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SUMMARY 

The r e t r o f i t  of s o l a r  c e n t r a l  r e c e i v e r  energy supply systems t o  e x i s t i n g  steam- 
e l e c t r i c  generat ing s t a t i o n s ,  an a p p l i c a t i o n  known a s  "repowering," is  being 
considered a s  a  major programmatic t h r u s t  by t h e  Department of Energy's Large 
So la r  Cen t r a l  Power Systems Program. The de te rmina t ion  of a  government response 
a p p r o p r i a t e  t o  t h e  o p p o r t u n i t i e s  of repowering is  an important  po l i cy  ques t i on ,  
and is  t h e  major reason  f o r  t h e  Repowering S t r a t egy  Analys i s .  The s tudy  ob- 
j e c t i v e  is:  

To d e f i n e  a  government r o l e  i n  repowering t h a t  c o n s t i t u t e s  an 
e f f i c i e n t  program investment i n  p u r s u i t  of v i a b l e  p r i v a t e  markets 
f o r  he l io s t a t -based  energy systems. 

I n  suppor t  of t h a t  o b j e c t i v e ,  t h e  s tudy  is designed t o  i d e n t i f y  t h e  scope and 
n a t u r e  of t h e  repowering oppor tun i ty  w i t h i n  t h e  l a r g e r  contex t  of i t s  c o n t r i -  
bu t ions  t o  c e n t r a l  r e c e i v e r  technology development and commercial izat ion.  The 
Repowering S t r a t e g y  ~ n a i ~ s i s  c o n s i s t s  of t a s k s  i n -  t h r e e  a r e a s :  Supply, Demand 
and I n s t i t u t i o n a l .  I n  a d d i t i o n ,  t h e r e  i s  an I n t e g r a t i o n  Task t o  syn thes i ze  t h e  
r e s u l t s  and recommend t h e  government s t r a t e g y .  This  r e p o r t  documents t h e  Demand 
Task. 

The o b j e c t i v e  of t h e  Demand Task p o r t i o n  of t h e  Repowering S t r a t e g y  Analysis  is  
t o  determine and quan t i fy  t h e  sources  of t h e  v a l u e  of repowering (and of c e n t r a l  
r e c e i v e r  technology i n  genera l )  t o  e l e c t r i c  u t i l i t i e s .  I n  o rde r  t o  accomplish 
t h i s  t a s k  wi th  reasonable  accuracy,  i t  is  necessary  t o  determine t h e  components 
of v a l u e  a s  a  func t ion  of s o l a r  p e n e t r a t i o n  and time. This  must be  done on a  
dynamic b a s i s  by cons ider ing  t h e  i n i t i a l  cond i t i ons  of t h e  u t i l i t y  and comparing 
optimum gene ra t i on  expansion p l ans ,  through time, w i th  and without  s o l a r  penetra-  
t i o n .  These comparisons a r e  then used a long  wi th  a  d e t a i l e d  a n a l y s i s  of c e r t a i n  
i n d i v i d u a l  yea r s  i n  o rde r  t o  a s s e s s  t h e  va lue  of s o l a r  thermal  c a p a c i t y  t o  t h e  
u t i l i t y .  

The methodology used i n  t h i s  r e p o r t  c o n s i s t s  of two p a r t s :  t h e  dynamic a n a l y s i s  
which determines u t i l i t y ' g e n e r a t i o n  mix over  t ime, and t h e  s t a t i c  a n a l y s i s  which 
determines t h e  y e a r l y  impact of s o l a r  c a p a c i t y  on u t i l i t y  product ion c o s t s .  
While t h e  s t a t i c  a n a l y s i s  is  used t o  o b t a i n  impact d a t a  f o r  s p e c i f i c  s o l a r  u n i t  
a d d i t i o n s ,  t h e  dynamic p e n e t r a t i o n  a n a l y s i s  i s  t h e  p r i n c i p a l  t o o l  i n  t h i s  s tudy.  
Only t h e  dynamic a n a l y s i s  ha s  t h e  a b i l i t y  t o  ana lyze  a s p e c i f i c  p e n e t r a t i o n  pa t -  
t e r n  of s o l a r  p l a n t s  and t o  show how t h a t  p a t t e r n  would change t h e  u t i l i t y ' s  
gene ra t i on  expansion p l an  and revenue requirements .  Thus, dynamic a n a l y s i s  
determines t h e  impact of t h e  s cena r io  r a t h e r  than  t h e  impact of a  s i n g l e  p l a n t .  

For impact assessment purposes ,  a  hypo the t i ca l  u t i l i t y  system was used. The 
system, based upon EPRI s y n t h e t i c  u t i l i t y  system E, w a s  chosen a s  be ing  represen-  
t a t i v e  of a  u t i l i t y  i n  t h e  southwestern United S t a t e s ,  an a r e a  considered prime 
f o r  repowering. The s l i g h t l y  modified EPRI s y n t h e t i c  u t i l i t y  and t h e  i n s o l a t i o n  
d a t a  used most n e a r l y  approximates 1985 p r o j e c t i o n s  f o r  w e s t  Texas. This  hypo- 
t h e t i c a l  u t i l i t y  con ta in s  a  l a r g e  p ropor t i on  of o i l - f i r e d  gene ra t i ng  u n i t s ,  making 
t h e  number of candid'ate repowering u n i t s  h igh  and t h e  p o t e n t i a l  economic sav ings  
due t o  t h e  displacement of o i l  very  a t t r a c t i v e .  



The major assumptions used i n  t h i s  a n a l y s i s  a r e  a s  fol lows:  

Modified EPRI Syn the t i c  System E ( a  r e p r e s e n t a t i v e  1985 
Southwestern e l e c t r i c  u t i l i t y )  

2  
a Moderately h igh  Southwest i n s o l a t i o n  l e v e l ,  2500 kWh/m -yr ,  

t y p i c a l  year  d a t a  

O i l  e s c a l a t e s  a t  12%/year s t a r t i n g  from-$5.50/MBtu i n  1985 
(roughly $32/bbl) 

High performance s o l a r  p l a n t s  

Only s torage-buffered repowered and three-hour s t o r a g e  coupled 
so lar - thermal  p l a n t s  were considered;  h igh  capac i ty  f a c t o r  s o l a r  
p l a n t s  were n o t  considered 

a T h r e e d i f f e r e n t  p e n e t r a t i o n  scena r ios  e a c h w i t h t h r e e d i f f e r e n t  
r a t e s  of p e n e t r a t i o n  achiev ing  a  maximum of 8% of system capac i ty  
by 2009 forced  onto  t h e  system 

No s p e c i a l  s o l a r  t a x  c r e d i t s  o r  o the r  i ncen t ives  were considered 

'Ten key f i n d i n g s  have been obtained from t h i s  ana lys i s .  The f i r s t  seven have 
po l i cy  imp l i ca t ions ,  t h e  l a s t  t h r e e  have t o  do more wi th  t h e  methods used i n  
t h e  a n a l y s i s .  

Numerous s i t u a t i o n s  e x i s t  where t h e  v a l u e , o f  h e l i o s t a t s  is  
g r e a t e r  ttian the  c o s t  goa l s  which have been proposed 

The r e l a t i v e l y  h igh  va lue  of s o l a r  may not  be g r e a t  enough t o  
compete w i t h  new baseload c o a l  and nuc lear  genera t ion  sources 
i n  u t i l i t i e s  with h i g h  n p e r a t i n g  c o s t  baseload capacity 

'o The v a l u e  of s o l a r  thermal e l e c t r i c i t y  is  not  cons tan t  nor even 
monotonic w i t h  time 

Solar  thermal  va lue  t r ends  a r e  c o n s i s t e n t  w i th  a  program plan  
emphasizing repowering e a r l y ,  followed by t h e  l a t e r  implementation 
of new stand-alone p l a n t s  

There is  a near-term window f o r  repowering which i s  based upon t h e  
cu r r en t  h igh  va lue  of d i sp l ac ing  o i l - f i r e d  capac i ty ,  n o t  on u n i t  
retirements a lone  

The dynamic a n a l y s i s  r e s u l t s  r e v e a l  f i n a n c i a l  problems n o t  iden- 
t i f i e d  i n  t h e  s t a t i c  a n a l y s i s  

a The i n s t i t u t i o n a l  c o n s t r a i n t s  on nuc lear  and coal genera t ion  
f a c i l i t i e s  s t r o n g l y  a f f e c t  t h e  time va lue  of solar- thermal  
capac i ty  

Taking capac i ty  c r e d i t  f o r  s o l a r  on a  system th.at  i s  adding only 
new baseload 'capaci ty may be economically 1.1nwi.se 



Optimizing the conventional generation mix around a solar 
penetration scenerio does not eliminate penetration effects 

Dynamic analysis is essential to fully understand the value 
question (for a plant) in a changing environment 

vii 
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SECTION 1 .0  

INTRODUCTION AND 0B.TECTIVES 

1.1 PERSPECTIVE ON THE REPOWERING STRATEGY ANALYSIS 

The r e t r o f i t  of s o l a r  c e n t r a l  r e c e i v e r  energy supply systems t o  e x i s t i n g  steam- 
e l e c t r i c  genera t ing  s t a t i o n s ,  an a p p l i c a t i o n  known a s  "repowering," i s  being 
considered a s  a major programmatic t h r u s t  by t h e  Department of Energy's Large 
Solar  Cen t r a l  Power Systems Program. Seve ra l  promising f e a t u r e s  of repowering 
lead  t u  t h i s  i n t e r e s t :  

Technical :  Repowering o f f e r s  a r e l a t i v e l y  low-risk t e c h n i c a l  pa th  
t o  l a r g e  s c a l e  t e s t  and demonstrat ion of c e n t r a l  r e c e i v e r  technology, 
P a r t i a l  r e l i a n c e  on e x i s t i n g  hardware p l a c e s  bo th  c o s t  and t e c h n i c a l  
emphasis on t h e  energy supply system, where t h e  major u n c e r t a i n t i e s  
l i e .  Also, t h e  hybrid n a t u r e  of repowered p l a n t s  permi ts  them t o  
ope ra t e  even i f  ' t he  s o l a r  energy supply system i s  temporar i ly  unava i lab le .  

Demand: The confinement of r i s k  t o  t h e  s o l a r  p o r t i o n  of t h e  p l a n t  
makes u t i l i t y  involvement more a t t r a c t i v e ,  and f a c i l i t a t e s  cos t -  
sha r ing  arrangements between t h e  pub l i c  and p r i v a t e  s e c t o r s .  Ea r ly  
involvement of t h e  eventua l  u se r  group promises t o  i n c r e a s e  t h e  
market development va lue  of t h e  t e s t  and demonstrat ion program i n  
s e v e r a l  important  a r e a s :  re levance,  c r e d i b i l i t y ,  in format ion  dissem- 
i n a t i o n ,  and response.  

Supply: The va lue  of t h e  s o l a r  energy supply system i s  poss ib ly  
h igher  i n  repowering than  i n  new capac i ty  a p p l i c a t i o n s .  (This  
ques t i on  i s  addressed i n  t h i s  r e p o r t . )  I f  t h i s  i s  so ,  then t h e  
oppor tun i ty  f o r  e a r l y  hardware s a l e s  (when c o s t s  a r e  h ighe r )  f o r  
repowering may be  an important advantage f o r  t h e  development of t h e  
supply i ndus t ry .  (This  ques t ion  is  addressed i n  t h e  r e p o r t  of t h e  
Repowering Supply Task.) 

Energy Displaccmcnt: While che l i k e l y  popula t ion  of repowerable 
p l a n t s  i n  t h e  Southwest i s  n o t  l a r g e  (roughly 4-6 GWe--see Appendix E) ,  
i t  i s  heav i ly  r e l i a n t  on o i l  and gas.  Thus, t h e  d i r e c t  e f fec ' t s  of 
repowering on f u e l  displacement a r e  i n  t h e  d e s i r e d  ca t ego r i e s . "  
Rea l i za t i on  of t h e s e  e f f e c t s  depends on t h e  succes s fu l  use of repowering 
a s  a test and demonstrat ion program. 

*It w i l l  be argued i n  t h e  main p r o j e c t  r e p o r t ,  A Government Role i n  Repowering, 
SERI/TR-51-340, t h a t  t h e  i n d i r e c t  energy displacement  e f f e c t s  of repowering a r e  
p o t e n t i a l l y  f a r  more important .  I n d i r e c t  energy displacement r e f e r s  t o  t h e  con- 
t r i b u t i o n  made by repowering through t h e  a c c e l e r a t i o n  of c o s t - e f f e c t i v e  s tand-  
a l o n e  a p p l i c a t i o n s .  



The de termina t ion  of a government response appropr i a t e  t o  t h e  oppor tun i t i e s  
of repowering is  a n  important  po l i cy  ques t ion ,  and i s  t h e  major reason f o r  t h e  
Repowering S t r a t e g y  Analysis .  The s tudy o b j e c t i v e  i s  : 

To d e f i n e  a government r o l e  i n  repowering t h a t  c o n s t i t u t e s  an 
e f f i c i e n t  program investment i n  p u r s u i t  of v i a b l e  p r i v a t e  markets 
f o r  he l io s t a t -based  energy systems. 

I n  suppor t  of t h a t  o b j e c t i v e ,  t h e  s tudy is  designed t o  i d e n t i f y  t h e  scope and 
. n a t u r e  of t h e  repowering oppor tuni ty  w i th in  t h e  l a r g e r  contex t  of i t s  con t r i -  
b u t i o n s  t o  c e n t r a l  r e c e i v e r  technology development and commercialization. The 
s t r u c t u r e  of t h e  o v e r a l l  Repowering S t r a t egy  Analysis i s  shown i n  F igures  1-1 
and 1-2. The3upp ly  Task and I n t e g r a t i o n  Task a r e  documented s e p a r a t e l y .  
This  r e p s r c  ducurnents t h e   eman and Task. 

I 

SUPPLY TASK 

Employs: 

a De ta i l ed  Product ion  Engineering 
a Process-based Computer Model of Leading t o :  

a  Manufacturing Company Est imates  of supply p r i c e  
of he.l . iostats a s  func t ion  of 

To F e n t i m e :  d e s l g l ~ ,  pcoductinn prrIlcPss, 
Manufactured c o s t  of H e l i o s t a t s  as a and produt r ian  vu.l~lue 
f u n c t i o n  of des ign ,  product ion process ,  
and product ion  volume 

DEMAND TASK 

Employs Standard E l e c t r i c  U t i l i t y  
Modeling Techniques f o r :  

Generat ion System Planning Leading t o ;  
E l e c t r i c i t y  Product ion Cost Es t imates  of demand p r i c e  

To _Estim;~_cs: f o r  s o l a r  hardware a s  
f i inct ion of time alld s o l a r  

Value t o  u t i l i t y  of solar- thermal  p e n e t r a t i o n  
p l a n t s  as func t ion  of t ime and s o l a r  
y e n ~ t r a t i o n  

i 

Figure  1-1. STRUCTURE OF REPOWERING STRATEGY ANALYSIS: 
SUPPLY AND DEMAND TASKS 



INSTITUTIONAL TASK 

Employs : 

Descr ip t ions  of a c t u a l  and probable ~ e a d ' i n g  t o  : 
i n s t i t u t i o n a l  c o n s t r a i n t s  on s o l a r -  

Requirements on technology 
thermal p l a n t  s i t i n g  development and. commercial- 
To Estimate: i z a t i o n  programs and/or  on 

pub l i c  po l i cy  t o  permit rap id  
I n s t i t u t i o n a l  requirements f o r  commercial deployment of cos t -  
commercial deployment of solar- thermal  e f f e c t i v e  solar- thermal  p l a n t s  
p l a n t s  ( i . e . ,  requirements beyond 
t e c h n i c a l  and economic v i a b i l i t y )  

INTEGRATION TASK 

Employs Models o f :  

a Power P lan t  Life-Cycle Cost 
a E l e c t r i c  U t i l i t y  Adoption of 

New Technology 
a Inves to r  (Producer) Adoption of New Leading to :  

Technology Recommended f e d e r a l  s t r a t e g y  
and - f o r  use  of repowering 

oppor tuni ty  a s  an  e f f i c i e n t  
a Outputs. from A l l  Other Tasks 

investment i n  cvmrnercializing 
To Est imate:  he l ios ta t -based  energy systems 

Impacts of va r ious  government a c t i o n s  
on commercial p rospec ts  f o r .  so l a r -  
thermal p l a n t s  

F igure  1-2. STRUCTURE OF REPOWERING STRATEGY ANALYSIS: 
INSTITUTIONAL AND INTEGRATION TASKS 

1.2 OBJECTIVES OF THIS REPORT 

The o b j e c t i v e  of t h e  Demand Task p o r t i o n  of the'Repowering S t r a t egy  Analysis 
i s  t o  determine and quan t i fy  t h e  sources of t h e  v2lue  of repowering (and of 
c e n t r a l  r ece ive r  technology i n  genera l )  t o  e l e c t r i c  u t i l i t i e s .  I n  o rde r  t o  ac- 
complish t h i s  t a s k  wi th  reasonable  accuracy,  i t  is  necessary  t o  determine t h e  
components of va lue  a s  a func t ion  of s o l a r  pene t r a t ion  and time. This  must .be 
done on a dynamic b a s i s  by cons ider ing  t h e  i n i t i a l  cond i t i ons  of t h e  u t i l i t y  and 
comparing optimum genera t ion  expansion p l ans ,  through time, w i th  and without  s o l a r  
pene t ra t ion .  These comparisons a r e  then  used a long  wi th  a d e t a i l e d  look  a t  
c e r t a i n  i nd iv idua l  years i n  ordcr  t o  assess rhe va lue  of s o l a r  thermal capac i ty  
t o  t h e  u t i l i t y .  This r e p o r t  desc r ibes  t h e  modeling t o o l s  and assumptions used 
i n  t h e  Demand Task, and p re sen t s  and i n t e r p r e t s  t h e  r e s u l t s .  

Sec t ion  2.0 p o i n t s  out  t h e  key f ind ings .  Sec t ions  3.0 through 8 .0  d i s c u s s ,  i n  
d e t a i l ,  t h e  approac.h, assumptions, and r e s u l t s  of t h i s  po r t ion  of t h e  Repowering 
S t r a t egy  Analysis .  
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SECTION 2.0 

KEY FINDINGS 

2.1 CAUTION ON INTERPRETATION 

As was described in the introduction, this report is one portion of a larger 
analysis. The key findings described in Section 2.2, which are very important 
in assessing the large solar-thermal program, are not sufficient in themselves 
to develop a policy position. This study does show the value of so,-ar-thermal 
installations in the Southwe~t over time; however, there are many other factors 
which must be considered in making a policy recommendation for the development 
of large solar-thermal systems. The most important of these factors include: 
the supply side economics (especially heliostat costs), institutional and 
environmental considerations, and decisions involving the development of 
solar-thermal power plants vis-a-vis other new electric generating technologies. 

For impact assessment purposes, a hypothetical utility system was used. The 
system, based upon EPRI synthetic utility system E, was chosen as being represen- 
eative of a utility in the southwestern United States, an area considered 
prime for repowering. The slightly modified EPRI synthetic utility and the 
insolation data used most nearly approximates 1985 projections for west Texas. 
This hypothetical utility contains a large proportion of oil-fired generating 
units, making the number of candidate repowering units high and the potential 
economic savings due to the displacement of oil very attractive. Also, the 
insolation level used is reasonably high. 

There are many decisions which must be made in developing the input parameters 
to be used in any analysis of this type. A great deal of time was spent in 
developing the assumptions necessary to perform this analysis. They were 
developed in such a way as to provide the maximum amount of useful information 
from which conclusions could be drawn. 

The major assumptions used in this analysis are as follows. 

Modified EPRI Synthetic Systcm E (a representative 1985 
Southwestern electric utility) 

2 Moderately high Southwest insolation level, 2500 kWh/m -yr, 
typical year data 

Oil escalates at 12%/year starting from $5.50/MBtu in 1985 
(roughly $32/bbl) 

High performance solar plants 

Only storage-buffered, repowered and three-hour storage coupled . 
solar-thermal plants were considered; high capacity factor solar 
plants were not considered 

Three different penetration scenarios each with three different 
rates of penetration achieving a maximum of 8% of system capacity 
by 2009 



No special solar tax credits or other incentives were considered 

It was necessary to postulate penetration scenarios with which to compare the 
reference (no solar) system. ,The scenarios contain a range of solar penetration 
rates, starting points and ultimate penetration levels in order to sufficiently 
bound the problem for analysis. These scenarios should in no way be taken as 
predictions--instead they are exogenously forced in order to indicate trends. 

In addition to the assumptions listed above, there were three important institu- 
tional assumptions. All of these have to do with conventional generation 
sources. First, for the utility system examined it was assumed that nuclear 
installations would be limited to one 1000 MW unit every five years. This 
assumption was based upon resent trends in the installation of nuclear facilities 
and a capital-constrained environment. The nominal utiliLy sicc is 10,n00 MW 
in 1985. Second, it was assumed that there would be a sufficient supply of 
coal, at the prices used, to fill the baseload generation gap left by the 
limitation on nuclear capacity. Third, the maximum rate of introduction of 
new baseload capacity is limited by restricting the maximum generation reserve 
to 25%, again due to capital constraints. 

Even with these constraints the generation expansion is idealized. The utility 
i,s likely to encounter many institutional problems during the 25-year planning 
horizon which will force it to have installations different from those selected 
by the program. Further, the process of expanding a generation system is 
analagous to trying to hit a moving target. Circumstances are continually 
changing and the most reliable portion of a 25-year expansion is the first five 
years. However, the analysis is still useful for indicating long-term trends, 
and necessary to estimate long-term impacts. 

Two ad.ditiona1 qualifications must be made a t  this point. First, this study is 
not a. market survey or projection. Scc,ond, th,e repowering of plants with tech- 
na3.ogi.e~ other than solar was beyvlld ehc E C O ~ F  of this study. 

The details of all these assumptions are presented in Sectio~ls 4 . U ,  5.0, uad 
7.1. 

2.2 KEY FINDINGS 

Ten key findings have been obtaincd from this analysis. The first seven have 
pulicy implicatSnns, the last three have to ds more with the methods used in 
thc  analysis. 

2.2.1 Numerous Si,tuwons Exist Where the Value of Heliostats Is Greater Than 
t h e  Cost 'Goal .-- 

While the value of heliostats obtained from the dynamic simulation of the 
synthetic uti.lity is not'a single number, the value in many cases is greacer 
than the cost goals which have been proposed. Under certain circumstances 
where solar-thermal electricity competes primarily with expensive premium 
fuels, the value of'heliostats is very high. 



2.2.2 
wi th  New Baseload 'Coal 'and 'Nuclear 'Generat ion 'Sources 

Although t h e  c o s t l b e n e f i t  r a t i o  of solar- thermal  systems is  o f t e n  l e s s  than  
u n i t y ,  t h e r e  a r e  competing technologies  f o r  which investment d o l l a r s  w i l l  
r e t u r n  even g r e a t e r  b e n e f i t s .  The s y n t h e t i c  system s t u d i e d ,  and Southwestern 
u t i l i t i e s  l i k e  i t ,  have some unique c h a r a c t e r i s t i c s .  Most important  i s  t h e  
f a c t  t h a t  t h e s e  systems a r e  severe ly  d e f i c i e n t  i n  low-operating c o s t  u n i t s  ( o i l  
i s  being used f o r  baseload capac i ty) .  Any gene ra t ion  expansion opt imiza t ion  w i l l  
b e  "looking" f o r  l a r g e  amounts of new n u c l e a r  and coa l - f i r ed  capac i ty  i n  t h e  
e a r l y  years .  Solar-thermal power systems, which o p e r a t e  i n  an  " intermediate"  t o  
"peaking" mode, w i l l  t h e r e f o r e  be  i n  competion f o r  c a p i t a l  investment dol - la rs  
which the u t i l i t i e s  can invest: more p r o f i t a b l y  i n  baseload genera t ion .  Conse- 
quen t ly ,  i n  t h e  e a r l y  y e a r s ,  solar- thermal  i n s t a l l a t i o n s  w i l l  have t o  be  i n s t a l l e d  
on t h e i r  f u e l . s a v i n g  mer i t  alone. The same c h a r a c t e r i s t i c s  which cause s o l a r -  
thermal t o  be  a t t r a c t i v e  from a s t a t i c  (one y e a r  product ion cos t )  s t andpo in t  
cause s e v e r e  c a p i t a l  competi t ion from a dynamic (mul t iyear  optimized expansion) 
s t andpo in t  . 

2.2.3 The Value of Solar-Thermal E l e c t r i c i t y  Is Not Constant w i t h  Time 

The combining of t h e  s t a t i c  and dynamic a n a l y s i s  t o o l s  has  l e d  t o  some i n t e r e s t i n g  
r e s u l t s .  Due t o  t h e  h ighly  nonoptimum i n i t i a l  gene ra t ion  mix w i t h  60% of i t s  
capac i ty  i n  o i l - f i r e d  p l a n t s ,  t h e  v a l u e  of so la r - thermal  p l a n t s  i n  t h e  e a r l y  
y e a r s  i s  very  high.  The system genera t ion  mix improves w i t h  t i m e  a s  l a r g e  
amounts of new low-operating c o s t  capac i ty  a r e  added, causing a dramatic  drop 
i n  t h e  va lue  of t h e  e l e c t r i c i t y  generated by s o l a r .  Then, i n  later y e a r s ,  t h e  
con t inua l ly  growing system r e q u i r e s  new in t e rmed ia t e  and peaking capac i ty .  The 
combination of t h i s  requirement w i th  ever  i n c r e a s i n g  o i l  o r  s u b s t i t u t e  premium 
f u e l  p r i c e s  makes t h e  s o l a r  systems very  va luab le  aga in  a f t e r  t h e  y e a r  2000. 

2.2.4 S o l a r  Thermal Value Trends a r e  Cons is ten t  w i th  a Prograni Plari'Enipliasizing 
Repowering Ea r ly  .Followed 'by t h e  L a t e r  '.Implementation 'o f  'New 
Stand-Alone P l a n t s  

The breakeven v a l u e  of h e l . i o s t a t s  i ~ ,  a good way t o  compare t h e  economic competit ive- 
nes s  of s o l a r  thermal  technologies .  F igu re  2-1 shows t h e  o v e r a l l  v a l u e  t r ends  from 
two of t h e  s c e n a r i o s  used i n  t h e  s tudy .  From t h i s  i t  is seen  t h a t  repowering has  
a s l i g h t l y  h ighe r  v a l u e  f o r  h e l i o s t a t s  i n  t h e  per iod  be fo re  2000 and t h a t  s tand-  
a lone  p l a n t s  have a s l i g h t l y  h ighe r  v a l u e  a f t e r  t h i s  t i m e .  This  f i n d i n g  i s  
c o n s i s t e n t  w i t h  a solar- thermal  development program ghat  emphasizes repowering 
e a r l y  followed by t h e  implementation of new stand-alone p l a n t s .  However. i t  must 
b e  remembered that thio,  t r cnd  an t h e  de~nand s l d e  is  n o t  a s u f f i c i e n t  reason i n  
i t s e l f  around which t o  develop a government po l i cy .  Only wi th  a c l e a r  under- 
. s tanding  inco rpora t ing  t h e  supply and i n s t i t u t l o ~ ~ a f  e f f e c t s  can t h i s  be done. 
The pe r iod  beyond 2000 has been drawn wi th  dashed l i n e s  because 'of  t h e  g r e a t  un- 
c e r t a i n t y  of what w i l l  b e  t h e  competing technologies  and f u e l  p r i c e s  i n  t h a t  t ime 
frame. 



YEAR OF IWSTALLATIOII 

Figure 2-1. REPRESENTATIVE IIELIOSTAT VALUE TRENDS 

2 .2 .5  There Is a Near-Term Window f o r  Repowering no t  Based on Ret irements  
Alone 

Not only i s  t h e r e  t h e  longer  term window which becomes c losed  due t o  p l a n t  
r e t i r emen t s  ( a l l  of t h e  p l a n t s  f i r e d  wi th  /I2 o i l  a r e  r e t i r e d  on t h e  s y n t h e t i c  
u t i l i t y  system by t h e  end of t h e  s tudy) ,  bu t  t h e r e  i s  a near-term economic 
window. The va lue  of repowering is  h igh  a t  t h e  s t a r t  of t h e  s tudy  (1985) due to 
t h e  abundance of o i l - f i r e d  capac i ty .  I f  i t  wasn ' t  f o r  t h e  maximum capac i ty  
feserve c o n s t r a i n t ,  the most economic opt ion  would have been t o  i n s t a l l  a very  
l a r g e  amount of new baseload c o a l  o r  nuc lea r  capacfry 111 1385, t h e  first study 
yea r .  This  would have immediately reduced t h e  va lue  of solar- thermal  e l e c t r i c i t y .  
However, due t o  t h e  c o n s t r a i n t  t h e  new baseload capac i ty  must now be  i n s t a l l e d  
over  a per iod  of s e v e r a l  yea r s .  Thus, t h e  va lue  of so la r - thermal  s t a r t s  h igh  
and f a l l s  o f f  g radua l ly  dur ing  t h e  f i r s t  t e n  yea r s  of t h e  s tudy.  By t h e  t ime 
t h e  v a l u e  has aga in  r i s e n  t o  i t s  o r i g i n a l  l e v e l ,  a l l  of t h e  candida te  repowerable 
p l a n t s  have been r e t i r e d  due t o  o ld  age. 

2.2 .6  The Dynamic Analys is  R e s u l t s  Reveal F i n a n c i a l  Problems no t  I d e n t i f i e d  
111 the S t n r l c  Ana 1.vsis 

The dynamic p e n e t r a t i o n  of a u t i l i t y  by a c a p i t a l  i n t e n s i v e  product such a s  so l a r -  
thermal  p l a n t s  can cause  an ever- increasing n e t  nega t ive  cash flow. This  is  caused 
by t h e  added c a p i t a l  requirements  of t h e  new s o l a r  p l a n t s  outweighing t h e  cur- 
r e n t  f u e l  sav ings  of t h e  s o l a r  u n i t s .  N.ot u n t i l  sometime a f t e r  t h e  pene t r a t ion  
s t a b i l i z e s  w i l l  y e a r l y  b e n e f i t s  overcome yea r ly  out lays .  Even though t h e  s t a t i c  
( p l a n t  l i f e t i m e )  a .na lys i s  may show a f avo rab le  c o s t l b e n e f i t  r a t i o ,  t h e  swi tch  t o  
so la r - thermal  p l a n t s  w i l l  cause a cash flow problem l a s t i n g  much longer  than  t h e  
payback period of an  i n d i v i d u a l  so la r - thermal  u n i t .  This  is  an e f f e c t  l i k e l y  t o  
'be encountered i n  any swj tch  t o  c a p i t a l  i n t e n s i v e  renewable energy resources .  



2.2.7 The I n s t i t u t i o n a l  Cons t r a in t s  on Nuclear and Coal Generation F a c i l i t i e s  
S t ronglv  A f f e c t . t h e  Tirne'Value of S o l a r  

There a r e  two i n s t i t u t i o n a l  c o n s t r a i n t s  which were appl ied  which s i g n i f i c a n t l y  
inf luenced  t h e  va lue  of s o l a r .  When t h e  genera t ion  expansion was f i r s t  run,  
i t  immediately i n s t a l l e d  nuc lea r  capac i ty  equal  t o  about 50% of t h e  e x i s t i n g  
system and continued t o  add l a r g e  amounts i n  f u t u r e  years .  This  is s o  con t r a ry  
t o  c u r r e n t  t r ends  i n  t h e  e l e c t r i c  u t i l i t y  i ndus t ry  t h a t  t h e  f i r s t  i n s t i t u t i o n a l  
c o n s t r a i n t  was t o  l i m i t  t h e  amount of nuc lea r  add i t i ons  which could be  made. 
Even a f t e r  t h i s  l i m i t a t i o n ,  t h e  system was s t i l l  seve re ly  baseload d e f i c i e n t  
and t h e  genera t ion  expansion program chose t o  f i l l  t h e  void wi th  coa l .  This  
r e s u l t e d  i n  a 58% i n s t a l l e d  ' r e se rve  margin, judged t o  be  h ighe r  than  what an 
e l e c t r i c  u t i l . i t y  could f inance  and h ighe r  than any pub l i c  u t i l i t y  commission is  
l i k e l y  t o  allow. Thus, t h e  second i n s t i t u t i o n a l  c o n s t r a i n t  app l i ed  was one 
which l i m i t e d  t h e  percent  r e s e r v e  t o  a maximum of 25%. These l i m i t a t i o n s  cause 
t h e  va lue  of solar- thermal  p l a n t s  t o  decrease  more slowly i n  t h e  e a r l y  yea r s  
than  they o therwise  would have. 

2.2.8 Taking Capacity Cred i t  May Be Harmful i n  t h e  Long - Run 

I n  a system which i s  d e f i c i e n t  i n  low-operating c o s t  (baseload)  u n i t s ,  only new 
baseload p l a n t s  w i l l  be  added f o r  many years .  I n  a baseload d e f i c i e n t  system 
which i s  a l s o  t r y i n g  t o  add s o l a r ,  t h e  only capac i ty  displacement which can be  
taken dur ing  t h e  yea r s  of only baseload a d d i t i o n  is  a g a i n s t  t h a t  baseload capac i ty .  
The r e s u l t a n t  d e f e r r a l  of baseload capac i ty  causes a h igher  product ion c o s t  
t o  be  incu r red ,  an economic e f f e c t  which outweighs t h e  c a p i t a l  sav ings .  The 
a n a l y s i s  determined t h a t  i n  t h e  e a r l y  yea r s  s o l a r  p l a n t s  should b e  i n s t a l l e d  only 
f o r  t h e i r  f u e l  savings va lue ,  and capac i ty  displacement s h o u l d ' b e  de fe r r ed  u n t i l  
t h e  p o i n t  when new in t e rmed ia t e  and peaking capac i ty  i s  aga in  being added. 

2.2.9 Optimizing t h e  System around S o l a r  Does Not El imina te  P e n e t r a t i o n  
E f f e c t s  

A s  has  been shown i n  many previous s t a t i c  u t i l i t y l s o l a r  ana lyses ,  t h e  incremental  
va lue  of a c e r t a i n  type  of s o l a r  capac i ty  decreases  w i th  pene t r a t ion .  For t h e  
types  of s o l a r  p l a n t s  considered,  t hese  pene t r a t ion  e f IecLs  remain i n  a system 
which Is dynamically optimized f o r  va r ious  l e v e l s  of s o l a r  pene t r a t ion .  

2.2.10 Dynamic Analysis  i s  E s s e n t i a l  t o  F u l l y  Understand t h e  Value Question 
i n  a Changing Environment 

Much of t h e  a n a l y s i s  f o r  th i . s  s t l .~dy wao perfar~aed  using a dynamic u t i l i t y  expansion 
computer program i n  conjunct ion wi th  d e t a i l e d  s imula t ion  of s o l a r  p l a n t  opera t ion .  
Supplementary a n a l y s i s  was performed us ing  a s t a t i c  a n a l y s i s  approach involv ing  
s ingle-year  s imu la t ion  wi th  ex t r apo la t ion .  The dynamic approach, though more 
c o s t l y ,  y i e l d s  a b e t t e r  p i c t u r e  of t h e  r o l e  of s o l a r  p l a n t s  i n  a changing environment. 
Espec ia l ly  f o r  a u t i l i t y  system w i t h  a poor i n i t i a l  genera t ing  mix t h a t  improves 
w i t h  t ime , ' such  a s  t h e  s y n t h e t i c  u t i l i t y  s t u d i e d ,  t h e  dynamic a n a l y s i s  produces a 
much b e t t e r  b a s i s  f o r  t h e  s o l a r  p l a n t  va lue  determinat ion.  While t h e  s t a t i c  a n a l y s i s  
i s  va luab le  f o r  economically determining t h e  comparative m e r i t s  of d i f f e r enL  
s o l a r  p l a n t  coucepts and l o c a t i o n s ,  i t  i s  t h e  more ex tens ive  dynami.~. a n a l y s i s ,  
o r  a l t e r n a t i v e l y  l i f e t i m e  d e t a i l e d  s imula t ion ,  t h a t  u t i l i t i e s  w i l l  r e q u i r e  be fo re  
making any s i g n i f i c a n t  investment dec is ion .  
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SECTION 3.0 

METHODOLOGY 

3 .1  GENERAL 

The o b j e c t i v e  of t h i s  s tudy  was t o  determine t h e  sources  and e x t e n t  of va lue  
t o  a  r e p r e s e n t a t i v e  u t i l i t y  f o r  so la r - thermal  p l a n t s .  This  o b j e c t i v e  determines 
t h e  b a s i c  requirement on a  methodology f o r  t h e  a n a l y s i s :  t h a t  i t  permit  a c c u r a t e  
de te rmina t ion  of t h e  economic impact of i n t e g r a t i n g  a  so la r - thermal  p l a n t  i n t o  
all electrlc u r i l i r y  system. Fu r the r ,  because t h e  Repowering S t r a t egy  Analysis  
examines repowering a s  p a r t  of t h e  longer  term process  of c e n t r a l  r e c e i v e r  
technology development, i t  is  important  t o  measure changes i n  va lue  over  t ime. 
Thus, t h e  methodology chosen must be  a  combination of s t a t i c  and dynamic 
ana lyses .  While t h e  s t a t i c  a n a l y s i s  is  used t o  o b t a i n  impact d a t a  f o r  s p e c i f i c  
s o l a r  u n i t  a d d i t i o n s ,  t h e  dynamic p e n e t r a t i o n  a n a l y s i s  is  t h e  p r i n c i p a l  t o o l  
i n  t h i s  s tudy .  Only t h e  dynamic a n a l y s i s  has  t h e  a b i l i t y  t o  ana lyze  a  s p e c i f i c  
p e n e t r a t i o n  p a t t e r n  of s o l a r  p l a n t s  and t o  show how t h a t  p a t t e r n  would change 
t h e  u t i l i t y ' s  genera t ion  expansion p l an  and revenue requirements .  Thus, 
dynamic a n a l y s i s  determines t h e  impact of t h e  s c e n a r i o  r a t h e r  than  t h e  impact 
of a  s i n g l e  p l a n t .  The gene ra l  s t r u c t u r e  of t h e  va lue  a n a l y s i s  methodology i s  
descr ibed  i n  t he  next sec t ion .*  

3.2 METHODOLOGY STRUCTURE 

For purposes of d i s cus s ion ,  t h e  o v e r a l l  v a l u e  a n a l y s i s  methodology d i v i d e s  
convenient ly  i n t o  two p a r t s :  t h e  dynamic a n a l y s i s  which determines gene ra t i on  
mix over t ime,  and t h e  s t a t i c  a n a l y s i s  which determines t h e  y e a r l y  impact of 
s o l a r  capac i ty  on u t i l i t y  product ion c o s t s .  These p a r t s  a r e  r ep re sen t ed  
schemat ica l ly  i n  F igures  3-1 and 3-2, r e s p e c t i v e l y .  

3 .2 .1  Determinat ion of t h e  Generat ion Mix over  Time 

It i~ w e l l  undcrotood t h a t  the b e n e f i t ' s  sLream c rea t ed  by a so la r - thermal  
p l a n t  depends on t h e  s p e c i f i c s  of t h e  u t i l i t y  system of which i t  i s  a  p a r t .  
The va lue  ana lyses  a r e  performed around a  " re fe rence  u t i l i t y  system," chosen 
t o  be  r e p r e s e n t a t i v e  of t h e  sunshine-abundant, gas/oi l -dependent  Southwest, 
where most of t h e  i n t e r e s t  i n  repowering has  been focused. The r e f e r e n c e  
u t i l i t y  system used,  and i t s  accompanying weather cond i t i ons  a r e  d i scussed  i n  
d e t a i l  i n  Sec t ion  5.0,  and a  pe r spec t ive  on t h e  system is given i n  Subsect ion 
6.4.  It: is  sufficieliL f u r  this  d i ~ ~ ~ ~ ~ l 0 i . l  t o  n o t e  t h a t  t h e  system i s  i n i t i a l l y  
heav i ly  dependent on premium f o s s i l  f u e l s  f o r  baseload a s  w e l l  a s  i n t e rmed ia t e  
and peaking gene ra t i on ,  and t h a t  i t  enjoys a higll colricidence of s o l a r  energy 
a v a i l a b i l i t y  and system load.  

*The u~ethodology i s  explained i n  g r e a t e r  d e t a i l  i n  Appendix A t o  t h i s  r e p o r t ,  
and i n  s e v e r a l  o t h e r  p u b l i c a t i o n s  ( s e e  References 1 and 2 ) .  
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Figure  3-1.. DEJEEMINATION OF GENERATION M I X  OVER TIME 
(DYNAMIC ANALY S IS ) 

V 

New convent ional  genera t ion  i n s t a l l a t i o n s  by yea r ,  
which togethey wi th  t h e  i n i t i a l  cond i t i ons ,  determine 
t h e  compositiun of t h e  system genera t ion  mix (numbers 
of u n i t s ,  un iz  s i z e s ,  and f u e l  types)  f o r  each year  
of t h e  s tudy zer  iod. 
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The r e f e r e n c e  u t i l i t y  system information e n t e r s  t h e  flow 05 a n a l y s i s  i n  Block I 
of F i g u r e  3-1. (The i n s o l a t i o n  d a t a ,  because it i s  no t  changed by t h e  model, 
e n t e r s  i n  Block 11.) The i n i t i a l  system cond i t i ons  a r e  a l t e r e d  over t ime by t h e  
s e l e c t i o n  of types  and i n s t a l l a t i o n  d a t e s  of new genera t ing  u n i t s  from t h e  
shopping l ist  of expansion a l t e r n a t i v e s  i n  Block 111, and by t h e  exogenous s o l a r  
p e n e t r a t i o n  and convent iona l  u n i t  re t i rement  schedules ,  Block 11. This  s e l e c t i o n  
is  performed by t h e  Westinghouse GENOP model, Block I V Y  so  as t o  minimize t h e  
p r e s e n t  worth of revenue requirements  needed t o  meet t h e  system load over t h e  
e n t i r e  a n a l y s i s  per iod ,  s u b j e c t  t o  t h e  exogenous c o n s t r a i n t s  of Block 11. Block 
V r e p r e s e n t s  a  housekeeping func t ion ,  updat ing t h e  i n i t i a l  genera t ion  mix t o  
r e f l e c t  exogenous s o l a r  p e n e t r a t i o n  and r e t i r e m e n t s ,  a s  w e l l  a s  GENOP-selected 
new i n s t a l l a t i o n s .  The r e s u l t a n t  t ime s e r i e s  of genera t ion  mixes forms t h e  
"moving background" f o r  t h e  s t a t i c  ana lyses  of yea r ly  product ion c o s t s  shown i n  
F igu re  3-2. 

3.2.2 Determinat ion of t h e  Yearly Product ion Cost and Present  Worth of Revenue 
Requirement s 

A so lar - thermal  p l a n t  d e r i v e s  i t s  va lue  from i t s  a b i l i t y  t o  d i s p l a c e  f u e l  and 
c a p a c i t y  t h a t  would o therwise  be  needed t o  s e r v e  t h e  system load.  The method- 
ology used i n  t h i s  s tudy  t o  determine va lue  of a  given increment of s o l a r  capac i ty  
i s  based on t h i s  r e l a t i o n .  The product ion c o s t  of meeting system load is 
computed f o r  two ' d i s t i n c t  GENOP-determined genera t ion  mixes, one inc luding  t h e  
s o l a r  increment,  t h e  o t h e r  wi thout  t h a t  increment.  Product ion c o s t  f o r  t h e  
f i r s t  mix is  then  sub t r ac t ed  from t h a t  of t h e  second mix, and t h e  d i f f e r e n c e  i n  
c o s t  is  a t t r i b u t e d  t o  t h e  performance of t h e  s o l a r  increment. This  c o s t  d i f -  
fei tenildl  Pu b h e  hnfiic sou rce  of s o l a r  p l a n t  va lue .  Add i t iona l ly ,  a comparison 
based on system r e l i a b i l i t y  determines a cdpacity savings due t o  t he  s o l a r  
increment.  The c a p i t a l  charges thereby saved are a s e p a r a t e  componenr of 
va lue .  

Fi.gure 3-2 shows t h i s  process  i n  more de.tai1.  The inputs i n  B b o c k . V I  come from 
a v a r i e t y  of sources .  Current year genera t ion  mix comes from Block V; system 
load p r o f i l e  is  e s c a l a t e d  exogenously from t'he i n i t i a l  conditi .ons; f i xed  and 
v a r i a b l e  c o s t s  apply a t  t h e  gene ra t ing  u n i t  l e v e l ,  and r e f l e c t  t h e  o r i g i n a l  
gene ra t ing  mix as modified by r e t i r emen t s ,  s o l a r  pene t r a t ion ,  and s e l e c t i o n s  
made by GENOP. 

The Deta i led  Product ion  Cost Model. (DPCM) of Block V I I  i s  t h e  h e a r t  of t h e  
s t a t i c  a n a l y s i s .  It a l l o c a t e s  system load ( i n  two-hour i n t e r v a l s  throughout t h e  
c n t i r e  year )  t o  i n d i v i d u a l  convent ional  generatirig u n i t s  based on lowest incre-  
mental c o s t .  This  minimizes ~11e t o t a l  v a r i a b l e  c o s t  of s e rv ing  t h e  load ,  and 
( s i n c e  f i x e d  cosLs arc coastnnt wj thin a year )  t o t a l  p roduc r lu l~  c a s t  os we1 1 . 
This  a l l o c a t i o n ,  known as economic d i spa t ch ,  i s  performud fnr both t h e  s o l a r -  
auWe.nted and r e f e r e n c e  (expanded without  s o l a r )  genera t ion  mixes. The d i f -  
f e r e n c e  i n  t h e  r e s u l t i n g  product ion c o s t  va lues  is  ex t r apo la t ed  t o  produce a  
d i f f e r e n c e  i n  30-year revenue r equ i r e~nen t s ,  ad jus t ed  t o  r e l l e c t  c a p i t a l  charge 
d i f f e r e n c e s ,  and expressed i n  p re sen t  va lue  terms. This  d i f f e r e n c e  i n  p re sen t  
worth of revenue requirements  (PWRR) i s  t h e  b a s i c  va lue  measure of t he  s tudy.  



SECTION 4.0 

ECONOMIC AND PERFORMANCE ASSUMPTIONS 

4 .1  ECONOMIC ASSUMPTIONS 

The methodology used f o r  t h e  economic impact a n a l y s i s  of t h e  so la r - thermal  power 
p l a n t s  was .descr ibed  i n  Sec t ion  3:O. The economic p r i n c i p l e s  appl ied  are. based 
upon revenue requirements a n a l y s i s  r e q u i r i n g  t h e  a p p l i c a t i o n  of e s c a l a t i o n  
r a t e s ,  p re sen t  worth d iscount ing ,  and c a p i t a l  ca r ry ing  charge r a t e s .  I n  o rde r  
t o  c a r r y  ou t  t h i s  a n a l y s i s  i t  was necessary  t o  make assumptions f o r  s o l a r  and 
convent ional  p l a n t  c a p i t a l  c o s t ,  ope ra t ion  and maintenance c o s t ,  and f u e l  c o s t  
as w e l l  a s  t h e  e s c a l a t i o n  of t h e s e  c o s t s  f o r  30 yea r s  i n t o  t h e  f u t u r e .  A l l  
c o s t s  a r e  expressed i n  1985 d o l l a r s ,  t h e  base  year  of t h e  s tudy ,  excpet where 
noted otherwise.  

The impacts of improved so lar - thermal  p l a n t s  and improved hybrid ( s o l a r / f o s s i l )  
repowered p l a n t s  were analyzed under v a r i o u s  forced s o l a r  pene t r a t ions .  Es t i -  
mates f o r  commercialized Barstow technology a r e  provided only f o r  comparison 
purposes.  The o b j e c t i v e  of t h i s  a n a l y s i s  was t o  s tudy  s o l a r  p l a n t  va lue ;  
however, some assumptions a s  t o  c o s t  were necessary  t o  proper ly  normalize t h e  
r e s u l t s .  For example, a l a r g e r  p l a n t  may have a g r e a t e r  va lue ,  bu t  f o r  proper  
pe r spec t ive  t h i s  needs t o  be  normalized a g a i n s t  t h e  i n c r e a s e  i n  cos t .  

Four d i f f e r e n t  types  of convent ional  p l a n t s  were made a v a i l a b l e  f o r  new p l a n t  
a d d i t i o n s  by t h e  automatic  genera t ion .  expansion model. These were: 
(1) combustion t u r b i n e  p l a n t s ,  (2) combined c y c l e  p l a n t s ,  (3) coa l - f i r ed  p l a n t s ,  
and (4) nuc lea r  p l a n t s .  

