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ABSTRACT 

Comprehensive computer programs are developed f o r  pu rposes  of de t e rmin ing  c o o l i n g  

makeup water r equ i r emen t s  and e l e c t r i c i t y  p r o d u c t i o n  c o s t s  f o r  e v a p o r a t i v e  (wet) 

and dryfwet-peaking c o o l i n g  towers ,  which are t h e  p r i n c i p a l  c o o l i n g  t e c h n o l o g i e s  

f o r  r e j e c t i n g  t h e  h e a t  from hydro the rma l  power p l a n t s .  Such i n f o r m a t i o n  c a n  b e  

used t o  de t e rmine  t h e  i n c r e m e n t a l  c o s t  of r educ ing  t h e  water consumption of t h e  

c o o l i n g  system, o r ,  c o n v e r s e l y ,  what c o s t  would b e  i n c u r r e d  a t  a s i t e  i f  on ly  a 

c e r t a i n  q u a n t i t y  of water were a v a i l a b l e ,  t h u s  r e q u i r i n g  t h e  supp lemen ta l  u s e  of 

d r y  c o o l i n g  systems.  

P a r a m e t r i c  economic a n a l y s e s  were performed f o r  bo th  f l a s h  steam and b i n a r y  con- 

v e r s i o n  p r o c e s s e s  f o r  v a r i o u s  combinat ions of r e s o u r c e  t e m p e r a t u r e s ,  c l ima to log -  

i c a l  t y p e s ,  hydro the rma l  “ f u e l ”  c o s t s  , and c o o l i n g  s y s  t e m  makeup w a t e r  c o s t s  . 
R e s u l t s  of these a n a l y s e s  are p r e s e n t e d  i n  a number of cu rves  showing r e l a t i v e  

busba r  c o s t  of e l e c t r i c i t y  as a f u n c t i o n  of r e l a t i v e  amount of c o o l i n g  makeup 

w a t e r  r e q u i r e d .  These cu rves  show t h a t  u s e  of we t /d ry  c o o l i n g  systems can  c u t  

makeup water r equ i r emen t s  by f a c t o r s  of abou t  2 t o  4 a t  t h e  c o s t  of a n  a d d i t i o n a l  

10% t o  25% i n  t h e  busba r  p r i c e  of e l e c t r i c i t y .  

Turbine-generator  performance c u r v e s  are c o n s t r u c t e d  f o r  a r a n g e  of condensing 

c o n d i t i o n s  f o r  b o t h  t h e  f l a s h  steam and hydrocarbon b i n a r y - c y c l e  t u r b i n e s .  

Estimates of hydrothermal  r e s o u r c e s  i n  t h e  western United States are a l s o  g iven .  
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EPRI  PERSPECTIVE 

PROJECT DESCRIPTION 

Because a major  p o r t i o n  of t he  U. S.  hydro thermal  r e s o u r c e s  are loca ted  i n  t h e  a r i d  

and semia r id  wes te rn  s t a t e s ,  t h e  a v a i l a b i l i t y  of wa te r  f o r  geothermal  power p l a n t  

c o o l i n g  could  become a c r i t i c a l  c o n s t r a i n t  on the  growth o f  geothermal  energy 

u t i l i z a t i o n .  The c o n t r a c t  f o r  Research P r o j e c t  (RP) 927-1 was i s s u e d  t o  provide  a 

d e t a i l e d  s tudy  of t h e  problem of was te  h e a t  r e j e c t i o n  under c o n d i t i o n s  r e l e v a n t  t o  

commercial u se  o f  geothermal  r e sources  i n  water d e f i c i e n t  areas .  Although t h i s  

s tudy  focused on geothermal  power g e n e r a t i o n ,  t he  problem of  c o o l i n g  water supply  i n  

a r i d  r e g i o n s  i s  germane t o  o t h e r  types  of  power p l a n t s ,  and t h e  d a t a  de r ived  i n  t h i s  

F i n a l  Report should  be of  u se  i n  o t h e r  EPRI p r o j e c t s  and i n  u t i l i t y  p lanning .  

PROJECT OBJECTIVES 

EPRI awarded the  c o n t r a c t  i n  o rde r  t o  o b t a i n  a compara t ive  a n a l y s i s  of  a l t e r n a t e  

h e a t  r e j e c t i o n  sys tems,  t a k i n g  i n t o  account  t h e  v a r i a b i l i t y  of  geothermal  r e sources ,  

r e g i o n a l  c l i m a t i c  d i f f e r e n c e s ,  geo log ic  c o n d i t i o n s ,  water  a v a i l a b i l i t y ,  and power 

convers ion  o p t i o n s .  The many p o s s i b l e  combina t ions  o f  t h e s e  f a c t o r s  r e q u i r e d  

development of  computa t iona l  models f o r  u se  i n  pa rame t r i c  a n a l y s e s .  

a n a l y s e s ,  s p e c i f i c  c o r r e l a t i o n s  can be de r ived  f o r  p l a n t s  such as t h e  b i n a r y  c y c l e  

power p l a n t  proposed f o r  Heber i n  the  Imper i a l  Va l l ey  and f o r  b i n a r y  and d i r e c t  

f l a s h  power p l a n t s  a t  o t h e r  r e s o u r c e s  having  development p o t e n t i a l  i n  t h e  n e x t  10- 

y e a r  pe r iod .  

From t h e s e  
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PROJECT RESULTS 

High p e n a l t i e s  i n  both c a p i t a l  c o s t  and decreased  power o u t p u t  make t o t a l l y  d ry  

c o o l i n g  systems an unacceptab ly  expens ive  o p t i o n  f o r  geothermal  h e a t  r e j e c t i o n .  

of a dry/wet-peaking c o o l i n g  system can g r e a t l y  reduce c o o l i n g  water  consumiption a t  

some p e n a l t y  i n  t h e  busbar e l e c t r i c i t y  c o s t .  The p e n a l t y  i s  i n  t h e  10 t o  20% range  

when consumptive use of c o o l i n g  water i s  c u t  by h a l f .  Grea te r  r e d u c t i o n s  i n  c o o l i n g  

water  u s e ,  e .g .  c u t t i n g  back t o  only  one f i f t h  of  t h e  w a t e r  used by a pu re ly  

e v a p o r a t i v e  (wet)  sys tem,  can be achieved  a t  a busbar c o s t  pena l ty  r ang ing  from 15 

t o  35%. Busbar c o s t s  of e l e c t r i c i t y  depend much more on r e source  t empera tu re  and 

p roduc t ion  c o s t s  ( e .g . ,  w e l l s )  t han  on c o s t s  of c o o l i n g  water and c o o l i n g  sys tems.  

When compared on t h e  same 182'C (360'F) r e s o u r c e ,  b ina ry  power p l a n t s  r e q u i r e  abou t  

17% more c o o l i n g  water  than f l a s h  p l a n t s  because t h e  b i n a r y  p l a n t s  can use  more of 

t h e  low t empera tu re  h e a t  a v a i l a b l e  from t h e  r e s o u r c e .  

Use 

Vase1 Rober t s ,  Program Manager 
F o s s i l  Fue l  and Advanced Systems D i v i s i o n  

/-- 
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SUMMARY 

PURPOSE OF STUDY 

The o b j e c t i v e s  of t h i s  s t u d y  w e r e  (1) t o  i d e n t i f y  t h e  makeup w a t e r  s o u r c e s  and 

demand f o r  geothermal  power p roduc t ion  and ( 2 )  t o  deve lop  a n a l y t i c a l  t echn iques  

and perform a compara t ive  a n a l y s i s  of  t h e  waste h e a t  r e j e c t i o n  o p t i o n s  f o r  geo- 

thermal  power p l a n t s ,  t he reby  de te rmin ing  how water consumption may be  reduced.  

The r e s u l t s  of t h i s  s tudy  w i l l  b e  used t o  i d e n t i f y  o p t i o n s  t h a t  are b e s t  s u i t e d  

€ o r  geothermal  w a s t e  h e a t  r e j e c t i o n  by r e g i o n ,  r e s o u r c e  type ,  and conve r s ion  

technology.  

I n  t h i s  s t u d y ,  c o n s i d e r a t i o n  i s  g iven  t o  hydro thermal  r e s e r v o i r s  w i t h  tempera- 

t u r e s  between 15OoC and 246 C ,  because  t h e s e  o f f e r  p o t e n t i a l  € o r  t h e  development 

of commercial power g e n e r a t i o n  f a c i l i t i e s .  Most of t h e  known hydro thermal  re- 

0 

s o u r c e s  are  l o c a t e d  i n  t h e  w e s t e r n  Uni ted  States ,  where water r e s o u r c e s  are 

s c a r c e ,  h i g h l y  a l l o c a t e d ,  o r  i n f l u e n c e d  by r e g i o n a l  i n s t i t u t i o n a l  and l e g a l  

c o n s i d e r a t i o n s .  

Wet, we t /d ry ,  and d r y  c o o l i n g  towers  appea r  t o  b e  t h e  p r i n c i p a l  c o o l i n g  tech-  

n o l o g i e s  € o r  r e j e c t i n g  t h e  waste h e a t  from hydrothermal  power p l a n t s .  Compre- 

h e n s i v e  computer programs have been  developed f o r  t h i s  p r o j e c t  f o r  purposes  of 

de t e rmin ing  c o o l i n g  water makeup r equ i r emen t s  and energy  p r o d u c t i o n  c o s t s  f o r  

t h e  a forement ioned  c o o l i n g  t echno log ie s .  

performed f o r  b o t h  f l a s h  steam and b i n a r y  conve r s ion  p r o c e s s e s  f o r  v a r i o u s  

P a r a m e t r i c  economic a n a l y s e s  have been 
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combinations of resource temperatures, climatological types, hydrothermal "fuel 

costs", and cooling system makeup water costs. 

PARAMETRIC ANALYSES PERFORMED 

Specifically, the parametric analyses performed for this study assumed the 

following range of values: 

0 Hydrothermal resource temperature: 150 C (300 F), 182 C (360 F), 
and 246 C (475 F) 

0 Hydrothermal power plant conversion process: flash steam and 
binary 

0 Climatological type: High Mountain, Pacific Northwest, Basin and 
Range, and Hot Desert 

0 Cooling system type: mechanical-draft wet towers and mechanical- 
draft direct drylwet peaking towers 

0 Annual fixed-charge rate: 15 percent 

e Hydrothermal "fuel cost": $0.50/106 Btu and $1.00/106 Btu 

0 Makeup water cost: $O.lO/Kgal, $l.OO/Kgal, and $2.50/Kgal (in- 
cludes acquisition, transportation, treatment, and disposal 
costs) 

By selectively analyzing various combinations of values for these parameters, 

it is possible to compare the busbar energy production costs and makeup water 

requirements for hydrothermal power plants equipped with alternative cooling 

tower systems under different site, design, and economic conditions. 

The results of the analyses are presented in the form of curves representing 

relative busbar energy production costs as a function of percentage water use 

for a range of fuel and makeup water costs at the four sites. Zero percent 

water consumption represents a plant with dry cooling towers only, whereas 100 

percent water consumption represents a plant with evaporative (wet) cooling 
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towers only. The points between zero and 100 percent represent plants having 

different size combinations of dry and wet cooling towers, with a higher value 

of water consumption indicating a combination of a smaller dry tower with a 

larger wet tower. From such curves, the decision-maker can determine the incre- 

mental cost of reducing the water consumption of the cooling system, or, con- 

versely, what cost would be incurred at a site if only a certain quantity of 

water were available, thereby requiring the supplemental use of dry cooling 

systems. 

INFORMATION OBTAINABLE FROM COMPUTER PROGRAMS 

The computer programs which were developed to economically optimize and evaluate 

mechanical-draft evaporative and direct dry/wet peaking cooling tower systems 

provide the following information for each combination of resource temperature, 

conversion process, climatic condition, fuel cost, fixed-charge rate, and 

makeup water cost considered: 

Gross annual base generation and auxiliary energy requirements 

Annual makeup water requirements 

Annual plant capital and operating costs 

Annual hydrothermal "fuel" and operating costs 

Annual makeup water and operating costs 

Total annual capital and operating costs 

Busbar energy production costs 

Busbar component cost breakdown 

Summary of pertinent cooling tower and condenser design data 

Cost breakdown for cooling tower, condenser, circulating water 
facilities, controls, engineering and contingencies, interest 
during construction, and conversion plant 

Annual turbine operation profile 
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o Annual p l a n t  g e n e r a t i o n  p r o f i l e  n 

o D i s t r i b u t i o n  of  h e a t  l oad  between w e t  and d ry  towers f o r  t h e  
dry /wet  peaking  tower 

RESULTS OF STUDY 

Conclus ions  

Several key r e s u l t s  were o b t a i n e d  from a n a l y s i s  of  t h e  r ange  of v a l u e s  c a l c u l a t e d  

i n  t h e  p a r a m e t r i c  s t u d i e s  performed under  t h i s  c o n t r a c t .  The main o b s e r v a t i o n s  

are : 

Busbar energy p r o d u c t i o n  c o s t s  are ve ry  s e n s i t i v e  t o  hydro thermal  
r e s o u r c e  t empera tu re  and hydro thermal  " f u e l  cos t ' '  and less s e n s i -  
t i v e  t o  c l i m a t o l o g i c a l  t ype  and makeup water c o s t .  A l l  o t h e r  
pa rame te r s  remain ing  c o n s t a n t ,  busba r  energy p roduc t ion  c o s t s  f o r  
1 5 O o C  (300 F) r e s o u r c e s  are g e n e r a l l y  on t h e  o r d e r  of 80 p e r c e n t  
h i g h e r  t h a n  € o r  246OC (475OF) r e s o u r c  s .  L i k e w i s e ,  an i n c r e a s e  
in " f u e l  cos t ' '  from $0.50 t o  $1.00/10 Btu  w i l l  r e s u l t  i n  a n  
i n c r e a s e  i n  busba r  c o s t s  on t h e  o r d e r  of  50 p e r c e n t .  However, a n  
i n c r e a s e  i n  w a t e r  c o s t  from $0.10 t o  $2.50/Kgal w i l l  r e s u l t  i n  a n  
i n c r e a s e  i n  busba r  c o s t s  of on ly  abou t  15 p e r c e n t .  The d i f f e r -  
ences  i n  busba r  c o s t s  f o r  t h e  f o u r  s i tes  are t y p i c a l l y  on t h e  
o r d e r  of  5 p e r c e n t .  

0 

% 

Turbine-genera tor  d e s i g n  s i g n i f i c a n t l y  de t e rmines  t h e  o v e r a l l  
p l a n t  performance and economics of b o t h  t h e  b i n a r y  and f l a s h  
steam conver s ion  sys tems.  Direct comparisons between b i n a r y  and 
f l a s h  steam sys tems f o r  15OoC (300'F) and 246OC (475'F) r e s o u r c e s  
w e r e  n o t  p o s s i b l e  i n  t h i s  s t u d y  s i n c e  optimum b i n a r y  f l u i d  c h o i c e s  
and t u r b i n e  d e s i g n s  are n o t  y e t  a v a i l a b l e .  

Analyses  i n d i c a t e  t h a t  b i n a r y  sys tems y i e l d  s l i g h t l y  lower busbar  
energy  p r o d u c t i o n  c o s t s  t h a n  f l a s h  s t e a m  sys tems f o r  t h e  182OC 
(360'F) r e s o u r c e  t empera tu re ,  a l t h o u g h  makeup water r equ i r emen t s  
are  h i g h e r  t han  f o r  f l a s h  steam sys tems.  Higher h e a t  r e j e c t i o n  
f o r  t h e  b i n a r y  sys tem r e l a t i v e  t o  t h e  f l a s h  sys tem accoun t s  € o r  
t h e  h i g h e r  makeup water r equ i r emen t s .  

No computer a n a l y s e s  were performed f o r  t h e  r a d i a l  hydrocarbon 
t u r b i n e  d e s i g n  f o r  t h e  b i n a r y  conve r s ion  p r o c e s s  ( t u r b i n e  per -  
formance d a t a  were n o t  a v a i l a b l e  i n  t i m e  f o r  t h i s  s t u d y ) .  An 
examinat ion  of  t h e  r a d i a l  t u r b i n e  performance c h a r a c t e r i s t i c s  
which w e r e  f u r n i s h e d  by a manufac turer  i n d i c a t e s  t h a t  t h e  busbar  
energy  p r o d u c t i o n  c o s t  and c o o l i n g  sys tem makeup w a t e r  r e q u i r e -  
ments  should  n o t  d i f f e r  s i g n i f i c a n t l y  from t h o s e  of t h e  a x i a l  
hydrocarbon t u r b i n e  u n l e s s  t h e r e  are s i g n i f i c a n t  d i f f e r e n c e s  i n  
c a p i t a l  o r  o p e r a t i n g  c o s t s  between t h e  two types  o f  t u r b i n e s .  
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e On t h e  b a s i s  of t h e  t u r b i n e  performance d a t a  a v a i l a b l e  f o r  t h i s  
s t u d y ,  c o o l i n g  system makeup wa te r  r equ i r emen t s  f o r  e v a p o r a t i v e  
c o o l i n g  towers  s e r v i n g  f l a s h  steam sys tems are approximate ly  
24-27 p e r c e n t  h ighe r  f o r  15OoC (300'F) r e s o u r c e s  t h a n  f o r  182OC 
(360'F) r e s o u r c e s ,  and approximate ly  29-30 g e r c e n t  lower f o r  
246OC (475'F) r e s o u r c e s  t h a n  f o r  182OC (360  F) r e s o u r c e s .  
Makeup w a t e r  r equ i r emen t s  f o r  e v a p o r a t i v e  c o o l i n g  sys tems s e r v i n g  
b i n a r y  sys tems are approximate ly  17-21 p e r c e n t  h i g h e r  t h a n  f o r  
f l a s h  steam systems f o r  182OC (360'F) r e s o u r c e  t empera tu res .  

For  t h e  r ange  of f u e l  and makeup water c o s t s  c o n s i d e r e d ,  a n  a l l -  
d r y  c o o l i n g  tower system does  n o t  appear  t o  be  economica l ly  
c o m p e t i t i v e  w i t h  an  e v a p o r a t i v e  c o o l i n g  tower system. However, 
t h e  a d d i t i o n  of a r e l a t i v e l y  s m a l l  e v a p o r a t i v e  peaking  tower t o  
t h e  d r y  tower ( such  as 95 p e r c e n t  dry15 p e r c e n t  wet )  w i l l  sub- 
s t a n t i a l l y  r educe  t h e  busbar  c o s t  p e n a l t y  i n c u r r e d  by a n  a l l - d r y  
system. A s  t h e  c o s t  of makeup water i n c r e a s e s ,  t h e  re la t ive  
d i f f e r e n c e  i n  busbar  c o s t  between an  a l l - d r y  o r  a dry /wet  peaking  
tower and an  e v a p o r a t i v e  tower d e c r e a s e s  s i g n i f i c a n t l y .  

e For  low water c o s t s  ($O.lO/Kgal) ~ t h e  p e n a l t y  i n  busba r  c o s t  f o r  
s a v i n g  approximate ly  60 p e r c e n t  w a t e r  by use  of a d ry /we t  peaking  
c o o l i n g  tower is on t h e  o r d e r  of 7-15 p e r c e n t  f o r  non-deser t  
s i tes  and 9-25 p e r c e n t  f o r  d e s e r t  s i tes .  However, f o r  h i g h e r  
w a t e r  c o s t s  ($2 .50/Kgal ) ,  t h e  p e n a l t y  d e c r e a s e s  t o  approximate ly  
1-4 p e r c e n t  f o r  non-deser t  s i tes  and 2-10 p e r c e n t  f o r  d e s e r t  
sites. 
a d d i t i o n a l  d r y  c o o l i n g  i s  used.  The re fo re ,  t h e  use  of d ry /we t  
peaking  towers  may b e  f e a s i b l e  f o r  hydro thermal  power p l a n t s  
under  c e r t a i n  s i t e ,  p l a n t  des ign ,  and economic c o n d i t i o n s ,  as 
w e l l  as s o c i a l  and envi ronmenta l  c o n s t r a i n t s .  

The economic p e n a l t y  f o r  s a v i n g  more w a t e r  i n c r e a s e s  as 

Busbar energy  p roduc t ion  c o s t s  and c o o l i n g  sys tem makeup water 
r equ i r emen t s  as e s t i m a t e d  i n  t h i s  s tudy  f o r  g iven  p l a n t  d e s i g n  
and economic c o n s t r a i n t s  do n o t  v a r y  s i g n i f i c a n t l y  f o r  non-deser t  
sites. However, busbar  c o s t s  are approximate ly  2-6 p e r c e n t  
h i g h e r  and makeup w a t e r  r equ i r emen t s  a r e  approximate ly  6-17 
p e r c e n t  h i g h e r  € o r  d e s e r t  s i tes .  

S e v e r a l  methods f o r  accoun t ing  € o r  c o s t s  a s s o c i a t e d  w i t h  l o s s  of 
g e n e r a t i n g  c a p a c i t y  were cons ide red  i n  t h i s  s t u d y .  Busbar 
energy  p r o d u c t i o n  c o s t s  are s l i g h t l y  lower f o r  t h e  method which 
does  n o t  p e n a l i z e  f o r  l o s s  of  c a p a c i t y  d u r i n g  o p e r a t i o n  a t  h i g h  
ambient  t empera tu re  c o n d i t i o n s  t h a n  f o r  t h e  o t h e r  methods. 
However, t y p i c a l  d i f f e r e n c e s  i n  c o s t  f o r  t h e s e  a l t e r n a t i v e  meth- 
ods  are on t h e  o r d e r  of a few p e r c e n t .  

D i r e c t  d r y  towers  r e s u l t e d  i n  lower busbar  energy p roduc t ion  
c o s t s  t h a n  i n d i r e c t  d r y  towers  f o r  t h e  g e n e r a t i n g  u n i t s  w i t h  t h e  
s i z e s  e v a l u a t e d  i n  t h i s  r e p o r t .  D i f f e r e n c e s  i n  c o s t  are t y p i -  
c a l l y  on t h e  o r d e r  of  a few p e r c e n t  of t h e  t o t a l  busbar  c o s t ,  so 
t h a t  t h i s  conc lus ion  could  change i f  r e l a t i v e  c a p i t a l  c o s t s  of  
t h e  two sys tems are d i f f e r e n t  from t h o s e  assumed. 
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e For study purposes, the design back preBsure value does not 
significantly affect the relative estimated busbar energy pro- 
duction cost or cooling system makeup water requirements. I n  
tne actual design of a hydrothermal power plant, however, the 
design back pressure is an important consideration. 

Accuracy of Results 

The accuracy with which cost estimates can be made for new energy conversion 

technologies is directly related to the history and experience of the industries 

developing the technologies. I n  the case of hydrothermal power plants, capital 

cost estimates are subject to inaccuracies resulting from a lack of cost trends, 

which can be established only after several power plants have been designed and 

constructed. Moreover, site-specific costs due to local labor and materials 

cost differences or physical site conditions will also markedly affect plant 

costs €or any actual installation. 

The accuracy with which the computer programs developed for this study simulate 

actual power plant performance is limited primarily by the accuracy or applic- 

ability of the turbine performance data, climatological data, and capital cost 

data. 

adopted by the Cooling Tower Institute and therefore are limited primarily by 

the accuracy or applicability of the turbine performance and climatological 

data. Therefore, as data are refined, the accuracy of estimating energy pro- 

duction costs and makeup water requirements can also be refined. 

Estimates of makeup water requirements are based upon rigorous procedures 

S-6 



Limitations of Studv 

The results of the parametric analyses presented in this report 

range of variables and assumptions which affect the performance 

hydrothermal power plants. However, since geothermal energy is 

represent a wide 

and economics of 

still in the 

development stage, necessary data are not yet available for many aspects o f  the 

power plant design, e.g. the performance of binary turbine-generators for many 

resource conditions. 

The binary turbine data used in the analyses performed are based upon the El- 

liott turbine design for a 1 8 2 O C  (360°F) resource and therefore do not represent 

optimum hydrocarbon working fluid choices or turbine designs for either 150°C 

(300'F) or 246OC (475'F) resources. By comparison, the flash steam turbine data 

used in the analyses are based upon well-established turbine performance esti- 

mating methods and therefore are considered to be valid for all three tempera- 

tures investigated. 

Recommendations for Subsequent Studies 

In addition to the need for binary turbine-generation performance data for a 

range of hydrothermal resource temperatures, our analyses indicate that the 

following studies are warranted: 

Analyses of alternative hydrocarbon turbine designs should be 
performed before any major decision is made regarding either the 
selection of a hydrocarbon turbine or the selection of one 
conversion process over another. 

The actual operation 0.f hydrothermal power plants in conjunction 
with other conventional power plants on the utility grid should 
be evaluated. Forced outage rate, planned outage for scheduled 
maintenance, and summer and winter capacity of the hydrothermal 
plant should be investigated with respect to operating economics. 
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e Because of the high fuel costs and cooling system auxiliary 
energy requirements associated with hydrothermal plants, natural- 
draft cooling systems may be more economical than mechanical- 
draft systems at many locations and should therefore be evaluated 
in subsequent studies. The choice between"mechanica1-draft and 
natural-draft cooling towers is usually based on economics, 
although in some instances environmental considerations could 
favor the use of natural-draft towers. 
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Section 1 

INTRODUCTION 

The relatively low temperatures of geothermal resources result in thermal effi- 

ciencies of 10-15 percent in power conversion cycles. If conventional evapora- 

tive cooling methods are to be used, large quantities of cooling water will be 

required. However, most of the known resources are located in the western 

United States where water resources are scarce, highly allocated, or influenced 

by regional institutional and legal considerations. 

The primary objectives of this study, therefore, were (1) to identify the makeup 

water requirements for geothermal power production and (2) to develop analytical 

techniques and perform a comparative analysis of the waste heat rejection options 

for geothermal power plants to determine how water consumption may be reduced. 

The results of this study will be used to identify options that are best suited 

for geothermal waste heat rejection by region, resource type, and conversion 

technology . 
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Section 2 

DEVELOPMENT OF CRITERIA FOR PARAMETRIC EVALUATIONS OF 
COOLING SYSTEMS FOR HYDROTHERMAL POWER PLANTS* 

INTRODUCTION 

In order to make meaningful economic evaluations of alternative cooling systems 

for hydrothermal power plants, several parameters are involved in the deter- 

mination of 

meters analyzed in this study include the following: 

energy production costs and makeup water requirements. The para- 

Temperature of hydrothermal resource 

Hydrothermal power plant conversion process 

Climatological characteristics which affect cooling 
performance 

Cooling system type, performance, and cost 

Availability and cost of makeup water 

Hydrothermal fluid production cost 

Financial parameters 

system 

By selectively analyzing various combinations of values for these parameters, it 

is possible to compare the electrical energy production costs and makeup water 

requirements for hydrothermal power plants equipped with alternative heat rejec- 

tion systems under different site, design, and economic conditions. 

*Some technical data contained in Section 2 were prepared f o r  this project by 
Dr. G. V. Keller and Dr. L. T. Grose, faculty members at the Colorado School 
of Mines. 
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HYDROTHERMAL RESOURCES IN THE WESTERN UNITED STATES* 

Of the three basic types of geothermal resources in the world -- hydrothermal 

(wet and dry steam), hot dry rock, and geopressurized zones -- hydrothermal 

resources appear to offer the greatest potential for immediate development. 

Hydrothermal reservoirs, which consist of high-temperature water under pressure, 

are fairly common in the western United States. Hot dry rock systems, although 

more abundant, have not yet been evaluated beyond the preliminary research 

stage. Geopressurized zones are also being examined through research and ex- 

ploratory efforts, but preliminary indications are that considerable technolog- 

ical effort will be required before the resources can be developed on a com- 

mercial basis. 

The eleven western states are characterized by many phenomena which suggest 

anomalously high heat concentrations at shallow depths in the earth's crust. 

Subsurface heat flow in the western states is significantly higher than in the 

rest of the contiguous United States, and more than a thousand thermal springs 

have been found. 

logical age, much of it manifest in historic seismic activity; and recent vol- 

canism is widespread. Many basins are filled with large volumes of water-soaked 

layers, some of which are thermally insulated. 

nomena in the western states suggests that the region has considerable potential 

for high-temperature hydrothermal energy development. 

Tensional tectonic activity is widespread and of young geo- 

The presence of all these phe- 

Hydrothermal resources are generally classified according to a number of dif- 

ferent characteristics such as volcanism, resource occurrence, nature of 

*The information provided in this subsection is based upon work performed in 
conjunction with this study by Dr. G .  V. Keller and Dr. L. T. Grose of the 
Colorado School of Mines. 
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hydrothermal fluids, and mechanism of heat entrapment. In order to delineate 

those regions having potential for electrical energy production, nine geothermal 

regions have been defined in Figure 2-1 according to a combination of geological 

features and upper mantle and crustal processes. For the purpose of this re- 

port, however, only hydrothermal systems that have sufficiently high temperature 

(>150 C (302 F)) for electrical energy production are considered. The classifi- 

cation used herein is based on estimated reservoir base temperatures as follows: 

0 Low temperature: 150-200 C (302-392 F) 

0 Intermediate temperature: 201-250 C (393-482 F) 

0 High temperature: >250 C ( >482 F) 

The approach used in this report to estimate hydrothermal reserves (as described 

in Appendix A)  is based upon the statistical data available from heat flow 

determinations which have been made throughout the continental United States. 

Assuming that the heat flow determinations are randomly distributed, these data 

can be used to estimate the hydrothermal resource base in each of the nine 

regions. The recoverable energy from hydrothermal sources in each region can 

then be estimated as a function of heat flow by using conventional methods of 

estimating hydrothermal fluid production, electrical energy production from 

hydrothermal fluid, and the area assumed to be available for hydrothermal de- 

velopment. 

region, the electrical production capacity for the region can be estimated for a 

nominal 30-year facility lifetime, as shown in Table 2-1. It is recognized that 

the schedule for actual development will depend upon the economic balance be- 

tween hydrothermal power and other competing sources of power generation. 

By estimating the electrical energy which might be produced by a 

In order to analyze plant performance for various resource conditions, resource 

temperatures of 150 C (302 F), 182 C (360 F), and 246 C (475 F) have been selected 
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for the parametric analyses. These values not only provide a range of tempera- 

tures but also are representative of several hydrothermal resources which have 

been discovered to date (Raft River, Heber, and Valles Caldera). 

TABLE 2-1 

ESTIMATES OF NOMINAL 30-YEAR ELECTRICAL PRODUCTION CAPACITY 
FOR THE MAJOR HYDROTHERMAL REGIONS AS A FUNCTION OF HEAT FLOW 

Hydrothermal MNe 
Region (3-4 hfu) (4-5 hf U) (’ 5 hfu) Total 

Central California Coast 
Range 

Cascade Range 

Snake River Plain 

Northwestern Basin and 
Range 

Central Basin and Range 

Eastern Basin and Range 

Salton-Imperial Valley 

Southern Basin and Range 

Rio Grande Rift System 

TOTAL 

1,450 

200 

2,050 

5,600 

150 

880 

480 

960 

1,840 

13,610 

1,740 

120 

3,420 

7,560 

70 

620 

800 

420 

2,050 

16,800 

(Note: Discussion of hfu is given in Appendix A.) 

HYDROTHERMAL PLANT CONVERSION PROCESSES 

850 

30 

3,000 

3,780 

20 

160 

700 

90 

1,100 

9,730 

4,040 

350 

8,470 

16,940 

240 

1,660 

1,980 

1,470 

4,990 

40,140 

A 

A number of processes have been devised for converting the thermal energy of 

water-dominated geothermal resources into electrical energy. The principal 

conversion processes are the flash steam process, the binary process, and the 

hybrid process, which is a combination of t he  flash and binary processes. As 

2-4 



further described in Section 3 ,  these processes operate on the principle of 

producing a vapor either directly from the hydrothermal resource (flash steam 

process) or by transfer of energy from the hydrothermal resource to a suitable 

working fluid (binary process). The vapor is then expanded through a turbine or 

expander to produce mechanical work which, in turn, is used to drive an elec- 

trical generator. In this report, both the flash steam and the binary processes 

are analyzed. 

CLIMATOLOGY AND COOLING SYSTEM PERFORMANCE 

Climatological parameters not only determine the availability of water within a 

region but also affect power plant cooling system performance. For instance, in 

a dry cooling tower, higher ambient dry-bulb temperatures increase the turbine 

back pressure, which results in poorer fuel economy and loss of generating 

capability. The full range of annual ambient air temperatures at the site 

affect the fuel economy, but it is the maximum temperatures which have the more 

significant economic effect. The maximum temperature, in combination with the 

cooling system design parameters and the turbine characteristics, sets the 

maximum l o s s  of generating capability which would be experienced during the year 

and is a major factor in determining the economically optimum design of a dry 

cooling tower system. Section 4 further describes the effect of climate upon 

cooling system design and performance. 

The wet-bulb temperature likewise is an important parameter in the design and 

performance of evaporative-type cooling tower systems, since the wet-bulb tem- 

perature of the air is the lowest temperature to which the water circulating 

through the tower can be theoretically cooled. The design wet-bulb temperature 

of the air for a specific site is generally selected as that wet-bulb tempera- 

ture which is exceeded no more than a small percentage of the time. 
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Makeup water requirements are also directly related to site wet-bulb temperature 

profiles, since the difference between the temperature of the hot circulating 

water and the ambient wet-bulb temperature is the driving force for evaporation 

in a wet cooling system. Because this temperature difference is greater in the 

summer, evaporation rates are higher during summer weather. Convective heat 

transfer, by comparison, is a function of the difference between the temperature 

of the hot circulating water and the ambient dry-bulb temperature. Greater 

temperature differences usually occur in the winter, with consequent increases 

in convective heat transfer. 

n 

Saturation deficit is defined as the quantity of water vapor required to satu- 

rate the ambient air. If the ambient wet-bulb temperature is high and the 

relative humidity is low, the evaporation rate in a wet cooling system is high 

and the convective heat transfer rate is low (high saturation deficit). On the 

other hand, if the ambient wet-bulb temperature is low and the relative humidity 

is high, the evaporation rate will be reduced and the convective heat transfer 

rate will be increased (low saturation deficit). 

Additionally, as site elevation increases, the capital cost of the cooling 

system and the required fan horsepower tend to increase, since the reduced air 

density makes it necessary to move a volume of air greater than that required at 

a lower elevation through the cooling system in order to achieve the same mass 

flow rate. In other words, a tower designed to meet a certain duty at a lower 

elevation may not be capable of meeting that same duty at a higher elevation. 

This effect is somewhat offset, however, by the fact that air temperatures are 

generally lower at high elevations. Evaporation rates also increase with ele- 

vation due to the lower atmospheric pressures at higher elevations. 
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APPENDIX A 

DESCRIPTION OF HYDROTHERMAL RESOURCES 
IN THE WESTERN UNITED STATES 

Note: Techn ica l  d a t a  con ta ined  i n  t h i s  s e c t i o n  were prepared  f o r  t h i s  
p r o j e c t  by G .  V .  Keller and L. T. Grose of t h e  Colorado School  
of Mines. 



FIGURE 5-10 

BUSBAR ENERGY PRODUCTION COST MULTIPLIERS 
FOR DRY/WET PEAKING COOLING TOWERS 

FOR 150OC (3OO0F) ,  182OC ( 3 6 O O F )  AND 2 4 6 O C  ( 4 7 5 O F )  F L A S H  AT HOT DESERT S I T E  
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N O T E :  P E R C E N T  WATER IS BASED UPON MAKEUP WATER R E Q U I R E M E N T  FOR E V A P O R A T I V E  TOWER 



Approximate extreme meteorological parameters for the selected major hydro- 

thermal sites in the western United States (shown in Figure 2-1) are presented 

in Table 2-2. For purposes of parametric analyses, however, the following four 

types of sites represent an adequate range of dry-bulb and wet-bulb temperature 

variations, elevation, and geographical location insofar as the analysis of  

cooling systems for hydrothermal plants is concerned: 

0 Hot Desert (Data source: Heber, California) 

0 Basin and Range (Data source: Reno, Nevada) 

0 Pacific Northwest (Data source: Medford, Oregon) 

0 High Mountain (Data source: Valles Caldera, New Mexico) 

Maximum, 2% percent summer, and average dry-bulb and wet-bulb temperatures for 

the four sites are given in Table 2-3. Hourly climatological data in the form 

of dry-bulb temperature distributions for distinct categories of relative humid- 

ity were obtained from published sources for each type of site and are shown in 

Appendix B. This type of data is useful in analyzing the performance of alter- 

native cooling systems under all conditions experienced during a typical year. 

