
maintenance. Heat engine and energy storage maintenance requirements cover 
preventive maintenance and inspection for the energy conversion and energy 
storage subsystems. General scheduled maintenance for  plant grounds and 
misc~l laneous p l a n t  equipment i s  reported as plant grounds maintenance. 

Scheduled operation and maintenance was assumed to  be performed by plant 
operators and maintenance personnel. Wage rates  used i n  estimating O&M costs 
are shown in Table B.34. 



Concept 

PFCR/R 

TABLE B. 33. Scheduled Operat ion and Maintenance Man-Hour Requirements, 

Plant  Col 1 ector  Transport Heat Engine . Plant Grounds Energy Storage 
Operation., Maintenance, Maintenance, Maintenance, Maintenance, . Maintenence, 

h r / ~  , hr/m 2-y,(a) 
2 2 

hr/m(iy ~, t ~ ; i y ~ ~ y r  

2 hr/m -yr h r / ~  

730 0.035 '., 52 0.013 - ,52 

730 0.0'35 52(b) 417(~)  0.013 ' 52 . . 

PF DR/ S 36 5 0.052 0 0.052 0.013 0 
m 
P FMDF 1460 0.026 0.008 4171b) 0.013 5 2 
U 

LFCR 730 0.016 l 0 4 ( ~ )  417(~ )  0.013 5 2 

LFDR-TC 1460 0.050 0.008 417(~)  0.013 52 

LFDR-TR 1460 0.061 0.008 417(~)  0.013 52 

LC NT 1460 0.019 0.008 417(~) 0'.013 ' 52 

(a) Concentr.ator aperture area, mL 
(b)  h r l y r  



TABLE 8.34. Assumed Wage Rate f o r  Operat ion and 
Maintenance Personnel (1978 $ /h r )  

Subcontractor Tota l  D i r e c t  
Base Rate P a y r o l l  Burden Fee Cost 

P l a n t  Operators 10.00 2.20 -- 12.20 

Maintenance 
. Personnel 7 .OO 1.54 

Unscheduled maintenance cos ts  were est imated as a percentage o f  i n s t a l l e d  

equipment costs, and a s s u r e ' t h a t  systems have been designed t o  min imize 

unscheduled maintenance. Allowances f o r  unscheduled maintenance were 0.3% 

y e a r l y  o f  i n s t a l l e d  concentractor  costs and 0.5% y e a r l y  o f  i n s t a l l e d  energy 

conversion, energy t ranspor t ,  and ins t rumenta t ion  costs.  General p l a n t  

overheads fo r  O&M were est imated as 15% o f  t o t a l  annual payments f o r  scheduled 

and unscheduled maintenance. 

8.7 SCALING PARAMETERS - SIMULATION CODE INPUTS 

As described i n  Sect ion 5.3.7, cos t  est imate s c a l i n g  r e l a t i o n s h i p s  were - 

used i n  SOLSTEP t o  r e l a t e  component costs t o  phys ica l  parameters descr ib ing  

t h e  s o l a r  p l a n t .  I n  general,  . funct ional  forms o f  c o s t  est imate s c a l i n g  

r e l a t i o n s h i p s  f a r e  the same f o r  a l l  concepts, w i t h  d i f f e r e n t  sca l i ng  

parameters used t o  r e f l e c t  i n d i v i d u a l . c o s t  behavior.  

Sca l ing  parameters used t o  est imate c a p i t a l  cos ts  f o r  a l l  concepts are 

shown i n  Tables B.35.through 8.50. Use o f  these parameters w i t h  t h e  appro- 

p r i a t e  cos t  est imate s c a l i n g  r e l a t i o n s h i p s  al lows d i r e c t  c a l c u l a t i o n  o f  c a p i t a l  

c o s t  est imates f o r  var ious  s o l a r  p l a n t  conf l g u r a l  isrrss. However, these e s t i  - 

mates are sub jec t  t o  the  c o n s t r a i n t s  f o r  which the  systems were modeled. Cost 

es t ima te  s c a l i n g  parameters are not  necessar i l y  v a l i d  f o r  other  cond i t ions .  



TABLE B.35. Concentrator Cost Est imate Sca l i  ng ~ a r a m e t e r s ( a )  

Concept P lan t  Rat ing, MWe A B S - - 
1 

1 
FMDF 5 

10 

1 
LFCR 5 

10 

1 
LFDR-TC 5 0.0 67.0 1.0 

10 

1 
LFDR-TR 5 0.0 70 .O 1.0 

10 

( a )  Concen.l;r-a tor  cos t  = A + B ( X ) ~  
where X = c o l l e c t o r  f i e l d  s ize,  m2. 



TABLE 8.36. Receiver Cost Estimate ~ c a l i  ng ~ararneters(a1 

Concept 

PFC R/ R 

P lan t  Rat ing,  MWe 
1 
5 

10 

PFC R/ B  

FMDF 

LFCR 

1 
LFDR-TC 5 

10 

(a )  Receiver cos t  = A + B ( x ) ~  + c ( x ) ~  
where X = c o l l e c t o r  f i e l d  size, m2. 



TABLE 8.37. Thermal Energy Transport  Cost Est imate Sca l i  ng ~arameters(a,b,c) 

Concept P lan t  Rat ing, MWe A B C D S T V - -  
* 1 

PFCR/R 5 0.0 0.0 0.0 ' 0.0 0.0 0.0 0.0 
10 . 

LFDR-TC 

LFDR-TR 

1 5124.0 61.0 
LFCR 5 51.02 8564.0 79.3 1.3059 

10 9223.0 82.35 

(a )  For a l l  concepts except the  LFDR-TC, parameters are v a l i d  o n l y  f o r  
a s p e c i f i c  va lue o f  ground cover r a t i o .  

-. (b)  For. d l 1  concepts except the LFCR, thermal energy. t ranspoi- t  cos t  = 
S C + D(x )T  A + B(X) + 

Y v 
where X = number o f  c o l l e c t o r s  and Y = ground cover r a t i o .  .- 

( c )  F O ~  t he  LFCR concept, thermal energy t ranspor t  cos t  = A + (vr 
where X = c o l l e c t o r  area, mz. 