The r e fe rence  economic assumptions shown i n  Table 4-1 were developed by 
Westinghouse E l e c t r i c  Corporation i n  conjunct ion wi th  a u t i l i t y  review pane l  f o r  
EPRI RP-648 e n t i t l e d  "Requirements D e f i n i t i o n  and Impact Analysis  of Solar-  
'l'hermal Power P lan ts . "  It is  r e a l i z e d  t h a t  t h i s  s e t  of assumptions along wi th  
i n d i v i d u a l  economic parameters  i s  open t o  d i spu te .  For t h i s  reason,  a long wi th  
t h e  gene ra l  u n c e r t a i n t y  of t h e  f u t u r e ,  some type  of s e n s i t i v i t y .  a n a l y s i s  is  
appropr i a t e  and was performed wi th  regard t o  s e l e c t e d  economic parameters.  The 
s p e c i f i c  s e n s i t i v i t i e s  w i l l  b e  poin ted  ou t  i n  Sec t ion  8.0. 

The d iscount  rate used i n  t h i s  a n a l y s i s  (11%) i s  r e p r e s e n t a t i v e  of t h a t  cur- 
r e n t l y  i n  u s e  by e l e c t r i c  u t i l i t i e s .  It i s  t h e  same r a t e  used i n  EPRI RP-648 
s o l a r  a n a l y s i s  under t h e  guidance of a u t i l i t y  panel.  It i s  recognized i n  some 
.economic c i r c l e s  , t h a t  a lower " a f t e r  tax" r a t e  i s  p re fe r r ed .  The f i x e d  charge 
r a t e  of 18%, which was used, r e f l e c t s  conservat ism i n  t h a t  i t  i s  probably h igh  
f o r  today ' s  investment t a x  c r e d i t  p rovis ions .  Lowering of d i scount  and f i x e d  
charge rates would tend t o  favor  a l l  c a p i t a l  i n t e n s i v e  technologies .  

The r e fe rence  economic assumptions shown a r e  est imated t o  b e  somewhat c o n s i s t e n t  
w i th  a gene ra l  i n f l a t i o n  r a t e  of appruxlmately 82. More d e t a i l s  on rhese  
economic parameters  follow. 



4.1.2 Fue l  Cost 

The f u e l  c o s t s  shown i n  Table  4-1 r e f l e c t  t h e  de l ive red  f u e l  c o s t s  represented  
i n  1985 d o l l a r s .  The e s c a l a t i o n  of t h e s e  base y e a r  f u e l  c o s t s  over t ime i s  
a l s o  shown. Unlike o i l  and coa l ,  nuc l ea r  f u e l  was assumed t o  e s c a l a t e  a t  two 
d i f f e r e n t  r a t e s  du r ing  t h e  per iod  of cons ide ra t ion ,  9% t o  t h e  yea r  2000 and 
13% t h e r e a f t e r .  

G a s  was assumed n o t  t o  be  a v a i l a b l e  f o r  e l e c t r i c  genera t ion  i n  t h e  t ime frame 
of t h i s  s tudy .  The gas-burning f o s s i l  steam u n i t s  shown i n  t h e  o r i g i n a l  
s y n t h e t i c  u t i l i t y  E gene ra t ing  mix were assumed t o  be  converted t o  112 o i l -  
burn ing  u n i t s ,  o r  thought  of another  way, gas ,  i f  a v a i l a b l e ,  would fo l low t h e  
same c o s t  c h a r a c t e r i s t i c s  p e r  MBtu a s  112 o i l .  

Table  4-1. NEW CONVENTIONAL UNIT CHARACTERISTICS, REFERENCE ECONOMIC 
ASSUMPTIONS (1985$, PRESENT WORTH DISCOUNT RATE 11%) 

Unit  

Economic Parameter 100 MWe 250 MWe 600 MWe 1000 MWe 
Combustion Combined Coal Nuclear 

Turbine Cycle P l a n t s  P l a n t s  

C a p i t a l  Cost (SIkWe) 3 00 
C a p i t a l  E s c a l a t i o n  Rate  ( % l y r )  a 10% 
Fixed Charge Rate  (%) 20% 

Fixed 0&M ( S l k ~ y r )  1 .0  
V a r i a b l e  O&M (mills1kWh) 8.0 
O&M E s c a l a t i o n  Kate ( % / J T ) ~  8% 

Fue l  Cost ( $ / M B ~ u )  5.5C 
Fuel  E s c a l a t i o n  Rate ( % ~ ~ r ) ~  12% 
Average Heat Rate  . (~ tu /kwh)  12,000 

Scheduled Maintenance (weekslyr) 2 
Forced Outage Rate  (%) 10% 
P l a n t  L i f e  ( y r s )  20 

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

b9% t o  the y e a r  2000; 13% t h e r e a f t e r .  

C 
o i l  o r  s u r r o g a t e  premium f u e l  



4.1.3 Conventional P l a n t  Cost 

A s  mentioned e a r l i e r ,  some a l t e r a t i o n s  t o  t h e  o r i g i n a l  Syn the t i c  U t i l i t y  E 
e x i s t i n g  genera t ing  u n i t s  were made, p a r t i c u l a r l y  t h e  conversion of gas f o s s i l  
steam u n i t s  t o  /I2 o i l .  The c o s t  c h a r a c t e r i s t i c s  of t hese  e x i s t i n g  u n i t s  were 
made t o  be c o n s i s t e n t  wi th  t h e  r e f e rence  economic assumptions.  h he u n i t  char- 
a c t e r i s t i c s ,  such a s  hea t  r a t e ,  scheduled maintenance, and forced outage r a t e ,  
were based on d a t a  rece ived  from t h e  EPRI Technical  Assessment Guide [3] and t h e  
Syn the t i c  U t i l i t y  Guide [4]. These c h a r a c t e r i s t i c s  a r e  summarized i n  Table 4-2. 
The c h a r a c t e r i s t i c s  of t h e  new convent ional  genera t ing  u n i t s ,  a v a i l a b l e  f o r  
a d d i t i o n  t o  t h e  u t i l i t y  system, were summarized i n  Table 4-1. 

4.1.4 Solar  P l an t  Cost 

The b e n e f i t  of a s o l a r  p l a n t  on a u t i l i t y  system can be determined independent 
of i t s  c o s t .  The procedure used f o r  determining t h i s  b e n e f i t  w a s  b r i e f l y  
descr ibed i n  Sec t ion  3.0. However, i n  order  t o  b e t t e r  determine t h e  n e t  impact 
of a s o l a r  p l a n t  some assumption of c o s t  must be  made. 

The c o s t  of t h e  two types of s o l a r  p l a n t s  used i n  t h i s  s tudy ,  p lus  a Barstow 
type  p l a n t ,  a r e  shown i n  Table 4-3. Although t h e  Barstow technology hybrid 
repowered s o l a r  p l a n t  was n o t  considered i n  t h e  gene ra t ion  expansion a n a l y s i s ,  
i t  is  included f o r  comparison purposes. These c o s t s  a r e  based on d a t a  developed 
by t h e  va r ious  con t r ac to r s  under t h e  Advanced Cen t r a l  Receiver Conceptual 
Design Program and a d d i t i o n a l  input developed by SANDIA Livermore Labora to r i e s  
[5,6,7,81. 

Appendix D con ta ins  t h e  numbers used i n  t h i s  a n a l y s i s  i n  t h e  Cost Breakdown 
S t r u c t u r e  (CBS) format.  Excluding h e l i o s t a t s ,  t h e  e s t i m a t e  f o r  t h e  s tand-  
a lone  p l a n t  is  w i t h i n  + 7% of t h e  SANDIA correc ted  c o s t s  f o r  t h e  range of des ign  
concepts.  The improvez repowering c o s t  e s t ima te s  were ex t r apo la t ed  from t h e  
stand-alone e s t ima te s ,  cor rec ted  and modified where necessary  f o r  a repowering 
a p p l i c a t i o n .  The ba lance  of p l an t  r e t r o f i t  c o s t s  were est imated a t  10% of a new 
e l e c t r i c  power genera t ing  system (EPGS). This  r e t r o f i t  c o s t  e s t ima te  is  aha i ,~ t  
midway i n  the range of c o s t s  generaled by Stearns-Roger under t h e  systems 
i n t e g r a t i o n  work done a s  a p a r t  of t h e  o v e r a l l  Repowering S t r a t egy  Analysis  [9]. 
The r e c e i v e r  tower was assumed t o  be  5000 f e e t  from t h e  EPGS f o r  repowered 
p l a n t s .  The Barstow rece ive r  u n i t  was est imated from t h e  McDonnell Douglas 30th 
100 MWs u n i t  [lo]. The i n s t a l l e d  c o s t  of h e l i o s t a t s  was assumed - t o  be $75/m 
( $ 7 / f t  ). The O&M c o s t  es t imates  were b u i l t  up from assumptions of t h e  re -  
qu i red  ope ra t ing  and maintenance personnel ,  and t h e  maintenance m a t e r i a l s  were 
est imated a t  a percentage of t h e  i n s t a l l e d  c o s t  per  year .  The c o s t  e s t ima te s  
a r e  broken down i n  more d e t a i l  i n  Appendix D. It is r e a l i z e d  t h a t  any costs a r e  
open t o  d i spu te ;  thuo, s ens i t i v iLy  a n a l y s i s  on t h i s  parameter was performed. 
The r e s u l t s  of t h i s  a n a l y s i s  a r e  shown i n  Sec t ion  8.0. 



Table 4-2. EXISTING CONVENTIONAL UNIT CHARACTERISTICS 

,' Escalation Unavailability 
1935 Costs Rates Hest Rate Data 

Fuel Variable Fixed Fuel 0I-M Scheduled Forced 
Cost O M  OtE? Esc. Esc. &verage Maint. Outage 

Unit Type Number $/MBtu / k W  $ /kW-yr %/yr  %/yr ~tu./kWh ~ks/yr %/yr 

Nuclear 
800 FlW 
300 IW 

Coal-Fired 
800 MW 
,609 IM 
500 MW 
400 MW 

P 
03 200 MW 

!I6 Oil-Fired 
800 MW 
600 MW 
400 MW 
200 MW 

/I2 Oil-Fired 
400 MW 
200 MW 

Combustion Turbine 
50 MW 

a 9% to the year 2000; 13% thereafter 



The l i f e  of t h e  s o l a r  p l a n t s  was assumed t o  be 30 yea r s ,  r e s u l t i n g  i n  an 
annual  f i x e d  charge r a t e  of 18%, equiva len t  t o  t h a t  used f o r  l a r g e  convent ional  
power p l an t s .  The 18% f i x e d  charge r a t e  is  t h e  same as t h a t  e s t a b l i s h e d  by a 
review panel  of e l e c t r i c  u t i l i t y  p l anne r s  i n  conjunct ion wi th  EPRI Study 
RP 648, "Requirements Def in i t i on  and Impact Analysis  of Solar-Thermal Power 
P lan ts . "  It was e s t a b l i s h e d  a s  a base  f o r  investor-owned p l a n t s  wi th  a 30- 
yea r  l i f e ,  c o n s i s t e n t  w i th  a 11% weighted c o s t  of c a p i t a l .  No s p e c i a l  t a x  
incen t ives  were assumed. The c a p i t a l  and O&M e s c a l a t i o n  r a t e s  a r e  c o n s i s t e n t  
w i th  t h e  r e f e rence  economic-assumptions. 

A s  can be  seen  from Table 4-3, t h e  h e l i o s t a t  c o s t  is  a s i g n i f i c a n t  po r t ion  of 
t h e  t o t a l  s o l a r  p l a n t  cos t .  This  c o s t  is based on t h e  s i z e  of t h e  c o l l e c t o r  
f i e l d  used. The a r e a  of c o l l e c t o r s  shown i n  t h e  t a b l e  w a s  s e l e c t e d  from a 
prel iminary c o l l e c t o r  f i e l d  experiment descr ibed  i n  d e t a i l  i n  Sec t ion  4.2.6 of 
t h i s  r e p o r t .  

Table 4-3. SOLAR PLANT COST COMPARISON 

M$, 100 &e p l a n t ,  c o s t s  ad jus ted  
c o l l e c t o r  f i e l d s  1 

Cost 
Component 

Improved Imp roved Barstow 
Stand-Alone Hybrid Hybrid 

3 Hours S torage  Repowered Repowered 

- ~ - ~ -  

Land 
S t r u c t u r e s  and 
H e l i o s t a t s  
Receiver 
Tower 
S torage  
Turbine P l a n t  
E l e c t r i c  P l a n t  
Miscellaneous 
T o t a l  D i rec t  

3.0 
F a c i l i t i e s  5.9 

49.0 
13.9 

2.2 
7.6 

19.0 
Equipment 4.0 

1.0 
105.6 

Contingency and Spares  
I n d i r e c t  Costs  
T o t a l  C a p i t a l  Investment 

I n t e r e s t  During Construct ion 20.5 . 13.0 13.7 
(15%) 
To ta l  c a p i t a l i z a t i o n  (1978) 157.3 99.4 104.8 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T o t a l  C a p i t a l i z a t i o n  (1985) 252.6 159.6 168.2 
( e sca l a t ed  a t  7%) 

Annual 06M (1985) 5.9 4.9 4.9 

a AC=Area of col l . ec tnr .  See subsec t ion  4.2.6 on collector s i z i n g .  



4.1.5 Solar /Conventional  Cost Comparison 

One way of roughly e s t ima t ing  t h e  competi t ive economics of genera t ing  p l a n t  
a l t e r n a t i v e s  i s  through t h e  u s e  of breakpoint  o r  sc reening  curves ( s ee  F igure  
4-1). This  type  of p l o t  shows t h e  t rade-off  between c a p i t a l  and ope ra t ing  
c o s t s  f o r  a spectrum of p l a n t  u t i l i z a t i o n .  The c o s t s  a r e  annualized from t h e  
p l a n t  l i f e t i m e  c o s t  p r o j e c t i o n s .  The bounds of t h e  envelope around t h e  bottom 
a r e a  of t h e  p l o t  i n d i c a t e  t hose  p l a n t s  most economical f o r  var ious  u t i l i z a t i o n s .  
The i n t e r s e c t i o n  of p l a n t  l i n e s  i n d i c a t e  break-even condi t ions  between p l a n t  
a l t e r n a t i v e s .  

Although t h i s  p l o t  can provide  a quick e s t ima te  of a p l a n t ' s  competi t ive 
p o t e n t i a l ,  i t s  l i m i t a t i o n s  must be recognized. This  method assumes i d e n t i c a l  
p l a n t  u t i l i z a t i o n  annual ly ,  throughout t h e  p l a n t ' s  l i f e .  I n  a c t u a l i t y ,  a 
p l a n t ' s  u t i l i z a t i o n  w i l l  change from year  t o  year a s  t h e  p l a n t  matures ,  a s  
cystem ger?prati.ng niix chanaes,  and as f u e l  cusLs change. No allowance i s  made 
f o r  system r e l i a b i l i t y ,  s i z e ,  o r  scheduled outage requirements.  ~ l s o ,  110 
r e p r e s e n t a t i o n  i s  made f o r  e x i s t i n g  system mix. However, t h i s  type  of p l o t  
can provide  a quick ,  e a s i l y  i a c e r p r e t a b l r  perspec t ive .  

The convent iona l  u n i t  information given i n  Table 4-1 p lus  t h e  s o l a r  p l a n t  cos t  
assumptions g iven  i n  Table 4-3 were used t o  gene ra t e  t h e  graph shown i n  F igure  
4-1. Shown is  t h e  t o t a l  30-year l e v e l i z e d  annual genera t ing  c o s t  ve r sus  
ope ra t ing  hours f o r  each new convent ional  u n i t  and solar- thermal  p l a n t ,  expressed 
i n  1985 d o l l a r s .  Also ind ica t ed ,  a t  t h e  bottom, is  t h e  ope ra t ing  t ime,  i n  
hours ,  a t  which t h e  most economical u n i t  type  changes; f o r  example, t h e  combustion 
t u r b i n e  i s  t h e  most economical u n i t  i f  opera ted  no more than 613 hours per  
y e a r ,  a t  h igher  u t i l i z a t i o n s  t h e  combined c y c l e  becomes more economical, and 
remains s o  u n t i l  1391 hours when t h e  nuc lea r  u n i t  t akes  over.  The zero hour 
i n t e r c e p t  is  t h e  y e a r l y  l e v e l i z e d  f i x e d  charge f o r  each p l a n t  type,  which is 
composed of c a p i t a l  and f i x e d  O&M charges.  The s lope  of the. c-itrve i s  a func t ion  
of t h e  v a r i a b l e  O&M charges and f u e l  expense. The s o l a r  stand-alone l i n e  i s  
terminated a t  i ts  expected capac i ty  f .actor .  Unlike t h c  hybrid p l a n t ,  t h e r e  i s  
no op t ion  f o r  it' t o  o p e r a t e  a t  higher  capac i ty  f a c t o r s .  

A s  can be seen from t h i s  graph, new s o l a r  stand-alone and hybrid p l a n t s  w i l l  
prohably n o t  be  t h e  most economic a d d i t i o n s  t o  t h e  system mix. A s  w i l l  be  
shown In Sect ion  7.0, t h i s  w i l l  indeed be t r u e .  However, i t  needs t o  be 
poin ted  o u t  t h a t  t h i s  graph r e f l e c t s  on ly  economic parameters.  The efLect.s of 
d i s p a t c h  o rde r ,  r e l i a b i l i t y ,  and e x i s t i n g  u t i l i t y  system mix a r e  n o t  included.  
From t h i s  s imple p l o t  it w a s  a l s o  predic ted  and la ter  v e r i f i e d  by t h e  expansion 
op t imiza t ion  model t h a t  t h e  genera t ion  expansion would be dominated by t h e  
a d d i t i o n  of nuc lea r  u n i t s .  Spec ia l  c u ~ ~ s . L r a i n t s  were then  placed on t h e  expansi.nn 
ruodel t o  l imi t :  t h e  arnlaurll: of n11c.l.enr addcd t o  t h e  system j.n t h e  genera t ion  
expansion. t o  one 1000 MW p l a n t  every f i v e  years .  The p roh ib i t ed  nuc lea r  
a d d i t i o n s  were rep laced  by new c o a l  p l a n t s .  Sec t ion  6.0 con ta ins  more information 
on t h i s  sub jec t .  
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- 
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Figure 4-1. 30-YE-4R LEVELIZED ANNUAL COST CURVE 



4.2 SOLAR PLANT CHARACTERISTICS 

4.2.1 General 

There a r e  two c l a s s e s  of solar- thermal  e l e c t r i c  power p l a n t s  under i n v e s t i g a t i o n  
i n  t h i s  s tudy;  repowered p l a n t s  which become hybrid p l a n t s  capable of opera t ing  
from s o l a r  energy andlor  burning l i q u i d  o r  gaseous f o s s i l  f u e l ,  and stand-alone 
p l a n t s  which have a  thermal  s t o r a g e  system t o  supplement d i r e c t  s o l a r  energy 
gene ra t ion .  The p l a n t s  were assumed t o  employ t h e  c e n t r a l  r ece ive r  concept f o r  
t h e  c o l l e c t i o n  of s o l a r  energy. 

The s o l a r  p l a n t s  examined, both hybrid and stand-alone, were assumed t o  have 
b e t t e r  o v e r a l l  e f f i c i e n c i e s  ( s o l a r  tu e l e c t r i c )  than t h e  Barstow 10 MWe s o l a r  
p l a n t  design.  This  improved e f f i c i e n c y  would be  due t o  many f a c t o r s  charac- 
t e r i s t i c  of second gene ra t ion  c e n t r a l  r e c e i v e r  design.  Higher temperatures ,  
r e h e a t  cyc l e s  and h igh  e f f i c i e n c y  s t o r a g e  a r e  t h e  most s i g n i f i c a n t  f e a t u r e s .  
I n  o r d e r  t o  o b t a i n  t h e s e  c h a r a c t e r i s t i c s ,  t h e  s o l a r  p l a n t s  might u t i l i z e  a  
working f l u i d  o t h e r  than  water ls team, such a s  molten salt  o r  l i q u i d  metal ,  i n  
t h e  r e c e i v e r  system. However, t h i s  s tudy is  based on improved performance 
c h a r a c t e r i s t i c s  and n o t  on t h e  a c t u a l  method of achiev ing  them. S i g n i f i c a n t  
improvements can  be  expected i n  advanced water ls team systems i n  t h e  second 
gene ra t ion  des ign .  These performance c h a r a c t e r i s t i c s  a r e ,  t he re fo re ,  repre-  
s e n t a t i v e  of t h e  c h a r a c t e r i s r i c s  . l ike ly  t o  bo achieved i n  commercial i n s t a l l a -  
t i o n s  of c e n t r a l  r e c e i v e r  technology. More d e t a i l s  on t h e  performance of 
t h e s e  improved technologies  follow. 

The hybr id  technology was appl ied  t o  e x i s t i n g  o i l . - f i red  fossil steam u n i t s  
ope ra t ing  on t h e  u t i l l f y  S Y S L ~ U I .  I n  o t h e r  w o r d s ,  only hybrid repowered s o l a r  
p l a n t s  were analyzed;  no new hybrid s o l a r  p l a n t s  were examined. 

I n  a d d i t i o n  t o  t h e s e  two improved technologies ,  t h e  c h a r a c t e r i s t i c s  of t h e  
f i r c t  gene ra t ion  hybr id  repowered p l a n t  (Barstow technology) a r e  included i n  
t h i s  s ec t ion .  The Barstow hybrid repowered p l a ~ r l :  is included only f n r  compari- 
son purposes. It w a s  n o t  considered a s  a  candida te  s o l a r  p l a n t  technology i n  
t h e  dynamic o r  s t a t i c  p l a n t  a n a l y s i s .  

Thc s o l a r  p l a n t  c h a r a c t e r i s t i c s  shown i n  t h l s  secrS.ul~ N e r e  dcvcloped f r n m  t h e  
Advanced Cen t r a l  'Receiver  Conceptual Design studies [5,6,7]. 

4.2.2 S tand-Alone So la r  P l a n t  

Table 4-4 summarizes t h e  improved stand-alone s o l a r  plant perfuraance dnta .  
The ope ra t ion  of t h i s  100 MWe, three-hour s t o r a g e  p l a n t  was modeled on t h e  
modif ied s y n t h e t i c  u t i l i t y  system E us ing  Midland, Texas i n s o l a t i o n  d a t a  ( see  
Sec t  i on  5.2) . 

2 
The 650,000 m c o l l e c t o r  a r e a  w a s  determined from a c o l l e c t o r  f i e l d  experiment 

2 
(Sec t ion  4.2.6) and r e p r e s e n t s  a  1 .3  t o  1.4 s o l a r  m u l t i p l e  based on 950 wattslm . 
The e f f i c i e n c y  of t h e  h e l i o s t a t  f i e l d ,  t ak ing  i n t o  account shading, blocking,  
and cos ine  l o s s e s ,  w a s  determined from t h e  l a t e s t  f i e l d  design having a  ground 
coverage f r a c t i o n  of approximately 23%. The f i e l d  e f f i c i e n c i e s  f o r  t h e  c e n t r a l  
r e c e i v e r  system conf igu ra t ion  a r e  g iven  i n  Appendix D. The f i e l d  design 



Table 4-4. IMPROVED STAND-ALONE SOLAR PLANT PERFORMANCE DATA 

General 

S ize :  100'MWe 
Simulat ion Period:  1 Year 
Simulat ion S tep  S ize :  1 Hour 
I n s o l a t i o n  S i t e :  Midland, Texas 
Load: Modified Syn the t i c  U t i l i t y  E 

Co l l ec to r  
2 F i e l d  S ize :  650,000'm Mirror Area 

Annual F i e l d  Eff ic iency  (Shading/Blocking/Cosine Losses) :  See Appendix D 
Net R e f l e c t i v e  Eff ic iency  (MirrorIAttenuat ion):  86% 

'o  Wind ~ i m i t  Before Def ocus: 11.62 m/sec (26 mph) Average f o r  Hour 
\ 

Turbine Generator 

Net E f f i c i ency  (Including A u x i l i a r i e s ) :  Maximum 39.3% Di rec t  Receiver;  
Maximum 40.6% from Storage 

Operation Limits :  100 MWe Maximum; 10 MWe Minimum 
Ef f i c i ency  Correct ion:  Wet Conling P a r t  Load Ef f i c i ency  Correc t ion  

Receiver 

~ f f i c i e n c y :  ~ a d i a t i o n  and Convection Loss: 18 MW t h -  
o Minimum I n s o l a t i o n  Requirement: 40.0 MW t h  

S torage  

. Maximum Capacity: 3 Hours a t  100 MWe Turbine Generator Output 
Minimum Drawdown: 13.05% of Maximum Storage  kWh 
I / O  Ef f ic iency:  100X 
Heat Loss Rate: O.lX/Ho~lr 

Miscellaneous 
2 Line Thermal Loss: 0.02 kW thlm Loss per  Unit  Co l l ec to r  Area (13 MW t h )  

P l a n t  Forced Outage Due t o  Equipment Fa i lu re :  10% 
P l a n t  Scheduled Outage: 3 Weeks per  Year 



l o s s e s  
C111 
speed 

I were based on work performed by McDonnell Douglas Ast ronaut ics  Company 
The h e l i o s t a t s  were assumed t o  be  stowed when t h e  average hourly wind 

exceeds 11.62 m/sec o r  26 mph. 

The t u r b i n e  genera tor  ope ra t ing  l i m i t  assumptions were 100 MWe maximum and 10 
MWe minimum. The p a r t  load  t u r b i n e  genera tor  e f f i c i e n c y  c o r r e c t i o n  curve is 
g iven  i n  Appendix D. 

The s o l a r  s tand-alone p l a n t  i s  capable of ope ra t ing  from s t o r a g e  a t  100% 
t u r b i n e  genera tor  ou tpu t  (100 MWe) f o r  t h r e e  hours.  Storage thermal l o s s e s  of 
O.l%/hour were assumed. 

F igu re  4-2 d e p i c t s  t h e  100 MWe c e n t r a l  r e c e i v e r  improved stand-alone average 
annual  e f f i c i e n c y  t r a i n .  T h i s  efflcieucy Grain was gensra tcd  from t h e  actual 
y e a r l y  computer run.  The r e s u l t a n t  average annual  p l a n t  e f f i c i e n c y  i s  19.3%. 
A system schematic  of t h e  s t o r a g e  coupled, i ~ u p ~ o v e d  stand-alone p l a n t  i c  chown 
i n  F igu re  4-3. 

4.2.3 Hybrid ~ e ~ o & e r e d  S o l a r  P l an t  

The improved hybrid repowered performance c h a r a c t e r i s t i c s  a r e  shown i n  Table 
4-5. A 100 MWe p l a n t  (100% repowered) w a s  a l s o  modeled on t h e  modified syn- 
t h e t i c  u t i l i t y  system E u t i l i z i n g  t h e  Midland, Texas i n s o l a t i o n  da t a .  

2  
The 500,000 m c o l l e c t o r  f i e l d  was a l s o  determined from t h e  c o l l e c t o r  f i e l d  

2  
experiment.  This  r e p r e s e n t s  a  s o l a r  m u l t i p l e  of 1 .0  K O  1.1 based uu 950 watts/m . 
The h e l i o s t a t  f i e l d  e f f i c i e n c y  was t r e a t e d  t h e  same as i n  t h e  s tand-alone case.  

The t u r b i n e  genera tor ,  w i t h  ope ra t ing  l i m i t s  of 10 MWe minimum t o  100 MWe 
maximt1m, has t h e  same p a r t  load e f f i c i e n c y  cu,rve (shown i n  Appendix D) when 
o p e r a t k g  from f o s s i l  f u e l  ( i n  t h e  d i r e c t  mode). I n  a d d i t i o n  t o  t h i s ,  when 
o p e r a t i n g  i n  t h e  f o s s i l  f u e l  mode a  b o i l e r  e f f i c i e n c y  c o r r e c t i o n  curve (shown 
i n  Appendix D) i s  used. 

The improved hybrid repowered s o l a r  p l a n t  has  a  s e r i e s  thermal  b u f f e r  s t o r a g e  
system capable  of handl ing I n s o l a t i o n  t r a n s i e n t s  of up t o  one-half hour i n  
d u r a t i o n .  This  s t o r a g e  system a c t s  t o  smooth t h e s e  s h o r t  d u r a t i o n  ehermal 
t r a n s i e n t s  b e f o r e  they  reach  t h e  t u r b i n e  genera tor .  However, i f  t h e  average 
hour ly  d i r e c t  normal i n s o l a t i o n  l e v e l  is  below t h a t  requi red  t o  o p e r a t e  t h e  
p l a n t  a t  i ts  minimum output ,  t h e  p l a n t  w i l l  s hu t  down; Because of t h i s  s to rage  
system, no burning of o i l  is requi red  t o  b u f f e r  t r a n s i e n t s .  The thermal  
b u f f e r  s t o r a g e  system c h a r a c t e r i s t i c s  of t h i s  p l a n t  l i m i t  t h e  f o s s i l  fuel-mode 
of o p e r a t i o n  t o  t h a t  of economic d i spa t ch .  Before t h e  hybrid repowered s o l a r  
p l a n t  can o p e r a t e  from t h e  o i l - f i r e d  b o i l e r ,  o i l  is  burned t o  meet t h e  s t a r t u p  
requirements  of t i m e  and energy needed t o  b r i n g  t h e  f o s s i l  b o i l e r  up t o  temper- 
a t u r e  and preccure.  

The average  annual e f f i c i e n c y  t r a i n  of t h e  improved hybrid repowered s o l a r  
p l a n t  i s  shown i n  F igu re  4-4. The schematic i s  shown i n  F igure  4-5. 



Col lec to r  Area = 650,000 M~ 
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Table 4-5'. IMPROVED HYBRID REPOWERED SOLAR PLANT PERFORMANCE DATA 

General  

S ize :  100 MWe (100% Repowered) 
A l t e r n a t e  Fuel:  !I2 O i l  
Simulat ion Per iod:  1 Year 
Simulat ion S teps i ze :  1 Hour 

a Tnsola t lon  SlLr:  Midland, Tc~cas 
Load: Modified Syn the t i c  U t i l i t y  E 

C o l l e c t o r  - - 
2 

F i e l d  S ize :  500,000 m Mirror  Area 
Annual F i e l d  E f f i c i e n c y  (Shading/Blocking/Cosine Losses) :  See Appendix D 
Net R e f l e c t i v e  E f f i c i e n c y  ( ~ i r r o r / ~ t t e n u a t i o n )  : 86% 
Wind Limit  Before Defocus: 11.62 m/sec (26 mph) Average f o r  Hour 

Turbine Generator 

Net E f f i c i ency  ( Inc luding  A u x i l i a r i e s ) :  Maximum 40% Dl rec t  Receiver;  
.Maximum ' 35.6% from O i l  Bo i l e r  

Operat ion Limi ts :  100 MWe Maximum; 10 MWe Minimum 
Ef f i c i ency  Correc t ion :  (1) WeL Cooling P a r t  Load Ef f i c i ency  Correc t ion  

(2) Bo i l e r  E f f i c i ency  Correc t ion  

Receiver  

Ef f l c l r l ~ c y  : Radia t ion  and Co~lvoct ion 1,nss: 13.8 MW Ll! 
m Mil~imum I ~ l o o l a f  ion Rsqi.lir~ment: 31.0 MW t h  

S to rage  

Fuel  O i l :  /I2 O i l  
8 S e r i e s  Thermal Buffer :  112 Hour a t  Half Capacity,  No Use of O i l  f o r  

I n s o l a t i o n  T r a n s i e n t s  

Miscel laneous 
2 

Line  Thermal Loss: 0.02 kW ~ h / m  Loss per  Unit  Co l l ec to r  Area ( I 0  MW t h )  
a P o s s f l  Bo i l e r  Startrlp RcquLrements: 8 Hours Tota l ing  433 MW t h  
a P l a n t  Forced Outage Due t o  Equipment F a i l u r e :  10% 

P l a n t  Scheduled Outage: 3 Weeks per  Year 



Col lec to r  Area = 500,000 H 
2 . Turbine Generator Rating = 100 EEJe 
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4.2.4 Barstow Technology -- - 
For comparat ive purposes t h e  c h a r a c t e r i s t i c s  of t h e  Barstow water ls team technol- 
ogy are given.  No f u r t h e r  a n a l y s i s  of t h i s  op t ion  was performed. 

The c h a r a c t e r i s t i c s  of  a  f i r s t  genera t ion  hybr id  repowered s o l a r  p l a n t  (Barstow 
technology)  a r e  shown f n  Table 4-6. Two important  assumption d i f f e r e n c e s  a r e  
t h e  lower t u r b i n e  gene ra to r  e f f i c i e n c i e s  due t o  lower temperatures  and non- 
r e h e a t  t u r b i n e s  and t h e  handl ing  of i n s o l a t i o n  t r a n s i e n t s .  I f  t h e  percentage of 
sky  cover  i s  g r e a t e r  t han  50%, then  o i l  i s  used t o  b u f f e r  t h e s e  t r a n s i e n t s .  
There i s  no  s e r i e s  thermal  b u f f e r  s t o r a g e  system. The average annual  e f f i c i e n c y  
t r a i n  f o r  t h e  Barstow technology hybr id  repowered p l a n t  i s  shown i n  F igure  4-6. 
The system schematic  i s  shown i n  F igu re  4-7. 

Table  4-7 summarizes t h e  e f f i c i e n c y  t r a i n s  of a l l  t h r e e  s o l a r  technologies .  
These e f f i c i e n c y  t r a i n s  were generated from t h e  hourly simulatio11. The I.mprovcd 
t echno log ie s ,  bo th  s tand-alone and hybr id  repowered, have b e t t e r  o v e r a l l  s o l a r  
t o  e l e c t r i c  e f f i c i e n c i e s  than  t h e  Barstow technology, which i s  shown f o r  
comparison purposes only.  

4.2.5 P l a n t  A v a i l a b i l i t y  

The s o l a r  p l a n t  mechanical a v a i l a b i l i t y  a f f e c t s  t h e  p l a n t  va lue  i n  terms of 
c a p a c i t y  displacement  and ope ra t ing  c r e d i t .  The two technologies  i n v e s t i g a t e d  
a r e  assumed t o  have t h e  same a v a i l a b i l i t y  c h a r a c t e r i s t i c s .  The solar- thermal  
s r h e d l ~ l e d  maintenance was assumed t o  b e  t h r e e  contiguous weeks p e r  yea r  and 
w a s  scheduled du r ing  t h e  win te r  months. The p lancs  were scheduled out  during 
p e r i o d s  of low i n s o l a t i o n  and h igh  system r e l i a b i l i t y  i n  o rde r  t o  maximize t h e  
s o l a r  p l a n t  va lue .  

The fo rced  outage r a t e  due t o  p l a n t  equipment f a i l u r e s  was assumed t o  be  10% 
p e r  year. The fo rced  outage  days were determined from a pseudorandom outage 
p roces s  which spread  t h e  outages throughout t h e  year .  

4.2.6 c o l l e c t o r  F i e l d  Experiment 

A s  mentioned p rev ious ly ,  t h e  c a p i t a l  c o s t  of a  s o l a r  p l a n t  is h a v i l y  dependent F upon t h e  s i z e  of  t h e  c o l l e c t o r  o r  h e l i o s t a t  f i e l d .  The h e l i o s t a t  f i e l d  s i z e  
i s  c o n t r o l l e d  by t h e  p l a n t  r a t i n g ,  o v e r a l l  e f f i c i e n c y ,  hours  05 s to rage ,  and 
i n s o l a t f o n  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  t h e  optimum f i e l d  s i z e  ( lowest  
cos t /henef i . t  for the u t i l i t y )  i s  a l s o  dependent on t h e  c h a r a c t e r i s t i c s  of t h e  
u t i l i t y  system i t s e l f .  

I n  o r d e r  t o  opt imize  t h e  c o l l e c t o r  f i e l d  s i z e ,  a  c o l l e c t o r  f i e l d  experiment 
w a s  r un  which cons i s t ed  of modeltng t h e  s o l a r  p l a n t  ope ra t ion  f o r  v a r i o u s  
c o l l e c t o r  f i e l d  a r e a s ,  keeping a l l  o t h e r  c h a r a c t e r i s t i c s  except  c o s t  t h e  same. 
The a r e a  of c o l l e c t o r  t h a t  r e s u l t e d  i n  t h e  lowest  c o s t l b e n e f i t  was then  used 
as t h e  c o l l e c t o r  a r e a  f o r  t h a t  p l a n t  conf igura t ion .  F igure  4-8.graphs t h e  
r e s u l t s .  The c o l l e c t o r  a r e a s  suggested by t h e  r e s u l t s  of t h i s  experiment a r e  
summarized 5,n Table 4-8. S ince  t h e  Barstow technology i s  presented  f o r  com- 
p a r a t i v e  purposes only ,  t h e  f i e l d  s i z e  was obta ined  by s c a l i n g  from t h e  improved 
hybr id  repowered f i e l d  s i z e  u s ing  t h e  r e c e i v e r  and t u r b i n e  gene ra to r  e f f i c i e n c i e s .  



Table 4-6. BARSTOW TECHNOLOGY HYBRID REPOWERED SOLAR 
PLANT PERFORMANCE DATA 

General 

S ize :  125 MWe (80% Repowered = 100 MWe So la r )  
A l t e r n a t e  Fuel :  !I2 O i l  
Simulat ion Period:  1 Hour 
Simulat ion S teps i ze :  1 Hour 
I n s o l a t i o n  S i t e :  Midland, Texas 
Load: Modified Syn the t i c  U t i l i t y  E  

Co l l ec to r  
2  

F i e l d  S ize :  585,000 m Mirror Area 
.Annual F i e l d  E f f i c i ency  (Shading/Blocking/Cosine Losses) :  See Appendix D 
Net R e f l e c t i v e  Ef f i c i ency  (Mir ror lAt tenuat ion) :  86% 
Wind Limit Before Defocus: 11.62 m/sec (26 mph) Average f o r  Hour 

Turbine Generator 

Net E f f i c i ency  ( Inc luding  A u x i l i a r i e s ) :  Maximum 35% Di rec t  Receiver;  
Maximum 31% from Bo i l e r  

Operat ion Limits :  125 MWe Maximum; 25 MWe Minimum 
Ef f i c i ency  Correct ion:  (1) Wet Cooling P a r t  Load Ef f i c i ency  Correc t ion  

(2) Bo i l e r  E f f i c i ency  Correctiori  

Receiver 

E f f i c i ency :  Radia t ion  and Convection Loss: 16.2 MW t h  
Minimum I n s o l a t i o n  Requirement: 118 MW t h  

Storage 

Fuel  O i l :  112 O i i  
S e r i e s  Thermal Buffer :  No 
Sky Cover Trans ien t  Operating Mode: Above 5  Tenths Cloud Cover 

Miscellaneous 
2  

Line Thermal Loss: 0.02 kW th/m Loss per  Unit  Co l l ec to r  Area (12 MW t h )  
e F o s s i l  Bo i l e r  S t a r tup :  O Huurs Totalifig 433  MW t h  

P l a n t  Forced Outage Due t o  Equipment F a i l u r e :  10% 
P lan t  Scheduled Outage! 3 Weeks per  Pear 



a Collector Area 585.000 2 
a Turbine Generator Rating 0 125 W e  (80% Repovered 0 100 W e  Solar) 
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Table 4-7. AVERAGE ANNUAL EFFICIENCY TRAIN COMPARISON 
100 MWe SOLAR PLANT 

Improved Improved Barstow 
Stand Hybrid Hybrid 
Alone Repowered Repowered 

- - - 

Tota l  Gatherable Inso la t ion  100% . 100% 100% 

Less Tracking, Aiming, Shading, 77.3% 77.3% 77.3% 
Blocking, and Cosine Losses 

Less Ref lec t ion  and Receiver 66.5% 66.5% 63.1% 
Absorption Losses 

Less Receiver Heat and Pumping . 62.1% 62.1% 58.8% 
Losses 

Less Transport Line Losses 59.1% 59.1% 55.8% 

Overal l  Solar  t o  E l e c t r i c  19.3% 18.2% 14.8% 
Eff ic iency Af ter  Outages 

Table 4-8. SUGGESTED SOLAR PLANT 
COLLECTOR AREAS 

Col lec tor  Area 

Improved Stand-Alone 650,000 m 
2 

Improved Hybrid Repowered - 500,000 i2 
Barstow Hybrid Repowered 585,000 rn 

2 



I r IMPROVED STAND ALONE I 

COLLECTOR AREA (k12) 

Figure  1-8. SOLAR. r0WF.R PT,ANT COT,LECTOR FIELD EXPERIMENT 
Modified U t i l i t y  E ,  Midland, TX 
1985 I n s t a l l a t i o n ,  100 MWe Plan t  



SECTION 5.0 

UTILITY AND INSOLATION CHAR4CTERISTICS 

5.1 UTILITY SYSTEM ASSUMPTIONS 

5 . 1 1  General 

To establ ish the value of so la r  plants ,  it is imperative that the u t i l i t y  
system on which these plants  a r e  t o  be placed be specified. The modeling i n  
some d e t a i l  of the  u t i l i t y  system is essen t ia l  t o  the  methodology described i n  
Section 3.0 and Appendix A, and summarized i n  Figures 3-1 and 3-2. Details  of 
the  system generating mix, conventional un i t  charac te r i s t ics ,  demand prof i les  
and other load character is t ics ,  and insolat ion must be specif ied i n  addit ion 
t o  the  economic and so la r  plant  performance assumptions discussed i n  Section 
4.0. 

The e l e c t r i c  u t i l i t y  system used for  the  study is  a modified version of EFRI 
synthetic u t i l i t y  E 14 . U t i l i t y  E represents the  south cen t ra l  region of the  
United States  roughly depicted i n  Figure 5-1. To more closely resemble a 
typical  Southwest-based u t i l i t y ,  the  scaled-down version of the  r e g i ~ n a l  
u t i l i t y  E system given i n  the  synthet ic  guide (nominal 10,000 MW) was used, 
with minor changes i n  the  generation m i x .  The modified version of u t i l i t y  E 
is described i n  t h i s  section. 

A u t i l i t y  based on information obtained from the  EPRI Synthetic U t i l i t y  Manual 
was chosen for  several  reasons, The synthetic u t i l i t y  E closely approximates 
the  s ize  and load charac te r i s t ics  of many Southwest u t i l i t i e s .  The synthetic 
system w a s  modified s l i gh t ly  t o  be more representative of western Texas, even 
though the  Texas region a s  a whole has been previous1 ident i f ied  a s  containing 
the  la rges t  number of candidate un i t s  for  repowering f2,3]. This was done for  
two reasons. F i r s t ,  eastern Texas has la rge  f i e l d s  of l i g n i t e  coal tha t  are 
current ly  being developed t o  meet the  baseload deficiencies.  These l i g n i t e  
developments w i l l  make the  competition by so la r  thermal d i f f i c u l t  i n  the 
timeframe of i n t e r e s t .  Second, eastern Texas has dramatically poorer insolat ion 
than western Texas. The combination of these e f f ec t s  has driven the  select ion 
of the  u t i l i t y  and insolat ion charac te r i s t ics  which are representative of the  
Southwest region t o  be a modified synthetic system E located a t  Midland, 
Texas. 

- 5.1.2 Load Characterist ics 

, A l l  load data (monthly peaks, weekly load shapes, etc.) were obtained through 
7: - 
. .  the  synthet ic  u t i l i t y  guide. A base system capacity of 10,300 MW f o r  the  
' 2  A .>I scaled-down u t i l i t y  system E is  used fo r  1985 with peak demand of 8078 W. 
' The peak demand is assumed t o  escalate  a t  a r a t e  of 5% f o r  each year of the  
..If. ' . study. The 5% escalation r a t e  was arrived at  by taking an average of the  20- 

year load growth projections of the  Elec t r ic  Re l i ab i l i t y  Council of Texas 
(ERCOT) power pool (see Figure 5-2) [13,14 . 



Figure 5-1. REGIONAL SYNTHETIC UTILITY MODELS 

Figure 5-2. REGIONAL ELECTRIC RELIABILITY COUNCIL AREAS 



Typical  d a i l y  load curves f o r  each season a r e  i l l u s t r a t e d  i n  F igure  5-3. The 
loads  f o r  sample weeks given i n  t h e  EPRI s y n t h e t i c  u t i l i t y  d e s c r i p t i o n  [4] 
were expanded by Westinghouse i n t o  a f u l l  year  of hourly loads .  These were 
then  sca l ed  annual ly by t h e  assumed 5% annual  growth r a t e .  One should n o t e  
t h a t  u t i l i t y  E is a summer peaking system wi th  t h e  sma l l e s t  demand occurr ing  
i n  t h e  win te r  months. ERCOT has similar load c h a r a c t e r i s t i c s .  
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Figure  5-3. TYPICAL DAILY LOAD CURVES 
u t i l i t y  E, 1985, summer/ 
W i n t ~ r  / S p r i  ng-Fa 1 1 , 
Wednesday 
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5.1.3 Generating Capacity Mix 

I 8 1 I I 1 I I I I I 

The v a l u e  a n a l y s i s  depends upon a  s t a t e d  e x i s t i n g  ( a t  t h e  beginning of t h e  
s tudy per iod ,  1985) genera t ing  mix; From t h a t  t ime forward t h e  s o l a r  p l a n t s  
a r e  forced  onto t h e  system, according t o  prescr ibed  scena r ios ,  and t h e  conven- 
t i o n a l  u n i t s  a r e . a u t o m a t i c a l l y  added by t h e  gene ra t ion  expansion program t o  
form t h e  most economic expansion p a t t e r n .  A s  w i l l  b e  seen ,  t h e  e a r l y  va lue  
s o l a r  p l a n t s  a r e  q u i t e  dependent upon t h e  e x i s t i n g  system genera t ing  mix. 

0 2 4 6 8 10 12 14 16 18 20 22 24 

HOUR OF DAY 

U t i l i t y  E is c o n s i s t e n t  w i t h  t h e  Texas-based power pools .  Table 5-1 shows t h e  
o r i g i n a l  and ad jus t ed  u t i l i t y  E genera t ion  mix a.s w e l l  as the mix est imated 
f o r  ERCOT. U t i l i t y  E i s  predominantly a gas genera t ion  system w i t h  some c o a l  



and nuc lea r  capac i ty .  To more c l o s e l y  approximate r e c e n t  p r o j e c t i o n s  f o r  Texas 
u t i l i t i e s ,  5% of t h e  1985 nuc lea r  capac i ty  w a s  s h i f t e d  t o  coa l .  It was a l s o  
assumed t h a t  by 1985 and throughout t h e  25-year pene t r a t ion  per iod ,  t h a t  a l l  
e x i s t i n g  combustion t u r b i n e s  and gas-burning p l a n t s  would be  converted t o  burn 
a n  o i l  d i s t i l l a t e  o r  an  a l t e r n a t e  premium f u e l  which would assume t h e  o i l  p r i c e  
p r o f i l e .  

Table 5-1. 1985 GENERATING M I X  COMPARISON 

EPRI Syn the t i c  EPRI Syn the t i c  
U t i l i t y  E U t i l i t y  E ERCOT 

O r l g l n a l  Mix Adjuseed Mix 

Gas 49% 
O i l  6% 
Nuclear 16% 
Coal 25% 
CT, CC 5"/, 
Hydro 0% 

5.1.4 Ret irements  

E x i s t i n g  u n i t  r e t i r emen t  d a t a  i s  based on information obtained from the. s y n t h e t i c  
u t i l i t y  guide. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  amount of !I2 o i l - f i r e d  u n i t s  
which a r e  r e t i r i n g  throughout t h e  s tudy period.  These u n i t s  a r e  l i k e l y  candi- 
d a t e s  t o  b e  repowered as s o l a r  hybrid p l a n t s .  Because t h e  u n i t  s i z e s  r ep re sen t  
c l a s s e s  of i n d i v i d u a l  u n i t s ,  po r t i ons  of t h e s e  u n i t s  were repowered t o  meet t he  
p e n e t r a t i o n  l e v e l s  f o r  each scenar io .  

For t h e  h igher  p e n e t r a t i o n  scena r ios  i n  t h e  l a t e r  yea r s  of t h e  s tudy ,  it was 
necessary  t o  repower a  c e r t a i n  amount of /I6 o i l - f i r e d  u n i t s  Jn a d d i t i o n  t o  
some of t h e  l a r g e r  u n i t  c l a s s e s .  The repowering of p l a n t s  burning /I6 o i l  i n  
l a t e r  yea r s  w a s  n e c e s s i t a t e d  by t h e  p r i o r  r e t i r emen t  o r  repowering of a l l  /I2 
o i l  steam p l a n t s .  E x i s t i n g  u n i t s '  scheduled r e t i r emen t  d a t e s  a r e  given i n  
Table 5-2. 