COOLING SYSTEM TYPES 

Because of the relatively low temperatures of hydrothermal resources, the ther- 

mal efficiencies of hydrothermal conversion cycles are quite low, on the order 

of 10 percent. Thus, the waste heat rejection from the turbine exhaust flow of 

a hydrothermal power plant typically will be 20,000 to 30,000 Btu/kWh of elec- 

trical generation at design conditions, compared to approximately 5000 Btu/kWh 

for a modern fossil-fueled plant. If conventional evapor'ative cooling methods 

are to be used for geothermal power plants, large quantities of cooling water 

will be required. 
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Table 2-2 

APPROXIMATE EXTREME METEOROLOGICAL PARAMETERS FOR SELECTED HYDROTHERMAL SITES 

1% Summer 1% Summer 
Barometric Dry-Bulb Wet-Bulb 

Hydrothermal Pressure Temperature Temperature 
Hydrothermal Site Region mm Hg (in. Hg) C ( F) C ( F) 

Geysers-Clear Lake, I 705  ( 2 7 . 8 )  34 ( 9 4 )  22 ( 7 2 )  
CA 

Surprise Valley, 
CA 

640 ( 2 5 . 2 )  32  ( 8 9 )  17 ( 6 3 )  IV 

Gerlach and F l y  Ranch, IV 655 ( 2 5 . 8 )  34 ( 9 3 )  17 ( 6 3 )  
NV 

Brady’s Hot Springs, IV 640 ( 2 5 . 2 )  34 ( 9 3 )  17 ( 6 3 )  
NV 

Steamboat Springs, IV 630 ( 2 4 . 8 )  34 ( 9 3 )  17 ( 6 3 )  
NV 

Long Valley, 
CA 

( 2 3 . 0 )  38 (100) 18 ( 6 4 )  IV 585 

Cos0 Hot Springs, IV 640  ( 2 5 . 2 )  4 0  ( 1 0 4 )  20 ( 6 8 )  
CA 

Beowawe, 
NV 

Raft River, 
ID 

IV 630  ( 2 4 . 8 )  34 ( 9 4 )  18 ( 6 4 )  

IV 615 ( 2 4 . 2 )  34 ( 9 4 )  18 ( 6 5 )  

Roosevelt Hot Springs, VI 610 ( 2 4 . 0 )  34 ( 9 4 )  18 ( 6 5 )  
UT 

Imperial Valley, 
CA 

Valles Caldera, 
NM 

( 2 9 . 9 )  46 ( 1 1 4 )  27 ( 8 1 )  VI I 760  

IX 545 (21.5) 33 ( 9 2 )  18 ( 6 4 )  

99% Winter 
Dry-Bulb 
Temperature 
c ( F) 

-3 ( 2 6 )  

-17 ( I )  

-14 ( 7 )  

-14 ( 7 )  

-14 ( 7 )  

-9 ( 1 6 )  

-8 ( 1 8 )  

-25 ( -13)  

-22 ( - 8 )  

18 ( -1) 

-2 ( 2 9 )  

-20 ( - 4 )  



c c 

Table 2-3 

Type of Site 

Hot Desert 

Basin and 
Range 

Pacific 
Northwest 

High 
Mountain 

CLIMATOLOGICAL PARAMETERS FOR SITES SELECTED FOR PARAMETRIC ANALYSIS 

Maximum Temperature 2% Summer Temperature Average Temperature 
Dry-Bulb Wet-Bulb Dry-Bulb Wet-Bulb Dry-Bulb Wet-Bulb 
c ( F )  c ( F )  C ( F) c ( F) c ( F) C ( F)  

49 ( 1 2 0 )  33 ( 9 2 )  43 ( 1 1 0 )  27 ( 8 0 )  23 ( 7 3 )  14 ( 5 7 )  

39 ( 1 0 2 )  21 ( 6 9 )  33 ( 9 2 )  17 ( 6 2 )  10 ( 5 0 )  4 ( 4 0 )  

42 (107) 25 ( 7 6 )  34 ( 9 4 )  20  ( 6 8 )  12 ( 5 3 )  10 ( 4 6 )  

36 ( 9 7 )  21 ( 7 0 )  31 ( 8 7 )  16 ( 6 1 )  8 ( 4 7 )  3 ( 3 7 )  

Elevation 

M (Ft) 

0 ( 0 )  

1300 ( 1 4 0 0 )  

400 ( 1 3 0 0 )  

2700 ( 8 8 0 0 )  



A s  further described in Sections 3 and 4 ,  wet, wet-dry, and dry cooling towers 

were the principal cooling systems considered in this study for rejecting the 

waste heat from a hydrothermal power plant. Once-through cooling, cooling 

ponds, and spray ponds are other cooling system alternatives, although they do 

not have as universal application as cooling towers for hydrothermal power 

plants. 

A 

If sufficient surface water or groundwater is available, or if the hydrothermal 

fluid can be used for cooling tower makeup, the conventional wet cooling tower 

can be used. Dry cooling towers, which transfer the waste heat from a power 

plant directly to the atmosphere by means of air-cooled, finned-tube heat ex- 

changers without consumptive use of water, afford greater flexibility in power 

plant siting than other methods of waste heat rejection. This can be an espe- 

cially important factor in considering the development of hydrothermal power 

plants. However, the low available energy of hydrothermal resources, which 

results in a rapid deterioration of turbine-generator performance as the con- 

densing temperature increases above the design value, will have a significant 

effect on the relative economics of all-dry cooling tower systems for such 

applications. 

By combining wet and dry cooling methods in a single system, the makeup water 

requirements associated with all-wet systems may be reduced significantly, 

usually with a considerably smaller increase in electrical energy production 

costs than would result from the use of an all-dry system. With this type of 

cooling combination the wet tower provides the additional cooling capacity re- 

quired to maintain a relatively low back pressure, thus reducing the amount of 

generating capacity lost during high ambient air temperature operation. 
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WATER RESOURCE CONSIDERATIONS 

The l o c a t i o n  and q u a n t i t y  of water f o r  c o o l i n g  system makeup is  of fundamental  

impor tance  t o  b o t h  t h e  s i t i n g  and d e s i g n  of power g e n e r a t i o n  f a c i l i t i e s .  While 

c o n v e n t i o n a l  power p l a n t s  are g e n e r a l l y  l o c a t e d  i n  t h e  p rox imi ty  of s u r f a c e  

water o r  groundwater r e s o u r c e s ,  hydro thermal  p l a n t s  must be  l o c a t e d  a t  t h e  

p r o d u c t i o n  r e s e r v o i r s ,  which may o r  may n o t  be l o c a t e d  i n  t h e  v i c i n i t y  of s u f f i -  

c i e n t  c o o l i n g  water r e s o u r c e s .  Fur thermore ,  s i n c e  t h e  m a j o r i t y  of  hydro thermal  

r e s o u r c e s  occur  i n  a r i d  c l i m a t e s ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  a v a i l a b i l -  

i t y  o f  wa te r  f o r  c o o l i n g  system makeup may be of concern  i n  many of t h e  areas of 

hydro thermal  i n t e r e s t .  I n  many wes te rn  areas, water r e s o u r c e s  a r e  s c a r c e ,  

h i g h l y  a l l o c a t e d ,  o r  i n f l u e n c e d  by r e g i o n a l  i n s t i t u t i o n a l  and l e g a l  cons ide ra -  

t i o n s .  Consequent ly ,  l a r g e  q u a n t i t i e s  of water may have t o  be  imported t o  t h e  

hydro thermal  s i t e ,  o r  s p e c i a l  d e s i g n  p r o v i s i o n s  must be  made which w i l l  r educe  

o r  e l i m i n a t e  t h e  need f o r  c o o l i n g  system makeup w a t e r .  

A v a i l a b i l i t y  of Water 

The a v a i l a b i l i t y  of  water f o r  v a r i o u s  u s e s  i n  t h e  wes te rn  United S t a t e s  i s  

c l o s e l y  r e l a t e d  t o  t h e  c l i m a t i c  c o n d i t i o n s  which ex is t  i n  t h e  v a r i o u s  r e g i o n s .  

Moreover, t h e  c l i m a t i c  t y p e s  which would r e q u i r e  t h e  g r e a t e s t  amount of c o o l i n g  

sys tem makeup w a t e r  as a r e s u l t  of e v a p o r a t i o n  t y p i c a l l y  have t h e  smallest  

amount of p o t e n t i a l l y  a v a i l a b l e  water. 

The p a t t e r n s  of p r e c i p i t a t i o n  i n  t h e  wes te rn  s ta tes  are ext remely  complex and 

v a r i a b l e  a s  a r e s u l t  of predominant phys iog raph ic  f e a t u r e s ,  such  as mountain 

ranges,owhich tend  t o  i n h i b i t  and r e d i r e c t  t h e  f low of moi s t  a i r .  Heav ies t  

p r e c i p i t a t i o n  u s u a l l y  occur s  i n  t h e  v i c i n i t y  of mountain r a n g e s ,  e s p e c i a l l y  on 

t h e  windward s l o p e .  Moreover, maximum p r e c i p i t a t i o n  u s u a l l y  o c c u r s  i n  t h e  

w i n t e r ,  so t h a t  water s t o r a g e  r e s e r v o i r s  are r e q u i r e d  f o r  i r r i g a t i o n  and o t h e r  

purposes .  
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The ave rage  annua l  p r e c i p i t a t i o n  i n  t h e  w e s t e r n  United States r anges  from approx- 

ima te ly  1 2  t o  more t h a n  200 cm (5 t o  more t h a n  80 i n c h e s )  p e r  y e a r ,  w i t h  c o r r e -  

sponding s u r f a c e  runoff  r ang ing  from approximate ly  1 t o  200 cm (1 t o  80 i n c h e s )  

p e r  y e a r .  Hence, t h e  a v a i l a b i l i t y  of s u r f a c e  wa te r  f o r  v a r i o u s  u s e s  from pre-  

c i p i t a t i o n  and r e s u l t a n t  runof f  may be  q u i t e  h i g h  i n  t h e  humid r e g i o n s ,  a l t h o u g h  

i t  i s  g e n e r a l l y  v e r y  low i n  t h e  more a r i d  r e g i o n s .  

I n  many r e g i o n s  of t h e  wes te rn  s ta tes ,  groundwater r e s o u r c e s  are h y d r o l o g i c a l l y  

r e l a t e d  t o  s u r f a c e  water r e s o u r c e s  and t h e r e f o r e  are a l s o  dependent  upon p a t -  

t e r n s  of p r e c i p i t a t i o n .  The u s e  of groundwater  r e s o u r c e s  i n  some areas may no t  

be  f e a s i b l e  s i n c e  i n c r e a s e d  u s e  may f u r t h e r  d e p l e t e  a l r e a d y  dwindl ing  reser- 

v o i r s .  The u s e  of geothermal  f l u i d s  may be  f e a s i b l e  a t  some s i tes ,  depending 

upon t h e i r  chemical  composi t ion  and t h e  n e c e s s i t y  t o  r e i n j e c t  f l u i d s  t o  p reven t  

subs idence  o r  m a i n t a i n  r e s e r v o i r  i n t e g r i t y .  

I n s t i t u t i o n a l  and Legal  C o n s i d e r a t i o n s  

S i n c e  water i s  a s c a r c e  r e s o u r c e  i n  most of t h e  w e s t e r n  United S t a t e s ,  a l a r g e  

number of i n s t i t u t i o n s  and r e g u l a t o r y  bod ies  have been e s t a b l i s h e d  t o  p r o v i d e  

f o r  e q u i t a b l e  d i s t r i b u t i o n .  The a v a i l a b i l i t y  of wa te r  f o r  u s e  by hydro thermal  

p l a n t s  may t h e r e f o r e  b e  l i m i t e d  o r  i n f l u e n c e d  by c o n s t r a i n t s  a s s o c i a t e d  w i t h  

water r i g h t s  and s t a t e  and f e d e r a l  a l l o c a t i o n  p o l i c i e s .  

Inc luded  i n  a l l o c a t i o n  p o l i c i e s  are i n t e r n a t i o n a l  agreements ,  i n t e r s t a t e  com- 

p a c t s ,  and f e d e r a l  and I n d i a n  claims t o  water r i g h t s .  I n  a d d i t i o n ,  i n d i v i d u a l  

s ta tes  have enac ted  l e g i s l a t i o n  t o  e x e r c i s e  c o n t r o l  ove r  t h e  a c q u i s i t i o n  and use  

of  water w i t h i n  t h e  s t a t e ,  and many s t a t e s  e x e r c i s e  c o n t r o l  ove r  t h e  u s e  of 
d 

groundwater  as w e l l .  The a p p r o p r i a t i o n  system of  w a t e r  a l l o c a t i o n  i s  predomi- 

n a n t  i n  t h e  w e s t e r n  s ta tes .  The major  f e a t u r e  of t h i s  system i s  t h e  concept  of 

" f i r s t  i n  t i m e ,  f i r s t  i n  r i g h t " ;  t h a t  is ,  t h e  r i g h t  of t h e  ear l ies t  a p p r o p r i a t o r  
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supersedes all other claims. Appropriation by other appropriators is possible 

only if water is available in excess of that claimed by the earlier appropria- 

tors. During periods of water shortages, some appropriators may not be entitled 

to any water. 

The appropriation system has been replaced by a permit system in most of the 

western states. This system, based primarily on the appropriation law, is 

essentially an administrative change which gives the state engineer or board of  

water rights the authority to grant or deny applications for water rights. 

Cost of Water 

The cost of water for power plant makeup is highly dependent upon the general 

availability and quality of the source of water. For instance, the unit cost of  

water (i.e. cost per gallon, acre-foot, etc.) may be relatively high for those 

sites where the water is either in short supply or highly allocated. Similarly, 

the transportation of water from a remote source, or the treatment of poor 

quality water, may result in a relatively high makeup water cost. The deter- 

mination of exact costs of makeup water for the various regions of the western 

states would be a labyrinthian exercise. However, by performing analyses for a 

range o f  w a t e r  c o s t s ,  p a r a m e t r i c  e c o n o m i c  evaluations of cool ing  s y s t e m s  can be 

made without extensive hydrological studies on a site-specific basis. The cost 

of water in this study is assumed to include acquisition, transportation, treat- 

ment, and disposal. 

HYDROTHERMAL RESOURCE COSTS 

In the optimization and evaluation of alternative heat rejection systems for 

hydrothermal power plant applications, it was assumed that the hydrothermal 

resource will be purchased by the utility from a producer who will provide the 
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A 

resource at the plant site. Therefore, the costs of developing, producing, and 

supplying the hydrothermal resource were considered to be included in the fuel 

cost rather than being treated separately in the economic analysis. Hydrother- 

mal fuel cost is further described in Sections 3 and 4 .  

ECONOMIC PARAMETERS 

In analyzing waste heat rejection systems for hydrothermal power plants, the 

following factors should be considered: 

e 

e 

0 

e 

e 

e 

e 

0 

e 

e 

Size of cooling system 

Capital cost 

Annual fixed-charge rate 

Ambient air temperature and durations 

Resource cost 

Turbine-generator performance 

Auxiliary energy requirements 

Replacement capacity and energy costs 

Makeup water costs 

Operation and maintenance costs 

Computer models which consider the above factors were used to perform optimiza- 

tion and economic analyses of waste heat rejection systems for the various 

resources (high, intermediate, and low temperature) for both the flash steam and 

binary conversion processes. These models are described in detail in Section 4 .  
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]Malor Hydrothermal Regions in the  Yescern United S t a r e r '  

1. CenCral California COAOf Range 
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V. Central Basin and Range 
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111. Snake River Plain 
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1. The Geysers-Clear Lake Area 
2 .  surprise "alley 
3. Gerlach and Fly Ranch 
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I. Steamboat Springs 
6. Long Valley 
7. cos0 Hat springs 
8.  Bco"."e 
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LO. Roo.e"elf 
11. Imperial valley 
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FIGURE 2-1 
SELECTED MAJOR HYDROTHERMAL REGIONS AND SITES 

IN THE WESTERN UNITED STATES 
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Section 3 

COMBINED PERFORMANCE OF HYDROTHERMAL CONVERSION 
PROCESSES AND COOLING TOWER SYSTEMS 

GENERAL 

In evaluating alternative cooling tower systems for power plants, an understand- 

ing of the combined performance of the turbine-generator and cooling tower is 

essential. The complex relationships which exist between the tower and the 

turbine must first be determined in order to predict the performance of a com- 

bination of turbine-generator and cooling tower system. 

The three major factors given consideration in this part of the study were: 

Hydrothermal Conversion System 

Turbine-Generator System 

Cool ing  Tower System 

The conversion system includes the hydrothermal heat exchanger for the binary 

system and the flash tanks and moisture separators for the flash steam system. 

The turbine-generator system assumed for this study includes the hydrocarbon 

turbine and generator for the binary system and the steam turbine and generator 

for the flash steam system. The cooling tower system includes the cooling tower 

or towers, condenser, and circulating water facilities. 
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A 
HYDROTHERMAL CONVERSION SYSTEM 

Binary  Conversion P r o c e s s  

A b i n a r y  conve r s ion  system u t i l i z e s  a h e a t  exchanger  which t r a n s f e r s  h e a t  from 

t h e  h o t  hydrothermal  f l u i d  t o  a secondary  working f l u i d  such as a hydrocarbon.  

The unique  f l u i d  p r o p e r t i e s  of commercial i s o b u t a n e ,  f o r  example, pe rmi t  much 

h i g h e r  working p r e s s u r e s  t h a n  p o s s i b l e  w i t h  s team a t  t h e  same t empera tu re ,  

t h e r e b y  i n c r e a s i n g  o v e r a l l  t u r b i n e  e f f i c i e n c y .  A l s o ,  due t o  t h e  low s p e c i f i c  

volume of commercial i s o b u t a n e  as compared t o  steam, t h e  hydrocarbon t u r b i n e  i s  

p h y s i c a l l y  smaller than  t h e  steam t u r b i n e  and has  a lower c a p i t a l  c o s t .  

For t h e  sites and r e s o u r c e  t empera tu res  cons ide red  i n  t h i s  s t u d y ,  t h e  fo l lowing  

a s sumpt ions  w e r e  m a d e  regarding the  b i n a r y  conversion p rocess :  

a I n  o r d e r  t o  p reven t  f o u l i n g  of r e i n j e c t i o n  f a c i l i t i e s ,  t h e  geo- 
the rma l  s u p p l i e r  has  e s t a b l i s h e d  a minimum r e i n j e c t i o n  temper- 
a t u r e  of  7 1  C (160 F ) .  The re fo re ,  maximum energy i s  e x t r a c t e d  
from t h e  hydro thermal  f l u i d  when t h e  t empera tu re  of t h e  hydro- 
t he rma l  f l u i d  l e a v i n g  t h e  h e a t  exchanger  i s  7 1  C (160 F ) .  

a "Fuel  cos t ' '  i s  based upon t h e  amount of energy e x t r a c t e d ,  t h a t  
i s ,  c o s t  p e r  pound p e r  hour  of hydro thermal  f l u i d  pumped. Mini- 
mum f u e l  c o s t  w i l l  occur  when t h e  s p e n t  hydro thermal  f l u i d  i s  
r e i n j e c t e d  a t  7 1  C (160 F ) .  

I n  e v a l u a t i n g  t h e  h e a t  exchanger  performance of t h e  b i n a r y  conve r s ion  sys tem,  

two b a s i c  e q u a t i o n s  were used:  

(1) Q = UA E 

where Q = Heat t r a n s f e r r e d  by h e a t  exchanger  ( B t u f h r )  

U = Heat t r a n s f e r  c o e f f i c i e n t  of h e a t  exchanger  (Btu/hr-ft2-'F) 

A = Sur face  area of h e a t  exchanger  ( f t  ) 2 
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- 
AT = Average incremental temperature difference across heat 

exchanger (OF) 

or 

where Q = Heat transferred by heat exchanger (Btu/hr) 

&h = Mass flow rate of hydrothermal fluid (lbs/hr) 

Cp = Specific heat of hydrothermal fluid (Btullb-OF) 

Tin = Hydrothermal resource temperature (OF) 

Tout = Hydrothermal fluid return temperature (OF) 

ii = Mass flow rate of isobutane (lbs/hr) 

hin = Enthalpy of isobutane entering heat exchanger (Btu/lb) 

hout = Enthalpy of isobutane leaving heat exchanger (Btullb) 

It was assumed that the heat transfer coefficient U would remain constant for 

the expected temperature conditions. Because heat exchanger surface area A is 

geometrically fixed, the ratio Q/E would be constant also, thereby enabling 

calculations to be made over the expected range of condensing temperatures of 

the hydrocarbon turbine. Using equations (1) and (2) (assuming CP = 1.0 Btu/ 

lb-OF), Tout can be calculated for the range of condensing temperatures. This 

method of evaluating heat exchanger performance falls well within the accuracy 

limits of this study and, in addition, simplifies calculations considerably. 

Figure 3-1 illustrates the heat exchanger temperature profiles for the 150 C 

(300 F), 182 C (360 F), and 246 C (475 F) resources. Since the hydrocarbon 

turbine cycle was assumed to be the same for all three resource temperatures, a 

single temperature profile curve for commercial isobutane is given. 
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The binary cycle using commercial isobutane was designed specifically for a 

182 C (360 F) hydrothermal resource. Thus, when used with a 246 C (475 F) re- 

source, the binary cycle using commercial isobutane does not take full advantage 

of the high resource temperature. In the case of the 150 C (300 F) resource, 

the heat exchanger experiences pinch point problems, as shown in Figure 3-1, 

which prevent a low hydrothermal fluid return temperature. This significantly 

increases fuel requirements and fuel cost and makes the 150 C (300 F) super- 

critical isobutane cycle a poor design choice as well. 

An earlier study performed by the Ben Holt Company of Pasadena, California (EPRI 

ER-301) showed that subcritical isobutane cycles or supercritical cycles using 

50 percent propane and 50 percent isobutane would be better suited for the 150 C 

(300 F) resource temperature. The 50 percent propane/50 percent isobutane 

supercritical cycle would also be well suited to the 150 C (300 F) resource 

temperature, but performance data for a turbine operating with this mixture were 

not available at the time this study was performed. 

Flash Steam Conversion Process 

A flash steam conversion process utilizes the thermodynamic flashing principle 

t o  convert a portion of the hot hydrothermal fluid into usable steam to drive a 

steam turbine. The percent of hot hydrothermal fluid that flashes to steam 

ranges from about 10 percent for the 150 C (300 F) resource to about 25 percent 

for the 246 C (475 F) resource. Each resource temperature operates at different 

flash pressures, as shown in Table 3-1. 
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TABLE 3-1 

FLASH PRESSURES ASSUMED FOR HYDROTHERMAL 
FLASH STEAM CONVERSION PROCESSES 

Resource Temperature First Stage Flash Pressure Second Stage Flash Pressure 
OC (OF) kP (psia) kP (psia) 

150 C (300 F) 

182 C (360 F) 

246 C (475 F) 

290 ( 4 2 )  

379 (55) 

1055 (153) 

110 (16) 

138 (20)  

232 (33.7)  

The pressures shown are those used by the Ben Holt Company in EPRI Research 

Project 580, Topical Report 2 ,  November 1976. The Ben Holt Company indicated 

that these pressures are the optimum combination for each resource temperature 

for minimizing the hydrothermal fluid flow from the resource. 

A significant fuel cost penalty for the flash steam conversion system is in- 

curred since the hydrothermal fluid is flashed at above atmospheric pressure in 

order to prevent leakage of air into the system. Therefore, the spent hydro- 

thermal fluid, even when mixed with cool condensate, will always be at a tem- 

perature above 93 C (200 F) and could reach temperatures as high as 116 C (240 F), 

depending on resource temperature and ambient air temperatures. The high return 

temperature of the spent hydrothermal fluid represents a consistent penalty of 

40 to 80 Btu/lb of fluid with respect to the 7 1  C (160 F) minimum return temper- 

ature limitation. 

of 25 percent for the 246 C (475 F) resource and 50 percent for the 150 C (300 F) 

This results in an increase in required hydrothermal fluid 

resource to generate the same amount of energy. Apart from flashing at lower- 

than-atmospheric pressures, which is not recommended, little can be done to 

reduce this penalty. 
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TURBINE-GENERATOR SYSTEM 

Hydrocarbon Turbine 

The turbine used for the binary analysis was an Elliott tandem-compound two-flow 

hydrocarbon turbine rated at 6 5 . 0  MWe at 586 kP ( 8 5  psia) exhaust pressure with 

commercial isobutane as the working fluid. Constant turbine inlet conditions of 

379 kP ( 5 5 0  psia) and 143 C ( 2 9 0  F) upstream of the throttle valve were assumed. 

In order to maintain constant turbine inlet conditions with varying condensing 

temperature (a requirement due to limited turbine performance data), it was 

necessary to vary the flow of hydrothermal fluid through the heat exchanger to 

compensate for the effect due to the changing temperature of the isobutane 

entering the heat exchanger from the condenser. This operation would probably 

require a more sophisticated control system to function properly. The Elliott 

Company has also established a limit on turbine-generator output of 69.55  W e ,  a 

7 percent over-limit of the generator. Although considered in the computer 

analyses, the generator output limit was not shown in representing the turbine- 

generator performance in the curves of  this section. 

Figure 3-2 compares the performance of the Elliott axial-flow turbine with the 

performance of the Rotoflow radial-flow turbine. Both curves are for 3792 kP 

(550 psia), 1 4 3  C ( 2 9 0  F) throttle conditions and approximately 3 , 9 0 0 , 0 0 0  kg/hr 

( 8 , 7 0 0 , 0 0 0  lb/hr) of commercial isobutane. Although computer analyses of the 

radial turbine were not performed in this study, it was assumed that the axial 

turbine evaluation is representative of what the radial turbine would have 

produced, had the required data been available. This is due to the fact that 

the performance of both turbines is comparable near the turbine design point. 

Therefore, except for differences in capital or operating costs, the evaluated 

busbar costs should be comparable for both the axial and radial turbine designs. 
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Flash Steam Turbine 

The turbine used for the flash steam analyses was a General Electric tandem- 

compound four-flow steam turbine rated at 55 .0  W e  at 14 kP (4  inches Hg) ex- 

haust pressure. Turbine inlet conditions, as shown in Table 3-2, were assumed 

to be constant for a specific resource temperature. 

TABLE 3-2 

STEAM TURBINE INLET CONDITIONS FOR 
HYDROTHERMAL FLASH STEAM CONVERSION PROCESSES 

Resource Temperature First Stage Turbine Inlet 
OC ( O F )  Pressure kP (psia) 

150 (300) 269 (39.1)  

182 (360) 353 (51.2)  

246 (475) 981 (142.3) 

Different turbine inlet pressures require different 

Second Stage Turbine Inlet 
Pressure kP (psia) 

103 (14.9)  

128 (18.6)  

216 (31.3)  

turbine designs, so that the 

150 C (300 F) resource temperature, having the lowest flash pressures, requires 

the largest steam turbine due to the higher specific volume of the low pressure 

steam. Performance of the steam turbine for all three resource temperatures is 

i l l u s t r a t e d  i n  F i g u r e  3 - 3 .  The curves  shown w e r e  c a l c u l a t e d  us ing  e s t a b l i s h e d  

General Electric steam turbine performance estimating methods. 

Gross Heat Rate 

Gross heat rate, illustrated in Figures 3-4 and 3-5, is defined in this study as 

the heat input into the cycle by the hydrothermal fluid divided by the gross 

energy output, and is expressed in Btu/kWh. The single curve for the binary 

case is representative of all three resource temperatures studied. Conversely, 

the flash steam cycle gross heat rate is unique for each resource temperature. 

Gross heat rate for the binary system was calculated from the Elliott hydrocarbon 
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turbine performance data, and gross heat rate for the flash steam system was 

calculated from the General Electric steam turbine performance data. 

Cost Heat Rate 

The cost heat rates shown in Figures 3-6 and 3-7 form the basis for fuel cost 

evaluation in this study. Cost heat rate is defined as the hydrothermal heat 

energy charged to the plant divided by the gross energy output, and is expressed 

in Btu/kWh. The 246 C (475  F) resource, when referenced to the established 

minimum hydrothermal fluid return temperature of 71 C (160 F), provides 315 

Btu/lb of available heat. Likewise, the 182 C (360  F) resource provides 200 

Btu/lb, and the 150 C (300  F) resource provides 140 Btu/lb, assuming the hydro- 

thermal fluid has a specific heat of 1.0 Btu/lb-OF. Therefore, if the cost of 

hydrothermal fluid is $0.50/106 Btu, the cost of 1000 pounds of hydrothermal 

fluid is $0.16 for the 246 C (475  F) resource, $0.10 for the 182 C ( 3 6 0  F) 

resource, and $0.07 for the 150 C (300  F) resource. However, because the plant 

hydrothermal fluid requirement increases with decreasing resource temperature, 

the net result is that overall fuel cost in mills/kWh is higher with a lower 

temperature resource. If the evaluation were made on the basis of equal cost 

per 1000 pounds for all three resources, relative busbar costs among the three 

resources would increase, but would not affect the conclusions of this study. 

Figure 3-6 illustrates cost heat rate for the binary case. It should be empha- 

sized that the curves shown for the 150 C (300  F) and 246 C ( 4 7 5  F) resources 

reflect high fuel costs due to the use of a non-optimum hydrocarbon working 

fluid (commercial isobutane) as previously explained. With optimized binary 

designs, one would expect to see a more even spread between the curves as in 

Figure 3-7,  which reflects optimum designs for the flash steam cases. 
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COMBINED PERFORMANCE OF HYDROTHERMAL CONVERSION SYSTEMS WITH COOLING TOWERS 

Figures 3-8 and 3-9 show turbine heat rejection for the binary cases and the 

flash steam cases, respectively. These curves are important in the design of 

the cooling tower system. For a given cooling tower, increased heat rejection 

results in a higher exhaust pressure, poorer plant performance, and, in the case 

of a wet tower, higher evaporative losses. 

Figures 3-10 through 3-16 demonstrate combined performance of a binary turbine 

and a cooling tower. To avoid confusion and an excessive number of curves, 

similar illustrations were not included in the report for the flash steam cases, 

since the figures included for the binary cases are representative of the flash 

steam cases as .well. 

Figure 3-10 shows performance curves for an 11 C (20 F) ITD mechanical-draft 

direct dry cooling tower with the heat rejection curve for the binary turbine 

superimposed, and demonstrates combined performance of the binary turbine with a 

dry cooling tower. At a given ambient air temperature, using an 11 C (20 F) ITD 

tower, the binary turbine will have a unique heat rejection and condensing 

temperature. The condensing temperature is the sum of the ambient air tem- 

perature p l u s  the tower ITD at the point of design tower heat rejection. This 

holds true for direct dry towers with any ITD. Figures 3-11 and 3-12 show 

progressively smaller direct dry towers with a 33 C (60 F) ITD and 56 C (100 F) 

ITD, assuming the same design heat rejection as the 11 C (20 F) ITD tower. 

Tower performance is shown only over a range of ambient air temperatures suf- 

ficent to include the Elliott turbine heat rejection curve. 

Figure 3-13 illustrates the combined performance a wet cooling tower with a 

design wet-bulb temperature of 21 C (70  F) serving a binary turbine. From this 
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graph, it can be shown that a 6 C (10 F) change in wet-bulb temperature, for 

example, has only about half the effect on condensing temperature with a wet 

tower that the same change in ambient air temperature has on condensing temper- 

ature with a direct dry tower. Under ambient temperature conditions where a dry 

tower would lose significant capability, a wet tower would perform with very 

little loss in capability. Figures 3-14 and 3-15 illustrate this point by 

demonstrating performance of the binary turbine with a dry and wet tower, re- 

spectively. For example, assume that the site has an average ambient air tem- 

perature of 12 C ( 5 3  F) and an average wet-bulb temperature of 8 C (46 F), and 

that the maximum ambient air temperature is 42 C (107 F) and maximum wet-bulb 

temperature is 23 C (73 F). Using Figure 3-15, at an 8 C (46 F) wet-bulb tem- 

perature, the gross generator output of the binary turbine would be 68.5 MW. At 

the maximum wet-bulb temperature of 23 C ( 7 3  F), the gross generator output 

would be 59 MW, a l o s s  in capability of 9.5 MW. Using Figure 3-14, assuming a 

33 C (60 F) ITD dry tower and an ambient air temperature of 12 C ( 5 3  F), the 

gross generator output would be 63.0 MW. At the maximum ambient air temperature 

of 42 C (107 F), the gross generator output would be 31.5 MW, a l o s s  of 31.5 MW. 

It is extremely cumbersome to exactly represent the performance of a wet/dry 

system in the form of a graphic illustration, since performance would have to be 

represented as a function of both wet-bulb temperature and dry-bulb temperature 

simultaneously. Figure 3-16, which represents only an approximation of a typi- 

cal case, shows the gross generator output curve and the net generator output 

curve (gross output less auxiliary power) for the binary turbine. Operation of 

the dry/wet peaking cooling tower is described in Section 4. 

3-10 



( O F )  ('C) 

2 5 0  

4 6 0  

4 2 0  

3 8 0  

ELLIOTT TCZF HYDROCARBON TURBINE-GENERATOR 
65.0 Y W I  GROSS Q 5 8 6  hP(85PSIA)EXHAUST PRESSURE 
COMMERCIAL ISOBUTANE 0 3 7 9 2  kP(5SOPSIA) 143°C(2900F) 
ISOO'C (3OO0F), 1W0C(36O'F) ,  246 'C(475 'F)  R6SOURCE TEMPERATURES 

0 0.5 LO 1.5 
~ t " " t " " l " ' ~ l ~ J  

HEAT TRANSFER, IO* BTU/HR 

FIGURE 3-1 TEMPERATURE PROFILES OF HYDROTHERMAL 
HEAT EXCHANGERS 

3-11 



40 50 60 70 BO (OC) 
I I I I I 

90 I& Ilb . IAO IAO 140 140 I kO I#O IBO (OF) 
CONDENSING TEMPERATURE 

FIGURE 3- 2- TURBINELGENERATOR PERFORMANCE - BINARY 

GENERAL ELECTRIC TC4F STEAM TUREINE-GENERATOR 
55.0 MWe GROSS @ 14hP(41NCHES HplEXHAUST PRESSURE 
TWO STAGE FLASHED STEAM 

IO 20 30 4 0  50 
0 ,  (hP) 

I 
I l b 4 b b C  6 /O 1'1 1'2 :S I: Ib Ib (INCHES Hob 

EXHAUST PRESSURE 

FIGURE 3-3 TURBINE-GENERATOR PERFORMANCE- FLASHED STEAM 

3-12 



$120 

2 x t  110 

130- 

120- 

110- 

; 100- . : 90- 
‘;1 70- 

m 

80- 

L 
I- 60-  
W 

* 50-  

: 40- 
z 

$ 30- 
0 

* 20- 
10- 

ELLIOTT TCPF HYOROCARBON TURBINE-GENERATOR 

COMMERCIAL ISOBUTANE 
I5O.C (300.F). 1 8 2 * C ( 3 6 8 F ) ,  246%(475.F) RESOURCE TEMPERATURES 

65.0 MWa GROSS @ 5B6hP(85PSIA 1 EXHAUST PRESSURE 
3 7 9 2  k P ( 5 5 0  PSIA), 143.C(29O0F) 

10 
BO (*C) 30 40 50 60 7 0  

0 ,  Ibo I /O I i O  lb 140 IbO IC0 IjO IbO ( O F )  

90 
CONDENSING TEMPERATURE 

FIGURE 3-4 GROSS PLANT HEAT RATE - BINARY 

GENERAL ELECTRIC TC4F STEAM TURBINE-GENERATOR 
55.0 MWa GROSS 0 14hP(4 INCHES no) EXHAUST PRESSURE 
TWO STAGE FLASHED STEAM 

o I , ; I , ~  IO 20 30 40 so (hP1 
I I  I l l  0 I 2 3 4 5 6 7 8 9 Ib I1 12 13 Ib IS I 1  16 (INCHESHg) 

EXHAUST PRESSURE 

FIGURE 3-5 GROSS PLANT HEAT RATE-FLASHED STEAM 

3-13 



A 

IO 

65 OMWa GROSS 586kP(85PSlAlEXHAUST PRESSURE 
ELLIOTT TCZF HYDROCARBON TURBINE-GENERATOR 

CDMMERCIAL ISO!UTANE @3792 kP(550 PSIAI, 
143*C(290°F)  

I30 

- 
33 40 50 60 m eo ('CI 

FIGURE 3-6 COST HEAT RATE- BINARY 

QENERAL ELECTRIC TC4F STEAM TURBINE-GENERATOR 
no 1 EXHAUST PRESSURE 

IO 20 30 40 50 
0 I I I I I 

I I  I 1  1 I 1  
O l i 3 4 h  6 7 h 8 "  IO I1 1'2 13 14 15 16 

EXHAUST PRESSURE 

FIGURE 3-7 COST HEAT RATE- FLASHED STEAM 

3-14 



2.4 

2.2-  

2.0- 

l .8 -  
2 E 1.6- 

. 