TABLE 8.38. E l e c t r i c  Energy Transport Cost Estimate Sca l i  ng ~ a r a m e t e r s ( a )  

Concept P lan t  Rat ing,  MWe A B  C - V 
1 

PFCR/R 5 0.0 0.0 0.0 0.0 
10 

1 
FMDF 5 

10 

LFCR 

1 
LFDR-TC 5 

10 

1 
LFDR-TR 5 0 .O 0.0 0.0 0.0 

10 

- ~ 

B + C(X) ( a )  E l e c t r i c  energy t ranspor t  cos t  = A(X) + yy  1 
L J 

where X = numbcr of c o l l e c t o r s  
Y = ground cover r a t i o .  



TABLE 8.39. Energy conversion Cost Estimate Sca l i  ng ~arameters(a9.b) 
. . .  

Concept P lan t  Rating, MWe A . B s . -  T 
1 

PFCR/R 5 0.0 856884.0 0.5753 0.0 
10 

FMDF 

1 
LFCR 5 0.0 856884.0 0.5753 0.0 

10 

1 
LFDR-TC 5 0.~0 853976.0 0.7517 0.0 

10 

LFDR-TR 

(a)  For a l l  conce t s  except the  PFCR/B, energy conversion cost  = 
r A  + B(XISI(Y~I 
where X = p l a n t  r a t i n g ,  MWe 

Y = number o f  c o l l e c t o r s .  

(b )  For t h e  PFCR/B concept, energy conversion cos t  = A ( x ) [ B ( x ) ] ~  
where X = c o l l e c t o r  f i e l d  area, m2. 



TABLE B.40. 

Concept 

PFC R/ R 

FMD F 

LFCR 

Power Cond i t i on ing  Cost Est irnate Sca l ing  ~ a r a m e t e r s ( ~ )  

P lan t  Rat ing,  MWe A B S - 
1 
5 7600 .O 120000.0 0.52 

10 

1 
LFDR-TC 5 

10 

(a )  Power c o n d i t i o n i n g  cost  = A + B(x)S 
where X = p l a n t  r a t i n g ,  MWe. 



TABLE 8.41. Thermal E l e c t r i c  Storage ~ o i t  Estimate Scal i ng parameters (a )  

Concept P lan t  Rating, MWe A B S - 
1 232246 .O 2.2842 1.0 

PFCRIR 5 613783.6 1.5658 1.0 
10 1198747 .O 1.3244 1.0 

PFDRIB . 

P F D R I  S 

FMDF 

LFCR 

LFDR-TC 

1 
LFDR-TR . 5  

10 

(a )  Thermal e l e c t r i c  storage cos t  = A + B ( x ) ~  
where X = storage capaci ty ,  kWht. , 



TABLE 8.42. St ruc tures Cost Estimate Scal ing ~arameters(a1 

Concept P lant  Rating, MWe A B.  S - 
1 

PFCR/R 5 0.0 171216.0 0.2226 
10 

FMDF 

LFCH 

(a )  Structures cost  = A  + B(x)S 
where X = p l a n t  r a t i ng ,  MWe. 



TABLE 8.43. Land Cost Es t ima te  Sca l i  ng ~ a r a m e t e r s ( a )  

Concept P lan t  Rat ing,  MWe - A B C - 
1 

PFCR/R 5 1.62 3340 902 
10 

1 
PFC R/ B 5 

10 

FMDF 

LFC R 

1 
LFDR-TC 5 

10 

'I ( a )  Land cos t  = B + C(X) + 

Y = c o l l e c t o r  f i e l d  s ize,  m2 
Z = ground cover r a t i o .  



TABLE B.44. Instrumentation and Control Cost Estimate Scaling ~ararneters(a1 

Concept Plant Rating, MWe A B C - 
1 115000 .O 

PFCR/R 5 262000.0 0.01 0.03 
10 370000.0 

FMDF 

LFCR 

( a )  Instrumentation and control cost = A + B(X) + C(Y) 
where X = concentrator cost 

Y = cost of receiver, s t ructures ,  thermal 
tr*ansport, e l e c t r i c  transport ,  power 
conditioning, energy conversion, land, 
thermal / e l ec t r i c  storage. 



TABLE 8.45. Spare Parts  Cost Est imate Sca l ing  parameters (a )  

Concept P lan t  Rat ing, MWe . : ,  - A - S 
1 0.006 

PFCR/R 5 0.002 ' 1.0 . 
10 0.001 

1 0.006 
FMDF 5 0.002 1.0 

10 0.001 

' 1  0.006. 
LFCR 5 0.002 1.0 

10 0.001 

LFDR-TC . . 

LFDR-TR 

.. . 
( a )  Spare p a r t s  cos t  = A(.x)S 

where X = cos t  of concentrator ,  rece i ve r ,  t h e r -  
mal . t r anspor t ,  e l e c t r i c  t ranspor t ,  . , 

energy.conversion, power cond i t i on -  
ing, t h e r m a l / e l e c t r i c  storage, s t r u c -  
tures,  and ins t rumenta t ion  and c o n t r o l .  



TABLE 8.46. Serv ice  Fac i 1 i t  i e s  Cost Est imate Sca l i  ng ~arameters, (a)  

Concept P l a n t  Rat ing, MWe A - S 
1 0.0089 

PFCR/R 5 0.0085 1.0 
10 0.0082 

PFC R/ B  

MDF 

1 0.0004 
LFDR-TC 5 0.0080 1.0 

10 0.0077 

- 

LFDR-TR 5 
10 

(a)  Spare pares cost  = A ( x ) S  
where X = c o s t  o f  concentrator ,  rece iver ,  t h e r -  

mal t ranspor t ,  e l e c t r i c  t ranspor t ,  
energy conversion, power cond i t i on -  
ing,  t h e r m a l / e l e c t r i c  storage, s t r u c -  , 

tu res ,  and ins t rumenta t ion  and c o n t r o l .  