5.2 INSOLATION ASSUMPTIONS 

5.2.1 General 

Midland, Texas was chosen a s  t h e  i n s o l a t i o n  s i t e  f o r  t h e  s tudy f o r  two reasons.  
F i r s t ,  It i s  w i t h i n  t h e  a r e a  represented  by t h e  s y n t h e t i c  system E s o  t h a t  t he  
i n s o l a t i o n  c h a r a c t e r i s t i c s  and t h e  load p r o f i l e s  should both  be r e p r e s e n t a t i v e  
of t h e  region.  Secondly, as shown i n  F igure  5-4, Midland i s  n e i t h e r  t h e  b e s t ,  
nor  t h e  worst  i n s o l a t i o n  s i t e  i n  t h e  region.  This  is  important t o  t h e  assumption 
t h a t  t h e  s tudy b e  r e p r e s e n t a t i v e  of t h e  Southwest. The e f f e c t  of varying 
i n s o l a t i o n  l e v e l s  is  shown i n  Sec t ion  8.7. 



Figure 5-4.  AVERAGE ANNUAL DIRECT NORMAL, INSOLATION. (Rough sketches from 
seasonal charts and revised SOLMET data in SAND 77-0885,  
"Availability of Direct, Total 6 Diffuse Solar Radiation for Fixed 
and Tracking Collectors in the U.S.A.," Rev. 1 / 3 0 / 7 8 . )  



Table 5-2. EXISTING UNITS' SCHEDULED RETIREMENT DATES, 

MW Cumulative Year Tota l  MW Tota l  
Descript ion 

200 MW i12 O i l  

2 (50 MW CT) 

2 (200 MW iI2 Oil) 

2 (50 MW CT) 
200 MW i12 O i l  

2 (200 MW /l2 Oil) 

2 (200 MW !I2 Oil)  

2 (50 MW CT) 
200 MW f 2  O i l  

200 MW il2 O i l  

2 (50 MW CT) 
200 MW /I2 O i l  
400 MW 12 O i l  

200 MW Coal 

2 (50 MW CT) 
200 MW /I6 O i l  

400 MW i12 O i l  

600 MW /I6 O i l  

5.2.2 Source' 

The i n s o l a t i o n  da ta  used i n  modeling t h e  operatioil  of the  s o l a r  p l a n t s  was 
snpp.'l.ied to Westinghouse E l e c t r i c  Corporation, Advanced Systems Technology 
Division,  by SERI i n  t h e  required Aerospace format. The data  tape  supplfed 
r e f l e c t s  a t y p i c a l  meteorological  year f o r  t h e  Midland, Texas area  and is  
based on information received from t h e  National Climatic Center (NCC) and 
SOLMET weather data.  A t y p i c a l  meteorological year is  a hypothetical  one 
constructed by NCC using weather da ta  from s p e c i f i c  months i n  var ious  years t o  
r.onstruct a represen ta t ive  year. 

Since only mean d a i l y  g lobal  inso la t ion  d a t a  per  month was ava i l ab le  f o r  
Midland, Texas (NCC .publicat ion e n t i t l e d  "Input Data f o r  Solar  Systems," 
November 1978), a t y p i c a l  E l  Paso, Texas meteorological inso la t ion  year,  
obtained from SOLMET, was used t o  generate the  needed Midland weather data. 
The SOLMET d a t a  r e f l e c t s  information received from a number of inso la t ion  
years .  The procedure used f o r  generat ing t h i s  weather data  is  described i n  
Appendix A (A.4.3). 



5.'2.3 Annual Quality/Statistics 

The daily average direct normal insolation for each month, taken from the SERI 
Midland insolation tape, is shown in Figure 5-5. For the purpose of comparison, 
these monthly insolation figures are plotted along with the previously used 
1962 Aerospace insolation data and the El Paso data from which they were derived. 
Also noted in this figure is the yearly average direct normal insolation 
determined from the three insolation tapes. 

On a yearly average, the SERI revised insolation tape has 4.5% lower daily direct 
normal insolation than the Aerospace data tape. 
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Figure 5-5. AVERAGE DAILY DIRfCT NORMAL INSOLATION 
COMPARISON (kWh/m -day) 
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SECTION 6.0 

REFERENCE CASE SYSTEM EXPANSION 

6.1 GENERAL 

I n  o r d e r  t o  accu ra t e ly  determine t h e  economic impact of solar- thermal  p l a n t  
p e n e t r a t i o n  on a u t i l i t y  system, some type  of dynamic o r  m u l t i p l e  year  a n a l y s i s  
is needed. This  a n a l y s i s ,  which i s  descr ibed  i n  Sec t ion  3.0, s e e  F igure  
3-1, and i n  d e t a i l  i n  Appendix A ,  b a s i c a l l y  c o n s i s t s  of u t i l i z i n g  t h e  Westinghouse 
Generat ion Expansion Optimizat ion Program (GENOP) t o  opt imal ly  expand t h e  
modified s y n t h e t i c  u t i l i t y  system E twenty-five yea r s  i n t o  t h e  f u t u r e  (1985 
being t h e  base  yea r ) .  Two expansions a r e  needed f o r  economic va lue  comparisons, 
one be fo re  and one a f t e r  s o l a r  p l a n t  pene t r a t ion .  I n  each case  t h e  GENOP 
program s e l e c t s  t h e  opt imal  i n s t a l l a t i o n  p a t t e r n  f o r  convent iona l  u n i t s .  The 
s o l a r  pene t r a t ions  a r e  forced  per  p re sc r ibed  scena r ios .  The be fo re ,  o r  nonsolar ,  
r e f e rence  expansion is  descr ibed  i n  t h i s  s ec t ion .  The system i s  expanded 
assuming a load  growth rate of 5% per  year  w i t h  a r equ i r ed  minimum annual  
capac i ty  r e s e r v e  of 20%. The r e s u l t s  from a genera t ion  expansion run  include.  
a convent ional  u n i t  a d d i t i o n  and revenue requirement summary of t h e  twenty-five 
year  expansion p lan ,  a d e t a i l e d  year-by-year u n i t  i n s t a l l a t i o n  and c o s t  summary, 
and o t h e r  information concerning capac i ty  mix, percent  annual  capac i ty  r e s e r v e ,  
and y e a r l y  peak load and energy. 

6.2 OVEREXPANSION AND NUCLEAR LIMITATIONS 

I n  Sec t ion  4.1.5 of t h i s  r e p o r t  i t  was pointed o u t  t h a t  i n i t i a l l y  t h e  dominant 
a d d i t i o n  was l i k e l y  t o  be  nuc lea r  u n i t s  i n  t h e  expansion p lan  ,because of t h e i r  
economic p r e f e r a b i l i t y  a t  high capac i ty  f a c t o r s .  Table 6-1 shows t h e  f i r s t  
a t tempt  a t  expanding t h i s  system f o r  twenty-five years .  A s  can be seen,  t h e  
economic optimum i s  t o  immediately i n s t a l l  4267 MW of nuc lear  capac i ty  on t h e  
system i n  t h e  f i r s t  year .  This  r e p r e s e n t s  53% of t h e  system capac i ty  i n  t h e  
f i r s t  year  and c r e a t e s  a r e se rve  margin of 80%.. The impetus behind t h e  program 
t o  overbui ld  was t o  r e l i e v e  t h e  u t i l i t y  from i t s  l a r g e  dependence upon o i l .  A s  
w i l l  b e  shown l a t e r ,  t h i s  w a s  t h e  most economic op t ion  even though o t h e r  
c o n s t r a i n t s  might make i t  imprac t i ca l .  The overbui ld  op t ion  can be proper ly  
i d e n t i f i e d  only through use  of mul t iyear  op t imiza t ion  program. It was recognized 
t h a t  no u t i l i t y  w i l l  be  a b l e  t o  a f f o r d  t o ,  nor  be  allowed t o ,  make t h i s  type  
of a commitment. Therefore,  c e r t a i n  c o n s t r a i n t s  were appl ied .  A look a t  t h e  
genera t ion  expansion p l ans  f o r  ERCOT ind ica t ed  t h a t  f o r  a u t i l i t y  of t h e  s i z e  
of s y n t h e t i c  system E, one 1000 MWe nuc lea r  u n i t  was t o  be added about every 
f i v e  years .  Therefore,  t h e  nuc lea r  a d d i t i o n s  were l i m i t e d  t o  t h i s  amount. 

Table 6-1 shows an  expansion p lan  c o n s i s t i n g  of only 'baseload (nuc lear )  
a d d i t i o n s  u n t i l  t h e  year  1999, a t  which t ime peaking p l a n t  (combus t i o n  tu rb ine )  
a d d i t i o n s  begin. I n  t h e  l a t t e r  yea r s  in te rmedia te  , p l a n t s  (combined cyc le )  a r e  
a l s o  added. The i n t e n s e  program of baseload a d d i t i o n s  is  an e f f o r t  t o  r e l i e v e  
t h e  system of t h e  high-priced o i l  consumption. With t h e  economics used, 
nuc lea r  p l a n t s  were s l i g h t l y  more economic f o r  baseload a p p l i c a t i o n s  than  
c o a l ,  tliereby excluding c o a l  add i t i on .  The r e t i r emen t  schedules  f o r  e x i s t i n g  
p l a n t s  a r e  p a r t i a l l y  r e spons ib l e  f o r  some of t h e  lumpiness of t h e  u n i t  a d d i t i o n  
p a t t e r n .  

4 1 



Table 6-1. UNCONSTRAINED SYSTEM EXPANSION 
INSTALLATION SCHEDULE 

Nuc=Nuclear, CC=Combined Cycle, 
CT=Combustion Turbine 

Unit  Type 

Year CT CC Coal Nuc 
100 250 600 1000 
MW MW MW MW 

Cumulative 
T o t a l s  

0.000 
0.000 
0.000 
0.000 
(3.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
n, n0n 
0.000 
0,000 
U . UUU 
1.669 
3.409 
3.996 
2.940 
3.909 

0.000 
0.000 
0 9 000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
n. nnn 
0.000 
0 . non 
U. UUU 
0.000 
0.000 
0.000 
0.000 
0.000 

'l'he r e s u l t s  of ehe opcimum expansion a n a l y s i s  i nd ica t ed  an  ecu~lumlc pre1er.- 
a b i l i t y  t o  ove rbu i ld ;  i . e . ,  add more u n i t s  than is necessary t o  meet t h e  
minimum annual  capac i ty  r e s e r v e  requirement.  This  overbui ld  occurs  f o r  a  
couple  of reasons:  (1) most impor tan t ly ,  t he  system i s  i n i t i a l l y  s eve re ly  
base load  d e f i c i e n t  and t h e  tendency is  t o  add base  u n i t s  as soon a s  p o s s i b l e  t o  
reduce  o i l  usage; and ( 2 )  t o  meet t h e  load wi th  a  minimal amount of emergency 
power be ing  purchased. A s  a  r e s u l t ,  t h e  percent  r e s e r v e  is  very  h igh  i n  t h e  
f i r s t  few yea r s ,  then  gradual ly  decreases  and l e v e l s  o f f  t o  a  p o i n t  which i s  
s t i l l . g r e a t e r  than  t h e  requi red  minimum percent  r e se rve .  



Using t h e  l i m i t a t i o n  of one nuc lear  u n i t  every f i v e  yea r s ,  Table 6-2 shows t h e  
year-by-year i n s t a l l a t i o n  schedule of t h e  new u n i t  types .  A t  t h e  bot tom.of  
t h e  t a b l e  is a twenty-five year  summary of t h e  number of u n i t s  i n s t a l l e d  f o r  
each type. I n  o rde r  t o  s e e  t h e  e f f e c t s  of small amounts of s o l a r  pene t r a t ion ,  
a  continuous s o l u t i o n ,  where f r a c t i o n a l  u n i t s  can b e  added, w a s  deemed more 
u s e f u l  f o r  t h i s  a n a l y s i s  than  one where t h e  u n i t  a d d i t i o n s  were in t ege r i zed .  
A s  can be seen  i n  Table 6-2, most of t h e  nuc lea r  capac i ty  was rep laced  by 
coa l .  

Table 6-2. MODIFIED UTILITY E NONSOLAR EXPANSION 
CONSTKAINED NUCLEAR INSTALLATIONS 

Unit Type 

CT CC Coal Nuc T o t a l  Peak Percent  Year 
100 250 600 1000 Capacity Load Reserve 
MW MW MW MW MW MW 

Cumulative 
T o t a l s  

Also shown i n  Table 6-2 i s  t h e  yea r ly  peak load ,  t o t a l  system capac i ty  ( t ak ing  
i n t o  account r e t i r emen t s  a s  w e l l  a s  a d d i t i o n s ) ,  and t h e  percent  capac i ty  
r e s e r v e  f o r  t h i s  nnnsolar  expansion p lan .  



6.3 CONSTRAINED RESERVES PLAN 

Even w i t h  t h e  n u c l e a r  l i m i t a t i o n s ,  t h e  expansion p l an  p rev ious ly  d iscussed  was 
r e a l i z e d  t o  be i m p r a c t i c a l  because t h e  capac i ty  r e s e r v e  was l a r g e r  than  u t i l i t y  
f i n a n c i n g  and p u b l i c  u t i l i t y  c m i s s i o n a  a r e  l i k e l y  t o  allow. For t h i s  reason,  
t h e  expansion p l a n  was d e f e r r e d  i n  o rde r  no t  t o  exceed a 25% maximum capac i ty  
r e s e r v e  ( a  l e v e l  t y p i c a l  of much of t h e  i n d u s t r y ) .  The t o t a l  revenue requi red  
t o  suppor t  t h i s  t ype  of u n i t  i n s t a l l a t i o n  schedule  w a s  then  determined wi th  
t h e  a i d  of t h e  s imu la t ion  f e a t u r e  of t h e  opt imal  expansion program descr ibed  
i n  Appendix A. 

Tab le  6-3 shows t h e  i n s t a l l a t i o n  schedule  cons ider ing  both  nuc lea r  r e s t r i c t i o n s  
and l i m i t e d  r e se rve .  Note t h a t  t h e  n u c l e a r  u n i t  a d d i t i o n s  w e r e  de fe r r ed  by 
two yea r s ;  The f i r s t  n u c l e a r  u n i t  i s  now added i n  1987. 

Table 6-3. MODIFIED UTILITY E, NONSOLAR EXPANSION 
CONSTRAINED NUCLEAR INSTALLATIONS 
AND CONSTMINED RESERVES 

Unit Type 

Year CT CC Coal Nuc 
100 2 50 600 1000 
MW MW MW MW 

Cumulative 
T o t a l s  

8.080' 
n . nnn 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
2.979 
9.884 
11.804 
14 500 

1.557 
6.768 
2,947 

13.126' 
9.01.7 
2.153 
8.165 
4.690 

0.000 
0.000 
1.000 
0.000 
0*000 
0.000 
0.000 
1.000 
0.000 
0.000 
0.000 
0.000 
1.000 
0.000 
0.000 
0.000 
0.000 
1.000 
0.000 
0.000 
0.000 
0, ooo 
1.000 
0.000 
0.000 



Table 6-4 summarizes the revenue requirements for the plan shown in Table 6 - 3 .  
This case will be used as a nonsolar reference against which to compare solar 
penetration scenarios. 

Table 6 - 4 .  MODIFIED UTILITY E, NONSOLAR EXPANSION, CONSTRAINED 
NUCLEAR INSTALLATIONS, AND CONSTRAINED RESERVES 
REFERENCE CASE COST SUMMARY 

Present Worth Cost 
Given in Millions of 1985 Dollars 

Carrying Production Yearly 
Year Charges Cost Totals 

Cumulative 
Totals 

The revenue requirements to support the capital investment for new plants 
appear as carrying charges. These are obtained by multiplying a fixed charge 
rate, nominally 18%, times the capital investment and then adding the fixed 
operating and maintenance costs. This produces an annual requirement for 
revenues to cover capital related items such as return on investment, depre- 
ciation, taxes, insurance, and the fixed operating and maintenarlce expenditures. 
The production cost is obtained by an economic dispatc.h against the system 
load, and is a function of generating unit efficiency (heat rate), fuel cost, 



and other variable operating and maintenance costs. All revenue requirements 
are shown in 1985 dollars using a discount rate of 11% per year. For further 
details see Appendix A. 

Table 6-5 summarizes the revenue requirements for the three nonso.lar cases 
previously rresented. As can be seen, by imposing additional constraints the 
total plan cost increases. However, the plan with constrained nuclear additions 
and constrained percent reserve appears to be most plausible considering 
capital and regulatory constraints. The nuclear issue is unresolved; however, 
this constraint should not impact the solar plant value as significantly as 
the limited reserve. The constrained nuclear and reserve case was used as a 
reference basis for the solar impact and value analysis. 

Table 6-5. COST COMPARISON OF NONSOLAR CASES 
(25-YEAR PRESENT WORTH IN 1985 
BILLION9 $) 

Carrying Production 
Charges Cost Total 

Unconsrrained 

Constrained Nuclear 

Constrained Nuclear & Reserves 27.45 41.85 69.57 
-- ---- - -- 

Table 6-6 shows details of the nonsolar reference case, including syseem peak 
load, annual energy, capacity mix, and percent reserve. Classification of 
existing units as base, interuediate, or peaking io comewhat arbitrary. The 
base refers to coal and nuclear, intermediate to oil steam plants, and peaking 
to combustion turbines, regardless of their utilization. Thus, the large 
initial amount of oil steam plants serves some of the peaking and base function 
although identified in the table as intermediate. The later years show a more 
typical mix. 

Figures 5-1 and 6-2 graphically display the changing capacicy mix arid eliergy 
production by' fuel type. It is the need to obtain and recognize the dynamics 
of capacity mix that makes the use of a generatiuu expansion optimization 
program in the analysis anecessi~g. 

6.4 PERSPECITVE ON REFERENCE UTILITY SYSTEM EXPANSION 

Utilities similar to syntheffc system E have some unique characteristics. 
From the conventional unit expansion plan, certain conclusions can be drawn 
about the problems facing solar penetration without looking at any penetration 
scenarios. 



. . 
Table 6 - 6 .  MODIFIED UTILITY E, NONSOLAR EXPANSION, CONSTRAINED NUCLEAR 

INSTALLATIONS, CONSTRAINED RESERVES REFERENCE CASE 

Peak Load Energy Retirements Additions 
Total % Capacity Mix 

Year 
(GWh) (MW). (W 

Capacity % Reserve 
(m) Base Inter. Peak 



6.4.1 Insight Derived from Ccnerstion Expansion 

Looking first at Figure 6-1, some obvious trends can be isolated which will 
have a significant bearing upon the value of the solar power systems to be 
discussed later. In 1985 the system starts off with nearly 60% of its capacity 
in oil fired units. As was mentioned earlier, baseload capacity was added 
rapidly until it reaches a maximum of around 70% in 1998. As will be discussed 
in more detail later, the typical winter loads are around 50% of the typical 
,summer peaks. Thus, as the baseload capacity grows from about 40 to 70 percent, 
the value of any energy that can be displaced by solar will drop dramatically 
during the off-peak seasons. This trend will be the most ,important factor 
driving the solar value curves presented in Section 7.0. 

As time progresses past the year 2000, Figure 6-1 shows the percentage of 
baseload (coal plus nuclear) capaciLy decreasing slightly and a significant 
amount of combustion turbines being added. There are two primary reasons for 
this. First, the utility system has continued to grow at a steady 5% per year 
since 1985. In 1998 the point is suddenly crossed where the system is deficient 
in peaking capacity. The system has finally caught up with its baseload 
requirements and spends about five years installing combustion turbines for 
peaking and reserve. After about 2002 the system settles down to more or less 
equal additions of all types of capacity. Insofar as the value of solar goes, 
we will see a gradual increase in value during this period due to the displace- 
ment of oil again during the spring and fall, coupled with the fact that oil 
has become very expensive by this point. This trend of decreasing value in 
the early years followed by a rise in value in the later years will be presented 
in detail in Section 7.0. 

The second reason for the shape of the baseload capacity curve throughout the 
expansion is that it is based on a total cost minimization procedure. The 
objective is to produce the required energy with sufflclr~~L reliability at thc 
least possible total (operating plus capital) cose over the complete 25-year 
planning horizon. In order ro accomplish Lhis, the mend is Lu ov~~Lui1d high 
first cost, low operating cost units in the early years and to coast out in 
the later years with less expensive, higher operating cost units. This is a 
characteristic of all generation planning programs which are optimized over 
the entire planning horizon. The likely magnitude of this end effect and 
its influence upon the results is discussed more fully in Section 6.4.2. 

Figure 6-2 shows the energy expansion summary whict~, when combined with Figure 
6-1, gives a fairly complete picture of what any solar system will have to 
compete with on this electric generating system. 

There are two significant conclusions that can be drawn at this point about 
the likely value of solar energy systems without looking at any solar penetration 
scenarios. First, because of the baseload deficient nature of the utility I n  
the early years, solar-thermal power systems which operate primarily in an 
intermediate to peaking mode will see strong competition for capital investmenl 
dollars which the utilities can invest more profitably in new baseload generation. 
Thus, the same characteristics which cause solar Lhermal to be attractive 
from a static (one year) production cost standpoint cause severe capital 
competj.tion from a dynamic expansion standpoint. The second important conclusion 
is that solar thermal's real benefits are not likely to be seen ur~eil utility 
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systems are more or less in balance with today's economics. After the year 
2000, with the ever increasing demand for intermediate and peaking capacity, 
coupled with expensive liquid fuels, solar-thermal technologies will see an 
abundance of economically viable electric applications. 

6.4.2 Generation Expansion End Effects 

. Looking at Figure 6-1, a slight reduction in baseload capacity is seen in the 
last years of the 25-year planning period. This is due partly to the intro- 
duction of combined-cycle plants and partly to the economics of expansion plan 
termination. 

The combined-cycle plants were not introduced earlier in the plan because of 
the large presence of oil-steam plants to serve the intermediate load. Once 
significant oil-steam retirements had taken place, the optimization program 
determined it was economic to add new intermediate capacity in the 5orm of 
combined-cycle plants. Because of the high combined-cycle plant efficiency, 
coal'cannot compete at as low a capacity factor as it could against the old 
oil-steam plants. Thus, the need exists for less coal capacity once the 
combined-cycle plants were introduced. 

Of lesser impact on the later expansion plan years is the termination logic. 
High capital cost/low operating cost plants added in the latter years do not 
achieve their full lifetime benefits when the plan is truncated. Thus, the 
expansion plan is slightly biased against baseload in favor of peaking plants 
in the last few years. This may make the value of solar plants slightly 
optimistic in this period. However, the solar plant's principal value is in 
fuel displacement, and as seen in Figure 6-2 the effect of changing capacity 
mix in terms of energy production by fuel type is fairly small. 
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SECTION 7.0 

SOLAR PENETRATION 

7.1 PENETRATION SCENARIOS 

I n  o rde r  t o  f u l f i l l  t h e  prime o b j e c t i v e  of t h i s  s tudy  ( t o  determine t h e  va lue  
of solar- thermal  power p l a n t s  a s  a func t ion  of p e n e t r a t i o n  and t ime),  i t  w a s  
necessary  t o  p o s t u l a t e  t h e  f u t u r e  development of t h e  solar- thermal  indus t ry .  
Reasonable bounding of t h i s  problem was accomplished hy developing threr 
d i I I e r e ~ ~ ~  scena r ios ,  each wi th  t h r e e  d i f f e r e n t  l e v e l s  and r a t e s  of pene t r a t ion .  
The t h r e e  scena r ios  include:  f i r s t ,  t h e  i n s t a l l a t i o n  of s o l a r  repowered p l a n t s  
only;  second, t h e  i n s t a l l a t i o n  of only new s o l a r  stand-alone p l a n t s ;  and t h i r d ,  
t h e  i n s t a l l a t i o n  of s o l a r  repowered p l a n t s  followed i n  l a t e r  yea r s  by new stand-  
a lone  p l a n t s .  

The southwestern United S t a t e s  c u r r e n t l y  has  about 45,000 MWe of i n s t a l l e d  
capac i ty .  It was assumed t h a t  t h e  growth i n  capac i ty  would be 5% p e r  y e a r  
which makes t h e  i n s t a l l e d  capac i ty  204,000 MWe a t  t h e  end of t h e  s tudy  (yea r  
2010). The s o l a r  pene t r a t ion  scena r ios  were f i r s t  developed f o r  t h e  e n t i r e  
Southwest reg ion  and then  s c a l e d  down t o  t h e  s i z e  of t h e  s y n t h e t i c  u t i l i t y  
system. 

The Solar-Thermal Mult iyear  Program P lan  (October 1978) s p e c i f i e s  p l ans  f o r  
fou r  s i g n i f i c a n t  s i z e  pro jec ts ' .  These inc lude  t h e  10 MWe Barstow P i l o t  P l a n t ,  
one 25 MWe repowering p r o j e c t ,  and two 50 MWe repowering p r o j e c t s  t o  be  
completed i n  1981, 1983, 1984 and 1986, r e spec t ive ly .  I n  developing t h e  
p e n e t r a t i o n  scena r ios ,  t h e s e  p r o j e c t s  were used a s  t h e  i n i t i a l  d r i v i n g  f o r c e  
f o r  t he  p e n e t r a t i o n  curves.  

7.1.1 Southwest Pene t r a t ion  Scenario - Repowering 

Figure  7-1 shows t h e  p e n e t r a t i o n  curves f o r  t h e  Southwest f o r  t h e  repowering- 
only  scenar io .  The r ap id  p e n e t r a t i o n  i n  e a r l y  yea r s  would have t o  be c rea t ed  
by government o t i m u l a t i o i ~  s u c l ~  a s  che c u r r e n t  development and demonstration 
program. There a r e  t h r e e  primary growth r a t e  curves ( l o%,  13% and 15% p e r  
yea r ) .  It was pos tu l a t ed  t h a t  an  e a r l y  government p u l l o u t  from t h e  demonstration 
program, around t h e  mid 1980's,  be fo re  t h e  technology was w e l l  developed, 
would cause a slower (10%Iyear) p e n e t r a t i o n  of solar- thermal  systems i n t o  t h e  
market. I f  t h i s  p a t h  i s  followed, t h e  maximum number of i n s t a l l a t i o n s  amounts 
t o  only 1500 MWe o r  0.8% of t h e  Southwest genera t ion  by 2010. However, i f  
goverilillent involve~ilerlt were t o  cont inue  i n  t h e  technology development and 
market s t imu la t ion  u n t i l  sometime l a t e r ,  say  1000 MWe by 1990, i t  seems very  
l i k e l y  t h a t  t h c  commercial ~na rke t  w i l l  develop s i g n i f i c a n t l y  f a s t e r  (15%/year) .  

A s  can b e  seen  from Figure  7-1, t h e  repowering-only scena r io  is a dead end. 
This  w i l l  inevi tab ly  b e  caused by market s a t u r a t i o n  ( s e e  Appendix E). There 
i s  some disagreement as t o  t h e  a c t u a l  number of repowerable megawatts i n  t h e  
Southwest ( s e e  Appendix E); so ,  a reasonable  bounding on two d i f f e r e n t  s a t u r a t i o n  
l e v e l s  was used, 4000 MWe and 8000 MWe. These limit t h e  maxllmum p o s s i b l e  
p e n e t r a t i o n  t o  2.0% and 3.9% r e s p e c t i v e l y ,  i n  2010. However, i t  should b e  
noted t h a t  t h e s e  p e n e t r a t i o n  l e v e l s  w i l l  then  d e c l i n e , o v e r  t ime, a s  a percentage 
of t h e  t o t a l ,  a s  t h e  systems c o n t i n n ~  t o  expand. 

5 3 



Figure 7-1. UTILITY E PENETRATION SCENllRIO - REPOWERING 

*(Beginning of {I6 oil repowering of additional units repowered due to retirement 
of all candidate /I2 oil plants.) 



7.1.2 Southwest Penetration Scenario - Stand-Alone 
Figure 7-2 shows the penetration curves for the stand-alone only scenario. 
Again, the rapid penetration in early years must be created by government 
stimulation. However, if there is a shift in the program eniphasis at this 
point, there would be a delay of about three years in the operation of the 
initial demonstrations. This would be caused partially by having to redirect 
the inertia which has already been built up in the repowering program, partially 
due to the increased funding that would be required to implement stand-alone 
instead of repowering projects, and partially due to the long lead time required 
to purchase the turbine-generator set. Figure 7-2 shows the first three 
stand-alone projects shifted in time due to these effects. 

The slope of the penetration curves is the same as was postulated for the 
repowering curves, and presumably due to the same effects. A longer, more 
intense government involvement causes a higher commercial penetration rate, 
starting at a higher initial level. Even though the program starts later, the 
high implementation rate causes a greater penetration of solar thermal (over 
repowering) by the end of the 25-year study period due to the fact that the 
solar-thermal stand-alone market does not saturate like the repowering market. 
The high implementation rate, if continued, leads to a 5.3% penetration by 
2010 and a very significant 20.6% penetration by 2025. 

7.1.3 Southwest Penetration Scenario - ~epower/Stand-alone 

The third and final penetration scenario is shown in Figure 7-3. This scenario 
takes advantage.of the beneficial characteristics of both of the previous 
scenarios. Repowering is used 'in the early years to cause the earliest possible 
demonstration of the technology which then allows the possibility of greater 
penetration in later years. However, early government pullout would still 
result in technologies and economic uncertainties causing a slow growth of 
commercial repowering and a delay in the introduction of new stand-alone 
plants. Extended government stimulation in repowering would cause a more 
rapid expansion of commercial repowering and an earlier introduction of stand- 
alone plants. If the government stimulation continues into stand-alone plants 
beyond repowering, there will very likely be a rapid penetration of commercial 
solar-thermal planes due eo rhe establishment of economic and' technical viability. 

The penetration' curves show a firm demarcation between repowering and stand- 
alone plants. In all probability, this would be a gradual transition. If 
repowering is truly economically viable, it may well proceed to saturation and 
contribute to the overall level of penetration. It was necessary to specify a 
clear demarcation in order to facilitate the computer simulation. 

If this latter scenario is followed, the high implementation curve shows an 8% 
penetration by 2010 and a possibility of a 31% penetration by 2025. 

7.1.4 Utility System E Penetration Scenarios 

In order to use the penetration scenarios on the synthetic utility under 
conoidcration, it was necessary to scale down the curves just pnssenLerl. The 
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modified EPRI synthetic utility E has a capacity of 10,300 MWe installed on 
the system in 1985, the first year of the study. At a 52 per year growth 
rate, the total Southwest generation capacity hill be about 63,300 MWe in 
1985. Thus,.the synthetic utility represents about 16% of the Southwest. The 
penetration curves were scaled down appropriately for the analysis. The 
curves which were used in the study were shown in Figures 7-1, 7-2, and 7-3. 
Also shown on the curves are the points where the static utility value analysis 
simulations were.run. 



7.2 DYNAMIC EXPANSION WITH SOLAR PENETRATION 

The nine forced solar penetration scenarios were examined using the Westinghouse 
Generation Expansion Optimization Program to analyze their impact on the balance 
of the utility system (see Appendix A). These nine scenarios, shown in Figures 
7-1, 7-2, and 7-3, include low, nominal and high penetration scenarios for 
improved stand-alone (ISA) solar-thermal plants, improved hybrid repowered (IHR) 
solar-thermal plants, and a combination of these two technologies. In no case 
did the solar capacity penetration exceed 8% of the total capacity, 
so th.e term "high" penetration is a relative descriptor. 

The solar penetrations were forced additions to the utility system according 
to each solar scenario examined. The conventional unit expansion was determined 
by the optimization program, recognizing in each case the presence of the 
solar plants and their contribution (see Figure 3-1). 

A 25-year planning period, 1985-2009, was examined. For convenience of 
comparison, the results (costs and savings) will generally be shown for the 
entire planning period in present worth 1985 dollars. As previously mentioned, 
(Section 3.0) the revenue requirements economic methodology is used. 

A summary of the cost results for the nine solar penetration scenarios and the 
nonsolar base case are shown in Table 7-1. As would be expected, a reduction 
in capital (carrying charges) and production costs for conventional plants 
takes place with increasing solar penetration. However, all of the solar scenarios 
have very slightly higher total costs than the nonsolar base case. As with 
many generation expansion evaluations, the percentage difference in total cost 
between alternatives appears relatively small; however, the absolute dollars, 
in most contexts, are quite large. 

Part of the reason the solar scenarios have higher costs is the front-end cost 
associated with solar plants. To explain further, transdated to revenue 
requirements, the costs and value take a form like that shown in Figure 7-4. 
The major part of the solar plant cost is the levelized (equal annual) fixed 
or carrying charges, The other (smaller) cost component is the solar plant 
operating and 'maintenance cost which escalates from year to year. It is this 
latter component which accounts for the upward trend- of the solar plant cost 
curve. The value is made up primarily of conventional plant operating (fuel) 
savings. The cost of fuel ($/MBtu) escalates with time. Because the value 
has a larger component which is escalating, and because the.fue1 escalation 
rates are generally higher than that for O&M, the value tends to overtake the 
cost at some future time. When looking at a single solar plant, its lifetime 
value may exceed its lifetime cost, but with a truncated plan, or a plan where 
one increasingly adds solar plants over time, the tail-end benefits may never 
catch the front-end costs. This is a real phenomena for front-end cost 
loaded plants, which have long-term benefits in an expanding scenario. Later 
in this section, using static analysis, the lifetime cost/value ratios of some 
of these solar plants, looked at singly, will be shown to be less than one. 



Table  7-1. 25-YEAR COST S m Y  OF EXPANSION PlANS 
(PWRR 1985 BILLIONS $) 

I ~ ~ p r o v e d  Stand-Alone Improved Hybrid Repower Combination 

- - 

Base 
High Nom Low High Nom Low Hi3h Nom Low Nonsolar 

Conven t iona l  P l a n t  
Car ry ing  Charges 27.06 27.28 27.39 26.61 27.25 27.40 26.39 27.20 27.33 27.52 
P r o d u c t i o n  Cost  40.62 41.34 41.71 --- 41.33 41.29 41.63 --- 40.60 41.09 41.68 --- 41.85 
T o t a l  67.68 68.61 €9.10 67.94 68.54 69.03 66.99 68.29 69.01 69.38 

S o l a r  P l a n t  3.28 1.36 0.49 -- --- 2.59 1 .22 0.43 --- --- 4.72 1 .78 0.53 

T o t a l  70.96 69.97 €9.59 70.53 69.76 69.46 71.71 70.07 69.54 69.38 

T o t a l  S o l a r  Capac i ty  
I n s t a l l e d  (IWe) 1600 600 180 1300 680 250 

F l g u r e  7-4. SOLAR PLANT LIFETIME COST AND VALUE TIME CHARACTERISTICS 



With t h e  sma l l  pene t r a t ions  examined, i t  i s  d i f f i c u l t  t o  d e a l  w i th  t h e  aggrega te  
and sometimes more informat ive  t o  look a t  t h e  d i f f e r e n t i a l s .  F igures  7-5 and 
7-6 show i n  b a r  c h a r t  form, r e s p e c t i v e l y ,  t h e  d i f f e r e n c e s  i n  convent ional  capac i ty  
a d d i t i o n s  between t h e  s o l a r  ca ses  and t h e  r e f e rence  nonsolar  case ,  and t h e  
d i f f e r e n c e s  i n  revenue requirements.  

F igure  7-5 shows t h a t  t h e  hybr id  repowered p l a n t  d i s p l a c e s  mostly peaking 
a d d i t i o n s  (combustion t u r b i n e s ) ,  and t h e  s o l a r  s tand-alone p l a n t  wi th  s t o r a g e  
d i s p l a c e s  i n t e rmed ia t e  duty  a d d i t i o n s  (combined-cycle p l a n t s ) .  This  i s  c o n s i s t e n t  
w i th  t h e  observed capac i ty  f a c t o r s  of t h e  two solar- thermal  concepts.  

F igure  7-6 shows t h a t  i n  t h i s  type  of va lue  a n a l y s i s  one must c a r e f u l l y  eva lua t e  
s p e c i f i c  s i t u a t i o n s  s i n c e  g e n e r a l i z a t i o n s  can be misleading.  For example, a t  
h i g h  p e n e t r a t i o n s  t h e  hybr id  repowered p l a n t  has  l a r g e r  ca r ry ing  charge sav ings  
than  product ion c o s t  savings.  This  i s  due t o  t h e  l a c k  of degrada t ion  i n  
capac i ty  displacement ,  a s  a func t ion  of pene t r a t ion ,  a s soc i a t ed  wi th  hybrid 
p l a n t s  and t h e  phenomenon of n o t  f u l l y  recovering s o l a r  ope ra t ing  b e n e f i t  i n  
a t runca ted  p l a n  as mentioned above. On t h e  o the r  hand, f o r  t h e  s o l a r  stand- 
a lone  h igh  p e n e t r a t i o n  c a s e  t h e  ca r ry ing  charge sav ings  a r e  s i g n i f i c a n t l y  less 
than  t h e  sav ings  i n  product ion  c o s t s ,  even i n  t h e  f a c e  of t runca ted  accounting. 
This  i s  d r iven  by t h e  drop i n  capac i ty  c . red i t  sav ings  wi th  h ighe r  p e n e t r a t i o n  
and t h e  h ighe r  capac i ty  f a c t o r  of t h e  stand-alone p l an t s .  It should be  noted 
t h a t  t h e  p e n e t r a t i o n  assumptions were h ighe r  f o r  s tand-alone than  f o r  repowering, 
and h ighes t  of a l l  f o r  t h e  combination scenar ios .  

It w i l l  be  noted i n  Table 7-1 t h a t  t h e  combination, h igh  p e n e t r a t i o n  scena r io  
appears  t o  b e  t h e  l e a s t  economic opt ion .  This  is  dr iven  more by t h e  l e v e l  of 
s o l a r  p e n e t r a t i o n ,  which is  t h e  h ighes t  of a l l  n i n e  cases  i n v e s t i g a t e d ,  r a t h e r  
than  t h e  technology examined. A s  shown previous ly  i n  F igures  7-1 through 7-3, 
t h e  h igh  p e n e t r a t i o n s  f o r  ISA, I H R ,  and Combination cases  go t o  3.8%, 5.3%, 

. and 8.0% re spec t ive ly .  

7.2.1 Capacity Displacement 

The i s s u e  of how much and what t ype  of conven t iona l ' c apac i ty  can be d i sp l aced ,  
cannot b e  handled simply. For s o l a r / f o s s i l  hybrid p l a n t s  t h e  capac i ty  d isp lace-  
ment i s  p o t e n t i a l l y  on a megawatt-for-megawatt b a s i s ;  however, f o r  repowered 
p l a n t s  one must t a k e  account of o r i g i n a l  r e t i r emen t  date .  I n  o t h e r  words, 
capac i ty  c r e d i t  a g a i n s t  new convent ional  capac i ty  cannot be  taken be fo re  t h e  
o r i g i n a l  r e t i r emen t  da te .  For new stand-alone p l a n t s  dur ing  c e r t a i n  condi t ions  
(per iods  of only baseload a d d i t i o n s ) ,  i t  might n o t  be  economic t o  t a k e  any 
capac i ty  c r e d i t  i n i t i a l l y .  

For s o l a r  stand-alone p lan ts  a 1-oss-of-load p r o b a b i l i t y  a n a l y s i s  must b e  
performed, modeling t h e  ope ra t ion  of t h e  s o l a r  p l a n t s ,  t o  account f o r  both 
i n s o l a t i o n  and equipment outages.  Once t h e  e f f e c t i v e  ( r e l i a b l e )  capac i ty  i s  
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e s t a b l i s h e d ,  t h e  s o l a r  p l a n t  megawatt capac i ty  displacement i s  determined. 
Th i s  i s  a func t ion  of load shape, i n s o l a t i o n ,  s o l a r  p l a n t  con f igu ra t ion ,  
s t o r a g e  capac i ty ,  and t o t a l  s o l a r  pene t r a t ion .  

The i s s u e  of what type  of convent ional  capac i ty  can be d isp laced  i s  dependent 
on  how t h e  s o l a r  p l a n t  ope ra t e s  under system economic d i spa t ch .  Frequent ly ,  
t h e  s o l a r  p l a n t ' s  optimum displacement is  a mix of d i f f e r e n t  types of convent ional  
capac i ty .  This  is  b e s t  determined by a genera t ion  expansion op t imiza t ion  code 
such a s  t h e  Westinghouse GENOP Program. For u t i l i t y  systems having a c l o s e  t o  
optimum genera t ing  mix, e s t ima te s  of t he  b e s t  types of displacement can be 
made wi th  d i f f e r e n t i a l  load du ra t ion  curves and breakpoint  curves s i m i l a r  t o  
t h a t  shown i n  F igure  4-1. 

The procedure f o r  determining the  convent ional  i n s t a l l a t i o n  schedules  f o r  each 
of t h e  n ine  s o l a r  pene t r a t ion  scena r ios  cons i s t ed  of t h r e e  s t e p s .  F i r s t ,  an  
optimum convent ional  expansion p lan  was obta ined  f o r  each s o l a r  p l a n t  p e n e t r a t i o n  
s c e n a r i o  u s ing  GENOP. Secondly, f o r  reasons explained i n  Sec t ion  6.0 of t h i s  
r e p o r t ,  t h e  optimum convent ional  expansion p lans  were then de fe r r ed  t o  main ta in  
a capac i ty  r e s e r v e  which was 25% g r e a t e r  than  t h e  system peak load .  F i n a l l y ,  t h e  
d e f e r r e d  i n s t a l l a t i o n  schedules  were then ad jus t ed  f o r  t h e  amount of convent ional  
c a p a c i t y  d i sp l aced  (capac i ty  c r e d i t )  by t h e  s o l a r  p l a n t s  pene t r a t ed  on t h e  
system. A more d e t a i l e d  explana t ion  of capac i ty  c r e d i t  is  found i n  Appendix A.  

I n  o rde r  t o  o b t a i n  t h e  most favorable  ( lowest  revenue requirements)  expansion 
p l a n  a n  experiment was conducted t o  determine how, i f  a t  a l l ,  t h i s  capac i ty  
displacement  was taken. The improved stand-alone, nominal s o l a r  p e n e t r a t i o n  
c a s e  was used a s  a benchmark, i n  which t h r e e  capac i ty  displacement a l t e r n a t i v e s  
were inves t iga t ed .  The f i r s t  case  assumed no convent ional  capac i ty  displacement 
a t t r i b u t e d  t o  t h e  s o l a r  p l a n t s .  I n  t h e  second case  f u l l  convent ional  capac i ty  
displacement was c r e d i t e d  t o  a s o l a r  p l a n t  i n  t he  year  i n  which t h a t  s o l a r  
p l a n t  was added t o . t h e  system. I f  only c o a l  u n i t s  were scheduled f o r  a d d i t i o n  
i n  a given yea r ,  then  coa l  capac i ty  was assumed d isp laced  by the  s o l a r  p l a n t .  
However, i f  t h e r e  w a s  a mixture of convent ional  capac i ty  scheduled f o r  a d d i t i o n  
then  t h e  s o l a r  p l a n t  assumed peaking capac i ty  displacement f i r s t ,  followed by 
in t e rmed ia t e  and base, i f  needed. No nuc lea r  capac i ty  displacement was assumed 
by t h e  s o l a r  p l a n t .  I f  only a nuc lear  p l a n t  was scheduled f o r  a d d i t i o n ,  then  
t h e  capac i ty  displacement was delayed and added t o  t h e  fo l lowing  y e a r ' s  d i sp lace-  
ment. The t h i r d  and f i n a l  case  assumed only a peaking capac i ty  displacement .  No 
in t e rmed ia t e  o r  base  capac i ty  was assumed d isp laced .  I n  t h e  e a r l y  yea r s  of 
t h e  expansion when only c o a l  u n i t s  were added, no capac i ty  displacement was 
given;  i t  was, i n s t e a d ,  accumulated and given i n  t h e  f i r s t  year  a peaking u n i t  
was added. ' Table 7-2 summarizes t hese  t h r e e  cases  a long  wi th  t h e  optimum 
i n s t a l l a t i o n  schedule.  

Shown i n  Table 7-3 is  t h e  cos t '  summary inc luding  both ca r ry ing  charges and 
product ion  c o s t  of t h e  convent ional  expansion p lans  summarized i n  t h e  previous  
t a b l e .  It i s  apparent  from the  t a b l e  t h a t  t h e  peaking capac i ty  displacement 
a l t e r n a t i v e  r e s u l t e d  i n  t he  lowest revenue requirements of t h e  t h r e e  de fe r r ed  
cases .  Therefore,  only peaking capac i ty  displacement was used f o r  t h e  remaining 
s o l a r  p l a n t  p e n e t r a t i o n  scenar ios .  



T a b l e  7-2. CAPACITY DISPLACEMENT COMFAKISON, IMPROVED STAND-ALONE 
NOMINAL PENETRATION, CONVENTIONAL EXPANSION 
(25-YEAR SUMMARY, GW) 

Defe r red  

No Capac i ty  F u l l  Capac i ty  Peaking Capac i ty  
Displacement  Displacement Displacement 

Combus t i o n  Turb ine  9.06 
Combined Cyc le  2.75 
Coal  9.96 
Nuc lea r  . 5.00 

T o t a l  26.77 

T a b l e  7-3. CAPACITY DISPLACEMENT COST SUMMARY, IMPROVED STAND-ALONE 
NOMINAL PENETKATION, CONVENTIONAL EXPANSION 
(PWRR, 1985 BILLIONS $) 

Defer red  

No Capac i ty  F u l l  Capac i ty  Peaking Capac i ty  
Displacement Uisplacement Displacement 

Car ry ing  Charges 27.36 27.13 27.28 
Product ion Cos t  41.34 41.52 41.34 

T o t a l  68.69 68.65 
- -- 

6 8 . 6 1  
- 

The n i n e  s o l a r  p e n e t r a t i o n  s c e n a r i o s  a l o n g  w i t h  t h e  b a s e ,  n o n s o l a r  twenty-f ive  
y e a r  u n i t  a d d i t i o n s  are summarized i n  Tab le  7-4. The t a b l e  shows t h e  sum, in 
g i g a w a t t s ,  of e a c h  t y p e  of c o n v e n t i o n a l  u n i t  added d u r i n g  t h e  s t u d y  p e r i o d ,  
w i t h  t h e  c o n v e n t i o n a l  sys tem c a p a c i t y  a l s o  t o t a l e d .  Shown a t  t h e  bottom i s  
t h e  amount of s o l a r  c a p a c i t y  p e n e t r a t e d  on the system. A l l  of t h e  s o l a r  
p e n e t r a t i o n  s c e n a r i o s  add less c o n v e n t i o n a l  c a p a c i t y  i n  t h e  expansion p e r i o d  
t h a n  t h e  b a s e  c a s e ,  a s  expec ted .  Wi th in  each s o l a r  p l a n t  p e n e t r a t i o n  s c e n a r i o  
t h e  t o t a l  c o n v e n t i o n a l  c a p a c i t y  a d d i t i o n s  d e c r e a s e  as t h e  p e n e t r a t i o n  of s o l a r  
p l a n t s  i n c r e a s e .  It is  d i f f i c u l t  t o  compare t h e  i n d i v i d u a l  c o n v e n t i o n a l  u n i t  
t y p e  a d d i t i o n  summaries from one s o l a r  p e n e t r a t i o n  s c e n a r i o  t o  a n o t h e r  because  
o f  t h e  many f a c t o r s  which i n f l u e n c e  t h e s e  expansion p l a n s .  

As mentioned b e f o r e ,  each  i n s t a l l a t i o n  s c h e d u l e  was based on i t s  own optimum 
e x p a n s i o n  p l a n  which was a f f e c t e d  by t h e  o p e r a t i o n  as w e l l  as t h e  p e n e t r a t i o n  . 

of  t h e  s o l a r  p l a n t s .  The c o n v e n t i o n a l  c a p a c i t y  d i sp lacement  was a l s o  a f f e c t e d  
h y  t h c  t y p c  and p e n e t r a t i o n  l e v e l  of t h e  s o l a r  p l a n t s .  



Table 7-4. UNIT ADDITION SUMMARY, DEFERRED EXPANSION CASES 
(25-YEAR SUMMARY, GW) 

Improved Stand-Alone Improved Hybrid Repower Comb i n a t  ion Base 
High Nom. Low High Nom. Low High Nom. Low . 

m 
111 

Combustion Tur i ine  8.87 8.74 8.81 8.01 8.38 8.81 9.44 8.56 8.79 8.76 
Combined Cycle 2.21 2.75 2.91 2.87 2.96 2.97 2.00 2.73 2.90 3.00 
Coal 10.11 9.96 9.93 9.85 9.90 9.87 9.62 10.00 9.89 10.00 
Nuclear 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

Conventional To ta l  26.19 26.45 26.65 25.73 26.24 26.65 26.06 26.29 26.58 26.76 
So la r  1.60 0.60 0.18 1.30 0.68 0.25 2.30 0.85 0.25 --- 
System To ta l  27.79 27.05 26.83 27.03 26.92 26.90 28.36 27.14 26.83 26.76 



The year-by-year unit installation schedule for the improved stand-alone, 
nominal solar penetration, deferred expansion case is shown in Table 7-5. The 
conventional and solar plant installations are shown. Complete year-by-year 
installation schedules for the nine solar penetration scenarios and base case 
.are included in Appendix B. 