0 

"1 ,65.0 ELLIOTT YW: TCZF 0; HVDROCARBON e 5 8 6 L P ( E , S i l A l  TURBINE-GENERATOR EX:T PiESSURE 7 ~ ,  , Bp , 

0.2 

0 

COYYERCIAL ISOBUTANE @ 3T92kP(SSOPSIA) l43.C(290*F) 
ISO*C(300*F), 182*C(360*F), 248*C(475*F) R$SOURCE TEMPERATURES 

('CI 

90 100 110 120 I30 140 150 160 170 180 (OF) 
CONDENSING TEMPERATURE 

- 

FIGURE 3-8 TURBINE HEAT REJECTION - BINARY 

QENERAL ELECTRIC TC4F STEAM TURBINE-QENERATOR 
55 0 MWI QROSS I 4  LP ( 4  INCHES WJ) EXHAUST PRESSURE 
TWO STAGE FLASSO STEAM 

0.4 

0. 
IO . 2 0  3 0  4 0  50 (LP) 

EXHAUST PRESSURE 

FIGURE 3-9 TURBINE HEAT REJECTION - FLASHED STEAM 

3-15 



W 
I 
P 
cn 

ELLIOTT TCZF HYDROCARBON TURBINE-GENERATOR 
65.0 y1. OM)- 506kP(85PSIA) EXHAUST PRESSURE 

I50.C (T F ) , I O P  C(wO*F), W C ( 4 T V F  1 RESOURCE T O I E R A T U R E !  
1.3041 IO B T U l M R  DESlOW HEAT REJECTION 
1Z0C(53*F) D E J l e N  DRY BULB T E Y P E M T U R E  

10 COYYERCIAL lS&TAWE 0 3-2 k P ( 5 5 O P J I A ) , H Z C ( 2 9 0 * F )  

0.8 1.0 I .2 1.4 

HEAT REJECTION, IO' B T U / H R  

FIGURE 3-10 PERFORMANCE OF AN ll"C(20.F) ITD 
MECHANICAL-DRAFT DIRECT DRY 
COOLING TOWER 

200 

180 

160 

I40 
C 

L 
f I 2 0  

: 
E 160 
3 

L 

1 

3 
o m  

60 

40 

90 

65.0 YWe GROSS 586kP(BSPSIA) EXHAUST PRESSURE 

I50.C ( W F ) ,  IBPC(36O'F ) ,24VC(41S*F)  RESOURCE TENPERATURES 
1.304 I IO' B T W H R  DESIGN HEAT REJECTIOM 
lZ.C(S3.F) DESIGN DRY BULB TEYPERATURE 

lo COYYERCIAL I S d U T A I E  3T92 kP(55O~lA),143.C(2s0.F) 

1.0 1.2 
HEAT REJECTION, IO'BTU/HR 

FIGURE 3-11 PERFORMANCE O F A  3 3 * C ( 6 0 ° n  I T D  
MECHANICAL- DRAFT DIRECT DRY 
COOLING TOWER 

1.4 



e 

ELLIOTT TCLF HYDROCARBON TURBINE-GENERATOR 
65.0 MWe GROSS 586kP(B5PSIA) EXHAUST PRESSURE 

IO COMMERCIAL ISOBUTANE 8 3792 kP(550PSIA) ,  143°C(2900F) 

12nC(S30F) DESIGN DRY BULB TEMPERATURE 

0.8 1.0 , 1.2 14 

HEAT REJECTION, lo9 BTUIHR 

FIGURE 3-12 PERFORMANCE O F A  56°C(IOOoF) I T D  
MECHANICAL-DRAFT DIRECT DRY 
COOLING TOWER 

ELLIOTT TCZF HYDROCARBON TURBINE-GENERATOR 
65.0 MWe GROSS 0 586hP(85PSIA)  EXHAUST PRESSURE 
COMMERCIAL ISOBUTANE @ 3 7 9 2  h P ( 5 5 0  PSIA), 143°C1290'F) 
150"C(300°F) ,  182°C(3600F), 246'C(475OF) RESOURCE TEMPERATURE! 
1.304 1. IO' BTU/HR DESIGN HEAT REJECTION 

40 

0.8 1.0 1.2 1.4 
HEAT REJECTION, IO*BTU/HR 

FIGURE 3-13 PERFORMANCE OF A 2 l 0 C ( 7 O o F )  DESIGN 
WET BULB MECHANICAL-DRAFT WET 
COOLING TOWER 



n 

70- 

60- 

P 
- 50-  
a 
0 
I- 

O 
E 40- 

2 
$30- 
s 
01) 
01) 
0 

20- 

IO - 

ELLIOTT TCZF HYDR0CARW)N TUROINE-OENERATOR 
6 0  0 YWe OROSS 
COMYERCIAL lSO%TANE 9 3792 kP(OOOPSlA), 1 4 3 * C ( W F )  
I#)*C(M)O*F), 102*C(300 f),  P4O*C(47O*f) RESOUMT TEMPERATURES 
II*C(ZO*F), 33'C(60°F). W.C(KK).f) DESIW TOWER ITD'S 

804hf(05PSlA) EXHAUST PRESSURE 

70 

6 0  

g 50-  

+- 

a40- 

0 
I- 

E e 
i 
Y 30- 
w u 
m n 
g 20- 

IO 

-30 .-20 -10 0 IO 20 30 4 0  50 60 70 (*C) 
0 b -40 -do 20 4'0 80 

I $0 I& I80 A0 I80 (OF)  

AMBIENT AIR TEMPERATURE 

FIGURE 3-14 COMBINED PERFORMANCE OF ELLIOTT TURBINE WITH A 
NICAL -DRAFT DIRECT DRY COOL ING TOWER 

- 

- 

- 
i o  0 IO 2 0  30 40 (.c) 

o n  I I I 
IO 20 30 4 0  !h do T'o do do Ibo 1:o (W 

WET OULB TEMPERATURE 

FIGURE 3-15 COMblNED PERFORMANCE OF ELLIOTT TURBINE WITH A 
MECWAMCAL-DRAFT WET COOLING TOWER 

3-18 



c 

DRY TOWER 
- OPERATION O N L Y  

c 

C O M B I N E D  W E T  TOWER 
AND DRY TOWER O P E R A T I O N  c - -  

7 0 1  \ G R O S S  G E N E R A T O R  O U T P U T  

60 

50 
I 

I= 
3 

4 0  
3 
0 

W 
z 
W 
c?, E . O t  

IO  

E L L I O T T  T C Z F  HYDROCARBON T U R B I N E  G E N E R A T O R  
6 5 . 0  M W 8  G R O S S @  586 C P ( 8 5 P S I A )  E X H A U S T  P R E S S U R E  
C O M M E R C I A L  I S O B U T A N E  8 3 7 9 2  k P ( 5 5 0  P S I A ) ,  1 4 3 ° C ( 2 9 0 0 F )  
I 5 O 0 C  (3OOOF) .  1 8 2 ° C ( 3 6 0 0 F ) ,  2 4 6 O C  ( 4 7 5 O F )  R E S O U R C E  T E M P E R A T U R E S  

C O M B I N E D  W E T  T O W E R  A N D  
DRY TOWER DESIGN TEMPERATURES 2 I 0 C ( 7 O 0 F )  D E S I G N  W E T  B U L B  W E T  C O O L I N G  T O W E R  

3 3 ° C ( 6 0 0 F )  I T 0  D I R E C T  DRY C O O L I N G  T O W E R  

l Z o C ( 5 3 O F )  DESIGN D R Y  B U L B  D R Y  C O O L I N G  TOWER 

0 10 20 3 0  40 
I I I 1 

I I I I ol---l--i 20 30 40 50 60 70 80 90 100 110 I i O  (OF) 
A M B I E N T  A I R  T E M P E R A T U R E  

FIGURE 3-16 TYPICAL COMBINED PERFORMANCE OF ELLIOTT TURBINE WITH 
A MECHANICAL-DRAFT DIRECT WET-DRY COOLING SYSTEM 



S e c t i o n  4 

OPTIMIZATION AND EVALUATION OF ALTERNATIVE HEAT 
REJECTION SYSTEMS FOR HYDROTHERMAL POWER PLANTS 

GENERAL METHODOLOGY 

I n  o r d e r  t o  make economic e v a l u a t i o n s  of a l t e r n a t i v e  h e a t  r e j e c t i o n  systems f o r  

hydrothermal  power p l a n t  a p p l i c a t i o n s ,  t h e  d e s i g n  of each  c a n d i d a t e  h e a t  r e j e c -  

t i o n  system shou ld  be  opt imized f o r  each  set of s i t e ,  p l a n t ,  and o p e r a t i n g  

cond t i o n s  t o  b e  cons ide red .  The optimum d e s i g n  f o r  t h e  h e a t  r e j e c t i o n  system 

w i l l  be t h a t  which r e s u l t s  i n  t h e  lowes t  n e t  e l e c t r i c a l  energy p r o d u c t i o n  c o s t s .  

The optimum system, a s s o c i a t e d  c o s t s ,  and water r equ i r emen t s  can  t h e n  be  d e t e r -  

mined by comparing t h e  r e s u l t s  of t h e  o p t i m i z a t i o n  a n a l y s e s  f o r  t h e  v a r i o u s  

t y p e s  of h e a t  r e j e c t i o n  systems.  

The p e r t i n e n t  d e s i g n  v a r i a b l e s  t o  be  op t imized  r e l a t e  p r i m a r i l y  t o  t h e  p h y s i c a l  

s i z e  of t h e  h e a t  exchange components of t h e  sys tem.  These v a r i a b l e s  i n c l u d e  (1) 

t h e  c o o l i n g  r a n g e  and approach i n  a n  e v a p o r a t i v e  c o o l i n g  tower and ( 2 )  t h e  

i n i t i a l  t empera tu re  d i f f e r e n c e  (ITD) between t h e  t empera tu re  of  t h e  w a r m  c i r -  

c u l a t i n g  water e n t e r i n g  a n  i n d i r e c t  d r y  tower ,  o r  t h e  condensing t empera tu re  of 

t h e  t u r b i n e  c y c l e  working f l u i d  i n  a d i r e c t  d r y  tower ,  and t h e  t empera tu re  of 

t h e  ambient a i r  e n t e r i n g  t h e  tower.  I n  g e n e r a l ,  t h e  c a p i t a l  c o s t  of a h e a t  

r e j e c t i o n  system i n c r e a s e s ,  and system performance,  t u r b i n e - g e n e r a t o r  p e r f o r -  

mance, and o p e r a t i n g  economy improve as t h e  s i z e s  of t h e  h e a t  exchange compo- 

n e n t s  i n c r e a s e .  
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The required sizes and installed capital costs of the various system components 

are determined for the given site and plant design conditions. The cumulative 

annual combined performance of the heat rejection system design and turbine- 

generator are then determined based upon an assumed operating mode and duration 

of ambient temperatures. Evaluated annual capital and operating costs, penal- 

ties, and credits can then be determined. Net electrical energy production 

costs on a kilowatt-hour basis are determined by dividing total annual net 

evaluated costs by annual net electrical generation. 

Turbine-generators rated at different turbine exhaust conditions and/or having 

different performance characteristics should also be investigated, since the 

generating capability will vary for different heat rejection system designs. 

Therefore, in order to make comparisons among heat rejection systems, the per- 

formance obtained in each case should be measured against an assumed reference 

system as described hereinafter. 

The above procedure is then repeated for other combinations of values for the 

system design variables. The optimum design of the heat rejection system is 

then determined from a comparison of the net electrical energy production costs 

calculated for the various designs considered. By performing similar analyses 

for various types of heat rejection systems, the economically optimum type and 

design of heat rejection system can be determined. 

COSTS AFFECTED BY TYPE OR DESIGN OF HEAT REJECTION SYSTEM 

Heat Rejection System Capital Cost 

The heat rejection system capital cost includes equipment, materials, and 

installation or erection costs for all components and facilities from the tur- 

bine exhaust flange outward. This would include condensers, towers, circulating 
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water facilities, storage facilities, controls, and any other components re- 

quired by a particular type of heat rejection system. 

Appropriate allowances for engineering and contingencies, escalation, and 

interest during construction are also included in the estimated capital cost. 

Annual operation and maintenance costs are also typically calculated as a per- 

centage of total heat rejection system capital cost. 

Hydrothermal Energy Conversion System Capital Cost 

The hydrothermal energy conversion system includes the heat exchangers, fluid 

circulating facilities, piping, turbine-generator, controls, and any other 

equipment directly involved in the conversion of the thermal energy of the 

hydrothermal resource into electrical energy. The optimum turbine-generator 

design and design condensing temperature may be affected by the type of heat 

rejection system and may also affect the overall design and total capital cost 

of the conversion system. In addition, conversion system and heat rejection 

system auxiliary power requirements will also affect the required size and capi- 

tal cost of the conversion system. Appropriate allowances for indirect costs 

are also included in the estimated capital cost of the conversion system. 

Annual Hydrothermal Resource Cost 

Lower conversion cycle efficiencies of turbines designed for high condensing 

temperature operation, as compared with those designed for lower condensing 

temperatures, will result in greater-annual hydrothermal resource requirements 

and costs for the same electrical energy production. Conversion cycle effi- 

ciency and annual hydrothermal resource requirements and costs will therefore 

depend upon the type of conversion process being considered. 
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Annual Cooling Water Makeup Cost 

Conventional evaporative heat rejection methods require considerable quantities 

of cooling water makeup to replace losses due to evaporation, blowdown, and 

drift. Makeup requirements and costs are dependent upon cooling system design 

and can be significantly reduced by use of wet/dry cooling tower systems and 

essentially eliminated with dry cooling towers. 

Costs Associated With L o s s  of Generating Capability 

The generating capability of a hydrothermal turbine-generator decreases signif- 

icantly with increasing turbine exhaust pressure, or condensing temperature, 

which increases with ambient temperature. Traditional approaches to analyzing 

heat rejection systems have assumed that either the conversion system and/or the 

heat rejection system must be sized to meet the electrical load demand under 

high ambient temperature conditions or provisiqns must be made for replacing 

losses associated with the reduced capability of the generating unit under high 

ambient temperature conditions. Alternatively, the conversion system and heat 

rejection system can be designed without provisions for sizing to meet a demand 

or for replacing losses. 

Sizing the Conversion System. Sizing the conversion system, including the 

turbine-generator, to meet the desired electrical load demand at the highest 

condensing temperature expected will result in a high capital cost plant with 

excess generating capacity under the more favorable operating conditions which 

will exist during the remainder of the year. No provision is made for install- 

ing replacement capacity, and therefore no penalties are assessed. The reason- 

ableness of this approach will depend upon the following considerations: 

Whether or not a market or need exists for the excess 
generation 

c 
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Whether or not the hydrothermal resource flow rate can 
be varied, thereby conserving the resource under favor- 
able operating conditions 

e The economic trade-off between the high capital cost of 
the conversion system and the potential income or 
savings associated with the available excess generating 
capability. 

Sizing the Heat Rejection System. An alternative method of analysis is to size 

the heat rejection system so that high condensing temperatures will be avoided 

during'high ambient temperature operation. This would result in greater cooling 

capacity than required under lower ambient temperature conditions. This might 

be a reasonable approach for evaporative-type heat rejection systems, since the 

variation in turbine-generator performance due to ambient conditions generally 

is limited to a relatively narrow range. This approach is not likely to be 

feasible €or dry cooling systems, however, since the performance of a dry tower 

is nearly a linear function of ambient dry-bulb temperature, which typically 

varies over a wide range throughout the year at most sites. Thus, a dry tower 

system designed on the basis of  the maximum ambient dry-bulb temperature occur- 

ring at a given site would be very large and costly and would have a much greater 

cooling capacity at l o w  ambient temperatures than could be effectively utilized 

by a hydrothermal generating unit. The required size of the dry tower can be 

reduced significantly, however, by combining,it with a wet peaking tower. 

Replacement of Losses. Alternatively, the hydrothermal energy conversion and 

heat rejection systems can be designed on the basis of ambient conditions which 

will prevail over a greater part of the year, with capacity losses resulting 

from the reduced generating capability at higher temperatures being replaced 

from other sources. The required peaking capacity and replacement generation 

could be provided by gas turbines or other peaking units, or could be purchased 

from other utility systems which have excess generating capacity available. 
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No Sizing or Replacement of Losses. Since geothermal energy is normally consid- 

ered to be a base load energy alternative, a "take-what-you-get" type of operat- 

ing mode may also be reasonable. In this type of mode, the conversion system 

and heat rejection system are not sized to meet a demand, and replacement capac- 

ity and energy are not provided. Rather, it is assumed that the plant is util- 

ized strictly for energy production and not for satisfying capacity require- 

ments, although at least some measure of generating capacity can be considered 

as available for the system. 

FACTORS WHICH INFLUENCE THE OPTIMIZATION AND COMPARATIVE EVALUATIONS 
OF ALTERNATIVE HEAT REJECTION SYSTEMS 

Optimization of a heat rejection system essentially represents a trade-off 

between annual costs associated with constructing, owning, operating, and main- 

taining the system and annual costs related to the performance of the system. 

The optimum selection of a heat rejection system also includes consideration of 

the effects of each type of heat rejection system on the evaluated capital costs 

and operating economy of the hydrothermal energy conversion system. 

Capital Cost of Heat Rejection System 

The capital cost of a heat rejection system increases with the size of the 

system and is a major factor in determining the optimum design. The capital 

costs of optimum-sized dry and wet/dry cooling tower systems typically are 

higher than for evaporative-type systems for a given application. 

Capital Cost of Hydrothermal Energy Conversion System 

The size and capital cost of the hydrothermal energy conversion system are 

functions of the turbine-generator design, turbine cycle conversion efficiency, 

and the auxiliary power requirements of the conversion and heat rejection systems. 
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Efficient turbine-generator designs are likely to be relatively expensive but 

will reduce the operating cost by providing better turbine-cycle conversion 

efficiencies. Cycle efficiency improves with decreasing turbine exhaust pres- 

sure, or condensing temperature, and thus favors a larger size of heat rejection 

system. In a binary system, plant output and performance deteriorate as the 

hydrocarbon turbine operates off the design point. However, auxiliary power 

requirements increase with the size of the heat rejection system, thereby in- 

creasing the required size, auxiliary power requirements, and capital cost of 

the hydrothermal energy conversion system. 

Annual Operation and Maintenance Costs 

Annual operation and maintenance costs typically are calculated as percentages 

of the installed capital costs and increase with the size of the energy conver- 

sion and heat rejection systems. Estimates of capital costs will therefore 

affect estimates of operation and maintenance costs in the analyses. 

Turbine-Generator Performance Characteristics 

In addition to affecting the size and capital cost of the hydrothermal energy 

conversion system, the turbine-generator performance characteristics will also 

determine the design heat load on the heat rejection system. Turbine-generator 

performance will also determine both the annual net electrical generation pro- 

duced by the hydrothermal unit, assuming a constant geothermal fluid flow, and 

the peaking capacity and replacement generation requirements. 

The optimization of the heat rejection system, particularly in the case of dry 

towers, may also be affected by the performance characteristics of the turbine- 

generator at low exhaust pressures or condensing temperatures. At the back 

pressure at which the exhaust flow from a steam turbine has reached sonic ve- 

locity, further decreases in turbine exhaust pressure fail to produce any 
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additional improvement in turbine-generator performance. For a hydrocarbon 

turbine, efficiency falls off sharply and performance deteriorates below a 

specific blade path pressure ratio. Therefore, the turbine-generator may be 

unable to effectively utilize the cooling capacity of a large heat rejection 

system under low ambient temperature conditions. 

Ambient Air Temperatures 

As mentioned in Section 2, the performance of dry cooling 

nearly a linear function of ambient dry-bulb temperature, 

tower systems is 

whereas the perfor- 

mance of evaporative-type heat rejection systems is affected primarily by the 

ambient wet-bulb temperature and, to a lesser extent, the ambient dry-bulb 

temperature. Wet-bulb temperatures generally do not vary over as great a range 

as dry-bulb temperatures. Since the approach to the wet-bulb temperature de- 

creases as wet-bulb temperature increases, the performance of an evaporative- 

type heat rejection system generally is not as adversely affected by increases 

in ambient temperature as that of a dry system. At low ambient temperatures 

the performance of a dry cooling system may exceed that of an evaporative sys- 

tem. Thus, the most favorable applications for dry cooling systems are where 

average and maximum ambient temperatures are relatively low. High ambient 

temperatures will greatly increase the optimum size of a dry cooling system and 

will favor the use of evaporative-type heat rejection systems. The penalties 

associated with the use of dry cooling systems for high ambient temperature 

applications can be reduced significantly, however, by combining a dry tower 

with a wet peaking tower. 

The entire range of ambient air temperatures occurring at a site affect the 

annual electrical generation and the replacement energy requirements of the plant. 

However, for a utility with a summer peak electrical demand, the maximum ambient 

temperature generally determines the peaking capacity requirements or, 

n 

n 
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alternatively, the size of the generating plant if peaking capacity is not to be 

provided. 

Cost of Replacement Capacity 

Although the cost of capacity required to replace the loss of generating capa- 

bility suffered at high ambient temperatures is a capital cost item, it results 

from a consideration of the performance of the heat rejection system. There- 

fore, an increase in the cost of peaking capacity will tend to increase the 

optimum size of the heat rejection system. 

Cost of Replacement-Energy 

An increase in the cost of replacement energy required to meet the electrical 

load demand when the hydrothermal generating unit cannot do so will favor a 

larger heat rejection system and a turbine-generator design whose performance is 

less affected by increases in exhaust pressure or condensing temperature. 

Annual Fixed-Charge Rate 

The annual fixed-charge rate is the percentage rate applied to the capital costs 

of the hydrothermal energy conversion system, the heat rejection system, and the 

installed peaking capacity to determine the annual costs of the following items: 

ID 
a Interest, or  cost of money 

a Depreciation, or amortization 

0 Interim replacements 

a Insurance, or payments in lieu of  insurance 

0 Taxes, or payments in lieu of taxes 

By increasing the annual fixed-charge rate, the significance of capital costs in 

the economic analyses also increases. 
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A 

Unit Hydrothermal Resource Costs 

For this study, it has been assumed that the hydrothermal resource will be 

purchased by the utility from a producer who will provide the resource at the 

plant site. Therefore, the costs of developing, producing, and supplying the 

hydrothermal resource will be considered to be included in the fuel cost rather 

than being determined separately in the economic analyses. An increase in the 

unit cost of the hydrothermal resource will favor conversion system (including 

the turbine-generator) and heat rejection system designs which maximize the 

overall conversion efficiency, i.e., larger, higher capital cost heat rejection 

systems. 

It has also been assumed 

cost per million Btu bas 

that 

s ca 

the utility will purchase geothermal heat on a 

culated as a function of the difference between 

the initial resource temperature and a set minimum return temperature designed 

to prevent scaling in the reinjection wells. Therefore, depending upon the 

initial temperature of the resource, the utility would pay for a set number of 

Btu per pound of resource, regardless of return temperature. 

Unit Water Costs 

The cost of cooling water makeup is assumed to include the base cost of the 

water plus the cost of supplying and treating it. Higher unit water costs will 

improve the comparatipe economics of wet/dry and dry cooling tower systems. 

DESCRIPTION OF COMPUTER PROGRAMS 

The foregoing pages describe the general approach incorporated in the computer 

programs which have been developed for optimizing and evaluating cooling tower 

systems €or hydrothermal plants. Input data are read into the programs at the 

time of execution from three separate data files. These files contain the 

following types of  data: c 
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Site-specific data, such as ambient temperature duration data 

Characteristic performance data €or the turbine-generator design 
being considered 

Input data applicable to a particular analysis, such as the 
ranges of unit input energy and makeup water costs to be con- 
sidered; the source and costs of peaking capacity and replacement 
generation, if provided; the assumed annual operating profile; 
and the scheduled startup date for the plant 

Basic design, characteristic performance, and unit capital cost data applicable 

to the various components of the cooling tower systems are incorporated in the 

programs in DATA statements. 

The performance of a cooling tower system design is determined by use of applic- 

able characteristic tower performance equations. For example, dry cooling 

towers are sized on the basis of performance data supplied by manufacturers of 

such equipment. Performance equations adopted by the Cooling Tower Institute 

are used to determine the performance and size of an evaporative cooling tower 

for given design conditions. Steam surface condensers are designed according to 

Heat Exchange Institute (HEI) standards, whereas hydrocarbon condensers are 

designed on the basis of manufacturer-supplied information. Other components of 

the heat rejection system, such as pumps and piping, are sized in accordance 

with established power plant design practice. The wetfdry program assumes that 

the turbine exhaust flow is directed to two separate condensers, one served by a 

wet tower and the other served by a dry tower. 

The capital costs of major equipment items (towers, condensers, pumps, etc.) are 

determined from manufacturers' quotations and pricing guides. Construction 

costs are estimated on the basis of published information, manufacturers' 

installation and erection cost estimates, and construction cost data compiled by 

R. W. Beck and Associates from previous design and construction engineering 
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jobs. Capital cost data incorporated in the computer programs are based on 

national average material costs and labor rates and a given base year. Adjust- 

ments can be made for annual escalation rates, construction cost indices applic- 

able to the given site, the projected length of the construction period, and the 

scheduled startup date for the plant. 

The wetfdry cooling tower program assumes that the wet tower will be used only 

as a peaking tower to prevent the condensing temperature from exceeding a speci- 

fied maximum value when the dry tower alone could not maintain the specified 

condensing pressure or temperature. This operating mode results in the minimum 

water consumption for the wetfdry system. 

tower is able to carry the full heat load without exceeding the specified 

maximum operating back pressure at a given ambient air temperature, only the d r y  

tower is used. When the minimum back pressure operating condition is reached, 

dry tower fan power is reduced by switching fans to half-speed or by taking fans 

out of service in order to reduce auxiliary energy requirements. When ambient 

temperatures increase to the point where the dry tower alone is not able to 

maintain the specified maximum operating back pressure, wet tower capacity is 

activated as required to maintain that back pressure. If additional wet cooling 

were added at this point, the back pressure would decrease, with resulting im- 

provement in turbine-generator performance. However, this mode of operating 

the wetidry cooling system to achieve optimum fuel economy is not considered, 

since the purpose of the wet/dry cooling tower program is to determine the 

amount of water which can be saved. 

For instance, if the dry cooling 

The annual combined performance of the turbine-generator and heat rejection 

system is evaluated on essentially an hour-by-hour basis over the annual range 

of ambient temperature conditions normally expected to occur at the given site. 
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The computer programs are structured to use weather data as published in the 

Decennial Census of United States Climate - Summary of Hourly Observations. 

A list of the information which can be obtained from the computer programs is 

presented in Section 5. 
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Section 5 

PARAMETRIC EVALUATIONS OF COOLING SYSTEMS FOR HYDROTHEWL POWER PLANTS 

RANGE OF PARAMETERS CONSIDERED IN ANALYSES 

In order to make meaningful economic evaluations of alternative cooling systems 

for hydrothermal power plants, numerous parameters should be analyzed to deter- 

mine busbar energy production costs and makeup water requirements. A detailed 

discussion of these parameters is provided in Section 2, and the computer pro- 

grams which have been developed to perform the evaluations are described in 

Section 4 .  

Specifically, the parametric analyses performed for this study assumed the 

following range of values: 

0 Hydrothermal resource temperature: 150 C (300 F ) ,  1 8 2  C ( 3 6 0  F ) ,  
and 246 C (475 F) 

Hydrothermal power plant conversion process: Flash steam and 
binary 

0 Climatological type: High Mountain, Pacific Northwest, Basin and 
Range, and Hot Desert 

Cooling system type: Mechanical-draft wet towers and mechanical- 
draft direct drylwet peaking towers 

Annual fixed-charge rate: 15 percent 

Hydrothermal "fuel cost": $0.50110 Btu and $1.00/10 Btu 

Makeup water cost: $O.lO/Kgal, $l.OO/Kgal, and $2.50/Kgal 

6 6 

(includes acquisition, transportation, treatment, and disposal 
costs) 
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By selectively analyzing various combinations of values for these parameters, it 

is possible to compare the busbar energy production costs and makeup water 

requirements for hydrothermal power plants equipped with alternative cooling 

tower systems under different site, design, and economic conditions. 

The following assumptions were made for all cases considered: 

Nominal electrical output of flash steam plant: 55 MWe gross 
a’nd 50 MWe net 

Nominal electrical output of binary plant: 65 MWe gross and 
50 MWe net 

Scheduled commercial startup date: 1980 

Annual hours of operation: 6500 

Capital costs described in Appendix C 

4.5 cycles of concentration of circulating water in the evapo- 
rat ive cooling tower 

PRELIMINARY ANALYSES PERFORMED 

Loss of Generating Capability 

A s  described in Section 4 ,  several methods may be used for accounting for costs 

associated with the loss of generating capability during periods of high ambient 

temperature. Preliminary analyses were performed in order to determine the 

magnitude of the differences in busbar energy production cost for the following 

three methods of accounting for l o s s :  

Sizing the conversion system 

Replacement of losses 

No sizing or replacement of losses 
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I n  a l l  o f  t h e  p r e l i m i n a r y  c a s e s  cons ide red ,  busbar  c o s t s  were s l i g h t l y  lower 

when no p e n a l t y  w a s  a s s e s s e d  f o r  c a p a c i t y  and energy l o s s e s ,  i . e . ,  d e s i g n i n g  

t h e  p l a n t  f o r  c e r t a i n  ambient t empera tu re  c o n d i t i o n s  and t h e n  " t ak ing  what 

you ge t " .  

e q u i v a l e n t  t o  a few p e r c e n t  of t h e  t o t a l  busbar  c o s t .  The p a r a m e t r i c  a n a l y s e s  

p r e s e n t e d  i n  t h i s  r e p o r t  were t h e r e f o r e  performed assuming t h a t  no p e n a l t y  w a s  

a s s e s s e d  f o r  l o s s  of c a p a b i l i t y .  

T y p i c a l  d i f f e r e n c e s  i n  c o s t  w e r e  on t h e  o r d e r  of a few mil ls /kWh, 

Direct Versus I n d i r e c t  Dry Towers 

P r e l i m i n a r y  computer a n a l y s e s  w e r e  performed f o r  d ry /we t  peaking  c o o l i n g  tower 

sys tems f o r  b o t h  d i r e c t  and i n d i r e c t  d r y  towers .  I n  a l l  of  t h e  p r e l i m i n a r y  

c a s e s  cons ide red ,  t h e  u s e  of d i r e c t  d r y  towers  r e s u l t e d  i n  lower busbar  energy  

p r o d u c t i o n  c o s t s  t h a n  i n d i r e c t  d r y  towers .  The pr imary  r e a s o n  f o r  t h e  improve- 

ment i n  economics w i t h  a d i r e c t  d r y  c o o l i n g  system i s  t h e  f a c t  t h a t  t h e  d i r e c t  

d r y  towers  do n o t  have t h e  thermodynamic l o s s  a s s o c i a t e d  w i t h  t h e  s u r f a c e  con- 

d e n s e r  used w i t h  t h e  i n d i r e c t  d ry  c o o l i n g  system. Because of  t h e  long  d u r a t i o n  

of  h i g h  ambient  dry-bulb t empera tu res  a t  t h e  s i tes  cons ide red  i n  t h i s  s t u d y ,  t h e  

e l i m i n a t i o n  of t h e  s u r f a c e  condenser  TTD has  a marked e f f e c t  on t h e  tower s i z e  

and performance.  T y p i c a l  d i f f e r e n c e s  i n  c o s t  were on t h e  o r d e r  of a few m i l l s /  

kWh, o r  a few p e r c e n t  of t h e  t o t a l  busbar  c o s t .  The p a r a m e t r i c  a n a l y s e s  pre-  

s e n t e d  i n  t h i s  r e p o r t  were t h e r e f o r e  performed assuming d i r e c t  d r y  towers .  

E f f e c t  of Turb ine  Design Back P r e s s u r e  

P r e l i m i n a r y  computer a n a l y s e s  were performed f o r  a r ange  of d e s i g n  back p r e s -  

s u r e s  f o r  t h e  w e t  tower and d e s i g n  maximum o p e r a t i n g  back p r e s s u r e s  f o r  t h e  

d ry lwe t  peaking  tower i n  o r d e r  t o  de t e rmine  optimum back p r e s s u r e  d e s i g n  v a l u e s  

f o r  each  c a s e  cons ide red .  For most cases, t h e  r ange  w a s  80-95 p s i a  f o r  t h e  

b i n a r y  sys tems and 3-4.5 i n .  Hg f o r  t h e  f l a s h  steam sys tems.  
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Binary and flash steam systems served by evaporative cooling towers generally 

optimized at different design back pressures for each resource temperature con- 

sidered at each site. The results presented in this report for the binary 

systems are based upon the corresponding optimum back pressure values. However, 

since makeup water requirements for the flash systems change slightly with 

different design back pressures, design back pressures which optimized for the 

majority of the cases at a particular site were selected as representative of 

that site for all resource temperatures. 

If busbar energy production cost is plotted as a function of makeup water 

requirement for a drylwet peaking cooling tower for several different design 

maximum operating back pressures, a family of curves is produced as illustrated 

i n  Figure 5-1. In actual practice, a "least-cost curve" can be constructed from 

the family of curves so that the design back pressure which results in the 

lowest busbar cost for a given quantity of makeup water would be selected. 

However, in order to facilitate the reduction of data for the dryfwet peaking 

cases, the family of curves was simply "averaged" for both the binary and flash 

steam cases. A s  subsequently described, the results of this study are presented 

in terms of a base case and a set of cost multipliers to be used for related 

cases. Therefore, averaging does not significantly affect the accuracy of the 

results. 

RESULTS OF PARAMETRIC ANALYSES 

Information Obtainable from Computer Programs 

The computer programs which were developed to economically optimize and evaluate 

mechanical-draft evaporative and direct dryfwet peaking cooling tower systems 

provide the following information for each combination of resource temperature, 
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c o n v e r s i o n  p r o c e s s ,  c l i m a t i c  c o n d i t i o n ,  f u e l  c o s t ,  f i x e d  c h a r g e  ra te ,  and makeup 

water c o s t  c o n s i d e r e d :  

e 

e 

e 

0 

0 

e 

e 

e 

e 

e 

e 

e 

9 

Gross annua l  b a s e  g e n e r a t i o n  and a u x i l i a r y  energy r equ i r emen t s  

Annual makeup wa te r  r equ i r emen t s  

Annual p l a n t  c a p i t a l  and o p e r a t i n g  c o s t s  

Annual geothermal  energy and o p e r a t i n g  c o s t s  

Annual makeup water and o p e r a t i n g  c o s t s  

T o t a l  annua l  c a p i t a l  and o p e r a t i n g  c o s t s  

Busbar energy p r o d u c t i o n  c o s t s ,  e x c l u s i v e  of s i t e - s p e c i f i c  c o s t s  
due t o  s i t e  i n a c c e s s i b i l i t y ,  l o c a l  l a b o r  and materials v a r i a b i l -  
i t y ,  p o l l u t i o n  c o n t r o l  measures ,  t r a n s m i s s i o n  l i n e  f a c i l i t i e s ,  
and t a x e s  

Busbar component c o s t  breakdown 

Summary of p e r t i n e n t  c o o l i n g  tower and condenser  d e s i g n  d a t a  

Cost  breakdown f o r  c o o l i n g  tower,  condense r ,  c i r c u l a t i n g  water 
f a c i l i t i e s ,  c o n t r o l s ,  e n g i n e e r i n g  and c o n t i n g e n c i e s ,  i n t e r e s t  
d u r i n g  c o n s t r u c t i o n ,  and conve r s ion  p l a n t  

Annual t u r b i n e  o p e r a t i o n  p r o f i l e  

Annual p l a n t  g e n e r a t i o n  p r o f i l e  

D i s t r i b u t i o n  of h e a t  l o a d  between w e t  and d r y  towers  f o r  t h e  
d ry lwe t  peaking tower 

Sample computer o u t p u t  f o r  t h e  mechan ica l -d ra f t  e v a p o r a t i v e  c o o l i n g  tower pro- 

gram i s  g i v e n  i n  Appendix D ,  w h i l e  sample o u t p u t  f o r  t h e  mechan ica l -d ra f t  

d i r e c t  d ry jwe t  peaking c o o l i n g  tower program i s  g i v e n  i n  Appendix E.  

p r i n t o u t s  f o r  a l l  t h e  c a s e s  ana lyzed  are a v a i l a b l e  f o r  i n s p e c t i o n  a t  t h e  EPRI 

o f f i c e s  .) 

(Computer 

R e s u l t s  of Analyses  of Evapora t ive  Cooling Systems 

Analyses  of mechan ica l -d ra f t  e v a p o r a t i v e  c o o l i n g  towers  f o r  bo th  b i n a r y  and 

f l a s h  s team systems were performed f o r  150 C ( 3 0 0  F ) ,  182 C (360  F ) ,  and 246 C 
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(475 F) r e s o u r c e s  f o r  t h e  s i t e s ,  f u e l  c o s t s ,  and makeup water c o s t s  p r e v i o u s l y  

d e s c r i b e d .  Because of t h e  l a r g e  number of c a s e s  s t u d i e d ,  t h e  r e s u l t s  of  t h e  

a n a l y s e s  have been condensed f o r  t h e  t e x t  of t h i s  r e p o r t .  

A s  d i s c u s s e d  i n  S e c t i o n  3 ,  t h e  b i n a r y  t u r b i n e  d a t a  used i n  t h e  a n a l y s e s  a r e  

based upon t h e  E l l i o t t  t u r b i n e  d e s i g n  opt imized  f o r  a 182 C ( 3 6 0 T )  r e s o u r c e  and 

t h e r e f o r e  do n o t  r e p r e s e n t  optimum hydrocarbon f l u i d  c h o i c e s  o r  t u r b i n e  d e s i g n s  

f o r  e i t h e r  150 C (300 F) o r  246 C (475 F) r e s o u r c e s .  For t h i s  r e a s o n ,  t h e  

r e s u l t s  of t h e  b i n a r y  a n a l y s e s  f o r  150 C (300 F) and 246 C (475 F) are p r e s e n t e d  

i n  Appendix F r a t h e r  t h a n  i n  t h e  t e x t  of t h i s  r e p o r t .  By comparison,  t h e  f l a s h  

s team t u r b i n e  d a t a  used i n  t h e  a n a l y s e s  a r e  based  upon w e l l - e s t a b l i s h e d  t u r b i n e  

d e s i g n s  and t h e r e f o r e  are cons ide red  t o  be  v a l i d  f o r  a l l  t h r e e  t empera tu res  

i n v e s t i g a t e d .  

The approach  used i n  t h i s  r e p o r t  t o  p o r t r a y  r e s u l t s  of t h e  computer a n a l y s e s  i s  

t o  d e f i n e  a base  case and e s t a b l i s h  a set of c o s t  m u l t i p l i e r s .  Th i s  approach  

w a s  p o s s i b l e  s i n c e  v a r y i n g  such  pa rame te r s  as f u e l  c o s t  and water c o s t  d i d  n o t  

n o t i c e a b l y  a f f e c t  makeup water r equ i r emen t s .  T h e r e f o r e ,  f o r  a g iven  r e s o u r c e  

t empera tu re  and c l i m a t o l o g i c a l  t ype ,  t h e  busbar  energy  p roduc t ion  c o s t s  could  be  

expres sed  as m u l t i p l e s  of each  o t h e r ,  which s i m p l i f i e d  t h e  p r e s e n t a t i o n  of t h e  

r e s u l t s  c o n s i d e r a b l y .  