TABLE 8.47. ' I n d i r e c t  Construct ion Cost Estimate Scal i  ng ~arameters(a1 

Concept P lant  Rating, MWe A - 
1 

PFCR/R 5 0.18 
10 

FMDF 

LFCR 

1 
LFDR-TC 5 0.17 

10 

1 
LFDR-TR 5 : 0.17 

10 

(a)  I n d i r e c t  const ruc t ion costs = A(.X) 
where X = d i r e c t  c a p i t a l  costs. 



TABLE 8.48. Contingency Cost Est imate Scal ing parameters (a )  

Concept P lan t  Rating, MWe A 
1 

1 
FMDF 5 

10 

LFCR 

LFDR-TR 

LCNT 

(a)  Contingency costs = A ( X )  
where X = . d i r e c t  c a p i t a l  costs.  



TABLE B.49. Ground Cover Rat ios Used f o r  Cost Est imat ion 

Concept 

PFCR/R 

PFDR/B 

PFDR/S 

FMDF 

LF CR 

LFDR-TC 

LF DR-TR 

LCNT 

Ground 'Cover Ra t io  

0.23 

0.23 

0.44 

0.25 

0.25 

0.55 

0.75 

0.50 

0.25 

0.53 

TABLE B.50. Base Year for  Capi ta l  Cost Inputs  

Subsystem 

Concentrator 

Energy Conversion 

E l e c t r i c  Energy Transport 

Instrumentat ion and Contro l  

Land 

Power Condi t ioning 

Rece i ver 

St ruc tures 

E l e c t r i c  Eneryy Stordye 
Thermal Energy Storage 

Thermal Energy Transport 

Base Year 

1978 

(a )  A l l  1977 costs were updated t o  1978 costs by 
SOLSTEP dur ing computer simulat ion. 
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Sec t ion  1 

INTRODUCTION 

The work r e p o r t e d  h e r e i n  was conducted by Bechte l  under a 

subcon t r ac t  t o  P a c i f i c  Northwest L a b o r a t o r i e s  of B a t t e l l e  

14emorial I n s t i t u t e  (Subcont rac t  No. B-67820-A-L) i n  suppor t  o f  

t h e i r  prime c o n t r a c t  w i t h  t h e  U-S. Department of Energy (Con t r ac t  

No. EY-76-C-06-1830)-  Under. t h i s  c o n t r a c t ,  ~ a c i i i c  Northwest 

Labora to r i e s  (PNL) is  r ank ing  a l t e r n a t i v e  s o l a r  thermal  energy 

convers ion s y s t e m s  t h a t  are p o t e n t i a l l y  f e a s i b l e  f o r  use i n  

electric power g e n e r a t i o n  f a c i l i t i e s  i n  t h e  1 t o  10 Mhe r ange ,  

w ~ t h  i n i t i a l  commerc ia l iza t ion  ky t h e  mid- 1.980' s. Bechte l  i s  

provid ing  c o n s u l t i n g  s e r v i c e s  on t h e  t e c h n i c a l  and- cost aspects 

f o r  t h e  e n g i n e e r i n g  and c o n s t r u c t i o n  o f  t h e  c a n d i d a t e  system 

concepts,  

The f i r s t  t a s k ,  a s s igned  t o  Bechte l  i n  t h e  PNL letter of 

September 11,  1 9 7 8  and subsequen t ly  modif ied in a meet ing h e l d  on  

Setepmber 25, 1978 and t e l ephone  d i s c u s s i o n s ,  w a s  t o  p rov ide  

performance, c o s t s  and o p e r a t i o n a l  d e s c r i p t i o n  of s team Ranhine 

power c y c l e s  i n  t h e  1 t o  10 M W e  range. T h i s  repor t -  c o v e r s  the 

r e s u l t s  of  t h e  i n v e s t i g a t i o n  by Bechte l .  



Sec t ion  2 

I TURBINE SELECTION 

I The o r i g i n a l  requirements rece ived  from PNL f o r  i n v e s t i g a t i o n  of 

! t u rb rne  c y c l e  c o s t  and performance were t h e  following: 

Hated turbine-generator  n e t  e l e c t r i c a l  output  t o  be  
from 1 t o  10 MWe 

100% of r a t e d  load  to b e  .generated from main steam 
a t  1450 p s i a  and lOOOF 

70% of  r a t e d  load t o  be generated from storaqge 
s t e a m  a t  960 ps ia  and 540F ' ( sa tura ted)  

S i t e  cond i t ions  o f  Barstow, C a l i f o r n i a  t o  be used 
inc lud ing  74F design w e t  bulb temperature. 

A s  a r e s u l t  of a n a l y s i s  by B e c h t e l  and d i scuss ions  wi th  PNL, it 

was determined t h a t  PNLts  d e s i r e  to  e l imina te  a s t o r a g e  

superheater  w a s  no t  c o n s i s t e n t  wi th  t h e  l i m i t a t i o n  o f  steam 

t u r b i n e  l a s t - s t a g e  moisture  t o  approximately 16% i n  o r d e r  t o  

prevent e ros ion .  The steam c o n d i t i o n s  w e r e  t h e r e f o r e  changed t o  

-inci.de with those  used by. McDonne11 Douglas As t ronau t i c s  

~ompan'y f o r  t h e i r  10 M W e  p i l o t  p l a n t  s tudy ' (Ref, 2-1) : 

,a 160% of r a t e d  load . to be generated from main . steam 
a t .  1450 p s i g  and 950F 

70%. of  r a t e d  load  t o  b e  . generated from s t o r a g e  
steam a t  370 psig and 525F. 

/ Subsequent i n v e s t i g a t i o n s  have shown t h a t  lower pressures  should 

be evalua ted  f o r  the low end o f  t h e  1 to  10. M W e  range. 