Table 7-5. IMPROVED STAND-ALONE, DEFERRED EXPANSION PLAN 
NOMINAL PENETRATION INSTALLATION SCHEDULE 

Conventional S0la.r 

CT CC Coal Nuc 
Year 100 250 600 1000 100 

MW MW MW MW MW 

Cumulative 
Totals 

7.2.2 Energy and Fuel Displacement 

Because the solar plants operate during low load seasons of the year, on 
weekends, and during some low load periods of the day, they displace energy 
throughout the spectrum of units from peaking to baseload. Table 7-6 shows 
the year-by-year totcil displacement of conventional energy by the improved 



stand-alone solar plants following the nominal penetration scenario. This 
table was obtained through a comparison of the energy generated by each type 
of unit in the nonsolar base expansion with the ISA nominal penetration 
expansion. A negative energy displacement means that type of unit generated 
more energy in the ISA nominal penetration case than in the nonsolar base 
case. This was possible because the installation schedules (Tables 6-3 and 
7,-5) were different in these years. More coal energy was displaced in years 
,1999 through 2003 because more coal was on the nonsolar base case system 
during those years. Because this coal was not on the ISA nominal penetration 
system, more energy was produced by the oil-burning units. Similarly, more 
combined-cycle plants were on the ISA nominal penekration system during those 
years, which naturally added to the increased operation of combined-cycle 
plants. 

Table 7-6. ENERGY DISPLACEMENT, (GWh) ISA NOMINAL PENETRATION 

-- -- - - - - 

Year CT 112 Oil C C f6 Oil Coal Total 

0.2 
0.3 
0.5 
0.5 
0.7 
0.5 
0.6 
1.1 
1.1 
1.0 
1.4 
1.4 
1.2 
13.1 
-3.7 

-126.9 
-98.9 
66.5 
212.2 
159.1. 
47.2 
271.6 
35.1 
102.8 
GG. 1 

As noted earlier, these energy displacements were for all solar plants 
operating on the system. Included in the Static Analysis Section (7.3) 
is an explanation of the energy displaced by 'the incremental addition of 
a single solar plant. 

h 7 



. 7 .2 .3  Cost Summary 

The cost of the nine solar penetration scenarios and the base, nonsolar expansion 
cases shown in Table 7-4 are summarized in Table 7-7. The carrying charges 
and production costs of the conventional units, along with the solar plantst 
total revenue requirements, are summarized for the twenty-five year study 
period. The costs are expressed in terms of present worth 1985 billions of 
dollars. Approximately 40% of the total conventional unit cost is composed of 
carrying charges, with the other 60% being production costs. Because fewer 
conventional units were added as the amount of solar capacity increased, the 
total conventional unitst carrying charges decreased. In general, the production 
costs of the conventional units also tended to decrease as the solar penetration 
within each scenario increased, because the portion of system load met by 
conventional unit generation decreased. However, there was a slight deviation 
from this trend in the improved hybrid repowering scenario. The conventional 
unit production cost of the high solar penetration case was slightly more than 
the nominal penetration; however, the total conventional unit costs (carrying 
charges plus production cusls ) ,  w11icl1 was the variable optiuized in GENOF, 
were lower. Again, because each solar penetration scenario was based on its 
own optimum expansion, this phenomena was possible. The total system (including 
solar) revenue requirements of all nine solar penetration scenarios were higher 
than the nonsolar base case. This was due in part to the front-end loading 
phenomena explained in the beginning of Section 7 .2 .  

The year-by-year costs incurred by the improved stand-alone, nominal penetration, 
deferred installation schedule (Table 7-5) are shown in Table 7-8 and Figure 
7-7. Both conventional and solar revenue requirements tabulated are expressed 
in present worth 1985 millions of dollars. Complete year-by-year cost summaries 
of all nine solar penetration scenarios and the nonsofar base case are included 
in Appendix B. 



T a b l e  7-7. COST SUMMARY, DEFERRED EXPANSION CASES 
(PWRR 1985  BILLIONS $) 

I SA IHR Comb Base  
High Nom. Low High Nom. Low High Nom. Low 

C a r r y i n g  C'aarges 27.06 27.28 27.39 26 .61  27.25 27.40 26.39 27.20 27 .33  27.52 
P r o d u c t i o n  C o s t  40.62 41.34 41 .71  41 .33  41.29 41 .63  40.60 L1.09 41.68 41.85 

m 
\O C o n v e n t i o n a l  T o t a l  67 .68  68 .61  69.10 67.94 68.54 69 .03  66 .99  68.29 69 .01  69.38 

S o l a r  P l a n t  3 .28  1 . 3 6 .  0.49 2.59 1 . 2 2  0 . 4 3  4 .72  1 . 7 8  0 . 5 3  --- 
System T o t s 1  70.96 69.97 69.59 70.53 .69 .76  69.46 71 .71  70.07 69 .54  69 .38  
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T a b l e  7-8. IMPROVED STAND-ALONE, DEFERRED EXPANSION PLAN, 
NOMINAL PENETRATION COST SUMMARY 
(PWRR, 1985 M$) 

Convent ional  S o l a r  

Car ry ing  P r o d u c t i o n  Year ly  Year ly  
Year Charges Cost  T o t a l s  T o t a l s  

- ~ 

1 1985 
2 1986 
3 ' 1987 
4 1988 
5 . 1989 
6 1990 
7 1991  
8 1992 
9 1993 

1 0  1994 
11 1995 
1 2  1996 
1 3  . 1997 
1 4  1998 
1 5  1999 
1 6  2000 
1 7  2001 
1.8 2002 
1 9  2003 
20 2004 
2 1  2005 
22 2006 
23 2007 
24 2008 
25 2009 

Cumulative 
T o t a l s  

System 
T o t a l  



7.3 STATIC ANALYSIS 

7.3.1 General 

A s  described previously,  t h e  Demand Task methodology is divided i n t o  two par ts :  
t h e  dynamic ana lys i s  which determines the  generation mix over t i m e ,  and the  
s t a t i c  ana lys i s  which f inds  the  yea r ly  impact of an increment of s o l a r  
capac i ty  on t h e  system production cos ts .  ~ i ~ u r e  3-2 i s  a schematic represen- 
t a t i o n  of t h e  s t a t i c  analys is .  

A number of inves t iga t ions  were performed using t h e  de ta i l ed  s t a t i c  analys is  
described i n  Appendix A. This ana lys i s  involved t h e  de ta i l ed  simulation of 
t h e  operat ion of s o l a r  p l a n t s  ( i n  hourly increments) and the  u t i l i t y  system 
( i n  bi-hourly increments) f o r  a  year. From t h i s  one year ' s  de ta i l ed  simulation, 
information was derived a s  t o  t h e  conventional f u e l  displacement and r e l i a b i l i t y  
impact. P ro jec t ions  were made a s  t o  s o l a r  p lan t  impact over i t s  l i f e t ime ,  based 
upon t h i s  one y e a r ' s  d e t a i l e d  analysis .  I n  t h e  sense t h a t  t h e  impact is  based 
upon one year ' s  d e t a i l e d  ana lys i s  a s  a  b a s i s  of evaluation,  and the  system's 
conf igura t ion i n  t h a t  year  i s  used t o  be representa t ive  of fu tu re  conditions 
(with t h e  exception of c o s t s ) ,  t h e  ana lys i s  is  re fe r red  t o  a s  being s t a t i c .  
The s t a t i c  ana lys i s  evaluation po in t s  a r e  shown,in Figures 7-1 through 7-3. 
These evaluat ion po in t s  involve d i f f e r e n t  amounts of i n s t a l l e d  s o l a r  capacity 
i n  each year  according t o  t h e  growth scenario. 

Summaries of t h e  r e s u l t s ,  showing the  l i f e t i m e  value and t h e  cos t /value  (or  
c o s t l b e n e f i t )  r a t i o s ,  a r e  given i n  Tables 7-9, 7-10, and 7-11. These t ab les  
r e f l e c t  s o l a r  p l a n t  l i f e t i m e  cos t s  and value  based upon t h e  s t a t i c  analys is  
procedures. The values  shown a r e  more c red ib le  than t h e ' c o s t s  of the  s o l a r  
p l a n t s  used i n  t h e  c o s t l b e n e f i t  r a t i o s .  However, i t  can be misleading t o  
look s o l e l y  a t  value. For example, t h e  improved stand-alone plant  general ly 
has  a h igher  va lue  than t h e  hybrid repowered plant .  However, t h e  srancl-alone 
p i a n t  has a l a r g e r  c o l l e c t o r  i i e l d  and t h e m a l  scorage, maklllg il aofe 
expensive. Thus, t o  put  t h e  values i n  some perspect ive  t h e  cos t lbenef i t  
r a t i o s  a r e  shown. Even though t h e  emphasis is  on t h e  s o l a r  p lan t  value,  f o r  
comparability, i t  i s  necessary t o  make some assumption a s  t o  the  cos t  of the  
s o l a r  p lan t .  

The c o s t l b e n e f i t  r a t i o s  between t h e  scenar ios  a r e  so  c l o s e  t h a t  no c l e a r  
economic choice e x i s t s  between t h e  Improved Stand-Alone and t h e  Improved 
Hybrid Repowered solar-thermal p l a n t s  f o r  the  assumed costs .  Although the  
cos t /benef i t  r a t i o s  i n d i c a t e  economic preference, ( a r e  less than one) i t  
must be recognized t h a t  these  r a t i o s  have been developed uu a ~uicroeconomic 
bas i s .  A s  w i l l  be shown i n  Section 8.6 t h e  cos t lbenef i t  r a t i o s  f o r  o ther  
technologies may be even more a t t r a c t i v e .  Tradi t ional  u t i l i t y  economics 
w e r e  used based upon assumptions s t a t e d  i n  Section 4.0. 

Tables 7-9, 7-10, and 7-11 show t h e  l i f e t i m e  cos t /value  est imates of t h e  l a s t  
increment of s o l a r  capacity added i n  the  year  indicated.  I f  t h e  t o t a l  s o l a r  
capaci ty  f o r  a  year  was l e s s  than 50 MWe, then t h e  e n t i r e  capacity was assessed. 
I f  more than 50 MWe cumulative s o l a r  capaci ty  ex i s t ed  f o r  a  year,  then only 
t h e  impact of adding t h e  l a s t  50 MWe, i n  t h a t  year,  i s  shown. The MWe s o l a r  
add i t ions  shown a r e  cumulative, up through t h e  year indicated.  



Table 7-9. LTFETIME VALUE AND cOST/VALUE RATIOS BY INSTALLATION YEAR 
FOR IMPROVED STAND-ALONE SOLAR-THERMAL PLANTS 

P e n e t r a t i o n  Scenar io  
- - -  - 

Low Nominal High 
I n s t a l l a t i o n  

Year 
Cum. Cost/  Cum. Cost/  Cum. Cost /  
MWe valuea Value MWe valuea Value MWe valuea Value 
S o l a r  Ra t io  So la r  Ra t io  S o l a r  Rat io  

%slue i s  t h e  l i f e t i m e  v a l u e  (1985 PWRR M$) normalized t o  a 50 MWe s o l a r  p l an t .  

b - - ~ o  a n a l y s i s  done f o r  t h i s  yea r  ( s e e  F igure  7-1). 

Table 7-10. LIFETIME VALUE AND COST/VALUE RATIOS BY INSTALLATION YEAR FOR 
IMPROVED HYBRID REPOWERED SOLAR-THERMAL PLANTS 

Pene t r a t ion  Scenar io  

Low Nominal High 
I n s t a l l a t i o n  

Year Cum. Cost/  Cum. Cost/  Cum. Cost / 
MWe valuea Value MWe valuea Value MWe valuea Value 
S o l a r  Ra t io  S o l a r  Ra t io  S o l a r  Rat io  

%slue is t h e  l i f e t i m e  v a l u e  (1985 PWRR M$) normalized t o  a 50 MWe s o l a r  p l a n t .  

b - - ~ o  a n a l y s i s  done f o r  t h i s  yea r  ( s ee  F igure  7-2). 



Table 7-11. LIFETIME VALUE AND COSTIVALUE EZATIOS BY INSTALLATION YEAR 
FOR COMBINATION SOLAR-THERMAL EXPERIMENT 

Penetration Scenario 

Low Nominal Installation High 

Year 
Cum. cost/ Cum. Cost/ Cum. a Cost/ 
MWe valuea Value MWe valuea Value MWe Value Value 
Solar Ratio Solar Ratio Solar Ratio 

a Value is the lifetime value (1985 PWRR M$) normalized to a 50 MWe solar plant. 

b--~o analysis done for this year (see Figure 7-3). 
C 
IHR stands for Improved Hybrid Repowered solar-thermal power plant. 

d~~~ stands for Improved Stand-Alone solar-thermal power plant (see Section 7.0). 

Two general trends can be observed in these tables.* One is the general 
increase and then decrease of costlbenefit ratios with year of installation, 
and the other is the general increase of the ratio with penetration. The 
latter phenomenon has been observed in almost every study addressing this 
issue. 

The changes in cost/benefit with year oi installation are driven in the early 
years by the changes in conventional generating mix. in 1985 the utility 
system modelled has a large dependence upon oil-fired generating units (60% 
of installed capacity). Thus, there was good opportunity for the solar plants 
to displace this. high priced .fuel, producing a very good (low) costlbenefit 
ratio, To achieve a more economic generating mix only baseload conventional 
additions (coal and nuclear) were made, until the late nineties. Then new 
peaking and intermediate units also began to be added. As more baseload 
capacity was added to the system, the solar plants begin to displace more of 
the lower priced coal and less oil-. This phenomena occurs regardless of the 
level if solar penetration. Thus, until the late 1990's, the costlbenefit of 
solar plants, on this system, is increasing (getting worse). 

"Certain short-lived counter trends appear in the results. These arise 
primarily from the modeling details, such as adding discrete 1000 MWe 
nuclear plants in the expansion plan, and will be discussed later in 
this section. 
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In the post-2000 era the utility has reached a somewhat static generation 
mix, thus the opportunity for displacing oil is somewhat constant. The 
costlbenefit improves (decreases) because the cost of the oil being 
displaced is rising faster than the cost of new solar plants. Thus the 
value increases more rapidly with time than the cost, resulting in a 
better cost/value ratio. 

The less favorable cost/value ratio which accompanies increasing penetration 
solely reflects a decrease in value. This decrease results from an increasing 
proportion of the solar plants' energy displacing coal (versus oil) with 
increasing penetration. This phenomenon has been observed in other solar 
studies. 

Comparing Tables 7-9, 7-10, and 7-11, it is virtually impossible to select the 
most economic concept. Although the plant values differ widely, the costlbenefit 
numbers are so close that it would be beyond the accuracy of the data assumptions 
to identify either concept as being superior. However, it is quite instructive 
and a most important result to learn from this study that improved stand-alone 
and improved repowered solar-thermal plants represent a virtual economic 

. standoff. 

Details of the results of the static analysis, showing components of cost and 
value, and their trends, follow. 

7.3.2 Economic Merit 

In the previous section a brief explanation was given of the general trends 
that are seen in the static analysis results. In this section the factors 
that influence the changes in the costlbenefit ratio with time and increased 
solar plant penetration will be examined. First, however, a discussion of the 
reasons behind use of the costlbenefit ratio as the figure of economic merit 
for this study will be given. 

There are several criteria of economic merit which are often used in making an 
economic choice between generation additions. They are: 

Solar plant value (independent of solar plant cost) 

Net solar plant value (negative if solar plant cost exceeds 
value) 

Levelized mills/kWh solar electric energy cost 

Costlbenefit ratio (present worth of: solar plant cost 
divided by plant value) 



These c r i t e r i a  a r e  o f t e n  n o t  c o n s i s t e n t  i n  determining an economic f i g u r e  of 
m e r i t .  It is p o s s i b l e  t h a t  d i f f e r e n t  f i g u r e s  of. mer i t  would i n d i c a t e  d i f f e r e n t  
economic choices  [1,12] .  This  Demand Task p o r t i o n  of t h e  s tudy  was d i r e c t e d  
toward determining s o l a r  p l a n t  va lue ,  bu t  c o s t  e f f e c t i v e n e s s  i s  by i t s  na tu re  
some r e l a t i o n s h i p  of c o s t  and va lue .  The c o s t / b e n e f i t  (or  cos t /va lue )  r a t i o  
has  been obta ined  t o  h e l p  i n d i c a t e  economic choice,  a l though one.must be 
caut ioned  t h a t  c o s t s  do n o t  r ep re sen t  t h e  r e s u l t s  obtained from t h e  Supply 
Task. 

The s o l a r  p l a n t  v a l u e s  a r e  determined as descr ibed  i n  s e c t i o n  3.0 and Appendix 
A. The s o l a r  p l a n t  v a l u e  i s  t h e  p re sen t  worth of t he  revenue requirements  
saved on t h e  ba lance  of t h e  u t i l i t y  system over t h e  s o l a r  p l a n t ' s  30-year 
expected l i f e .  This  v a l u e  i s  independent of s o l a r  p l a n t  c o s t  and r e f l e c t s  
bo th  ope ra t ing  and c a p i t a l  c r e d i t  on t h e  r e s t  of t h e  u t i l i t y  system. This  by 
i t s e l f  i s  no t  a  good c r i t e r i a  f o r  p i a n t  p r e f e r a b i l i t y  s i n c e  by inc reas ing  
c o l l e c t o r  a r e a ,  s t o r a g e  capac i ty ,  tu rb ine-genera tor  s i z e ,  o r  j u s t  make a  
l a r g e r  p l a n t  i n  gene ra l ,  t h e  va lue  w i l l  i nc rease .  A l l  o t h e r  c a t e g o r i e s  do 
r e q u i r e  u s e  of c o s t  assumptions. 'l 'his va lue  can be used by t h e  reader  t o  
compare wi th  h i s  own s o l a r  p l a n t  cos t ' assumpt ions .  

. . 

The n e t  s o l a r  p l a n t  v a l u e  i s  determined by s u b t r a c t i n g  t h e  p re sen t  worth of 
s o l a r  p l a n t  c o s t  (revenue requirements)  from t h e  s o l a r  p l a n t  va lue .  Since 
t h i s  i s  a n  a b s o l u t e  and n o t  a  per-uni t  margin c a l c u l a t i o n ,  c a r e  must be used 
because when v a l u e  exceeds c o s t  economic p r e f e r a b i l i t y  tends toward t h e  
l a r g e r  p l a n t  con f igu ra t ions .  Also, when s o l a r  p l a n t  c o s t s  exceed va lue  one 
can  s e e  a d r i v i n g  f o r c e  toward a s  small  a  s o l a r  p l a n t  a s  poss ib l e .  For example, 
under t h e  l a t t e r  c o n d i t i o n  where c o s t  exceeds va lue ,  i n  t r y i n g  t o  determine 
t h e  optimum c o l l e c t o r  a r e a  f o r  a  given s t o r a g e  and turbine-generator  capac i ty ,  
one could poss ib ly  f i n d  a zero a r e a  c o l l e c t o r  f i e l d  t o  be most economic (using 
n e t  v a l u e  c r i t e r i o n ) .  

Level ized energy c o s t  f o r  t h e  p l a n t  of i n t e r e s t  has  been a popular c r i t e r i o n  
f o r  eva lua t ing  new e l e c t r i c  genera t ing  p l a n t  concepts  such as t h e  STC p l a n t .  
P a r t  of i t s  p o p u l a r i t y  is i n  t h e  s i m p l i c i t y  of n o t  having t o  a l low f o r  t h e  
l o a d  o r  ope ra t ing  c o s t  c h a r a c t e r i s t i c s  of t h e  r e s t  of t h e  power system t o  
which i t  i s  a t t ached .  However, t h i s  i s  a l s o  the  weakness i n  t h i s  economic 
c r i t e r i o n  i n  t h a t  t h e  v a l u e  is  no t  accounted f o r ,  and va lue  i s  a  func t ion  of 
n o t  on ly  how much e l e c t r i c i t y  is  generated but  when. One kilowatt-hour of 
e l e c t r i c i t y  genera ted  dur ing  t h e  d a i l y  peak by a  new concept p l a n t  i s  much 
more va luab le  t h a n ' o n e  dur ing  off-peak hours  such a s  l a t e  i n  t h e  n i g h t .  
Likewise, supplemental energy a v a i l a b l e  during t h e  season of annual  peak 
demands can be  more v a l u a b l e  than  t h e  same energy dur ing  off-peak seasons.  

Cost- to-benefi t  r a t i o  employs both es t imated  p l a n t  c o s t  and va lue  and i s  
c a l c u l a t e d  by d i v i d i n g  t h e  p re sen t  worth of the  p l a n t  l i f e t i m e  revenue requi re -  
ments f o r  each. It r e f l e c t s  d o l l a r  c o s t  per  d o l l a r  b e n e f i t  and is  a p p l i c a b l e  
whether t h e  c o s t  i s  more o r  l e s s  than  t h e  b e n e f i t .  The c o s t l b e n e f i t  r a t i o  is  
shown o f t e n  i n  t h i s  r e p o r t  Because i t  emphasizes t h a t  va lue  a luue  callllol: be 
used as a n  exc lus ive  i n d i c a t o r  of economic choice.  Although t h e  Demand Task 
s tudy  uses  on ly  r e p r e s e n t a t i v e  c o s t s ,  t h e  c o s t l b e n e f i t  r a t i o s  he lp  i n d i c a t e  
c e r t a i n  t r e n d s  i n  t h e  r e s u l t s .  



All four economic indices just discussed provide some insight or additional 
information as to the economic merits of various alternatives. Also, again 
the results reflect the.assumptions, and considerations other than economic 
ones can be influential. 

7.3.3 Components of Solar Plant Value 

The cost-to-benefit ratio is influenced by a great number of factors. Estimates 
of cost can vary widely from one expert to another. Elaborate cost estimating 
procedures are beyond the scope of this portion of the study (see Section 
4.1.4) and, therefore, the value components are those which will be of most 
interest here. 

There are three components which add to the solar plant's total value: fuel 
displacement value, variable cost savings (associated with operation and 
maintenance cost savings on displaced plants), and capacity displacement value 
(the savings that result in not having to build capacity other than a solar 
plant). 

7.3.4 Capacity Displacement 

The capacity displacement value can be interpreted as the megawatts of conventional 
generating capacity not required to be installed due to the presence of the 
solar plant, or in terms of the dollars represented by that saved capacity. 
Calculationally, one usually thinks in terms of the megawatt savings being 
obtained first and then being converted to dollars. The megawatt capacity - 
credit is a function of many variables, some of which are site specific, 
utility specific, and solar plant specific. Major factors are: 

8 Site Insolation Characteristics 

8 Utility System Load Shape 

8 Solar Plant Collector Area 

8 Solar Plant Storage Capacity 

8 Penetration Level of Solar Plants 

8 Geographic Dispersion of Solar Plants 

8 Scheduled Maintenance Requirements 

8 liquipment-Kelated Forced Outage Rate 

8 Solar Plant Turbine-Generator Rating 

8 Daily Peak Variance of System Load 



Operational Philosophy 

Solar Plant Conversion Efficiency 

Of major importance to the capacity credit is the ability of the.solar plant 
to produce power during the utility system demand peak. The correlation of 
insolation with system demand on both a daily and seasonal basis is quite 
important. Some relaxation in the daily correlation can be accepted without 
major degradation in capacity credit, provided adequate solar energy is collected 
on a daily basis and adequate thermal storage exists. 

In addition to the daily load correlation with insolation, seasonal correlation 
is also important. If the annual load peak for a system general.1.y occurs in 
August, the quality of the insolation in August can play a dominant role in 
establishing the megawatt capacity credit. This is due to the peak demand 
month usually establishing, or being the major contributor in establishing the 
sys tern innf alled capacity requirements. 

The solar plant performance characteristics obviously affect the megawatt . 

capacity credit as does the sizing of subsystems. Penetration also impacts 
the capacity credit. As more and more solar capacity is added to the system, 
the ease with which the next solar p.lant can further reduce the daily load 
peak is diminished. Also, the time correlation of insolation among solar 
plants in a service area reduces the capacity credit. Thus, the degree of 
geographic dispersion for several plants is also important. 

Once the megawatt capacity credit of a solar plant is established, the dollar 
value of this credit can be determined. In this report the dollar value of 
capacity credit will be given in terms of present worth of the associated 
revenue requirements (PWRR). 

The dollar value of the capacity credit is tound by assuming chat the svlar 
plant displaced only peaking-type capacity. This assumpLiu11 was guided by chc 
dynamic expansion results. In order to obtain the most Iavorable (lowest 
revenue requirements) expansion plan, an experiment was conducted to determine 
how, if at all, the capacity credit was to be taken. This experiment was 
described in Section 7.2.1. The optimum way to take capacity credit was to 
take full displacement (megawatt for megawatt of effective load carrying 
capability) of peaking capacity. 

The static analysis assumes that all repowered plants would have normally been 
retired ten years after repowering, so the hybrid plants were given capacity 
credit for the last twenty years of their thirty-year 1IIe. Staid-alone 
plants were given capacity credit in each year of their life. 



7.3.5 Operating Cost Savings 

The second and third components of the solar plant's total value are the fuel 
cost displacement, and the.variable operation and maintenance (O&M) savings. 
These two cost savings are both a function of the reduction in energy provided 
by the conventional portion of the power system and, thus, will be discussed 
together. Variable O&M and fuel cost savings are commonly referred to as 
operating cost savings. Fixed O&M savings have been accounted for in the 
capacity displacement calculations. 

'l'he solar planr operation durlug peak as well as low load pc r iodo  ccluse~ a 
spectrum of conventional units' output to be reduced. Figure 7-8 shows typical 
days' load,,shapes for three seasons of 1985 and what types of generation meet 
those loads. For solar plants installed in 1998 and 2005, Figures 7-9 and 
7-10 show the generation types that operate to meet demand in those years. 
These,three figures represent typical loads during the four seasons of the 
year. Since the solar plant operates during the daylight hours (or evening 
peak if the solar plant has storage), it displaces the most costly generation 
.in the summer but'much less costly generation during the winter. Thus, the 
solar plant operation reduces base and intermediate as well as peaking generator 
.operation. The split between the types of generation changes from.year to year. 

The types of fuel displacement for the last 50 MWe of improved stand-alone solar 
capacity changes over the study period. Each year the ISA solar plant produces 
about 160 GWh , but the split between type of generating capacity displaced 
differs dramatically as is shown graphically (by the sum of the components) 
in Figure 7-11. This Figure shows that the displacement is dominated by oil 
in the first five years. This is because the system was extremely baseload 
deficient. As the system becomes more balanced, the solar plant output 
increasingly displaces baseloaded plants. In the last part of the study 
period additions of combined cycle and the retirements of several large /I6 
oil steam units cause distillate oil to be displaced more and residual oil 
and coal to be displaced less. 

The dollar value of these electrical output displacements are found from the 
value of the fuel displaced plus the value of the variable 0&M savings. Fuel 
components are charged at their fuel costs and present worthed over the thirty- 
year lifetime of the solar plant. The resulting fuel cost savings are shown 
in Figure 7-12. The net result is that the oil savings are exaggerated and 
the coal savings deemphasized because of the relative fuel costs and escalation 
rates. 

The value of the O&M savings is much smaller than the fuel savings component 
of value. Both components of operating cost are found using the same calculational 
techniques. The O&M savings are totaled from the proportions of fuel types 
displaced times the variable 0&M rate for the particular generating units 
corresponding to the fuel types. The O&M savings are shown along with the 
other value components in the bar graph, Figure 7-12. 
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The magnitude of t he  components of value are not  a l l  i n tu i t i ve ly  obvious. 
The value associated with coal  plant displacement is actual ly  negative i n  
t h e  f i r s t  two years. This is due t o  the  minimum load requirements on 
spinning reserve uni ts .  I n  1985 and again i n  1987 the  demand was such tha t  
i n  l o w  load periods a number of #6 o i l  u n i t s  w e r e  required t o  m e e t  load plus 
t h a t  period's spinning reserve requirements. During those same periods a 
s ign i f i can t  dif ference existed between the  peak and low loads. I n  order 
t o  m e e t  those loads, t he  spinning reserve u n i t s  w e r e  reduced i n  output t o  
m e e t  t h e  load. I n  t h e  nonsolar (higher n e t  load) base expansion there were 
more {I6 o i l  u n i t s  required t o  meet the  peak loads than i n  the  so l a r  case. 
The /I6 u n i t s  were backed off  during low load periods, but they could not be 
reduced below t h e i r  minimum load points. Therefore, some coal un i t s '  output 
had t o  be reduced during t h e  low load periods. I n  t he  so l a r  expansion case 
t h e r e  w e r e  fewer 1I6 o i l  u n i t s  s t a r t ed  up and less net  load var ia t ion  bccezuee 
t h e  peak loads had been e f fec t ive ly  shared by the  s o l a r  plants. Therefore, 
i n  t h e  so la r  case more energy was produced from coal plants ,  and thus the 
displacement was  negative, This negative displacement was  countered by a 
higher displacement i n  86 o i l  energy production. 

Figures 7-11 and 7-12 a l s o  show the  adjusted t o t a l  GWH and PWBR values f o r  
t h i s  system a s  i f  t h i s  apparent anomaly were not present. The dol la r  values 
w e r e  derived by ra t io ing  the  adjusted GWH curves t o  the  computer derived 
curves f o r  1985 and 1987. It w a s  assumed i n  the adjusted case t ha t  there  
would be no displacement of coal f o r  those two years. This is substantiated 
by t h e  repowering cases (see Figure 01 through 0 6 ) .  These adjusted values 
may be more representat ive of a generic Southwest u t i l i t y  system. However, 
t he  f a c t  tha t  t he  values as represented by the  synthetic u t i l i t y  a r e  so 
sens i t i ve  t o  small changes i n  the  dispatch of an individual un i t  indicate  
again t h e  importance of t he  type of analysis being performed by the u t i l i t y  
before commitments a r e  made t o  t h e  purchase of a so l a r  thermal plant. 

7.3.6 Penetration Ef fec ts  

%'he year's t o t a l  value is compared f o r  the  low, nmina l ,  and high penetration 
scenarios of t h e  improved stand-alone so l a r  plant i n  Figure 7-13. I n  comparing 
the W e e  value curves, t h e  general high-low-high trend is replicated. Value 
is high a t  t he  beginning of the  study because so la r  plants  displace Bigh CUSL 
fuels .  Value decreases as the  system becomes balanced. Toward the  laLer 
t h i r d  of the  study period the  value again increases because of the  high f u e l  
cos t  escalat ion ra te .  However, toward the  end of the  study a s  the  , 

penetration increases,  t h e  value decreases. This r e s u l t  was expected, a s  
explained previously. The s o l a r  plant  reduces the  peak so tha t  previous 
off-peak hours become the  new l imit ing peaks. A s  those peaks are reduced 
by t h e  so la r  plant ,  a l a rge r  number of hours become important, Thus, t he  
peak reduction is always higher at  low penetrations than a t  high penetrations. 
Also, t h e  opportunity t o  displace high priced fue l s  decreases with penetration. 
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Figure 7-13. . IMPROVED STAND-LONE VALUE VERSUS PENETRATION 

7.3.7 Value of Heliostats 

Since heliostats are the predominant cost driver in the construction of a 
solar-thermal central receiver plant, one of the most important questions 
being asked is: What is the value of helio~~ats? Using the gross value numbers 
£0; an incremental 50 MW solar plant presented in Tables 7-9 thro,ugh 7-11 and 
the cost assumptions for'the'solar plant without heliostats shown in Table 
4-3 (corrected to a 50-?IW plant), it is possible, to back out the heliostat 
value using the following equation. 

PWRRJ- YWOM) CRF - PLHc] 1 
Hv = '  1 PCR OF * AC 

where: HV=Heliostatvaluein$/~ 
2 

PWRR = Present worth of revenue requirements savings (Tables 7-9 
to 7-11) 

PWOM = Present worth of the solar plant operations and 
maintenance costs 

CRF = Capital recovery factor 
FCR = Fixed charge rate 
PLHC = Solar plant less heliostat cost, burdened 
OF = Overall burden factor, includes: spares, contingencies, 

indirects, and interest during construction' 
AC = Reflective area of' the' collector field 



Figure 7-14 shows the hcliostat value curves (in 1979s) for all of the 
penetration scenarios considered. For clarity they have been grouped by 
penetration level. As with the overall value curves, the value of heliostats 
falls initially and rises again toward the end of the study. This trend is 
followed, for the most part, for all of the scenarios. 

By assigning the differences in solar plant value entirely to the heliostats, 
it is possible to detect some trends in the repowering versus stand-alone 
value competition. While the trend is not overpowering, in all except the 
high penetration scenario it appears that repowering has a slightly higher 
value for heliostats in the period before 2000 and that stand-alone plants 
have a slightly higher heliostat value after this time. This finding is 
consistent with a solar-thermal development program that emphasizes repowering 
early followed by the implementation of stand-alone plants. However, it needs 
to bc rcmcmbcrcd that thio trend on the damnnd side is not a suflicient c o n r l i t i n n  
in itself around which to develop a government policy. Only with a clear 
understanding incorporating the supply and institutional effects can this be 
done. 

In 1985 and 1987 the trend is not consistant in that stand-alone plants 
appear to have higher heliostat values than do repowered plants. As was 
mentioned at the end of Section 7.3.5 the addition of a few megawatts of 
solar in those years was just enough to change the conventional unit dispatch; 
the entire value of this change thus being attributed to the solar plant. If 
the conventional units had been of a different size, even with the same 
generation mix, this effect would not have been seen. Figure 7-14 also 
shows the values corrected for this effect. The values shown in Figure 2-1 
are also the corrected values. This effect is not seen in repowering because 
the repowered plants (without storage) do not have the ability to reduce the 
evening peak (in the winter) which is so required for this phenomenon to take 
place. 

The fact that. the value. of heliostats is so sensitive to a suall change in 
the operating characteristics of'one unit in the utility points out the 
importance of each utility this type -of analysis for his specific 
system before a comrhitrsent is made to purchase a solar-thermal plant. 

The heloistat value lines in Figure 7-14 have been drawn dashed beyond the 
year 2000 to emphasize a specific point. There is a great uncertainty in 
the future of the energy industry. It is a good possibility that around 
2000 there will be the emergence of numerous electric generation technologies 
which, as with solar thermal, were previously too expensive. These may 
include such items as improved coal (gasifier~, fluidized bed cu~ubustion, I M D ) ,  
synthetic fuels from coal, slate oil or biomass, gas pressure methane, improved 
storage technologies such as underground pumped hydro, compressed air, advanced 
batteries, storage-coupled coal plants, fusion and fast breeder reactors, utller 
solar techn~logies (wind and photovoltaics), and fuel cells. Any of these may 
have a tendancy to reduce the value of solar thermal below the numbers presenLed. 
Thus the heliostat values shown after 2000 in Figure 7-14 may well be over- 
estimated. In addition uncertainties in fuel prices in that time frame make 
the results unreliable around the year 2000 and beyond. 
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SECTION 8.0 

PARAMETRIC ANALYSIS 

8 .1  GENERAL 

Many f a c t o r s  inf luence  t h e  value of a solar-thermal power p lant .  some of t h e  
more obvious include ex i s t ing  and f u t u r e  u t i l i t y  system c h a r a c t e r i s t i c s  (load 
and generat ion mix), s o l a r  p lan t  operat ing c h a r a c t e r i s t i c s ,  and weather a t  t h e  
s o l a r  p l a n t  locat ion s i t e .  I n  addi t ion ,  economic assumptions, l e v e l  of s o l a r  
p lan t  penet ra t ion ,  and timing of s o l a r  p l a n t  i n s t a l l a t i o n s  a l s o  a f f e c t  t h e  
s o l a r  p l a n t ' s  value. The impacts of many of these  parameters were given i n  
Section 7.0; however, f u r t h e r  s e n s i t i v i t i e s  u t i l i z i n g  t h e  s t a t i c  ana lys i s  
methodology a r e  shown i n  t h i s  sect ion.  These include: 

I n s t a l l a t i o n  Timing and Penet ra t ion  

Al ternate  Fuel Scenarios 

Solar  Plant  Cost Sens i t iv i ty  

Balanced U t i l i t y  System S e n s i t i v i t y  

Coal P lan t  S t a t i c  Analysis 

Thermal Buffer Storage S e n s i t i v i t y  

S e n s i t i v i t y  Comparison 

The r e s u l t s  of these  s e n s i t i v i t i e s  a r e  presented i n  t h e  order i n  which they 
appear above. 

8.2 INSTALLATION T I M I N G  AND PENETRATION 

This sec t ion  is  included t o  genera l ize  t h e  e f f e c t  of i n s t a l l a t i o n  timing and 
penet ra t ion  on t h e  s o l a r  p l a n t  value. The s p e c i f i c  d e t a i l s  of t h i s  ana lys i s  
were already pointed out  i n  Section 7.0. 

Generally, a s  t i m e  progressed t h e  cos t  of f u e l  displaced by t h e  incremental 
s o l a r ' p l a n t  addi t ion  increased f a s t e r  than i t s  c a p i t a l  c o s t ,  which resu l t ed  i n  
a s o l a r  p lan t  value increase.  under these  assumptions, no devia t ions  from 
t h i s  value  t rend would have ex i s t ed ,  provided t h e  u t i l i t y  system was balanced 
and contained only an incremental s o l a r  p lan t  addi t ion;  i .e.,  no increase  i n  
s o l a r  p lan t  penet ra t ion  with time. However, i n  t h i s  ana lys i s  s o l a r  penet ra t ion  
and u t i l i t y  mix both changed with time. The value  of s o l a r  p l a n t s  decreased 
with s o l a r  penet ra t ion  because of t h e  reduced opportunity t o  d i sp lace  premium 
f u e l s  and increas ing backup capacity requirements. The value  was a l s o  q u i t e  
s e n s i t i v e  t o  t h e  u t i l i t y  system generat ing mix a s  demonstrated i n  Section 7.0 
and explained f u r t h e r  i n  8,5. 



I n  a d d i t i o n  t o  these  two important elements, o the r  f a c t o r s  which were encountered 
when t h e  u t i l i t y  system was modeled i n  d e t a i l  (such a s  retirementlrepowering 
schedules,  timing of nuclear  addi t ions ,  e t c . )  complicated t h e  s o l a r  p lant  
v a l u e  genera l iza t ion.  However, t h i s  de ta i l ed  modeling i s  consis tent  with 
p r a c t i c a l  u t i l i t y  system operation. This compounding of f a c t o r s  made i t  
d i f f i c u l t  t o  e x t r a c t  t h e  impact of any s i n g l e  var iable .  The compound e f f e c t s  
of t h e s e  funct ions  w e r e  described extens ively  i n  Section 7.0. 

8.3 ALTERNATE FUEL SCENARIOS 

It w a s  found from previous solar-thermal p lan t  economic ana lys i s  tha t  t h e  
va lues  of the  s o l a r  p l a n t s  a r e  q u i t e  s e n s i t i v e . t o  conventional f u e l  cos t s  and 
e s c a l a t i o n  r a t e s  (2 ,13) .  For t h i s  reason an a l t e r n a t e  f u e l  scenario,  one 
i n  which only t h e  f u e l  e sca la t ion  r a t e s  were changed, was es tabl ished.  The 
a l t e r n a t e  f u e l  scenar io  shows a 25% inc rease  i n  a l l  f u e l  e sca la t ion  ra tes .  

. A l l  o t h e r  c o s t s  a r e  i d e n t i c a l ' t o  those i n  the  base reference  economic scenario. 
Table 8-1 summarizes t h e  f u e l  c h a r a c t e r i s t i c s  of these  two scenarios.  

Table 8-1. ECONOMIC SCENARIO RTEL COMPARISON 
(FUEL COST I N  1985 DOLLARS) 

Base Al ternate  

Fuel F u e l  Escala t ion Fuel Escalat ion 
aype Cost Ratc Cost Rate 

($ /MB~u)  (Xlyr) ( S / ~ ~ t u )  (Xlyr) 
- - - -- 

112 or1 5.5 12 5.5 I 5  
/I6 O i l  5.0 12 5.0 15 
Coal 2.0 10 2.0 12.5 
Nuclear 1.25 9 1 1 3 ~  1.25 11.25116.25 

a F i r s t  r a t e  t o  t h e  year 2000, second the rea f te r .  

Assuming the  s o l a r  p l a n t  operated i n  an i d e n t i c a l  manner, a s u b s t a n t i a l l y  
h igher  t o t a l  s o l a r  p l a n t  va lue  resu l t ed  from t h e  a l t e r n a t e  f u e l  scenar io  
becaiis~.  nf  t h e  larger f u e l  savings a t t r i b u t e d  t o  t h e  increased f u e l  r a t e s .  . 

By maintaining t h e  same s o l a r  p lan t  cos t  f igures  assumed i n  the base 
economic scenar io ,  t h i s  increased s o l a r  p lan t  value resu l t ed  i n  a s i g n i f i c a n t l y  
improved c o s t l b e n e f i t  r a t i o .  

Table 8-7. m1mmari.zes t h e  values and c o s t l b e n e f i t s  of t h e  improved stand-alone 
s o l a r  p l a n t s  penet ra ted  on the  u t i l i t y  system a t  t h e  nominal r a t e  f o r  t h e  two 
f u e l  e sca la t ion  r a t e  scenarios.  The cumulative s o l a r  p lan t  capacity i s  a l s o  
shown. I n  order t o  remove t h e  e f f e c t  of p lan t  s i z e ,  t h e  values of t h e  s o l a r  
p l a n t s  i n  years  1985 through 1991 were ra t ioed  t o  represent  values of 50 MWe 
s o l a r  p lants .  For years  1995 through 2009, t h e  values shown were those 
a t t r i b u t e d  t o  t h e  l a s t  50 MWe of s o l a r  added t o  t h e  system. 



Table 8-2. ECONOMIC SCENARIO COMPARISON OF SOLAR PLANT VALUE 
AND COST/RENEFIT, IMPROVED STAND-ALONE, NOMINAL 
PENETRATION (PWRR, 1985 M$, 50 MWe) 

Base A l t e r n a t e  
Cumulative 

Year S o l a r  Capacity 
(Mw) 

Value 
C/B 

Value 
(M$) (M$) 

C/B 

F igure  8-1 shows a band of s o l a r  p l a n t  va lues  and c o s t  b e n e f i t s  which has  a s  
i t s  bounds t h e  d a t a  shown i n  Table 8-2. This  f i g u r e  shows a widening of t h e  
s o l a r  p l a n t  v a l u e  w i t h  t ime,  which is  a d i r e c t  r e s u l t  of t h e  increased  f u e l  
e s c a l a t i o n  r a t e s .  The v a l u e s  and r e s u l t i n g  c o s t / b e n e f i t s  of s o l a r  p l a n t s  
would be  w i t h i n  t h e s e  bands i f  eva lua ted  under an economic scena r io  i n .  
which t h e  i n c r e a s e  i n  f u e l  e s c a l a t i o n  r a t e s  were between 0 and 25%. S imi l a r  
r e s u l t s  were found f o r  t h e  o t h e r  s o l a r  p e n e t r a t i o n  scena r ios .  

F igure  8-1 a l s o  shows t h e  s e n s i t i v i t y  t o  a 50% i n c r e a s e  i n  t h e  base  p r i c e  
of c o a l ,  e s c a l a t e d  a t  t h e  base  (10%) r a t e .  While t h e  p r i c e  of c o a l  appears  
t o  be  t h e  long run l i m i t i n g  f a c t o r  on t h e  va lue  of s o l a r  thermal p l a n t s  
(and hence maximum p e n e t r a t i o n ) ,  f o r  t h e  p e n e t r a t i o n s  achieved i n  t h i s  s tudy  
c o a l  displacement i s  only a very  smal l  f r a c t i o n  of t h e  t o t a l  va lue  ( s e e  
F igure  7-12). Thus a 50% i n c r e a s e  i n  t h e  base  p r i c e  of c o a l  c r e a t e s  a 
ve ry  smal l  i n c r e a s e  i n  va lue  and a modest improvement i n  t h e  c o s t l b e n e f i t  
r a t i o .  

8.4 SOLAR PLANT COST SENSITIVITY 

Although t h e  de te rmina t ion  of s o l a r  p l a n t  c o s t s  was n o t  w i t h i n  t h e  j u r i s d i c t i o n  
n f  sttidy, a sensitivitv t o  t h e  c o s t  parameters  given i n  Sec t ion  4.1.4 was 
considered va luab le  and q u i t e  e a s i l y  performed. This  s t a t i c  a n a l y s i s  cons i s t ed  
of eva lua t ing  t h e  impact of a +25% change i n  t o t a l  s o l a r  p l a n t  c o s t  ( c a p i t a l  
and O&M) on t h e  c o s t j b e n e f i t  r a t i o s .  Again, only t h e  r e s u l t s  of t h e  improved 
s tand-alone,  nominal p e n e t r a t i o n  s o l a r  p l a n t  s c e n a r i o  a r e  i l l u s t r a t e d  he re ;  
however, s i m i l a r  r e s u l t s  were obtained f o r  t h e  o t h e r  s o l a r  scenar ios .  
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Figure 8-1. 50 MW SOT,AR PTAA..NT FIIET, ESCAT,ATTON RATE SENSITTVTTY 
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The - +25% change in total solar plant cost was used as a boundary to create, 
over time, the band o f  costs shown in Figure 8-2. The area within this band 
represents smaller percentage changes in the magnitude of the solar plant cost. 
These costs are thirty-year present worth of revenue requirements expressed in 
1985 millions of dollars. This band has a negative slope because the discount 
rate is higher than the capital escalation rate. These solar plant costs when 
ratioed with the value of the solar plant (see Figure 7-13) produced a band of 
costlbenefit ratios, which is also shown in Figure 8-2. The solid lines in 
these bands represent the reference costs and resulting costlbenefit ratios. 

Because the value, or benefit, of the sol.ar plant was determined independent 
of its cost, a 525% change in cost, with no change in value, resulted in a 
+25% change in cost/benefit ratios as illustrated in this figure. A solar - 
plant cost percentage change of a different amount will result in that same 
percentage change in costlbenefit ratio. This is true for all solar scenarios. 

Figure 8-2 also shows (as a dotted line).the reference plant cost and cost/ 
benefit ratio for a capital escalation rate of 8%, instead of 10%. This 
creates a three'percentage point difference between the capital escalation 
and the discount rate which significantly improves the cost effectiveness of 
capital intensive plants in future years. Some theories [17] support that 
capital will escalate at approximately the same rate as inflation (about 8% 
in this study). If this is i.ndeed'the case, the long-run, capital intensive 
plants will become increasingly cost-effective. However, it must be remembered 
that the dotted curves in Figure 8-2 are based only on the static analysis. 
Under a nulti-year dynamic analysis with a reduced capital escalation rate, 
new coal and nuclear capacity would also be more desirable in future years. 
Since solar-thermal plants derive their value primarily from fuel savings, 
a decrease in capital escalation could reduce the value by a switch to more 
capital intensive, lower fuel cost conventional units. Thus the "real" cost 
benefit ratios may be less favorable than the dotted curves would indicate. 

Figure 8-3 shows the band of heliost.at va1ue.s for the two capital escalation 
rates, for the repowering and stand-alone nominal penetrations. As in Figure 
7-14, the'qegi~n beyond 2000 is shown by broken lines to indicate uncertainty 
in that tim.e. frame. 

Xn addition to the previously descrgbed static analysis, a dynamic solar plant 
cost sensitivity was also performed. This analysis, however, assumed a change 
in solar plant fixed'chatge rate;'not total solar plant cost. It should be 
pointed out that no tax incentives'were applied to the sglar plant costs with 
a full 18% fixed charge rate being used. However, a reduction in fixed charge 
rqt,e could be. assum,ed' provided- tax incentivss were granted. In the Improved 
Stand-Alone (ISA) nomina.1 penetration case, a reduction in the fixed charge 
rate from 18 to 15% reduces the'present worth of the costs for the solar plants 
by 15% over the study pe.riod (see Table 8-3). 
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Figure 8-3. REPRESENTATIVE HELIOSTAT VALUE TRENDS 

Table 8-3. IMPACT OF SOLAR PLANT FIXED CHARGE RATE 
(PWRR, 1985 BILLIONS $) 

Base Case I SA-Nom ISA-Nom 
Nonsolar 18% FCR 15% FCR 

Conventional 69.38 68.61.  , "'- 68.61 
'Solar  P l a n t  --- 1.36 1.16 

T o t a l  Cost 69.38 69.97 69.77 

8.5 BALANCED UTILITY SYSTEM SENSITIVITY 

A s  has  been poin ted  ou t  s e v e r a l  t imes,  t h e  va lue  of t he  solar- thermal  p l a n t s  
was ve ry  high i n  t h e  e a r l y  yea r s  due t o  t h e  unbalance i n  t he  system genera t ion  
mix (60% o i l  capac i ty  i n  1985). So la r  p l a n t  va lue  s e n s i t i v i t y  t o  t h i s  
gene ra t ion  mix parameter was performed by modeling the  l i f e t i m e  ope ra t ion  of 
a s o l a r  p l a n t  on a balanced u t i l i t y  system. This  was done 'by f i r s t  choosing 
a year  from t h e  expansion period i n  which s o l a r  p l a n t  s t a t i c  a n a l y s i s  was 
performed on what appeared t o  be a balanced u t i l i t y  system. Then t h e  
ope ra t ion  of t h e  l a s t  50 MWe of s o l a r  pene t ra ted  on t h e  u t i l i t y  system i n  t h i s  
year  was assumed constanf f o r  every year  i n  t he  s tudy period.  I n  o t h e r  words, 
t h e  type  and q u a n t i t y  of f u e l  d i sp laced  by t h e  s o l a r  p l a n t  i n  t h i s  year  w a s  
assumed cons t an t  through time. I ts  ope ra t ion  d id  no t  change. 