For  b i n a r y  sys tems,  t h e  base  c a s e  w a s  s e l e c t e d  as t h e  busbar  energy  p r o d u c t i o n  

c o s t  of a 182 C (360 F) b i n a r y  sys tem w i t h  an  e v a p o r a t i v e  c o o l i n g  tower u s i n g  a 

f u e l  c o s t  of  $0.50/10 

sys t ems ,  t h e  base  case w a s  s e l e c t e d  as t h e  busbar  energy  p r o d u c t i o n  c o s t  of a 

182 C (360 F) f l a s h  steam sys tem w i t h  an  e v a p o r a t i v e  coo l ing  tower u s i n g  a f u e l  

c o s t  of $0.50/10 Btu and a makeup water c o s t  of $O.lO/Kgal. Busbar c o s t s  f o r  

o t h e r  r e s o u r c e  t empera tu res ,  f u e l  c o s t s ,  and makeup w a t e r  c o s t s  may be  de te rmined  

6 
Btu and a makeup water c o s t  of $O.lO/Kgal. For f l a s h  

6 
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by multiplying the base cost by an appropriate multiplier. Definitions of cost 

cost multipliers for evaporative cooling towers are shown in Table 5-1, while 

the base cases for binary and flash steam systems for evaporative cooling towers 

are shown in Table 5-2. Cost multipliers for the 182 C (360 F) binary cases are 

listed in Table 5-3, and cost multiplie.rs for the flash steam cases are plotted 

according to resource temperature in Figure 5-2 for the different sites. Ta- 

ble 5-4 provides a list of conversion factors used in the parametric analyses. 

The cost multipliers presented in Table 5-3 (binary) and Figure 5-2 (flash steam 

system) apply to all four sites considered. This is primarily due to the fact 

that the various cases analyzed for a particular site were referenced to the 

182 C (360 F)  case for $0.50/10 Btu fuel cost and $O.lO/Kgal water cost at that 

same site. Another fact worth noting is that there is little difference in the 

6 

base case busbar energy production costs and cooling tower makeup water require- 

ments shown in Table 5-2 for the three non-desert sites considered. Cooling 

tower makeup water requirements and busbar costs were slightly higher for the 

Hot Desert site than the other sites due to higher ambient temperatures. 

I n  order to illustrate the use of the cost multiplier concept, the following 

sample calculations are presented for both binary and flash steam systems using 

evaporative cooling towers. 

Sample Calculation. Find the makeup water requirement and busbar energy produc- 

tion cost (exclusive of site-specific factors) for a 182 C (360 F) binary system 

served by a mechanical-draft evaporative cooling tower at a High Mountain site 

assuming that fuel costs $1.00/10 Btu and water costs $l.OO/Kgal. From Ta- 

ble 5-3, the appropriate cost multiplier is 1.57. From Table 5-2, the water 

consumption and base cost (for a 360 F resource at $0.50/10 Btu and $O.lO/Kgal) 

are 3003 acre-feet per year and 31.08 mills/kWh. 

cost for this example is therefore 1.57 x 31.08, or 48.80 mills/kWh. 

6 

6 

The busbar energy production 
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Table 5-1 

DEFINITION OF COST MULTIPLIERS FOR 
EVAPORATIVE COOLING TOWERS 

Binary 

cost multiplier = Mills/kWh at site for 360°, FC, WC 
Mills/kWh at site for 360’ Binary, $O.50/1Ob Btu, $O.lO/Kgal 

Flash 

Mills/kWh at site for T, FC, WC 
Mills/kWh at site for 360° Flash, $0.50/10” Btu, $O.lO/Kgal 

cost multiplier = 

where T = temperature of the resource 
FC = Fuel cost in $/lo6 Btu 
WC = Water cost in $/Kgal (K = 10 ) 3 

Table 5-2 

BASE CASES FOR BUSBAR ENERGY PRODUCTION COST 
AND WATER CONSUMPTION FOR EVAPORATIVE AND 

DRY/WET PEAKING COOLING TOWERS 

Binary 

6 360 F binary case using $0.50/10 
cost : 

Btu fuel cost and $O.lO/Kgal water 

Site __ 

Pacific Northwest 
Basin and Range 
High Mountain 
Hot  Desert 

Mil 1 s / kWh Acre-Feet 
360 F 

31.65 
31.22 
31-08 
33.02 

287 1 
293 1 
3003 
3355 

Flash 

360 F flash case using $0.50/106 Btu fuel cost and $O.lO/Kgal water 
cost: 

Site - 

Pacific Northwest 
Basin and Range 
High Mountain 
Hot Desert 

Acr e-Feet 
Mills/kWh 300 F 360 F 475 F 

33.68 3083 2454 1909 
33.47 3154 2496 1942 
33.42 3244 2564 1995 
34.31 3447 27 74 2135 

(Note: Based upon 50 MWe net plant sizes operating 6500 hours per year.) 
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Table 5-3 

BUSBAR ENERGY PRODUCTION COST MULTIPLIERS FOR 182 C (360 F) 
BINARY SYSTEMS USING EVAPORATIVE COOLING TOWERS 

Site Fuel Cost, $/lo6 Btu Water Cost, $/Kgal Cost Multiplier 

(All Sites) 0.50 

1.00 

0.10 
1.00 
2.50 
0.10 
1.00 
2.50 

1.00 
1.08 
1.21 
1.48 
1.57 
1.70 

Table 5-4 

TABLE OF USEFUL CONVERSION FACTORS 
FOR PARAMETRIC ANALYSIS 

300 F = 150 C 

360 F = 182 C 

475 F = 246 C 

1 acre-foot = 325,851 gallons 

1 acre-foot = 1233 cubic meters 

$O.lO/Kgal = $ 32Iacre-foot 

$1.00/Kgal = $325/acre-ioot 

$2.50/Kgal = $814/acre-foot 

3 K = 10 
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Sample C a l c u l a t i o n .  

t i o n  c o s t  ( e x c l u s i v e  of s i t e - s p e c i f i c  f a c t o r s )  f o r  a 246 C (475 F) f l a s h  steam 

sys tem se rved  by a mechan ica l -d ra f t  e v a p o r a t i v e  c o o l i n g  tower a t  a Bas in  and 

Range s i t e  assuming t h a t  f u e l  c o s t s  $0.50/106 Btu and wa te r  c o s t s  $2.50/Kgal .  

From F i g u r e  5-2, t h e  a p p r o p r i a t e  c o s t  m u l t i p l i e r  i s  0.91. From Table  5-2, t h e  

water consumption and base  c o s t  ( f o r  a 360 F r e s o u r c e  a t  $0.50/10 Btu and 

$O.lO/Kgal) are 1942 a c r e - f e e t  p e r  y e a r  and 33.47 mills/kWh. The busbar  energy  

p roduc t ion  c o s t  f o r  t h i s  example i s  t h e r e f o r e  0 .91 x 33.47,  o r  30.46 mills/kWh. 

Find t h e  makeup water requi rement  and busbar  energy  produc- 

6 

I 
R e s u l t s  of Analyses  of Dry/Wet Peaking Cooling Systems 

Analyses  of mechanica l -draf t  d i r e c t  d ry fwe t  peaking  c o o l i n g  towers  f o r  b o t h  

b i n a r y  and f l a s h  steam sys tems were a l s o  performed f o r  150 C (300 F ) ,  182 C 

(360 F ) ,  and 246 C (475 F) r e s o u r c e s  f o r  t h e  s i tes ,  f u e l  c o s t s ,  and makeup w a t e r  

c o s t s  p r e v i o u s l y  d e s c r i b e d .  Because of t h e  l a r g e  number of cases s t u d i e d ,  t h e  

r e s u l t s  of t h e  a n a l y s e s  have s i m i l a r l y  been  condensed f o r  t h e  t e x t  of t h i s  

r e p o r t .  The r e s u l t s  of t h e  b i n a r y  sys tems f o r  150 C (300 F) and 246 C (475 F) 

r e s o u r c e s  a r e  n o t  i nc luded  i n  t h e  t e x t  of t h i s  r e p o r t  f o r  t h e  r e a s o n s  p r e v i o u s l y  

c i t e d .  

The same approach  is  used t o  p o r t r a y  r e s u l t s  of t h e  computer a n a l y s e s  f o r  d ry /we t  

peaking  c o o l i n g  towers  -- t h a t  i s ,  t o  d e f i n e  a b a s e  c a s e  and e s t a b l i s h  a set  of  

c o s t  m u l t i p l i e r s  t o  be  used f o r  r e l a t e d  c a s e s .  For b i n a r y  sys t ems ,  t h e  b a s e  

c a s e  w a s  s e l e c t e d  as t h e  busbar  energy p roduc t ion  c o s t  of a 182 C (360 F) b i n a r y  

sys tem w i t h  a n  e v a p o r a t i v e  c o o l i n g  tower u s i n g  a f u e l  c o s t  of $0.50/106 Btu and 

a water c o s t  of $O.lO/Kgal. For f l a s h  steam sys tems,  t h e  b a s e  c a s e  w a s  s e l e c t e d  

as  t h e  busbar  energy  p r o d u c t i o n  c o s t  of a 182 C (360 F) f l a s h  steam sys tem w i t h  

a n  e v a p o r a t i v e  c o o l i n g  tower u s i n g  a f u e l  c o s t  of $0.50/10 

of  $O.lO/Kgal. Busbar c o s t s  f o r  d i f f e r e n t  r e s o u r c e  t empera tu res ,  f u e l  c o s t s ,  

and makeup water c o s t s  may be de te rmined  by m u l t i p l y i n g  t h e  base  c o s t  by a n  

6 Btu and a water c o s t  
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appropriate multiplier, Definitions of cost multipliers for drylwet peaking 

cooling towers are shown in Table 5-5 ,  while the base cases for binary and flash 

steam systems for drylwet peaking cooling towers are shown in Table 5-2 .  

Cost multipliers for the 182 C ( 3 6 0  F) binary cases are plotted as a function of 

percent water requirement in Figures 5-3 through 5-6 for the sites considered, 

and cost multipliers for the flash steam cases for all resource temperatures 

considered are similarly plotted in Figures 5-7 through 5-10. 

tains tabulations of the multipliers used for plotting both the binary and flash 

Appendix G con- 

steam curves. 

Zero percent water consumption represents a plant with dry cooling towers only, 

whereas 100 percent water consumption represents a plant with evaporative (wet) 

cooling towers only. The points between zero and 100 percent represent plants 

having different size combinations of dry and wet cooling towers, with a higher 

value of water consumption indicating a combination of a smaller dry tower with 

a larger wet tower. From such a graph, the decision-maker can determine the 

incremental cost of reducing the water consumption of the cooling system, or, 

conversely, what cost would be incurred at a site if only a certain quantity of 

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

systems. 

Sample Calculation. Find the makeup water requirement and busbar energy produc- 

tion cost (exclusive of site-specific factors) for a 246 C ( 4 7 5  F) flash steam 

system served by a mechanical-draft drylwet peaking cooling tower designed to 

use only 10 percent of the water required by an evaporative cooling tower at a 

Basin and Range site assuming that fuel costs $0.50110 Btu and water costs 

$2.50/Kgal. From Figure 5-7,  the appropriate cost multiplier is 0.95. From 

6 

Table 5-2, the water consumption and base cost (for a 360 F resource served by 
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Table 5-5 

DEFINITION OF COST MULTIPLIERS AND WATER 
PERCENTAGES FOR DRY/WET PEAKING COOLING TOWERS 

Binary 

% water consumption = Acre-feet required at site €or wetldry 
Acre-feet required at site for wet 

cost multiplier = Mills/kWh at site for wet/dry for 360°, FC, WC 
Mills/kWh at site for wet for 360' Binary, $0.50/106Btu, $O.lO/Kgal 

Flash 

% water consumption = Acre-feet required at site for wet/dry 
Acre-feet required at site for T for wet 

multiplier = Mills/kWh at site for wet/dry for T, FC, WC 
Mills/kWh at site for wet for 360' Flash, $0.50/10bBtu, $O.lO/Kgal 

where T = Temperature of the resource 

FC = Fuel cost in $/lo6 Btu 

WC = Water cost in $/Kgal 
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a n  e v a p o r a t i v e  c o o l i n g  tower a t  $0.50/10 6 Btu and $O.lO/Kgal) are  1942 a c r e - f e e t  

p e r  y e a r  and 33.47 mills/kWh. The busbar  energy  p roduc t ion  c o s t  f o r  t h i s  ex- 

ample i s  t h e r e f o r e  0 .95  x 33.47, o r  31.80 mills/kWh. The water requi rement  i s  

0 . 1  x 1942, o r  194 a c r e - f e e t  p e r  yea r .  S i m i l a r l y ,  u s ing  3 p e r c e n t  and 47 per -  

c e n t  of t h e  w a t e r  r e q u i r e d  f o r  a n  e v a p o r a t i v e  c o o l i n g  tower r e s u l t s  i n  busbar  

c o s t s  of 37.6 mil1slkWLi and 30.8 mills/kWh, r e s p e c t i v e l y .  

i n  a sample c a l c u l a t i o n ,  t h e  e v a p o r a t i v e  c o o l i n g  tower r e s u l t s  i n  a busbar  c o s t  

of 30.46 mi l l s fkwh and r e q u i r e s  1942 a c r e - f e e t  p e r  y e a r .  

A s  p r e v i o u s l y  shown 

The p e n a l t y  i n  busbar  c o s t  f o r  u s i n g  on ly  10 p e r c e n t  of t h e  water can  a l s o  be  

computed d i r e c t l y  from F i g u r e  5-7 by de te rmin ing  a r a t i o  of t h e  busbar  c o s t  of 

10 p e r c e n t  water use  (10 p e r c e n t  e v a p o r a t i v e  tower and 90 p e r c e n t  d r y  tower)  t o  

100 p e r c e n t  water u s e  (100 p e r c e n t  e v a p o r a t i v e  tower ) ,  o r  0.9510.91 = 1.04.  

T h e r e f o r e ,  s av ing  90 p e r c e n t  of t h e  water r e q u i r e d  by a n  e v a p o r a t i v e  tower w i l l  

i n c r e a s e  busbar  c o s t  by approximate ly  4 p e r c e n t  and r e s u l t  i n  a c o s t  of (0 .951 

0.91)  x 30.46,  o r  31.80 mills/kWh. 

Sample C a l c u l a t i o n .  Find t h e  makeup water requi rement  and busbar  energy  produc- 

t i o n  c o s t  ( e x c l u s i v e  of s i t e - s p e c i f i c  f a c t o r s )  f o r  a 182 C (360 F) b i n a r y  system 

served by a mechanical-draft dry/wet peaking cooling tower designed to u s e  only 

10 p e r c e n t  of t h e  w a t e r  r e q u i r e d  by a n  e v a p o r a t i v e  c o o l i n g  tower a t  a High 

Mountain s i t e  assuming t h a t  f u e l  c o s t s  $1.00/10 Btu and water c o s t s  $l.OO/Kgal. 

From F i g u r e  5-5, t h e  a p p r o p r i a t e  c o s t  m u l t i p l i e r  i s  1.69.  From Table  5-2, t h e  

water consumption and base  c o s t  ( f o r  a 360 F r e s o u r c e  se rved  by a n  e v a p o r a t i v e  

c o o l i n g  tower a t  $0.50/10 Btu and $O.lO/Kgal) a re  3003 a c r e - f e e t  p e r  y e a r  and 

31.08 mills/kWh. The busbar  energy  p roduc t ion  c o s t  f o r  t h i s  example is  t h e r e -  

f o r e  1 .69 x 31.08, o r  52.53 mills/kWh. The water requi rement  i s  0.1 x 3003, o r  

300 a c r e - f e e t  pe r  y e a r .  S i m i l a r l y ,  u s i n g  3 p e r c e n t  and 47 p e r c e n t  of t h e  water 

r e q u i r e d  f o r  a n  e v a p o r a t i v e  coo l ing  tower r e s u l t s  i n  busbar  c o s t s  of 60.6 m i l l s /  

6 

6 
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kWh and 51.3 mills/kWh, r e s p e c t i v e l y .  A s  p r e v i o u s l y  shown i n  a sample c a l c u l a -  

t i o n ,  t h e  e v a p o r a t i v e  c o o l i n g  tower r e s u l t s  i n  a busbar  c o s t  of 48.80 mills /kWh 

and r e q u i r e s  3003 a c r e - f e e t  p e r  y e a r .  

The p e n a l t y  i n  busbar  c o s t  f o r  u s i n g  o n l y  10 p e r c e n t  of t h e  water can  a l s o  b e  

computed d i r e c t l y  from F i g u r e  5-5 by de te rmin ing  a r a t i o  of t h e  busbar  c o s t  of 

10 p e r c e n t  water use  (10 p e r c e n t  e v a p o r a t i v e  tower and 90 p e r c e n t  d r y  tower)  t o  

100 p e r c e n t  water use  (100 p e r c e n t  e v a p o r a t i v e  tower ) ,  o r  1.6911.57 = 1.08. 

T h e r e f o r e ,  s av ing  90 p e r c e n t  of t h e  w a t e r  r e q u i r e d  by an  e v a p o r a t i v e  tower w i l l  

i n c r e a s e  busbar  c o s t  by approximate ly  8 p e r c e n t  and r e s u l t  i n  a c o s t  of (1.691 

1.57) x 48.8, o r  52.53 mills/kWh. 

Conclus ions  

S e v e r a l  c o n c l u s i o n s  may be  drawn based upon t h e  r ange  of v a l u e s  ana lyzed  i n  t h e  

p a r a m e t r i c  a n a l y s e s  performed i n  t h i s  s tudy :  

e Busbar energy  p roduc t ion  c o s t s  are v e r y  s e n s i t i v e  t o  hydro thermal  
r e s o u r c e  t empera tu re  and hydro thermal  " f u e l  c o s t "  and less s e n s i -  
t i ve  t o  c l i m a t o l o g i a l  t ype  and makeup water c o s t .  A l l  o t h e r  
pa rame te r s  remain ing  c o n s t a n t ,  busbar  energy p roduc t ion  c o s t s  f o r  
150 C (300 F) r e s o u r c e s  a r e  g e n e r a l l y  on t h e  o r d e r  of 80 p e r c e n t  
h i g h e r  t han  f o r  246 C (475 F) r e s o u r c  s. Likewise ,  an  i n c r e a s e  
i n  " f u e l  c o s t "  from $0.50 t o  $1.00/10 Btu w i l l  r e s u l t  i n  a n  
i n c r e a s e  i n  busbar  c o s t s  on t h e  o r d e r  of 50 p e r c e n t .  However, a n  
i n c r e a s e  i n  water c o s t  from $0.10 t o  $2.50/Kgal w i l l  r e s u l t  i n  a n  
i n c r e a s e  i n  busbar  c o s t s  of on ly  about  15 p e r c e n t .  The d i f f e r -  
ences  i n  busbar  c o s t s  f o r  t h e  f o u r  s i t e s  are t y p i c a l l y  on t h e  
o r d e r  of 5 p e r c e n t .  

% 

e Turbine-genera tor  d e s i g n  s i g n i f i c a n t l y  de t e rmines  t h e  o v e r a l l  
p l a n t  performance and economics of bo th  t h e  b i n a r y  and f l a s h  
steam conver s ion  sys tems.  D i r e c t  comparisons between b i n a r y  and 
f l a s h  steam sys tems f o r  150 C (300 F) and 246 C (475 F) r e s o u r c e s  
were n o t  p o s s i b l e  i n  t h i s  s t u d y  s i n c e  optimum b i n a r y  f l u i d  c h o i c e s  
and t u r b i n e  d e s i g n s  -are n o t  y e t  a v a i l a b l e .  

e Analyses  i n d i c a t e  t h a t  b i n a r y  sys tems y i e l d  s l i g h t l y  lower busbar  
ene rgy  p roduc t ion  c o s t s  t han  f l a s h  s team sys tems f o r  t h e  182 C 
(360 F) r e s o u r c e  t empera tu re ,  a l though  makeup water r equ i r emen t s  
are h i g h e r  t h a n  f o r  f l a s h  steam sys tems.  Higher h e a t  r e j e c t i o n  

5-14 



f o r  t h e  b i n a r y  sys tem r e l a t i v e  t o  t h e  f l a s h  sys tem accoun t s  f o r  
t h e  h i g h e r  makeup water r equ i r emen t s .  

No computer a n a l y s e s  were performed f o r  t h e  r a d i a l  hydrocarbon 
t u r b i n e  d e s i g n  f o r  t h e  b i n a r y  conve r s ion  p rocess  ( t u r b i n e  pe r -  
formance d a t a  were n o t  a v a i l a b l e  i n  t i m e  f o r  t h i s  s t u d y ) .  An 
examinat ion  of t h e  r a d i a l  t u r b i n e  performance c h a r a c t e r i s t i c s  
which w e r e  f u r n i s h e d  by a manufac turer  i n d i c a t e s  t h a t  t h e  busba r  
energy  p roduc t ion  c o s t  and c o o l i n g  sys tem makeup water r e q u i r e -  
ments shou ld  n o t  d i f f e r  s i g n i f i c a n t l y  from t h o s e  of t h e  a x i a l  
hydrocarbon t u r b i n e  u n l e s s  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  
c a p i t a l  o r  o p e r a t i n g  c o s t s  between t h e  two types  of t u r b i n e s .  

On t h e  b a s i s  of t h e  t u r b i n e  performance d a t a  a v a i l a b l e  f o r  t h i s  
s t u d y ,  c o o l i n g  sys tem makeup water r equ i r emen t s  f o r  e v a p o r a t i v e  
c o o l i n g  towers  s e r v i n g  f l a s h  steam sys tems are approximate ly  
24-27 p e r c e n t  h i g h e r  f o r  150 C (300 F) r e s o u r c e s  than  f o r  182 C 
(360 F) r e s o u r c e s ,  and approximate ly  29-30 p e r c e n t  lower f o r  
246 C (475 F) r e s o u r c e s  than  f o r  182 C (360 F)  r e s o u r c e s .  
Makeup water r equ i r emen t s  f o r  e v a p o r a t i v e  c o o l i n g  sys tems s e r v i n g  
b i n a r y  sys t ems  are approximate ly  17-21 p e r c e n t  h ighe r  t han  f o r  
f l a s h  steam sys tems f o r  182 C (360 F) r e s o u r c e  t empera tu res .  

For t h e  r ange  of  f u e l  and makeup wa te r  c o s t s  cons ide red ,  an a l l -  
d ry  c o o l i n g  tower system does  n o t  appear  t o  be economica l ly  
c o m p e t i t i v e  w i t h  an e v a p o r a t i v e  c o o l i n g  tower system. However, 
t h e  a d d i t i o n  of a r e l a t i v e l y  s m a l l  e v a p o r a t i v e  peaking  tower t o  
t h e  d r y  tower (such as 95 p e r c e n t  dry15 p e r c e n t  wet )  w i l l  sub- 
s t a n t i a l l y  r educe  t h e  busbar  c o s t  p e n a l t y  i n c u r r e d  by an a l l - d r y  
system. A s  t h e  c o s t  of makeup water i n c r e a s e s ,  t h e  r e l a t i v e  
d i f f e r e n c e  i n  busbar  c o s t  between an a l l - d r y  o r  dry /wet  peaking  
tower and a n  e v a p o r a t i v e  tower d e c r e a s e s  s i g n i f i c a n t l y .  

For low wa te r  c o s t s  ($O.lO/Kgal) ,  t h e  p e n a l t y  i n  busbar  c o s t  f o r  
s a v i n g  approximate ly  60 p e r c e n t  water by use  of a dry /wet  peaking  
c o o l i n g  tower i s  on t h e  o r d e r  of 7-15 p e r c e n t  f o r  non-deser t  
s i t es  and 9-25 p e r c e n t  f o r  d e s e r t  s i tes .  However, f o r  h i g h e r  
water c o s t s  ($2 .50/Kgal ) ,  t h e  p e n a l t y  d e c r e a s e s  t o  approximate ly  
1-4 p e r c e n t  € o r  non-deser t  s i tes  and 2-10 p e r c e n t  for d e s e r t  
s i tes .  The economic p e n a l t y  f o r  s a v i n g  more w a t e r  i n c r e a s e s  a s  
a d d i t i o n a l  d r y  c o o l i n g  is  used.. The re fo re ,  t h e  u s e  of dry /wet  
peaking towers  may be  f e a s i b l e  f o r  hydro thermal  power p l a n t s  
under  c e r t a i n  s i t e ,  p l a n t  d e s i g n ,  and economic c o n d i t i o n s  as w e l l  
a s  s o c i a l  and envi ronmenta l  c o n s t r a i n t s .  

Busbar ene rgy  p roduc t ion  c o s t s  and c o o l i n g  sys tem makeup water . 
r equ i r emen t s  as e s t i m a t e d  i n  t h i s  s t u d y  f o r  g iven  p l a n t  d e s i g n  
and economic c o n s t r a i n t s  do n o t  v a r y  s i g n i f i c a n t l y  f o r  non- 
d e s e r t  s i tes.  However, busba r  c o s t s  are approximate ly  2-6 
p e r c e n t  h i g h e r  and makeup water r equ i r emen t s  are approximate ly  6- 17 
p e r c e n t  h i g h e r  f o r  d e s e r t  sites. 

S e v e r a l  methods f o r  accoun t ing  f o r  c o s t s  a s s o c i a t e d  w i t h  l o s s  of 
g e n e r a t i n g  c a p a c i t y  were cons ide red  i n  t h i s  s t u d y .  Busbar energy  
p r o d u c t i o n  c o s t s  are s l i g h t l y  lower f o r  t h e  method which does n o t  
p e n a l i z e  f o r  l o s s  of  c a p a c i t y  d u r i n g  o p e r a t i o n  a t  h i g h  ambient  
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temperature conditions than for the other methods. However, 
typical differences in cost for these alternative methods are on 
the order of a few percent. 

Direct dry towers resulted in lower busbar energy production 
costs than indirect dry towers for the generating units with the 
sizes evaluated in this report. Differences in cost are typi- 
cally on the order of a few percent of the total busbar cost, so 
that this conclusion could change if relative capital costs of 
the two systems are different from those assumed. 

e For study purposes, the design back pressure value does not 
significantly affect the relative estimated busbar energy pro- 
duction cost or cooling system makeup water requirements. In the 
actual design of a hydrothermal power plant, however, the design 
back pressure is an important consideration. 

Recommendations for Subsequent Studies 

In addition to the need for binary turbine-generation performance data for a 

range of hydrothermal resource temperatures, our analyses indicate that the 

following studies are warranted: 

Analyses of alternative hydrocarbon turbine designs should be 
performed before any major decision is made regarding either the 
selection of a hydrocarbon turbine or the selection of one con- 
version process over another. 

The actual operation of hydrothermal power plants in conjunction 
with other conventional power plants on the utility grid should 
be evaluated. Forced outage rate, planned outage for scheduled 
maintenance, and summer and winter capacity of the hydrothermal 
plant should be investigated with respect to operating economics. 

Because of the high fuel costs and cooling system auxiliary 
energy requirements associated with hydrothermal plants, natural- 
draft cooling systems may be more economical than mechanical- 
draft systems at many locations and should therefore be evaluated 
i n  subsequent studies. The choice between mechanical-draft and 

although in some instances environmental considerations could 
favor the use of natural-draft towers. 

. natural-draft cooling towers is usually based on economics, 

Accuracy of Results 

The accuracy with which cost estimates can be made for new energy conversion 

technologies is directly related to the history and experience of the industries 
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developing the technologies. In the case of hydrothermal power plants, capital 

cost estimates are subject to inaccuracies resulting from a lack of cost trends, 

which can be established only after several power plants have been designed and 

constructed. Moreover, site-specific costs due to local labor and materials 

cost differences or physical site conditions will also markedly affect plant 

costs for any actual installation. 

The accuracy with which the computer programs developed for this study simulate 

actual power plant performance is limited primarily by the accuracy or applic- 

ability of the turbine performance data, climatological data, and capital cost 

data. Estimates of makeup water requirements are based upon rigorous procedures 

adopted by the Cooling Tower Institute and therefore are limited primarily by 

the accuracy or applicability of  the turbine performance and climatological 

data. Therefore, as data are refined, the accuracy of estimating energy pro- 

duction costs and makeup water requirements can also be refined. 

5-17 



FIGURE 5-1 

ILLUSTRATION OF BUSBAR ENERGY PRODUCTION COST VERSUS 
MAKE-UP WATER REQUIREMENT FOR DRY/WET PEAKING 
COOLING TOWER SYSTEM FOR DIFFERENT DESIGN MAXIMUM 
OPERATING BACK PRESSURES (DMOBP) 
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FIGURE 5 - 2  

BUSBAR ENERGY PRODUCTION COST MULTIPLIERS FOR 
EVAPORATIVE COOLING TOWERS AS A FUNCTION OF 
RESOURCE TEMPERATURE (ALL SITES 1 
FOR FLASH STEAM SYSTEMS 
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F I G U R E  5-3 

BUSBAR ENERGY PRODUCTION COST MULTIPL IERS 
FOR DRY/WET PEAKING COOLING TOWERS 

FOR 182OC (360°F)  BINARY AT BASIN AND RANGE S I T E  
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F I G U R E  5 - 4  

BUSBAR ENERGY PRODUCTION COST M U L T I P L I E R S  
FOR D R Y I W E T  P E A K I N G  COOLING TOWERS 

FOR 182.C 1 3 6 0 ° F )  BINA'RY AT PACIFIC N O R T H W E S T  S I T E  
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N O T E :  PERCENT WATER IS BASED UPON MAKEUP WATER REQUIREMENT FOR EVAPORATIVE TOWER 



FIGURE 5 - 5  

BUSBAR ENERGY PRODUCTION COST M U L T I P L I E R S  
FOR D R Y / W E T  PEAKING COOLING TOWERS 

FOR 182OC ( 3 6 0 ° F )  B lNARY AT HIGH M O U N T A I N  S I T E  
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F I G U R E  5 - 6  

BUSBAR E N E R G Y  P R O D U C T I O N  C O S T  M U L T I P L I E R S  
FOR D R Y / W E T  P E A K I N G  COOLING T O W E R S  

FOR 182OC ( 3 6 0 ° F )  B I N A R Y  A T  H O T  D E S E R T  S I T E  
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F IGURE 5 - 7  

BUSBAR ENERGY PRODUCTION COST MULTIPLIERS 
FOR DRY/WET PEAKING COOLING TOWERS 

FOR t50°C ( 3 0 0 ° F ) ,  182OC (360 .F)  AND 2 4 6 O C  [47S°F )  FLASH AT BASlN AND RANGE SITE 
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F IGURE 5 - 8  

BUSBAR E N E R G Y  PRODUCT1ON C O S T  M U L T I P L I E R S  
FOR D R Y / W E T  P E A K I N G  COOLING T O W E R S  

FOR 1 5 0 ° C  ( Z O O ° F ) ,  182OC ( 3 6 0 ° F )  A N D  2 4 6 O C  ( 4 7 S ° F )  F L A S H  AT PACIFIC N O R T H W E S T  S I T E  
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F I G U R E  5 - 9  

BUS0AR ENERGY PROD\ 
FOR DRY/WET PEA 

FOR 150°C ( 3 0 0 ° F ) ,  182OC ( 3 6 0 ° F )  AND 24 
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Appendix A 

DESCRIPTION OF HYDROTHERMAL RESOURCES IN THE 
WESTERN UNITED STATES 

REGIONAL SUMMARY OF KNOWN HYDROTHERMAL RESOURCES 

The following is a summary of known hydrothermal resource areas with potential 

for electrical energy production. 

water and vapor-dominated convection systems which have been most commonly 

detected thus far by associated hot springs and/or fumaroles. 

The systems described include both the hot 

Type and Extent of Hydrothermal Resources 

Geological and geophysical evidence for hydrothermal energy sources abounds in 

the eleven western states. Nine geothermal regions are defined in Figure 2-1, 

based on a combination of features and upper mantle and crustal processes. 

Major factors used in the identification of different hydrothermal regions 

include geology, heat f l o w ,  tectonic activity, seismicity, volcanism, hydrology, 

and temperature gradients. Delineation of these nine regions is interpretative, 

since the quantity and quality of data is extremely limited. Salient elements 

of each region are summarized below. The regions are listed in'order of geo- 

graphical numbering in Figure 2-1, not in order of estimated potential. 

Region I: Central California Coast Ranges. The central California coast range 

is dominated by the active San-Andreas fault system. Heat flow is variable but 

regionally above normal and is sustained by local frictional heating and volcanism. 

Young volcanic and hot spring activity are extensive in the Geysers-Clear Lake 
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area (Site l), which appears to represent the only obvious significant hydro- 

thermal area in the region. 

Region 11: Cascade Range. Although the Cascade Range is entirely volcanic, the 

eastern side of the Range is youngest and most volcanically and tectonically 

active, and of greatest geothermal interest. Hot springs, fumarolic activity, 

altered groundwater flows, and young lava flows attest to shallow heat concen- 

trations associated with modern volcanoes in the Range, such as Mts. Lassen, 

Shasta, Belknap, Hood, St. Helens, Rainier, and Baker. Heat flow data are 

sparse, but the eastern Cascades are believed to exhibit higher-than-normal 

values associated with extrusion centers. Tensional faulting is concentrated 

along the eastern margin of the Range. Relatively few thermal data are avail-. 

able for this province, and hydrothermal exploration and drilling have not been 

extensive to date. 

Region 111: Snake River Plain. The Snake River Plain is a prominent volcano- 

tectonic and physiographic hydrothermal province. Numerous thermal springs 

occur along the fault-bounded north and south margins of the Plain. Cold ground- 

water migration to the Snake River through highly permeable lavas obscures 

expression of the high temperature water that is believed to lie within the 

Snake River Plain graben. 

the Plain indicate regionally high heat flux. The thick water-saturated sedi- 

ments and flows that fill the graben should act as excellent thermal insulators, 

and thereby trap large amounts of heat beneath the shallow zone of cold water 

sweep. 

A few heat-flow determinations along the margin of 

A few deep oil and gas wildcat wells have been drilled in the western part of 

the Snake River Plain, All drillings encountered hot water, which indicates 

significantly higher-than-normal thermal gradient and subsurface temperatures. 
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Region IV: Northwestern Basin and Range. This province is extremely large and 

contains abundant evidence that many hydrothermal systems exist. The western 

part consists of the especially active tectonic and volcanic zone that borders 

the Sierra Nevada and the Cascades. There are numerous normal faults, many of 

which are associated with high-temperature springs. Other springs are more 

clearly related to young volcanic activity. Heat flow in this province is 

regionally twice normal and joins with the high heat flow regime of the Snake 

River Plain to make the highest heat flow region known on the North American 

continent. The northwestern part of the region is underlain by moderately but 

intricately faulted lava flows and sedimentary interbeds. The southeastern and 

southern parts of the province are marked by strong Basin and Range topography 

and comprise a complex of plutonic, volcanic, and sedimentary rocks. Heat may 

be concentrated beneath thermally insulating layers of the larger basins and 

lava plateaus. 

Several specific high-temperature hydrothermal areas (Sites 2-8) occur in the 

western Basin and Range. A l l  are believed to hold potential for electrical 

energy generation. 

Region V: Central Basin and Range. This portion of the Basin and Range prov- 

ince contains fewer thermal features than the marginal zones t o  the west and 

east. Young volcanism is rare, and the seismic activity which occurs (mainly in 

the southern part) is markedly less than in adjacent areas. Heat flow is close 

to normal and even subnormal in this portion of the Basin and Range. Interbasin 

hydrologic flow is extensive and may drain away much heat from the upper few 

thousand meters of porous carbonate sequences that occur in the region. High- 

temperature springs are rare, and moderate- to low-temperature springs are few 

in number. Clearly, this region has relatively low geothermal potential. 
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Region VI: Eastern Basin and Range. This region is characterized by many 

features that indicate relatively high hydrothermal potential similar to the 

western margin at the Basin and Range province. Heat flow is moderately high 

and young normal faults are abundant. Volcanism is locally significant and 

high-temperature springs occur infrequently. Large areas of thick sedimentation 

fill, such as the Great Salt Lake Basin, Sevien Desert, etc., may act as thermal 

blankets. One potentially major geothermal field has been discovered in the 

area of young silicic volcanism and young normal faulting (Site l o ) ,  and explo- 

ration boreholes have been drilled in another system (Site 9) which has rela- 

tively low temperatures. 

Region VII: Salton-Imperial Valley. The Imperial Valley is the site of intense 

lateral faulting, with the Pacific side moving northward with respect to the 

Continental side. This transform faulting, accompanied by transform faulting at 

intervals along the main fault trend, has led to incipient rifting and thinning 

of the crust, bringing the mantle to depths as shallow as ten or fifteen kilo- 

meters. The Imperial Valley itself is filled with young alluvium estimated to 

be as deep as 10,000 meters (33,000 feet). There is evidence of volcanism in 

the center of the Imperial Valley, although only very minor outcrops of volcanic 

rock occur at Obsidian Buttes on the southern end of the Salton Sea and the 

Cerro Prieto in Northern Mexico. Several fields have been drilled in the 

Imperial Valley, including the Salton Sea field, the Heber field, the North 

Brawley field, the Dunes field, and the East Mesa field (Site 11). 