CONSIDERATIONS FOR TURBINE SELECTION 

A t u r b i n e  s e l e c t e d  f o r  a  solar power p l a n t  in t h e  1 t o  10 M h e  

range  shou ld  have a h i g h  e f f i c i e n c y ,  be c o m m e r c l a l ~ y  a v a i l a b l e ,  

and be a d a p t a b l e  t o  d a i l y  c y c l i c  o p e r a t i o n .  I n  o r d e r  t o  meet 

t h e s e  r equ i r emen t s ,  t h e  e f f e c t s  o f  t u r b i n e  speed,  c o n t r o l  va lve  

o n f i q u r a t i o n  and  steam c o n d i t i o n s  were eva lua ted .  

Two o p t i o n s  are a v a i l a b l e  i n  t h e  1 t o  10 M W e  range for t u r b i n e  

r o t a t i o n a l  speed. Opera t ion  a t  3600 rpm w i t h  a d i r e c t  coup l ing  

between t u r b i n e  and g e n e r a t o r  is  t y p i c a l  of l a r g e  conv&t iona l  

power p l a n t  p r a c t i c e  and w a s  s e l e c t e d  f o r  t h e  10 M k e  Barstow 

p i l o t  p l a n t  s t u d i e s .  Ope ra t ion  a t  h i g h e r  t u r b i n e  speeds  w i t h  the 

q e n e r a t o r  d r i v e n  th rough  a gear  r e d u c t i o n  u n i t  i s  a l s o  p o s s i b l e  

i n  t h i s  c a p a c i t y  range.  A high-speed t u r b i n e ,  w i t h  rated speed 

r a n q i n g  from approximate ly  13,000 rprn f o r  1 M W e  t o  9,000 rprn a t  

10 MWe, h a s  a h ighe r  e f f i c i e n c y  than  a 3600 rprn t u r b i n e  f o r  t h e  

same s t e a m  c o n d i t i o n s  and has a lower c o s t  because it is less  

massive. Both t u r b i n e  d e s i g n s  are commercially a v a i l a b l e  for a 

10 M W e  r a t i n g  b u t  a  1 M W  t u r b i n e  designed f o r  3600 rpm a t  t h e  

s e l e c t e d  steam c o n d i t i o n s  i s  cons ide red  i m p r a c t i c a l  by the 

manufac ture rs  con tac t ed .  

S e v e r a l  a r rangements  f o r  c o n t r o l  of s t o r a g e  steam flow are 

a v a i l a b l e  i n  t h e  1 t o  .I0 l Y W e  t u r b i n e  designs.  The mixed p r e s s u r e  

d e s i q n  has  one i n l e t  s e c t i o n  f o r  both main and s t o r a g e  steam, 

The admiss ion t u r b i n e  has  two steam i n l e t s  wi th  a s t o r a g e  steam 

i n l e t  c o n t r o l  v a l v e  . i n t e r n a l  to. t h e  t u r b i n e  ca s ing ,  th rough  which 



both  s t o r a g e  steam and main steam ( a f t e r  p a s s i n g  th rough ,  the 

f i r s t  few s t a g e s )  are . rou ted .  The i n d u c t i o n  t u r b i n e  a l s o  has  two 

-.' steam i n l e t s  b u t  h a s  a s t o r a g e  steam c o n t r o l  . v a l v e  e x t e r n a l  t o  

the cas ing ,  t h a t  does  n o t  a f f e c t  o p e r a t i o n  on main steam. T h e  

,* admiss ion t u r b i n e  recommended f o r  t h e  10 M W e  Barstow p i l o t  p l a n t  

has t h e  b e s t  combinat ion -of performance e f f i c i e n c i e s  f o r  a l l  

o k r a t i n g  c o n d i t i o n s  t y p i c a l  , of  a solar p l a n t ,  I n d u c t i o n  and 

mixed p re s su re  t u r b i n e s  are also a v a i l a b l e .  a t  . r a t i n g s  . of  1 t o  

10 M W .  Siemens Corpora t ion  and E ' l l i o t t  Co'rporation were 

i d e n t i f i e d  as p o t e n t i a l  s u p p l i e r s  of high-speed, 1 t o  10 M W e  

. -. 
tu rb ine-genera tors .  

The steam p r e s s u r e  o f  1450 p;sig is h i g h e r  t h a n  a c c e p t a b l e  f o r  

many s t a n d a r d  manufacturers '  d e s i g n s  i n  t h e  1 to. 10 Mke range. 

Fa r  p r e s s u r e s  above 1000 -psig ,  it is d i f f i c u l t  t o  main ta in  f low 

passage dimensions  w i t l i  s t a n d a r d  t o l e r a n c e s  f o r  t h e  small 

vo lumet r ic  f l ows  involved.  Theref o re ,  f o r  .a 10 MW' t u r b i n e ,  a 

d i s t i n c t i o n  in e f f i c i e n c y  can be made between 1000 p s i g  and 

1450 p s i g  i n l e t  p r e s s u r e  b u t  this d i f f e r e n c e  becomes 

i n s i g n i f i c a n t  f o r  a 1 M W e  t u r b i n e .  Other f a c t o r s  which i n f l u e n c e  

cost should de te rmine  t h e  i n l e t  p r e s s u r e  f o r  t u r b i n e s  i n  t h e  l o w  

end o f  t h e  1 t o  10 MWe range,  

. . 

2.3 TURBINE SELECTION 

Based on t h e  c o n s i d e r a t i o n s  d i s c u s s e d  i n  Sec t ion  2.2 above, t h e  

recommended t u r b i n e  f o r  ' t h e  1 to 10 M W e  r ange  i s  a high-speed 

(9,000 t o  13,000 rpm) d e s i g n  which d r i v e s  t h e  synchronous 

2- 3 



g c n c r a t o r  th rough  . a  g e a r  reducer ,  An admission . t u r b i n e  is t h e  

f i r s t  cho ice ,  An i n d u c t i o n  t u r b i n e  i s  t h e  second cho ice  i f  an 

admiss ion  t u r b i n e  i s  n o t  a v a i l a b l e  f o r  a . p a r t i c u l a r  r a t i n g  

between 1  and 10 MWe. The d e s i g n  main steam p r e s s u r e  of 

1450 p s i q  is  p r a c t i c a l  f o r  t h e  a n a l y s i s  of the.  d i f f e r e n t  concep t s  

be inq  e v a l u a t e d  by PNL; . however, r educ ing  t h e  p r e s s u r e  t o  

1000 p s i g  f o r  t h e  1  M W e  r a t i n g  w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  

t u r b i n e  c y c l e  e f f i c i e n c y -  



Sec t ion  3 

EQUIPMENT DESCRIPTION 

The d e s c r i p t i v e  .mater ial  i n  t h i s  s e c t i o n  a p p l i e s  t o  a 10 M W e  

steam t u r b i n e  system, Smaller s y s t e n ~ s  are similar i n  most 

r e s p e c t s  except '  a s  noted. 