Based on t h e  nonsolar  r e f e r e n c e  case  percent  capac i ty  mix summary shown i n  
Table  6-6, t h e . y e a r  2005 most c l o s e l y  approximated a balanced genera t ion  mix. 
A t  t h i s  t ime,  t h e  system capac i ty  cons is ted  of 57.5% base,  18.5% in te rmedia te ,  
and 24% peaking. A l l  of t h e  in t e rmed ia t e  and peaking capac i ty  y a s  comprised 
of o i l ,  which made t h e  t o t ' a l  o i l  capac i ty  42.5%. The ope ra t ion  of t h e  last 50 
MWe of s o l a r  added under t h e  ISA low p e n e t r a t i o n  s o l a r  s cena r io  was assumed 
c o n s t a n t  dur ing  t h e  s tudy  period.  The low pene t r a t ion  s o l a r  s cena r io  was 
s e l e c t e d  t o  minimize t h e  e f f e c t  of s o l a r  pene t r a t ion .  I n  t he  year  2005 t h e r e  
was a t o t a l  of only 125 MWe of s o l a r  on t h e  u t i l i t y  system, so  t h e  p e n e t r a t i o n  
e f f e c t  was s m a l l ,  i f  t h e r e  was any a t  a l l .  

F i g u r e  8-3 g r a p h i c a l l y  d i s p l a y s  t h e  va lue  comparison of t h e  s o l a r  p l a n t s  when 
o p e r a t i n g  on balanced and unbalanced systems. The curves a r e  expressed i n  
terms of t h i r ty -yea r  p re sen t  worth of revenue requirements ,  1985 m i l l i o n s  of 
d o l l a r s .  The v a l u e  of t h e  s o l a r  p l a n t  on t h e  balanced system is we l l  behaved 
and i n c r e a s e s  w i t h  t ime due t o  t h e  increased  cost  sf fue l ,  This comparison 
p o i n t s  ou t  how much o t  t h e  s o l a r  p l a n t s '  va lue  i n  t he  e a r l y  yea r s  was a t t r i b u t e d  
t o  t h e  unbalanced system genera t ing  mix. The va lue  of t h e  s o l a r  p l a n t  i n  t he  
i n t e r m i t t e n t  y e a r s  was lower on t h e  unbalanced system due t o  t h e  l a r g e  amounts 
of baseloaded c o a l  capac i ty 'added  i n  t h i s  timeframe. These curves i n t e r s e c t  
i n  t h e  year  2005 because both systems have i d e n t i c a l  genera t ing  mixes. The 
s o l a r  p l a n t  v a l u e  i s  aga in  h igher  i n  t h e  unbalanced system i n  year  2009 because 
more convent iona l  o i l  energy w a s  d i sp l aced  by t h e  s o l a r  p l a n t  i n  t h i s  year  
( s e e  F igure  C-14, Appendix C). 

8 . 6  COAL PLANT STATIC ANALYSIS 

Although the  v a l u e s  of t h e  solar- thermal  p l a n t s  o f t e n  exceeded t h e i r  p ro jec ted  
c o s t s ,  they were not .  n e c e s s a r i l y  t h e  most c o s t  e f f e c t i v e  technology a v a i l a b l e  
f o r  a d d i t i o n  t o  t h e  u t i l i t y  system. For comparison purposes,  an  experiment 
was conducted I n  which t h e  . c o s t / b e n e t i t  of an a d d i t i o n a l  coa l  p l a n t  was 
determined. This  experiment c l o s e l y  followed t h e  combination nominal 
p e n e t r a t i o n  s o l a r  s cena r io ,  d i f f e r i n g  only i n  t h a t  t h e  l a s t  50 MWe forced  
on to  t h e  sys'tem was c o a l  i n s t ead  of s o l a r .  The va lue  of t h e  c o a l  p l a n t w a s  
found by s imula t ing  t h e  p l a n t ' s  ope ra t ion  on t h e  solar-thermal model f o r  t h e  
y e a r s  i n  which t h e  combination s o l a r  s cena r io  s t a t i c  a n a l y s i s  was performed. 
The c o s t  of t h e  p l a n t  was obtained by d e r a t i n g  t h e  c o s t  of t he  600 MWe c o a l  
p l a n t ,  shown i n  Table 4-1, t o  be r e p r e s e n t a t i v e  of a 50 MWe u n i t .  Both cos t  
and v a l u e  were expressed i n  terms of 30-year p re sen t  worth of revenue requi re -  
ments,  1985 m i l l i o n s  of d o l l a r s .  



Figure 8-4. 50 MW SOLAR PLANT VALUE COMPARISON WITH GENERATING MIX 
ISA - LOW PENETRATION 

Shown in Figure 8-4 are cost/benefits obtained from the coal experiment compared 
against those found in the combination and improved stand-alone, nominal 
penetration solar scenarios. It is apparent from this figure that the coal 
plant was more cost effective than the solar plants penetrated under either 
scenario, for the entire study period.* 

The cost and operating characteristics of the 50 MWe coal plant were such that 
it was dispatched after the new but before the existing coal plants in the 
production cost model. The changes in the yearly energy produced by the 50 
MWe coal plant were directly influenced by this dispatch order. The 50 M e  
coal plant displaces energy of the amount and type illustrated in Figure 8-5. 
The coal energy displaced was initially supplied by the existing coal units. 
The energy produced by the 50 MWe coal plant was very high ia the early years 
(74X capacity factor) due to the system's baseload deficiency. However, as 
mQre and more new coal plants were added to reduce this deficiency, the 50 m e  
coal plant ' s energy production steadily decreased. During the years 1999 
through 2002 the combination scenario, conventional unit expansion plan, 

*Cost/benef it ratios were not developed f or conventioanl oil-f ired plants. 
'If they had been, it would be seen that solar-thermal plants are indeed 
cost effective with new oil-fired facilities. This follows directly from the 
fact that the c~st/benefit ratio for solar thermal is often less than one 
given the generation mix and expansion for the synthetic system E. 
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called for the addition of only peaking and intermediate units, no coal was 
added (see Figure B-17 in Appendix B). This meant the system required cycling 
capacity. Thus, the forced addition of the 50 MWe coal plant in the year 2000 
compelled it to operate in a cycling mode (42% capacity factor). After the 
year 2002 the system was in balance and all three types of capacity were added 
during the remaining years. Since coal capacity-was needed, the energy produced 
by the 50 MWe coal plant increased. 

The value of the 50 MWe coal plant, based on its energy displacements (Figure 
8-5), is shown in Figure 8-6. As can be seen, its value was comprised almost 
entirely of ~ i l  savings, more so in the latter years, because of the high 
escalation rate of oil. No capacity credit was given to the 50 MWe coal plant 
because it was considered to be an incremental addition above the 25% reserve 
margin. However, were capacity credit (capital. savings) given It would serve 
to further improve the costlbenefit ratio in favor of coal. 

Repowering of exist- plants with coal ox coal-derived fuels was not 
considered. As shown in this section there may well be technologies which 
are more economic than new solar plants, even though the solar plants have 
a cost/benefit ratio less than one. Likewise, there may be retro-fit 
technologies that are more cost effective than solar repowering. The 
identification and quantification of these is beyond the scope of this study. 

8.7 THERMAL BUFFERING 

In EPRI Study RP 648, "Requirements Definition and Impact Analysis of Solar- 
Thermal Power Plants," Westinghouse identified a potential requirement for 
thermal buffering during insolation transients. That is, under partial cloud 
cover conditions and cloud passage, thermal transtents may emanate from the 
receiver that should be smoothed before reaching the steam turbine.' The 
seriousness of this problem can only be established by solar system hardware 
f eating. 

Fox the Barstow technology, Westinghouse in RP 648 assumed that buffering was 
xequired during specified cloud cover conditions. This function was modeled 
as a requirement to pass the thermal energy thr~ugh the the-1 sforage system 
before use by the turbino. Hourly sky conditions on the weather tape were 
tested by the model to determine whether buffering was necessary for that 
hour. In solar/fossil hybrid plants using Barstow technology without storage, 
the buffering was perfomed by firing the fossil boiler. 

Qne of the advantages of some improved solar-thermal technologies is an 
inherent short-term thermal buffering ability Without significant loss in 
efficiency. 

At the very outset o f  this repowering Demand Task, a value analysis was run to 
estimate the impact of a no-efficiency-loss buffering feature. The case was 
run using a model of a repowered steam (Barstow type) sol.ar/fossil hybrid 
plant without storage. The results are shown in Table 8-4. 



Comparison should - not be made with the other tables in this report as a consistent 
set of assumptions are not used. In particular, an old Aerospace Midland, 
Texas weather tape was used, and the plant cost assumptions were on a 
different basis. The utility was the unmodified EPRI synthetic utility system 
E. No cost penalty was assessed the solar plant to implement the buffering 
function. 

The important result is the impact upon solar plant value, an increase of 25%. 
The principal contribution in this case is the reduction in the oil firing 
required at the repowered plant. Oil requirements were necessary for boiler 
startup in each day that boiler-supplied buffering was required. 

Table 8-4. TRANSIENT BUFFER VALUE ANALYSIS 
PRESENT WORTH 1385 M$ 

[Barstow-type repowered plant, 50 MWe 
Midland insolation, EPRI Utility El 

No-Oil Oil-Fired 
Buffering Buffer Required 

PW Solar Plant Cost 
Capital Revenue Requirements 
Operating Revenue Requirements 
Total PWRR 

PW Solar Plant Value 
Fuel Value 
Fuel Used (Solar Plant) 
Variable O&M 
Capacity Credit 
Total 

Cost/Value Ratio 

- 
8.8 SENSITIVZTY COMPARISON 

The previous sections have shown parametric sensitivities to variations in 
certain specific assumptions. In'.order to place in perspective the relative 
importance O f  several assumpt.ions, a small computer program was written to 
perform sensitivity analysis on primarily economic parameters. The output of 
this program, was verified against the more . detailed production cost simulation 
far the yeai of interest. The input parameters of interest were then changed 
by 25% to 50% t~ obt.ain the'effect of their relative importance. Figure 8-7 
shows the'results for the stand-alone plant in 1985. As can be seen, the fuel 
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escalation rate is the most sensitive assumption. I f  fuel escalates at a rate 
25% less than was assumed as a baseline (12% for oil, 10% for coal) for the 
entire thirty-year economic horizon, then the viability of solar-thermal power 
is drastically reduced. The cost of heliostats affects the cost/benefit ratio 
significantly, as should be expected, but it is not as important as an 
equivalent change in the fixed charge rate. On the other hand, the decision 
as to whether or not to take capacity credit makes very little difference in 
the overall economics Also on the Figure are four points showing the effect 
of a reduction in both the discount rate and fixed charge rate, A lower 
discount rate i s  representative of certain utilities with a lower cost of 
capital. The lower fixed change rate for the two discount rate cases 
represents a tax or investment incentive program. 

Only the one sensitivity chart is shown because there is no significant difference 
in the relative importance of the parameters as a function of time or technol.ogy 
(stand-alone vs. repowering). The centroid simply moves up and down, following 
the costlbenefit curves, moving the whole graph with it. 

8.9 SEN$ITIVITY CONCLUSIONS 

The results of any analysis are heavily dependent upon the assumptions. 
This section has presented several sensitivities on a variety of different 
parameters to show the interested reader the effects of some of these 
nssump tions . 



The future prices and escalation rates of competing fuels are extremely 
important and yet are one of the more uncertain parameters. A higher 
escalation rate than was assumed in the reference economics can create 
significant improvements in the cost effectiveness of solar-thermal plants, 
while as much as a 50% increase in the reference price of coal has little 
effect. 

A change in the capital cost of the solar-thermal plants has, of course, a 
direct impact on the cost effectiveness. The difference between the long- 
term capital escalation rate and the discount rate, and fuel escalation rates, 
can also have a significant impact, but it can also create a more favorable 
position for capital intensive competition. 

Finally, the true cost effectiveness of solar-thermal must be compared with 
a very large number of competing technologies. While these comparisons are 
beyond the scope of this study, utilities will make these comparisons before 
any large commitment is made to alternate energy technologies. Further study 
of these comparisons as well as further comparisons between solar-thermal 
plant configurations must become an ongoing task of solar-thermal technology 
development and commercialization. 
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SECTION A . l  

INTRODUCTION AND SUMMARY 

A . l . l  GENERAL 

This  appendix is  produced i n  p a r t i a l  f u l f i l l m e n t  of SERI s tudy XH-9-8016-1, 
"Repowering S t r a t egy  Analysis  - Demand ~ a s k / U t i l i t y  Worth Analysis." 

The Demand Task s tudy  i s  organized i n t o  f i v e  subtasks ,  a s  shown i n  t h e  t a s k  
d e s c r i p t i o n  t a b l e  (Table A.l-1). The f i r s t  t a s k  is  concerned wi th  c r e a t i n g  
a  d a t a  base f o r ' u s e  i n  t h e  ba lance  of t h e  s tudy.  Task 2 is  a  methodology 
development f o r  use  i n  t h e  subsequent t a sks .  This  appendix is  a  product of 
Task 2 .  Tasks 3 and 4 c o n s t i t u t e  most of t h e  numerical a n a l y s i s  t o  be performed. 
Task 5 involves  i n t e r p r e t a t i o n  and r epor t ing  these  numerical r e s u l t s .  

The purpose of t h i s  appendix is t o  document t h e  methods and procedures developed 
i n  t h e  methodology formula t ion  po r t ion  of Task 2 of t he  Demand Task s tudy.  This 
methodology inc ludes  the process  f o r  eva lua t ing  solar- thermal  p l a n t  impact on 
u t i l i t y  expansion p l ans ,  u t i l i t y  r e l i a b i l i t y ,  backup requirements  and 
economics. This  appendix a l s o  d i scusses  how those  impacts were assessed  f o r  
v a r i o u s  l e v e l s  of s o l a r  pene t ra t ion .  

I n  t h e  fol lowing s e c t i o n s  t h e  methodology w i l l  be  d iscussed  i n  a gene ra l  
f a sh ion ,  and then d e t a i l s  w i l l  be  given on the  two s p e c i f i c  po r t ions  of t h e  
methodology: optimized gene ra t ion  planning and s o l a r  p l a n t  s t a t i c  a n a l y s i s .  



TASK 1 

TASK 2 

TASK 3 

TASK 4 

TASK 5 

Table A.l-1. TECHNICAL APPROACH TASK DESCRIPTION 

DATA BASE FORMULATION 

Establish the data base concerned with 
(1) Plant Characterization, (2) Economic 
Assumptions, (3) Utility Data Base, and 
(4) Insolation Data Base. 

EXPERIMENT DESIGN AND METHODOLOGY FORMULATION 

Finalize the methods used and then formulate 
experiment design. 

BASE COMPUTER ANALYSIS 

Analyze the base c'ases using GENOP. 

PARAMETRIC ANALYSIS 

Perform sensitivity analysis and single 
"time slice" analysis using most cost- 
effective means. 

DOCUMENTATION AND MEETINGS 

Five reports will be delivered and frequent 
meetings will be held. 



SECTION A.2 

GENERAL METHODOLOGY 

Certain general guidelines were used in establishing the methods described in 
this appendix. They were as follows: 

To utilize conventional utility planning methods and tools as 
much as possible. 'l'l~is serves to enhance the ease of intcr- 
pretation of results by utility planners and others familiar .. 
with these techniques, it provides confidence in the results 
through the use of established, tested methods, and it allows 
the use of existing tools or computer programs. 

a Utilize existing solar plant static analysis methodology 
which was developed in EPRI RP 648. That is, to use the tools, 
procedures and data developed under that or other previous 
studies wherever practical. 

Provide for the rapid completion of the study. 

Naturally, the overriding consideration was the use of methods which would 
provide meaningful results. 

A.2.1 GENERAL PROCEDURES 

Three principal analytical methods were used in this study: 

Linear optimization techniques are used to obtain 
the most economic generation expansion plan in GENOP. 

Simulation of the solar plant operating with a utility system, 
using integrated cconomic di~pafch 

Classical loss-of-load probability calculations to achieve a 
desired level of utility system reliability 

These three principals are used in the'two major thrusts of analysis in this 
study: optimized .generation expansion planning with varying degrees of solar 
plant penetrations, and solar plant static value and impact analysis. The two 
analysis methods are described briefly on the following page and in more 
derail later i l l  Lhis section. 

The first evaluation analyzes how particular penetration scenarios of solar 
plant installation affect a'utility's optimum generation expansion plan. The 
analysis was done for several solar plant types and involved several solar' 
plant penetration scenarios as well as sensitivity analysis on important 
variables. The solar plant penetration scenarios, system load characteristics 
and starting configuration were exogenous variables. The timing and type of 
conventional generator additions were endogenous to the. generation expansion 
analysis procedure. 



The dynamic penetration approach to the study has as its cornerstone the 
Westinghouse Generation Expansion Optimization Program. There are five classes 
of input data required by the program. They are (1) forecast load data, (2) 
existing unit data, (3) potential unit addition descriptions, (4) economic . 

data, and (5) reliability requirements. The Westinghouse Generation Expansion 
Optimization Program, henceforth GENOP, developes an installation schedule for 
the type and size of each unit, describes the unit capacity factors, gives 
annual and total plan costs, and the resulting capacity reserves. 

The generation expansion analysis proceeded in the following manner. Base 
case year utility loads were projected to all twenty-five study years. A base 
nonsolar generation expansion plan was found for those reference projected loads. 
The next phase involved finding expansion plans after the inclusion of certain 
solar plant penetration scenarios. The result of solar plant operating models 
were used to modify t h c  system reference loads accordil~g to the particular 
predetermined penetration schedule being considered. After the solar plant 
penetration has reduced the system demand, GENOP then chooses from its "shopping 
&listft of generating unit types a new optiluur~~ expansion plan that meets the 
system's modified load growth requirements in a manner that minimizes the 
present worth of revenue requirements for the sum of capital and operating 
costs. Forced penetration of solar plants on the utility and the use of the 
resulting modified demand is the basis for system expansion results in different 
solar expansion plans when compared to the base nonsolar optimum expansion 
plan. Differences in expansion plan installations, present worth of revenue 
requirements, and reserve generation percentages are found from that comparison. 

The procedure used in this analysis was to force increasing solar penetration 
over a period of 25 years. Then GENOP is used to build the balance of the 
utility system which is most compatible with the solar penetration. In this 
manner the time-dependent planning effects of solar penetration can be observed. 
For example, certain adjustments may be made in early expansion phases to 
better accommodate solar plants which are to be installed in later years. 

The solar plant static value analysis was used to identify the value of the 
last installation of many individual solar plants. Sequential use of the 
static analysis was used to obtain the values of the last solar plant for 
varying penetrations. For instance, an advanced hybrid repowered solar pl.antls 
value can be found for a specific installation year at a specific level of solar 
penetration. This detailed information on a specific plant is not available 
from the GENOP analysis. 

The static solar plant analysis proceeds along the following line. For a 
particular solar plant and ino.tollation year, the simulatioi~ of solar plal~r 
output is used to modify the utility system reference loads. Production 
costs are compared for the balance of the system before and after the forced 
solar penetration. Hourly load reductions are used to calculate conventional 
generation capacity displacement and economic procedures are used to calcu1at.e 
the resulting solar plant value. 

The static analysis is used to obtain specific impact data for specific solar 
plants (e.g., cost/benefit); however, the dynamic penetration analysis is the 
principal tool in this study because of its ability to analyze a complete 
scenario made up of changing penetrations of solar plants.and changing conven- 
tional plant generation mix. This analysis determines the impact of the 
scenario rather than the impact of a single plant. 



SECTION A.3 

EXPANSION PLANNING 

A.3.1 INTRODUCTION 

The Westinghouse Generation Expansion Optimizat ion Program, GENOP, is used t o  
au toma t i ca l ly  develop t h e  most economic genera t ion  expansion p l an  be fo re  and 
a f t e r  s o l a r  p l a n t  add i t i ons .  A comparison of t h e  p l ans  i n d i c a t e s  t h e  economic 
impact of a s p e c i f i c  s o l a r  p l a n t  pene t r a t ion  scenar io .  GENOP au toma t i ca l ly  
s e l e c t s  t h e  b e s t  t iming,  s i z e ,  and type of genera t ion  i n s t a l l a t i o n s ,  from a 
l i s t  of a v a i l a b l e  u n i t s ,  t o  minimize t h e  t o t a l  p lan  c o s t s  whi le  r e spec t ing  t h e  
u t i l i t y  system r e l i a b i l i t y  requirements.  The p l a n  c o s t s  i nc lude  both c a p i t a l  
and ope ra t ing  c o s t s ,  and t h e  time va lue  of money (p re sen t  worth d iscount ing) .  
By comparing t h e  optimum genera t ion  p1a.n be fo re  and a f t e r  'system loads  have 
been reduced by t h e  ope ra t ion  of s o l a r  power p l a n t s ,  t h e  s o l a r  p l a n t ' s  impact 
on u t i l i t y  expansion p l ans ,  u t i l i t y  r e l i a b i l i t y ,  and economics w i l l  b e  determined. 

The GENOP program develops t h e  most economical expansion p l a n  t o  meet t h e  
system r e l i a b i l T t y  c o n s t r a i n t ,  which i s  imposed i n  terms of percent  reserve .  
I n  developing t h i s  p l an ,  t h e  opt imiza t ion  program cons iders  t rade-of fs  between 
l a r g e  u n i t s  f o r  economy of s c a l e  and s m a l l  u n i t s  f o r  increased  system r e l i a b i l i t y ;  
i t  ba lances  t rade-of fs  between u n i t s  w i th  h igh  c a p i t a l  c o s t s  and low f u e l  
c o s t s  (such as n u c l e a r  u n i t s )  a g a i n s t  u n i t s  w i th  lower c a p i t a l  c o s t s ,  bu t  
h igher  ope ra t ing  c o s t s ;  and i t  cons iders  t he  impacts and t r ade -o f f s  a s soc i a t ed  
wi th  u n i t  i n s t a l l a t i o n  t iming,  s i n c e  t h e  car ry ing  charge pena l ty  a s soc i a t ed  

. wi th  i n s t a l l i n g  a u n i t  l a r g e r  than  needed i n  one yea r  might be more than 
j u s t i f i e d  by t h e  sav ings  due t o  economy of s c a l e  and de lay  i n  subsequent 
i n s t a l l a t i o n s .  

The d iscount  e f f e c t s  a s soc i a t ed  wi th  p re sen t  worth economics, as w e l l  a s  
e s c a l a t i o n  of c a p i t a l  c o s t s  and f u e l  c o s t s ,  i n f luence  t h e  optimum p l a n  s e l e c t e d  
by t h e  program. Separa te  i n f l a t i o n  r a t e s  and ca r ry ing  charge rates a r e  i n p u t  
f o r  each type  of genera t ing  u n i t  a s  w e l l  a s  d i f f e r e n t  i n f l a t i o n  rates f o r  each 
type  of f u e l .  

Also important  are t h e  r e p r e s e n t a t i o n  of t h e  e x i s t i n g  and previous ly  committed 
genera t ing  u n i t s ,  t h e i r  forced  outage r a t e s ,  and ope ra t ing  economics. 

Severa l  u n i t  types  may be  i n p u t  i n  one run f o r  s e l e c t i o n  by t h e  program. G a s  
t u r b i n e s ,  nuc l ea r  u n i t s ,  c o a l  f i r e d  steam u n i t s ,  combined cyc le  f o s s i l  u n i t s ,  
and pumped s t o r a g e  hydro might t y p i c a l l y  be made a v a i l a b l e  f o r  expansion 
s e l e c t i o n  a t  one t i m e .  

The requirements  f o r  scheduled outages f o r  maintenance as w e l l  a s  maintenance 
c o s t s  a r e . a l s o  considered i n  t h i s  program, a s  a r e  t h e  e f f e c t s  on forced outage 
r a t e  of u n i t  matur i ty .  

A l l  of t h e s e  cons ide ra t ions  are balanced over  a planning hor izon  t o  achieve 
t h e  b e s t  expansion plan.  The program does n o t  opt imize s e q u e n t i a l l y  on a 
period-by-period ( f o r  i n s t ance ,  year-by-year) hasis, as  this can .  lead  t o  a 



s e r i e s  of l o c a l  (short-range)  optima which when put  t oge the r  do not  n e c e s s a r i l y  
produce t h e  g l o b a l  (long-range) optimum plan.  

The op t imiza t ion  program h a s  obvious a p p l i c a t i o n s  i n  r a p i d l y  determining the  
b e s t  expansion s t r a t e g y  f o r  a u t i l i t y  system and i n  determining the  s e n s i t i v i t y  
of t h e  optimum s t r a t e g y  t o  economics and o t h e r  system parameters. 

A.3.2 CAPABILITIES 

C a p a b i l i t i e s  which were f e l t  t o  b e  important  t o  a r e a l i s t i c  optimum s o l u t i o n ,  
and which were t h e r e f o r e  incorpora ted  i n t o  t h e  Generat ion Expansion Optimization 
Program, inc lude  t h e  fol lowing:  

Perform automat ic  s e l e c t i o n  of u n i t s  f o r  i n s t a l l a t i o n  from an 
inpu t  shopping l i s t  of a v a i l a b l e  types and s i z e s  of a v a i l a b l e  
u n i t s  

Allow mod i f i ca t ion  of t h e  shopping l i s t  a t  s p e c i f i e d  i n t e r v a l s  
i n  t h e  p lanning  per iod  t o  accommodate new technology 

Inc lude  a b i l i t y  t o  handle  pumped s t o r a g e  hydro i n  t he  shopping 
l i s t ,  as w e l l  a s  peaking u n i t s ,  f o s s i l  and nuc lea r  u n i t s  

Handle systems as l a r g e  a s  power pools  o r  reg ions  of t h e  United 
S t a t e s  

Inc lude  c a p i t a l ' c o s t  and product ion c o s t  e f f e c t s  and t rade-of fs  

Allow s e p a r a t e  ca r ry ing  charge r a t e s  f o r  d i f f e r e n t  types of u n i t s  

Allow s e p a r a t e  c a p i t a l  cos t  i n f l a t i o n  r a t e s  f o r  each typ'e of u n i t  

Allow s e p a r a t 6  i n f l a t i o n  r a t e s  f o r  each type of f u e l  

I ~ l c l u d e  i n f l a t i o n  rates f o r  ope ra t ion  and maintenance o t h e r  than 
f u e l ,  bo th  f i x e d  and v a r i a b l e  opera t ion  and maintenance 

Perform p r e s e n t  worth eva lua t ion  

Inc lude  eva lua t ion  of s c a l e  economy ve r sus  r e s e r v e  requirements 

Consider temporary overbui ld ing  t o  achieve b e t t e r  economy nf 
s c a l e  v e r s u s  e x t r a  ca r ry ing  charges 

Reta in  n o n l i n e a r i t y  of economy of s c a l e  f o r  each type  of u n i t  

Expand system t o  main ta in  s p e c i f i e d  system reI . iabi . l i t .y ,  i n  
terms of loss-of-load p r o b a b i l i t y  o r  percent  r e se rve  

Consider peak load  f o r e c a s t  u n c e r t a i n t y  

I n c l i ~ d e  1rni.t. maturTty e f f e c t s  on forced  outage r a t e s  



Inc lude  forced d i spa t ch  of s e l e c t e d  u n i t s  a t  s p e c i f i e d  l e v e l s  

Inc lude  s p e c i f i e d  a d d i t i o n s  and r e t i r emen t s  t o  i nco rpora t e  
committed a c t i o n s  

Represent and inc lude  e f f e c t s  of e x i s t i n g  sys t em 'conf igu ra t ion  

Allow f o r  in te rchange  agreements, both f o r  r e se rve  capac i ty  and 
economy in te rchange  

Perform economic d i spa t ch  t o  determine product ion c o s t  impact of 
t rade-of fs  

Account f o r  both forced outages and scheduled maintenance 
requirements  i n  d ispa tch ing  

Inc lude  i n  d i spa t ch  opt imal  u se  of pumped s to rage ,  cons ider ing  
pond s i z e  and cyc le  e f f i c i e n c y  l i m i t a t i o n s  

. e  Evaluate  backward and forward e f f e c t s  of t rade-of fs  i n  
i n s t a l l a t i o n s  over a  25-year p e r i o d  

A.3.3 MATHEMATICAL TREATMENT 

The mathematical s i z e  of t h e  problem formulated t o  i nc lude  a l l  of t h e s e  consid- 
e r a t i o n s  i s  very  l a rge .  Some thought w a s  given t o  so lv ing  t h e  problem. in  a  
sequence of t ime s t a g e s ;  f o r  example, i n  3- o r  5-year increments over t h e  
planning per iod .  This  would reduce t h e  s i z e  of t h e  problem t o  be solved a t  
any one t i m e  and reduce t h e  computer s t o r a g e  requirements and the  t o t a l  computer 
running t ime;  however, s t r o n g  t rade-of fs  o f t e n  e x i s t  over  longer  i n t e r v a l s ,  
w i th  no c e r t a i n t y  a s  t o  t h e  l eng th  of such i n t e r v a l s  f o r  any s p e c i f i c  system 
o r  economic environment. Th i s  f a c t o r  is  due t o  t h e  long s e r v i c e  and economic 
l i f e  of gene ra t ing  p l a n t s .  Also, t h e  i n t e r f a c e s  between t i m e  s t a g e s  can cause 
p e c u l i a r  e f f e c t s .  Therefore,  t h e  e n t i r e  planning per iod  is included i n  a 
s i n g l e  opt imizing process  al lowing a l l  t rade-of fs  over t h i s  per iod  t o  be  
consi.dr?red. 

To opt imize a  problem of t h i s  s i z e ,  l i n e a r  programmirig mathematics was chosen. 
Linear  programming r e q u i r e s  t h a t  a l l  r e l a t i o n s h i p s  between v a r i a b l e s  and 
c o n s t r a i n t s  placed upon them be  expressed i n  a  l i n e a r  a l g e b r a i c  form. Thus, 
t o  r e p r e s e n t  t h e  nonl inear  r e l a t i o n s h i p s  i nhe ren t  i n  t h e  problem, l i n e a r  
piecewise approximation i s  used. Work has  been done i n  t e s t i n g  t h e  number of 
l i n e a r  segments requi red  t o  main ta in  accuracy when e s t ima t ing  product ion  c o s t s  
w i th  l i n e a r  programming [ I ] .  

One of t h e  f e a t u r e s  of b a s i c  l i n e a r  programming t h a t  prevented i t  from providing,  
by i t s e l f ,  a r e a l i s t i c  optimum s o l u t i o n  i s  t h a t  t h e  answers produced a r e  
g e n e r a l l y  nonin teger .  Thus, t h e  answer t o  t h e  number of u n i t s  of a  p a r t i c u l a r  
type  and s i z e  needed a t  a  p a r t i c u l a r  t ime would u s u a l l y  be a  f r a c t i o n  o r  a  
mixed number. For example, r e s u l t s  may i n d i c a t e  t h a t  0.672 of a 1100 MW 
nuc lea r  u n i t  is  t o  be  i n s t a l l e d  i n  1982. To avoid t h i s  type of unacceptable  
s o l u t i o n ,  mixed-integer programming i s  u s u a l l y  employed; however, f o r  t h e  
s o l a r  a n a l y s i s  continuous s o l u t i o n s  were used i n  o rde r  t o  s e e  t h e  e f f e c t s  of 
small pene t r a t ions .  
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Mixed-integer programming i s  based upon l i n e a r  programming, but designated 
v a r i a b l e s  a r e  forced t o  t h e i r  optimum in teger  values  while s t i l l  respecting 
t h e  problem's c o n s t r a i n t s  and e f f e c t s  on other. va r i ab les .  A continuous optimum 
s o l u t i o n  i s  f i r s t  found using regular  l i n e a r  programming techniques. Then a 
mathematical technique known a s  "branch-and-bound" i s  used, beginning with the 
continuous so lu t ion ,  t o  f i n d  the  optimum so lu t ion  respect ing the  in teger  
requirements of spec i f i ed  var iables .  Unfortunately, a simple process of 
rounding i s  n o t  s u f f i c i e n t .  The in teger  v a r i a b l e s  i n  t h i s  problem a r e  the  
number of i n s t a l l a t i o n s  of each type and s i z e  of u n i t  i n  each time in te rva l .  
The v a r i a b l e s  associa ted  with dispatching of u n i t s  a r e  continuous, s ince  
f r a c t i o n a l  loading of u n i t s  i s  meaningful. 

A.3.4 STRUCTURE 

The Westinghouse Generation Optimization ~ x ~ a n s ' i o n  Program package cons i s t s  of 
t h r e e  bas ic  modules a s  indica ted  i n  Figure A.3-1. The f i r s t  module is  a data  
processor which takes  t h e  input  da ta ,  s c a l e s  i t ,  and produces a matheinatical 
s t r u c t u r e  convenient t o  t h e  mathematical optimization module. The optimization 
module solves  the  problem by f inding t h e  values of the  va r iab les ,  within 
prescr ibed c o n s t r a i n t s ,  t h a t  minimize the  plan costs .  The mathematical optimi- 
za t ion  module passes t h e  so lu t ion  t o  the  repor t  producer module where the  
answers a r e  rescaled ,  t i t l e d ,  and pr in ted .  

EC(K(OM I C U N I T  LO bD 
DATA 

PROCESSOR 

--T- 
MATHEHAT I CAL FO RMULAT l OM 

OPTIMIZER 

MATHEMATICAL ANSWER 

1'11UUUCER 

PR l NTOUT 

INSTALLAT ION 
SCHEDULE AND COST 

Figure A.3-1. GENERATION EXPANSION OPTIMIZATION 
PROGRAM MODULES 



A.3.5 SIMULATION OPTION 

To increase the usefulness of this expansion optimization program, a simulation 
feature is provided. The simulation mode allows the user to specify an 
expansion plan and determine its cost. The simulation mode can be used to 
evaluate near-optimum expansion plans or to evaluate a previously determined 
optimum expansion plan under different load or economic forecasts. By per- 
forming analysis on several near-optimum expansion plans for different fore- 
casts, sufficient data can be generated to perform an evaluation of cost and 
risk sensitivity. The simulation option is used to perform certain sensitivity 
studies on the GENOP results. This represents a very cost effective way to 
investigate alternative fuel costs, escalation rates and reserve requirement 
limitations but does not do any expansion optimization since it only uses a 
manually input expansion plan. 

A more detailed simulation program could also be used for these purposes. 
However, the increase in detail may not be of interest and difficulties may 
result in preparing additional input data and in comparing results. To facil- 
itate comparison of results of optimum and alternate plans, input and output 
of the new program are in the same format and same level of detail as in the 
optimization program. 

Most items of data input to the optimization problem can be varied in the 
simulation mode. ' For studies,of alternate expansion plans or for sensitivity 
studies, changes in the following items are considered to be of special interest: 

. Timing of generating unit installations 

Size and type of generating unit installations 

Interest rate or present worth discount factor on investment 

Capital cost of generating unit installations 

Yearly cost inflation or escalation rates 

Yearly fixed operating and maintenance cost for generating 
unit installations 

Unit production cost for generating unit installations 

Dispatch limitations 

Forced outage rates for generating unit installations 

Maintenance requirements for generating unit installations 

System reliability criteria 

A . 3 . 6  INPUTS AND OUTPUTS 

The inputs to this package, as shown in Table 8.3-1, are essentially the samc 
as for most generation planning procedures with the exception that one does 



n o t  p o s t u l a t e  a genera t ion  expansion plan. The de ta i l ed  desc r ip t ion  of input  
requirements necessary f o r  d a t a  prepara t ion  i s  i n  Westinghouse repor t  
AST-73-899 [2] .  

Table A.3-1, CENERATION EXPANSION OPTIMIZATION 
PROGRAM INPUTS 

Forecast  Load Data 
Existing Unit Data 
P o t e n t i a l  Unit Descript ion 

r Economic Data 
R e l i a b i l i t y  Requirements 

Forecas t  load d a t a  must be input  f o r  the  expansion period. The load da ta  must 
inc lude  f o r e c a s t  peaks, seasonal  v a r i a t i o n s ,  s t a t i s t i c a l  v a r i a b i l i t y  of weekday 
peaks wi th in  each season, and weekly load dura t ion  curves. The load model 
used r e t a i n s  a p r o b a b i l i t y  t h a t  f o r e c a s t  peaks w i l l  be exceeded o r  no t  reached 
through implementation of e x p l i c i t  p robab i l i ty  d i s t r i b u t i o n s .  Normally a 
program such a s  t h e  Westinghouse H i s t o r i c a l  Load Data Reduction Program is  
used t o  obta in  h i s t o r i c a l  s t a t i s t i c s  and t rends  of seasonal  v a r i a t i o n s ,  d a i l y  
load  v a r i a b i l i t y ,  and load dura t ion  curve shapes. This h i s t o r i c a l  ana lys i s  i s  
then used a s  a b a s i s  f o r  formulating load forecas ts .  

A d e s c r i p t i o n  of a l l  e x i s t i n g  and committed u n i t s  is  a l s o  an input  requirement. 
This  inc ludes  u n i t  c a p a c i t i e s ,  forced outage r a t e s ,  operat ing cost character-  
i s t i c s ,  and maintenance requirements. Interchange purchase and s a l e  commit.ments 
can a l s o  be  spec i f i ed ,  along with e x i s t i n g  pumped s torage ,  pondage, and run- 
o f - r ive r  hydro. 

The same d a t a  must be supplied f o r  u n i t s  which a r e  t o  be made ava i l ab le  f o r  
i n s t a l l a t i o n  by t h e  program a s  f o r  e x i s t i n g  u n i t s ,  p lus  base y e w  cap<.ta,l 
c o s t s ,  car ry ing charge r a t e s ,  and immature forced outage ra t&.  Spec i f i c  
s i z e s  and/or types of u n i t s  may be  spec i f i ed  a s  being ava i l ab le  f o r  s e l e c t i o n  
only a f t e r  a designated year. For example, a 2000 MWe nuclear  p l a n t  might be 
inpu t  a s  being a v a i l a b l e  f o r  s e l e c t i o n  only a f t e r  year  1990. 

Economics input  d a t a  inc lude  present  worth discount  r a t e ,  i n f l a t i o n  f o r  the  
c a p i t a l  c o s t  of each type of new u n i t ,  and esca la t ion  of , f u e l  and o ther  operat ion 
and maintenance cos t s .  Both f ixed and variahle operat ing and maintenance 
c o s t s  can be spec i f i ed  f o r  new and e x i s t i n g  un i t s .  

The minimum acceptable  system r e l i a b i l i t y  may be  input  t o  the  program i n  terms 
of loss-of-load p robab i l i ty  o r  percent  reserve. 

The primary information output i s  t h a t  shown i n  Table A.3-2. The i n s t a l l a t i o n s  
i n  any given year  may be a mix of u n i t s  (from the  shopping l is t  provided t o  the 



program. For example, a  nuc lea r  u n i t ,  a  pumped s t o r a g e  hydro u n i t ,  and a  
couple of gas  t u r b i n e  u n i t s  may b e  i n s t a l l e d  i n  t h e  same year .  I n  a d d i t i o n  t o  
t h e  ou tpu t s  l i s t e d  i n  Table A.3-2,.other secondary informat ion  is  p r i n t e d ,  
such a s  t h e  average ope ra t ing  mills/kWh by u n i t  type  and f o r  t h e  whole system 
f o r  each year .  

Table A.3-2. GENERATION EXPANSION OPTIMIZATION 
PROGRAM OUTPUTS 

I n s t a l l a t i o n  Schedule 
( t iming ,  type,  s i z e )  

a Annual U t i l i z a t i o n  Fac to r s  
( u n i t  type capac i ty  f a c t o r s )  

Annual and T o t a l  P l an  Costs  
( c a p i t a l  and product ion c o s t s )  

Resul t ing  Capacity Reserves 
(annual ,  i n  percent  of load peak) 

A.3.7 APPLICATION 

The advantages of a  d i r e c t  op t imiza t ion  program a r e  obvious. A good gene ra l  
expansion s t r a t e g y  can be developed wi th  t h i s  program without  t h e  t i m e  and 
e f f o r t  requi red  f o r  a l a r g e  number of s imula t ion  runs.  I f  more d e t a i l  about 
an  expansion s t r a t e g y  i s  r equ i r ed ,  such a s  week-by-week imp l i ca t ions ,  then  a 
d e t a i l e d  s imula t ion  can be  made of t h e  p lan  produced by t h e  op t imiza t ion  
program. 

Another u s e  of t h e  expansion opt imiza t ion  program is s e n s i t i v i t y  ana lys i s .  
The des i r ed  changes i n  s t r a t e g y  r e s u l t i n g  from s h i f t s  i n  load o r  i n  economic. 
o r  technologica l  p r o j e c t i o n s  can be d i r e c t l y  obtained by rerunning t h i s  package. 
I n  many cases  execut ion  time needed f o r  t h e  r e runs  can be shortened by us ing  
previous  s o l u t i o n s  a s  a s t a r t i n g  b a s i s  f o r  t h e  new mathematical op t imiza t ion .  

Often i t  i s  d e s i r a b l e  t o  determine t h e  economic pena l ty  of some near-optimum 
expansion plan.  De ta i l ed  s imula t ion  programs can be used; however, t h e  i n c r e a s e  
i n  d e t a i l  may n o t  be  of i n t e r e s t .  For t h i s  purpose a  s p e c i a l  expansion simula- 
t i o n  program has  been w r i t t e n  which uses  t h e  same d a t a  formats  and d e t a i l  t h a t  
t h e  opt imiza t ion  package uses, and produces output  i n  t h e  came format.  This  
al lows l e s s  expensive s imu la t ion  and obv ia t e s  t h e  n e c e s s i t y  f o r  more d e t a i l e d  
i n p u t  da t a .  
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SECTION A.4 

STATIC ANALYSIS 

The eva lua t ion  of how an  aggregate  of s o l a r  p l a n t  i n s t a l l a t i o n s  a f f e c t s  a  
system's  optimum genera t ion  expansion p lan  i s  t h e  f i r s t  of two major t h r u s t s  
u t i l i z e d  i n  t h i s  s tudy  and was eva lua ted  us ing  the  GENOP program. The second 
major t h r u s t  involved t h e  s t a t i c  a n a l y s i s  of s p e c i f i c  s o l a r  p l a n t s  t o  a s c e r t a i n  
t h e i r  i nd iv idua l  c o s t ,  opera t ing  va lue  and capac i ty  c r e d i t .  Since t h e  s o l a r  
p l a n t ' s  economics w i l l  change wi th  i n s t a l l a t i o n  d a t e ,  t h e  change i n  i t s  impact 
and va lue  wi th  t ime was obtained.  For proper assessment of t h e  p rospec t ive  
impact and va lue  of a  s o l a r  p l a n t ' s  i n s t a l l a t i o n  on a  s p e c i f i c  u t i l i t y  system, 
d e t a i l e d  modeling of t h e  ope ra t ion  of t h e  s o l a r  p l a n t s  was used. 

A d e t a i l e d  methodology was developed by Westinghouse t o  a s s e s s  a  s o l a r  p l a n t ' s  
v a l u e  under EPRI RP 648. This  methodology c o n s i s t s  of t h e  coordinated use  of 
s e v e r a l  computer models a s  shown i n  F igure  A.4-1. The c o r e  models a r e  t h e  
So la r  P l a n t  Model, t h e  Westinghouse Dai ly  Product ion Cost Program [3 ]  and t h e  
Westinghouse Generation Planning Capacity Model. 
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A.4.1 GENERAL STATIC ANALYSIS METHODOLOGY 

The genera l  framework of t h e  s p e c i f i c  methods employed conforms t o  the  following 
sequence of ana lys i s :  

Develop hourly load p ro jec t ion  f o r  the  year  and u t i l i t y  system 
of i n t e r e s t  

Simulate t h e  opera t ion  of conventional u n i t s  on u t i l i t y  
system f o r  t h a t  year ,  producing incremental operat ing cos t  
t a b l e s  

Use incremental  c o s t  t a b l e s ,  hourly system loads,  and hourly 
i n s o l a t i o n  t o  d ispatch  the  s o l a r  p lant ,  sub t rac t ing  s o l a r  
p l a n t  e l e c t r i c a l  output  from the  load 

Use hourly load reduct ion  t o  c a l c u l a t e  s o l a r  p l a n t  capacity 
c r e d i t  and conventional capaci ty  displacement 

e Resimulate opera t ion  of conventional generat ing u n i t s  with 
reduced system load 

e Use economic procedures t o  c a l c u l a t e  r e s u l t i n g  s o l a r  p lan t  
va lue  f o r  s o l a r  p l a n t  l i f e  expectancy 

This  framework al lows t h e  evaluat ion  of a  v a r i e t y  of s o l a r  p lan t  concepts and 
conf igura t ions  i n  d i f f e r e n t  opera t ing  and i n s o l a t i o n  environments. It a l s o  
provides a v e h i c l e  f o r  assess ing  t h e  value  of e i t h e r  a  s i n g l e  s o l a r  p lan t  o r  a  
number of them, independent of t h e i r  cos t  projec t ions .  From t h i s  process not  
only  i s  t h e  opera t iona l  economic impact of the  s o l a r  p l a n t  obtained, but  a l s o  
t h e  e f f e c t s  upon f u e l  consumption and s o l a r  p lan t  and conventional p lan t  
opera t iona l  requirements. 

The above i s  a genera l  procedure Prom which an esttmate of ,the value of a 
s o l a r  p l a n t  t o  a u t i l i t y  system may be es tabl i shed.  These procedures permit 
t h e  establishment of d i f f e rences  i n  the  balance-of-system c o s t ,  with and 
without  t h e  presence of t h e  s o l a r  p lant .  Values a r e  es tabl i shed f o r  the  
fol lowing f a c t o r s :  

Operating c r e d i t  

- Fuel c o s t s  

- u t h e ~  dfsplaccd operating mid ~uairrLerr;dirce cc1st.s 

Capacity c r e d i t  

- Capacity dfsplacement (reduction i n  i n s t a l l e d  capacity)  

- Change i n  capaci ty  mix 



Using t h e  procedures  o u t l i n e d  on t h e  previous  page, t h e  va lue  of t h e  s o l a r  
p l a n t  t o  t h e  u t i l i t y  system can be determined. Analysis  can be performed i n  
t h i s  maIuler t o  eva lua t e  v a r i a t i o n s  i n  t h e  fol lowing:  

e Exi s t ing  u t i l i t y  system genera t ion  mix 

e I n s o l a t i o n  c h a r a c t e r i s t i c s  

So la r  p l a n t  concepts  and conf igu ra t ions  

Load c h a r a c t e r i s t i c s  

So la r  p l a n t  s i z e  

So la r  p l a n t  s t o r a g e  capac i ty  

So la r  p l a n t  ope ra t ing  modes 

I n  a d d i t i o n ,  t h e  computer s imula t ions  provide (1) base  parameters  on which . 

economic s e n s i t i v i t y  a n a l y s i s  may be performed and (2) o p e r a t i o n a l  in format ion  
on both t h e  s o l a r  p l a n t  and t h e  balance of t h e  u t i l i t y  system i n  t h e  presence 
of a s o l a r  p l a n t .  

I t e r a t i o n s  of dhe Solar-Thermal Model a r e  used t o  ana lyze  t h e  e f f e c t s  of 
pene t r a t ion .  That is ,  one f i r s t  develops t h e  n e t  load  us ing  t h e  s o l a r  e l e c t r i c  
ou tput  based on i n s o l a t i o n  d a t a  from one s i t e ,  and then  s u b t r a c t s  t h e  output  
of a second p l a n t  (over  t h e  same time i n t e r v a l ) .  The j o i n t  e f f e c t  of two o r  
more s o l a r  p l a n t s  can thus  be ex t r ac t ed .  

I f  a l a r g e  p o r t i o n  of t h e  genera t ing  capac i ty  of a u t i l i t y . s y s t e m  i s  made up 
of s o l a r  p l a n t s ,  i t  i s  q u i t e  l i k e l y  t h a t  no t  a l l  of t h e  s o l a r  p l a n t s  should 
ope ra t e  i d e n t i c a l l y ,  o r  have t h e  same c h a r a c t e r i s t i c s .  By succes s ive ly  sub- 
t r a c t i n g  increments of s o l a r  capac i ty  from t h e , n e t  load presented t o  t h e  
ba lance  of t h e  system, as descr ibed  i n  t h e  previous  paragraph, t h e s e  changing 
ope ra t ing  e f f e c t s  can be  observed. 

