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ABSTRACT 

The geothermal resources which could be used 
f o r  the  product ion o f  e l e c t r i c a l  power i n  the 
Uni ted States are loca ted  f o r  the most p a r t  i n  
the  semi-arid western regions o f  the country. 
The a v a i l a b i l i t y  o f  ground o r  surface water i n  
the  q u a n t i t y  o r  q u a l i t y  des i red f o r  a 
conventional "wet" heat r e j e c t i o n  system 
represents a b a r r i e r  t o  the  development o f  these 
resources w i t h  the  b inary  cyc le  technology. 
This paper inves t iga tes  some simple s t r a t e g i e s  
t o  minimize t h e  c o o l i n g  water usage o f  b inary  
power p lants .  The c o o l i n g  water usage i s  
reduced by inc reas ing  t h e  thermal e f f i c i e n c y  o f  
the  p lan t .  Three methods o f  accomplishing t h i s  
are considered here: increas ing the  average 
source temperature, by increas ing the g e o f l u i d  
o u t l e t  temperature; decreasing pinch po in ts  on 
the  heat r e j e c t i o n  heat exchangers, inc reas ing  
t h e i r  size; and us ing i n t e r n a l  recuperat ion 
w i t h i n  the cyc le .  I n  a d d i t i o n  t o  the impact on 
water usage, the  impact on c o s t - o f - e l e c t r j c i  t y  
i s  determined. The paper shows t h a t  some o f  
these s t r a t e g i e s  can reduce the coo l ing  water 
requirements 20 t o  30 % over t h a t  f o r  a p l a n t  
s i m i l a r  t o  the  Heber Binary.Power Plant ,  w i t h  a 
n e t  reduc t ion  i n  the  c o s t - o f - e l e c t r i c i t y  o f  
about 15%. 

INTRODUCTION 

I t  i s  recognized t h a t  geothermal resources, 
a t  best, represent  a f a i r l y  low-grade energy 
when compared t o  the  burn ing o f  a f o s s i l  f u e l .  
Maximum power cyc le  temperatures are on the  
order  o f  400 t o  475 K, whereas f o s s i l  energy 
provides temperatures i n  excess o f  800 K. The 
geothermal source, a1 though provided by nature, 
i s  genera l l y  expensive t o  produce. For these 
reasons, optimum systems used t o  conver t  t h i s  
geothermal energy t o  e l e c t r i c  power should 
u t i l i z e  as much o f  t h e  energy contained i n  a 
u n i t  mass of g e o f l u i d  as possible. More 
soph is t i ca ted  "value analyses" and "market 
penetrat ion '  s tud ies whi ch examined t h e  impact 
o f  improvements on the  c o s t  o f  power and o.n the 
f u t u r e  u t i l i z a t i o n  o f  geothermal-e lect r ic  power, 
con f i rm t h i s  fac t  (1,2). Therefore, the n e t  

g e o f l u i d  ef fect iveness,  t h e  amount o f  n e t  
e l e c t r i c a l  energy produced by the  power p l a n t  
per u n i t  mass o f  geof lu id ,  has been taken as the  
prime thermodynamic performance parameter i n  
most analyses. The "value analys is"  i s  a 
methodology f o r  examining the  r e l a t i v e  impact o f  
d i f f e r e n t  opt ions o r  systems on t h e  
c o s t - o f - e l e c t r i c i t y .  It i s  used i n  t h i s  work t o  
evaluate the  impact o f  the  d i f f e r e n t  s t r a t e g i e s  
t o  minimize coo l ing  water usage i n  b inary  
p lants .  

For moderate temperature hydrothermal 
res.ources, b inary  power p lan ts  are more 
e f f i c i e n t  than f l a s h  steam plants ,  and have been 
se lected as the type o f  p l a n t  t o  be s tud ied f o r  
the  c u r r e n t  inves t iga t ion .  P r i o r  t o  1980, a 
number o f  i n v e s t i g a t o r s  have shown t h i s  and have 
looked a t  d i f f e r e n t  f l u i d s  t o  use i n  the b inary  
c y c l e  f o r  optimum performance (3,4,5). More 
recent ly ,  Hughes and K h a l i f a  (6)  considered a 
number o f  working f l u i d s  f o r  a wide range o f  
resource temperatures f o r  wellhead u n i t s .  They 
p r i m a r i l y  considered pure f l u i d s ,  i n c l u d i n g  o n l y  
a few mixtures. A t  resource temperatures near 
those pred ic ted  f o r  t h e  Heber p lan t ,  Demuth 
(7,8) and Demuth and Kochan ( 9 )  performed 
stud ies o f  use o f  mix tures o f  the  saturated 
hydrocarbons (a1 kanes) and found t h a t  the  
mixtures gave improved performance over the  
corresponding pure f l u i d s .  Bliem (10) showed 
t h a t  t h e  same r e s u l t s  were t r u e  i f  halocarbon 
mixtures (Freons) were used. A l l  o f  these 
s tud ies perform a thermodynamic op t im iza t ion  o f  
the g e o f l u i d  ef fect iveness.  