3.1 TURBINE-GENERATOR 

The t u r b i n e  s e l e c t e d  i s  a s i n g l e  automatic  e x t r a c t i o n  (admission) 
.<". 

condensing steam t u r b i n e -  with t h r e e  uncontrol led e x t r a c t i o n  

connections,  , It c o n s i s t s  of  a two-stage high p r e s s u r e  s e c t i o n  

which i s  ' suppl ied  by main steam and a 19-stage low p r e s s u r e  

s e c t i o n  which o p e r a t e s  on steam from t h e  high p ressu re  s e c t i o n  

and/or admission steam. The r a t e d  power of t h e  turb ine .  is 

approximately 11 M W e  s i n c e  it must s a t i s f y  t h e  a u x i l i a r y  loads i n  

a d d i t i o n  t o  genera t ing  10 MWe n e t  power- 

The design speed o f  t h e  t u r b i n e  i s  9500 rpm and it d r i v e s  t h e  

genera tor  a t  1800 rpm through a double h e l i c a l  spur  .gear 

reduct ion  uni t .  The genera tor  is a t h r e e  phase, 60 hz, four  p o l e  

synchronous u n i t  r a t e d  at. 13.8 kV with a power f a c t o r  of 0.9, 

Tne genera tor  is' a i r  cooled and i s  equipped wi th  .a b rush less  

Accessories f o r  ' t h e  turb ine-genera tor  i'nclude i n l e t  steam s t o p  

and c o n t r o l .  valves. e x t r a c t i o n  s t o p  valves,  t u r n i n g  gear ,  

l u b r i c a t i o n  system, steam s e a l  system, e l ec t rohydrau l  ic .cont ro l  



s y s t e m  and founda t ion  p l a t e  w i t h  b o l t s .  The a p p r o x i m t e  o v e r a l l  

dimensiorls of t h e  t u r b i n e  g e n e r a t o r  are 34 f e e t  long,  16 f e e t  

wide,  and 20 f e e t  high, 

A similar t u r b i n e - g e n e r a t o r  r a t e d  a t  1 M W e  would o p e r a t e  a t  

13,000 rpm, have two u n c o n t r o l l e d  e x t r a c t i o n s ,  and measure 

approximate ly  20 f e e t  l o n g  and 15 f e e t  wide. 

3 - 2  T U R B I N E  CYCLE EQUIPLmNT 

T h e  turbine c y c l e  equipment i n c l u d e s  t h e  condenser,  feedwater  

ilea ters, t h e  mechanical  vacuum pump, condensate  pumps, b o o s t e r  

pumps, seedwater  .pumps, misce l laneous  p ip ing  and v a l v e s ,  

condensa te  d e m i n e r a l i z e r s ,  condensa te ,  makeup and s to rage ,  

i n s t r u m e n t s  and c o n t r o l s ,  and a u x i l i a r y  equipment such  a s  a i r  

cornpressors and t h e  a u x i l i a r y  steam genera tor ,  

The two-pass, s i n g l e - p r e s s u r e  s u r f a c e  condenser  cou ld  b e  o r i e n t e d  

t o  a c c e p t  e i t h e r  a bottom o r  s i d e  d i s c h a r g i n g  t u r b i n e .  Tubes of 

90-10 copper -n icke l  are o f t e n  used f o r  t h i s  a p p l i c a t i o n ,  A 

mechanical  vacuum pump i s  used t o  remove non-condensibles.  ?be  

condensa te  pump t a k e s  s u c t i o n  from t h e  condenser ho twel l .  

The lowest  p re s su re  of t h e  t h r e e  feedwater  h e a t e r s  w u l d  be of 

t h e   pen d e a e r a t i n g  type ,  wi th  t h e  two i n t e r m e d i a t e  p r e s s u r e  

she11 and t u b e  h e a t s r s  o p e r a t i n g  a t  approximately  50 '  and 

170 p s i a .  The feedwater  b o o s t e r  puxps draw from t h e  d e a e r a t i n g  

h e a t e r  d r a i n  t a n k  and pump t h e  condensa te  th rough  the o t h e r  two 



f e e d w a t e r  h e a t e r s  t o  t h e  f e e d  pump s u c t i o n .  For a 1 M W  c y c l e ,  

there w i l l  b e  o n l y  an€ i n t e r m d . i a t e  p r e s s u r e  h e a t e r  and it would 

o p e r a t e  a t  a p p r o x i m a t e l y  80 p s i a .  

3. 3 HEAT REJECTION EGUIDMENT 

The h e a t  r e j e c t i o n  equipment  c o n s i s t s  o f  c o o l i n g  t o w e r s ,  

c i r c u l a t i n g  w a t e r  pumps a n d  p i p i n g ,  makeup water a n d  blowdown 

p i p i n q ,  and wa te r  t r e a t m e n t  equipment .  

The mechan ica l  d r a f t  c 3 o l i n g  tower  would c o n s i s t  of approx imate ly  

1 cell/MWe. Makeup r e q u i r e m e n t s  are e s t i m a t e d  t o  b e  2-55 of 

c i r c u l a t i n q  water  f low.  C i r c u l a t i n g  water p i p i n g ,  p r o b a b l y  

f i b e r g l a s s  r e i n f o r c e d  p l a s t i c  (FRP) , would l o n g  enough t o  

p l a c e  t h e  c o o l i n g  t o w e r s  bcyond t h e  collector f i e l d ,  so t h a t  

w a t e r  d r o p l e t  d r i f t  d o e s  n o t  i m p a i r  h e l i o s t a t  performance.  