This outstanding hydrothermal province possesses all the geological and geo- 

physical features that characterize hydrothermal provinces in many areas of the 

world. Several major anomalies are currently being evaluated. 
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Region VIII: Southern Basin and Range. In general, this portion of the Basin 

and Range province has moderate hydrothermal potential. Heat flow is above 

normal, but young tectonic and volcanic activity is not widespread and thermal 

springs occur sparingly. Alluvial fill basins, however, are extensive, and 

there is a good possibility that hydrothermal systems occur.in these basins 

beneath insulating cover. While no hydrothermal reservoirs have been defined in 

this region to date, the Cos0 Hot Springs area in Southern California appears to 

have considerable potential. 

Region IX: Rio Grande Rift System. This long and narrow tectonic depression 

displays all of the features of Basin and Range thermal regimes and is regarded 

as an extension of the Basin and Range province into the stable and cold Rocky 

Mountain foreland region. The San Juan volcanic field of southwestern Colorado 

is included within the Rio Grande province on the basis of high heat flow and 

thermal springs. Large areas within the Rift have almost twice the normal heat 

flow. Tectonism and volcanism are moderately active, and hot springs are mod- 

erately abundant. Intra-rift basins are large, deep, and filled with water- 

bearing sediments and volcanics which may have insulating properties. 

Apparently, one successful development of a hydrothermal reservoir is taking 

place at Valles Caldera (Site 1 2 ) ,  which is an abnormally large silicic eruptive 

center. 

ESTIMATES OF HYDROTHERMAL RESOURCES BY REGION 

The approach used in this report to estimate hydrothermal reserves is based on 

statistical data available from heat flow determinations which have been made at 

over 600 locations throughout the continental United States. Assuming that the 

heat flow determinations are randomly distributed throughout the United States 
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and that the origin of high heat flow and normal heat flow are the same, these 

data can be used to estimate the hydrothermal resource base. 

As a minimum requirement for utilization, a hydrothermal system must have cer- 

tain minimum temperatures which can be reached by drilling. 

depend both on heat flow and on the thermal conductivity of the section. Con- 

ductivity may range from 3 to 5 x thermal conductivity units* in alluvial 

sediments up to 7 to 9 x units in crystalline rocks. If an average con- 

ductivity of 6 x units is selected, then heat flows of varying magnitudes 

would result in the approximate temperatures shown in Table A-1. These gra- 

dients assume that no convection takes place over the indicated range of depths. 

If rocks with lower conductivities are present in the surficial portion of the 

section, temperatures will be higher. The values in Table A-1 indicate that a 

heat flow of 3 hfu (the median heat flow for the United States is 1.52 hfu) is 

required before temperatures suitable for hydrothermal development are likely to 

be present at drillable depths. 

Temperature will 

The distribution of heat flow determinations over the Basin and Range Province 
n 

is based upon 86 values which have been measured in an area of 680,000 kmL 

(262,000 mi’). This province comprises 14 percent of the data for the United 

States, although it represents only five percent of the area. Other areas of 

the west which have high heat flow are correspondingly oversampled in comparison 

to the eastern United States, where the heat flow is relatively low. The median 

heat flow in the Basin and Range Province is 2.01 hfu, resulting in the esti- 

mated percentages of values in excess of 3, 4 ,  and 5 hfu shown in Table A-3. 

*Thermal conductivity is measured as calories per second per square centimeter 
for a thermal gradient of one degree per centimeter. 

/-- 
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Table A-1 

ESTIMATED RESOURCE TEMPERATURE AS A FUNCTION OF HEAT FLOW AND DEPTH 

Temperature 
Gradient 

Heat At Average Temperature, C (F) 

hfu C/km (F/mile) 1 km ( 0 . 6 2  mile) 2 km ( 1 . 2 4  miles) 3 km ( 1 . 8 6  miles) 
Flow,* Conductivity, 

( 4 2 8 )  4 67 ( 1 9 4 )  87 ( 1 8 9 )  153 ( 3 0 7 )  220 

Based on the probability distribution for heat flow determinations throughout 

the United States, the estimated fractions of heat flow determinations and 

associated areas above 3 ,  4 ,  and 5 hfu are shown in Table A-2. 

Table A-2 

ESTIMATED PERCENTAGE OF NATIONAL HEAT FLOW DETERMINATIONS IN 
EXCESS OF SPECIFIC HEAT FLOW VALUES 

Area 

2 Heat Flow, Percentage of Values Re resented 
hf u in Excess km' (miles ) 

3 4 .5  540 ,000  ( 2 0 8 , 5 0 0 )  

4 1 .2  144 ,000  ( 5 5 , 6 0 0 )  

5 0 .2  24 ,000  ( 9 , 2 7 0 )  

These areas are based on the assumption that heat flow tests have been made 

uniformly and randomly throughout the United States. However, it is likely that 

the far western states have been oversampled, and that these area estimates are 

therefore too high. 

* Heat flow is measured as microcalories per square centimeter per second. 
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Table A-3 

ESTIMATED PERCENTAGE OF BASIN AND RANGE HEAT FLOW DETERMINATIONS 
IN EXCESS OF SPECIFIC HEAT FLOW VALUES 

Area 
Heat Flow, Percentage of Values Represented, 

km2 (miles 2 ) hfu in Excess 

3 I 9.0 61,200 ( 2 3 , 6 0 0 )  

4 2.0  13,600 (5,250) 

5 0.3  2,040 ( 7 9 0 )  

It is not possible to compile exact distributions of heat flow for the nine 

hydrothermal regions previously described because of the relatively small number 

of determinations in each area. Approximate distributions based on the average 

probabilistic heat flow for each province may be used to estimate the areas with 

heat flows above 3, 4 ,  and 5 hfu in each province as indicated in Table A-4. 

Aside from the uncertain knowledge of the distribution, other uncertainties are 

involved in determining the extent of the area which will have heat flow above a 

certain value. Some areas will be unavailable because they lie in national 

parks, wilderness areas, or inaccessible locations. Other areas may have high 

temperature but will not easily produce fluids (these are called hot dry rocks) 

or will not be discovered because of ineffective exploration methods. It is 

therefore assumed that the remaining developable areas will only be one-fourth 

the size of the original exploration areas. 

As a basis for estimating reserves, it is also assumed that a well can drain a 

vertical section one kilometer thick, so that one cubic kilometer of storage 

underlies each square kilometer of surface. On the average, 5 to 10 percent of 

this volume is water which can be extracted to deliver energy to the surface. 

The amount of water recoverable from each cubic kilometer of rock is therefore 

5 to 10 x 10 metric tons (5.5 to 11 x 10 tons). 7 7 

A-8 



Table A-4 

ESTIMATED DISTRIBUTION OF HEAT FLOW AREAS IN 
SPECIFIC HYDROTHERMAL REGIONS 

2 Hydrothermal Total Area, Areas of Heat Flow, km2 (miles ) 
Region km2 (miles’) 3-4 hfu 4-5 hfu >5 hfu 

Central Calif. 
Coast Range 80,000 ( 3 1 , 0 0 0 )  5 ,440  ( 2 , 1 0 0 )  1,736 ( 6 7 0 )  424 ( 1 6 4 )  

Cascade Range 80,000 ( 3 1 , 0 0 0 )  744 ( 2 8 7 )  120 ( 4 6 )  16 ( 6 )  

Snake River 
Plain 60,000 ( 2 3 , 0 0 0 )  7 ,680  ( 2 , 9 6 0 )  3 ,420 ( 1 , 3 2 0 )  1 , 500 ( 5 8 0 )  

Northwestern 
Basin and Range 270,000 ( 1 0 4 , 0 0 0 )  21,060 ( 8 , 1 3 0 )  7 ,560  ( 2 , 9 2 0 )  1 ,890 ( 7 3 0 )  

Central Basin 
and Range 190,000 ( 7 3 , 0 0 0 )  554 ( 2 1 4 )  66 ( 2 5 )  10 ( 4 )  

Eastern Basin 
and Range 200,000 ( 7 7 , 0 0 0 )  3 ,300 ( 1 , 2 7 0 )  620 ( 2 4 0 )  80 ( 3 0 )  

Salton-Imperial 
Valley 14,000 ( 5 , 4 0 0 )  1 ,792 ( 6 9 0 )  798 ( 3 1 0 )  350 ( 1 3 5 )  

Southern Basin 
and Range 270,000 ( 1 0 4 , 0 0 0 )  3 ,591 ( 1 , 3 9 0 )  413 ( 1 6 0 )  46 ( 1 8 )  

Rio Grande 
Rift System 1oo,ooo ( 3 8 , 6 0 0 )  6 , 9 0 0  ( 2 , 6 6 0 )  2 ,050 ( 7 9 0 )  550 ( 2 1 0 )  

TOTAL 1,264,000 ( 4 8 7 , 0 0 0 )  51,061 ( 1 9 , 7 0 0 )  16,783 ( 6 , 4 8 0 )  4 ,866 ( 1 , 8 8 0 )  

Electrical energy production estimates are based on current practice at The 
/ 

Geysers dry steam field. The reservoir temperature at The Geysers is 235 C 

(455  F), from which the steam expands and cools to a temperature of 150 to 170 C 

(302  to 338 F). At this temperature, approximately 10 kg (22 lb) of steam are 

required to generate one kilowatt-hour. Furthermore, only a fraction of the 

water produced from the reservoir can be flashed to steam for use in a steam 

turbine. The percentages of-useful steam produced at 150 C (302  F) for various 

resource temperatures are shown in Table A-5. 

A- 9 



Table A-5 

ESTIMATED PERCENTAGE OF RESOURCE WATER CONVERTIBLE TO STEAM AT 
VARIOUS RESERVOIR TEMPERATURES 

Resource Temperature 
C (F) 

170 (338) 
220 (428) 
270 (518) 

Percent Water Convertible to Steam 
at 150 C (302 F) 

4.1 
14.7 
26.2 

The total recoverable energy from hydrothermal sources in the western United 

States can therefore be estimated as a function of heat flow by using the de- 

veloped information on fluid production, electrical energy production, and the 

area assumed to be available €or  hydrothermal development. The estimated recov- 

erable energy over a production life of 30 years is shown in Table A-6. 

Table A-6 

ESTIMATES-OF RECOVERABLE ENERGY FROM HYDROTHERMAL RESOURCES IN THE 
WESTERN UNITED STATES AS A FUNCTION OF HEAT FLOW 

Heat Flow, hfu 
(C/F) 

3-4 
(170/338) 

4-5 
(220/428) 

> 5  
(270/518) 

TOTAL 

Recoverable Energy Over 30 Years 
kwh x 10l2 

2.62-5.23 

3.08-6.17 

1.59-3.19 

7.29-14.59 

Similarly, electrical production capacity for the western United States is 

estimated in Table A-7 €or the nominal 30-year production rates shown. Esti- 

mated production capacities €or the individual hydrothermal areas are shown in 

Table A-8.  
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Table A-7 

ESTIMATES OF NOMINAL ELECTRICAL PRODUCTION CAPACITY FROM 
HYDROTHERMAL RESOURCES IN THE WESTERN UNITED STATES AS 

A FUNCTION OF HEAT FLOW 

Nominal 30-Year Nominal 30-Year 
Heat Flow, hfu Productioy Rate, Production Capacity, 

(C/F) MWelkm MWe 

3-4 
( 1 7 0 / 3 3 8 )  

4-5 
( 2 2 0 / 4 2 8 )  

TOTAL 

0.8  13,610 

3 . 0  16,800 

6 .0  9,730 

40 ,140  

Table A-8 

ESTIMATES OF NOMINAL 30-YEAR ELECTRICAL PRODUCTION CAPACITY 
FOR THE MAJOR HYDROTHERMAL REGIONS AS A FUNCTION OF HEAT FLOW 

Hydrothermal 
Region 

MWe 
(3-4 hf U) (4-5 hf U) (>5 hfu) Total 

Central California Coast 1,450 1,740 850 4 , 040 
Range 

Cascade Range 200 120 30 350 

Snake River Plain 2,050 3 ,420  3,000 8 ,470  

Northwestern Basin and 
Range 

5 , 600 7 , 5 6 0  3,780 16,940 

Central Basin and Range 150 70  20 240 

Eastern Basin and Range 880 620 160 1 , 660 

Salton-Imperial Valley 480 800 7 00 1,980 

Southern Basin and Range 960 420 90 1,470 

4,990 

9,730 40,140 

Rio Grande Rift System & 1 840 2,050 1 , 100 

TOTAL 13 , 610 16 , 800 

A-11 



Better utilization of the heat energy can be accomplished with the lower reser- 

voir temperature if successive flashing is  used, or if heat is transferred to a 

working fluid with a low boiling point such as in a binary system. At the lower 

temperature, approximately twice as much energy can be recovered, or conversely, 

the amount of mass that must be used per unit of electricity generated is one- 

half. 

The reliability of these estimates is closely related to the reliability of the 

statistical distributions assumed for the various provinces. As additional 

wells are drilled, these statistics can be improved. Nevertheless, the total 

estimated capacity is roughly equivalent to other conservative estimates made in 

recent years which foresee the ultimate development of several tens of thousands 

of megawatts of  geothermal generating capacity in the western United States. 

Some comment should be made on the relatively low potential for production 

estimated in the Imperial Valley. Extensive exploration has continued for 

almost three decades in this area and five potentially productive geothermal 

reservoirs have already been discovered -- Salton Sea, North Brawley, Heber, the 

Dunes, and East Mesa. Nevertheless, the Imperial Valley represents a mature 

exploration area where a significant portion of reserves has already been found. 

The large number of discoveries to date therefore does not reflect an even 

larger potential for undiscovered systems. 

The relatively large potential for discovery of geothermal resources in the 

northwestern Basin and Range area also requires some discussion. Although 

numerous prospects have been drilled, no development appears to have taken 

place. There is also some concern that the distribution of heat flow values 

reported for this area includes a disproportionate number of recent determina- 

tions of heat flow made in areas selected for their geothermal potential. 
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APPENDIX B 

DISTRIBUTION OF AMBIENT DRY-BULB TEMPERATURES 
AT FOUR S I T E S  - PERCENT OCCURRENCE 



Temperature 
Range 

104-100 

99-95 

94-90 

89-85 

84-80 

79-75 

74-70 

69-65 

64-60 

59-55 

54-50 

49-45 

44-40 

39-35 

34- 30 

29-25 

24-20 

19-15 

14-10 

9-5 

4-0 

(-1)-(-5) 

(-6)-(-10) - 

DISTRIBUTION OF AMBIENT DRY-BULB TEMPERATURES 
AT SAIPLE BASIN :2?D M J G E  SITE - PERCENT OCCURRENCE 

Relative Humidity 
0-292 30-497: 50-692 70-792 30-892 go-ioo% - 

. 0 3  

. 4 0  

1.37 

2.70 

3 .40  

3 .38  

2 .96  

2 .36  

1.87 

1 .36  

1 .13  

.66 

. 3 0  

.06  

. 0 1  

- 

- 

- 

- 

- 

- 

- 
- 

TOTAL 21.99 

- 

- 

- 

.07 

.40 

.79 

1 .60  

2.41 

3 . 1 1  

3 .40  

3 .33  

2.99 

2.34 

1 . 1 1  

.51  

.15  

.06  

- 

- 

- 
- 

- 
- 

~ 

22.27 

- 
- 
- 

- 
- 

. 0 3  

.21 

.48 

1 .26  

2.40 

3 .70  

4.27 

3.85 

3.46 

2.56 

1 .48  

. a4 

.27 

.07 

.01  

. 0 1  

- 

- 

24.90  

- 

- 
- 

- 
- 

- 

. O l  

.13  

. I 3  

.49 

1 .06  

1.71 

2 .35  

2.27 

2 . 0 3  

1.65 

1.19 

.74 

.40  

.10 

. oa 

.03  

.01  

14.38 

- 
- 
- 

- 

- 

- 

- 

.05 

. I 1  

.15  

.33  

.57 

1 . 0 1  

1 .95  

2.25 

2.16 

1.85 

1 .29  

. 6 3  

.30 

. oa 

.01  

- 

- 

- 

- 

- 

- 
- 
- 
- 

.03  

.09 

.09  

. I 7  

.27 

.62 

1.03 

.59 

.49 

.28 

.05 

- 
- 

.01  

- 

12.74 3.72 

.03  

.40  

1.37 

2.77 

3.80 

4 .20  

4.78 

5 . 4 3  

6 .51  

7.89 

9.64 

10.37 

10.12 

9 .47  

8 . 3 9  

6 . 0 3  

4.43 

2.58 

1.15 

.41  

.17 

.05 

.01 

100.00 

8 
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DISTRIBUTION OF ANBIENT DRY-BULB TEMPERATURES 
AT ShMPLE NIGH MOUNTAIN S I T E  - PERCENT OCCURRENCE 

A 

T e m p e r a t u r e  
Range 

99-95 

94-90 

89-85 

84-80 

79-75 

74-70 

69-65 

64-60 

59-55 

54-50 

49-45 

44-40 

39-35 

34-30 

29-25 

24-20 

19-15 

14-10 

9-5 

4-0 

(- 1)- (-5) 

1-6)- (- 10) 

R e l a t i v e  H u m i d i t y  
0-29% 30-49% 50-69% 70-79% 80-892 90-100% Total __ 

.02 

.32 

.57 

1.14 

2.00 

2.64 

3.16 

3.35 

3.51 

2.99 

2.13 

1.77 

.36 

.45 

.29 

.06 

.01 

- 
- 
- 

- 
- - 

TOTAL 25.27 

- 
- 
- 

.03 

. a7 
1.74 

2.90 

3.21 

2.85 

3.77 

3.50 

4.25 

4.26 

3.03 

2.08 

.94 

.58 

.06 

.Ol 

- 

- 
- 

34.08 

- 

- 
- 

.02 

.14 

.93 

2.10 

2.45 

1.68 

1.32 

1.24 

1.48 

2.ao 

3.21 

2.48 

1.72 

.83 

.26 

.15 

.06 

.02 

- - 
22.94 

- 

- 

- 

- 

- 
- 

.03 

.22 

.83 

. a3 

.43 

.63 

.83 

.64 

1.56 

1.11 

.67 

.39 

.ll 

.02 

.01 

.01 

8.32 

- - .02 

.32 

.57 

1.19 

3.01 

5.31 

8.19 

9.23 

.61 .02 9.50 

.71 .07 9.69 

.37 .01 7.68 

.63 .06 8.82 

.66 .18 9.59 

.87 .64 8.84 

,95 .67 8.03 

.81 .42 5.06 

.49 .26 2.89 

.30 .18 1.19 

.10 .31 .68 

- .07 .15 

.03 

.01 

6.50 2.89 100.00 

- - 
- - 

- - 

- - 
- - 
- - 
- - 

- - 

- - __ 
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DISTRIBUTIOh OF AMBIENT DRY-BULB TEMPERATURES 
AT SAMPLE HOT DESERT SITE - PERCENT OCCURRENCE 

Temperature Relative Humidity 
Range 0-29% 30-49% 50-69% 70-79% 80-892 90-100% Total - 

124-120 O F  - 

.12 

.47 

1 .59  

2.70 

5 .86  

7.29 

9 .10  

10.00 

9.26 

9.44 

10.09 

9 .91  

8.77 

6 .97  

4.76 

2.58 

.86 

.19 

.03 

.01 

100.00 

119-115 . l o  

. 3 6  

1 .20  

2.04 

4.02 

4 .62  

5 .23  

5 .07  

4 .25  

3.37 

2 .51  

1 .64  

.99  

. 5 8  

. 3 1  

. 16 

. 0 3  

.02  

. l l  

.39  

.66 

1 .68  

1.97 

2.16 

2 .67  

3 .77  

4 . 7 3  

5 .24  

4.69 

3.87 

2 .65  

1 .59  

.77  

:2 7 

.09 

. 0 1  

114-1 10 

109-105 

*.104-100 

99-95 

94-90 

89-85 

84-80 

.16  

.70 

1.45 

1 .28  

.74 

1.08 

2.07 

3 .03  

2.95 

2.74 

1.90 

.88 

.30  

.07 

.02 

.01 

19.38 

.25 

. 7 3  

.27 

.14 

.19  

.38 

. 5 3  

.46 

.50 

.3a 

. l l  

.02 

.01 

.24 

.15  

.06 

.06 

.09 

.29  

.35  

.31 

.24 

.05 

.01 

- 

- 

.01  

.08 

.06 

.02 

.08  

.14 

.19 

.15  

.15  

.10  

- 

79-75 

74-70 

69-65 

64-60 

59-55 

54-50 

49-45 

44-40 

39-35 

34-30 

29-25 

24-20 - - 
37.34 

- 

36.48 3.96 1.86 .9a TOTAL 
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DISTRIBUTION OF AMBIENT DRY-BULB TEMPERATURES 
AT SAXPLE PACIFI( '  NORTHWEST S I T E  - PERCENT OCCURRENCE 

T e m p e r a t u r e  Re l a  t ive Humid i t  y 
R a n g e  0-29% 30-49% 50-69% 70-79% 80-89% 90-100% Total __ 

- - - - - 109-105 .01  .01  

104-100 .14  - .14 

99-95 . 5 8  .05  .63  

- - - - 

- - - - 

1.16 .34 - - - - ,1 .50  

89-85 1 .54  .85 .01  - - - 2.40 

94-90 

1 . 7 9  .05 - - - 3 . 1 9  

79-75 . 9 3  2 . 6 3  .32 - - - 3.88 

74-70 . 5 3  3.06 1.25 ,09 .01  .01  4.95 

69-65 . 3 8  2.88 2 .73  .33  .09 .03  6 .44  

64-60 .18 2.09 4.19 1 .19  .39 . l l  8.15 

59-55 .10  1.56 4.35 2 . 3 3  1.22 .67 10.23 

54-50 .07 1.01 3.91 2.64 2.49 1.42 11.54 

49-45 . 0 3  .56 2.64 2 .70  3.17 3.24 12.34 

44-40 .01 . 2 3  1.49 1.95 3.56 5 . 5 3  12.77 

39-35 - .05 .59 1 .05  2 .60  6 .05  10.34 

34-30 - .02 .16 .47 1 .62  5 .32  7.59 

29-25 - .02 .07 .18 .88 1.93 3 .08  

24-20 - . O l  .01  .07 .33  .28 .70 

19-15 - .01 .02 .05 .02 .10  

84-80 1.35 

- 

TOTAL 7 .01  17.15 21 .78  13.03 16.42 24.61 100.00 
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APPENDIX C 

SUMMARY OF COST ESTIMATES FOR BINARY AND 
FLASH STEAM CONVERSION PLANTS 



SUMMARY OF COST ESTIMATES FOR 65 W e  (GROSS) BINARY CONVERSION PLANTS 

150 C (300 F) Resource 182 C (360 F) Resource 246 C (475 F) Resource 

Tota l  Major Equipment 

Pressure  Vessels  ' 
Heat Exchangers 
Pumps 
Compressors 
Fre igh t  and Storage 
Turbine-Generator 

T o t a l  

~ o t a l '  Construct ion Items 

Concrete 
Pipes,  Valves, F i t t i n g s  
S t r u 5 t u r a l  S t e e l  
Instruments  
P a i n t i n g  
E l e c t r i c a l  
I n s u l a t i o n  
Paving, Roads, Fences 
Buildings 

~ n d i r e c t  ' ~ i e l d  Costs  

Of f ice 'Cos t  and Fee 

Tota l  P l a n t  Cost 

NOTES : 

1. "Total Construct ion Items" inc ludes  subcont rac to rs  and c o n s t r u c t i o n  l a b o r .  

2 .  "Total P lan t  Cost" does not inc lude  coo l ing  tower, condenser, o r  c i r c u l a t i n g  water  f a c i l i t i e s ;  s p e c i a l  
s i t e - s p e c i f i c  c o s t s  due to  s i t e  i n a c c e s s i b i l i t y ,  l o c a l  l abor  and m a t e r i a l s  v a r i a b i l i t y ,  p o l l u t i o n  con- 
t r o l  measures, o r  t ransmission l i n e  f a c i l i t i e s ;  o r  t a x e s .  

3. A l l  c o s t s  given a r e  i n  January, 1980 d o l l a r s .  

4. P l a n t  c o s t  e s t i m a t e s  a re  based upon information provided by t h e  Ben Holt Company o f  Pasadena, C a l i f o r n i a .  



SUMMARY OF COST ESTIMATES FOR 55 m e  (GROSS) FLASH-STEAM CONVERSION PLANTS 

150 C  (300 F) Resource 182 C  (360 F) Resource  246 C  (475 F) Resource 

T o t a l  Major Equipment 

P r e s s u r e  V e s s e l s  
Heat Exchangers 
Pumps 
Compressors 
F r e i g h t  and S t o r a g e  
Turbine-Generator  

To ta l  

T o t a l  C o n s t r u c t i o n  I t ems  

Concre t e  
P i p e s ,  Valves ,  F i t t i n g s  
S t r u c t u r a l  S t e e l  
In s t rumen t s  
P a i n t i n g  
E l e c t r i c a l  
I n s u l a t i o n  
Paving,  Roads, Fences  
B u i l d i n g s  

T o t a l  

I n d i r e c t  F i e l d  C o s t s  

O f f i c e  Cost and Fee 

T o t a l  P l a n t  Cost 

NOTES : - 

1. "To ta l  C o n s t r u c t i o n  I tems" i n c l u d e s  s u b c o n t r a c t o r s  and c o n s t r u c t i o n  l a b o r .  

2 .  "To ta l  P l a n t , C o s t "  does  n o t  i n c l u d e  c o o l i n g  tower ,  condenser ,  o r  c i r c u l a t i n g  wa te r  f a c i l i t i e s ;  s p e c i a l  
s i t e - s p e c i f i c  c o s t s  due t o  s i t e  i n a c c e s s i b i l i t y ,  l o c a l  l abo r  and m a t e r i a l s  v a r i a b i l i t y ,  p o l l u t i o n  con- 
t r o l  measures ,  o r  t r a n s m i s s i o n  l i n e  f a c i l i t i e s ;  o r  t a x e s .  

3. A l l  c o s t s  g iven  a r e  i n  J a n u a r y ,  1980 d o l l a r s .  

4 .  P l a n t  c o s t  e s t i m a t e s  a r e  based upon in fo rma t ion  provided by t h e  Ben Hol t  Company o f  Pasadena,  C a l i f o r n i a .  



APPENDIX D 

SAMPLE COMPUTER PRINTOUT FOR 
EVAPORATIVE COOLING TOWER SYSTEMS 



" ~ C H A Y I C A L  IJHAF I t V A P O d A T I v t  CUOl I N b  TOdkH S Y S T E "  OPTIMI7PT ION AND EVALUATION 



M E C H A N I C A L  D h A F T  t V A P O H A T l V E  COO1 I N 6  TOWER S Y S T E M  O P T I M I 7 A T I O N  A N D  E V A L U A T I O N  

A N N U A L  F I X E I J - L r i u H b t  H A T t :  1 3 . U  P C 1  G t O T H t R M A L  t N E H G Y  C O S T  O + M :  '5 - 5 0  / M I L L I O N  H T U  M A K E U P  H A T E R  C O S T  O + M :  B - 1 0  / K - G A L  

P E A K T h G  CAPACITI C O > T :  a 0 P C h  K w  N U N - P E ~ K I I u ~  U E P L a C E M t N T  C A P A C I T Y  C O S T :  S 0 P t H  KW 

H t P L A C t M E N T  t h t H b Y  L U S T  A T  ANLJ A t i O V t  82  F:  0. M I L L S  P t u  K W H  B F L O d  8? F :  0 .  M I L L S  P E R  K W H  

F I X E D  A N N U A L  O * M  C O S T S  ( P L T  O F  C A P I T A L  C O S T ) :  C O N V E H S I O N  P L A N T :  3 . 0  C O n L I N 6  S Y 5 T E M :  1 .0  P t A K I N G  P L A N T :  U. 

b H U 5 5  A l V N U 4 L  
A h N U A L  A U X I L -  

a Q S t  I A H Y  
u N 1  T  t l u E ~ b Y  

I > t l . l t H -  h t U U l H t -  
n T l O r 4  MENT 

M w H  M w t i  ------ ------ 

H E P L A C ~ M E N T  A N N U A L  A N ~ U A L  T O T A L  A N N U A L  
C A P A C I T Y  K E P L A C E -  M A n t U P  A N N U A L  H E P L 4 C E -  

A N N U A L  h E O O 1 R t -  M t N T  t N -  , d A T t H  P L A N T  M E Y T  
t X C t S 5  M E N 1  E K ~ Y  H t W  H t -  C A P I T A L  C A P A C I T Y  
b t l ~ E t 3 -  A d V  d L O  A d V  d L O  U I I I K t -  A N D  O + M  ANO O*W 
A T I O N  h 2 F 8 2 t  a Z F  62F 1 r t N T  C O S T  C O S T  

M ~ H  K N  nu M,H MUH nc - t  T $ B ----- ---- ---- ---- ---- ------ ------- ------ 

A N N U A L  
G E O -  

T H t N M A L  
F N E R G Y  

n ~ l )  O * M  
C O S T  

'b -------- 

T O T P L  
A N N U A L  A N N U A L  4 N N U A L  b N N U A L  
E X C E S S  H E P L A C t -  M A K E t J P  C A P I T A L  
b t N t e -  M t N T  W A T E R  + O P E R -  
A T l O N  E N t d G Y  A N D  O * M  A T I N G  
C H L D I T  C U S T  C O S T  C O S T S  

5 n s B ------ ------ ------- -------- 

8 U S R A R  
E N E R G Y  
P H O D U C -  

T  I O N  
C O S T S  
M I L L S  
/ K W H  ----- 



MECHANICAL UHAFT L V A P O H A l l V t  C O O L ~ N ~  TOWEH S Y S T t *  O P T I M I Z A T I O N  AN0 EVALUATION 

tlUSriAt4 COMPOrUEVT COST MHtAKOUWN - WILLS PEU KWH 

. C H A U ~ E  H A T t :  13.U VCI CltOTHtdMAI- EluFHbY CUST O+M: B - 5 0  / Y l L L I O N  tlTIJ MAKEIItJ WATtH COS 

F I X E D  APlNUAL O+M C O b T 5  I V L T  UF CAPITLIL COST) :  C O N V t u 5 l O N  PLANT: 3.u C I V L I N ~  SY5TEM: 1.0 P t A K I N G  PLANT: 0. 

% - 1 0  / K-GAL 

-- 
I 

d l .  1 

22.1 

2 3 . 1  

24.1 

25.1 

OPT I YUM 

26.1 

27.1 

c r . 1  

2'3.1 

30.1 

A ~ I U ~ A L  
GtOTdF eMAL 

ENtHClY 
ANO 0*M 

CUST -------- 
14.5121 

l b . 4 4 5 b  

I b . ' + b l h  

1 6 . 4 4 l U  

I b . 4 2 3 1  

l b . 4 0 7 1  

1 6 . 3 9 4 8  

16 . *831 

16 .3156 

1 6 . 3 6 8 6  

ANNUAL dFPI ACEM~IJT CAPACITY 4NU t N t H G Y  
ANNllAL AN0 O*M COST5 
EXCFSS C A P A C I T Y  COST t N t U E Y  COST 

bFYtWAT I O N  PtAK- NON- AdOVE BtLOW 
CHEI?IT I N b  PEPU IN(; HZF 6 2 F  ------- ------- ------- --- ---- -- ----- 

ANNU4L 
M4KtUP 
WATtH 

AhlO O+V 
COST ------- 
. 2 3 7 5  

.23hR 

-2367 

.LJ>h 

.LA49 

.2343 

.233H 

. 2 3 3 7  

. 2 3 2 ~  

. 2 3 2 4  

BUSbAR 
ENEHGY 

PPODUCTION 
COSTS - - - - - - - - 



M t C H A N I C A L  D U A F 1  t V A P O H A T I v E  C U O l  I N b  T U W E h  S Y S T t M  n P T I M I l A T I O N  A N D  E V A L U A T I O N  

A N N U A L  F I A ~ U - C H A H ~ L  H A I L :  1 5 . 0  r C T  c l t O T r ~ t n M A ~  t Y t H G Y  C U b T  + O * M :  4 .5O / M I L L I O N  R T U  M A K t U P  w A T t H  C O S T  O * M :  $ 1 . 0 0  / K - G A L  

P ~ A K I N ~  C A P A C I T Y  ~ ~ 5 1 :  B u r t n  6, N U h - P t A K l N b  r t P L A C t M t N T  C A P A C I T Y  C O b T :  4 0 P t H  KW 

H F . P L A C ~ M E ~ T  t h t Q b Y  C O b T  A T  r N U  u r 4 O V t  82  F: U .  W I L L S  P E k  K W H  H E L O *  R 7  F :  0 .  M I L L S  P E R  K W H  

F I X t n  A N N U A L  O * M  L O 5 1 3  ( P L T  OF C A P I T A L  C O S T )  : C O N V t R b I O N  D L A N T :  3.0 C O O L I N G  5 Y S T t M :  1 . 0  P t A K I N 6  P L A N T :  0 .  

A i d N O u L  
C I U X I L -  

I A L t Y  
t h E t 4 1 ; I  

i c c O U I . ) t -  
M t N T  

M ~ H  ------ 

A N N U A L  
G t O -  

1 - L H M A L  
F N E R G Y  

Arr l )  O * M  
C O S T  

$ - - - - - - - - 

T O T A L  
A N N U A L  A N N U A L  A N N U A L  A N N U A L  
E X C E S S  H E P L A C E -  M A K E U P  C A P I T A L  
b E N t 4 -  M t N T  W A T t Q  + O P E H -  
A T I O N  t N t W G Y  A N D  O + M  A I I N G  
C H t D I l  C O S T  C O \ T  C O S T S  

'3 $ % $ ------ ------ ------- -------- 

B U S R A H  
E N E R G Y  
P U O D U C -  

T I O N  
C O S T S  
M I L L S  
/ K W H  ----- 



MtLHANICAL DHAFT EVAPUHATIVt COOL I N b  TUWEH 5YSTEU OPTIMI7ATION ANU tVALUATIOh 

HJSHAH LUMPUIUEIUI COLT UHEAKDUWN - MILLS PEP KWH 

ANNUAL FIXED-CIiAnbt HATt :  13.U PCT btO1HtHMAL tNEtlGY COST O+M: $ .50 / MILLION BTlJ MAKtUP +ATtH COST O+M: 51.00 / K-bAL 

PEAKIW C A P A C I T Y  L U ~ I :  u + t u  K W   NO^-P~AKING M E P L ~ C L M ~ N I  C A P A C I T Y  C O L T :  B u  t ' t~  K W  

QLPLAC~MENT t h t u b ~  Cu5r  n l  A V O  a n o v t  62 F:  0. MILLS ~ t u  KWH HFLOW HZ F:  U. MILLS PEH KdH 

F I x t r )  ANNUAL C*M Cub15 (PLT Ot LAPITAL LOST) :  CONVtk5ION PLANT: 3.U CO')LIN(> SY5TtM: 1.0 PEAKING PLANT: 0. 

COOL It46 
HAkGE 

i F )  ----- 
23.1 

24.1 

2s. 1  

26.1 

21.1 

OPTIMUM 

2H.1 

29.1 

30.1 

ANN1 IAL 
E X C ~ S S  

bErJEnaT ION 
CHEll I  r ------- 

0. 

0. 

0. 

0. 

0 . 

ANNUAL QFPLACFMENT CAPACITY AND ENERGY 
AND (I'M COST5 

C A P A L I  l~ C O S T  EhEt46Y COST 
PEAK- NON- ABOVL tltLOW 
I Nb PEbK ING H2F H2F ------- ------- ------- ------- 

0. I1 . 3. 0. 

0. n. 0 .  0. 

0. 0 . a. 0. 

0. n. U .  0. 

0. 0. 0. 0. 

ANNUAL 
MAKEUU 
rJ4TtH 

AND O + M  
COST ------- 

2.3619 

2.3539 

2.3491 

2.3437 

2.3382 

2.3326 

2.3276 

2.3243 

BUS8AR 
ENEHGY 

PRODUCT I ON 
COSTS -------- 

35.6870 

35.6401 

35.60YO 

35.5630 

35.5785, 



M t C t i A N I C A L  D H A F l  t V A P O H A T I V E  COO1 I N 6  T U r l E H  S Y S T E M  r l P T I M I 7 A T I O N  P N D  E V A L U A T I O N  

A N N U A L  F I X t b - C H A k b t  k A T t :  13.U P C T  ~ ~ O T H E H M A L  t i 3 t l ) b Y  C U 5 T  + U i M :  E .50 / Y I L L I O N  H T U  M A K t U P  W A T t H  C O S T  + O * M :  82.50 / K - G A L  

P t A Y T h l 6  C A P A C I T Y  C O 5 T :  b U PtH I(* N O N - P E A K I N G  H E P L A C t M t N T  C A P A C I T Y  C f J 5 T :  $ U +'tM r ( W  

H E P L A C t M E h T  thkdGY CU>T A T  A h 0  AdUVk 8 2  F :  U. M I L L 5  rft, C W H  e E L U d  42 F :  0 .  M I L L S  PEH K W H  

F I X t o  A N N U A L  C+F1 C O 5 T 5  ( P ' C T  O F  C A P I T a L  C O S T ) :  C O " J V t H 5 I O N  Q L A N T :  3.U C O O L I N G  + Y S T E M :  1.0 P E A K I N G  P L A N T :  0. 