The Heber Binary Power Plant  i s  a b inary,  
geothermal power p l a n t  which has made use o f  
many o f  these bas ic  ideas. I n  the Heber system, 
a working f l u i d  mix tu re  o f  isobutane and 
isopentane i s  heated a t  a pressure above the  
c r i t i c a l  pressure; most s tud ies have i n d i c a t e d  
t h a t  t h i s  i s  the  best mode o f  heat a d d i t i o n  f o r  
organic Rankine cyc les used i n  t h i s  
app l i ca t ion .  The p l a n t  may be considered'as a 
s ta te -o f - the-ar t  p l a n t  a t  t h i s  time. References 
(11) and (12) describe t h e  p l a n t  i n  g rea ter  
d e t a i  1. 

The geothermal resources which could be used 
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f o r  t h e  product ion o f  e l e c t r i c a l  power i n  the 
Uni ted States are  located f o r  the most p a r t  i n  
the  semi-arid western regions o f  the  country. 
The l a c k  o f  ground water i n  the  q u a n t i t y  o r  
q u a l i t y  des i red f o r  a conventional "wet" heat 
r e j e c t i o n  system i s  a b a r r i e r  t o  the  development 
o f  these resources w i t h  the b inary  geothermal 
cyc le  technology. Reducing the requirements f o r  
coo l ing  water makeup addresses these concerns. 
Reducing the  coo l ing  water requirements w i l l  
a l s o  reduce the cos t  associated the  the  disposal 
of t h e  waste produced generated i n  t r e a t i n g  the  
lower q u a l i t y  make-up water. The handl ing o f  
those wastes i s  l i k e l y  t o  become a s i g n i f i c a n t  
operat ing cos t  i n  the fu ture as p u b l i c  
environmental awareness and the  r e s u l t i n g  
cons t ra in ts  increase. Reducing the  c o o l i n g  
water requirements may a lso  be expected t o  
reduce the  p a r a s i t i c  power requirements 
associated w i t h  a p a r t i c u l a r  heat r e j e c t i o n  
system, increas ing the n e t  power production. 

- 

There are a number o f  s t ra teg ies  t o  minimize 
coo l ing  water usage i n  a given app l ica t ion .  
Design o f  the  heat r e j e c t i o n  system t o  p a r t i a l l y  
o r  t o t a l l y  r e l y  on d r y  coo l ing  i s  one method. 
This p o t e n t i a l l y  decreases the performance o f  a 
g iven system by r a i s i n g  the cyc le  heat r e j e c t i o n  
temperature. There may be ways t o  i n t e g r a t e  
c y c l e  operat ion and heat r e j e c t i o n  func t ions  t o  
opt imize performance. This i s  an area which the  
Department o f  Energy's Heat Cycle Research 
Program plans t o  study over the  next  few years. 

!I 

Heater 

One simple method o f  reducing heat r e j e c t i o n  
and, therefore,  coo l ing  water usage i s  t o  
increase the  cyc le  thermal e f f i c i e n c y .  Note 
t h a t  t h i s  i s  not the same as increas ing t h e  n e t  
g e o f l u i d  ef fect iveness.  The e f fec t i veness  
def ined above i s  the product o f  t h e  thermal 
e f f i c i e n c y  and the  change i n  enthalpy (energy 
removed from) o f  a u n i t  mass o f  g e o f l u i d  f l o w i n g  
through the  p lan t .  The e f fec t i veness  i s  
maximized by inc reas ing  the thermal e f f i c i e n c y  
o r  by removing more heat from each u n i t  mass of 
g e o f l u i d  f low ing  through the p lant .  The optimum 
i s  a t rade-o f f  o f  these q u a n t i t i e s  because the  
thermal e f f i c i e n c y  decreases as t h e  amount o f  
energy removed from the  geof 1 u i  d increases . 