S e c t i o n  4 

TURBINE CYCLE PERFORMANCE 
.. . . . . 

2 

Performance of  a steam Rankine c y c l e  has k e n  c a l c u l a t e d  f o r  t h e  

r I -  I 0 . M W e  range,  p a r t i a l  l o a d  cond i t i ons ,  and t u r b i n e  back 

EFFECT OF PLANT SIZE 4.1 

The. v a r i a t i 0 n . h  n e t  t u r b i n e  c y c l e  e f f i c i e n c y  with  p l a n t  s i z e  

from 1 t o  1 0  MWe is shown i n  F i g u r e  4-1. The d a t a  s h o r n  'are f o r  

admiss ion tu rb ines .  N e t  c y c l e  e f f i c i e n c y  is based on t h e  n e t  

e l e c t r i c a l  o u t p u t ,  which is equa l  to  t h e ' g r o s s  electrical o u t p u t  

less t h e  a u x i l i a r y  loads .  

. . 
. . 

The cu rve  f o r  high-speed t u r b i n e s  is based on t u r b i n e  e f f i c i e n c y  

v a l u e s  r e c e i v e d  from Siemens . C o r p o r a t i o n  f o r  1 MWe and 10 M W e  

t u r b i n e  u n i t s .  A s l i g h t  ad jus tment  of t h e  o r i g i n a l  i n f o r m a t i o n  

was made t o  match t h e  r e q u i r e d  steam c o n d i t i ~ n s .  The shape  of 

t h e  cu rve  ove r  t h e  range  i s  b a s e d  on c a l c u l a t i o n s  done by Bech te l  

f o r  a  3600 rpm t u r b i n e ,  shown as d o t t e d '  l i n e s  i n  F i g u r e  4-1. 

Two s e t s . . o f  cu rves  are shown f o r  t h e .  two r e q u i r e d  i n l e t  steam 

cond i t i ons .  For a. p a r t i c u l a r  t u r b i n e ,  t h e  r a t e d  ef f i c i e t ~ c y  wi th  

s t o r a g e  s t e a m  i s  based .on a r a t i n g  t h a t  'is 70% of t h e  r a t i n g  on 

main stew.  or example, a  t u r b i n e  ta ted a t  5 me pn main .steam 

and 3.5. M W e  on s t o r a g e  steam would have r a t e d  l o a d  e f f i c i e n c i e s  

which cor respond  t a  t h o s e  t w o  valGes i n  F igu re  4-1. 
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I f  an  i n d u c t i o n  tu r 'b ine  is used,  . s l i g h t l y  h i g h e r  main s t e a m "  

e f f i c i e n c i e s  :would be  expected a l t hough  t h e  e f f i c i e n c y  on s t o r a g e  

steam would be somewhat .lower, 

4.2 .AUXILIARY LOADS 

The a u x i l i a r y  loads .  f .or  t h e  1 t o  10 M W e  r ange  as a  f u n c t i o n  o f  

q r o s s  e l e c t r i c a l  o u t p u t  . are g iven  i n  F igure  4-2. ' . These 

percen tages  w e r e  determined from an examina t io r~  o f  a much wider 

ran.qe o f  p l a n t .  s i z e s .  

A u x i l i a r y  l o a d s  w i t h  and w i t h o u t ,  f eed  pump power are shown 

sepa ra t e ly .  a t  PNL'S r e q u e s t ,  I t  h a s  been assumed t h a t  . ' t h e  

p re s su re  a t  t h e  f e e d  pump s u c t i o n  is approximate ly  500 p s i a ,  

4.3 EFFECT OF PART LOAD OPERATION 

The v a r i a t i o n '  of t u y b i n e  c y c l e  e f f i c i e n c y  w i t h  o p e r a t i o n  a t  p a r t  

l o a d  i s  shown i n  F i g u r e  4-3. The e f f e c t  of a u x i l i a r y  l o a d s  is 

inc luded ,  The b a s i s  f o r  t h i s  i n fo rma t ion  i s  t h e  p re l imina ry  

des ign  r e p o r t s  f o r  t h e  10 MWe Barstow p i l o t  p l a n t  (Refs. ' 4-1 and 

When F i q u r e  4-3 i s  a p p l i e d  t o  a  p a r t i c u l a r  t u r b i n e  i n  the 1 t o  

10 W W e  ranqe,  100% of r a t e d  laad on s t o r a g e  steam is e q u a l  t o  70% 

of r a t e d  l o a d  on main steam. 



Figure 4-2 AUXILIARY POWER REQUIREMENTS 

- 
n 
W 
I- < 85 - 
K 
LL 
0 
s - 
V) 
k z 
W 
E 
W 10- 
K - 
3 
0 
W 
K 
K 

+ 
- ' - -  -- --- ---- -- -- ------ ---- - WITH FEED PUMPS 

5 
0 
0 

> 5 - 
K 
a WITHOUT FEED PUMPS - 
4 - . . 
X 
3 
a 

0 I I I I .  I I I 1 1 1 1  

1 2 3 4 .  5 ,6 7 B 9 1 0 1 1 1 2  

RATED GROSS ELECTRICAL GENERATION (MVle) 



LOAD, (% RATED) ? 