P N N U A L  
GEU- 

T H E H Y A L  
F N t H G Y  

Phil, O + M  
cos T 

B - - - - - - - - 

T O T A L  
A N N U A L  A N N I J A L  A N N U A L  A N N U A L  
E X C E S S  R E P L A C E -  M A K E l l P  C A P I T A L  
G E N E R -  M t N T  N A T E W  + O P t A -  
A T I O N  F N t H G Y  A N U  O * M  A T I N G  

Y % n 5 
c n t D i r  C U ~ T  C O S T  COSTS 

_____-  ------ ------- _-______ 

E l U S B A R  
E N E H G Y  
P H O U U C -  

T I O N  
C O S T S  
M I L L S  
/ K W H  --___ 

23.1 23  5 7 . d b  3J5dUU J Y O l 4  0 0 U 0 U 731* 5Mr7H99 0 STUt305b 0 0 2041639 13604196 39.23 

24.1 22  55.UU 3U7YUd 3lnbOH 0 0 U 0 U / 5 1 1  >M48>0/  n 5 7 ~ 9 ~ ~ 1  0 0 2045,148 13602541 39.17 

23.1 2 1  53.Uu 3 8 O U Z v  Ad392 0 U 0 0 0 ? 5 0 6  583205h 0 570YlMl) 0 o 2 0 ~ 1 5 5 8  136034n2 39.13 

26.1 20 53.UU ~ 8 ~ 1 4 1  3d l r r3  U U 0 U 1) d 5 0 2  -1M57544 0 *7UY452 U 0 2034597 13605597 3Y.10 

27.1 1 Y  55.00  3 r j O L 3 4  3 I Y 9 2  U 0 U 0 0 24'44 58hhhU7 0 h I U Y 6 7 J  0 0 2035744 1361?2?5 39.09 

O P T I W M  

2 b . l  l d  55.U0 300383 318561 0 0 U 0 0 / 4 Y >  > d l 6 4 4 1  0 ~ 7 0 9 Y M 1  0 U 2032410 13018832  39.08 

U 0 5710237 0 0 2029104 136306-9 39.09 29.1 1 1  55.OU 3Ub5Ul  3 l d l J 4  0 u 0 0 ) 4 Y l  5d9134Y 

30.1 l b  55.UU 3db643 3 / 1 6 . )  0 0 U 0 0 ?+MY 5906L47  1J 571037U 0 0 2027246 13644071  39.11 

.................... 
e A T  4.3  It\. H G A  

Q 
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tj 
I 

r d t C H B N l C A L  U K A F T  t V A P U H A T 1 V t  COOL I N G  TUNER S Y S l t r  O P T I M I I A I I O N  A N D  E V A L U A I I O N  

h G S H L M  COMPOhiENT C n S T  M Y t A K O O W N  - M I L L S  PEJ KWt1 

C O O L  TN(i 
QchN($€ 

I F  I 

22.1 

24.1 

25.1 

26.1 

2T. l  

-_-_- 

O P l  I V U M  

2fl.l 

29.1 

3 0 . 1  

AhrrJUAL dFPL ACEMEhtT C A P A C I T Y  A N D  E N t R G Y  
A N N I t A L  P N D  r ) + M  C O S T 5  
t A C F 5 S  C A P A C I T Y  C U 5 T  t N t Y G Y  C O 5 T  

bF NLHA1 I O N  V t A K -  N O N -  A d O V E  M t L O \ J  
C H t l l l T  1 l g 6  V E A K l N G  d2F 6 ? f  __--_-- ------- _ _ _ _ _ _ _  -----_- ------- 

0 .  U. n. 0. 0 .  

II . 0. II . 0 .  (1. 

U . 0.  n. u. 0 .  

n .  0. 0. 0 .  0. 

0 . I) . 11.  0. U. 

0. 0. 

(1 . 0. 

'1 . U. 

0 . 
0 .  

0. 

0. 

0. 

0 .  

0. 

0. 

0 .  

A N N U A L  
M A K E U P  
W A T E R  

A N D  O + M  
C O S T  -----_- 

5.9047 

s .889R 

5.872U 

S.fl5HZ 

5.8454 

5.8314 

5.8190 

5 . H l O I 1  

t 3 U S B A R  
E N E H G Y  

P W O D U C T I O N  
c05t5 _-----_- 

3Y.2298 

39.1739 

3Y. 1316 

39.0Y7Y 

39.0862 

39.0752 

39.0896 

39.10HM 



M F C H A N I C A L  D H A F T  E V A P O H A T I V E  C O O I I N G  T U W t F l  S Y S T E M  O P T I M I 7 A T I O N  A N D  E V A L U A T I O N  

A N N U A L  F I X t U - C H A H b t  M A T t :  I 3 . U  P C T  G t O T M E H M A L  thFdbY C O S T  U * M :  $ 1 . 0 0  / M I L L I O N  H T U  M A K t U P  J A T t R  C O S T  + O + M :  % - 1 0  / K - G A L  

P t A K I N b  C A P A C I T Y  L U 5 I :  8 u V ~ H  n d  N U N - ? E A K I N b  R E P L f i C t M E N T  C A P A C I T Y  C O b T :  B 0 P E H  KW 

H E P L A C ~ P E N T  t h E n u Y  L U S T  A T  & N U  A t 4 O V t  82 F:  0. M I L L 5  P E P  KWH B E L O 4  H?  F :  0. M I L L 5  P E Y  K M H  

F l x t n  A N N U A L  C + M  C U 5 I 5  ( P C 1  0 t  C A P I T A L  L O S T ) :  c O N V t H 5 1 0 1 u  P L A I J T :  3 . 0  C O O L I N G  5 Y 5 T E M :  1 .0  P ~ A K I N G  P L A N T :  0 .  

A N N U A L  
G E O -  

T e E g M A L  
F N t R b Y  

AtuD O * M  
C O S T  

B 

T O T A L  
A N N U A L  A N N U A L  A N N U A L  A N N U A L  
t X C E S S  M E P L A C E -  M A K E U P  C A P I T A L  
b E N E H -  M t N T  W A T E R  + O P E R -  
A T I O N  E N t H G Y  A N D  O + M  A T I N G  
C W t D l T  C O S T  C O S T  C O S T S  

s s B % . ------ ------ ------- -------- 

B U S R A H  
E N t R G Y  
P H O O U C -  

T I O N  
C O S T S  
M I L L S  
/ K W H  ----- 



M E C n A N l C A L  U H P F T  E V A P O h A T I V E  C O O I I N G  TOWER S Y S T E M  O P T I M I Z A T I O N  A N D  E V A L U A T I O N  

t ' g 5 t l A H  C O M P O N E N T  C O S T  B R E A K O O W N  - Y I L L S  P E P  K W H  

A N N U A L  F I X t U - C H A h G t  h A T t :  1 3 . 0  P C 1  b t O T h E H M A L  t N € H 6 Y  C O S T  + O + M :  5 1 . 0 0  / Y l L L I O N  R T U  M A K E U P  W A T L H  C O S T  O + M :  6 .lo / K - G A L  

P E A K I b b  C A P A C I T Y  C O 5 T :  5 0 P E R  KW N O & - P t A K I N b  P E P C h C t M L N T  C A P A C I T Y  C O 5 T :  % U  t'ER KW 

H E P L A C ~ M E N T  E ~ ~ G Y  cusr A T  A;JIJ A H O V ~  rj2 F: O. MILLS PEW K W H  H ~ L O W  RC' F :  O. MILLS PEH K W H  

FIXED ANNUAL U+M ~ 0 5 1 5  ( P L T  OF C A P I T A L  C O S T ) :  C O N V ~ H S I O N  P L A N T :  3 . u  C O h L I N G  5 Y 5 T E M :  1 . 0  P t A K I N G  P L A Y T :  0. 

C O O L  I N b  
U A b G E  

I F )  ----- 
2 3 . 1  

2 4 . 1  

2 5 . 1  

?b.l 

2 7 . 1  

O P T I M b M  

28.1 

2 5 . 1  

3 0 . 1  

T U  WE1 
a t ; L n  
I t )  ---- 
.L 3 

(2 

'2 i 
. . 

i 0 

19 : 

18 

1 I 

1 b 

A N N U A L  
M A K t U P  
W A T E R  

A N D  U + M  
C O S T  --- - --- 
.236? 

. L 3 5 h  

.234V 

.2343 

.23?1F. 

,2333 

. L 3 2 d  

.2324 

B U S d  AR 
E N E R G Y  

P R O D U C T I O N  
C O S T S  -------- 

5 0 . 0 2 3 1  

4 9 . 9 6 0 7  

49.9168 

4 Y . 8 8 1 1  

49.8693 
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A N N U A L  F I X t U - C H A R G E  H A T t :  1 5 . 0  P C T  C l t O T H E H M A l .  E N E H G Y  C O S T  + O + M :  5 1 . 0 0  / M I L L I O N  8 T l l  M A K E U P  w A T t R  C O S T  + O+M:  $ 1 . 0 0  / K - G A L  

P E A K I N 6  C A P A L I T Y  C O 5 T :  '5 U P t H  KW N U N - P E A K I N G  H E P L A C L M E N T  C A P A C I T Y  C O S T :  S 0 P t H  K #  

REPLACEMENT EMRGY C O S T  A T  ANU ASOVE a 2  F:  0 .  MILLS P ~ P  ~ W H  RELOJ A? F: J. MILLS P ~ H  K W H  

F I x E n  A N N U A L  O * M  C O S T S  I P C T  O F  C A P I T A L  C O S T ) :  C O N V E R S I O N  P L A N T :  3.u C O O L I N G  S Y S T E M :  1 .0  P t A K I N G  P L A N T :  0 .  

G H D 5 5  A h N d A L  
AIUIWAL AUx I L -  

a A 5 t  I A d Y  
U N l T  t i u t d G Y  

b k N t H -  N t U U I H t -  
A T I O N  MENT 

M W M  M w n  ------ ------ 

R E P L A C E M t N T  A N N U A L  A h N U A L  T O T A L  4 h N l l A L  
C A P A C I T Y  H E P L A C E -  M n K t l J P  A N N U A L  M E P L A C E -  

A N N U A L  R E O U I H L -  M E N T  t N -  M P T L R  P L A N T  M E N 1  
t X C E 5 S  M E N T  E R b Y  H E O O  k t -  C A P I T A L  C A P A C I T Y  
6 t N t H -  A R V  8 L O  A t l V  tjL0 0 1 l l H E -  A N D  O + M  AN0 O + M  
( \ T I O N  82F 8 2 6  d 2 F  H Z F  M ~ N T  C 0 5 l  C O \ T  

MWH KW KW M W H M d H  A r - F T  B '+, ----- ---- ---- ---- ---- ------ ------- ------ 

P N N l l A L  
G t O -  

T H E W M A L  
F N E H G Y  

AhiD O'M 
C O S T  

X -------- 

T O T A L  
A N N U A L  A N N U A L  A N N U A L  A N N U A L  
E X C E S S  H E P L A C E -  M A K E U P  C A P I T A L  
G E N E R -  M E N T  J A T E U  + O P E R -  
4 T I O N  E N E R G Y  A N D  O * M  A T I N G  
C H E D I T  C O S T  C O S T  C O S T S  

% '5 % S ------ ------ ------- -------- 

B U S B A U  
E N E R G Y  
P R O D U C -  

T I O N  
C O S T S  
M I L L S  
/ K W H  ----- 

O P T  I U U M  



MtLHUNICAL OHAFT tVAr'OHATlVt CUOl ING TUdtH SYSTt r  oPTIMI7ATION AND EVALUATION 

HU58nH COMPOl'ltNT CO5T HHtAKDOWN - VILLS PER KJH 
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COOLIN6 SYSTEM: 1.0 PEAK IN^ PLANT: 0. FIXED AhrNUAL O*i4 LO515 (PC1 Ot CAPITAL L 0 5 T ) :  C U ~ ~ V t H ~ I c ) r \ l  PLAluT: 3.0 

COOLIN6 
UANGt 

( F I  ----- 
23.1 

24.1 

25.1 

26.1 

27.1 

OPTIMUM 

28.1 

d5.1 

30.1 

4NhlllUL 
GtOlIlEHMAL 

thtWGY 
ANU O+M 

CU5T 

eFPLACEMtM1 CAPACITY ANU ENEHGY 
AND O+M COSTS 

~ T Y '  COST tNEHbY COST 
NON- AHUVE MLLOW 

PEAKING d2F ti2F ------- ------- ------- 
n. 0 .  0. 

0. 0. 0. 

0 . 0. 0 . 
0. 0. U. 

(1 . 0. 0 .  

ANNUAL 
MbKtLlP 
YATEe 

AND O+M 
COST ------- 

2.3619 

2.3559 

2.3491 

2.3437 

2.3382 

BUS8AR 
ENEHGY 

PRODUCTION 
CO5TS -------- 

52.1486 

52.0811 

52.0310 

51.9901 

5 1  . Y 7 3 6  
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A h N U U L  
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I AMY 

t N E k b Y  
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T H E ~ M A L  
E N L R G Y  

A V O  O + M  
C O S T  

s 

T O T A L  
A N h U A L  A N N U A L  A N N U A L  A N N U A L  
L X C E S S  H E P L A C t -  M A K E U P  C A P I T A L  
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E N E Q G Y  
P H O D U C -  

T I O N  
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/ K W H  ----- 



M E C H A N I C A L  O H A F T  E V A P O H A T L V L  C O U I I N G  TOWER S Y S T F M  O P T I M 1 7 4 T I O N  A N D  E V A L U A T I O N  

B t J S d A H  C O Y P U N E N T  C O S T  l 3 H t A K O O U N  - M I L L S  P E R  K W H  

A N N U A L  F I X t U - C H A H ~ ~  K A T t :  13.0 P C T  b t O T r l t H M A L  t N t R G Y  C O S T  + O + M :  $1.00 / M I L L I O N  h T U  M A K E U P  U A T t H  C O S T  + O e M :  52.50 / K - G A L  

P E A R I N G  C A P A C I T Y  C O 5 T :  $ 0 P t H  K U  N O N - P t A n I N b  H ~ P L A C E M ~ N T  C A P A C I T Y  C O S T :  '3 0 P t R  A d  

H E P L P C ~ M E N T  ~ ~ E H G Y  CUST n T  AND A ~ ~ O V E  82 F :  u. MILL\ rtk K W H  ~ E L O J  H? F:  O.  MILL?, PEH K W H  

F l x E n  A N N U A L  O + M  C O b T 5  ( P L T  OF C A P I T A L  C O S T ) :  C O N V t H S I O N  U L A N T :  3 . U  COflLINb S Y S T E M :  1.0 P E A K I N G  P L A N T :  0. 

C O O L  I N b  
HAl\rG€ 

( F  ----- 
23.1 

24.1 

25.1 

26.1 

27.1 

O P T I M U M  

211.1 

29.1 

30.1 

ANI'ILIAL 
E A C F  5s 

C i E N t H n T l U N  
C h ' t P I T  ------- 

0. 

0 . 
0. 

0. 

0. 

A N N U A L  h ' f P I  A C E M E h T  C A P A C I  TY AN11 E N t H 6 Y  
P N U  O * M  C O S T S  

L A P A C I  IY C U ~ T  ~ N ~ H G Y  C O S F  
P t  A K -  N o h -  4 d U V t  d t L O W  

1 N b  P t A K l N G  d 2F 6 Z F  ------- ------- ------- ------- 
u .  11 . 0. 0. 

0. 0. 0. 0. 

0. 0 . 0. 0 . 
0. 0. u. 0. 

0. 0 .  0. 0. 

A N N U A L  
M A K E U P  
W A T E H  

A N 0  O + M  
C O S T  ------- 

5.9047 

5.88YH 

5.872rt 

S.85t32 

5.8454 

5.8314 

5.81YO 

5.810U 

6 U S d A R  
t N E H G Y  

P R O O U C T I O N  
C O S T S  -------- 

55.6916 

55.6150 

55.5547 

55.5050 

55.4809 



r t t C h A h I L A L  U X A t I  t V A P O H A T I V E  C O O L I N 6  T O d t H  <YSTEM 
5UMMAKY OF n E b I b N  DATA 

COOL I N b  TOWEH 

1142  M I L L I O N  V T O / H R  
62 F 

1127 M I L L I O N  - T l l / d R  
3 .UU I N .  HBA 
1 . 0 0  F 

Y > . 0 3  F 
7 .0U  F P 5  

1 0 0 5 1 3  SO F T  
STAND AH0 
A O M I k A L  I Y  

. 8 7 >  IN . -OD 
1 8  tlwb 



MtChANICAL U - A F I  t V A P O H A T l V t  COOLING TUdEti 5YSTEM 
CAPITAL CUST u t i t A ~ D O d N  

A .  TUdtH 
t'. i3ASIld UNL, FUlJNUATIUNS 

TUTAL 

t 5 l I W A T k U  C O U L I h u  S Y b T t M  CAPITAL COST 

I IqTtUtST U U d l N u  LU(45THUCIION I 8.00 P ~ U C ~ N T / U I V N I I M )  

TOTAL t 5 T I M A l t U  CUULIN6 S Y S T t H  CAPITAL C05T 

TOTAL t 5 l l M A T t U  CONVtH5ION PLANT CAPITAL LUST 

INbTALLtU P t U K I N 6  CAPACITY 



MtCfiANILAL UUAFT t V A P O H A l l V k  COOLlNb TUrlEe 5 Y 5 T L Y  
SUMYAkY OF O t b I b l u  OAT0 

1 1 4 2  M I L L I O N  GT IJ /HR 
62 F  

2M.Ob F 
I H . 0 0  F 
813711 GPM 
1.384  
1 . 3 7 2  

1 1 0 7  HHP 

1 1 2 7  M I L L I O N  uTIJ/HFI 
3.011 I N .  HGA 
7 . 0 0  F 

9 4 . 0 3  F  
7 . 0 0  F P 5  

9 7 1 3 6  SO FT 
STANDAHI) 
ADMIRALTY 

- 8 7 5  I N . - 0 0  
1 d  dub 



c
,

 "-
 

C
l

 u
s

-
 



MECHUNICAL DhAFT E V A P O R A T I V E  COO( I N G  TOWER SYSTEM n P T I M I 7 A T I O N  AND E V A L U A T I O N  
ANNUPL T U U R l N E  O P E R A T I N G  P R O F I L F  

O P t H A T I N G  BAC6 PRESSURE ( 0 8 P )  - I N .  HGA 
Vb.  

HOUR5 PUEqSURE I S  EUUALLEP OR EXCFEDED 

OHP HHS .--- - ---- 



t J t ~ t I n h 1 C A L  UHAFT t V 4 p O d A T l V t  COO! I N b  TOdEk  S Y S T t M  O P T I M I 7 A T I O N  Ahlll L V A L U A T I O N  
ANNUAL PL4h 'T  b t N t W A T  l N G  P H o F I L E  



APPENDIX E 

SAMPLE COMPUTER PRINTOUT FOR 
DIRECT DRY/WET PEAKING COOLING TOWER SYSTEMS 



MECHANICAL OHAFT DRY/#ET-PEAKING COOLING TOWER S Y b T E M  ECONOMIC O P T I M I Z A T I O N  AND EVALUATION 

PLANT LUCAT I U h  

NUMIhAL 5 l L k  AND TYPE OF PLANT 

TYPE UF CONVERSION PROCESS 

~ ~ O T H ~ Q M A L  RE5OURCE TEMPLRATURE 

l U H d I I ~ E - G E h t H & T O H  OESIbN 

a ' O H K l N G  FLc l lL ,  

NUYlNUL t )EbIGN MAXIMUM OPERPTING EXHPUST PRESSORt 

T Y P t  UF L)HY TUkEN 

I'EHIOU UF P t A K  ELECTRICAL DEMAND 

NOMINAL TtMPEkATclRE A T  ANO PBOVE WHICH 
P t A K I N G  CONDITIUNS ARE A 5 5 U u t O  T O  tXI5T 

SDclHCt OF W P L A C ~ M ~ N T  GENtRPTION - CAPACITY HEOUIHEMEtJT 
t lA5EU Ob L t Q O  REPLACtMEYT GENERATION 

V ' c A K I W G  

UFF-PErK 

5 I T t  L L t V A T I O N  (t?EFtHENCEU TU S t A  L E V t L )  

5 1 T t  LO\STHUCTIOiv CUST I N U I L E S  

M I \ T E K I A L ~  

LAt iOd 

t 5 T I M A T E C  LENbTH OF CONSTROCTION PERIOU 

S C ~ ~ U U L E T )  COMMERCIAL S T A R T U ~  O A T E  

ANNUAL HuUHS OF H A 5 t  LOA0 OPEHATION 

B A S I N  AND RANGE 

50.0 MUE ( N E T )  GEOTHERMAL 

ORGANIC F L U I D  

360 F 

TCL'F h X I A L  FLOW 

COMMERCIAL ISOBUTANE 

80.0 P S I A  

DIRECT 

SUMMEH 

8 2  F 

NONE PHOVIOED 

NONE PHOVIDED 

4400 FT 

1.000 

1.000 

18 MONTHS 

1900 

6500  



M E C M A N I C A L  U U A F T  D H Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y S T E M  E C O N O M I C  O P T I M I Z A T I O N  A N D  E V A L U A T I O N  

A N N U A L  F I X E D - L t d A R b t  H A T t :  15.0 P L T  b t O T H E H M A L  t N E H G Y  C O S T  O + M :  S - 5 0  / M I L L I O N  H T U  M A K E U P  W A T E R  C O S T  + O * M :  S - 1 0  / U - G A L  

P t A C I N G  C A P A C I T Y  C U S T :  $ 0 P t H  KW N O N - P t A K I N b  R t P L b C t M E N T  C A P A C I T Y  C O S T :  '5 0  P E R  KW 

H ~ P L A C E V E N T  t h t ~ b l  CU>T A T  ANU A H O V ~  8 2  F:  0 .  MILLS r ' t u  K U H  BELOW H? F :  0.  MILLS P ~ R  K W H  

F I x t n  A h N U A L  O * M  L U S T S  ( P L T  O F  C A P I T A L  L O S T )  : C O N V E H 5 I O N  P L A N T :  3.U C O O L I N G  C Y 5 T t M :  1.0 P E A k I N G  P L A N T :  0.  

T O C F H  DESIGN G ~ O S S  A N ~ U P L  H E P L A C t M t l u T  A N N U A L  A b N U A L  T O T A L  A N N I I A L  4 N N U A L  T O T A L  H U S R A R  
CONDITIONS AFIIUUAL AUXIL- C A P P C I T Y  R ~ P L A L F -  M ~ K E U P  ANNUAL R E P L A C [ -  G ~ O -  ANNUAL ANNUAL ANNUPL ANNIJAL ENERGY 

WET H A S t  I A R Y  P N N u A L  H E O d I H E -  M t h T  LN- J A T ~ K  P L A N T  u F N T  T d E H M I L  t X L E 5 S  R E P L A C E -  M A K E U P  C A P I T A L  P H O D U C -  
D R Y  P t A K I N b  U N I T  t ~ t H G v  t X C E S S  M E N T  E U G Y  H E O D  H E -  L A P I T A L  C A P A C I T Y  F N E R G Y  G E N E Q -  M E N 1  

A h O  O + M  A T I O Y  
C O S T  C H E U I T  

S s -------- ------ 
53009UY 0  

5 3 0 0 5 5 0  0  

, j u 0 1 0 2  0  

5 2 4 9 4 7 2  0 

5 2 9 8 5 2 2  0 

k 2 Y 7 6 6 5  0  

% d 9 7 0 5 9  U  

q 2 Y h l H 3  0  

G2Yb734 0  

E N E R G Y  
C O S T  

S ------ 
0  

I) 

0 

0 

0 

u  

0 

0 

0  



MtCnANICAL UUAFT OHY/WET-PEAKING COOLIN(. TOYEe SYSTEM ECONOMIC O P T I M I Z A T I O N  AN0 EVALUATlON 
8USHAU COMPONENT COST HHEAKDOYN - M I L L S  PER KWH 

ANNUAL FIXED-CHAU6t  K A T ~ :  13.0 PCT GLOTHEKMAL ENERbY CU5T + O+M: B - 5 0  / M I L L I O N  BTO MAKEUP WATEH COST + O+M: B - 1 0  / K-GAL 

P t A K I h G  CAPAClTY COb1: $ U P t H  K W  NON-?LAKING REPLACEMENT CAPACITY COLT: B 0 P t R  6 W  

HEPL3CtMENI  t h t H G Y  C05T AT Ah[) AHOVL 8 2  F :  0. M I L L S  PEU K W H  PFLUN Y2 F :  0. M I L L S  PER KYH 

F I X t n  ANNUAL O * M  COSTS (VLT O F  CAPITAL COLT): 

TOwkH O E S I b h  
CnNOIT lONS ANNUAL CAP1 TAL 

OKY * .E l  APJD O + M  C O S T S  
I T 0  HNb APPk CUhVEH5IUN COOLING SYSTEM 

UHY WET ------ ------- 
17.5060 3 .0280 

l l . M b 2 1  3.3177 

9 .0536 3 .4957 

7.3777 3 .93Z2 

6 .2140 3.999 7 

> . 4 l b 4  4.054b 

4.7YJ4 4 .1960 

4.dYZ3 4 .1508 

3 .8781 4.1539 

ZONVERSIOh PLANT: 3.0 COnLING SYLTEM: 1.0 PEAKING PLANT: 0 .  

ANNIJAL ANNUAL t3FPLACEMENT CAPACITY ANNUAL 
GEOTHEHMAL ANNUPL AN0 ENfRGY AND O*M COSTS MAKEIJP BUShAR 

EMEHGY EXCESS CA2ACITY COST ENERGY CO5T NATEa LNEHGV 
AND O+M GENtHATION PEAK- NON- AUOVE RELOJ AND O+M PaUOUCTION 

COST5 CHEDI T 1 Nr- PE ? K  I N G  d 2 F  HZF COSTS COSTS ------- -------- ------- ------- ------- ------- -------- --------- 



M t C H A N I C A L  U R A F I  DRY/WET-PEAKING COOLING TOWEk SYSTEM ECONOMIC O P T I M I Z A T I O N  AND EVALUATION 

ANNUAL F I X L U - C H A n b t  H A T t :  13.0 k C T  b t O T n t R M A L  ENERGY COST + O+M: 6 .50 / M I L L I U N  RTU MAKEUP WATER COST + O+M: 5 1 . 0 0  / K-GAL 

PEAKThG CAPAClTY CO5T: O 0 PEH KW NON-PEAKlNb WEPLbCtMENT CAPACITY CO5T: 'b 0 P t H  KW 

H t P L A C t M k N T  k h t H b Y  COST AT ANU GdOVt  8 2  F :  U. M I L L S  PEP KWH HELOvd 8 2  F :  0. M I L L S  PER KWH 

F I X E D  ANNUAL C+M CU5TS (PCT UF C A P I T A L  C O 5 T l :  CONVtRSION PLANT:  3.0 COnLING SYSTEM: 1.0 P E A K I N G  PLANT:  0. 

TOWEU D E S I G N  GHUS5 A ~ N U A L  REPLACEMENT ANNUAL APINUAL TOTAL PNNIJAL A N ~ U A L  TOTAL BUSRAR 
CONDIT IONS ANNUAL A b X I L -  CAPACITY HEPLACE- MAKEUP ANQUAL REPLACE- GEO- ANNUAL ANNUAL ANNUAL ANNUAL ENERGY 

WET 6 A 5 E  IAHY ANNUAL HEQUIRL-  MtNT EN- l iPTEH PLANT VENT TuEHMAL EXCESS REPLACE- MAKElJP C A P I T A L  PRODUC- 
OHY P t A K I N G  UIUIT t N E R b Y  t X C C 5 5  MENT EHGY MEOD HE- C A P I T A L  CAPACITY FNtRGY GENER- MENT WATER + OPEH- T I O N  

TOWtR TUWEH GEIUEH- UtUU1I)E- bENLR-  AbV dLO AdV BLU UI I IHE-  ANU U + M  AN0 f l + M  AN0 O*Y GTION ENEHGY bNO O*M A T I N G  COSTS 
ITU RNG APPR CTION M ~ N T  ATION R C F  HZF ~ L F  8 c ' ~  . ' ~ N T  C O S T  C O ~ T  C O S T  CNEUIT CUST C O S T  COSTS MILLS 

F F F MJH MWH MWH M, MW MWti MWH AC-FT P S C % d % 6 /KWH 

92 1 

I bc' 

2 6 8  

402  

5 6 2  

7 9 3  

1 0 1 7  

1 2 3 0  

1 4 1 3  



M E C H A N I C A L  O H A F T  D H Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y 5 T t M  E C O N O M I C  O P T I M I Z A T I O N  A N 0  E V A L U A T I O N  
RUSBAI* COMPONENT C n s T  H H E A K D O ~ N  - MILLS PER KWH 

A N N U A L  F I X E D - C H A H b E   HAT^: 1 5 . 0  P C T  G t O T H t R M A L  E N t H b Y  C O S T  O + M :  $ . 5 0  / M I L L I O N  R T U  M A K E U P  W A T E R  C O S T  + O + M :  $ 1 . 0 0  / K - G A L  

P E A K I N G  C A P A C I T Y  C O S T :  % 0  P t R  K 3  N O N - P E A K I N G  R E P L A C E M E N T  C A P A C I T Y  C O S T :  I 0 P t R  K U  

H E P L A C E H L N T  t N E R G Y  C O S T  A T  A N U  U Y O V E  82 F :  0. M I L L \  P E d  KWH H t L O d  A ?  F :  0 .  M I L L S  P E R  K C H  

T O d E H  D t S I G h  
C O N D I T I O N 5  A N N U A L  C A P I T A L  

D R Y  W E  I A N U  O + M  C O S T S  
1 T U  H N G  A P P R  C O N V t H 5 I O N  C O O L I N G  S Y S T E M  

C O N V E R S I O N  P L A N T :  3.0 C O D L I N G  S Y S T t M :  1 .0  P t A U  I N G  P L A N T :  0 .  

A N N U A L  A N N U A L  H F P L A C E M E N T  C A P A C I T Y  A N N U A L  
G E O T H E e M A L  A N N U A L  b N D  t N F H b Y  A N 0  O + M  C O S T S  Y A K E I I P  B U S d A R  

E N E R G Y  E X C E S S  C A P A C I T Y  C O S T  E N E R 6 Y  C O S T  W A T E U  E N E H G Y  
A k D  O + M  G E N E R A T I O N  P F A U -  WON- A R O V E  H E L O d  b N 0  O + M  P R O D U C T I O N  

C O S T S  C H E O I  T I N G  b3ZF A 2 F  C O S T S  C O S T S  P E A K I N G  ___-___ __-___-- -__-___ -__--__ --____- ------- -_---_-- _-----_-- 



M E C H A N I C A L  U M A F T  D R Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y S T E M  E C O N O M I C  O P T I M I Z A T I O N  A N D  E V A L U A T I O N  

A N N U A L  F I X E D - C H A H G E  H A T t :  15.0 P C 1  G E O T H t H M A L  E N E H G Y  C O S T  + O + M :  % .5O / M I L L I O N  R T U  M A K E U P  W A T E R  C O S T  + O+M:  52.50 / K - G A L  

P E A K I N b  C A P A C l T Y  C O S T :  $ 0  V E H  K J  N O N - P E A K I N G  H E P L A C E M E N T  C A P A C I T Y  C O S T :  I 0 P E R  K J  

R E P L A C E M E N T  t h E R 6 Y  C U S T  A T  A N D  A ~ O V E  8 2  F :  0. M I L L S  P E u  KWH B F L O d  87 F :  0. M I L L S  P E R  K W H  

F I X E D  A N N U A L  C * M  C O S T S  ( P C T  O F  C A P I T A L  C O S T ) :  C O N V E R S I O N  P L A N T :  3.0 C O O L I N b  S Y S T E M :  1.0 P E A K I N G  P L A N T :  0. 

TOWER D E S I b N  G R O 5 5  A N N U A L  H t P L A C E M t N T  A N N U A L  A f d N U A L  T O T A L  A N N U A L  A N N U P L  T O T A L  R U S R A R  
C O P I D I T I O U S  A N N U A L  A U X I L -  C A P A C I T Y  h t P L A C t -  M A K t U P  A N N U A L  R E P L 4 C F -  G E O -  A N N U A L  A N N U A L  A N N U A L  A N N U A L  E N E R G Y  

JE T  b A S E  I A U Y  A N N U A L  R t O U I H E -  H t b T  E N -  'WATEU P L A N T  M F Y T  T H E M M A L  E X C E S S  H F P L A C E -  M A K E U P  C A P I T A L  P R O D U C -  
D H Y  P L A K I N G  U t i I T  t l \ l t R b ~  t X C E 5 S  M E N T  E R b Y  H E O O  H F -  C A P I T A L  C A P A C I T Y  F N E H G Y  G E N E R -  M t N T  W A T E R  + O P E H -  T I O N  

T O W E R  TOWEH G t N t M -  U t U U I H E -  G L N t R -  A d V  t3LO A B V  HLO ' 3 1 1 1 U t -  A N 0  O + M  A Y n  O + M  
I T 0  H b G  A P P U  A T I O N  M t N T  A T I O N  82F U2t 82F h2b , r F N T  C O S T  C O S T  

MWH tdCH M d  HW H U H  M w n  A f - F T  I % 

E N L R G Y  A N D  O + M  
C O S T  C O S T  

B B ------ ------- 
0 75260 

0 131659  

o 2182n7 

U 327495 

0 474349 

U b44249  

0 828834 

0 1002034 

0 1151079 

ATING C O S T S  
C O S T S  M I L L S  

% / K W H  -------- ----- 
168809no 45.87 

14893692 41.00 

13959349 38.99 

13562721 38.46 

13260844 38.26 

13130008 38.40 

13092749 38.58 

13097833 38.78 

13105891 38.84 



M t C H A N I i A L  OHAFT DRY/WET-PtAKING COOLING TOWEU SYSTEM ECONOMIC O P T I M I Z A T I O N  AN0 EVALUATION 
RUSBAR COVPONENT COST BREAKDOWN - M I L L S  PER KWH 

ANNUAL F I X E U - C H A R ~ E  HATk:  13.0 PCT btOTHEHMAL ENFRbY COST + O+M: 8  .50 / M T L L I O N  HTU MAKEUP WATER COST + O+M: 82.50 / K-GAL 

P ~ A K I N ~  C A P A C I T Y  COST:  D 0 r t ~  K W  NOR-PtAKII'IG REPLACEMENT CAPACITY COST: 8  0 PER KW 

R ~ P L A C ~ M E ~ T  E h t t ? W  COLT A1 ANU AdOVE 8 2  F :  0. M I L L 3  P t P  KWH HELOW A Z  F:  U. Y I L L S  P t R  K d H  

F I X E r )  ANNUAL O * M  L O S l S  ( P C 1  OF C A P I T A L  COST) : 

ANNtJAL CAP 1 1  AL 
AND O + H  COSTS - ~ -  

I T D  HNG APPK CONJEHSIUN CUOLING SYSTEM 
F F t PLANT DRY dE T 

CONVtRSION PLANT:  .3.0 COOLING SYSTEM: 1.0 PEAKING PLANT:  0. 

ANNUAL ANUUAL HFPLACEMENT CAP4CITY ANNUAL 
G ~ u T H E R M A L  ANNUAL ANn ENFHGY ANU O+M COSTS MAKEUP 

ENEk'uY EXCESS CAP4CITY COST ENEqtiY COST JATEP 
AND O+M <7ENtHATION PEAK-  PION- AtlOVE BtLOW AND O+M 

COSTS CREDIT I NG PEAKING 8 2 F  8 2 F  COSTS ------- -------- ------- ------- ------- ------- -------- 

BUSBAR 
ENERGY 

PuODuCTION 
COSTS --------- 



M t C H A N I C 4 L  U H A F T  O R Y / W E T - P E P K I N G  C O O L I N G  T O U E H  S Y S T k M  E C O N O M I C  O P T I M I Z P T I U N  A N D  E V A L U A T I O N  

A N N U A L  F l X t O - C H A R G E  2 A T t i :  1 5 . 0  I'CT G t O T d k R M A L  E N E R G Y  C O S T  O+M:  8 1 . 0 0  / M I L L I O N  R T U  M A K E U P  W A T E R  C O S T  + O * M :  B - 1 0  / K - G A L  

P E A K I N b  C A P A C I T Y  C O S T :  S U  P E M  KW N O N - P E A K I N G  U E P L A C E M E N T  C A P A C I T Y  C O S T :  B 0 P t R  KW 

H ~ P L A C E M E N T  E ~ E H ~ Y  C O ~ T  & T  AYIJ UBUVE 6 2  F:  0 .  MILLS p t d  K J V  SELOJ n? F: O. MILLS ~ t u  K W H  

F I X E D  A N N U A L  O + M  C O S T 5  ( P C T  t)F C A P I T A L  C O S T ) :  C O N V E F I 5 I O N  P L A N T :  3 . 0  C O O L I N G  S Y S T E M :  1 .0  P t A K I N G  P L A N T :  0 .  