Working 
c 

A number o f  cyc le  performance improvements 
have been studied, f i r s t ,  f o r  the Heber Advanced 
Binary P lan t  and l a t e r  by the  Heat Cycle 
Research Program. These improvements inc lude 
use o f  mix tures as working f l u i d s ;  i n t e g r a l ,  
countercurrent  phase change; supercr i  t i c a l  
heating; exhaust gas recuperat ion (7,8,9,10). 
This paper discusses the impact of these 
performance improvements on the reduc t ion  i n  
heat r e j e c t e d  from t h e  cyc le  and i t s  impact on 
the  cos t  o f  e l e c t r i c i t y .  A supercr i  t i c a l ,  
recuperated cyc le  us ing the  best working f l u i d  
mix tu re  gives approximately a 30% reduc t ion  i n  
heat r e j e c t i o n  (coo l ing  water usage) per  u n i t  
power produced than the  Heber Binary Plant. 
Th is  conf igura t ion  gives a decrease i n  the  c o s t  

o f  e l e c t r i c i t y  of about 10% compared t o  the  
He ber P1 an t  . 

The paper f i r s t  presents a b r i e f  d iscuss ion 
o f  the  conf igura t ions  o f  b inary  system i n c l u d i n g  
a simple Rankine cycle, a c y c l e  w i t h  working 
f l u i d  preheating us ing the  energy i n  the t u r b i n e  
exhaust recupera t ive ly  and use o f  energy i n  a 
tu rb ine  bleed conf igura t ion .  D i  f f e r e n t  
s t r a t e g i e s  are then discussed and r e s u l t s  are 
shown f o r  each s t ra tegy.  F i n a l l y ,  conclusions 
are reached concerning the most p r a c t i c a l  
approaches. 

This  work i s  supported by t h e  U. S. Depart- 
ment o f  Energy (DOE), Geothermal Technology D i v i -  
sion, under Contract No. DE-AC07-76ID01570. M r .  
Raymond LaSala i s  the  program manager a t  DOE 
Headquarters and Mr .  Kenneth J. Taylor  provides 
DOE management a t  t h e  Idaho Operations Of f i ce .  

BINARY GEOTHERMAL CYCLE DESCRIPTIONS 

The working f l u i d  i n  a b inary  geothermal 
e l e c t r i c  power p l a n t  undergoes the  processes o f  
a Rankine thermodynamic cycle. Figure 1, which 
i s  a schematic diagram o f  a simple Rankine 
cycle, i l l u s t r a t e s  these processes as w e l l  as 
the  major components of t h e  p lan t .  S t a r t i n g  a t  
the condensate storage tank, the  working f l u i d  
i s  pumped from t h e  condenser pressure t o  the  
heater pressure. Heat from the g e o f l u i d  i s  used 
t o  vaporize the  working f l u i d  i n  the heater  (a  
tubu la r  heat exchanger). This vapor iza t ion  can 
occur a t  supercr i  t i c a l  pressures ( w i t h o u t  
d i s c r e t e  phase change) as i n  the Heber p lan t ,  o r  
a t  a s u b c r i t i c a l  pressure where the  working 
f l u i d  i s  bo i led.  The working f l u i d  leav ing  the  
heater i s  superheated t o  the des i red t u r b i n e  
i n l e t  temperature. The working f l u i d  leav ing  
the heater f lows through the  turb ine,  producing 
work a t  the  t u r b i n e  s h a f t  t o  d r i v e  the  e l e c t r i c  
generator which i s  coupled t o  t h e  turb ine.  The 
t u r b i n e  exhaust i s  then condensed i n  the  
condenser ( a f t e r  being desuperheated, i f  

Turbine Geofluid -- 

4- 

Generator 

Condensate 

fluid 

1NEL.J-1781 

d pump 
Feed pump 

Figure 1. Simple Binary Geothermal Cycle 
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Demuth and Kochan (9)  have shown t h a t  i f  an 
exhaust gas recuperator  i s  used t o  preheat the  
working f l u i d ,  there  i s  p r a c t i c a l l y  no loss i n  
g e o f l u i d  e f fec t i veness  when compared w i t h  the  
case i n  which no c o n s t r a i n t  was app l ied  t o  t h e .  
g e o f l u i d  leav ing  the  p lan t .  (Th is  r e s u l t  was 
confirmed by Bl iem (10) f o r  halocarbon 
mixtures.) The use o f  tu rb ine  bleed was a l s o  
considered i n  Reference 9. 

necessary) by t r a n s f e r r i n g  heat t o  the  coo l ing  
water. Th is  heat i s  then r e j e c t e d  t o  
atmospheric a i r  us ing a wet coo l ing  tower, and 
the condensed working f l u i d  i s  re turned t o  the  
condensate storage tank t o  complete the  cycle. 