Figure 4-3. 1 - 10MWe.TURBINE CYCLE EFFICIENCY FOR PART LO.AD OPERATION 

1.0 - 
: - - - 
a 4; 0.9 - 

0 - 
t 
K 
> 
o 0.8:  z 
W - 
0 
L L  
u 
W 
w 0 .7 -  
4 
o > 
0 
ri- 
W 

0.6 - n 
a 
0 .  
4 
I- 
K 
a 
a 0.5 

ADMISSION TURBINE 

2.5 IN. HG. ABS. BACK PRESSURE 

I I I I I 
20 3 0 

I I 
40 50 60 70 80 ' 90 100 

I 



4.4 EFFECT O F  TURBINE BACK PRESSURE 

The v a r i a t i o n  of  t u r b i n e  c y c l e  e f f i c i e n c y .  w i t h  t u r b i n e  back 

p r e s s u r e  . i s  given i n .  F i q u r e  4-4, Main steam and s t o r a g e  s team 

o p e r a t i o n  are s e p a r a t e  c u r v e s  w i t h  i n t e r p o l a t i o n  between,  the 

c u r v e s  n e c e s s a r y  f o r  combined o p e r a t i o n ,  Performance . i s  

r e f e r e n c e d  t o  t h e  d e s i g n  back p r e s s u r e  of 2.5 i n  Hg &s. 

I n  o r d e r  t o  c o r r e l a t e  t u r b i n e  c y c l e  per formai~ce  w i t h  ambient w e t  

b u l b  tempera ture ,  t h e  performance of t.he cooling tower i s  

r e p r e s e n t e d  by  F igure  4-5. An ambient  w e t  bu lb  tempernt"<re of 

74F i s  used as t h e  d e s i g n  po in t .  

The c u r v e s  i n  F i g u r e s  4-4 and 4-5 are based on v a r i a t i o n  from 

r a t e d  load .  For v a r i a t i o n s  a t  o t h e r  loads, .  bo th  F i g u r e s  4-4 and 

4-5 r e q u i r e  m o d i f i c a t i o n  t o  a c c u r a t e l y  model actual  p l a n t  

opera t ion .  Informatior1 on th is  r e l a t i n g  t o  t h e  10 '  M W e  pilot 

p l a n t  s t u d i e s  w a s  qiven t o  B a t t e l l e  i n  t h e  meeting of  Septemker 
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Figure 4-4 RATED FLOW TURBINE EXHAUST PRESSURE CORRECTION CURVES 
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Sec t ion  5  

TURBINE OPERATION 

5.1 N0FLYA.L . OPERA.TING MODES . . 

Normal t u r b i n e  s t e a d y  state .operat , ing modes.' c o n s i s t  of m a . i  n  steam. 

operatioh, s t o r a g e  steam o p e r a t i o n ,  o r  o p e r a t i o n  .on a combination. 

of . t h e  two  steam 'suppl ies .  m a d  is con t . ro l l ed  .by t h r o t t l i n g :  w i t h  

t h e  t u r b i n e  main steam c o n t r o l  or- admissiorl c o n t r o l  - valves.. 
fl 

Seve ra l  . va lves ,  each c o n t r o l l i n g  a  . For t ion  of t h e  t u r b i n e  a r c ,  
.<-. 

a r e  i n d i v i d u a l l y  p o s i t i o n e d  t o  minimize t h r o t t l i n g  l o s s e s .  

. . 

When o p e r a t i n g  on s t o r a g e  steam on ly ,  a s m a l l  po . r t ion  (10%) o f  

the i n l e t  steam must be d i v e r t e d  th rough  t h e  h igh  p r e s s u r e  

s e c t i o n  t o  p reven t  ove rhea t ing  due t o  aerodynamic . f r i c t i o n .  

I t  i s  r easonab le  t o  assume an  over load  r a t i n g  o f  a t  l e a s t  105% 

a l though  a p a r t i c u l a r  manufac ture rs '  s t a n d a r d  d e s i g n s  may be a b l e  

t o  handle  g r e a t e r  over loads  f o r  some t u r b i n e  s i z e s .  

5 . 2  ' ' .  STARTUP AND SHUTDOWN ' 

S t a r t u p  f o r  d a i l y  o p e r a t i o n  w i  11 r e q u i r e  approximately  t h e  same 

time as t h e  Barstow p i l o t  p l a n t  des igns  (3600 rpm) because,  

a l t h o u g h  a  , high-speed t u r b i n e  i s  ' less mass ive , .  it must be 

a c c e l e r a t e d  t o  a h i g h e r  speed, and  t h e  closer t o l e r a n c e s  of the 

smaller machine make d i f f e r e n t i a l  expansion of components a 

r e l a t i v e l y  g r e a t e r  problem. . The to ta l  t i m e  from r o l i  o f  t h e  



t u r b i n e  t o  f u l l  l o a d  w i l l  b e  a p p r o x i m a t e l y  4 5  minu tes  for a 

s y s t e m  t h a t  is l l b o t t l e d  upu o v e r n i g h t  and i s  k e p t  ho t .  When 

s h u t b w n  d u r a t i o n  is, i n c r e a s e d ,  t h e  s t a r t u p  t i m e  w i l l  i n c r e a s e  t o  

a p p r o x i m a t e l y  f o u r  h o u r s  f o r  a  c o l d  s t a r t  w i t h  no p r e h e a t i n g ,  

.-@ 

Giver1 t h e s e  s t a r t u p  t i m e s ,  a l i f e t i m e  o f  10,000 s t a r t u p s  s h o u l d  

be r e a s o n a b l e ,  This same c y c l i c  l i f e  s h o u l d  apply  f o r  q u i c k  

e x c u r s i o n s  ok u p  t o  200'k' arid large excurs io r l s  at. ' a r a t e  not 

e x c e e d i n g  500F p e r  hour .  T h i s  s h o u l d  r e q u i r e  no  s p e c i a l  

p r e c a u t i o n s  f o r  t r a n s i t i o n  between steam s u p p l i e s  or shutdown, 
< I '  

5.3 S U P E R V I S I O N  AND MAINSf l IANCE 

With c o m p u t e r i z e d  plmt c o n t r o l ,  t h i s  t y p e  o f  p l a n t  c o u l d  b e  

o p e r a t e d  w i t h o u t  c o n s t a n t  o n - s i t e  o p e r a t o r  s u p e r v i s j o n .  Thf 

u s u a l  complement of  alarms and p l a n t  d a t a  c o u l d  b e  moni tored  by a 

remote  oi?era. tor  f o r  s e v e r a l  such p l a n t s .  