A.4.2 SIMULATION OF OPERATION 

I n  t h e  previous  s e c t i o n ,  t h e  gene ra l  procedure f o r  t h e  eva lua t ion  of so l a r -  
thermal  p l a n t s '  r o l e  i n  producing e l e c t r i c i t y  was explained ( s e e  F igure  
A.4-1). Reference w a s  made t o  s imula t ion  processes  as a source of s p e c i f i c  
economic information.  I n  t h i s  s e c t i o n  t h e  models used t o  s imu la t e  t h e  opera t ion  
of t h e  s o l a r  p l a n t ( s )  and t h e  balance of t h e  e l e c t r i c  u t i l i t y  genera t ing  
system a r e  descr ibed .  

The models themselves w i l l  be  d iscussed  f u r t h e r ;  however, t h e  process  of us ing  
t h e s e  models i s  depic ted  i n  F igure  A.4-1. The flow i s  a s  fol lows:  

(1) Using h i s t o r i c a l  load c h a r a c t e r i s t i c s  and load f o r e c a s t s ,  an 
hour ly  load  model j.s 'developed f o r  some f u t u r e  year .  

(2) A base  (nonsolar)  c a s e  i s  e s t a b l i s h e d  by t ak ing  t h i s  pro jec ted  
load  and s imula t ing  t h e  ope ra t ion  of t h e  u t i l i t y  system us ing  



t h e  d e t a i l e d  product ion  c o s t i n g  model. (For t h i s  s tudy  t h e  
nonsolar  base  GENOP expansion was used t o  e x p l i c a t e  t h e  
u t i l i t y  system i n  y e a r s  fol lowing t h e  base year . )  From t h i s  
comes base  c a s e  u t i l i t y  system ope ra t ing  c o s t s ,  f u e l  consump- 
t i o n ,  and system incremental  cos t s .  

(3) The same p r o j e c t e d  load  is  subjec ted  t o  s t a t i s t i c a l  a n a l y s i s  
and t h e s e  s t a t i s t i c s  a r e  forwarded t o  a Capacity Model, where 
r e l i a b i l i t y  a n a l y s i s  i s  performed and a  base  loss-of-load 
c r i t e r i o n  e s t a b l i s h e d .  

(4)  The same p r o j e c t e d  load from (1) i s  used a s  i n p u t  t o  t h e  Solar-  
Thermal Model. Other i n p u t s  a r e  hour ly  i n s o l a t i o n  and incre-  
mental  u t i l i t y  system ope ra t ing  c o ~ t s  [from (2)].  The Solar-- 
Thermal Model s imu la t e s  t h e  ope ra t ion  of t h e  s o l a r  p l a n t ,  and 
s u b t r a c t s  i t s  ou tpu t  hour ly  from t h e  inpu t  load t o  produce a 
n e t  r e s i d u a l  load .  

(5) The n e t  r e s i d u a l  load i s  used i n  an economic breakpoint  
a n a l y s i s  t o  e s t a b l i s h  any s h i f t  i n  balance-of-system genera t ing  
mix ( s e e  Sec t ion  4.1.5). 

( 6 )  The n e t  l oad  from (4) i s  subjec ted  t o  s t a t i s t i c a l  a n a l y s i s ,  
and subsequent ly  t o  r e l i a b i l i t y  ana lys i s .  The Capacity Model 
i s  used t o  f i n d  t h e  load-carrying c a p a b i l i t y  of t h e  s o l a r  
p l a n t  . 

(7). The n e t  l oad  from (4) and t h e  ad jus t ed  genera t ion  system from 
(5) are i n p u t  t o  t h e  De ta i l ed  Product ion Costing Model, where 
an  economic d i s p a t c h  i s  simulated f o r  t h e  ba lance  of t h e  
system. From t h i s  comes a new system ope ra t ing  c o s t  and f u e l  
CO~Siiiiigf~ons. 

(8) 'Lhe l i f e t i m e  product ion  c o s t  c r e d i t  i s  obta ined  by proper ly  
d i scoun t ing  t h e  annual  c r e d i t s  over t h e  s e r v i c e  l i f e  of t h e  
s o l a r  p l a n t ,  assuming equa l  s o l a r  e l e c t r i c  cnergy product ion 
and f u e l  t ype  displacement  i n  each year .  The d iscount ing  
e f f e c t s  over  t h e  s e r v i c e  l i f e  of t h e  s o l a r  p l a n t  minimize t h e  
d i sc repanc ie s  t h a t  would a r i s e  due t o  t h e s e  assumptions. The 
p r e s e n t  worth sav ing  i n  product ion c o s t  and capac i ty  c r e d i t  
a r e  combined wi th  es t imated  s o l a r  p l a n t  c o s t s  t o  e s t a b l i s h  
t h e  n e t  economic b e n e f i t  (or  l o s s )  t o  t h e  u t i l i t y .  

The s imu la t ion  invo lves  t h e  use  of t h e  solar-Thermal P l a n t  Model and t h e  
De ta i l ed  Product ion Cost Model, which s imu la t e s  t h e  ope ra t ion  of t h e  genera t ing  
u n i t s  making up t h e  ba lance  of t h e  u t i l i t y . s y s t e m .  F igure  A.4-2 shows how t h e  
v a r i o u s  i n p u t s  and models a r e  used i n  t h e  s imulat ion.  This  f i g u r e  shows t h a t  
t h e  f low involves  l oad  p r o j e c t i o n ,  solar- thermal  p l a n t  modeling and d a i l y  
product ion  c o s t  modeling. 

The S o l a r  P l a n t  Model can b e  used t o  s imula te  t h e  hour-by-hour ope ra t ion  of 
many types  of so la r - thermal  p l a n t s .  It can s imula te  e i t h e r  a c e n t r a l  r e c e i v e r  
steam Rankine s tand-alone p l a n t ,  a c e n t r a l  r e c e i v e r  steam Rankine hybrid 
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are d e s c r i p t i o n s  of maintenance po l i cy ,  r e l i a b i l i t y  c r i t e r i a ,  s t a t i . s tTca1  load 
r e d u c t i o n  informat ion ,  and e x i s t i n g  u n i t  desc r ip t ions .  

These t h r e e  models a r e  d iscussed  i n  more d e t a i l  on t h e  fol lowing pages. 

A.4.2.1 Load P r o j e c t i o n  

Although n o t  s t r i c t l y  a s imu la t ion  process  i t s e l f ,  t h e  development of an 
a p p r o p r i a t e  l oad  model i s  e s s e n t i a l .  The des i r ed  load model is  an hour ly  
r e p r e s e n t a t i o n  of demand upon t h e  u t i l i t y  genera t ing  system i n  a s tandard  
format .  The ca rd  image format chosen i s  b a s i c a l l y  t h e  s tandard  EEI format 
r e q u i r i n g  two c a r d s  f o r  t h e  24 hour ly  loads  of each day. Many u t i l i t i e s  
r e c o r d  r h e l r  a c t u a l  hour ly  i n t e g r a t e d  l o a d s  i n  t h i s  format.  I n  t h i s  a n a l y s i s  
t h e  format  i s  used f o r  f u t u r e  l oads  f o r  i npu t  i n t o  t h e  Solar-Thermal P l a n t  
Model and t h e  De ta i l ed  Product ion Cost Model. The n e t  r e s i d u a l  load output  of 
t h e  S o l a r  P l a n t  Model i s  a l s o  i n  t h i s  format.  

A.4.2.2 Solar-Thermal P l a n t  Model 

The computer model used i n  t h i s  s tudy  t o  s imula te  t h e  ope ra t ion  of s o l a r  
p l a n t s  i s  a modif ied v e r s i o n  of a program developed by t h e  Aerospace Corporation, 
Los Angeles [4].. The u s e  of t h i s  model i s  i n  l i n e  w i t h  t h e  s tudy  gu ide l ine  t o  
b u i l d  upon t h e  t o o l s  used i n  o t h e r  s t u d i e s  whenever poss ib l e .  

The b a s i c  model was developed under f e d e r a l  auspices ,  now under the d i r e c t i o n  
of  DOE. A miss ion  a n a l y s i s  s tudy  of solar- thermal  p l a n t s  i n  t h e  southwestern 
United S t a t e s  was conducted i n  1974 by t h e  Aerospace Corporat ion us ing  t h i s  
model [5] .  

S ince  t h e  i n i t i a l  s t u d i e s ,  the Aerospace Corporat ion has continued t o  revise 
t h e  model and h a s  extended use t o  o the r  i . m r ~ c t i g a t i o n o  s p o n ~ o r c d  by DOE 
and EPKI. The model which has  subsequent ly been g r e a t l y  modified by Westinghouse 
under EPRI funding i s  t h e  Aerospace o r i g i n a l  "Simple Systems Model." 

The E P ~ I / ~ e s t i n g h o u s e  S o l a r  P l a n t  Model i s  the one i.!.sed i n  t h i s  ctudy, Among 
t h e  ex t ens ive  mod i f i ca t ions  made t o  t h e  o r i g i n a l  Aerospace model are t h e  
a b i l i t y  t o  cons ider  t h e  fol lowing:  

S e r i e s ,  as w e l l  a s  p a r a l l e l ,  thermal  s t o r a g e  conf igu ra t ions  

Hybrid f o s s i l  / s n l a r ,  as w e l l  ac o o l n r  nnly,  p l a n t s  

Economic d i spa t ch ,  cons ider ing  u t i l i t y  incrementa l  ope ra t ing  
cnsts 

Altered  o p e r a t i o n  f o r  h i g h  i n s o l a t i o n  t r a n s i e n t  c o ~ l d i t i o n s  
( t h a t  i s ,  c e r t a i n  cloud condi t ions)  

.Automatic h e l i o s t a t  stow s imula t ion  dur ing  h igh  wind condi t ions  

More d e t a i l e d  turb ine-genera lor  efficiency r e p r e s e n t a t i o n  
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Dry cooling tower p lan t  e f f i c i ency  impact a s  a funct ion  of 
ambient temperature 

Ava i l ab i l i ty  t a b l e  f o r  implementing forced and scheduled 
outage condit ions 

Extended output ,  including n e t  remaining system load, i n  EEI 
standard format 

The most important of these  modificat ions t o  the  Solar  P lan t  Model is  the  
implementation of optimum dispatch  log ic .  This log ic  optimally uses  the  
energy co l l ec ted  by the  p l a n t ,  recognizing t h e  following f a c t o r s :  

Foreknowledge of current  day's  inso la t ion  p r o f i l e  

Foreknowledge of cu r ren t  day's load p r o f i l e  

U t i l i t y  system's incremental operat ing cos t  

Thermal s to rage  l i m i t s  and e f f i c i ency  

8. Turbine-generator l i m i t s  and e f f i c i e n c i e s  

The purpose of the  model i s  t o  take  s o l a r  design parameters a s  spec i f i ed ,  s i te  
s p e c i f i c  i n s o l a t i o n  and weather da ta ,  and simulate t h e  operat ion of the  s o l a r  
p l a n t  on an e l e c t r i c  u t i l i t y  system. This opera t ional  modeling u t i l i z e s  the  
p l a n t  i n  t h e  most economic fashion,  recognizing the  changes i n  incremental 
operat ing c o s t  of the  balance of t h e  u t i l i t y  system on an hourly bas i s .  

The model s imulates,  on an hourly b a s i s ,  t he  energy flow wi th in  a so lar -  
thermal e l e c t r i c  generat ing plan't. The p r 0 g r a m . i ~  constructed i n  a modular 
fashion t o  represent  the  major subsystems of such a p lant .  These subsystems 
a r e  shown i n  Figure A.4-3. 

The model takes  a s  input  the  hourly d i r e c t  normal i n s o l a t i o n ,  and through a 
series of conversion e f f i c i ency  and l o s s  ca lcu la t ions ,  develops the  e l e c t r i c a l  
output of th.e turhfne genera.tor. It accounts for the operat ion of thermal 
s to rage  and of f o s s i l  b o i l e r s ,  and i s  capable of s imulat ing a number of d i f f e r e n t  
s o l a r  p l a n t  concepts. 

The c o l l e c t o r  subroutine takes  the  input  s o l a r  i n s o l a t i o n  and combines it with 
t h e  e f f e c t i v e  c o l l e c t o r  a r e a  and appropr ia te  f a c t o r s  t o  desc r ibe  t h e  l o s s  due 
t o  shading, blocking, r e f l e c t i v i t y  and aiming. The r e s u l t i n g  n e t  co l l ec ted  
thermal energy i s  then passed t o  t h e  rece iver  subroutine. 

The. cnl.lec.ted energy i s  next  subjected t o  co r rec t ions  f o r  r ece ive r  e f f i c i ency  
and rece ive r  hea t  losses .  This i s  a s imulat ion of the  e f f e c t s  of r ece ive r  
absorpt ion  e f f i c i ency ,  and convection and r a d i a t i o n  losses .  

The thermal energy leaving the  r ece ive r  i s  next  adjusted t o  account f o r  pumping' 
l o s s e s ,  and f o r  l i n e  thermal losses .  The n e t  remaining energy is then transmit ted 
e i t h e r  t o  thermal s torage ,  i f  des i red ,  o r  d i r e c t l y  t o  t h e  tu rb ine  generator ,  
o r  i f  t h e  c a p a c i t i e s  of these  subsystems a r e  exceeded, t o  the  condenser. 
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Figure  A.4-3. CENTRAL RECEIVER SOLAR PLANT MODEL REPRESENTATION 

A number of i n p u t  t h r e s h o l d s  c o n t r o l  t h e  a c t i o n s  of Valves A and B, shown i n  
F igu re  A.4-3. Valve A determines whether t h e  energy i s  d i r e c t e d  t o  s t o r a g e  o r  
d i r e c t l y  t o  t h e  t u r b i n e  genera tor .  For t h i s  s tudy ,  t h e  advanced hybrid repow- 
e r e d  s o l a r  p l a n t  has  a s e r i e s  thermal b u f f e r  s to rage ,  s o  a l l  energy goes 
through s to rage .  Valve I3 c o n t r o l s  t h e  withdrawal of energy from s to rage ,  
which may be s imultaneous w i t h  u s e  of: hea t  irom Valve A. 'The c o n t r o l  parameters  
d e f i n e  l e v e l s  of system load  below which p l a n t  ou tput  i s  n o t  des i r ed ,  and t h e  
minimum a l lowable  h e a t  i n  s torage .  

The energy pass ing  from Valve A i n t o  s t o r a g e  i s  modified by a  s t o r a g e  i n p u t  
e f f i c i e n c y  f a c t o r .  Thermal l o s s e s  from s to rage ,  as a func t ion  of t ime, a r e  
a l s o  modeled. -Should t h e  energy i n  s t o r a g e  begin t o  exceed the  maximum capaci'ty 
s t a t e d  by i n p u t ,  t h e  l i m i t i n g  s t o r a g e . c a p a c i t y  is observed and t h e  energy 
overf low noted i n  t'he p r i n t o u t .  

The turb ine-genera tor  sub rou t ine  a p p l i e s  an  e f f i c i e n c y  f a c t o r  t o  r ep re sen t  t h e  
l o s s e s  i n  t h e  p roces s  of conversion from inpu t  thermal energy t o  output  e l e c t r i c a l  
energy. This  sub rou t ine  a l s o  inco rpora t e s  l i m i t s  f o r  minimum and maximum 
l e v e l s  of opera t ion .  

I n  summary, t h e  b a s i c  approach of t h e  model i s  t o  account f o r  energy f lows by 
u s e  of device  e f f i c i e n c i e s ,  some of which a r e  d i r e c t l y  input .  Others  a r e  
c a l c u l a t e d  through mathematical r e l a t i o n s h i p s  i n  t h e  program. 

I n  some subrout ines  t h e  u s e r  has  t h e  opt ion  of provid ing  t h e  i n p u t ,  a  simplc 
e f f i c i e n c y  f a c t o r ,  o r  r e l y i n g  upon more complex i n t e r n a l  c a l c u l a t i o n s .  

The exac t  d i spa t ch  r u l e s  a r e  d i f f e r e n t  f o r  t h e  t h r e e  d i f f e r e n t  types  of s o l a r  
p l a n t s  which were i n v e s t i g a t e d  i n  t h i s  study. The Advanced Stand-Alone (ASA) 
s o l a r  p l a n t  was modeled us ing  t h e  s t and -a lone , log ic .  The Advanced Hybrid 



Repowered (AHR) s o l a r  p l a n t  and t h e  Brayton Hybrid Repowered (BHR) s o l a r  p l a n t  
were modeled us ing  t h e  s o l a r  hybrid and repowered s o l a r  p l a n t  d i spa tch .  

A.4.2.2.1 So la r  Hybrid and Repowered P l a n t  Dispatch 

The s o l a r  hybrid repowered p l a n t  model used f o r  t h i s  a n a l y s i s  i s  an outgrowth 
of t h e  one developed by Westinghouse f o r  EPRI i n  t h e  performance of RP 648-1. 
A genera l ized  model r ep re sen ta t ion  of t h e  s o l a r  hybrid ( o r  s o l a r  hybrid 
repowered p l a n t )  i s  shown i n  F igure  A.4-4. This  computer model has  t h e  
c a p a b i l i t y  of modeling t h e  opera t ion  of a number of types and conf igu ra t ions  
of s o l a r  p l a n t s  on an  hourly b a s i s .  Included i n  t h e  model i s  t h e  economic 
opera t ion  of s o l a r  stand-alone p l a n t s  wi th  s e r i e s  o r  p a r a l l e l  s t o r a g e  and 
hybrid Brayton o r  Rankine systems. The hybrid c a p a b i l i t y  al lows t h e  modeling 
of repowered p l a n t s .  
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For t h e  r e a l i s t i c  r e p r e s e n t a t i o n  of s o l a r  hybrid repowered p l a n t s  and t h e i r  
most economical opera t ion ,  a number of r u l e s  and cons ide ra t ions  have been 
incorpora ted  i n  t h e  So la r  P l a n t  Model and a r e  b r i e f l y  s t a t e d  below, and shown 
i n  Table A.4-1. 

For rea l i sm i n  t h e  modeling of t h e  ope ra t ion  of t h e  hy'brid p l a n t ,  those  items 
shown i n  Table A.4-1, inc luding  f o s s i l  f u e l  consumption and t h e  time requi red  
t o  b r i n g  t h e  b o i l e r  up t o  temperature and p re s su re ,  a r e  considered. Operating 
scena r ios  where t h e  b o i l e r  temperature is  maintained (standby) is  an opt ion i n  
t h e  program. 

'Logic r e q u i r i n g  f o s s i l  b o i l e r  energy to  b u f f e r  t h e  t u r b i n e  during i n s o l a t i o n  
t r a n s l e n t s  has  a l s o  been incorporated.  The skycover conditions a r e  sampled 



Table A.4-1. SOLAR HYBRID PLANT MODEL DISPATCH . 

a O i l  S t a r t u p  Logic 
O i l  Buffer  f o r  I n s o l a t i o n  Trans i en t s  

a Close-Up P o t e n t i a l  Shutdown Windows 
HighWindSpeed  So la r  Sliutdown 
B o i l e r  E f f i c i ency  .Correct ions 
O i l  Recovery of Low I n s o l a t i o n  
Economic O i l  Dispatch 
Hot Standby o i l  (Option) 
Economic Shutdown a t  End of Day 

a ~ o s t l ~ e n e f i t  of Dai ly  O i l  U s e  . 

Recognizing 

a ~ o r e k n o w l e d ~ e  of Day's I n s o l a t i o n  P r o f i l e  
F o r e k n o w l e d g e o f D a y ' s L o a d P r o f i l e  

a U t i l i t y  System Incremental  Cost Curve 
F o s s i l  Bo i l e r  Limi ts  and Ef f i c i ency  
Turbine-Generator L imi t s  and Ef f i c i ency  

a I n s o l a t i o n  High Trans ien t  Condit ions 
Operat ion Wind Limi ts  

hour ly  from t h e  i n s o l a t i o n  t a p e  t o  determine when i n s o l a t i o n  t r a n s i e n t  condi t ions  
apply.  Presence  of b u f f e r  s t o r a g e  can a l s o  be  used t o  cover i n s o l a t i o n  t r a n s i e n t s .  

To p reven t  excess ive  cyc l ing  of t h e  tu rb ine ,  t h e  p l a n t  may be  f i r e d  t o  run 
through what o the rwi se  would be a  b r i e f  shutdown period.  When wind speeds 
exceed t h e  i n p u t  des ign  l i m i t s ,  t h e  h e l i o s t a t s  a r e  assumed stowed and no s o l a r  
energy i s  c o l l e c t e d  f o r  t h a t  hour. 

Both b o i l e r  and turb ine-genera tor  par t- load e f f i c i e n c y  curves a r e  incorpora ted  
i n  t h e  S o l a r  P l a n t  Model. 

When t h e  i n s o l a t i o n  i s  n o t  s u f f i c i e n t  t o  ope ra t e  t h e  t u r b i n e  a t  i ts  minimum 
l e v e l  and a s p e c i f i e d  i n s o l a t i o n  threshold  i s  exceeded, t h e  b o i l e r  i s  f i r e d  t o  
p rov ide  enough supplemental energy t o  sa lvage  t h e  i n s o l a t i o n  and ope ra t e  t h e  
t u r b i n e  genera tor .  

The incrementa l  c o s t  of competing convent ional  p l a n t s  is t e s t e d  hour ly  t o  
e s t a b l i s h  whether a d d i t i o n a l  f o s s i l  f i r i n g  i s  economically j u s t i f i e d .  Also, a  
test  i s  made t o  determine whether i t  i s  worthwhile (economic) t o  start  up t h e  
b o i l e r  a t  a l l ,  each day, o r  t o  l eave  t h e  b o i l e r  cold and s u f f e r  t h e  ope ra t ing  
consequences (e .g. ,  no e l e c t r i c a l  output  dur ing  s o l a r  t r a n s i e n t s ) .  The proper  
b o i l e r  shutdown hour i s  a l s o  e s t a b l i s h e d  on an economic d i spa t ch  b a s i s .  

The a b i l i t y  of t h e  model t o  examine a l t e r n a t e  opera t ing  s t r a t e g i e s  as w e l l  a s  



des ign  parameters  has  been found t o  be  extremely va luable .  A l ist  of some of 
t h e  i n p u t s  and ou tpu t s  of t h e  So la r  P l a n t  Model i s  given i n  Table A.4-2. 

Table A.4-2. REPRESENTATIVE SOLAR PLANT MODEL INPuTS/OUTPUTS 

INPUT 

- S i t e  l o c a t i o n  and l a t i t u d e  
- Sula r  c o l l e c t o r  system type  and o r i e n t a t i o n  
- Hourly u t i l i t y  system demand 
- U t i l i t y  balance-of-system incrementa l  c o s t  - Hourly i n s o l a t i o n  and meteoro logica l  d a t a  
- Col l ec to r  f i e l d  a r e a  
- Tracking e f f i c i e n c i e s  
- R e f l e c t i v i t y  e f f i c i e n c i e s  
- Receiver thermal e f f i c i e n c y  
- Pumping e f f i c i e n c y  
- Line thermal power l o s s  e f f i c i e n c y  
- Storage  input /output  e f f i c i e n c y  
- Thermal s t o r a g e  capac i ty  
- Turbine-generator e f f i c i e n c y  
- Turbine-generator ope ra t ing  l i m i t s  
- Cooling tower type  and e f f i c i e n c y  
- Minimum usab le  i n s o l a t i o n  
- Star tupls tandby o i l  consumption . . 

- Storage  h e a t  i n i t i a l i z a t i o n  
- P l a n t  incremental  f u e l  c o s t  
- P l a n t  a v a i l a b i l i t y  (equipment-related forced  outage t a b l e )  
- Wind-speed design l i m i t  
- Skycover t r a n s i e n t  s p e c i f i c a t i o n  
- Turbine-generator ou tput  windows' t r a n s i e n t  suppress ion  

OUTPUT 

- P l a n t  megawatt e l e c t r i c  ou tput  (hourly)  
- Modified u t i l i t y  system demand (hourly)  
- I n s o l a t i o n  energy (hourly)  
- Energy i n  s t o r a g e  (hourly) 
- Storage  energy overflow (hourly)  
- In te rmedia te  power flows (hourly)  
- Annual and monthly e l e c t r i c  energy output  
- Annual and monthly s o l a r  energy output  
- Annual and monthly o i l  consumption output  
- Operating mode t r a n s i t i o n  summary 
- windy and cloudy days t a b l e  
- O i l  consumption - S t a r t u p  and b u f f e r  o i l  consutnption 
- Trans ien t  suppression o i l  consumption - Average s o l a r  power a v a i l a b i l i t y  by hour - Average u t i l i t y  demand by hour 
- Monthly peak u t i l i t y  demand 



A.4.2.2.2 Centra l  Receiver Stand-Alone P lan t  Dispatch 

The c e n t r a l  receiver s o l a r  p lan t  dispatch r u l e  i s  b a s i c a l l y  a process of four  
s t e p s ,  t h e  ob jec t ive  of which i s  t o  minimize the  operat ing c o s t s  of the  balance 
of t h e  u t i l i t y  system, wi th in  t h e  inso la t ion  a v a i l a b i l i t y  and p lan t  parameter 
cons t ra in t s :  

(1) Direct Inso la t ion  Dispatch. I n  t h i s  f i r s t  s t e p ,  t h e  e n t i r e  
day i s  simulated with a l l  usable energy from the  receiver  
s y s t e m  being routed d i r e c t l y  t o  t h e  t i r b i n e  generator. I f  
the  energy co l l ec ted  i s  below t h e  minimum l e v e l  required f o r  
turbine-generator operat ion,  i t  i s  sen t  t o  storage,  a s  i s  
excess energy co l l ec ted  beyond t h a t  required f o r  maximum 
l e v e l  operat ion.  

(2) Minimize Storage Overflow. Next, t h e  thermal energy l o s t  due 
t o  s to rage  overflow i s  minimized. Overflow i n t e r v a l s  r e s u l t i n g  
from (1) - a r e  i d e n t i f i e d .  I f  overflow is a t  the  end of a d i r e c t  
d ispatch  i n t e r v a l  and t h e  turbine  generator  i s  not  operat ing 
(because of an i n s u f f i c i e n t  l e v e l  of d i r e c t  energy), s u f f i c i e n t  
energy i s  withdrawn f rom.s torage  t o  operate the  p lant .  For 
o the r  overflow i n t e r v a l s ,  p r i o r  hours when the  turbine  generator 
i s  n o t  opera t ing a t  maximum l i m i t  a r e  iden t i f i ed .  From those, 
the  h ighes t  incremental c o s t  hours a r e  se lec ted  and energy i s  
dispatched from s torage  u n t i l  overf'low i s  minimized. 

(3)  Thermal Storage Dispatch. I n  t h i s  s t ep ,  the  ava i l ab le  energy 
i n  thermal s to rage  i s  dispatched. The hours with the  highest  
incremental s y s t e m  c o s t s  i n  which the  turbine  generator i s  
not opera t ing a t  maximum output a r e  iden t i f i ed .  Energy i s  
dispatched from s to rage  beginning with the  highest  such 
incremental c o s t  hour u n t i l  the  minimum allowed l e v e l  of energy 
Pi1 s to rage  i s  rcached. 

Energy Exchange. This last s t e p  looks f o r  any advantage of 
r ea l loca t ing  energy previously assumed t o  be sen t  d i r e c t l y  t o  
the  turbine-genera tor  from t h e  receiver ,  t o  s torage  f o r  l a t e r  
use. This exchange of d i r e c t  use i n  one hour t o  through- 
s torage  use  i n  another must be j u s t i f i e d  by the  system incre-  
mental c o s t  d i f f e r e n t i a l .  This d i f f e r e n t i a l  must be g r e a t  
enough t o  j u s t i f y  the  l o s s  i n  e f f i c i ency  when going through 
storage.  Also, s torage  cannot be f u l l  i n  any intervening 
hour f o r  tlie exchange t o  take  place. Tt~e exchange is examined 
by searching through p a i r s  of highest  incremental cos t  hours 
not having maximum turbine-generator output,  and lowest incre-  
mental c o s t  hours with d i r e c t  energy use. 

Two examples of t h i s  d ispatch  sequence a r e  shown i n  Figure A . 4 - 5 .  The dashed 
l i n e  labeled "I1' i s  assumed t o  be t h e  inso la t ion  p r o f i l e  f o r  a day, and t h e  
11 11 L curve i s  t h e  u t i l i t y  system demand. 

I n  t h e  f i r s t  example, s t e p  one shows the  d i r e c t  use of the  inso la t ion  energy. 
Two s torage  overflow i n t e r v a l s  r e s u l t ,  a s  indicated.  The program cannot avoid 



t h e  e a r l i e r  overflow i n t e r v a l ,  assuming s t o r a g e  was a t  a  minimum a t  t he  beginning 
of t h e  day. The second overflow i n t e r v a l  r e s u l t e d  when t h e  d i r e c t  energy w a s  
a t  too  low a l e v e l  t o  ope ra t e  t h e  t u r b i n e  genera tor .  Here, as shown i n  a r e a  
two of t h e  example, energy i s  withdrawn from s t o r a g e  t o  ope ra t e  ' the  t u r b i n e  
genera tor  and avoid t h i s  overflow. I n  t h e  t h i r d  s t e p  the  h ighes t  incremental  
c o s t  hours a r e  found during which t h e  t u r b i n e  gene ra to r  i s  n o t  a t  maximum 
ope ra t ing  l e v e l ,  and s t o r a g e  i s  dispatched.  No exchange ( s t e p  four )  can t ake  
p l a c e  between t h e  hour fol lowing a r e a  t h r e e  and t h e  minimum load l e v e l  during 
a r e a  one, s i n c e  s t o r a g e  i s  f u l l  dur ing  t h e  in t e rven ing  overflow i n t e r v a l s .  
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Figure  A.4-5. EXAMPLES OF..SOLAR'PLANT DISPATCH 

The second example shows a  day wi th  much poorer  i n s o l a t i o n .  No ove r f1 .0~  
occurs .  A f t e r  t h e  f i r s t  t h r e e  d i spa t ch  s t e p s ,  t h e  s t e p  f o u r  exchange l o g i c  is 
brought i n t o  opera t ion .  The hours i nd ica t ed  by "4?" a r e  t e s t e d  f o r  exchange 
p o s s i b i l i t i e s .  I f  t h e  d i f f e r e n t i a l  i n  incremental  system product ion c o s t s  f o r  
the p a i r  i s  g r e a t e r  than  t h e  e f f i c i e n c y  d i f f e r e n t i a l  incur red  by going through 
s t o r a g e ,  then  t h e  energy i n  t h e  e a r l i e r  "4?" hour i s  d i r e c t e d  t o  s t o r a g e  
r a t h e r  than  t o  t h e  tu rb ine  genera tor ,  and t h e  energy is withdrawn from s t o r a g e  
i n  t h e  l a t e r  "4?" hour: The next  e l i g i b l e  p a i r  i s  i d e n t i f i e d  and t h e  process  
repeated.  Once t h e  exchange i s  n o t  j u s t i f i a b l e ,  t h e  procedure ends, because 
t h e  sea rch  s t a r t s  wi th  maximum incremental  c o s t  d i f f e r e n t i a l  p a i r s  and works 
wi th  decreas ing  d i f f e r e n t i a l s .  Table A.4-3 summarizes t h e  stand-alone s o l a r  
p l a n t  d i spa t ch  r u l e s .  

A s p e c i a l  d t s p a t c h  r u l e  has  been implemented f o r  hours  i d e n t i f i e d  as l i k e l y  t o  
con ta in  seve re  i n s o l a t i o n  t r a n s i e n t s .  For t h e s e  hours  t h e  p l a n t  i s  forced  t o  
ope ra t e  through s t o r a g e  t o  t so l .a te  t h e  t u r b i n e  genera tor  from the  t r a n s i e n t s .  



Table A.4-3. SOLAR STAND-ALONE DISPATCH RULE 

Prel iminary study has been performed t o  i d e n t i f y  the  weather parameters 
c h a r a c t e r i s t i c  of such hours. Hourly in tegra ted  inso la t ion  values,  such a s  
those  appearing on t h e  Aerospace i n s o l a t i o n  tapes,  a r e  of l i t t l e  value i n  t h i s  
regard because of t h e  much s h o r t e r  time i n t e r v a l  involved i n  inso la t ion  
v a r i a t i o n s ,  Thus, t h e  new dispatch log ic  keys upon the  tenths of skycover 
d a t a ;  t h i s  information i s  included on the  Aerospace inso la t ion  tapes. The 
t e n t h s  of skycover associa ted  with high t r a n s i e n t  cnndit.inns are des ignated  by 
inpu t  parameters. Whenever the  d ispatch  rou t ine  d e t e c t s  an hour with the  
designated skycover, t h e  inso la t ion  col lec ted  is  d i rec ted  t o  storage.  Two 
consecutive nontrans ient  hours a r e  required t o  allow the  s o l a r  p lan t  t n  ret.urn 
t o  rou t ing  of co l l ec ted  ( receiver)  s o l a r  energy d i r e c t l y  t o  the  turbine  generator. 

Dispatch Inso la t ion  Di rec t ly  t o  Turbine Generator. 
Minimize Waste Heat Using Storage 
Dispatch Storage on Incremental Cost 
Economic Exchange of Direct  U s e  VS Through Storage 

Recognizing 

Foreknowledge of Day's Inso la t ion  P r o f i l e  
Foreknowledge of Day's Load P r o f i l e  
U t i l i t y  System Incremental Cost Curve 
Storage Limits  and Efficiency 
Turbine-Generator Limits and Ef f i c ienc ies  
Operat ional  Wind Limits  
Inso la t ion  Transient  Conditions 

A t e s t  of the wind d a t a  from the  inso la t ion  tapes a l s o  a f f e c t s  the  s o l a r  
p l a n t ' s  simulated operat ion.  I f  t h e  wind f o r  an hour exceeds a threshold 
va lue  which is defined by input ,  then the  h e l i o s t a t s  a r e  assumed t o  be "feathered," 
o r  stowed, and no s o l a r  hea t  i s  col lec ted .  The plant  may operate from heat  i n  
s to rage ,  i f  advantageous, o r  save i t  f o r  l a t e r .  This test is  included f o r  a l l  
types of solar-thermal p l a n t s  simulated i n  the  revised model. 

b 

I n  genera l ,  the  d ispatch  r u l e  implemented s t r i v e s  t o  u t i l i z e  a s  much of the  
s o l a r  energy a s  poss ib le  and t o  use  i t  during the  hours of h ighes t  operat ing 
cosr for the balance of the  u t i l i t y  system. No attempt i s  made t o  save usable 
h e a t  i n  s torage  from one day t o  t h e  next ,  which usual ly  r e s u l t s  i n  a drawdown 
of s to rage  to  i t s  minimum allowable l e v e l  each day. 

A.4.2.3 Daily U t i l i t y  Production Cost Model 

The Westinghouse Daily Production Cost Model i s  used i n  t h i s  study t o  e s t a b l i s h  
base  case (nonsolar) u t i l i t y  system operat ing cos t s  and other  operat ing param- 
e t e r s ,  and f o r  the  balance-of-system simulat ion i n  cases including s o l a r  
p l a n t ( s ) .  It i s  an es tabl ished computer program which simulates the  operat ion 
of a  u t i l i t y  system by performing economic dispatch on a bihourly bas i s .  



Minor modifications have been implemented t o  enhance communication with the  
s o l a r  model. 

Since de ta i l ed  production cos t ing programs a r e  a f a i r l y  es tabl ished methodology, 
only a b r i e f  desc r ip t ion  of t h i s  program w i l l  be given i n  t h i s  repor t .  

The Westinghouse Daily ~ r o d u c t i o n ' c o s t  Program s t a r t s  by es tab l i sh ing  a base 
incremental c o s t  t a b l e  which includes a l l  e x i s t i n g  generating u n i t s  
(see  Figure A.4-6). The input  incremental heat  r a t e  and f u e l  cos t  da ta  f o r  
each u n i t  a r e  combined t o  const ruct  incremental cos t  curves f o r  each un i t .  
These curves a r e  merged t o  const ruct  an incremental cos t '  t a b l e  f o r  the  e n t i r e  
system. 

I n  each maintenance period (considered t o  be weekly) t h e  base system incremental 
c o s t  t a b l e  i s  a l t e red .  The incremental c o s t s  of those u n i t s  on maintenance 
a r e  removed. 

The program u t i l i z e s  chronological load data ,  a s  opposed t o  load durat ion 
curves, t o  allow t h e  d e t a i l  described. The model ca lcu la tes  t h e  t o t a l  energy 
generated over a period (usual ly  a month) from these  load data. Daily load 
shapes a r e  used i n  t h e  form of twelve two-hour in tegra ted  loads expressed i n  
percent  of t h e  d a i l y  load peak. Normally f i v e  load shapes a r e  supplied, 
representing Monday, weekdays (Tuesday, Wednesday, and Thursday), Friday, 
Saturday, and Sunday. I n  t h i s '  ana lys i s  the  t y p i c a l  d a i l y  shapes a r e  found by 
t h e  program from hourly load spec i f i ca t ion  f o r  the  e n t i r e  year. 

Each week, run-of-river hydro.and pondage hydro a r e  dispatched f i r s t .  The 
run-of-river hydro capacity i s  subtracted from t h e  loads. The pondage hydro 
i s  then dispatched i n  such a way a s  t o  minimize t h e  load peaks during t h e  
week. The pondage energy is a l located ,  respect ing the  individual  u n i t  capacity 
l i m i t a t i o n s ,  u n t i l  t h e  weekly s tored energy i s  f u l l y  u t i l i z e d .  Daily energy 
l i m i t a t i o n s  may be provided a s  an add i t iona l  const ra in t .  

Pumped s torage  energy i s  a l s o  a l located  on a weekly pond r e f i l l  cycle. The 
phys.ica1 pond s i z e  provides t h e  bas ic  energy const ra in t .  Daily water re- 
cycling is  calcula ted  wi th in  the  l i m i t s  of the  pond s ize .  The t o t a l  weekly 
generat ion and pumping energy i s  calcula ted  t o  minimize cos t s  based upon the  
cycle  e f f i c iency ,  thermal incremental cos ts ,  and energy ava i l ab le  i n  t h e  pond. 

For t h i s  study, no hydro energy is  ava i l ab le ,  so t h e  operat ion begins when a 
u n i t  s t a r t u p  and shutdown schedule is  developed f o r  a day. Enough u n i t s  a r e  
s t a r t e d ,  o r  continued i n  operat ion,  i n  each bihourly load period t o  s a t i s f y  
t h e  load p lus  spinning reserve  requirements. A u n i t  s t a r t u p  p r i o r i t y  l i s t  is  
input  f o r  se lec t ing  which u n i t s  should be running. 

An economic dispatch,  o r  loading, of the  s t a r t e d  u n i t s  is  performed f o r  each 
two-hour load period. This d ispatch  i s  based upon t h e  incremental c o s t s  and 
transmission penalty f a c t o r s  of individual  un i t s .  The dispatch l o g i c  i s  
designed t o  l e v e l i z e  incremental cos ts ,  minimizing t o t a l  production cos t .  

I n  addi t ion  t o  t h e  system energy requirements, energy t r a n s f e r s  r e s u l t i n g  from 
several d i f f e r e n t  types of interchange may be represented i n  t h e  program. 
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The program has  t h e  a b i l i t y  t o  output  b ihour ly  system d a t a  as w e l l  a s  monthly 
and s tudy  summaries of c o s t s ,  f u e l s  consumed, and energy produced by each 
u n i t .  

A.4.2.4 Generation Planning Capacity Model 

The Westinghouse Generat ion Planning Capacity Model u ses  p r o b a b i l i t y  mathe- 
ma t i c s  t o  do many th ings .  In one mode i t  schedules  i n d i v i d u a l  genera t ing  u n i t  
maintenance per iods  t o  opt imize t h e  system's r e l i a b i l i t y .  I n  t h e  second mode 
i t  f i n d s  t h e  load-carrying c a p a b i l i t y  of t h e  gene ra t ing  system f o r  a given 
loss-of-load pro l iab i l i ty .  Both of t h e s e  modes w e r e  used ex tens ive ly  i n  t h i s  
s tudy  . 
Convent iona l 'genera t ing  p l a n t s  a r e  s u b j e c t  t o  scheduled outages f o r  r o u t i n e  
in spec t ions  and s e r v i c e ,  and forced  outage due t o  equipment f a i l u r e .  I n  
a d d i t i o n  t o  t h e s e  outages ,  a s o l a r  p l a n t ' s  a v a i l a b i l i t y  depends upon i n s o l a t i o n  
c h a r a c t e r i s t i c s ,  t h e  amount of s to rage ,  and t h e  p l a n t  ope ra t ing  s t r a t e g y .  
Extensions were requi red  t o  convent ional  u t i l i t y  procedures  f o r  c a l c u l a t i n g  
genera t ing  system r e l i a b i l i t y  (loss-of-load p r o b a b i l i t y ,  LOLP) t o  i nc lude  t h e  
impact of t h e s e  a d d i t i o n a l  s o l a r  p l a n t  f a c t o r s .  Most LOLP c a l c u l a t i o n a l  
procedures l i m i t  t h e  number of a v a i l a b i l i t y  s t a t e s  an i n d i v i d u a l  genera t ing  
p l a n t  may assume t o  two o r  t h r e e .  The a v a i l a b i l i t y  s t a t e  r e p r e s e n t a t i o n  is  a 
d i s c r e t e  p r o b a b i l i t y  d i s t r i b u t i o n  g iv ing  t h e  l i ke l ihood  of t h e  maximum a v a i l -  
a b l e  output  from t h e  p l a n t  a t  some time. To adequately r ep re sen t  . t h e  p o s s i b l e  
capac i ty  c o n t r i b u t i o n s  o f  a s o l a r  p l a n t ,  an a v a i l a b i l i t y  d i s t r i b u t i o n  wi th  
numerous s t a t e s  was requi red .  

To develop t h i s  d i s t r i b u t i o n ,  hourly s imula t ion  of t h e  s o l a r  p l a n t ' s  ope ra t ion  
i s  used and t h e  load  r educ t ion  tabula ted .  The a b i l i t y  of t h e  s o l a r  p l a n t  t o  
reduce t h e  u t i l i t y  system's weekday peak loads  i s  t abu la t ed  i n  terms of t h e  
d a i l y  megawatt reduct ions .  These r educ t ions  a r e  processed f o r  each season of 
i n t e r e s t  t o  produce s t a t i s t i c a l  moments (mean, va r i ance ,  skewness, and k u r t o s i s )  
of t h e  d a i l y  peak load  reduct ions .  These moments a r e  then used t o  c r e a t e  an  
e f f e c t i v e  capac i ty  a v a i l a b i l i t y  d i s t r i b u t i o n  f o r  t h e  s o l a r  p l a n t .  This  d i s t r i -  
bu t ion  i s  then  i n p u t  t o  t h e  Westinghouse Capacity Expansion Model a s  a common 
headcr  u n i t .  This  model has t h e  c a p a b i l i t y  of accept ing  an almost i n f i n i t e -  
s t a t e  r e p r e s e n t a t i o n ,  s i n c e  s t a t i s t i c a l  moments a r e  used t o  r ep re sen t  common 
header a v a i l a b i l i t y  d i s t r i b u t i o n s .  The process  of making t h e  s o l a r  p l a n t  
r e l i a b i l i t y  c a l c u l a t i o n  i s  a s  fol lows:  

(1) Run u t i l i t y  LOLP us ing  Westinghouse Capaci ty Model a n a l y s i s  
without  s o l a r  p l a n t .  

(2) Simulate  ope ra t ion  of s o l a r  p l a n t ,  s u b t r a c t i n g  hour ly  output  
from syste.m load.  

(3 )  Calcu la t e  r educ t ion  i n  d a i l y  load peaks. 

(4) Calcu la t e  f i r s t  f o u r  moments of s o l a r  e f f e c t i v e  peak 
reduct ion .  



(5) Use moments in Westinghouse Capacity Model using common 
11erider logic. 

(6) Compare (1) with (5) to establish conventional capacity 
displacement. 

This procedure will allow reliability impact assessment of colocated versus 
geographically distributed plants, solar plant size, solar plant penetration, 
storage capacity, operating strategy, and. location. 

A.4.3 INSOLATION DATA BASE 

The insolation data used in the modeling of the solar plants was calculated 
from El Paso data. The procedure used for generating this weather d a t a  is 
shuwn 111 Table A. 4-4. 

Table A.4-4. MIDLAND, TEXAS INSOLATION GENERATION METHODOLOGY 
-- -- - -  -- 

Information Available 

Midland: Only mean daily global insolation available 

El Paso: Mean daily global insolation 
Hourly global insolation for typical meteorological year 
Hourly direct normal for typical meteorological year 

Hourly Midland Insolation Development Methodology 

Mean Daily Global (Midland) 
,cF(Month) = Efeolk Dally Global (El Paso) 

'GH~ (Midland) = IGHr (El Paso) * CP (Month) 
DirectHr 

% N H ~  
(Midland) = I ~ ~ ~ ( E ~  Paso) * ) (El Paso) 

Where : CF = Correction factor for each month 

ICTTI+ = Global hourly insolation for the site 

'DNH~ = Direct normal hourly insolation for the site 

The direct normal insolation component of the radiant energy from the sun, 
which is redirected in a manner,which concentrates the energy on the absorbing 
surface (receiver), was determined on an hourly basis in two steps. -The 



Midland hourly g lobal  i n s o l a t i o n  was s e t  equal t o  the  E l  Paso hourly global  
inso la t ion  t i m e s  t h e  r a t i o  of the  Midland t o  E l  Paso mean d a i l y  g lobal  insola-  
t i o n ,  then the  Midland hourly d i r e c t  normal inso la t ion  was set equal t o  the  
Midland hourly g lobal  inso la t ion  times the  hourly r a t i o  of t h e  d i r e c t  normal 
t o  t h e  global  E l  Paso inso la t ion .  A l l  o ther  weather da ta  such a s  percent  sky 
cover and wind speed was taken d i r e c t l y  from the  E l  Paso SOLMET i n s o l a t i o n  
tape.  

The s t a t i c  ana lys i s  nierhodolugy involvco the  i n t e r a c t i o n  of severa l  models 
t h a t  were a l s o  used i n  t h e  generat ion expansion methodology. For both eval- 
ua t ions  t h e  capacity model was used t o  schedule maintenance, a  necessary input  
t o  t h e  Daily Production Costing (DPC) Program. The DPC Program ca lcu la tes  
incremental operat ing c o s t s  f o r  the  s o l a r  p lan t  model. The s o l a r  model then 
dispatches energy t o  reduce t h e  system demand. This por t ion  of the  procedure 
i s  common t o  both t h e  s t a t i c  ana lys i s  and generat ion expansion methodologies. 
The s t a t i c  ana lys i s  c a r r i e s  t h e  procedure one s t e p  f u r t h e r  t o  examine how t h e  
day-to-day operat ion of t h e  u t i l i t y  changed with the  inc lus ion of the  s o l a r  
p i a n t .  The generat ion expansion methodology is used t o  inves t iga te  how the  
generat ion expansion plan changes f o r  a  p a r t i c u l a r  s o l a r  p lan t  i n s t a l l a t i o n  
schedule. 
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SECTION A.5 

ECONOMIC METHODS 

Conventional revenue requirements methods were used as a b a s i s  f o r  t h e  economic 
a n a l y s i s  i n  t h i s  s tudy .  These techniques,  a s  app l i ed ,  recognize  b o t h ' t h e  t ime 
va lue  of money and independent e s c a l a t i o n  o f , v a r i o u s  c o s t  elements.  They a r e  
c o n s i s t e n t  w i th  e l e c t r i c  u t i l i t y  p r a c t i c e  and provide  t h e  needed f l e x i b i l i t y .  

Because of t h e  ~ l n c e r t a i n t y  of the  c o s t s  of c e r t a i n  p o r t i o n s  of t h e  s o l a r  
p l a n t ,  p a r t i c u l a r l y  under mass product ion condi t ions ,  i t  was deemed important  
t o  a s s e s s  t h e  economic va lue  of t h e  s o l a r  p l a n t  independent ,of  i ts  c o s t s .  The 
v a l u e  a r i s e s  p o t e n t i a l l y  from both ope ra t ing  c o s t  and c a p i t a l  c o s t  sav ings  t o  
t h e  ba lance  of t h e  u t i l i t y  system. The ope ra t ing  c o s t  sav ings  a r e  der ived  
from reduc t ion  i n '  f u e l  consumption and v a r i a b l e  ope ra t ing  and maintenance 
c o s t s .  The c a p i t a l  c o s t  s av ings  a r i s e  from reduced convent iona l  capac i ty  
requirements  and a p o t e n t i a l  s h i f t  i n  t h e  mix of convent ional  u n i t s .  

'The busbar energy c o s t s ,  which a r e  c o n s i s t e n t  w i th  DOE/EPRI gu ide l ines ,  a r e  a 
func t ion  of s o l a r  p l an t .  c o s t  and e l e c t r i c  energy product ion.  