L i m i t a t i o n s  on the minimum temperature a t  
which g e o f l u i d  can be returned from the power 
p l a n t  have been imposed i n  c e r t a i n  s i tua t ions .  
With g e o f l u i d  a t  455 K (360 F), as i n  the Heber 
p lant ,  r e s t r i c t i n g  the  e x i t  g e o f l u i d  f l o w  t o  344 
K (160 F )  should keep the  g e o f l u i d  above the  
p o i n t  a t  which amorphous s i l i c a  p r e c i p i t a t e s  
from t h e  so lu t ion .  The Heber p lan t ,  a t  times, 
was under t h i s  type o f  cons t ra in t .  I n  many 
instances, there  i s  enough energy i n  the t u r b i n e  
exhaust a t  a h igh  enough temperature w i t h  which 
t o  preheat the  working f l u i d  going t o  t h e  
heater. Th is  type o f  recuperat ion i s  shown i n  
Figure 2. Another form o f  recuperat ion i s  shown 

. i n  F igure 3. Here, recuperat ion i s  performed by 
a d i r e c t  con tac t  heat exchanger (open feedwater 
heater)  i n  which f l u i d  b led  from the  tu rb ine  i s  
mixed w i t h  the  working f l u i d  t o  be preheated. 

Condenser 

Feed pump INEL-J.1785 

Figure 2. B inary Geothermal Cycle w i t h  
Turbine Exhaust Recuperative Preheating. 

Geofluid P pump Feed 

A 4  

tower 

Heater 

Condenser -- 

Cooling 
water 

Condensate 
storage 

INEL-J-1766 - Condenser pump 

Figure 3. B inary Geothermal Cycle w i t h  
Turbine Bleed Regenerative Preheating. 

STRATEGIES TO REDUCE COOLING WATER USAGE 

I f  coo l ing  water usage i s  t o  be e l iminated,  
d r y  coo l ing  must be used. This has been done i n  
geothermal power p lan ts  such as the p lan ts  a t  
Mammoth, C a l i f o r n i a  and Steamboat Springs, 
Nevada. I f  c o o l i n g  water i s  avai lab le,  b u t  i t  
i s  des i red t o  minimize i t s  usage, a number o f  
s t r a t e g i e s  may be fo l lowed 

As mentioned prev ious ly ,  the s implest  method 
o f  reducing c o o l i n g  water makeup i s  t o  improve 
t h e  thermal e f f i c i e n c y  o f  the p lan t .  It can be 
shown t h a t  the  amount o f  heat r e j e c t e d  by a 
system d iv ided by the n e t  work i s  equal t o  one 
l e s s  than the  rec ip roca l  o f  the  thermal 
e f f i c i e n c y  . Increas ing the p l a n t  thermal 
e f f i c i e n c y  from 15% t o  16% gives a reduc t ion  i n  
t h e  heat r e j e c t e d  per u n i t  work produced of 
6.25%. 

There are a number o f  ways t o  ‘ increase the 
p l a n t  thermal e f f i c i e n c y .  The f i r s t  method 
considered here i s  t o  increase t h e  average heat 
source temperature. Increas ing the  heat source 
temperature (geothermal f l u i d )  and decreasing 
t h e  heat s i n k  temperature w i l l  increase thermal 
e f f i c i e n c y .  The heat  source considered here i s  
a l i q u i d  source. To increase the  average heat 
source temperature, the o u t l e t  temperature o f  
the  g e o f l u i d  must be increased i f  the  i n l e t  
temperature i s  f i x e d .  I t  should be noted t h a t  
t h i s  may w e l l  decrease the n e t  g e o f l u i d  
e f fec t i veness  because i t  decreases the amount of 
heat removed from each u n i t  mass o f  geof lu id .  

A second method o f  increas ing t h e  thermal 
e f f i c i e n c y  i s  t o  decrease i n t e r n a l  thermodynamic 
i r r e v e r s i b i l i t i e s  w i t h i n  a cycle. Th is  can be 
done by the proper s e l e c t i o n  o f  working f l u i d s  
and operat ing parameters, as w e l l  as by 
decreasing t h e  minimum approach temperatures 
between f l u i d s  i n  heat exchangers (p inch 
po in ts ) .  This w i l l  increase the  s i z e  of heat 
exchangers and may poss ib ly  increase the  
c o s t - o f - e l e c t r i c i  t y  by increas ing the  p l a n t  
c a p i t a l  cost. Th is  e f f e c t  must be inves t iga ted  
f o r  p a r t i c u l a r  cases because the power produced 
w i l l  increase a lso.  