TOWFR D L S I b N  G H O 5 5  U N N U A L  M E P L P C t M t N T  A N h U A L  A r l N U A L  T O T A L  A N N I I A L  P N N O A L  T O T A L  R U S R A R  
C O U D I  1 I O N S  A N N U A L  U U X I L -  C P P A C I T Y  R E P L A C F -  M n K t U P  ANr\ lUAL R E P L A C E -  6 t O -  A N N U A L  A N l J l J A L  A N N U A L  A N N I J A L  E N E P G Y  

k t  T  H A 5 E  I A R Y  r \ N N U A L  H E O U l M t -  M E N T  t b -  W A T E R  P L A N T  WEEIT T H E R M A L  t X C E S 5  H E P L A C t -  M A K E U P  C A P I T A L  P R O D U C -  
D R Y  P t A K I N G  U N l l  t N t R G Y  t X C E 5 5  M t N T  t e G Y  H E Y U  h E -  C A P I T A L  L P P A C I T Y  F N E R G Y  G E N E R -  M t N T  W A T E R  + O P E H -  T I O N  

T O W E R  TOWcG b E I \ I E R -  ~ t U U l R t -  b F N E I I -  A b V  d L U  A B V  B L O  ' I I I I U E -  A N D  U * M  AND r ) + M  AWD O + M  A T I O N  E N k H G Y  
ITO UNG A P P ~  ATION MENT ATION ~ L F  H ~ F  M ~ F  H ~ F  I C O S T  C O k T  C O S T  CREDIT C O S T  

MWH M w d  Mw MW MWH M d Y  D C - F T  B % S d B -----_ ----- _--_ ---- ---- _-__ __---- - -_____ -___-- -_------ ------ ------ 

A N D  O + M  A T I N G  
C O S T  C O S T S  

% 8  ------- _------- 
3 0 1  0  2 2 1 0 9 5 5 9  

5 2 6 6  2 0 0 6 7 8 4 9  

8 7 ? 8  1 9 0 4 9 9 7 2  

1 3 1 0 0  I d 5 4 7 7 9 7  

1 8 9 6 7  1 8 1 1 1 1 5 7  

2 5 8 I 3 3  1 7 8 2 2 6 7 6  

3 3 1 6 3  1 7 6 0 2 3 3 3  

4 0 0 8 4  1 7 4 3 2 6 0 6  

4 6 0 7 3  1 7 3 2 7 3 6 2  

C O S T S  
M I L L S  
/ K W Y  ----- 
6 0 .  OR 

55.25 

5 3 . 2 0  

5 2 . 6 0  

52.22 

5 2 . 0 3  

51.31 

51.62 

51.22 



M t C H A N I C A L  O H A F T  O R Y / U E T - P t A K I N G  C O O L I N G  TOWER S Y S T E M  E C O N O U I C  O P T I M I Z A T I O N  A N 0  E V A L U A T I O N  
B U S B A R  C O M P O N E N T  C O S T  B R E A K O O k l u  - M I L L S  P E P  K W H  

A N N U A L  F I X E D - C H A H b E  H A I L :  13.0 P C 1  G t O T H E R M A L  E N E H G Y  C U S T  O + M :  $1.00 / M I L L I O N  H T U  M A K E U P  W A T E K  C O S T  O + M :  $ -10 / K - b b L  

P E A K I N G  C A P A C I T Y  C O S T :  % 0 P'tH KW N U N - P E A K I N G  R E P L A C E M E N T  C A P A C I T Y  C O S T :  S 0 P E H  KW 

R E P L A C t M E N T  t h k R G Y  C U 5 T  A T  ANO A d U V k  8 2  F :  0. W I L L 5  P E u  K U H  B t L O W  82 F :  0. M I L L S  P E R  YdH 

F I X E D  A N N U A L  O + M  C O 5 T S  ( V C T  OF C A P I T A L  C O S T ) :  

T O w E H  O E 5 I b N  
C O h V I T I O N 5  A N N U A L  C A P 1  T A L  

D R Y  W t T  A N D  O + Y  C O S T 5  
I T D  H N G  APt 'k C O N V t H > I U N  C O U L I N b  S Y S T E M  

P L A N T  ------- 
10.7262 

10.do17 

il.u2re 

ll.lY48 

ll.3e14 

11.5232 

11.0201 

1 1  .6MYO 

11.6601 

V H Y  WET ------ ------- 
ll.5000 3.0280 

11.8621 3.3177 

9.033b 3.4957 

7.3771 3.93~2 

b.dl0l 4.017Y 

3.4073 4.0927 

4.1633 4.1263 

4 2  4.1508 

3.dhd2 4.2313 

C O N V E R S I O h  D L A N T :  3.0 C O O L I N G  5 Y S T E M :  1.0 P E A K I N G  P L A N T :  0. 

A N N U A L  b N b I U A L  H F P L A C E M E N T  C A P A C I T Y  A N N U A L  
b t O T H E H M A L  A N N U A L  P N n  E N F R G Y  A N D  O + M  C O S T 5  M A K E l l P  B U 5 B A R  

t h l t H b Y  t X C E S 5  C A P A C I T Y  C O S T  E N E H G Y  C O S T  r J 4 T E D  E N E R G Y  
A N D  O + M  G t N E R A T I O N  P F A U -  N O N -  A B O V t  H E L O W  A N 0  O + M  P R O D U C T I O N  

C O S T S  C H E O I T  I NG P E o K I N G  H2F H2F C O S T S  C O S T S  ------- -------- ------- ------- ------- ------- -------- --------- 



M E C H A N I C A L  O R A F T  D R Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y S T E M  E C O N O M I C  O P T I M I Z A T I O N  A N 0  E V A L U A T I O N  

A N N U A L  F I X E D - C H A H ~ E  H A T t :  15.0 P C T  G t O T r l E H M A L  E N E e G Y  C O S T  ' O'M: $1.00  / M I L L I O N  R T U  M A K E I J P  W A T E R  C O S T  O + M :  $1.00  / K - G A L  

P E A K I N G  C A P A C I T Y  C O S T :  J 0  P E R  KW N O N - P E A K I N G  H E P L A C E M E N T  C A P A C I T Y  C O S T :  S 0  P E H  KW 

R t P L b C E M E N T  E N E H b Y  C U 5 T  A T  A N D  A b O V E  82 F :  0 .  M I L L S  P E Q  K W H  B t L O W  82 F :  0 .  M I L L S  P E R  K d H  

F I X E D  P N N U A L  U + V  C O S T S  I P C T  O F  C A P I T A L  C O S T ) :  C O N V E R S I O N  P L A N T :  3.0 C O O L I N G  < Y S T E M :  1.0 P E A K I N G  P L A N T :  0 .  

TOWER O E S I o N  G H O S S  r N N U A L  N t P L A C E M t N T  A N N U A L  A W N U A L  T O T A L  A N N O A L  A N N l J A L  T O T A L  B U S B A R  
C O N D I T I O N S  A N N U A L  A U x I L -  C A P A C I T Y  R t P L 4 C F -  M A K t U P  A N N U A L  H E P L d C E -  G t O -  A N N U A L  A N N U A L  A N N U A L  A N N U A I  E N E R G Y  

WET d A 5 t  I A R Y  A N N U A L  H E O U I R t -  M t N T  E N -  W A T E R  P L A N T  M E N T  T H ~ H M A L  E I C E S S  R F P L A C E -  M A K E U P  C A P I T A L  P R O D U C -  
D R Y  P t A K I N G  U N I T  t N t R b Y  E X C E S S  P E N T  E R G Y  H E 0 0  R E -  C A P I T A L  C A P A C I T Y  E N t R b Y  b t N E R -  M E N T  WPTEM O P E R -  T I O N  

T O W t Q  TOWFR G E N t H -  H t Q U I l l t -  b t N t U -  A b V  d L O  A t i V  8 L n  Q I I I H E -  A N D  O * M  ANQ O + M  AND D + M  A T I O N  E N t U G Y  A N D  O + M  A T I N G  C O S T S  
I T U  H N b  A P P H  A T I O N  M t N T  A l I O N  8 Z F  8 2 F  8 Z F  8 2 F  v t N T  C O S T  C O S T  C O S T  C R E D I T  C O 5 T  C O S T  C O S T S  M I L L S  

F  F F VWH M 3 H  MWF A C - F T  '5 ---- ---- ------ ------- 
0  0  9 2  1 1 > 0 4 7 3 1  

0 0  1 6 2  9 4 4 1 4 8 4  

o o 268 8 4 4 1 0 4 1  

0  0  4 0 2  7 9 3 5 7 5 3  

0 0  5 8 2  7 4 9 3 1 4 6  

n u 7 9 4  7 2 0 1 4 6 3  

0 0  1 0 1 b  6 9 7 5 U 5 3  

0 0  1 2 3 0  6 7 4 0 9 5 6  

0  U 1 4 1 4  6687625 



MECHANICAL DRAFT DRYIWET-PEAKING COOLING TOWER SYSTEM ECONOMIC n P T I M I Z A T I O N  AND EVALUATION 
BUSBAR COMPONENT COST BREAKDOWN - M I L L S  PER KWH 

ANNUPL FIXED-CflAHGE H A T t :  15.0 PCT btOTHtHMAL ENEHGY CUST + O+M: 61.00 / M I L L I O N  dTU MAKEUP WPTER COST O*M: 81.00 / I(-GAL 

P E A K l N b  CPPUCITY COST: D 0 r'Eh KW NUN-PEAKING HEPLACEMENT CAPACITY COST: S 0 PER KW 

REPLACEMENT t h t R b Y  COST AT ANU A8UVE 82 F: 0. M I L L S  PER KWM 8FLOU 82 F :  0. Y I L L S  PEH KdH 

F I X E n  ANNUAL C+M COS15 (PCT OF C A P I T 4 L  COST): 

TGrER D E S l b h  
CONL)I T 1 ONS ANNUAL CAPITAL 

DRY W t T  AN0 O*M COSTS 
I T U  HNG APPH CUNVtHbIUN COOLING SYSTEM 

UHY dE T ------ ------- 
l7 .50bO 3.0280 

11.0621 3 .3177 

5 3  3.4957 

1.3777 3.9322 

6.2101 0 . 0 1  19  

U l 3  4 . 0 Y 2 I  

4 .1633 4.1263 

4 . ~ 9 2 3  4.1508 

3.8682 4.2313 

CONVERSION PLANT: 3.1) COOLING SYSTEM: 1.0 PEAKING PLANT: 0. 

4NNUAL PNYUAL REPLACEMENT CAPACITY ANNUPL 
GEUTHEHMAL ANNUAL ANI) ENFRGY AN0 O*M COSTS MAKEllP BUS8 AH 

~ N E H G Y  E X C ~ S S  C A P A C I T Y  C ~ S T  ENEHGY C O S T  W A T E R  ENERGY 
AND O+M GtNERATION P t A K -  NON- ABOVE BkLOW AND O+M PRODUCTION 

CO5T5 CREDIT 1 NG P t o K l N G  82F b 2 F  COSTS COSTS ------- -------- ------- ------- ------- ------- -------- --------- 



M ~ C H A N I C A L  U R A f T  D H Y / * E T - W A K I N G  C O O L I N G  TOWER S Y 5 T F M  E C O N O M I C  O P T I M I Z A T l O N  A N 0  t V A L U A T I O N  

ANNUAL F I X E D - C H A N G E  N A T t :  1 5 . 0  P C T  G E O T q t W A L  E N E d G Y  C O S T  + O + M :  $ 1 . 0 0  / M I L L I O N  H T U  M A K E U P  W A T E R  C O S T  O * M :  $ 2 . 5 0  / K - G A L  

~ E P L A C E V E N T  E h E U G Y  C U L T  A T  AN3 A B O V E  d2 F :  0. V I C L S  P C P  h d ~  O F L U W  8 2  F :  0 .  M I L L S  P E R  K W H  
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T O N F R  D E S I G N  b h ' O 5 5  A N N U A L  R k P L A C E M E N T  ANNUAL A h l N U A L  T O T A L  ANNIJAL A N N U A L  T O T A L  B U S R A R  
C O N D I T I O N S  A N N U A L  A U A I L -  C A P A C I T Y  H E P L A C F -  M p K t U P  A N N U A L  H E P L A C F -  G t O -  A N N U A L  A N N U A L  A N N U A L  A N N U A L  E N E R G Y  

WET B A ~ E  I A R Y  A N N U A L  h E P U I H E -  M k N T  EN- , d A T t U  P L A 4 v T  M E N T  T r E U M A L  t X C E S S  R E P L A C E -  M A K E U P  C A P I T A L  P R O D U C -  
UHY P E A K l N G  U N I T  t N k R b Y  E & L ~ S S  V E N T  E R b Y  N t R D  H E -  C A P I T A L  C P P A C I T Y  F N t R G Y  G E N t R -  M E N 1  WATER + O P F R -  T I O N  

T O W ~ R  T O W L H  GENEH- N ~ N I P E -  ~ E N ~ R -  A ~ V  t l ~ o  A e J   LO o 1 1 1 u ~ -  AND O + M  ANI, o + ~  AND O + M  A T l O V  E N ~ R G Y  11\10 O + M  ATING C O S T S  
I T U  H N G A P P ~  A T I O l N  M F N T  ATION ~ L F  ~ Z F  8 2 F  8 2 F  U ~ N T  COST rns T C O S T  CREOIT CUST C O S T  C O S T S  MILLS 

F  F  F  M w H  H w H MWH MW Y d  MWH MWH P C - F T  '6 A S S S $ % / K W H  ------ - 
8 3 3 7 7  

8 6 8 8 6  

9 0 4 0 9  

9 3 7 4 1  

9 6 1 6 5  

9 7 5 2 3  

Y t l l  I0 

9 9 1 5 2  

Y M Z 5  1 



M L C H A N I C A L  O H A F T  O H Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y S T E M  E C O N O M I C  O P T I M I Z A T I O N  A N 0  E V A L U A T I O N  
HUSBAR COMPONENT C O S T  BREAKDOWN - P I L L S  PEP K W H  

A N N U A L  F I X E D - C t i b H b E  H A T E :  15.0 P C T  b E O T H E H M A L  t N E H G Y  C U S T  + O + M :  SI.00 / M I L L I O N  b T U  M A K E U P  W A T E R  C O S T  + O+M:  82.50 / K - G A L  

P E A K I h ' G  C A P A C I T Y  C O S T :  b U P E H  K d  N O N - P E A K I N G  R E P L A C E M E N T  C A P P C I T Y  C87ST: 8 0 P E R  KW 

R E P L A C E M E N T  E h E R b Y  C U S T  A T  A N 0  A B O V E  82 F :  0. M I L L 5  P E P  K W H  H F L O W  62 F: 0. M I L L S  P t R  KWH 

F I X E n  A N N U A L  O * M  C O S T S  ( P C 1  O F  C A P I T A L  C O S T , :  

T O W E R  D E S I G h '  
C O N U I T I O N S  A N N U A L  C A P I T A L  

U H Y  WET A N D  O + M  C O S T S  
I T U  R N G  A P P H  C U P I V E R ~ I U N  C O O L I N G  S Y S T E M  

P L A N T  ------- 
1 U.  726.2 

10.6677 

Il.024b 

11.1948 

ll.JM14 

11.5252 

11.6201 

11.6890 

11.6bCl 

U H Y  ------ 
17.5060 

Il.tlb.21 

9. US36 

7.3777 

6.2101 

5.4073 

4.7853 

4.29.23 

3.Hbd2 

WET ------- 
3.0280 

3.3177 

3.4957 

3.9322 

4.01 

4.0927 

4.1263 

4.1508 

4.2313 

C O N V E R S I O N  P L A N T :  3.0 C O O L I N G  5 Y S T E M :  1.0 P ~ A K I N G  P L A N T :  0. 

A N N U A L  A N N U A L  R F P L A C E M E N T  C A P A C I T Y  A N N U A L  
G E O T H E H M A L  A N N U A L  A N D  E N F R G Y  A N D  O + M  C O S T S  M A K E U P  B U S B A R  

E W t R G Y  t A C E 5 S  C A P A C I T Y  C O S T  E N E H G Y  C O S T  W A T E R  E N E H G Y  
A N D  O + M  G ~ N ~ H A T I O N  P E A K -  WON- A B O V E  8 E L O W  A N D  O + M  P R O D U C T I O N  

C O S T S  C H E D I  T  I N G  P E h K I N G  82F P 2F C O S T S  C O S T S  ------- -------- ------- ------- ------- ------- -------- --------- 



MECHANICAL URAFT ORY/WET-PEAKING C O O L I N 5  TOWER SYSTEM ECONOMIC O P T I M I Z A T I O N  AND E V A L U A T I O N  

DRY TOWER SYSTEM ----_----------- 
TOWER I T D  - F 
D t G H F E S  SUdCOOLINb - F 
AMMIFNT DRY-MULB TEMP - F 
T U H H I N t  BACK PHESS - P S l A  
TOWtR HEAT LOAD - MdTU/HH 
A I R  F A C t  VELOCITY - FPM 
TOWEQ SURFACE - SQ k T  
F A N  RRAKE HORStPOWEH - HP 
TOWER PLAN AREA - ACHES 

WET P E A K I N G  TOwEn SYSTEM ........................ 
COOLING RANGE - F 
APPROACH TO WET-HULU - b 
CONOFNSLR TTD - F 
AMBIFNT WET-MULb TEMP - F 
TURBINE BACK PRESS - P S I A  
TUJLR HEAT LOAD - M8TU/HK 
C I R C U L A T I N G  WATER FLUW - bPM 
CONUENSER SUM1 A c t  - 5 O  FT 
TOWER L / G  R A T I O  
TOwEa CHARACTERISTIC ( K A V / L )  
CIRC W A T E R  PUMP HnP - H r  
F A N  RRAKE HOHSLPUWER - HP 

S U P P L E M ~ N T A L  A U X I L I A H Y  
WET COOLING TOWER SYSTEM ........................ 
AUXILIARY HEAT LOAU - MnTU/tW 
CIRC( rLAT1NG wATEH FLOU - 6PM 
C I H C  WATER PUMP UHP - Ht-' 
FAN W A K E  nOnSEPOnER - n P  

GLNEUATING PLANT 

RATED TUHBINE-GeNtHATOR 
OUTPUT AT b5.O P S I 4  - M d  

P L A h T  A U X I L I A R Y  POWER - MU 
I N S T A L L E D  PEAKING 

CPPACITY - MY 

SUMMPPY OF DESIGN DATP 

NOTFS: 1. M e T u / n n  = MILLIOI~ HTU/HR 
2. COhOENSER S U H t A C t  = TOTAL H E 6 1  TRANSFER SURFACE 
3. TOUER SURFACE = HAHE-TUBE SUHFACE OF FINNED-TIJBE HEAT ExCHnNGER 



MECHANICAL UNAFT DHY/WET-PtAKING COOLIN(: TOWEH SYSTEM ECONOMIC n P T I M I Z A T 1 O N  AND EVALUATION 
CAPITAL COST HREAKDOUN 

DRY TOWER I T U  - F L0.UO 30.00 4n.00 50.00 60 .00  70.00 80.00 90.00 100.00 
WET PEAKING TOWEH RANGE - F C1.96 2 1  .Yh 27.96 22.96 22.96 22.96 23.96 24.96 24.96 
WET PEAKING TOYER APPHOACH - F 21.00 21.00 20.00 20.00 20.00 20.00 19.00 18.00 18.00 

DHY JO#ER S Y S l t M  0 S 5 6 C $ 6 6 6 ---------------- 
DRY TOUER ( I N C L  FOUNUATIUN) 
TURBINE EXHAUST THUhK 

TOTAL 
NlTROGEN BLAtJKtT ING SYSTEM 
ELECTRICAL 

TOTAL DHY TOUEU 5YSTEM 

WET-PtAKING TOWtH SYSTEM 
( I N C L U D I N G  SUPPLEMENTAL 

AUXILIARY COOLING n t ~  L ~ L L )  ............................ 
ULT TOWER 
& A S I N  AhD FOUhUATION 

TOTAL T O J t H  
CONDFhbtR 
CIHCLILATING WATtU F A C l L I T I k 5  

PUMPS AND MCTONS 
P l P I N G  

TOTAL 
ELECTWICAL 

TOTAL WET TOwEH SYSTtw 

TOTAL COOLI f rb  SYSTEM CAPITAL 
INVESTMENT AT STANTUP 

GENEQATING PLANT ---------------- 
G~OTHEHMAL COhVFHSION PLANT 

( I N C L U D I N G  T U R ~ I N E - G E N ~ H A T O N )  
IYSTALLED PEAKING C A P A C I T Y  

TOTAL GtOTHERPAL PLANT 
INVESTMENT AT STAHTUP 



MECHANICAL ORAFT ORY/WET-PEPKING COOLINr, TOWER SYSTEM LCONOMIC O P T I M I Z A T I O N  AND EVALUATION 
C A P I T A L  COST 8RtAKOOWN 

THE FOLLOWING RESULTS AHE TdE 5 A M t  AS ON PHEVIOUS PUIVTOUTS t X C t P T  FOH THE FOLLOWING I T D ( S 1 :  6 0  70 80 100 

DRY TOWER I T U  - F 
HET PEAKING TOWER t?ANGE - F 
W E T  P E A K I N G  T C W ~ H  APPROACH - F 

ORY TOWER SYSTEM ---------------- 
DRY TOWER ( I N C L  FOUNDATION) 
TURBINE EXeAUST TUUNK 

TOTAL 
NITROGEN BLANKETING SYSTEM 
E L t C T R I C A L  

TOTAL DRY TOWEH SYSTEM 

WET-PEAKING TOWEH SYSTEM 
( I N C L U D I N G  SUPPLEMENTAL 
A U X I L I A R Y  COOLING WtT C L L L I  ............................ 

WET TOWER 
b A S I N  AND FOUNDATION 

TOTAL T O d t R  
CONOFNSEH 
C I H C l j L A T I N G  wATEk F A C I L I T I E S  

PUMPS AND MOTOHS 
P I P I N G  - . ~  

TOTAL 
ELECTRICAL 

TOTAL WET TOWEH SYSTEM 

INDIRECT COOLING S Y S T E M  G U S T S  ............................. 
ENGINEERING Ah0 C O N T I N G t N C I t S  
~ N T ~ R E S T  DURING CONSTHUCTION 

TOTAL COOLING SYSTEM C A P I T A L  
INVtSTMENT AT STAHTUP 

b t N t R P T I N G  PLANT ---------------- 
GEUTHLHMAL COhVEHS1014 PLANT 

( I N C L U D I N G  T lJHbINE-b tNtHATOH1 
I N S T A L L E D  P E A K I N b  CAPACITY 

TOTAL GEOTHtHMAL P L A I ~ T  
INVtSTMENT AT STAHTUP 691631YS 56392899 50015128  46857083 441032R8 42267767 40852704 39752100 39057529 



B 
I 

o w -  
W L H  
TtMP 

F ---- 
102  

9 7  
Y2 
d7  
8 2  

72 
b 7  
b 2  
5 7  
5 2  
47 
4 2  
37 
3 2  
2 7  
2 2  
17 
12 

7 
2 

-3 
- 8  

7 1  

MECrlANICPL DRAFT OHY/WET-PEAKING COOLING T O d E H  SYSTFM ECONOMIC O P T I M I Z A T I O N  AN0 EVALUATION 
D I S T H I H U T I D N  OF HEAT LOAD CJETWEEN URY ANP WET-PEAKING TOWERS 

131Y 23 
1319 48 
1319 73 
131Y 98 
1332 100 
1332 100 
1332 100 
1332 100 
1332 1OU 
1332 100 
1332 100 
1332 100 
1332 101, 
1332 100 
1332 100 
1332 100 
1332 100 
1332 1U0 
1332 100 
1332 1 0 0  
1337 1 0 0  
1332 100 
1332 100 

ANNUIL 
HRS OF 
TOWER 
OPEGA- 

T I O N  

DRY b 3 O G  
WET 297 

----_- 

7 1  131'9 15 
32 1319 32 
27  1319 49 
2 131Y 6 6  
0 131') 82 
0 131U 100 
0 1332 1 0 0  
0 1332 100 
0 l 3 3 C  100 
0 1332 I O U  
0 1332 100 
0 1332 100 
0 1332 100 
0 133C 100 
0 1332 100 
0 I 3 3 2  100 
0 1332 100 
U 1332 100 
0 1332 i o 0  
u 1332 1 0 0  
U 1332 1 0 0  
0 1332 100 
u 1332 I O U  

b5OU 
'344 

85 1 3 l Y  11  
6 8  1319  24 
5 1  1319  37 
34 1319  4Y 
18 1319  b 2  

0 131Y 74 
U 131Y 8 7  
0 1318 100 
u 1332  100 

0 1332  100 
0 I 3 3 2  l o @  
U 1332  100 

U 1332  100  
u 1332  100 
U 1332  100 
u 1332 1 0 0  
u 1332  1 0 0  
u 1332 1110 
u 1332 100 
U 1332 100 
0 1332 100 

o 1332 i n n  

o 1332  i o n  

6 5 0 0  
1128 

8 9  1319 0 100 131Y U 100 1319 0 100 1315 0 100 1319  0 100 1314 0 100 
76 1319 19 
b 3  1319 29 
5 1  1319 3 9  
38 1319 49 
26 1319 60 
13 1319 7 0  

0 1319 YO 
0 1319 100 
0 1332 100 
0 1332 100 
u 1332  100 
0 1332 100 
0 1332 100 
0 1332 100 

0 1332 100 
0 1332 100 
0 1332 100 
0 1332 100 
0 133? 100 
U 1332 100 

n 1319 A O  

o 1332 i o n  

b4Y8 
1904 

81  131Y 16 
7 1  l 3 l Y  24 
61  131Y 32 
5 1  131Y 41 
40 131Y 4 Y  

20 131Y bh 

0 1310 d2 
fl 1319 Y1 
0 1318 100 

3n 131Y 57 

i n  131Y 7 4  

0 1331  100 
n 1332 100 
n 1332 100 
n 1332 100 

n 1332 1 0 0  
I) 1332 100 

n 1332 i n 0  
n 1332 100 

0 1332 1 0 0  

I) 1332 100 
0 133C 100 

649a 
3043 

8 4  1319 14 
76 1319 21  
68 1319 21, 
55 131Y 35 
5 1  1319 4 2  
43 1315 49 
34 1719 56 
2b 1319 6 4  
18 1319 7 1  

9 1319 78 
0 1319 d 5  
0 1319 9 7  

0 1331  100 
0 1332 100 

U 133? 1UO 

0 1732 100 
0 i 3 3 2  100 
0 1332 100 
0 1332 l u f l  

o 1718 i o n  

u 1332 i o n  

0 1332 I o n  

649H 
4376 

86 1319  1 2  88 1319 11 8 9  1319 0 100 
7 9  131Y I 8  8 C  131Y 16 84 1319 14 8 6  
72  1319 24 7 h  1319  2 2  7A 1319 19 8 1  
6 5  131Y 3 1  b Y  1319 27 73 1319 24 7 6  
58 131Y 3 7  63  1319  33 67 1319 29  7 1  ~~ 

5 1  
44 
36 
29  
2 2  
15 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

n 

131Y 4 3  '37 
1319  49 5 1  
1319  5 6  44 
1319 6 2  36 
131Y 6 8  32 
1319 74 Zb 
1319  ill 1 Y  
131Y 87 13 
1319  9 3  7 
1318  100 U 
1331  100 0 
1332  100 0 
1332 100 U 
1332 100 0 
1332  100 U 
1332 100 0 
1332 1OU U 

131Y 38 
1319  44 
1319  49 
1319  5 5  
1319  6 1  
1319 6 6  
131Y 72  
1319 77 
1319  8 3  
1319  f18 
1319  94 
1318 100 
1330 100 
1332  100 
1332  100 
1332 100 
1332 i n 0  

62 
56 
5 1  
45 
39 
3 4  
2fl  
23  
17 
l ?  
6 
I1 
0 

1) 
0 

n 

n 

1319 
1319 
1310 
1319 
1319 
1319 
1319 
1319 
1319 
1319 
1319 
1319 
1319 
131H 
1330 
133? 
1332 

34 
3Y 
44 
4 9  
5 4  
5 9  
6 4  
6 9  
74 
7Y 
8 4  
f19 
9 4  

100 
100 
100 
100 

64Y8 649f l  6472  
553 7 621 7 6459  

6 h  
6 1  
5 6  
5 1  
4 6  
4 1  
3 6  
3 1  
2 6  
2 1  
1 6  
11  

6 
0 
0 
0 
0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N O T E S :  1. H t A T  LOA0 I S  IUHHINE H t A T  H E J t C T I O N  II.( M I L L I O N  ~ T I I / H R  AT OPERATING PACK PPESSURE OCCURRING A T  G I V E N  AMHIEVT CONOITION 

2. AT P I G H  AMHIENT T ~ M P E H A T U H E S  *HERE OPERATING WACK PHESSURt IS  ALLnWFO T O  FXCEEO THE S P E C I F I L O  MAXIMUM. I F  NECESqAKY W I T H  
A GIVEN COOLING SYSTEM D t S l G N I  Tlib H E 4 1  LOA0 AND PERCENT D I S T k I d U T I n N  M A Y  O I F F E d  SLIGHTLY F R O M  THE KESULTS SHOWN AHOVF 



M E C H A N I C A L  O d A F T  O R Y / W E T - P E A K I N G  C O O L I N G  TOWER S Y S T F M  E C O N O M I C  n P T I M I L A T I O N  A N 3  E V A L U A T I O N  
S U M M A D Y  O F  D E S I G N  0 4 1 . 4  

T H E  F O L L O W I N G  R E S U L T 5  A H t  T H E  S A M E  A S  O N  P R E V I O U S  P R I N T O U T S  E X C E P T  F O R  T M t  F O L L O W I N G  I T O ( S 1 :  6 0  

D R Y  TOWER S Y S T E M  ---------------- 
T O k E R  I T 0  - F 
D E G R E E 5  S U d C O O L I N b  - F 
A M H I F h T  D H Y - Y b L b  T E M P  - F 
T U R H I N t  B A C K  P H E S S  - P b I A  
T O w E P  H t A T  L O A D  - M U T U / H R  
A I R  F A C E  V F L O C I T Y  - F P M  
T O W E R  5 l J R F A C E  - 5 0  t T  
F A N  H H A K E  H O R S E P O W E R  - H P  
T O W E Y  P L A N  A H t A  - A C H t 5  

WET P E A K I N G  T O W t h  S Y S T E M  ........................ 
C O O L I N G  R A N 6 E  - F 
A P P R O A C H  T O  W t T - b U L 8  - F 
C U N O F N S t R  T T U  - F 
A M B I E N T  W ~ T - H U L H  TEMP - F 
TURBINE H A C K  PRESS - r S I n  
T O W t R  H E A T  L O A U  - M U T U / H H  
C I R C l l L A T I N G  UATEI ,  F L U W  - b P M  
C O N D F ~ V S E H  5 U R F A C t  - 5Q t T  
T O W ~ R  L / G  Q A T I O  
T O W E R  C H A R A C T E R I S T ~ C  ( K A V / L l  
CIRC W A T E R  P u r P  ~ W P  - nr 
F A N  h R A K E  H O R 5 t P O W E U  - M P  

S U P P t t M t N T A L  A U X I L I A W Y  
W t T  C C O L I N G  T C d F M  S Y 5 T L M  ........................ 
A U X I L I A R Y  H E A T  L U A U  - M b T U / H k  
C I H C I J L A T I N ~  W A T E P  FLU*  - ~ P M  
CIHC W A T E H  PUMP M n P  - HP 
F A N  ~ R A K ~  HOUSEPOWER - n r  

G E N t R A T I N G  P L P N T  ---------------- 
H A T E O  T U R B I N E - b E N E H P T O H  

O U T P U T  A T  85.0 P 5 I A  - r r  
P L A h T  A U X I L I A R Y  POWER - MW 
l N S T a L L t O  P E A K I N G  

C A P A C I T Y  - tJW 

N O T E S :  1. Mt3TU/ t iW = M I L L I O N  M T I J / H ~  
2. C O h O E N S E h  S U H F A C E  = T O T A L  H t A T  T U A N 5 F E H  S U R F A C k  
3. T O U E H  S U H F A C t  = H A n t - T U H t  S U H F A C E  O F  F I N N t D - T U H t  H E A T  ~ X C H A N G E R  



DRY 
TOwtR 

I T D  
F  ----- 
L  0  

3 u  

40 

5 0  

6 U  

60 

7 0 

70 

8 0 

8 0 

9 0 

1 0 0  

100 

WET-PEAKINb 
TOWtR 

RANGE APPR 
F F  ----- ---- 

MtCHAIvICAL DRAFT ORY/WET-PEAKING COOLING TOYER SYSTEM ECONOMIC O P T I M I Z A T I O N  AN0 EVALUATION 
ANNUAL TURRINE OPEUATING PROFILE 

uaP ----- 
Y L .  I 

92.2 

9 L .  4 

'92. 3 

92.5 

92.5 

YL .5  

92.  I 

92.5 

Y L .  I 

Y&. I 

92.1 

Y L . 8  

OPEHATING BACK PRESSURE (ORP)  - P S I A  
vs. 