A s m a l l  m a i n t e n a n c e  crew would  b e  r e q u i r e d  f o r  o n e - s h i f t  p e r  w e ~ k  

day  b u t  t h e y  c o u l d  s e r v i c e  t h e  whole p l a n t ,  w i t h  o n l y  p a r t .  time 

g i v e n  t o  turbine c y c l e  n ~ a i n t e n a n c e ,  Normal rnaintenance would 

i n c l u d e  r o u t i n e  i n s p e c t i o n  to i n s u r e  r e l i a b i l i t y ,  Schedu led  

p e r i o d i c  equipment  maintenance  would i n v o l v e  shutdown o f  t h e  

t u r b i n e - g e n e r a t o r  for a few c loudy  d a y s  a  y e a r ,  



S e c t i o n  6 
. . 

TURBINE CYCLE EQUIPMENT COSTS 

The development of real is t ic  cost. estimates f o r  small, . e f f i c i e n t ,  

high p r e s s u r e  steam t u r b i n e s  i s  d i f f i c u l t  f a r  s e v e r a l  reasons ,  

The range  from 1 t o  10 M W e  i s  seldom used f o r  e f f i c i e n t  power 

Genera t ion  and t h e r e f o r e  t h e r e  h a s  been l i t t l e  i n c e n t i v e  f o r  

manufacturers  t o  d e v e l o p  m u l t i s t a g e  t u r b i n e s  i n  t h i s  rancje. For  

a p p l i c a t i o n s  w i th  which t h e  manufac ture rs  a r e  f a m i l i a r ,  

e s p e c i a l l y  n e a r  1 Mwe, it . i s  i m p r a c t i c a l  t o  "use  such  high 

p r e s s u r e s  and t empera tu re s  a t  t h e  t u r b i n e  i n l e t .  The ~ ' ~ e c i f i c  

w l u m e  and  steam f low rate cause  a d i f f i c u l t  des ign  problem when 

s t a n d a r d  manufactur ing t o l e r a n c e s  f o r  i n t e r n a l  f l u i d  pas sages  a r e  

considered,  

One sou rce  o f  c o s t ,  i n fo rma t ion  is t h e  c o n t r a c t o r s 8  c o s t  estimates ./ 

f o r  t h e  10 MWe. B a r s t o w  P i l o t  P l a n t  (Re'fs. 6-'1 and 6-2). However, 

t h e  high-speed t u r b i n e - g e n e r a t o r  i s  less c o s t l y  ba.sed o n  a q u o t e  

ob ta ined  by Bechte l  from Siemens Corpora t ion  f o r  t h e  Mart in  

r#lar . iet ta  p i l o t  p l a n t  s tudy ,  Both t h e  q u o t e  from Siemerls a n d  the 

c o s t  from ~ € n e r a l . . E l e c t r i c  are shown on F igu re  6-1, 

I .  

V a r i a t i o n s  o f .  cost w i t h  u n i t  s i z e  are s p e c u l a t i v e ' i n  t h i s  range. 

Telephone quo te s  were ob ta ined  from El l io t t  Corpora t ion  f o r  1, 5' 

and 10 HWe t u rb ine -gene ra to r s  and were used t o  o b t a i n  a s c a l i n g  

exponent r e l a t i o n s h i p  between i n s t a l l e d  $/kWe and u n i t  s i z e .  

This  i s  t h e  ,lowest c u r v e  showrl in Figuxe 6-1. 
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The combinat ion of . t h e  e s t i m a t e d  i n s t a l l e d  c o s t  o f  t h e '  Siemens 

10 M W e  t u r b i n e - g e n e r a t o r  and  t h e  size exponent developed as 

.:i de sc r ibed  above has b e e n .  used . t o  de te rmine  t h e  i n s t a l l e d .  t u r b i n e -  

q e n e r a t o r  c o s t  in ,Figure  6-1 f o r  ' t h e  1 t o  10 ,  I Y W e  range ,  

The i n s t a l l e d  c o s t  of t h e  t u r b i n e  c y c l e  equipment and h e a t  

r e j e c t i o n  system equipment, based on t h e  Ekchte l  e s t i m a t e  f o r  

Martin ' ~ a r i e t t a  f o r  t h e  .I0 M W e  p i l o t  p l a n t ,  h a s  a lso been sliown 

i n  F igu re  6-1 - The dependency of  t h e  c o s t  o f  t h e  c y c l e  equipment 

on u n i t  s i z e  i s  e s t ima ted  t o  be c o n s i d e r a b l y  lower . t h a n  t h e  

t u rb ine -gene ra to r  because . i t  r e p r e s e n t s  s t a n d a r d  eqGuipment 

throughout  t h e  1  t o  10 MWe range ,  

The t o p  cu rve  in F igu re  6-1 r e p r e s e n t s  t h e  t o t a l  c o s t  of t h e  

power p l a n t  exc lud ing  t h e  s o l a r ,  heat t r a n s p o r t ,  and the rma l  

s t o r a q e  subsystems.  I t  i s  based on t h e  Bechte l  estimate f o r  

 arti in Marietta, w i t h  a p o r t i o n  o f  yard work, master c o n t r o l ,  

miscel laneous p l a n t  equipment, i n d i r e c t s ,  . d i s t r i b u t a b l e s ,  and 

'kontingency inc luded ;  b u t  based on a  more modular approach u s i n g  

s k i d  mounted modules', which i s  r easonab le  for t h e  1  t-o 10 M W e  

range. The dependency on u n i t  s i z e  i s  based on examinat ion o f  a ' ' 

much wider r anqe  o f  u n i t  s i z e s ,  

' ~ h e s e  costs r e p r e s e n t  t h e  b e s t  a v a i l a b l e  p re l imina ry  estimates 

f o r  t h e  f i r s t  few p l a n t s  i n  t h e  1  t o  10 MWe range, . . I f  a s u i ' t a b l e  

market is  demonstrated,  t h e s e  costs w i l l  probably decre.ase but  no 

i n f o r m a t i o i ~  i s  a v a i l a b l e  a t  this t i m e  t o  eva1uat.e such an e f f e c t .  

. . 
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