The t h i r d  method o f  increas ing t h e  thermal 
e f f i c i e n c y  invo lves  the  use o f  recuperat ive heat 
t r a n s f e r  w i t h i n  the  cyc le  t o  preheat working 
f l u i d .  The second and t h i r d  systems described 
i n  the previous sec t ion  (See Figures 2 and 3.) 
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are o f  t h i s  type. The Kal ina "System 12", which 
was recen t l y  introduced as a p o t e n t i a l  
geothermal power cyc le  uses recuperat ion also.  
It has p rev ious l y  been shown t h a t  t h i s  s t ra tegy  
improves the geo f lu id  ef fect iveness when 
g e o f l u i d  o u t l e t  temperatures are constrained 
because o f  problems w i t h  s i l i c a  deposi t ion.  The 
s t ra tegy  w i l l  a l so  decrease the coo l i ng  water 
makeup requirements as a " f r i n g e  benef i t " .  

I n  the next  section, these three s t ra teg ies  
o f  improving thermal e f f i c i e n c y  are examined f o r  
a l i q u i d  geothermal resource a t  360 F ( s i m i l a r  
the the  Heber resource). 

RESULTS AND CONCLUSIONS 

I n  order t o  quan t i f y  the performance gains 
by each o f  the s t ra teg ies  l i s t e d  above, one s e t  
o f  g e o f l u i d  and ambient condi t ions was 
analyzed. The parameters were chosen t o  
represent those condi t ions f o r  the Heber 
Plant.  The r e s u l t s  do not,  however, represent 
actua l  operat ional  condi t ions f o r  the p l a n t  
because o f  some simp1 i f y i n g  i d e a l i z a t i o n s  
described i n  previous work (8)  were assumed i n  
the analyses and are summarized below. The 
operat ing condi t ions used i n  the analys is  are: 

Geof lu id  resource--Liquid resource a t  455 K 
(360 F) 
Turbine i n l e t  pressure--4.14 MPa (600 ps ia )  
Heat reject ion--Wet bu lb temperature a t  
289 K (60 F) 

I n  addi t ion,  the fo l lowing "ground r u l e s "  

1. Heat exchangers were shell-and-tube. 
2. Geof lu id  pumping requirements ( a t  a given 
g e o f l u i d  f l o w  ra te )  were assumed the same 
f o r  a l l  cases and those p a r a s i t i c s  were n o t  
i n c l  uded . 
3. Component and p i p i n g  f r i c t i o n a l  pressure 
drops were neglected. 
4. Pump and tu rb ine  e f f i c i e n c i e s  were 
assumed t o  be 80 and 85%. For s i m p l i c i t y ,  
the e l e c t r i c a l  motor and generator 
e f f i c i e n c i e s  were taken t o  be 100%. 
5. Pinch points  (minimum approach 
temperature d i f ferences)  i n  the heaters were 
assumed t o  be 5.5 K (10 F). I n  the 
condensers, both 5.5 and 2.8 K (10 and 5 F) 
were used as explained below. 
6. Wet coo l i ng  towers were assumed which 
provided coo l i ng  water t o  the condenser a t  
294 K (70 F). The coo l i ng  tower p a r a s i t i c  
power was estimated by methods described i n  
Reference (8).  
7. Turbine expansions contained no l i q u i d .  
(Dry t u r b i n e  expansions). An a1 te rna te  
s t ra tegy  o f  expansion through the vapor dome 
i s  p resen t l y  being i nves t i ga ted  i n  the  Heat 
Cycle Research program. 

and s i m p l i f i c a t i o n s  were adopted: 

The Heber p lant ,  which was used as the  base 
case, used a mixture o f  90 mole percent 

isobutane and 10 mole percent isopentane. The 
condensation took place on the  s h e l l  s ide o f  
ho r i zon ta l  heat exchangers and was, therefore,  
d i  f f e r e n t i  a1 condensation and n o t  counter f  1 ow. 
( D i f f e r e n t i a l  condensation occurs when the  
l i q u i d  which condenses i s  separated from the 
remaining vapor. I n  order  t o  t o t a l l y  condense, 
the vapor must be cooled t o  the  condensation 
temperature o f  the l i g h t e r  component.) For the  
assumptions l i s t e d  above, t he  ne t  geo f lu id  
e f  f e c t i  veness f o r  t h i  s "reference" conf i gurat i on 
i s  17.04 W hr /kg (7.73 W hr/lbm) g e o f l u i d  (ne t  
p l a n t  power per  u n i t  g e o f l u i d  f l ow) .  The n e t  
p l a n t  power includes the t u r b i n e  power and the  
working f l u i d  pumping and accounts f o r  t he  
cool ing tower p a r a s i t i c  power requirements. 