The n e t  economic impact of a  s o l a r  p l a n t  upon a  u t i l i t y  system is  ca l cu la t ed  
by simply s u b t r a c t i n g  t h e  s o l a r  p l a n t  va lue  from i t s  es t imated  cos t s .  

The c o s t / b e n e f i t  r a t i o  is  ca l cu la t ed  by d iv id ing  t h e  p re sen t  worth of s o l a r  
p l a n t  l i f e t i m e  c o s t s  (revenue requirements)  by t h e  p re sen t  worth of i t s  l i f e t i m e  
va lue .  

The economic methods used i n  t h e  s tudy  a r e  designed t o  e s t a b l i s h  fou r  b a s i c  
economic measures of each p l a n t  con f igu ra t ion  and each unique condi t ion  i n v e s t i -  
gated.  These measures a r e  as fol lows:  

8 Value of t h e  s o l a r  p l a n t  

8 ' S o l a r  p l a n t  busbar energy c o s t  

Economic impact upon u t i l i t y  system 

a Cos t /bene f i t  of t h e  s o l a r  p l a n t  

Table A.5-1 shows t h e  i n p u t  r equ i r ed  f o r  each case. 

The methods used t o  o b t a i n  t h e s e  measures a r e  c o n s i s t e n t  w i th  t h e  p r a c t i c e s  
used by many e l e c t r i c  u t i l i t i e s .  I n  fact . ,  t h e  revenue requirements d i s c i p l i n e ,  
upon which a  g r e a t  d e a l  of t h e  fol lowing i s  based, i s  a t t r i b u t e d  l a r g e l y  t o  
e l e c t r i c  u t i l i t y  ecoxlonlists. M r .  Paul  Jeynes [6], formerly wi th  t h e  Pub l i c  
Serv ice  E l e c t r i c  and Gas Company of New Je r sey ,  has  been one of i t s  major 
proponents.  



- 
CASE 

As sump tions 

Solar Plant 
Plant concept: 
Plant size (MWe net) : 2 
Collector area (effective m ): 
Storage size (MWh net) : 

Utility System 
System identification of load profiles: 
Identification of generating mix: 
Insolation'ldentlfication: 

General Economic 
Basic cost 'of capital (k) : 

Base Fuel Costs (c/MBtu, year; escalation rate) 
Nuclear : 
Coal: 
Oil : 
Gas: 

Base Capital Cost ($/kWe, year; escalation rate) 
Nuclear: 
Coal-steam: 
Oil-steam: 
Combined-cycle: 
Combustion turbine: 

Solar Plant Cost 
Capital cost ($/We, year): 
Operating and maintenance costs ($/year, year) : 
Carrying charge rate: 

Results - 
Plant Value 

Net capital credit ($, $/kWe): 
Annual operatlltg costs ($, year) : 
Present value of operating credit (S ) :  
Net plant value ($, $/kWe): 
Break-even capital cost ($, $/kWe): 

Solar Plant Energy Costs 
Solar plant. energy produced (MWhfyear) : 
Solar plant capacity. factor: 
Busbar energy costs (mills1kWh): 

Utility System Cost Impact 
Present value ~ a p i t i d ,  cost diffcrcntial (S, year): 
Present value operating cost differential ($ , year) : 
'~otal present value differential ($, year) : 
Levelized annual cost differential (Slyear): 

~ost/~enef it 



The busbar energy cos t  ca lcu la t ions  a r e  taken pr imar i ly  from a j o i n t  EPRI/DOE 
repor t  by J. W. Doane e t .  a l .  [7 ]  An e f f o r t  has been made t o  make the  no ta t ion  
used here in  cons i s t en t  with t h a t  used by Doane. However, c e r t a i n  v a r i a t i o n s  
on the  parameters have been exercised when they were considered informative. 

The handling of the  following a reas  i s  fundamental t o  the  evaluat ions:  

. Revenue requirement components 

Timevalue  ofmoney 

r Escra1.a t i c : ~ r i ,  o.f d i f  f  ereilt  c o s t s  

These f a c t o r s  a r e  discussed i n  the  following paragraphs. 

A.5.1.1 Revenue Requirement Components 

The concept of revenue requirements includes c o s t  components t o  support t h e  
c a p i t a l  investment and o the r  expenses, which i n  t h i s  case a r e  pr imar i ly  operat ing 
cos ts .  The concept may apply t o  a  s i n g l e  p ro jec t  o r  t o  an e n t i r e  system made 
up of many p ro jec t s .  

The revenue requirements t o  support the  c a p i t a l  investment a r e  pr imar i ly  a s  
fol lows (see  Table A.5-2, Glossary of Terms): 

Adequate r e t u r n  on t h e  investment t o  cover t h e  cos t  of c a p i t a l  
( s imi la r  t o  i n t e r e s t  on money borrowed), k 

Recovery of the  amount invested (deprecia t ion) ,  d 

Income taxes  required on k, T 

Other taxes ,  
B1 

Insurance, 
P2 

The annual revenue requirements f o r  t h e  above can usual ly  be expressed a s  a  
percentage of t h e  cap i t a l i zed  investment (CI). The l e t t e r s  a t  the  end of each 
of the  above i t e m s  w i l l  be  ,used t o  i n d i c a t e  the  appropr ia te  percentages f o r  
each item. 

Addit ional  revenue requirements f o r  a  generat ing p lan t  a r e  o ther  expenses, 
which a r c  pr imar i ly  ac  followo: 

Fuel costs, FL 

Maintenance c o s t s ,  MNT 

Other operat ing c o s t s ,  OP 

These expenses a r e  usua l ly  no t  expressed a s  a  percentage of C I ,  and may e s c a l a t e  



Table A. 5-2 GLOSSARY OF TERMS 

ARR - ~ n n u a l  revenue requirements 

B1 . - Other t axes  expressed a s  a f r a c t i o n  o r  percentage of CI 

B2 - Insurance expressed a s  a f r a c t i o n  o r  percentage of CI 

BBEC - Levcliecd buobar energy c o s t s  

be - Subscr ip t  denoting break-even va lue  

CI - Capi ta l i zed  investment 

CRF - Capi ta l  recovery f a c t o r ,  a l s o  used f o r  converting present  values t o  
l e v e l  a n n u i t i e s  and v i c e  ve rsa  

d - Sinking-fund deprec ia t ion  f a c t o r  

d '  - Book deprec ia t ion  f a c t o r ,  usua l ly  percentage derived from s t r a i g h t - l i n e  
deprec ia t ion  

d" - Levelized percentage equivalent  of tax depreciat ion 

DARR - D i f f a r r ~ ~ t i a l  l e v e l i z e d  annual revenue requirements f o r  u t i l i t y  system 
with and without s o l a r  p l a n t  

DM - D i f f e r e n t i a l  i n  c a p i t a l  investment requirements t o  the  nonsolar p a r t  
of t h e  u t i l i t y  system, with and v l thou t  s o l a r  p lan t  

DCRR - Difference i n  c a p i t a l  a ssoc ia ted  revenue requirements. with and v i thou t  
s o l a r  p l a n t  

DOP - Difference i n  operat ing c o s t  t o  the nonsolar p a r t  of the u t i l i t y  system. 
v l t h  and without s o l a r  p l a n t  

nnRR - D i f f e r e n t i a l  i n  u t i l i t y  system operat ing revcnuc requirements, v i t h  and 
v i t h o u t  s o l a r  p l a n t  

DTRR - D i f f e r e n t i a l  i n  u t i l i t y  system t o t a l  revenue requirements, v i t h  and 
without s o l a r  p l a n t  

D/V - Percentage of c a p i t a l i z a t i o n  made up of debt  

FCR - Annual f ixed  charge r a t e ,  i n  t h i n  cane a l w e l i z e d  value 

FL - Fuel  c o s t s  

FV - S U I I I ~  ~ I J ~ U C ~  value 

e - An a n n ~ ~ a l  ps ra la r inn  rare 

I C  - Investment t ax  c r e d i t  a s  a percentage of c a p i t a l i z e d  investment 

k - Weighted average cps t  of c a p i t a l ,  used a s  the  present  worth discount  
r a t e  

kd - hverago i n t o r o o t  r a t c  an debt 

MWh - Megawatt hours of e l e c t r i c a l  energy, used with subscr ip t  s t o  i n d i c a t e  
from s o l a r  p lan t  

N - Number of years  involved i n  ca lcu la t ion ,  usua l ly  the  l i f e  expectancy 
of s o l a r  p lan t  

NET - Net c a p i t a l  va lue  of s o l a r  p l a n t ,  a f t e r  s o l a r  OM c o s t s  accounted f o r  

OM - Solar  p l a n t  operat ing and maintenance c o s t s  

OP - Solar  p l a n t  operat ing c o s t s  

PV - Some present  value,  ucual ly a t  the  year  of f i r s t  o p e r a t i u ~ ~  uf s o l a r  
? l a n t  

pv - Subscript  ind ica t ing  present  value, usua l ly  a t  the year of f i r s t  
operat ion of s o l a r  p lan t  

Rh - Revenue tequir&ments 

RRCAP - Revenue requirements associated with t h e  c a p i t a l  c r e d i t  of the  nolnr  
p l a n t  t o  the r e s t  of the u t i l i t y  systpm 

RRTOT - Revenue r c q u i r u r n t s  associated wlth the t o t a l  c r e d i t  (value) of t h e  
s o l a r  planc tu t h e  r e s t  of the  u t i l i t y  system 

T - Income t a x  component of revenue requirements expressed a s  a perrnntage 
of t h e  c a p i t a l  investment 

t - A time (year)  subscr ip t  (Equation A.5-1); t h e  s t a t u t o r y  income tax  r a t e  
(Equation A.5-6) 

W - An a r t i f i c i a l  r a t e  which is a funct ion of g and k 



independently. For purposes of t h i s  analys is ,  operat ing c o s t s  (excluding 
fue l )  and maintenance c o s t s  a r e  lumped together a s  operat ing and maintenance 
cos t s  (OM). 

A level ized "fixed charge ra te"  may be developed which, when mul t ip l ied  by t h e  
c a p i t a l  investment (CI), gives the  annual revenue requirements t o  support t h e  
c a p i t a l  investment. When added t o  the  o ther  expenses the  t o t a l  annual revenue 
requirements (ARR) a r e  obtained: 

ARRt = FCR C I  + FLt + OMt (A. 5-1) 

m.e t s ~ ~ h s ~ r i p t .  ind ica tes  values f o r  a s p e c i f i c  year,  and FCR i s  a l eve l i zed  
value: 

F C R = k + d + T + B 1 + B 2  (A. 5-2) 

where k i s  the  weighted average cos t  of cap i t a l .  

The deprecia t ion term d i s  the  sinking-fund f a c t o r  f o r  an i n t e r e s t  r a t e  of k 
and N years.  I f  N i s  the  l i f e  expectancy of the  p lan t ,  

(A. 5-3) 

The sum of d and k i s  sometimes ca lcula ted  compositely a s  a c a p i t a l  recovery 
f a c t o r  (CRF): 

(A. 5-4) 

The CRF is a l s o  used t o  obta in  a f u t u r e  l e v e l  annuity equivalent  t o  some 
s t i p u l a t e d  present  value: 

Level Annuity = CRF PV (A. 5-5) 

Calculat iqn of the  proper income t a x  percentage i s  a l i t t l e  more complicated, 
and dependent upon t h e  company's accounting pract ices .  Assuming a before-tax 
average c o s t  of c a p i t a l  k ,  s t r a i g h t - l i n e  book depreciat ion d ' ,  accelera ted  t a x  
deprecia t ion d", investment t ax  c r e d i t  percentage I C ,  and flow-through accounting, 
the  tax equation appears i n  the  following form [8]: 

(A. 5- 6) 

where D/V i s  t h e  percent  debt i n  t h e  c a p i t a l i z a t i o n  and kd is* the  annual r a t e  
of r e t u r n  on 'debt. 



Doane takes  a s l i g h t l y  d i f f e r e n t  approach, i n  which an e f f e c t i v e  income tax  
r a t e ,  T, . is  es tab l i shed .  This e f f e c t i v e  r a t e  is  not  used by multiplying it 
d i r e c t l y  times t h e  cap i t a l i zed  investment, C I ,  but i n  another manner. The 
annual  revenue requirements t o  pay o t h e r , t a x e s  and insurance a r e  expressed a s  
percentages of t h e  c a p i t a l  investment, B1 and B2, respect ively .  From t h i s  the  
l e v e l i z e d  (annualized) f ixed  charge r a t e  can be developed a s  given i n  Equation 
A.5-2. Annual t o t a l  revenue requirements associated with a generating plant 
may then be ca lcu la ted  using.Equation A.5-1. 

A.5.1.2 Time Value of Money 

A d o l l a r  expenditure o r  revenue requirement i n  one year does not have the same 
v a l u e  t o  a company a s  an expenditure o r  income i n  some other year. The annual 
rate expressing t h e  preference of delaying expenditures . is usual ly  expressed 
by t h e  average cos t  of c a p i t a l ,  k. By using k i n  present  value o r  fu tu re  
va lue  ca lcu la t ions ,  expenditures i n  one year can be t r ans la ted  i n t o  equivalents  
i n  another year.  

The f a m i l i a r  equation f o r  t r a n s f e r r i n g  a present  value N years i n t o  the  fu tu re  
t o  ob ta in  an equivalent  f u t u r e  value  i s  

FV = pv(l+klN (A. 5-7) 

To ob ta in  a l e v e l  annual annuity equivalent  t o  a present  value,  o r  v i c e  versa ,  
t h e  c a p i t a l  recovery f a c t o r  w i l l  be used a s  shown i n  Equation A.5-5. 

A.5.1.3 Escalat ion of Di f fe ren t  Costs 

A t  t imes i n  t h i s  ana lys i s  i t  w i l l  be des i rab le  t o  f ind  the  equivalent  present  
va lue  of some revenue requirement--for ins tance ,  operat ing and maintenance 
expenses--growing a t  a compound annual e sca la t ion  r a t e  g. I f  t h e  f i r s t  yea r ' s  
revenue requirement f o r  t h e  item of i n t e r e s t  i s  R%= the  present  value t o  the  
beginning of t h e  f i r s t  year of N years  of KK gromng a t  an annual compound 
r a t e  g i s  a s  fol lows [9]: 

When g > k, where 1 + W =a 
l + k  (A. 5-8) 

I . + k  
a I f  g < k, then 1 + W = - 

l + g  
, and (A. 5-9) 

Equations A.5-8 and A.5-9 assume beginning of year payments. 



Through t h e  use  of these  equations the  independent e s c a l a t i o n  of var ious  c o s t  
components may be est imated,  when a s imulat ion through a number of years  is  
not  used. This a l s o  f a c i l i t a t e s  economic s e n s i t i v i t y  ana lys i s  on some c o s t  
components. 

A.5.2 SOTAR PLANT OPTIMUM EXPANSION VALUE CALCULATIONS 

The Westinghouse Generation Expansion Planning Program minimizes t h e  present  
worth of the  t o t a l  revenue requirements over t h e  planning period. The value  
of a p a r t i c u l a r  s o l a r  p l a n t  penet ra t ion  scenar io  i s  a r r ived  a t  by comparing 
t h e  present  worth of t h e  t o t a l  revenue requirements before  and a f t e r  the  s o l a r  
p l a n t s  operate. 

A.5.3 SOLAR PLANT STATIC ANALYSIS VALUE CALCULATIONS 

There i s  a g r e a t  dea l  of uncer ta in ty  associa ted  wi th  t h e  expected c o s t  of 
s o l a r  power p lan t s .  Independent of the  c o s t  of a s o l a r  p l a n t ,  i ts  value  t o  a 
u t i l i t y  system under s p e c i f i c  condit ions can be ca lcula ted .  Also from these  
ca lcu la t ions  a break-even s o l a r  p l a n t  c a p i t a l  investment can be es tabl i shed.  

Simulation of the  operat ion of an e l e c t r i c  u t i l i t y  system with and without 
s o l a r  p l a n t s  i s  t h e  b a s i s  of much of t h i s  study. The genera l  approach t o  t h i s  
a n a l y s i s  and the  computer models used a r e  described i n  Section A.4. 

The o v e r a l l  flow of model use  is  shown i n  Figure A.5-1. The following lists 
t h e  s t a t i c  ana lys i s  procedure used t o  e s t a b l i s h  the  va lue  of a s o l a r  p lan t :  

(1) Simulate opera t ion  of u t i l i t y  system f o r  a year ,  without s o l a r  
p l a n t ,  t o  obta in  base case operat ing cos t  and incremental 
operat ing c o s t  f o r  (2) .  

(2) Simulate opera t ion  of s o l a r  p l a n t  t o  obta in  s o l a r  p lan t  energy 
output (MWh) and n e t  r e s idua l  load ( o r i g i n a l  load minus s o l a r  
p l a n t  output) .  

(3)  Obtain capaci ty  required on remainder (nonsolar port ion) of 
u t i l i t y  system t o  achieve des i red  r e l i a b i l i t y  (loss-of-load 
probabi l i ty)  index. This i s  accomplished using the  Generation 
Capacity Model. 

(4) Use breakpoint ana lys i s  t o  determine des i red  change i n  m i x  of 
conventional generat ing p l a n t s  t o  accommodate s o l a r  p lan t  ( see  
Figure A.5-1). Using. the capaci ty  requirements.estab1ished i n  
(3) ,  and the  breakpoint procedure, e s t a b l i s h  change i n  c a p i t a l  
investment requirements f o r  balance of system (DCAP)'.. 

(5) With adjus ted  capaci ty  from (3) and (4) ,  s imulate the  opera t ion  
of t h e  balance of t h e  u t i l i t y  system (conventional system) using 

. n e t  r e s i d u a l  load from (2) a s  input .  



BASE LOADED BASE LOiDED 

Change i n  I Solar P lan t  Peaking Displacment = Paaking R - R a k i n g  S 
Conv,enti onal Solar  P lan t  Intermediate Displacement = Intermediate R - Intermediate S 

P lan t  Mix Solar F lan t  Base Displacement = Base R - Base S . 

Figure A.5-1. STATIC BREAKPOINT ANAUSIS  FOR OPTIMUM PLANT MIX 



(6) Calculate t h e  present  value of s o l a r  savings i n  balance-of- 
system operat ing cos t  by subtrac t ing the  annual operat ing cos t  
obtained i n  (5) from t h a t  found i n  (1). This d i f fe rence  i n  
annual operat ing cos t  (DOP) f o r  one year is assumed t o  grow over 
t h e  l i f e  of the  s o l a r  p lan t  a t  the  esca la t ion  r a t e  of the  f u e l  
displaced (g). Through the  use of Equation A.5-8 o r  A.5-9, the  
present  value of the  growing time series of DOP i s  found. 

Assuming k > g, Equation A.5-9 becomes 

DOP pv = - ITg pz;); .] (A. 5-10) 

(7) Es tab l i sh  the  present  value  of t h e  revenue requirements associated 
wi th  t h e  c a p i t a l  investment c r e d i t  DCAP obtained i n  (4). This 
assumes a l e v e l  annuity of the  c a p i t a l  invested t i ies  the  f ixed 
charge r a t e  over t h e  l i f e  of t h e  p lan t ;  thus,  a form of Equation 
A.5-5 i s  used t o  obta in  the  PV of t h i s  c r e d i t :  

RRCAP = 
DCAP FCR 

P V CRF 
(A,. 5-11) 

(8) Express t h e  value  of t h e  s o l a r  p l a n t  t o  the  u t i l i t y  system by adding 
t h e  r e s u l t s  of ( 6 )  and (7). This expresses the  value of the  p lan t  
t o  t h e  rest of t h e  u t i l i t y  system i n  present  value terms a t  the  
time of f i r s t  s o l a r  p lan t  operation: 

RRTOT = DOP + RRCAP (A. 5-12) 
PV PV PV 

This i s  independent of the  cos t  of the  s o l a r  p lant .  

(9) Calculate t h e  break-even c a p i t a l  investment f o r  the  s o l a r  p lant .  
However, an assumption must be made a s  t o  the  operat ing and 
maintenance cos t  (OM) of the  s o l a r  p lant .  Assuming t h a t  t h e  
f i r s t  f u l l  year ' s  operating and maintenance cos t  f o r  the  s o l a r  

. p l a n t  i s  OM, and t h a t  i t  i s  an t i c ipa ted  t o  e s c a l a t e  a t  some 
annual r a t e  g (which may be d i f f e r e n t  from the  g used i n  
Equation A.5-lo), then t h e  present  value of OM i s  determined: 

Assuming k > g,  using Equation A.5-9 

This i s  subtracted from the  r e s u l t s  of s t e p  (8) t o  obta in  the  
n e t  c a p i t a l  value,  o r  p lan t  value minus operat ing and maintenance 
c o s t ,  of t h e  s o l a r  p lant :  

NET = RRTOT - OM (A. 5-14) 
PV PV PV 



The c a p i t a l  investment which has t h e  same present  value of revenue 
requirements a t  NET can now be found: 

PV 

NET *CRF - pv 
'Ibe - FCR 

(A. 5-15) 

For dynamic penet ra t ion  and the  use of GENOP, the  value of a s o l a r  penet ra t ion  
scenar io  i s  a r r ived  a t  by comparing the  present  worth of revenue requirements 
f o r  t h e  e n t i r e  scenar io  (planning) period. 

A.5.4 BUSBAR ENERGY COST CALCULATIONS 

The l eve l i zed  busbar energy cos t  f o r  the  s o l a r  p lan t  is  calculated by dividing 
t h e  l eve l i zed  annual cos t , ( r evenue  requirements) of the  s o l a r  p lan t  by i ts  
an t i c ipa ted  annual energy output. This i s  consis tent  with Doane's 
p r a c t i c e  [7 ] .  

I n  t h i s  procedure a c a p i t a l  investment cos t  C I  of the  s o l a r  p lan t  must be 
assumed. I f  t h e  s o l a r  p l a n t  investment i s  kno% a s  a s e r i e s  of expenditures 
i n  d i f f e r e n t  yea rs  p r i o r  t o  p lan t  operation, then t h e i r  fu tu re  value  i n  the  
year of f i r s t  opera t ion should be determined using Equation A.5-7. Then they 
can be added t o  ob ta in  C I  

PV' 

I n  t h i s  study t h e  annual e l e c t r i c a l  energy obtained from the  s o l a r  p lan t  i s  
assumed t o  be t h e  same throughout the  l i f e  of the  p lant .  This energy, i n  
megawatt-hours, i s  obtained a s  described i n  s t ep  (2) above. With t h i s  information, 
t h e  busbar energy c o s t  i s  calcula ted  as:  

OM CRF I- CI FCR 
BBEC = Mwh ( A .  5-1.6) 

A.5.5 UTILITY SYSTEM COST IMPACT 

The p resen t  value  of t h e  c o s t  d i f f e r e n t i a l  a t t r i b u t a b l e  t o  the  s o l a r  plant a s  
p a r t  of t h e  u t i l i t y  system can be' calculated.  This i s  done using a combination 
of t h e  value  and the  c o s t  of the  s o l a r  p lant .  

The d i f f e r e n t i a l  i n  t h e  present  value  of capital-associated c o s t s  can be 
obtained using t h e  r e s u l t s  of Equation A.5-11 and the  estimated s o l a r  p lan t  
CAPI.~RI. -i-nvestment : 

CI FCR 
DCRR = 

pv . 

CRP 
- RRCAF' 

PV PV 
(A. 5-17) 

Using t h e  r e s u l t s  of Equations A.5-10 and A.5-14, the  d i f f e r e n t i a l  i n  u t i l i t y  
system operat ing c o s t s  (revenue requirements) can be developed: 

DORR = OM - DOP 
PV P v P " (A. 5-18) 



The t o t a l  present  value impact of implementing a s o l a r  p l a n t  upon an e l e c t r i c  
u t i l i t y  system i s  

DTRR = DCW + DORR (A. 5-19) 
PV PV PV 

Expressed i n  annual level ized terms, Equation A.5-20 becomes 

DARR = DTRR CRF 
PV 

(A. 5-20) 

The c o s t l b e n e f i t  ca lcu la t ions  a r e  a function of the  cos t  of a  s o l a r  p l a n t ,  
including i ts  operat ing and maintenance cos t s ,  and t h e  value  t o  the  u t i l i t y  
system. This value includes  both f u e l  and other opera t ing.and maintenance 
c o s t s  saved on t h e  balance of the  u t i l i t y  system, and capacity c red i t .  The 
c o s t l b e n e f i t  ca lcu la t ion  shown i s  i n  terms of present  worth of p lan t  l i f e t i m e  
c o s t s  and value.  It i s  constructed by dividing the  s o l a r  p lan t  cos t  by i t s  
value  : 

(A. 5-21J 
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SECTION A . 6  

COMMENT 

The r e s u l t s  t h a t  have been found from t h i s  study a r e  s p e c i f i c  t o  the  u t i l i t y  
system and other  assumptions used. The p r inc ipa l  conclusion drawn from t h i s  
work is t h a t  a  number of complex f a c t o r s  i n t e r a c t  t o  e s t a b l i s h  the  e f f e c t  of 
s o l a r  p l a n t  i n s t a l l a t i o n s  on the  system's optimal generation expansion plan 
and on t h e  value  of a  s o l a r  p lant .  Only through de ta i l ed  modeling of the  
solar-thermal p l a x ~ ~  operating with the he1finr.e of the  ~ i t i l i t y  system can the  
value and impac t  be es tabl ished,  and under those condit ions,  the  r e s u l t s  a r e  
case  s p e c i f i c .  Use of a  planning optimization model such a s  GENOP is required 
t o  evaluate  the  p o t e n t i a l  overa l l  impact of a  scenario comprised of penetra- 
t i o n s  of s o l a r  p l a n t s  t h a t  change with t i m e .  
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APPENDIX B 

DYNAMIC EXPANSION ANALYSIS DETAILS 

This  appendix inc ludes  t h e  year-by-year i n s t a l l a t i o n  schedules  and c o s t  summaries 
(revenue requirements) of t h e  nonsolar  base case  and a l l  n i n e  s o l a r  p e n e t r a t i o n  
scena r ios .  These i n s t a l l a t i o n  schedules  and c o s t  summaries a r e  only f o r  
convent ional  u n i t s .  They do not  inc lude  s o l a r  a d d i t i o n s  and c o s t s .  The 
de fe r r ed  expansion p l an  i s  shown wi th  peaking capac i ty  displacement assumed by 
t h e  s o l a r  p l a n t s .  

I n  t h e  i n s t a l l a t i o n  schedules ,  Unit Type PS (pumped s to rage )  was not  considered 
a  candida te  u n i t .  ' ~ ~ p e  1 was a  100 MW combustion tu rb ine ,  Type 2 a  250 MW 
combined cyc le ,  Type 3 a  600 MW c o a l  p l a n t ,  and Type 4 a  1000 MW nuc lea r  
p l a n t .  The numbers i n  t hese  t a b l e s  r ep re sen t  quan t i t y  of u n i t  a d d i t i o n s .  For 
example, a  1 .0  shown under t h e  Unit Type 3 Column means one 600 megawatt c o a l  
p l a n t  add i t i on .  F r a c t i o n a l  un . i t  add i t i ons  were allowed. I n  a d d i t i o n  t o  t h e  
y e a r l y  d a t a ,  a  twenty-£ive year  summary is given. 

The c o s t  summary t a b l e s  a r e  given i n  cu r r en t  year  and p re sen t  worth 1985 
m i l l i o n s  of d o l l a r s .  The-carrying charges and product ion c o s t  a r e  given f o r  
each year  i n  a d d i t i o n  t o  a  twenty-five year  summary. 

A l i s t i n g  of t h e  t a b l e s  shown i n  t h i s  appendix fol lows.  
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Table B-1. NONSOLAR BASE DEFERRED EXPANSION PLAN 

---------------- IMSTALL&TION ---------------- 
SCHEDULE 

........................ UNIT T Y P E  NUMBER ........................ 
T E  AR PS 1 2 3 4 s 6 7 a v 10 

C l l f t K A T I V E  
TOTAL s 0.060 87.500 12.014 16.674 5.000 

I B t  Tic€ 



Table B-2. ' NONSOLAR BASE DEFERRED EXPANSION PLAN 

-----t------------- 

COST SUMMARY 
FOR THE INSTALLATION POLICY -----------------" 

- CURRENT YEAR COST -------- 
6 I V E M  I N  MILLIONS OF DOLLARS 

CARRYING 
CHARGES 

PRODUCT ION 
COST 

1156.31 4 
1336.947 
1355.41 5 
1619.600 
1831.651 
2074.61 2 
2353.536 
2478.444 
2002.809 
3308.649 
3777.529 
4276.1 82 
4~63 .938  
5360.641 
6102.020 
7753.683 
9564.231 

10736.095 
13153.598 
15626.554 
19448.831 
25099.390 
24242 .I 51 
31 168.075 
36892.1 69 ------ 

YEARLX 
TOTALS 

1156.314 ' 
1425.706 
1782.931 
2079.042 
2520.466 
3028.688 
361 4.332 
4288 .Obi 
4939.809 
5820.201 
6837.156 
81 20.941 
9399.449 

11065.651 
12626.033 
14548.602 
16797.533 
19592.425 ' 

22696.950 
26975.046 
31 674.964 
37223,991 
63092 -1 97 
50755.921 
60039.372 
UI----- 

*------- PRESENT UORTH COST -------- 
GIVEN I N  MILLIONS OF DOLLARS 

CARRYING PR0,DUCTION YEARLY 
CHARGES COST TOTALS 

0 . m  1156.314 1156.31 4 
79.963 1204.451 1284.420 

346.981 11W).085 1447.067 
335.9CO 1184.238 1520.1 7 7  
453.743 - 1206.565 1660.338 
566,197 1231 .I81 1797.379 
674 .G73 1258.296 1932 .I69 
871.609 1193.763 2065.372 
883.908 1259.606 2143.514 
981.821 1293.433 2275.261 

1077.553 1330.387 2107.910 
1219.878 1356.761 2576.639 
1353.603 1333.1 44 2686.746 
14b9.121 1380.442 ' 2849.563 
1443.932 1485.?42 2929.1 74 
1420 ..209 1620.554 3050 -763 

. 136; .974 1800.870 31 62 .a44 
1502.322 1821.192 3323.51 4 
1458.433 2010.1 61 3468.594 
1 562.434 21 51.427 371 3,861 
151 6.455 2412.314 3928.769 
1578.315 2581 .I78 41 59,493 
1696.272 2641.763 6338.036 
1 776.471 2626.71 1 4603.1 83 
1891 ,242 ------- 301 4.274 

-----I 

4QOS.51 S - 
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Table B-4.  IMPROVED STAND-/\LONE 
DEFERRED EXPrtNS IO!i 

LOW PEr4ETI7tlTIO:I 

-------- P R E S E N T  U O R T H  C O S T  -------- 
G I V E N  I N  M I L L I O N S  O f  D O L L b R S  

C A R R Y I N G  
C H A R G E S  

0 .OOO 
79.932 

366.V52 
335  - 9 6 5  
653.747 
566.232 
6 7 1  . I 9 5  
871  - 6 3 7  
883.963 
981.922 

1077.6;9 
1 2 1  9.900 

. 1353.622 
1 b70 .438  

- 1635,701 
1373.6.72 
1 5 1  9.573 
1469.315 
1462.796 
1578.597 
1 5 1  2.85P 
1 5 W . 9 9 1  
1689 .273  
1 738.1 66 
1879.631 -------- 

P R O O U C T I O N  
C O S T  

1 1  55.697 
1203 .181  
:098.166 
1181.178 
1202 .L26  
1226.692 
1.253.207 
11 88.356 
1 2 5 3 . 7 8 3  
1287 .505  
1 326.263 
1350 .306  
1 3 2 6 . 0 6 4  
1 3 7 1  ,L9R 
1678 .712  ' 

1433 .995  
1818 .778  
1 8 3 3  - 0 7 9  
1396 .563  
21  26.!?71 
2399.737 
2550.740 
2633.274 . 
281 4,tJlI l  
3006.783 -------- 

Y E A R L Y  
T O T A L S  

1155 .697  
1283 .113  
l C 1 5 . 1 1 8  
1 5 1 7 . 1 2 3  
1656.1 72 
1 7 9 2  - 9 2 1  
1927 .311  
2'353.993 
21  57,744 
2243.127 
211 j1  .@72 
2570 .206  
2673 .686  
2eb1.3956 
291 i .b4:  

jot:! 7.35 7 
31 3S.355 
3 3 0 1 . 3 3 ~  
3 6 5 9  . ? C  7 
370C.668 
391 2 - 595  
4 1 4 1  ,731 
431 8.567 
4587 .74  7 
C88b.1' C -------- 



~ ~ b l ~  B-5. IMPROVED STAIJO-ALONE 
DEFERRED EXPAfdS ION PLAN 

NOMI I ~AL  PENETRATION 

.--------------- I # S T A L L A T I O #  ---------------- 
S C H E B U L E  



Table B-6. IMPROVED STAND-ALCNE 
D E F E R R E D  EXPArJS ION PLAN 

NOMINAL PENETRATION 

COSY SURRARY 
--------------------. 608 THE lkSTALLAYlON POLICY .................... 

-------- CURRENT YEAR COST -------- 
6 I V L M . I W  RXLLIONS Of DOLLARS 

PlODUCTlON 
COST 

1 1  55.695 
1335.503 
1353..030 
1615 .402  
1825 .324  
2063 .74  7 
2336.555 ' 

Z i S 6 . 0 8 1  
2 9 7 4 . 9 & 7  
3 2 i G . 6 4 3  
3735 .587  

YEARLY 
TOTALS 

1155 .695  
1424.257 
1780 .560  
2074.844 
2 5 l c . 1 5 8  
301 7.839 
3597 .361  
4266 .589  
491  1 ,966  
5 786 .Oil3 
6 7 9 5 . 2 0 9  

-------- PALSEMI UORTM COST -------- 
6 I V E #  I N  MILLIONS OF DOLLARS 

CAARIIWG PRODUCTION 
CHARGES COST 

YEARLY 
TOTALS 



Tahle R-7. IMPROVED STAND-ALONE 
DEFERRED EXPA!ISION 
HIGH PENETRAT.ION 

1 8985 
L 8 9 8 b  
3 1987 
8 L900 
I 8999, 
b lVB0 
7 1 9 9 1  

t w r  
Q l o 9 8  

8 0  1 9 9 4  
19 lQ9S 

- st 
8 %  1 9 9 7  
gs i e ~ e  
15 1 9 9 9  
gib 2600 
BP 2001 
ee a o o r  
118 E 0 0 3  
3.9 ?QO4 
t l  aces 
Od Z d O b  
a 3  2004 
% G  2008 
f S  2009 

0,000 
0,ouo 
0,000 
o,oub 
O ~ O U O  
0 , u u ~  
0,uuO 
0 , o u o  
0,ouo 
0,ouo 
0,0u0 
0 , O ~ O  
0,000 
0,008 
6,OdQ 
0,ouQ 
0,ouO 
0.0~0 
0 ,ouo 
0,ouo 
0,0u0 
0,ouo 
0,ouo 
0,ouO 
0,OUO 
O q s ~ O  

0,000 
0,000 
i .OQO 
0,000 
0,000 
0,000 
0',000 
I , Q u o  
0,000 
0,000 
0,000 
0,000 
1 ,000 
0,000 
8,000 
0, ouo 
Q,OOO 
1.000 
OIOUO 
0,000 
0 0 000 
C, 000 
10000 
.Opouo 
0,000 
P I O U W D  



W
 
Z
Z
 

O
O

Z
 

,
I
-
0

 
a

m
-

 
I 
z
i-

 
a
<
<
 

z
a

z
 

c
x

t
-
 

I
-

W
W

 
m

 
z
 

O
W

 
a
w
n
 

L
J

r
X

 
>
w
x
 

o
w

a
 

e
L

L
-
4

 
a

w
x

 
x
L
7
 

~
~

~
Q

m
~

e
0

0
0

~
0

b
m

m
m

-
~

0
r

g
O

L
n

d
Q

-
~

 
*

-
r

.
C

)
-

.
o

J
~

e
N

O
Y

o
.

O
~

O
Z

)
m

*
O

J
~

.
P

m
~

~
 

:, 
9
m
o
~
~
~
m
1
-
a
a
m
m
0
0
-
~
m
~
c
e
0
a
o
~
 

~
.

.
.

r
e

~
r

e
e

.
-

o
.

~
.

O
O

o
e

~
.

O
O

~
O

b
 

~
~

q
m

m
e

~
~

~
~

m
~

~
n

-
r

n
o

-
e

o
+

r
)

=
 

o
-
.
 D 

~
m

m
~

~
~

m
a

~
a

~
h

o
m

o
~

~
m

m
h

a
;

~
a

>
o

:
'

~
 

8 
-

4
m

0
Q

w
~

~
m

N
a

1
m

w
*

9
0

0
C

*
a

Q
m

Q
N

8
 

r
r

-
e

.
-

r
w

N
N

R
)

~
~

.
)

.
r

~
O

C
b

O
+

U
J

 
Z

,
'
-
.
r

=
O

O
 

D 
.r

.---D
h

)m
J

r
y

m
 



Table B-9. IMPROVED HYBRID REPObJERING 
DEFERRED EXPANSION PLAN 

LOW PENETRATION 

---------------- INSTALLATION ---------------- 
SCHEDULE 

........................ UNIT TYPE MUneER ........................ 
1 2 3 4 5 6 7 8 9 10 



V EAR 

  able .B-~o. I I IPROVED HYBRID  REPOb!ERING 
DEFERRED EXPAi'4S.ION P L A N '  

LOW FENETRATION 

-------- CURRENT YEAR COST -------- -------- . PRESENT YORTH L )ST  -------- 
~ K V E N  IN MILLIONS O F  DOLLARS GIVEN IN NILLIONS OF DOLLARS 

CARRY X#G 
CHARGES 

0.000 
88.754 

427.510 
459 ,443  
688.81 4 
956  .O8Q 

1260.805 
10Q9.609 
2037.01 9 
251 1.560 
3058.622 
3844.7'41 
4755.494 
5722.831 
4158.746 
4725.327 
7162.916 
881 9.587 
9503.709 

11  427.046 
12090.778 
161 34.745 
16669,536  
19357.419 
22825,L)e4S ------ 

PRODUCTION 
COST 

1154.196 
1333.242 
1350.7S6.  
1613.818 
1825.189 
2067.206 
2344.096. 
2467.203 
2889.652 
3293.295 
3760.940 
425b.CO8 
46?7.814 
5318.286 
6383.069 
7729,633 
9532.291 

10670.054 
13065.751 
15389.573 
19371.982 
22865.661 
26134.855 
30978.274 
36807.527 --..----- 

YEARLY 
TOTALS 

CARRY IF46 
CHARGES 

P R O D U C T I O N  
COST 

1'054.196 
1201  . I 1 9  

1 0 9 6 . 3 0 2  
1180.010 
1202.309 
1226.786 
1253.248 
1188.349  
1253.897 
1287.431 
1326.545 
1 3 5 0  .011 
1325.676 
1369.53C 
1480.839  

YEARLY 
T O T A L S  

1154.196  
1281.078  
1443.279  
1515.950 
1656.052 
1792.989  
1927.326  
2059.962 
2137.813 
2269.262 
2402.094 
2569.e83  
2679.274  
2843.245 
2009.636 
3021 . I 4 9  
31 43.577 
3335.21 4 
3649.1 1 4  
3692.049 
3 W 2  - 4 4 9  
41 32.276 
6309.062 
6565,071 
4872.279 -------- 



Table B-11. IMPROVED HYBRID REPOWERING 
DEFERRED EXPANSION PLAN 

NOMINAL PENETRATION 

--------------a- INSTALLATION ---------------- 
SCHEDULE 

........................ UNIT TYPE NUMBER ........................ 
1 2 3 4 5 6 7 8 0 1 0  

100 2 M  600 lo00 
POW nu nw NU MU MY nu nu MM MU 

0.m 0.000 0.000 0.000 
- 0.0O0 0.000 .504 0.000 
0.000 0.000 0.000 1.000 
0.OoO 0.OGO . I 4 4  0.000 
n.oOO 0.QOO .975 0.000 
0.000 0.000 1 .023  0.000 
0.000 O.lj00 1 .073  0.000 
0 . m  0 . m  0.000 1.000 
0.000 0.000 .646 0.!?00 
0,000 0.000 1.244 0.000 
0.000 0.00 1 . ~ 3 4  n . m  
0.000 0.000 1.704 0.000 
0.OoO 0 . m  0.000 1.000 
2.412 0.000 1.581 0.000 

10.845 0.w - 2 8 0  0.300 
13.300 O . m  0.000 0.000 
14.486 U.C)08 0.000 n,lKI(T 

V l . . J Z  0.000 1.W 
C.532 2.721 .374 0.000 
1.574 3.550 1 .225  0.000 

14 .077  0.000 . I 1 3  0.000 
9.041 0.000 1 .227  0.000 
1.003 - 6 5 3  . IS4  1.000 
5.618 -888 1 . Q 2 3  0,000 
6.36 2.424 1 .513  0.000 ----- ----- ----- ----0 ----- c-m-0 ----- ---- 



Table B-12. IMPROVED HYBRID F?EPO\tIERING 
DEFERRED EXPANSION.PLAN 

NOMINAL PENETRATION 

C O S T  SUHMARY .................... FOR TME I N S T A L L A T I O N  P O L l C r  .................... 

-------- C U ~ R E U T  YEAR C O S T  -------- 
COVEN I N  R H L L I O N S  0 f . D O L L A R S  

C A a R I l N G  
C H A R G E S  

0 .OCO 
88.72C 

427.683 
459.4L6 
688 .820  
954.1 34 

1269.855 
1 m 9 . 6 5 9  
2037.1 2 7  
2 5 :  1.792 
3059.785 
3844.828 
6735.581 
5471.869 
6116.833 
6083 -91 6 
6920.522 
8567.940 
9504.941 

11385.8cO . 
1213b.927 
14029.278 
16786.031 
1 9 1 9 3  - 210  
22860.30s ------ 

PRODUCT I O N  
C057 

1154.169 
1333.203 
1348.8C2 
!bC19.201 
131 6.666 
2058.466 
2332.635 
2452.335 
2869.931 
3259.022 
3731  .Em 
4218.740 
4593.380 
5281.043 
6329.502 
7768.391 
9593.71 9 

107' 4 .O51 
129L1.763 
1 5 1  75.058 
19086.707 
22621.758 
25689.564 
3035b.603 
36102  .a97 -------- 

Y E A R L Y  
T O T A L S  

1154.169 
142'9 " 9 2 7  
1776.322 
2068.70V 
2507.486 
901 2 .a0 
9593.490 
4262.034 
JW?.OS8 
57K l .814  
6791.585 
8063.568 
9328.961 

1 0 9 5 2  -91 1 

CU%RIC*V I V E  
YOPALS 161 735 .a45 234436.346 3 9 6 1  72 .1W 

-------- P R E S E N T  U O R T H  C O S T  -------- 
GIVEN 1N M I L L I O N S  O F  D O L L A R S  

C A R R I I t I G  P R O D U C T I O N  Y E A R L Y  
C H A R G E S  C O S T  T O T A L S  



0.000 
0 .om 
0 .ow 
0 .OQ0 
0.000 
0.000 
0.000 
0 .ooo 
0.000 
0.000 
0 .ooo 
0 - 000 
0 -000 
0.000 
0 -000 
0 .a60 
0.0CO 
Q.0W 
0 .ooo 
0 .UUO 
0 .om 
0 .  OGO 
0 .GOO 
0.000 
0 .om 
--"I 

B-13* IMPROVED HYBRID REPOWEKING 
D E F E R R E D  EXPANSION PLAN 

H I G t I  PENETRATION 

---o-o--o-------  I M S T A L L C y i O N  ---------------- 
SCHEDULE 

-------------------*---- &J#IT TYPE WUBeER .------------------------ 

1 2 3 4 5 6 7 8 . 9  10 



Table B-14. IMPROVED HYBRID REPOWERItJG 
DEFERRED EXPANSION PLAN 

H I G H  PENETRATION 

CPST SUMMARY 
-.----------------so FOR THE INSTALLATION POLICY .................... 

--.---..a CURRENT Y E A R  COST -------- 
6 1 V d M  I N  R I L L I O N S  Of DOLLARS 

CARRI IBG PRODUCTION YEARLY 
CWAR6ES COST TOTALS 

0.009 1154.08& 1154.084 
88.7ib 1933.122 1421.846 

427.b80 9548.765 1776.266 
459.648 1609.203 2068.652 
688.820 181 1.965 2500.785 
954.154 2043.289 2997.423 

1260.855 2313.512 3574.367- 
3 ~ 9 . 6 5 9  2429.625 4239.283 
2037.1 27 2840.301 4877.428 
251 1.792 9231 -676 5743.468 
3059.785 3688.926 6748.71 1 
3846.828 41 62.057 8006.88 5 
4735.581 452P ,034 9258.61 5 
5430.042 5279.262 10709.304 
5744.61 3 ,6386.691 121 31.307 
6085.956 7866.426 13954.380 
6646.1 57 9633.080 16279.238 
8272.336 10734.677 19007.01 3 
9106.547 1301 5.726 221 22 -274 

11 105 .O85 15008.852 261 '13.937 
92136.275 18861.427 30997.702 
131 10.41 9 23427.264 36537.682 
16294.231 26119.502 42413.733 
18653.325 30831.205 49484.538 
23037.957 35740.347 -------- 58?78.304 
-oc----- -----.-. 

----..a,-- PIESEWT WORTH COST -------- 
GIVEN X W  M I L L I O N S  OF DOLLARS 

CARRYING PRODUCTION Y€Af?LY 
C H A R G E S  COST TOTALS 

0.000 19 54.084 11 54.084 
79.932 1201 -01 1 1280.942 

346.952 1094.689 1461.641 
335.945 1176.636 1512.5@0 
453.747 1193.597 1647.345 
566.232 1212.593 1778.824 
674.105 1236.898 194 1.002 

,871.637 1170.249 2041.886 
883.963 1232.687 2116.645 
981.922 1263.342 2265.264 

1077.609 1299.183 2576.791 
1219.900 1320.551 2540.451 
1353.622 1292.868 2646.490 
1398.393 1359.485 2757.798 
1332.721 1481.680 2814.401 
1271.991 1644.535 2916.526 
1251.420 1813.834 3065.2 54 
1403.25t . 1820.951 3224.209 
9391.682 1'389.092 3380.776 
1528.922 2066.383 3595.305 
1505.310 2339.456 3844,766 
1664.988 2617.815 4082. PO3 
1640.319 2629.416 4269.735 
1691.71 7 2796.160 4487.877 
1882.316 -------- 2920.164 -------- 4802.480 ---.---- 



Table B-15. COMBINATION SOLAR EXPANSION 
DEFERRED EXPANSION 

LOW PENETRATION 

-----o-oI-I----- . I # S T W L L A y I O #  -----------"---- 
SCHEDULE 

u r n  



~ ~ b l ~  B-16. COI'IBINATION SOLAR EXPA?ISION 
DEFERRED EXPANSION 

LOW PENETRATION 

00------ CURRENT Y E A R  C O S T  -------- 
61VEN I Y  R I t . L I O W S . O F  D O L L A R S  

C L B R Y  1W6 PROOUCT I O N  Y E A R L Y  
CMAR6ES C O S T  T O T A L S  

-------- P R E S E N T  WORTH C O S T  -------- 
6 IVEU I# M I L L I O N S  O F  D O L L A R S  

' C I R R V I N G  P R O D U C T I O M  Y E A R L Y  
C H A R G E S  C O S T  T O T A L S  

' 0.000 1154.176 1954.176 
79.932 1209.131 1281.062 

946.952 1098.306 9445.258 
395.945 1180.001 1515.945 
453.747 1202.306 1656.053 
566.232 1226.761 1792.993 
674.104 1253.219 1927.323 
871.637 1188.330 2059.967 
883.963 1253.869 2137.832 
989.922 1227.274 2269.296 

1077.609 1324.530 2402.139 
1219.900 1349.919 2569.819 
1349.622 1325.480 2679.103 
1470.443 . 1370.497 2640.940 
14SQ.204 1478.003 291 2.207 
1370.375 1632.094 3002.4 70 
1916.595 1896.308 31 32 .GO3 
1463.308 1831.955 3295.263 
1451.264 1999.107 3450.371 
1568.791 2127.177 3695 -968 
1506.226 2598.947 3905.176 
6 583.769 2549.785 4193.554 
1581.758 2627.148 4308.906 
1761.942 2809.641 4571.58Q 
1874.118 2992.357 4871.476 
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Table B-18. COFlBlNATION SOLAR EXPAFIS ION 
DEFERRED EXPANSION 
NOMINAL PENEIRA710N  

COSY SUR#ARl 
-..------------*---a- 101 THE INSTALLATION POLICY .................... 