HOIJHS PRESSURE I S  EQUALI € 0  OR EXCEEDED 



UHY TWH ITO-F 
WET TWH HNG-F 
WET TWR APP-F ------------- 
A M ~ )  nRs TEMP 
DRY- EOUALLtU 
BULB OR 
TtMP EXCEEOtD 

F HH5 ---- -------- 

MECHANICAL DHAFT DHY/WET-PEAKING COOLING TOWER SYSTEM ECONOMIC O P T I M I Z A l  
ANNUAL PLANT GENERATING PROFILE 

LU.0 
22.0 
21.0 ----------- 

GROSS N t T  
7-b PLANT 
OUT- UUT- 
PUT POT 
MWE MWE ----- ----- 

60.41 37.67 
b7.20 44.87 
61.20 45.20 
67.20 4 6 - 9 0  
69.53 49.76 
69.55 5 4 - 6 4  
69.55 56.26 
69.55 5 6 - 9 5  
69.53 57.30 
69.55 5 7 - 4 9  
69.35 57.61 
69.53 5 1 - 6 8  
69.53 57.73 
69.55 57.77 
69.55 5 7 - 7 9  
69.55 57.81 
69.55 5 7 - 8 2  
69.52 57.83 
69.53 57.84 
69.53 51.85 
69.55 57.85 
69.55 57.66 
69.53 57.86 

30.0 
22.0 
21.0 ----------- 

bROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWt MWE ----- ----- 

60.37 40.21 
6 6 - 2 6  46.10 
67.20 41.71 
b7.20 47.85 
67.20 48.Hb 
61.06 49.73 
69.55 32.39 
69.>5 55.01 
69.55 56.18 
69.55 56.79 
69.35 57.14 
69.55 57.35 
69.55 51.49 
b9.33 51.58 
6 9 - 5 5  5 7 - 6 5  
69.35 51.70 
69.33 57.73 
59.33 5 1 - 7 6  
hY.55 51.78 
69.53 57.80 
69.55 57.H1 
bY.53 57.82 
69.35 37.83 

40.0 
23.0 
20.0 ----------- 

GROSS NET 
T-G PLANT 
dUT- OUT- 
r'UT PUT 
MWE MWE ----- ----- 

60.29 41.47 
64.87 46.05 
67.20 48.84 
67.20 49.18 
61.20 49.26 
6 1 - 2 3  49.28 
67.20 50.28 
67.10 51.19 
69.55 53.73 
69.55 55.37 
613.55 56.24 
69.55 56.75 
69.55 57.06 
6 9 - 5 5  57.27 
69.55 57.41 
69.55 57.32 
69.55 57.39 
69.55 57.64 
69.55 57.69 
69.55 57.72 
69.35 57.74 
63.55 57.77 
69.55 57.78 

50.0 
23.0 
zn. o ----------- 

GGOSS NET 
1-13 PLANT 
OUT- OLJT- 
PUT PUT 
MWE MUE ----- ----- 

60.21 45.27 
bh.10 47.77 
67.20 49.41 
67.20 4 9 - 7 2  
67.20 49.82 
67.20 49.86 
67.20 4 9 - 8 8  
67.20 51.00 
67.20 51.30 
67.14 52.08 
69.55 54.55 
b9.55 55.66 
69.55 56.33 
69.55 56.75 
69.55 57.03 
69.55 51.23 
69.53 57.36 
69.55 57.47 
69.55 57.54 
69.55 57.60 
69.55 57.65 
69.55 57.68 
69.55 57.71 

60.0 
23.0 
20.0 ----------- 

GROSS NFT 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWE VWE ----- ----- 

60.21 45.27 
65.20 47.46 
67.20 49.75 
67.20 50.18 
67.20 50.35 
61.20 50.42 
67.20 50.45 
67.20 50.47 
67.20 50.79 
67.20 51.60 
67.20 52.06 
66.95 52.48 
69.37 54.90 
69.55 55.84 
69.55 56.39 
69.55 56.75 
69.55 57.00 
69.55 57.19 
69.55 57.32 
69.55 57.41 
69.55 57.50 
69.55 57.56 
69.55 57.61 

70.0 
23.0 
20.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWF MWE ----- ----- 

60.71 45.27 
6 4 - 6 6  47.32 
67.20 49.YU 
67.20 50.45 
67.20 50.61 
67.20 50.78 
67.?0 50.83 
67.?0 50.85 
67.20 50.87 
67.?0 50.87 
67.70 51.99 
67.20 52.00 
67.20 52.60 
66.96 52.89 
69.33 55.26 
69.55 56.05 
69.55 56.48 
69.55 56.79 
69.55 57.01 
69.55 57.1H 
69.55 57.31) 
69.55 57.40 
69.55 57.48 

' I O N  AN0 EVALUATION 

80.0 
24.0 
19.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWE MJE ----- ----- 

60.21 45.32 
64.24 47.24 
66.74 49.75 
67.19 50.69 
67.20 50.98 
67.20 51.12 
67.20 51.19 
67.20 51.23 
67.20 51.25 
67.20 51.26 
67.20 51.27 
67.20 52.34 
67.20 52.35 
67.20 52.55 
67.20 52.98 
66.97 5 3 - 2 1  
6 9 - 2 8  55.51 
69.55 5 6 - 2 2  
69.55 56.57 
69.55 56.84 
69.55 51.03 
69.55 57.1H 
69.52 57.30 

90.0 
25.0 
18.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWE MWF ----- ----- 

60.12 45.27 
63.85 47.13 
66.26 49.55 
67.17 50.R4 
67.20 51.71 
67.20 51.38 
67.20 51.47 
67.20 51.52 
67.20 51.55 
67.20 51.57 
67.20 51.58 
6 7 - 2 0  51.59 
67.20 51.59 
67.20 52.62 
b7.20 52.63 
67.20 52.90 
67.20 53.32 
66.99 53.46 
6 9 - 2 3  55.69 
69.55 5 6 - 3 6  
69.55 56.66 
h9.55 56.R8 
69.55 57.n> 

100.0 
25.0 
18.0 ----------- 

GROSS NET 
T-G PLANT 
OIJT- OUT- 
PUT PUT 
MWE MWE ----- ----- 

60.12 45.27 
61.12 46.27 
65.86 49.33 
67.16 50.89 
67.20 51.30 
67.20 51.51 
67.20 51.61 
67.20 51.68 
67.20 51.72 
67.20 51.74 



MECHANICAL DRAFT DRY/ 

THE FOLLOWING RESULTS At+€ THE SAME A5 ON 

DRY TYH 110-F  
WET TUH RNG-F 
WET TWR APP-F ------------- 
AMU H H S  TCMP 
OHY- EQUALLED 
UULEJ OR 
TEMP EXCEEDCO 

F HRS ---- -------- 
102 2 
9 7 2 H 
9 2 117 
8 7 297 
82 5 4 4  
77  817 
72  1128  
67 1481 
b 2  1904 
57 2417 
5 2  3043 
47 3717 
4 2  4376  
37 4991 
32  5537 
27 5 9 2 9  
22  6217  
17 6 3 8 4  
12 6 4 5 9  

7 6 4 8 6  
2 6497 

-3  6500  
-6  6501 

20.0 
22.0 
21.0 ----------- 

GROSS NET 
T-G PLfiNT 
OUT- OUT- 
PUT PUT 
MWE MWE ----- ----- 

60.41 3 1 - 6 7  
b7.20 4 4 - 8 1  
67.20 45.20 
67.20 4 6 - 9 0  
69.55 4 9 - 1 6  
69.55 54.64 
69.55 5 6 - 2 6  
69.55 56.95 
69.55 57.30 
6 9 - 5 5  5 7 - 4 9  
69.55 57.61 
69.55 51.68 
69.55 57.73 
69.55 57.77 
69.55 57.79 
6 9 - 5 5  57.81 
6 9 - 5 5  5 7 - 8 2  
bL.55 51.83 
69.55 57.64 
69.53 57.85 
69.55 57.85 
69.55 57.86 
69.55 57.6b 

30.0 
22.0 
21.0 ----------- 

GROSS N t T  
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWC MWE ----- ----- 

60.37 40.21 
66.26 46.10 
67.20 47.71 
67.LU 47.85 
6 7 . ~ 0  4 8 - 8 6  
61.06 49.73 
6 9 - 5 5  32.39 
69.35 55.01 
bY.55 55.18 
69.55 56.79 
59.55 37.14 
69.55 57.35 
69.55 57.49 
6 9 - 5 5  51.58 
69.55 37.65 
69.55 5 7 - 1 0  
69.35 57.73 
69.55 5 7 . l b  
69.55 57.78 
bL.55 57.80 
69.55 57.81 
69.>5 57.82 
69.55 57.83 

'WET-PEAKING COOLING TOWER SYSTEM ECONOMIC OPTIMIZAT 
ANNUAL PLANT GENERATING PROFILE 

PREVIOUS PRINTOUT5 tXCEPT FON THE FOLLOWING I T D ( 5 ) :  

40.0 
23.0 
20.0 ----------- 

GaOSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MJC MWE ----- ----- 

60.d9 41.47 
64.87 46.05 
67.20 48.84 
67.20 49.18 
67.20 49.26 
67.20 49.28 
67.20 50.28 
67.10 51.19 
69.55 53.73 
69.55 55.37 
69.55 56.24 
69.55 56.75 
69.55 57.06 
69.55 57.27 
69.55 57.41 
6 9 - 5 5  57.57 
69.55 57.59 
69.55 57.64 
69.55 57.69 
69.55 57.72 
6 9 - 5 5  57.74 
69.55 57.77 
69.55 57.78 

50.0 
23.0 
20.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MlJE MWE ----- ----- 

60.21 45.27 
66.10 47.77 
67.20 49.41 
67.20 49.72 
67.20 49.82 
67.20 4 9 - 8 6  
67.20 45.88 
67.20 51.00 
67.20 51.30 
67.14 52.08 
b9.55 54.55 
69.55 55.66 
69.55 56.33 
69.55 56.75 
69.55 57.03 
69.55 51.23 
b9.55 57.36 
69.55 57.47 
69.55 57.54 
6y.55 51.bO 
69.55 57.65 
69.55 57.68 
69.55 57.11 

60.0 
24.0 
19.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MlJE MUF: ----- ----- 

60.21 45.32 
65.25 47.55 
67.20 49.84 
67.20 50.28 
67.20 50 .44  
67.20 50.52 
67.20 30.55 
67.20 50.56 
67.20 50.87 
67 .20  51.65 
67.20 52.09 
66.95 52.4P 
69.37 54.90 
69.55 55.84 
6'4.55 56.39 
6 9 - 5 5  56.75 
6 9 - 5 5  57.00 
69.55 57.19 
69.55 57.32 
69.55 57.42 
69.55 51.50 
69 .55  57.5h 
69 .55  57.61 

70.0 
25.0 
18.0 ----------- 

GROSS N t T  
T-C- PLANT 
OUT- OUT- 
PUT PUT 
MU€ MWE ----- ----- 

60.12 45.27 
64.70 47.43 
67.20 50.02 
6 7 - 2 0  50.63 
67.20 50.86 
67.?0 50.96 
67.70 51.01 
67.20 51.03 
6 7 - 7 0  51.05 
67.?0 51.05 
67.20 52.08 
67.20 52.09 
67.70 52.64 
66.96 52.89 
69.33 55.26 
69.55 5 6 - 0 5  
69.55 56.48 
69.55 56.13 
69.55 57.01 
6 9 - 5 5  5 7 - 1 8  
69.55 57.30 
69.55 57.40 
69.55 57.46 

' I O N  AND EVALUATION 

80.0 
25.0 
18.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MWE MWE ----- ----- 

60.12 45.27 
64.28 47.33 
66.713 49.82 
67.19 50 .78  
67.20 51.07 
67.20 51.21 
67.20 51.28 
67.2U 51.31 
67.20 51.33 
67.20 51.35 
67.20 51.35 
67.20 52.38 
67.20 52.39 
67.20 52.59 
67.20 53.02 
66.91 53.21 
b9.28 55.51 
69.55 5b.22 
b9.53 56.57 
69.55 56.84 
69.55 5 7 - 0 3  
69.55 57.18 
69.55 57.30 

90.0 
25.0 
18.0 ----------- 

GROSS NET 
T-G PLANT 
OUT- OUT- 
PUT PUT 
MrJE MdF ----- ----- 

6(J.12 45.27 
63.85 47.13 
66.26 49.55 
67.17 5U.R4 
67.20 51.21 
67.20 51.38 
67.20 51.47 
67.20 51.52 
67.20 5 1 - 5 5  
67.20 51.57 
67 .20  51.S8 
67.20 51.59 
67.20 51.L.9 
67.20 52.62 
h7.20 52.63 
67.20 52.90 
67.20 53.32 
66.99 53.46 
69.23 55.69 
59.55 56.36 
69.55 56.66 
69.55 56.U8 
69.55 57.115 

100.0 
27.0 
16.0 ----------- 

GROSS NET 
T-G PLANT 
0111- OUT- 
P 9 T  POT 
MWE MUE ----- ----- 

60.04 q5.23 
61.03 46.23 
65.94 49.45 
67 .16  51.00 
67.20 51.44 
67.20 51.66 
67 .20  51.77 
67.20 51.83 
67.20 51.87 
67.20 51.90 
67 .20  51.91 
67.20 51.92 
67.20 51.93 
67.20 51 .93  
67.20 52.R8 
67.20 52 .89  
67.20 52.89 
67.20 53.28 
67.20 53.56 
66.94 53.60 
69 .19  55.H4 
69 .55  56.4H 
69 .55  56.73 



APPENDIX F 

SUMMARY OF ANALYSIS OF EVAPORATIVE 
COOLING SYSTEMS 



Geothermal Geothermal Makeup 
Conversion "Fuel" Cost Water Cost 

P r o c e s s  ~ 1 1 0 6  Btu ClKgal 

F l a s h  50 10 

Binary  50 

SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR BASIN 6 RANGE CLIMATE - 150 C (300 F) RESOURCE 

15% FCR 

Optimum Cooling Conversion P l a n t  Cooling System Geothermal Makeup T o t a l  Busbar Annual 
Tower Range/ C a p i t a l  + OM C a p i t a l  + OM "Fuel" + OM Water + OM Energy Cos t  Makeup 
Approach, OF mills1kWh millsIkWh mills/kWh millslkWh mills1kWh a c r e - f e e t  



SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR BASIN 6 RANGE CLIMATE - 182 C (360 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup 
Conversion "Fuel" Cost Water Cost 

Process  C / l o 6  Btu ~ I K g a l  

Optimum Cooling Conversion P l an t  Cooling System Geothermal Makeup To ta l  Busbar Annual 
Tower Range/ Cap i t a l  + OM Cap i t a l  + OM "Fuel" + OM Water + OM Energy Cost Makeup 
Approach, OF millslkwh millslkwh millslkwh millslkwh millslkwh acre-fee t  

Flash  50 10 

100 

250 

Binary 





SUMMARY OF ANUYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR HIGH MOUNTAIN CLIMATE - 150 C (300 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup 
Conversion "Fuel" Cost Water Cost 

Process  ~ 1 1 0 6  ~ t u  ~ I K g a l  

F l a sh  50 10 

100 

250 

Optimum Cooling Conversion P l a n t  Cooling System Geothermal Makeup T o t a l  Busbar 
Tower Rangel C a p i t a l  + OM Cap i t a l  + OM "Fuel" + OM Water + OM Energy Cost 
Approach, OF millslkWh millslkwh mi l l s lkwh millsIkWh millsIkWh 

Annual 
Makeup 

ac r e - f ee t  

Binary 



SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR HIGH MOUNTAIN CLIMATE - 182 C (360 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup Optimum Cooling Conversion P l a n t  Cooling System Geothermal Makeup To ta l  Busbar Annual 
Conversion "Fuel" Cost Water Cost Tower b angel Cap i t a l  + OM Cap i t a l  + OM "Fuel" + OM Water + OM Energy Cost Makeup 

Process  ~ h 0 6  Btu CIKgal Approach, OF rnillslkWh rnillslkWh millslkWh millsIkWh, mills/kWh ac re - f ee t  

Flash  SO 10 27.1120 13.9 2.9 16.4 0.2 33.4 2569 

Binary 



SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR HIGH MOUNTAIN CLIMATE - 246 C (475 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup Optimum Cooling Conversion P l a n t  Cooling System Geothermal Makeup T o t a l  Busbar Annual 
Conversion "Fuel" Cost Water Cost Tower Range1 C a p i t a l  + OM C a p i t a l  + OM " ~ u e l "  + OM Water + OM Energy Cost Makeup 

P r o c e s s  ~h06  Btu c k a l  Approach, OF millslkklh millslkklh mills/kWh mills/kWh mills1kWh a c r e - f e e t  

F l a s h  50 10 27.1120 12.2 2.3 11.5 0.2 26.2 1999 

Binary 



SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR HOT DESERT CLIMATE - 150 C (300 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup Optimum Cooling Conversion P l a n t  Cooling System Geothermal Makeup T o t a l  Busbar Annual 
Conveision "Fuel" Cost Water Cost Tower Range1 C a p i t a l  + OM C a p i t a l  + OM "Fuel" + OM Water + OM Energy Cost Makeup 

P r o c e s s  C / l o 6 ~ t u  ClKgal Approach, OF mills/kWh millsIkWh mills/kWh millslkklh mills1kWh a c r e - f e e t  

F l a s h  50 1 0  26.4112 16.7 3.8 24.9 0.4 45.8 3447 

Binary 



SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR HOT DESERT CLIMATE - 182 C (360 F) RESOURCE 

15% FCR 

Geothermal Geothermal Makeup Optimum Cooling Conversion Plant Cooling System Geothermal Makeup Total Busbar Annual 
Conversion "Fuel" Cost Water Cost Tower Rangel Capital + OM Capital + OM "Fuel" + OM Water + OM Energy Cost Makeup 
Process */lo6 Btu ~IKgal Approach, OF millslkWh millslkWh mills/kWh mills/kWh millslkWh acre-feet 

Flash 50 10 21.6112 14.1 3.3 16.6 0 .3 34.3 2773 

Binary 





G e o t h e r m a l  
C o n v e r s i o n  

P r o c e s s  

F l a s h  

Geo the rmal  Makeup 
"Fue l "  C o s t  Wate r  C o s t  

cho6 Btu  c / K g a l  

B i n a r y  

SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FnR PACIFIC NORTHWEST CLIMATE - 150 C (300  F)  RESOURCE 

15% FCR 

Optimum C o o l i n g  C o n v e r s i o n  P l a n t  C o o l i n g  Sys tem 
Tower Range l  C a p i t a l  + OM C a p i t a l  + OM 
Approach ,  OF mil ls1kWh mil ls lkWh 

27 .6118  16 .6  3 . 6  

27 .6118  16 .5  3.6 

29.6116 16 .5  3 .7  

G e o t h e r m a l  
"Fuel"  + OM 

m i l l s l k W h  

24 .7  

24 .7  

24 .6  

Makeup 
Wate r  + OM 
m i l l s l k W h  

0 . 3  

3.2 

7 . 9  

0 . 3  

3 . 1  

7 .9  

0 . 3  

2 .9  

7 . 3  

0 . 3  

2 .9  

7.3 

T o t a l  Busbar  
Energy  C o s t  

m i l l s l k W h  

Annua l  
Makeup 

a c r e - f e e t  

3094 

3094 

3083  

3 0 8 8  

3083 

3083  

2911 

2911  

2911 

2911 

2911 

2911 





Geothermal Geothermal Makeup 
Conversion "Fuel" Cost Water Cost 

P r o c e s s  c h 0 6  Btu c/Kgal 

F l a s h  50 10 

100 

250 

Binary 50 

SUMMARY OF ANALYSIS OF EVAPORATIVE COOLING SYSTEMS 
FOR PACIFIC NORTHWEST CLIMATE - 246 C ( 4 7 5  F) RESOURCE 

15% FCR 

Optimum Cooling Conversion P l a n t  Cool ing  System Geothermal Makeup T o t a l  Busbar Annual 
Tower ~ a n g e /  C a p i t a l  + OM C a p i t a l  + OM "Fuel" + OM Water + OM Energy Cos t  Makeup 
Approach, OF millslkWh mills/kWh mills/kWh mills/kWh millslkWh a c r e - f e e t  



APPENDIX G 

BUSBAR ENERGY PRODUCTION COST MULTIPLIERS 
FOR BINARY AND FLASH STEAM SYSTEMS WITH 

DRY/WET PEAKING COOLING TOWERS 



% Water 

3.75 
6 . 6 5  

10 .68  
15.69 
22.21 
29.65 
37.36 
44.46 
50.46 

% Water 

3.75 
6.65 

10.68 
15.69 
22.21 
29.65 
37.36 
44.46 
50.46 

Busbar  Energy P r o d u c t i o n  C o s t  M u l t i p l i e r s  f o r  B ina ry  Systems w i t h  
Dry/Wet Peak ing  Coo l ing  Towers f o r  Bas in  and Range S i t e  

300' F 
$ . l o  $1.00 $2.50 --- 

2.20 2.20 2.21 
2.04 2.05 2.06 
1.97 1.98 1.98 
1.95 1.96 1.98 
1 . 9 3  1.95 1 .99  
1.93 1.96 1.10 
1.92 1.96 2.01 
1.91 1 . 9 5  2.02 
1.90 1.95 2.02 

$. 10 

3.27 
3.13 
3.07 
3.07 
3.07 
3.08 
3.07 
3.08 
3.07 

300° F 
___ $1.00 -- $2.50 

3.27 3.27 
3 .13  3.14 
3.08 3.07 
3.08 3.10 
3.09 3.12 
3.11 3.15 
3.12 3.17 
3.12 3.18 
3.11 3.19 

$.50/106 Btu  

360' F 
$ . l o  $1.00 $2.50 --- 

1 . 4 8  1 .48  1.49 
1.32 1.32 1.33 
1.24 1.25 1.26 
1.20 1.22 1.24 
1.18 1 . 2 0  1 . 2 3  
1 . 1 7  1.19 1 .23  
1.15 1.18 1 .23  
1 . 1 4  1.18 1 .23  
1 .13  1.17 1.24 ' 

$1.00/10 6 B tu  

360' F 
$ . l o  $1.00 $2.50 

1.94 1.94 1.94 
1.78 1.79 1.80 
1 . 7 1  1 .72 1 .73  
1.68 1.70 1 . 7 1  
1.66 1 .68  1.71 
1.65 1.68 1 .72  
1.64 1.67 1.72 
1.63 1.67 1.73 
1.62 1.66 1 .73  

-- - 

475' F 
$ . l o  $1.00 $2.50 -- - 

1 .40  1 . 4 1  1 .41  
1.24 1.25 1.26 
1 . 1 7  1.18 1.19 
1 .13  1.14 1.16 
1.11 1 .12  1.15 
1.09 1.11 1 . 1 5  
1.08 1.11 1 . 1 5  
1.06 1.10 1.16 
1.05 1.09 1.16 

475' F 
$ . l o  $1.00 $2.50 --- 

1.85 1.85 1.86 
1.70 1.70 1 . 7 1  
1 .63  1.64 1 .65  
1.60 1 .61  1 .63  
1.58 1.59 1.62 
1.56 1.59 1 .63  
1.55 1 .58  1 .63  
1.54 1 . 5 8  1.63 
1.53 1.57 1 .63  

G-1 



A 

Busbar Energy Product ion  Cost M u l t i p l i e r s  f o r  F l a s h  S t e a m  Systems 
With DrylWet Peaking Cooling Towers f o r  Basin and Range S i t e  

6 
$ .50 /10  Btu 

300' F 360' F 475' F 
$ . i o  $1.00 $2.50 % Water $ . l o  $1.00 $2.50 % Water $ . l o  $1.00 $2.50 --- % Water 

2 .25  
3.74 
6.28 
9 .73  

14.24 
19.66 
25.65 
31.45 
36.56 

1 .93  1.94 1.94 
1.74 1.74 1.75 
1.65 1.66 1.67 
1.60 1.61 1.62 
1.56 1.57 1.60 
1.54 1.57 1.60 
1.53 1.55 1.60 
1.51 1.54 1.60 
1.49 1.53 1.60 

2.84 1 .43  1.44 1.44 3.66 
4 .73  1.29 1.29 1.30 6.08 
7.93 1.22 1 .23  1 .23  10.20 

12.30 1.78 1.19 1.20 15.81 
17.99 1.15 1.16 1.18 23.12 
24.84 1.14 1.16 1.18 31.93 
32.41 1 .13  1.15 1.18 41.66 
39.74 1.12 1.14 1.18 51 .08  
46.19 1.11 1.13 1.18 59.37 

6 
$1.00/10 Btu 

300' F 360' F 
% Water $ . l o  $1.00 $2.50 % Water $ . l o  $1.00 

2.25 2.65 2.65 2.65 
3.74 2.46 2.46 2.47 
6 .28  2.37 2.38 2.39 
9 . 7 3  2.33 2.34 2.35 

14.24 2.29 2.31 2.33 
19.66 2.28 2.30 2.33 
25.65 2.26 2.29 2.34 
31.45 2 .25  2.28 2.34 
36.56 2.23 2.27 2.34 

2.84 1.91 1.91 
4.73 1.77 1.77 
7.93 1.70 1 .71  

12.30 1.66 1.67 
17.99 1.64 1.65 
24.84 1.63 1.65 
32.41 1.62 1.64 
39.74 1.61 1 .63  
46.17 1.60 1 .63  

$2.50 

1.92 
1.78 
1.72 
1.68 
1.67 
1.67 
1.67 
1.67 
1.68 

% Water 

3.66 
6.08 

10.20 
15.81 
23.12 
31.93 
41.66 
51.08 
59 * 3 7  

1.12 1.12 1.13 
1.01 1.01 1.02 
0.96 0.96 0.97 
0.92 0.93 0.93 
0.90 0 .91  0.92 
0.90 0.90 0.92 
0 .88  0 .90  0.92 
0.87 0.89 0.92 
0.86 0.89 0.92 

475' F 
$ . l o  $1.00 -- 
1.46 1.46 
1 . 3 5  1.35 
1.30 1.30 
1.26 1.27 
1 . 2 4  1.25 
1.24 1.25 
1 .23  1.24 
1 .22  1.24 
1 .21  1.23 

$2.50 

1.46 
1.36 
1.31 
1 .28  
1.27 
1.27 
1.27 
1.27 
1.27 

G-2 



Busbar Energy Production Cost Multipliers for Binary Systems 
with Dry/Wet Peaking Cooling Towers €or High Mountain Site 

300' F 
% Water $ . l o  $1.00 $2.50 

-__ I -  

2.56 
3.46 
6 .23  

11.49 
18.41 
25.74 
33.47 
40.79 
47.09 

% Water 

2.56 
3.46 
6 .23  

11.49 
18.41 
25.74 
33.47 
40.79 
47.09 

2.20 2.21 2.21 
2.03 2.04 2.04 
1.97 1.98 1.98 
1.94 1.95 1.97 
1.93 1 .95  1.97 
1 .93  1.95 1 . 9 8  
1.92 1.95 2.00 
1.91 1.95 2.00 
1.91 1.95 2.02 

300' F 
$ . l o  $1.00 $2.50 _ _ - -  

3.27 3.27 3.27 
3.11 3.12 3.12 
3.07 3 .07  3.08 
3.06 3.07 3.08 
3.07 3.08 3.11 
3.07 3.10 3.13 
3.08 3.11 3.16 
3.07 3 .11  3.17 
3.07 3.11 3.18 

$.50/106 Btu 

360' F 
$ . l o  $1.00 $2.50 -- - 

1.48 1 .48  
1.32 1.32 
1.24 1.25 
1.20 1 .21  
1.18 1.20 
1.16 1.18 
1.15 1.18 
1.14 1 . 1 7  
1 .13 1.17 

6 $1.00/10 Btu 

1.49 
1.32 
1 .25  
1.23 
1.22 
1.22 
1.22 
1.23 
1.24 

360' F 
$ . l o  $1.00 $2.50 _ _ _ -  - 

1.94 1.94 1.95 
1.78 1.78 1.79 
1 . 7 1  1 .72 1.72 
1 . 6 8  1.69 1.70 
1.66 1.69 1.70 
1.65 1.67 1.71 
1.64 1.67 1.71 
1.63 1.66 1 . 7 2  
1 .63  1.66 1 .73  

475' F 
$.IO $1.00 $2.50 --- 

1 .39  1.40 
1 .23  1.24 
1.16 1.17 
1.13 1 .14  
1.11 1.12 
1.10 1 . 1 2  
1.09 1.11 
1 . 0 8  1.11 
1.07 1.11 

1.40 
1 .24  
1.17 
1.15 
1.14 
1.15 
1 .16  
1.16 
1.17 

$ . l o  

1.84 
1.69 
1.62 
1.59 
1.58 
1 .58  
1.57 
1.56 
1.55 

475' F 
$1.00 $2.50 -- 

1.84 1.85 
1.69 1 .69  
1 .63  1 .63  
1 .60  1 .61  
1.60 1.62 
1.59 1.62 
1 .60  1 . 6 4  
1.60 1.65 
1.59 1.65 

G-3 



Busbar Energy P r o d u c t i o n  Cos t  M u l t i p l i e r s  f o r  F l a s h  Steam Systems 
With Dry/Wet Peak ing  Coo l ing  Towers For  High Mountain S i t e  

$ .50/106 Btu 

300' F 360' F 
% Water $ . l o  $1.00 $2.50 % Water $ . l o  $1.00 $2.50 

1.88 
2.22 
3.45 
6.57 

11.44 
16.89 
22.75 
28.64 
33.91 

1.95 1.95 1.95 
1.75 1.75 1.76 
1.65 1.66 1.66 
1.60 1.60 1.61 
1.56 1.57 1.59 
1 .53  1.55 1.58 
1 .51  1.53 1.58 
1.49 1 .53  1 .58  
1 .48  1.52 1 .58  

2.38 1.45 1.45 1.45 
2.81 1.30 1.30 1 . 3 0  
4.37 1.22 1.22 1.23 
8.31 1.78 1.18 1.19 

14.47 1.15 1.16 1 . 1 7  
21.37 1 .13  1.14 1 . 1 7  
28.78 1.12 1 . 1 4  1.17 
36.23 1.11 1 .13  1.17 
42.90 1.10 1.12 1 . 1 7  

$1.00/10 6 Btu 

300' F 360' F 
% Water $ . l o  $1.00 $2.50 % Water $ . l o  $1.00 $2.50 

1.88 
2.22 
3.45 
6.57 

11.44 
16.89 
22.75 
28.64 
33.91 

2.65 2.65 2.65 
2.46 2.46 2.47 
2.37 2.37 2.38 
2.32 2.32 2.34 
2.28 2.29 2.32 
2.26 2.28 2.31 
2.24 2.26 2.30 
2.22 2.26 2.31 
2.21 2.25 2.31 

2.38 1.92 1.92 1.92 
2.81 1.77 1 .77  1 .78  
4.37 1.70 1.70 1 .71  
8 .31  1.66 1.66 1.67 

14.47 1 .63  1.64 1.66 
21.37 1.62 1 .63  1.65 
28.78 1.60 1.62 1.65 
36.23 1 , 5 9  1 .61  1.66 
42.90 1 . 5 8  1.61 1.66 

475' F 
% Water $ . l o  $1.00 

3.06 1.13 1.14 
3 . 6 1  1.02 1.02 
5 . 6 1  0.96 0.96 

10.68 0.92 0 .93  
18.60 0.90 0.91 
27.47 0.89 0.90 
36.99 0.87 0.89 
46.57 0.87 0 .88  
55.14 0.86 0 .88  

$2.50 

1.14 
1.02 
0.96 
0 . 9 3  
0.92 
0.91 
0.91 
0 . 9 1  
0 . 9 1  

475' F 
% Water $ . l o  $1.00 $2.50 

3.06 1.47 1 .47  1.47 
3.61 1.35 1.35 1.36 
5.61 1 .30  1.30 1.30 

10.68 1.26 1.27 1.27 
18.60 1.24 1.25 1.26 
27.47 1 . 2 3  1 .24  1.26 
36.99 1.22 1 .23  1.25 
46.57 1 .21  1.23 1.26 
55;.14 1.20 1.22 1.26 

G-4 



% Water 

12.70 
20.75 
29.93 
39.17 
47.51 
54.66 
60.45 
64.59 
68.76 

% Water 

12.70 
20.75 
29.93 
39.17 
47.51 
54.66 
60.45 
64 .59  
68.76 

Busbar Energy Product ion  Cost M u l t i p l i e r s  f o r  Binary Systems 
With Dry/Wet Peaking Cooling Towers For  Hot Desert S i t e  

$.  10 

2.29 
2.14 
2.08 
2.04 
2.01 
1 .98  
1.96 
1.94 
1 .93  

$. 10 - 

3.38 
3.26 
3.22 
3.19 
3.17 
3.14 
3.12 
3.10 
3.09 

300' F 
$1.00 $2.50 

2.30 2.23 
2.17 2.21 
2.11 2.17 
2.08 2.15 
2.06 2.14 
2.04 2.14 
2.02 2.13 
2.01 2.12 
2.00 2.11 

-~ 

300' F 
$1.00 

3.40 
3.29 
3.25 
3 .23  
3.22 
3.20 
3.18 
3.17 
3.15 

$2.50 

3.42 
3.33 
3.31 
3.30 
3.30 
3.30 
3.29 
3 . 2 8  
3.27 

$.50/106 Btu 

360' F 
$ . l o  $1.00 $2.50 

1.52 1 .53  1.55 
1.37 1.39 1.42 
1.30 1 .33  1.40 
1.26 1.29 1.35 
1 .23  1.27 1.35 
1.21 1.26 1.34 
1.18 1.24 1 .33  
1.17 1.23 1.33 
1.16 1.22 1.32 

_ _ -  - 

$1.00/10 6 Btu 

360' F 
$ . l o  $1.00 $2.50 

1.99 1.99 2.02 
1.85 1.87 1.90 
1.79 1.81 1.86 
1.75 1.79 1.81 
1.72 1.76 1.84 
1.70 1.75 1 .83  
1.67 1 .73  1 .82  
1 .66  1 . 7 2  1 . 8 2  
1 .64 1 . 7 1  1.81 

__-_I 

475' F 
$ . l o  $1.00 $2.50 

1.44 1 .45  1.46 
1.29 1.31 1.33 
1.22 1.24 1.28 
1.18 1 .21  1.27 
1.16 1.20 1.26 
1.13 1.18 1.26 
1.11 1 .16  1 .25  
1.09 1.15 1.25 
1.08 1.14 1.24 

- _ c _  - 

475' F 
$ . l o  $1.00 $2.50 _ _ -  - 

1.89 1 . 9 0  1.92 
1.75 1 . 7 7  1 .79 
1.69 1 . 7 1  1 .75 
1.66 1.69 1.74 
1.64 1.67 1.74 
1.62 1.65 1 .73  
1.59 1.64 1 .73  
1 . 5 7  1 . 6 3  1 . 7 2  
1 .56 1.62 1.71 
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Busbar Energy P r o d u c t i o n  Cos t  M u l t i p l i e r s  f o r  F l a s h  S t e a m  Systems 
With Wet/Dry Peak ing  Coo l ing  Towers For  Hot Desert S i t e  

$ .50/106 Btu 

4.29 2.00 2.01 2.02 
8.47 1 .79  1.80 1.82 

14.47 1.68 1.70 1 .73  
21.09 1.62 1.64 1.68 
28.02 1.58 1.61 1.67 
34.67 1.55 1.59 1.66 
40.35 1.52 1.57 1.65 
45.05 1.51 1.56 1.65 
48.68 1.49 1.55 1.64 

5 .34  
10.53 
17.99 
26.21 
34.82 
43.08 
50.14 
55.98 
60.49 

1.48 1 . 4 8  1.49 
1.32 1.33 1.34 
1.24 1.26 1.28 
1.20 1.22 1 .25  
1 . 1 7  1.20 1.24 
1.15 1.18 1.97 
1.13 1 .17  1.23 
1.13 1 . 1 7  1 .23  
1.11 1.16 1 .23  

$1.00/ 10' Btu 

4.29 
8.47 

14.47 
21.09 
28.02 
34.67 
40.35 
45.05 
48.68 

2.74 2.75 2.76 
2.53 2.54 2.56 
2.42 2.44 2.47 
2.36 2.38 2.42 
2.31 2.35 2.40 
2.28 2.32 2.39 
2.26 2.31 2.39 
2.24 2.29 2.38 
2.22 2.28 2.37 

5.34 1 .97  1.97 1.98 
10.53 1.81 1.82 1.83 
17.99 1 .74  1.75 1.77 
26.21 1.69 1.71 1 . 7 4  
34.82 1 .67  1.69 1 . 7 3  
43.08 1 . 6 5  1.68 1 .73  
50.14 1 .63  1.67 1 . 7 3  
55.98 1.62 1.66 1.72 
60.49 1.61 1.57 1.72 

475' F 
% Water $ . l o  $1.00 $2.50 

6 . 9 3  1.14 1.15 1.15 
13.68 1 .05  1 .03  1 - 0 4  
23.37 0.96 0 .97  0.99 
34.05 0 .93  0.94 0.97 
45.25 0 .91  0 .93  0.96 
55.97 0.90 0.92 0.96 
65.15 0 .88  0.91 0.96 
72.74 0.87 0.90 0.95 
75.78 0.87 0.90 0.95 

~~ 

% Water 

6 .93  
13.68 
23.37 
34.05 
45.25 
55.97 
65.15 
72.74 
75.78 

475' F 
$ . l o  $1.00 $2 .50  --- 
1.49 1.49 1.50 
1.37 1.37 1.38 
1.31 1 .32  1.33 
1.28 1.29 1.31 
1.26 1.28 1.31 
1.24 1.27 1.30 
1 .23  1.26 1 .30  
1.22 1.25 1.30 
1 .21  1.24 1.30 
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Busbar Energy Production Cost Multipliers for Binary Systems with 
Dry/Wet Peaking Cooling Towers for Pacific Northwest S i t e  

6 $.50/10 Btu 

% Water - $.lo 

4.18 
6.86 
10.69 
16.20 
23.65 
32.32 
40.86 
47.96 
53.71 

% Water 

4.18 
6.86 
10.69 
16.20 
23.65 
32.32 
40.86 
47.96 
53.71 

2.18 
2.02 
1.96 
1.94 
1.94 
1.94 
1.93 
1.92 
1.90 

$ .  10 - 

3.23 
3.09 
3.06 
3.06 
3.08 
3.10 
3.09 
3.08 
3.07 

300' F 
$1.00 $2.50 -- 

2.23 2.19 
2.03 2.04 
1.97 1.98 
1.96 1.98 
1.96 1.99 
1.97 2.01 
1.96 2.02 
1.96 2.02 
1.95 2.02 

300' F 
$1.00 $2.50 -- 

3.24 3.24 
3.10 3.11 
3.06 3.08 
3.07 3.10 
3.10 3.13 
3.12 3.17 
3.13 3.18 
3.12 3.19 
3.11 3.19 

360' F 
$.lo $1.00 $2.50 

1.46 1.46 1.47 
1.30 1.31 1.32 
1.23 1.24 1.25 
1.20 1.21 1.23 
1.18 1.20 1.23 
1.17 1.19 1.24 
1.15 1.19 1.24 
1.14 1.18 1.24 
1.13 1.17 1.17 

-- - 

$1.00/106 Btu 

475' F 
$.lo $1.00 $2.50 

1.38 1.39 1.40 
1.23 1.24 1.25 
1.16 1.17 1.18 
1.13 1.14 1.16 
1.11 1.13 1.16 
1.09 1.12 1.16 
1.08 1.11 1.16 
1.07 1.10 1.16 
1.05 1.10 1.16 

_ _ _ _ _  - 

360' F 475' F 
$.lo $1.00 $2.50 --- $.lo $1.00 $2.50 --- 

1.91 1.92 1.92 1.83 1.84 1.84 
1.76 1.77 1.78 1.68 1.69 1.70 
1.70 1.71 1.72 1.62 1.63 1.64 
1.68 1.69 1.71 1.59 1.60 1.62 
1.67 1.68 1.71 1.58 1.59 1.63 
1.65 1.68 1.73 1.57 1.59 1.63 
1.65 1.68 1.73 1.55 1.58 1.64 
1.63 1.67 1.73 1.54 1.58 1.64 
1.62 1.66 1.73 1.53 1.57 1.64 
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% Water 

2.04 
2.66 
4.18 
6.71 
10.54 
15.76 
22.15 
28.71 
34.32 

Busbar Energy Product ion  Cost  M u l t i p l i e r s  f o r  F l a s h  S t e a m  Systems 
With Dry/Wet Peaking Cooling Towers € o r  P a c i f i c  Northwest S i t e  

300' F 
$ . l o  $1.00 - _ _ _  

1.88 1.88 
' 1.71 1.71 
1.63 1.63 
1.58 1.58 
1.54 1.55 
1.52 1.53 
1.52 1.53 
1.50 1.53 
1.49 1.52 

$2.50 

1.89 
1.71 
1.64 
1.60 
1.57 
1.56 
1.57 
1.58 
1.58 

6 $.50/10 Btu 

2.57 
3.34 
5.26 
8.44 
13.24 
19.80 
27.83 
36.06 
43.11 

1.40 1.40 1.40 
1.27 1.27 1.27 
1.20 1.21 1.21 
1.17 1.17 1.18 
1.15 1.15 1.17 
1.13 .1.15 1.17 
1.13 1.14 1.17 
1.12 1.15 1.19 
1.12 1.14 1.19 

475O F 
% Water $ . l o  $1.00 $2.50 

3.30 1.10 1.10 1.10 
4.30 0.99 0.99 1.00 
6.76 0.94 0.94 0.95 
10.84 0.91 0.92 0.92 
17.02 0.89 0.90 0.91 
25.46 0.88 0.89 0.91 
35.78 0.88 0.89 0.91 
46.36 0.88 0.89 0.92 
55.42 0.87 0.89 0.92 

$1.00/106 Btu 

300° F 360' F 475O F 
% Water $ . l o  $1.00 $2.50 % Water $ . l o  $1.00 $2.50 % Water $.lo $1.00 $2.50 

2.04 2.59 2.59 2.60 2.57 
2.66 2.42 2.43 2.43 3.34 
4.18 2.35 2.35 2.36 5.26 
6.71 2.31 2.32 2.33 8.44 
10.54 2.28 2.29 2.31 13.24 
15.76 2.25 2.27 2.30 19.80 
22.15 2.24 2.27 2.30 27.83 
28.71 2.24 2.27 2.32 36.06 
34.32 2.23 2.26 2.33 43.11 

1.87 1.88 1.88 3.30 1.43 1.43 1.44 
1.75 1.75 1.75 4.30 1.33 1.33 1.34 
1.69 1.69 1.70 6.76 1.28 1.29 1.29 
1.66 1.66 1.67 10.84 1.26 1.26 1.27 
1.64 1.65 1.66 17.02 1.24 1.26 1.26 
1.63 1.64 1.66 25.46 1.23 1.24 1.26 
1.62 1.64 1.67 35.78 1.23 1.24 1.26 
1.62 1.65 1.69 46.36 1.23 1.24 1.27 
1.61 1.64 1.69 55.42 1.22 1.24 1.28 
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