References 8 and 9 i nves t i ga ted  t h i s  type o f  
system from a thermodynamic p o i n t  o f  view t o  
maximize the ne t  g e o f l u i d  ef fect iveness.  A 
working f l u i d  o f  96% isobutane and 4% heptane by 
mass was found t o  be optimum w i t h  no cons t ra in t s  
on the g e o f l u i d  o u t l e t  temperature. The 
resu l t s ,  summarized i n  Reference 13, show t h a t  
w i t h  the d ry  tu rb ine  expansion, t he  g e o f l u i d  
ef fect iveness i s  20.50 W hr /kg (9.30 W hr/lbm), 
a 20% increase. 

Table 1 shows the cases considered i n  the 
study. Case A i s  the case r e f e r r e d  t o  i n  the 
preceding paragraph. Cases B, C and D represent 
the f i r s t  s t ra tegy  o f  f o r c i n g  t h e  average 
geo f lu id  temperature t o  be h igher  by l i m i t i n g  
the minimum g e o f l u i d  temperature. Cases E, F 
and G are s i m i l a r ,  bu t  us ing  the t h i r d  s t ra tegy  
o f  an exhaust gas recuperator.  Cases a through 
g are s i m i l a r  cases w i t h  a p inch p o i n t  h a l f  t h a t  
i n  cases A through G ( t h e  second st ra tegy) .  

Thermodynamic analyses f o r  each case were 
made us ing the  assumptions mentioned above. The 
improvement i n  cool ing water usage was estimated 
from the change i n  heat re jec ted  per u n i t  ne t  

Table 1. D e f i n i t i o n  o f  Cases 

Case 

A 
B 
C 
D 
E 
F 
G 
a 
b 

d 
e 
f 
SI 

C 

Condenser 
Pinch P t .  

[FI 
10 
10 
10 
10 
10 
10 
10 
5 
5 
5 
5 
5 
5 
5 

Geof lu id  Recuperation 
O u t l e t  Temp. 
Constra in t  

No 
V I  
none 
160 No 
170 No 
180 No 
160 Yes 
170 Yes 
180 Yes 
none No 
160 No 
170 No 
180 No 
160 Yes 
170 
180 

Yes 
Yes 
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Strategy 3. Use o f  smaller p inch p o i n t s  i n  
the  condenser f o r  o ther  cond i t ions  f i x e d  
lower the coo l ing  water makeup requirement. 

work from t h e  ca lcu la t ion .  Table 2 i s  a summary 
of thermodynamic r e s u l t s .  

Each o f  these cases shows a s i g n i f i c a n t  
decrease i n  heat r e j e c t i o n  over t h e  Heber 
Plant. (The coo l ing  water makeup requirements 
are assumed t o  be propor t iona l  t o  the  heat 
re jected. )  This reduc t ion  i n  heat r e j e c t e d  
r e s u l t s  from the  increased thermal e f f i c i e n c y  
r e s u l t i n g  from us ing t h e  optimum mix tu re  f o r  a 
working f l u i d  and counter f low condensation. A 
number o f  trends are ev ident  from t h i s  data: 

Strategy 1. Rais ing the g e o f l u i d  o u t l e t  
temperature ( w i t h  a f i x e d  i n l e t  temperature) 
decreases the heat r e j e c t e d  and t h e  coo l ing  
water makeup f o r  the cases w i t h  o r  w i thout  
recuperat ive preheating o f  the  working 
f l u i d .  

Strategy 2. Recuperative preheat ing o f  the  
working f l u i d  f o r  a g iven g e o f l u i d  o u t l e t  
temperature and p inch p o i n t  decreases 
coo l ing  water makeup requirements. 

Case 

A 
B 
C 
D 
E 
F 
G 
a 
b 

d 
e 
f 
9 

C 

None of these r e s u l t s  i s  unexpected because each 
o f  these tends t o  increase the thermal 
e f f i c i e n c y  o f  the p lan t .  The quest ion o f  the  
cos t  effect iveness o f  each s t ra tegy  remains. A 
look a t  the change i n  c o s t - o f - e l e c t r i c i t y  i s  
necessary t o  complete the p ic tu re .  

The impact on c o s t - o f - e l e c t r i c i t y  was 
assessed us ing the  "value analys is"  concepts o f  
Reference 1. Here incremental changes i n  
c o s t - o f - e l e c t r i c i  ty  are estimated by consider ing 
changes i n  t h e  amount o f  power produced and i n  
c o s t  o f  c a p i t a l  equipment f o r  systems w i t h  the  
same g e o f l u i d  f l o w  (same f i e l d ) .  Because t h i s  
i s  an incremental analys is ,  the  f i e l d  costs  
( e i t h e r  as f u e l  costs  o r  as t h e  ac tua l  f i e l d  
cos t )  are the  same i n  both cases and do n o t  
e f f e c t  the answer. The o n l y  O&M c o s t  considered 
i s  the coo l ing  water makeup. Other O&M costs  
are assumed t o  cancel o u t  i n  t h e  d i f f e r e n c i n g  