---om--- C U R R E W T  Y E A R  COST -------- 
6lVLW I N  MiLLIONS O f  bOLLARS 

CARRY IN6 PRODUCTION YEARLY 
CMARCES COST TOTALS 

0 .Om 9154.196 1154.196 
88.724 1533.228 1Q21.952 
427.480 1348.866 1776.346 
659.448 1609.282 2068.731 
688.820 9848.897 2507.518 
956.134 2058.552 301 2.686 
1260.855 2332.572 3593.627 
1809.659 2452.707 6262.366 
2037.127 2a63.374 4906.202 
2511.792 3266.703 5778.495 
3059.785 3725.857 6785.642 
3844,828 6212.6&0 8057.468 

,------- PRESENT WORTH C O S T  -------- 
GXVCW I N  VlLLIOMS Of DOLLARS 

C A R R Y  ING PRODUCTION Y E A R L Y  
CHARGES COOT TOTALS 

0.OQO 1154.196 1151.198 
79.932 1201 .I06 1281 -038 
346.952 1094.770 ? 441.722 
335.945 1176.693 151 2.638 
653.747 1198.032 1651.780 
566.232 1221.650 1787.882 
674.105 1217.088 1921 .I93 
821.637 1181.367 205S.004 
893.965 1 i45 .a90 2129.C61 
981.922 1277.035 2258.957 
9077.609 1912.189 2389.798 
1299.900 8336.601 2556.500 
1953.622 1310.939 2664.561 
9455.490 1357.679 2813.160 
1383.177 1479.386 2862.563 
1325.669 1634.862 2940.331 
9280.890 181 5.321 3086.09 1 
1435.320 1822.771 .32SC!.O91 
1456.854 1962.353 3419.208 
1584.975 2075.020 3459.8196 
1510.924 2942.099 3853.023 
'1591.559 2479.609 4071 -168 
1686.198 2550.308 4236.505 
1766.821 2720.385 4687.206 
1881.01 9 
-----o-- 

23V3.?13 4771.732 -------- ----..oo- 



Table B-19. COMDlNATION SOLAR EXPANSION 
DEFERRED EXPANSIO!.i 

HIGH PENETRATION 



Table B-20. COMB I NATION SOLAR EXPANS I O N  
DEFERRED EXPANSION 

H IGH PENETRATION 

CCS7 SUMMARY . .................... fOR THE )USTALLATION POLICY -------------om----- 

-------- CURRENT YEAR COST -------- -------- PRESENT YORTH COST -------- 
~ ~ V C R  IN HILLIONS OF DOLLLRS GIVEN xn RILLIONS o f  DOLLARS 

I '  

YEARLY 
TOTALS 

1154.196 
1421 -01 7 
1775.312 
2066.403 
2488.187 
2970.721 
3541 -821 
4209.008 
4827.282 
5681 .?68 
6667.103 
7891.190 
91 38.02.3 
10495.801 
11966.675 
95781 .I86 
16163.216 
18930.984 
22047.050 
26216.482 
30660.340 
35628.058 
41086.1 18 
48090.825 
56657.559 

---"w-"- 

CIRRY PMG 
CHARGES 

0 .ooo 
77.978 
315.183 
331.907 
435.551 
540.408 
646.010 
846.210 
850.443 
945.743 
1038.835 
1971.296 
1309.615 
1319.316 
1257,723 
1194.829 
1188.667 
1395.250 
1429.41 7 

PROPUCTION 
COST 

1154.196 
1202.219 
1095.700 
1174.029 
1200.494 
1222.571 
1247.592 
1178.204 
1244.243 
1275.401 

YEARLY 
TOTALS 
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APPENDIX C 

STATIC ANALYSIS RESULTS 

Appendix C contains summary figures for the static analysis. Table C-1 details 
the solar plant total megawatt installation by the analysis years. Three 

levels of solar plant penetration are shown for each of the improved hybrid 
repowered, the combination, and the improved stand-alone experiments. This 
table corresponds to Figure 7-1, 7-2, and 7-3 in the main report. 

The remaining figures in Appendix C are of two types: the solar plant's power 
output is broken down by fuel displacement type and the solar plant's total 
value is shown with its components. Each of the nine penetration scenarios 
shown in Table C-1 have both figures included in Appendix C. The scenarios 
are included in the order shown in Table C-1. The energy displacement figures 
show solar plant output normalized to an incremental 50 MWe plant. The 
incremental plant is the last solar plant added to the system. The solar 
plant total value curves are also normalized to a 50 MWe plant. The total 
value components are the fuel value (coal, /I6 oil, and /I2 oil displacement), 
capacity credit, and variable operation and maintenance savings. These 
components are discussed in Appendix A and in Section 7.3.3 through 7.3.5. 

A list of tables and figures included in Appendix C follows. 

Tables 

C-1 Solar Plant Penetration Experiment 

Figures 

Page 

18 3 

.......................... IHR Low Penetration Power Output 184 
...................... IHR Low Penetration Value Components 185 ...................... IHR Nominal Penetration Power Output 186 

.................. IHR Nominal Penetration Value Components 187 ......................... IHR High Penetration Power Output 188 ..................... IHR High Penetration Value Components 189 .................. Combination Low Penetration Power Output 190 .............. Comblnatiul~ Low Penetration Value Components 191 .............. Combination Nominal Penetration Power Output 192 
.......... Combination Nominal Penetration Val.uf! Components 193 .................. Combination High Penetration Power Output 194 ............. Combination High Penetration Value Components 195 .......................... ISA Low Penetration Power Output 196 

ISA Low Penetration Value Components ...................... 197 
ISA Nominal Penetration Power Output ...................... 198 
ISA Nominal Penetration Value Components .................. 199 

......................... ISA High Penetration Power Output 200 ..................... IS* High Penetration Value Components 201 
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Table C-1 

. 

SOLAR PLANT PENETRATION EXPERIMENT 

GENERATION EXPANSION SCENARIOS AND STATIC ANALYSIS POINTS 

95 97 2000 

65 105 

150 285 

325 650 

65 80 

-------- 

150 \ 285 105 

325 650 

50 80 

105 200 

21 0 440 

91 92 93 

105 

\\ 

64 

64 160 

0 5 07 09 
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525 680 680 

1300 1300 
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525 170 850 250 
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900 1600 
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18 27 
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4 12 

4 12 
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Figure C-1. 50 MW SOLAR PLANT POWER OUTPUT FUEL DTSPLACEMENT 
I HR EXPElilMENT - LOW PEJYETRATION 
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Figure C-3. 50 MW SOLAR PLANT POWER OUTPUT FUEL DISPLECEMENT 
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Figure C-5. 50 MW SOLAR PLANT POWER OUTPUT VALUE COMPONENTS 
IHR EXPERIMENT - HIGH PENETRATION 
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Figuire. C-7. 50 Mb7 SOLAR PLANT POWER OUTPUT BUEL DISPLACEMENT 
COMBINATION EXPERIMENT - LOW PENETRATION 
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Figure C-8. 1985 M$ SOLAR PLANT POWER OUTPUT VALUE CIIMPONENTS 
COMBINATION EXPERIMENT - LOW PENETRATION 
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Figure C-9. 50 MW SULAK PLANT POWEB OUTPUT FUEL DISPLACEMENT 
COMBINATION EXPERIMENT - NOMINAL PENETRATION 
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Figure C-10. 1985 M$ SOLAR PLANT POWER OUTPUT VALm COMPONENTS 
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Figure C-11. 50 MW SOLAR PLANT POWER OUTPUT FUEL DISPLACEMENT 
COMBINATION EXPERIMENT - HIGH PENETRATION 
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Figure C-12. 1985 M$ SOLAR PLANT POWER OUTPUT VALUE COME'OMENTS 
COMBINATION EXPERIMENT - HIGH PENETRATION 



Figure C-13. SO MW SOLAR PLANT POWER OUTPUT FUEL DISPLACEMENT 
ISA EXPERIMENT - LOW PENETRATION 
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Figure C-14. 50 MW SOLAR PLANT POWER OUTPUT VALUE COMPONENTS- 
ISA EXPERIMENT - LOW PENETRATION 



Figure C-15. 50 MW SOLAR FLANT POWER OUTPUT FUEL DISPLACEMENT 
ISA EXPERIMENT - NOMINAL PENETRATION 
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Figure C-16. 50 MW SOLAR PLANT POWER OUTPUT VALUE COMPONENT 
ISA EXPERIMENT - NOMINAL PENETRATION 
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Figure C-17. 50 MW SOTAR POWER PLANT OUTPUT FUEL DISPLACEMENT 
ISA EXPERIMENT - HIGH PENETRATION 
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APPENDIX D 

COST ESTIMATES 

A list of tables.and figures shown in this appendix follows . 

Tables Page 

................................ D-1 SERI Estimate of O&M Costs 205 .............................. D- 2 Repower Plant Cost Estimates 206 ......................................... D- 3 Stand-Alone Plant 207 
D-4 ' CBS Solar Plant Cost Comparison ........................... 208 
D- 5 Operating.& Maintenance Personnel Costs ................... 209 
D- 6 Personnel Cost Estimates .................................. 209 ............ D- 7 Field Efficiencies for Central Receiver System 210 

. . 
Figures 

D- 1 Turbine Gencrstor Efficiency Correction ................... 211 
D- 2 Boiler Efficiency Correction .............................. 212 
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T~ble D-1. SERI E S T ~ T E  OF O&M COSTS ($000) 

OK 100 Operations 
OM 110 Personnel 

I 
Day time 
Shift 
Subtotal ('77) 
1979 $ 
Fringe h Burden (35%) 

OM 120 Consunables 

ON 200 Maintenance Materials 
OM 210 Spare Parts 

EPGS 
Collector 
Receiver 
Storage 

OM 220 Repair Materials 

OM 300 Maintenance Labor 
OM 310 Scheduled 

Daytime 
Shift 
Subtotal (' 77) 
1978 $ 
Fringe & Burden (35%) 

OM 320 Corrective 
EPGS 
Collector 
Receiver 
Stcrage 
Technical Support 

TOTAL 

1985 M$ 
- 

Source of Estimate 

SERI Estimate 

GE 

112%-yr 
112%-yr 
112%-yr 
112%-yr 

50% OM 210 

SERI Estimate 

674.2 
775.3 
271.4 

367.6 
422.7 
147.9 

115.0 
245.0 
80.3 
38.0 

342.3 
393.6 
137.8 

5 0 

Stand-Alone 

1046.7 

1343.1 

2390 

Repower 

570.7 

1343.1 

478.3 

239.1 

531.4 

50 

1914 

717 / 
478.3 

239.1 

379.7 

5 0 

581 

3688 

5.9 

717 

430 

3061 

4.9 - 

. 

244.6 
281.3 
98.4 

I 
I 

I 

(50 



T a b l e  D-2. 100 MWe - REPOWER - BUFFER STORAGE 
(1978  ,K$)  

4100 Site, Struct.. Misc. 
4110 Site 
4111 Land 
4112 Yard Work 

4120 Buildings 
4121 Turbine Bldg. 
4122 Administration 
4123 WarehouselMaint. 
4124 Control 
4125 Other Visitors 

4130 Misc. Equip. 
4131 T~anspur~ 6 LlTtlng 
4132 Cuuuuuulca~lun 
4133 Other 

4200 Turbine Plant Equip. 
4210 TG 6 Acc. 
4220 Heat Rejection System 
4230 Condensing 
4240 Feed Heating 
4250 Working Fluid 6 Acc. 

4300 Electric Plant Equip. 
4310 Swlrchgear 
4320 Station Suc. Equip. 
4330 Protective Equip. 
4340 Power Wiring & Acc. 
4350, Master Control (EPGS) 
4351 Hardware 
4352 Hard Design 6 Engr. 
4353 Soft Develop. 6 Test 

4360 Generator Ransformer 
4370 Substation 

4400 Collector Equip. 
67/fte2 

4500 Receiver Equip. 
4510 Kecek. rr Unit 
4511 Absorber. 
AS17 Support Struot. 
4513 Circulation Equip. 
6514 l'uaL. b Ctmtrnl 
4515 Tran. Erec, Install 

4520 Riser, Down, Horia 
Pipe 

4530 Working Media . 
4540 Tower 
4550 Foundation 
4560 Steam Generator 
4570 Design Engineering 

4600 Thermal Storage Equip. 
4610 Containment 
4620 Circulation (Media) 
4630 Circulation (Steam) 
4640 Discharge Hx 
4650 Charging Hx 
l l A n  Fnutntlstl.on 
4670 Design L Engr. 
4680 Media 

4900 Master Coctrol (Solar) 

SUDMTAL 

LBO0 Pla tr ih .  & Indirect 
4810 Temp. Facilitiea 6 

Equip. 
4820 Spare Parts 
4830 ALE Serviccs 
4840 Conatructlnn N ~ r n t .  
4850 Startup 6 Checkout 
4860 Contingency 

TOTAL 

SER1 MM'APS 
(100 MU) 

400 
800 

. 50 

250 

' SERI 

400 
800 

50 

250 
300 
100 

400 
SU 

300 

6022 
236 
1526 
1452 
1315 

1200 

700 

SERI 

80 
30 
400 
160 
200 

400 ' 
100 
500 

MM ' 

19864 
36n7 

11136 
348 
2011 

2767 

1276 
646 
229 

62. 

339 

72816 

2184 
364 
7536 
2487 
500 

R588 

94469 

2650 

Nodifled 

1200 

700 

750 

1000 

200 
200 

100 
100 
25 
100 
748 

1 00 

8951 

24800 
200 
3000 

5144 
1300 

1320 

724 

91 
152 
1067 

1037 
505 
7736 
2443 
1000 

1400 

625 

37120 

16833 

1338 

2000 

81966 

7069 ' 

9105 

102592 

Rockvcll 

2650 

1400 

1173 

52111 

42995 

3354 

103683 

12721 

12686 

114910 

SERI 

3317 

9902 
634 
lllb 

4211 

1995 
333 
6RR4 
2272 
. 500 
7849 

I 750 

Modif icd Ssndln 

. 
RSA 

3793 

1900 

600 

37674 

19783 

1960 

1000 

66510 

19833 

86345 

400 
3U 
300 

" 

1923 

870 

1000 

200 
200 

100 
100 
25 
100 
200 

100 

2833 

5500 
200 
3000 

4000 
1300 

162 
310 

26 
500 
340 

820 
397 
3727. 
1125 
1000 

3793 

1000 I 
600 1 1300 

A1 

23338 
3479 

10800 
780 
1890 

6390 

2525 
.I071 
232 

LUX 

1120 

77533 

2326 
388 
8025 
26b8 
500 

9162 

100562 

1900 

400 

' 45000 

GE 

27590 
46YL 

13200 
1122 
21Yu 

5787 

2765 
1166 
250 

112 

1237 

82025 

2461 
410 
8490 
2802 
500 
9669 

106356 



T a b l e  D-3. 100 MWe - STAND-ALONE - 3 HR STORAGE 

(1978, KS) 

4100 Site. Struct.. Misc 
4110 Site 
4111 Land 
4112 Yard Work 

4120 Buildings 
4121 Turbino Build l18g 
4122 Administration 
4123 Wareliousehktl~~t. 
4124 Control 
4125 Other 

4130 Misc. Equip. 
4131 Transport b Lifting 
4132 Communication 
4133 Other 

4200 Turbine Plant Equip. 
4210 TC b Acc. 
4220 Heat Rejection System 
4230 Condensing 
4240 Feed Heating 
4250 Working Fluid h Acc. 

4300 Electric Plant Equip. 
4310 Switchgear 
4320 Station Suc. Erp~ip. 
4330 Protective Equip. 
4340 Power Wiring h Acc. 
4350 Master Control (EPGS) 
4351 Hardware 
4352 Hard Design h mgr. 
4353 Soft Develop. h Test 

4360 Generator Transformer 
4370 Substation 

4400 Collector Equip. 
$ 7 / € ~ . ~  

4500 Receiver Equip. 
4510 Receive Unit 
L511 Absorber 
4512 Support Struct. 
4513 Circulation Equip. 
4514 Inst. h Control 
4515 Tran. Erec, Install 

4520 Riser, Down, Horu 
Pipe 

4530 Working Media 
4540 Towcr 
4550 Foundation 
4560 Steam Generator 
4570 Design Engineering 

4600 Thermal Storage Equip. 
4610 Containment 
4620 Circulation (Media) 
4630 Circulntion (Stem) 
4640 Discharge Kx 
4650 Charging Hx 
4660 Foundation 
4670 Design b Engr. 
4680 Media 

4900 Master Control (Solar) 

SUBTOTAL 

6800 Distrib. a Indirect 
4810 Temp. Facilities h 

Quip. 
4820 Spare Part6 
4830 ALE Serviccs 
4840 Con.~truction Mpt. 
4850 Startup L Checkout 
4860 Contingency 

TOTAL 

201 
829 

946 

236 
410 

381 
15 
b18 

1642 
669 
349 
81 
605 

5381 

19424 

4301 

52111 

23305 

12086 

1lbbULI 

15211 

13430 

131840 

1'186 
180 
300 
216 
118 

721 
110 
850 

487 
185 
76 

4022 
236 
1526 
1452 
1315 

Urtin 

1030 

1592 

1014 

10683 
2750 
525 
1582 
1435 

932 
800 
225 
1800 
600 

460 
900 

3147 

2294 
222 
2987 
769 
3854 
1300 

649 
310 

104 
800 
2034 

915 
439 
6873 
2073 
1000 

CE 

1442 
667 

13935 
4235 
lono 

A1 

1500 

2200 

1681 

10856 
4215 
320 
1655 
2378 

860 
1502 
253 
938 
748 

8551' 

4942 
183 
3166 

5144 
1319 

4356 

724 

300 
306 
6400 

1166 
556 
9675 
2814 
1000 

3636 

16975 

5717 

hi683 

14572 

3896 

1023 

91302 

11300 

10074 

110016 

10715 

20070 

6759 

51319 

36174 

19179 

144216 

21279 

17189 

190959 

8900 

19000 

4000 

45000 

GE 

Sandia 

3000 

1860 
800 
300 
400 
160 
200 
4040 

11000 ] 8000 

* 
SERI 

3000 

1860 

4040 

11000 I 8000 

4586 

3661 
221 
2600 

4981 

3167 
528 

10924 
3605 
500 

12427 

m 

KSA 

8900 

19000 

4000 

49000 

16050 

7600 

1000 

105550 

31151 

1767nl 

AT 
18369 
5589 

6671 
222 
3120 - 
2767 - 
4336 
1892 
229 

181 - 
2034 

33605 

29514 

3058 
498 

1UJlb 
3404 
.snn 

11738 

1Z1J119 

13688 
3478 

1747 
183 
1890 -- 
6390 -- 
10389 
3137 

232 

300 - 
6720 

100977 

29371 

2664 
505 

10415 
3437 
500 

11850 

13nlLR 

16091 
4691 

12564 
259 
2790 

5787 -- 
11415 
3416 

250 

329 

7420 

104406 

30831 

3142 
522 

10807 
3566 
5n0 

12294 

135737 



Table D-4. CBS SOLAR PLANT COST COMPARISON 
1978 M$, 100 MWe PLANT 

Improved Improved Barstow 
Stand-Alone Repowering Repowering 

4100 Site, Structure, Misc. 
4110 Site 3.0 
4120 Buildings 1.9 
4130 Misc. Equipment 4.0 

4200 Turbine Plant Equip. 
4300 Electric Plant Equip. 
4400 Collector Equip. $7/ft 
4500 Receiver Equip. 
4510 Receiver Unit 4.6 
4520 Riser, Downcomer, 
Horiz. Pipe 3.7 

4530 Working Media 0.2 
4540 Tower 2.6 
4560 Steam Generator 5.0 

460,O Thermal Storage Equip. 
4900 Master Control 
4800 Distributables & Indirects 
Total Capital Investment 
Interest During Construction (15%) 
Total Capitalization (1978) 
Total Capitalization (1985) 

(Escalated at 7%) 

OM 100 Operations 
OM 200 Maintenance Materials 
OM 300 Maintenance Labor 

Total Yearly 0&M 

BASIS FOR DISTRIBUTABLE & INDIRECT COST ESTIMATES 

4810 T ~ m p n r ~ r y  Facilities - 1% of 4100 through 4G00, 4900 

4820 Spare Parts - 112% of 4200 through 4600, 4900 

4030 A&E Services - 15% o t  4100 through 4300, 4500,4600, 4900 

4840 Construction Management - 52 of 4100 through 4300,4510, - , 20, 40, 
50, 60;; 4610-60; 4900 

4850 startup & Checkout - 20 person-years @ $50 klyr 

4860 Contingency - 10% of 4500-4600 



Table D-5. OPERATING & MAINTENANCE PERSONNEL COSTS 
(1977, $000) 

Stand-Alone Repower 

Operating 674.2 367.6 

Maintenance 342.3 244.6 

Table D-6. PERSONNEL COST ESTIMATES ($1977) 

Category 

- 

a 
Effective Personnel 

Rate ($/~r) Requirement 
Stand-Alone Repower 

Operating 
Plant Superintendent 32000 1 112 
Clerk 10200 1 11 2 
Statistician 18100 1 112 

16400 1 112 Warehouseman 
Guards 12900 8 4 
Plant Engineer 28800 1 11 2 
Engineer (Controls/Computer) 24 7 00 1 112 
Computer Technician 18100 2 1 
Chemist 28800 2 1 
Instrument Technicians 18100 2 1 
Helper 9600 1 112 
Apprentice 9600 1 112 
Shift Foreman 22400 4 2 
Control Room Operators 20000 4 2 
Asst. Control Room Operators 17600 4 3 
Auxiliary Operators 12900 4 3 

Maintenance 
Maintenance Supervisor 
Working Foreman 
Electrician 
Mechanics 
Machinist 
Welder 
Apprentices 
Janitor 

Heliostat Field Foreman 
Mechanics 
Control Specialits 

. a It was assumed for personnel estimates that the repowered plants have two 
units per site, which reduces the effective personnel requirements. 



Table D-7. FIELD EFFICIENCIES FOR CENTRAL RECEIVER S Y S T ~  

[Ground coverage f r a c t i o n  = 0.23 (average)] 

FF ( J , K ) ~  Azimuth 
K( ) 
Eleva t ion  J ( )  0° 15' 30° 45' 60' 75" 90' 105' 

% e f l e c t s  commercial system des ign  presented  i n  t h e  MDAC Cen t r a l  Receiver 
S o l a r  Thermal Power System Pre l iminary  Design Report, October 1977. 

b~~ (J,K) i s  product  of cos ine  t i m e s  blocking and shadowing e f f i c i e n c i e s  
f o r  t h e  f i e l d  a t  azimuth J and e l e v a t i o n  K. 
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Figure  D-1. TURBINE GENERAzTOR E F F I C I E N C Y  CORRECTION 
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APPENDIX E 

ESTIMATION OF A SOLAR-THERMAL REPOWERING MARKET 

Two i n i t i a l  c r i t e r i a  w e r e  s t ipu la ted  a s  being necessary t o  the  f e a s i b i l i t y  of 
solar-thermal repowering: a )  t o  be repowerable, a u n i t  must be i n  an area  
receiving a t  l e a s t  200 k W ' h / ~ ~ / ~ r  d i r e c t  inso la t ion ;  b) t o  be repowerable, a 
u n i t  must be a gas o r  o i l  f i r e d  steam un i t .  With the  appl ica t ion of the  f i r s t  
c r i t e r i o n ,  t en  s t a t e s  a r e  seen t o  have acceptable inso la t ion :  Arizona, Cal i fornia ,  
Colorado, Kansas, Nevada, New Mexico, Oklahoma, Texas, Utah, and Wyoming. 
Application of the  second c r i t e r i o n  e l iminates  Wyoming. P lan t s  meeting these  
c r i t e r i a  a r e  i d e n t i f i e d  i n  Tables E-1 through E-12 [I]. 

These p lan t s  comprise a t o t a l  capacity of 76,143 MWe, with over 80% occurring 
i n  Texas and Cal i fornia .  

Since inso la t ion  i s  not  uniform across  s t a t e s ,  the  next  s t e p  was t o  screen out  
those p l a n t s  i n  unacceptable inso la t ion  areas--those i n  northern Cal i fornia ,  
northwestern Nevada and eas te rn  Kansas, Oklahoma and Texas (see Figure E-1). 
Inso la t ion  screening reduced the  p o t e n t i a l  market by 213 t o  26,823 MW. 

The PNM Market Survey [2 ]  was then used t o  f u r t h e r  reduce the  p o t e n t i a l  market 
by screening out  those p l a n t s  which, because of age, heat  r a t e  o r  o ther  reasons, 
u t i l i t i e s  would d e f i n i t e l y  not  repower. The PNM survey was a l s o  used t o  
impose percentage repowering cons t ra in t s  on many u n i t s  because of reported 
land a v a i l a b i l i t y .  Units  over 200 MW were not  covered i n  the  PNM survey, so  
no screening could be imposed upon them a t  t h i s  s tep .  The PNM survey reduced 
t h e  p o t e n t i a l  market t o  11,918 MW from 26,823 MW. 

The next s t e p  was t h e  removal of Cal i fornia  coas ta l  p l a n t s  [3] .  These sites 
were deemed not p o t e n t i a l l y  repowerable because of land a v a i l a b i l i t y  and cos t  
along t h e  coas t ,  and problems a r i s i n g  from coas ta l  fog and the  e f f e c t s  of s a l t  
spray on equipment. Removal of c o a s t a l  p l a n t s  reduced the  p o t e n t i a l  market t o  
8,726 MW from 11,918 MW. 

The f i n a l  s t e p  was t o  assume t h a t  because of the  inverse  re la t ionsh ip  between 
s o l a r  p lan t  va lue  and penet ra t ion ,  no system would repower beyond a given 
percentage. Two percentages of penet ra t ion  per system were assumed--10 and 
20%. The 20% c r i t e r i a  reduced the  market t o  6,298 MW from 8,726 MW. The 10% 
c r i t e r i a  reduced t h e  market t o  3,908 MW. Figure E-2 shows the  reduction i n  
t h e  repowering "market" a s  a function of these  c r i t e r i a .  
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1. The Mitre Corporation: Solar-Thermal Repowering. Or iginal ly  from Inventory 
of Power P lan t s  i n  t h e  United S t a t e s ,  DOE/RA-001, 1977. 

2. Public Service Company of New Mexico, Technical and Economic Assessment 
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Table E-1. GENERATIYG CAPACITY - TEXAS STATIONS (MWe) 

Code U t i l i t y  Gas/Oil C u n u l s t i ~ e  Gas 
P la2 t  

S i t e  
Steam ~ u r b i n e ~  Total  Turbine Other To ta l  

Houston Light ing & Power Co 
Houston Lighting & Power Co 
Gulf S t a t e s  U t i l i t i e s  Co 
Texas U t i l :  Texas Elec Service  Co 
Texas Util: Texas Power & Light Co 
Houston Lighting & Power Co 
Texas U t i l :  Texas Power & Light Co 
Texas U t i l :  Da l las  Power & Light  Co 
Texas U t i l :  Da l las  Power & Light Co 
San Antoaio Publ ic  Service  Bd 
San Antonio Publ ic  Service  Bd 
Texas U t i l :  Texas Elec Service  Co 
Houston ;ightir.g S Power Co 
Houston Light ing & Power Co 
Cen & SW: Soutkk-estern Elec Power Co 
Texas U t i l :  Texas Power & Light Co 
Austin Elec Eric Dept 
Texas U t i l :  Dal las  Power & Light Co 
Texas U t i l :  Texas E lec  Service  Co 
Texas U t i l :  Texas Power & Light Co 

- - -  - 

P H Robinson 
Cedar Bayou 
Sabine 
Handley 
Tradinghouae Creek 
W A Par i sh  
Valley 
Ilountain Creek 
Lake Hubbard 
V H Braunig 
U W Somers  
Morgan Creek 
San Bertron 
Greens Bayou 
Wilkes 
De Cordova 
Decker 
North Lake 
Eas le  Mounzain 

- S t  ryker Creek 

a Horizontal b a r s  group s t a t i o n s  by generat ing capaci ty ,  

b ~ i t e  se lec ted  a: randcm f o r  survey and ana1ys:ls. 

Code Key 
2 

1 : Eliminated because of inadequate i n s o l a t i o n  (2000 kWh,'M /yr) 
2 : Eliminated because of c o a s t a l  loca t ion  
3 : Eliminated because of l a c k  of a v a i l a b l e  land 
4 : Repowering p o t e n t i a l  p a r t i a l l y  constrained due t o  l imi ted  land a v a i l a b i l i t y  
5 : Eliminated because of u t i l i t y  d i s i n t e r e s t  
- : Not e l iminated 



Table E-2. GENERATING CAPACITY - TEXAS STATIONS (MWe) 

Code U t i l i t y  P l a n t  G a s / ~ i l  Cumulative Gas S i t e  
Steam ~ u r b i n e ~  To ta l  Turbine Other T o t a l  

- Texas U t i l :  Texas Elec Service  Co Permian Basin 703 23,247 0 0 703 - 
1 Cen & SW: Cen t ra l  Power & Light  Co Barney M Davis 676 23,923 0 0 676 
1 Texas U t i l :  Texas Elec Se rv ice  Co Graham 6d5b 24,558 0 0 635 
1 Aust in  E l e c t r i c  Dept Holly S t r e e t  626 25,184 0 0 626 
1 Lower Colorado River Author i ty  Sim Gideon 623 25,807 0 0 623 
1 Houston Light ing & Power Co Webster 615 26,422 14 0 629 

1 , 2  Cen & SW: Cen t ra l  Power & Light  Co Nueces Bay 596 27,018 0 0 596 
1 Cen & SW: Cen t ra l  Power & Eight  Co Lon C H i l l  - 574 0 0 574 27,592 
1 Cen & SW: Cen t ra l  Power & Light  Co V i c t o r i a  554b 0 0 554 28,146 
1 Gulf S t a t e s  U t i l i t i e s  Company Lewis Creek 54 2 28,688 0 0 542 
1 Cen & SW: Southwestern Elec  Power Co Knox ~ e e  497 29,185 0 0 497 - Southwestern Pub l i c  Se rv ice  Co Jones 496 29,681 0 0 496 
1 San Antonio Pub l i c  Se rv ice  Bd W* B T u t t l e  495 30,176 0 0 495 - Southwestern Pub l i c  Se rv ice  Co Nichols 476 30,652 0 0 476 
1 Gulf S t a t e s  U t i l i t i e s  Company Neches 453 31,105 0 0 453 
1 Lower Colorado River Author i ty  T C Ferguson 446 31,551 0 0 446 
- Southwestern P u b l i c  Se rv ic?  Co P l a n t  X 434 31,985 0 0 434 
1 Texas U t i l :  Texas Power & Ligh t  Co Tr inidad 412 32,397 0 0 412 
1 B r a z ~ s  Elec  Pwr Coop I n c  R W M i l l e r  388 32,785 0 0 388 

-- -- 

' ~ o r i z o n t a l  b a r s  group s t a t i o n s  by genera t ing  capaci ty .  

b ~ i t e  s e l e c t e d  a t  random f o r  survey and analys is .  



Table E-3. GENERATING CAPACITY - TEXAS STATIONS (MWe) 

Code U t i l i t y  P l a n t  G a s l ~ i l  Cumulative Gas S i t e  
Steam ~ u r b i n e ~  To ta l  Turbine Other To ta l  

- Cen 6 Sk': West Texas U t i l i t i e s  Co For t  Phantom 357 33,142 0 0 357 
1 Texas U t i l :  D a l l a s  Power & Light Co Parkdsle  341 33,483 0 0 341 

1 , 2  Xouston Light ing & Power Co Deepm t e r  335b 33,818 0 0 335 
1 Z i t p  of Garland Ray CBinger 335 34,153 0 0 335 
1 3ouston Light ing & Power Co T H Wlarton 323 34,476 946 0 1,269 
1 ' Texas U t i l :  Texas Power 6 L igh t  Co Lake Creek 316 34,792 0 0 316 - 2 1  Paso E l e c t r i c  Company Newma2 267 35,059 0 290 557 
1 Cen & SW: C e n t r a l  Power & Llght  Co E S J u s l i n  261 35,320 0 0 261 
1 Cen & SW: W e s t  Texas Utilities Co P a i n t  Creek 242 - 35,562 0 0 242 
1 San Antonio Publ ic  Se rv ice  3d ~ e o r ;  Creek 229 35,791 0 0 229 
1 T e ~ a s ~ U t i l :  Dal las  Power & Light Co Da l l a s  224 36,015 0 0 224 
1 Cen & SW: Ce2 t ra l  Power & Light  Co La Palma 219 36,234 49 0 268 
1 Houston Light ing & Power Co Hiram Clarke ' 210 36,444 84 0 294 
1 Denton Milnicipal U t i l i t i e s  Dent on 190 36,634 0 0 190 
1 Cen & SW: C ~ l t r a l  Power & Llght  Co J L Bates 189 36,823 0 0 159 
4 Cen & SW: C ~ a t r a l  Power & Light  Co Laredo 178 37,001 0 0 178 
1 San Antonio ? u b l i c  Se rv ice  I d  Mission Road 164 37,165 0 0 164 
1 Texas U t i l :  Texas Power & Light  Co C o l l i n  156 37,321 0 0 156 - Cen & SW: West Texas U t i l i t i e s  Co Rio Pecos 137 37,458 0 5 142 

a ~ o r i z o n t a l  b a r s  g r m p  s t a t i o n s  by g e n e r a t i r g  capacity.  

b ~ i t e  s e l e c t e d  a t  raudom f o r  survey and a n a l y s 3 .  



. 
Table E-4. GENERATING CAPACITY - TEXAS STATIONS (MWe) 

Code U t i l i t y  Plant 
Gas/Oil Cumulative Gas S i t e  

Steam ~urbine '  Tot a1 Turbine Other Total 

1 City of Bryan Bryan ,126 37,5,84 2 2 0 148 
1 Austin Elec t r ic  Dept Seaholm 125 37,709 0 0 125 
1 Texas U t i l :  Texas Elec Service Co North Main 116 37,825 0 0 116 
1 Texas IBtil: Texas Power & Light Co River Crest 113 37,938 0 0 113 
1 City of Bryan Dansby 105 38,043 0 0 105 
/I Cen & SW: We'st Texas U t i l i t i e s  Co San Angelo 1Q1 38,144 0 33 134 
1 City of Garland C E Newman 90 38,234 0 0 9 0 
1 Greenvllle Elec t r ic  Dept (TX) Greenville 85 38,319 0 15 100 - Cen & SW: West Texas Utilities Co Oak Creek 82 38,401 0 0 8 2 
3 City of; Lubbock Power 6 Light Plant 2 82 38,483 0 0 8 2 
4 Southwestern Public Service Co ,Denver City 80 38,563 0 0 80 
1 Brazus Elec Power Coop Inc North Texas 76 38,639 0 0 76 - Medina Elec t r ic  Coop Inc Pearsal l  7 5 38,714 0 0 7 5 - Southwestern Public Service Go Moore County 68 38,782 0 0 ' 68 - Southwestern Public Service Co East Plant 62 38,844 0 0 6 2 
1 Lower Colorado River Authority Coma1 60 38,904 O, 0 60 
4 Cen & SW: West Texas U t i l i t%es  Co Concho 53 38,957 0 0 53 
1 Houston Lighting & Power Co Gable S t ree t  5 3 39,010 0 0 5 3 - City of Lubbock Power & Light Holly Ave '98 39,060 52 0 102 

' ~ o r i z o n t a l  bars  group s t a t i ons  by generating capacity. 

b ~ i t e  selected at random f o r  survey and analysis.  



T a b l e  E-5. G3NERATI:qG CAPACITY - TEXAS STATIONS (Me) 

Code Plan t  
Gas/Oil Cumulative Gas S i t e  

Steam ~ u r b i n e ~  Total Turbine Other Total  

- Cen 6 SU: West Texas U t i l i t i e s  Co Lake Pauline 4 5 39,105 0 0 4 5 
1 Cen 6 SW: S~uthwestern Elec Power C,o Lone S ta r  44 39,149 0 4,815 4,859 - Southwestern Public Service Co Riverview 3 5 39,184 0' 0 3 5 
4 Cen L SW: Wsst Texas U t i l i t i e s  Co Abilene . 27,, 39,211 0 0 27 
3 Texas U t i l :  Texas Elec Service Co Wichita F a l l s  26 39,237 0 0 26 
1 Soutk Texas Elec Coop Inc Sam kyburn  25 ' 39,262 0 24 ' 49 
1 Houston Lig5ting & Power Co Champ ion 19 39,281 0 0 19 

' ~ o r i z o n t a l  bars  group s t a t i ons  by generating capacity. 

b ~ i t e  selected a t  randcm for survey and d y s i s .  



Table E-6. . GENERATING CAPACITY - CALIFORNIA STATIONS (MWe) 

Code U t i l i t y  P l a n t  
Gas/Oil Cumulat i v e  'Gas S i t e  

Steam ~ u r b i n e ~  T o t a l  Turbine Other To ta l  

1 , 2  P a c i f i c  Gas & E l e c t r i c  Comapny Po t re ro  318b 20,090 - 183 268 7 69 
3. Southern C a l i f o r n i a  Edison C,ompany Redondo Beach No. 1 270 20,360 0 0 . 270' 
3 San Diego Gas & E l e c t r i c  Com.?any S i l v e r  Gate 247 0 0 247 20,607 
3 Imper ia l  I r r i g a t i o n  D i s t r i c t  E l  Centro 190 20,797 0 0 190 
3 Southern C a l i f o r n i a  Edison C,ompany Long Beach 180 20,977 0 455 635 - Ci ty  of Pasadena W t r  & Pwr Dept Broadway 171 21,148 0 0 171  
4 Southern C a l i f o r n i a  Edison Company Highgrove 17r! 21,318 0 0 170 
4 ' P a c i f i c  Gas & E l e c t r i c  Company Kern 166 0 0 166 21,484 
3 Glendale Pub l i c  Service  Dept Grayson 164 21,648 5 4 121 339 - Southern C a l i f o r n i a  Edison Company Cool Water 14 7 21,795 0 0 147 
4 Southern C a l i f o r n i a  Edison Company San Bernardino 130 21,925 0 0 130 

1 , 2  P a c i f i c  Gas & E l e c t r i c  Company Humbult Bay 102 22,027 0 0 102 " 

3 Burbank Pub l i c  Service  Department Ol ive  99 22,126 137 0 236 
3 San Diego Gas & E l e c t r i c  Company S t a t i o n  B 93 22,219 0 0 93 
1 P a c i f i c  Gas & E l e c t r i c  Company Oleum Steam 80 22,299 0 0 80 . 
4 Burbank Pub l i c  Se rv ice  Department Magnolia 70 22,369 0 0 70 
- Ci ty  of Pasadena W t r  & Pwr Dept Glenarm 65 22,434 5 2 0 117 
1 P a c i f i c  Gas & E l e c t r i c  Company Martinez 40 22,474 0 0 40 
1 Pacif i .2  Gas & E l e c t r i c  Company Avon Steam 40 22,514 0 0 40 

a ~ o r i z o n t a l  b a r s  group s t a t i o n s  by generat ing capaci ty .  

b ~ i t e  s e l e c t e d  a t  random f o r  survey and ana lys i s .  



Table E-7. GENEPATING CAPACITY - CALIFORNIA STATIONS ( W e )  

Code U t i l i t y  
~ a s / O i l  Cumulative Gas E l a n t  

S i t e  
Steam ~ u r b i n e ~  Total  Turbine Other Total  

Pac i f i c  Gas L Elec t r ic  Company 
Pac i f i c  Gas i Elec t r i c  Company 
Southern Cal ifornia  Edison Company 
Los Amgeles Dept of Water & Power 
Southern Cal ifornia  Edison Company 
Southern Cal ifornia  Edison Company 
Pac i f i c  Gas b Elec t r i c  Compeny 
Pac i f i c  Gas L Elec t r ic  Company 
Southern Cal ifornia  Edison Company 
Southqrn Cal ifornia  Edison Company 
San Di'ego Gas & Elec t r i c  Company 
Southern Cal ifornia  Edison Company 
San Diego Gas 6 Elec t r i c  Company 
Los Angeles Dept of Water & Power 
Los A n p l e s  Dept of Water 6 Power 
Southern Cal ifornia  Edison Company 
Los Angeles Dept of Water & Power 
Pac i f i c  Gas b Elec t r i c  Company 

Mo E s Lani.ing 
P i t  tsburg 
ALanitos 
Halnes 
Mend B ~ a c h  
Redondo E.each No. 
Cor.tra Ccsta 
Morro Bay 
EX Segupco 
Etfwanda 
Encina 
Hur.tington Beach 
S o ~ t h  Bay 
S c ~ t t e r g ~ o d  
Valley 
Mar.dalay 
Harbor 
Hur.ters Foint  

a ~ o r i z o n a a l  ba r s  grcup s t a t i ons  by generating capacity. 

b ~ i t e  selected at raildom f o r  survey and analysis.  



T a b l e  E-8. GENER4TING CAPACITY - OKLAHOMA STATIONS ( W e )  

Code U t i l i t y  Plant  G a s / ~ i l  Cumulative Gas S i t e  
Steam ~ u r b i n e "  Total  Turbine Other Total  

Oklahoma Gas & Elec t r i c  Co 
Cen 6 SW: Public Serv Co oE Oklahoma 
Oklahoma Gas & Elec t r i c  Co 
Cen 6 SW: Public Serv Co o.€ Oklahoma 
Oklahoma Gas & Elec t r ic  Co 
Cen & SW: Public Serv Co of Oklahoma 
Cen & SW: Public Serv Co o i  Oklahoma 
Western Farmers Elec Coop [OK) 
Oklahoma Gas & Elec t r i c  Co 
Western Farmers Elec Coop {OK) 
Cen & SW: Public Serv Co of Oklahoma 
Oklahoma Gas & Elec t r i c  Co 
Grand River Dam Authority 
Oklahoma Gas & Electr ic-Co 
Oklah~ma Gas & Elec t r i c  Co 

Seminole 
Riverside 
Horseshoe Lake 
Northeastern 
Mustang 
Southwestern 
Tulsa, 
Mooreland 
Muskugee 
Anadarko 
Weleetka 
Arbuckle 
Chouteau 
.Belle I s l e  
Osage 

' ~ o r ~ z o n t a l  bars  group s t a t i o n s  bp generating capacity. 

b ~ i t e  selected a t  random f o r  survey and analysis.  



Table E-9. GENERATING CAPACITY - KANSAS STATIONS (MWe) 

Code U t i l i t y  'Plant 
Gas./Oil Cumulative Gas S i t e  

Steam ~ u r b i n e ~  Total Turbine Other Total  
-- - 

Kanszs Power & Light Co 
K a n s ~ s  Gas .S Elec t r i c  Co 
Kansas Gas Z Elec t r ic  Co 
Kansas Power & Light Co 
K a n s ~ s  Power & Light Co 
Kanszs City 3d of Pub U t i l  (KS) 
Central Telephone t U t i l  Carp (KS) 
Kansas City Bd of Pub U t i l  (KS) 
Empire Dis t r icz  E l ec t r i c  Co 
Central Telephone & U t i l  Carp (KS) 
Sunf laxer Eleczric  Coop (KS) 
Kansas City Bd of Pub U t i l  (KS) 
Kansas Gas i5 Elec t r i c  Co 
Coffeyvi l le  ?lux Lt Dept 
Kansas Gas & Elec t r i c  CC 
Central Telephone & U t i l  Ccrp (KS) 
Winfleld Mun LPght & Power P l t  
City of Wellington (KS) 
Kansas Powez & Light CC 
McPherson b a r 3  of Public Ziti1 
McPherson Eoard of Public U t i l  
Ottawa Water & Light Dept (KS) 

Lawrence 
Gordon Evans 
Murray G i l l  
Tecumseh 
Hu tchL.son 
Quindaro No. 3 
Judson Large 
KAW 
River ton 
Mullegren  
Garden City 
Quindaro No. 2 
Ripley 
Coffeyville 
Neoshc 
Cimarron River 
Winf i e l d  
Wellirgton 
Abi1er.e 
Plant  No. 2 
Plant  No. 1 
O t t a w ~  

a ~ o r i z o n t a l  bars  group s t a t i ons  by generating capacity. 

b ~ i t e  selected a t  r , m h  f o r  survey and analysis.  



Table E-10. GENER4TING CAPACITY - ARIZONA STATIONS ( W e )  

Code U t i l i t y  P l a n t  
Gas/Oil Cumulative . Gas S i t e  

Steam ~ u r b i n e ~  T o t a l  ~ u r b i n e  Other T o t a l  

- Tucson Gas & E l e c t r i c  Company I r v i n g  ton 5 0 5 ~  505 7 3 0 578 
- S a l t  River P ro j  Agri  Imp Pwr Die t  Agca F r i a  - 391 896 192 0 583 
- Arizona Pub l i c  Service  Company Saguaro 225 1,921 114 0 339 
5 Arizona Pub l i c  Service  Company O c o t i l l o  220h 1,341 114 0 334 
5 Arizona Pub l i c  Se rv ice  Company Phoenix - 117 1,458 . 112 0 229 
4 S a l t  River P r o j  Agri  Imp Pwr D i s t  Kyrene logb 1,567 195 0 304 
3 Tucson Gas & E l e c t r i c  Company De Moss P e t r e i  106 1,673 48 0 154 
- Usbia San Car los  P r o j e c t  Yucca 7 5 1,748 164 0 239 
5 Arizona p u b l i c  Se rv ice  Company, Yuma Axis . 75 1,823 2 5 0 100 
- Arizona E l e c t r i c  Pwr Coop Ilpc Cochise B 7 5 1,898 30 65 170 
- Arizona ~ l e c t r i c  Pwr Coop I n c  Apache S t a t i o n  7 5 1,973 83 0 . 158 
3 S a l t  River  P r o j  Agri  Imp Pwr D i s t  Crosscut 3 2 2,005 0 0 3 2 
- No. Loop 100 

- - -  

a ~ o r i z o & a l  b a r s  gr.oup s t a t i o n s  by generat ing capacity.  

b ~ i t e  s e l e c t e d  a t  random f o r  survey and ana lys i s .  



T a b l e  E-11. GEIEPATING CAPACITY - NEW MEXICO STATIONS (MWe) 

Code U t i l i t y  
G a s / ~ i l  ' Cumulative Gas 

P l a n t  S l  t e 
Steam ~ u r b i n e ~  To ta l  Turbine Other T o t a l  

E l  Paso E l e c z r i c  Corn~any 
S ~ u t h w e s t e r n  P u b l i c  Se rv ice  20 
P u b l i c  Service  Co of New Mexico 
P - ~ b l i c  Service  Co of New MexPco 
N=w Mexico Elec  Se rv ice  Co 
P l a i n s  Elec Gen & Trans Coop, I n c  
Community Publ ic  Se rv ice  Co 
Southwcistern Pub l i c  Se rv ice  *:o 
P ~ b l i c  Se rv ice  Co of New Mexhco 
S ~ u t h w e s t e r n  Pub l i c  Se rv ice  820 

P ~ b l i c  Se rv ice  Co of New MexLco 

Rio Zrande 
Cunningham 
Reevas 
Pe r s  ~n 
Madd.~x 
Algo.dones 
Lordsburg 
C a r l  ;bad 
Pragcr  
Roswell 
Santa  Fe 

a ~ o r i z o n t a l  b a r s  group s t a t i m s  by g a e r a t i r q  capaci ty .  

b ~ i t e  s e l e c t e d  at raudorr: f o r  survey and anabeis. 



Table E-12. GENERATING CAPACITY - NEVADA, COLORADO, AND UTAH STATIONS (MW~) 

Code U t i l i t y  P l a n t  
Gas/Oil Cumulative Gas S i t e  

Steam ~ u r b i n e ~  T o t a l  Turbine Other T o t a l  

Nevada 
S i e r r a  P a c i f i c  Power Company 
S i e r r a  P a c i f i c  Power Comp.3ny 
Nevzda Power Company 
Nevada Power Company 

Colorcdo 
Pub l i c  Service  Co of Colorado 
Pub l i c  Service  Co of Colorado 
City 'of Colorado Springs 
U t i l i t i e s  Brd of t h e  C i ty  of Lamar 
Central .Telephone & U t i l  2orp (CO) 
Ci ty  of Colorado Springs 
Publ ic  Se rv ice  Co of Colorado 
Moon Lake E l e c t r i c  Assn I n c  
Tr inidad Mun Pwr & L t  Dept 
Cen t ra l  Telephone & U t i l  Corp (CO) 

Utah 
Utah Power & Light  Company 
Gadsby 

Tracy 
F o r t  Churchi l l  
Clark 
Sunr i se  

Zuni 
Valmont 
George Bi rdsa l  
Lamar 
Pueblo New 
Drake , 

Alamusa 
Rangley 
Tr inidad 
Rocky Ford 

Jordan 

a ~ o r i z o n t a l  b a r s  group s t a t i o n s  by genera t ing  capaci ty .  

b ~ i t e  s e l e c t e d  a t  random f o r  survey and ana lys i s .  
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D i r e c t ,  Tm3tzl  & D i f f u s e  S o l a r  R a d i a t i o n  f o r  Fixed and 
Tracking ~2ollec.:ors i n  t h e  USA," 1130178. 
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