. Table 2. Thermodynamic Results 

Geof lu id  Heat UA UA UA . UA Turbine 
F1 ow Rejected Heaters CondenserRecup. To ta l  Ex. Area 

0.831 0.833 0.893 1.035 0.000 0.969 1.050 
0.901 0.809 0.800 0.963 0.000 0.887 1.003 
0.939 0.801 0.802 0.931 0.000 0.871 0.993 
0.981 0.794 0.846 0.900 0.000 0.875 0.975 
0.823 0.725 0.885 1.046 0.080 1.014 1.049 
0.843 0.703 0.843 1.015 0.090 0.982 1.035 
0.866 0.681 0.808 0.982 0.100 0.954 1.016 
0.792 0.796 0.852 1.699 0.000 1.304 1.061 
0.870 0.778 0.763 1.571 0.000 1.194 1.025 
0.907 0.770 0.773 1.518 0.000 1.170 1.005 
0.950 0.765 0.786 1.467 0,000 1.149 0.992 
0.788 0.690 0.836 1.702 0.160 1.383 1.062 
0.808 0.669 0.798 1.651 0.178 1.348 1.047 
0.831 0.650 0.770 1.603 0.196 1.319 1.034 

Rat ios are r e l a t i v e  t o  the  Heber Binary P lan t  

Table 3. Percentage Change i n  C o s t - o f - E l e c t r i c i t y  

Case Power Cap Cos! Cbaage: fad cap Total 

Baleup neater COBP. Torb. pipias Stroct .  Cond. Decup. t o w  
Change Cs IF Torb. 6en. Cooliat Dcoe/coe 

A 
B 
C 
D 
B 
t 
C 

b 

d 
e 
f 
il 

a 

C 

-0.1688 
-0.0988 
-0.0610 
-0.0186 
-0.1768 
-0.1574 
-0.1344 
-0.2083 
-0.1299 
-0.0927 
-0.0499 
-0.2121 
-0.1921 
-0.163C 

0.000c 
-0.0018 
-0.0028 
-0,0037 
-0.0c20 
-0.0028 
-0.OC3T 
0.0001 
-0.0018 
-0.0027 
-0.0031 
-0.0020 
-0,0028 
-0.0036 

0.0023 0.0012 
-0.0038 -0.0036 
-0.0052 -0.0059 
-0.0051 -0.0083 
0.0021 0.0011 
0.0000 0.0001 
-0.0022 -0.0015 
0.0023 0.0011 
-0.0041 -0.0039 
-0.0051 -0.0061 
-0.0062 -0.OC85 

0.0018 0.0013. 
-0.000c -0.0002 
4.0023 -0.0018 

0.0052 
0.0021 
0.0012 
-0.0001 

0.0951 
0.0016 
0.0035 
0.0065 
0.0036 
0.0023 
o.oc10 
0.0061 
0.0051 
0.0048 

0.0018 
0.0008 
0.0005 

-0.0001 
0.0019 
0.0016 
0.0013 
0.0023 
0.0013 
0.0008 
0.  oco1 
0.0023 
0. 0020 
O.OOl1 

0,0036 
0.0021 
0.0013 
0. 0001 
0.0038 
0.0631 
0.0029 
0,0011 
0,0028 
0.0020 
0.0011 
0.0015 
0.0011 
0.0036 

0.0116 
0.0076 
0.0056 
0.0036 
0.0121 
0.0106 
0.0091 
0.0333 
0.0273 
0.0248 
0.0221 
0.0335 
0.0314 
0.0293 

0.0000 0.0001 
0.0000 -0.0029 
0.0000 -0.0044 
0.0000 -0.0660 
0.0032 -0.0031 
0.0136 -0.0015 
0.0010 -0.0059 
0.0000 0.0001 
0.0000 -0.0030 
0.0000 -0.0014 
0.0000 -0 .DO59 
0.0064 -0.0031 
0.0011 -0.0041 
0.0018 -0.0058 

0.0026 -0.1403 
0.0003 -0.0978 

-0.0007 -0.0713 
-0.0015 -0.0395 
0.0021 -0.1488 
O.OC20 -0.1388 
0.0011 -0.1259 
0.0050 -0.1531 
0.0021 -0.1052 
0.0015 -0.0797 
0.0001 -0.0493 
0.0051 -0.1554 
0.0016 -0.1450 
0.0038 -0.1315 

Base Case: Beber Binary Plant 
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procedure. The d e t a i l s  o f  the a n a l y t i c a l  method 
are given i n  Reference 1. Frac t iona l  e f f e c t s  on 
c o s t - o f - e l e c t r i c i t y  are assessed i n  terms o f  
data from a number i f  independent sources as are 
the  e f f e c t  on the  c o s t - o f - e l e c t r i c i t y  o f  the  
fue l ,  c a p i t a l  and O&M costs. Table 3 i s  a 
summary of the components o f  the  
c o s t - o f - e l e c t r i c i  t y  incremental change. The 
reference i n  each case i s  t h e  Heber Plant. 

Some general conclusions can be made about 

1. It i s  genera l l y  n o t  cos t  e f f e c t i v e  t o  
l i m i t  the  g e o f l u i d  o u t l e t  temperature i f  i t  
i s  no t  otherwise constrained. 
2. Use o f  a recuperator  i s  c o s t  e f f e c t i v e  
when used along w i t h  the  r e s t r i c t i o n  on 
g e o f l u i d  o u t l e t  temperature. 
3. The optimum pinch p o i n t  i s  probably 
between 2.8 and 5.5 K. Some conf igura t ions  
are more c o s t - e f f e c t i v e  w i t h  one p inch p o i n t  
and some w i t h  the other. 

the c o s t - o f - e l e c t r i c i t y :  

P u t t i n g  the r e s u l t s  together, F igure 4 shows 
each case w i t h  the decrease i n  
c o s t - o f - e l e c t r i c i t y  on one a x i s  and the  decrease 
i n  coo l ing  water makeup on the  o ther  ax is .  I n  
genera 1 : 

Strategy 1. The increas ing  o f  the g e o f l u i d  
o u t l e t  temperature g ives a small decrease i n  
coo l ing  water makeup requirements bu t  an 
increase i n  cos t  o f  e l e c t r i c i t y .  (Cases B y  
C and D compared t o  case A.) This  w i l l  n o t  
be cos t  e f f e c t i v e .  

St rategy 2. The use o f  a recuperator  along 
w i t h  l i m i t i n g  the  geof lu id  o u t l e t  
temperature gives a subs tan t ia l  decrease i n  
coo l ing  water makeup w i t h  a small decrease 
i n  the c o s t - o f - e l e c t r i c i t y .  (Cases E, F and 
G compared w i t h  case A.) 

St ra tegy 3. Decreasing the  p inch p o i n t  i n  
the  condenser gave an increase i n  
c o s t - o f - e l e c t r i c i t y  as w e l l  as a decrease i n  
coo l ing  water makeup. The choice o f  5.5 K 

c 
I 

0 :: 5 20 
0 
CI 

0 

5 
i o  

Baseline: Heber Binmy Plant 
Letters refer to Cases described in Table 1 
Condenser Pinch Point 
m 5.5 K 
o 2.8 K 

' E  

o c  o b  O d  
o a  

8 C  8 B  
8 D  

(10 F) condenser p inch po in ts  i s  too  l a r g e  
and an optimum i s  lower than t h i s  value. 

SUMMARY CONCLUSIONS 

I n  summary: 

1. Opt imiz ing the  performance o f  t h e  b i n a r y  
c y c l e  w i t h  respect  t o  g e o f l u i d  e f fec t i veness  
r e s u l t s  i n  h igh  cyc le  thermal e f f i c i e n c y  and 
reduced heat r e j e c t i o n  requirements ( c o o l i n g  
water makeup), except where the  e n t i r e  ga in  
i s  t o  lower t h e  g e o f l u i d  o u t l e t  
temperature. Note t h a t  a l l  o f  these systems 
have heat r e j e c t i o n  requirements a t  l e a s t  
15% l e s s  than t h a t  f o r  the  Heber Plant. 

2. O f  the  s t r a t e g i e s  considered, the use o f  
recuperators gave t h e  most s i g n i f i c a n t  
reduc t ion  i n  heat r e j e c t i o n  requirements and 
d i d  n o t  adversely impact t h e  
c o s t - o f - e l e c t r i c i t y .  For the  cases se lected 
there  was a 40% reduc t ion  ( r e f e r r e d  t o  t h e  
Heber p l a n t )  i n  makeup water, cont rasted 
w i t h  a 20% reduc t ion  f o r  the standard 
s u p e r c r i t i c a l  cyc le  w i thout  recuperation. 
There was no apprec iab le reduct ion i n  
c o s t - o f - e l e c t r i c i t y  when the recuperator was 
added. 

3. U t i l i z a t i o n  o f  the advanced p l a n t  
concepts and recuperat ion f iould be expected 
t o  reduce heat  r e j e c t i o n  requirements f o r  
the  reference "Heber-type" p l a n t  by 
approximately 30%. 
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