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LEGAL NOTICE 
This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the Depart- 
ment of Energy, nor any of their employees, nor any of their con- 
tractors, subcontractors, or their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, appa- 
ratus, product or process disclosed, or represents that its use would 
not infringe privately owned rights. 
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ABSTRACT 

The a p p l i c a t i o n  o f  the floating cooling concept 
t o  evaporat ive heat r e j e c t i o n  systems i s  s tud ied 
as a method o f  improving the  performance of  geo- 
thermal powerplants operat ing upon medium temp- 
e ra tu re  hydrothermal resources. The LBL thermo- 
dynamic process computer code GEOTHM i s  used i n  
the case study o f  a 50 HWe isobutane b inary  
cyc le  power p lan t  a t  Heber, C a l i f o r n i a .  It i s  
shown t h a t  operat ing a f i x e d  capaci ty  p l a n t  i n  
the f l o a t i n g  coo l ing  mode can generate s i g n i -  
f i c a n t l y  more e l e c t r i c a l  energy a t  a h igher  
thermodynamic e f f i c i e n c y  and reduced bus bar 
cost  f o r  approximately the same c a p i t a l  invest -  
ment. F loa t ing  coo l ing  i s  a l s o  shown t o  minimize 
the adverse in f luence on p l a n t  performance due t o  
a d e c l i n i n g  resource temperature. 

INTRODUCTION 

The development o f  medium temperature hydro- 
thermal resources f o r  the product ion o f  e lec-  
t r i c a l  energy has no t  proceeded a t  the pace hoped 
f o r  by the geothermal comrmnity. Th is  predica- 
ment i s  c e r t a i n l y  in f luenced by t h e  lower thermo- 
dynamic e f f i c i e n c y  inherent i n  these resources 
and the associated h igher  costs  o f  the thermal- 
mechanical energy conversion. This  paper w i l l  
show t h a t  app l i ca t ion  o f  the  flouting cooling 
concept t o  evaporative heat rejection systems can 
s i g n i f i c a n t l y  increase the energy a v a i l a b l e  f r o m  
medium temperature hydrothermal resources. A 
b inary  cyc le  power p l a n t  u t i l i z i n g  the f l o a t i n g  
coo l ing  heat r e j e c t i o n  method can generate s i g -  
n i f i c G n t l y  more e l e c t r i c a l  energy a t  a higher.., 
thermodynamic e f f i c i e n c y  and reduced bus bar  cost  
than the same p l a n t  operat ing i n  the convent ia l  
f i x e d  condensing temperature mode, f o r  approxi; ' 
mately the  same c a p i t a l  investment. 

The floating coozing concept* as def ined i n  t h i s  
study r e f e r s  t o  the  of f -des ign operat ion of an 
a t m s p h e r i c  cooled geothermal power p l a n t  re- 
j e c t i n g  heat t o  a forced-draf t  wet coo l ing  tower. 
The coo l ing  system always operates a t  f u l l  capac- 
i t y  i n  response t o  a n a t u r a l l y  vary iny wet bu lb  

*This concept has recent ly  bean examined for lor 
temperature resources by INEL.' 

sink temperature. 
(i .e. the condensing temperature) i s  p e r i o d i c a l l y  
adjusted t o  generate the maximum a v a i l a b l e  ne t  
power provided by the v a r i a b l e  s i n k  temperature. 
The ne t  power output  o f  the  p lan t  w i l l  f l o a t  w i t h  
the d a i l y  and seasonal wet  bu lb  temperature f l u c -  
tuat ions.  A f i x e d  coo l ing  cyc le ,  on the other  
hand. operates a t  a constant condensing tempera- 
t u r e  and d e l i v e r s  constant ne t  power dur ing  the  
t ime o f  the year t h a t  the  design wet bu lb  temper- 
a tu re  i s  not exceeded. 

The t u r b i n e  back pressure 

The p r a c t i c a l  thermodynamic advantages of f l o a t -  
ing coo l ing  for medium temperature geothermal 
energy systems a r e  twdfo ld :  

( I )  F l o a t i n g  coo l ing  can s i g n i f i c a n t l y  
increase the  n e t  power product ion of 
p l a n t s  located i n  regions where the 
c l imato logy e x h i b i t s  la rge  d a i l y  and 
seasonal wet  bu lb  temperature v a r i -  
a t ions.  

(2) The percentage increase i n  n e t  power 
i s  greater  a t  lower resource temp- 
eratures.  F l o a t i n g  coo l ing  systems 
w i l l  counteract the adverse in f luence 
on p l a n t  performance due t o  a d e c l i n -  
i ng  resource temperature over t ime. 

Recent economic s tud ies2"  have shown t h a t  
medium and low temperature hydrothermal re-  
sources below 180°C favor  organic  f l u i d  b inary  
cyc les over f l a s h  steam systems. The thermo- 
dynamic p roper t ies  o f  these organic  f l u i d s  (much 
h igher  vapor pressures and lower s p e c i f i c  volumes 
than steam a t  s i m i l a r  condensing temperatures) 
a l low. turb ines t o  be constructed whose e f f i c i e n -  
c i e s  a r e  less s e n s i t i v e  to  the f l o a t i n g  coo l ing  
operat ing mode than are steam turbines. These 
organic  f l u i d  expanders can operate over the 
range of exhaust pressures experienced w i t h  
vary ing  w e t  bu lb  temperatures w i t h  minor v a r i -  
a t i o n s  i n  t u r b i n e  e f f i c i e n c y .  The design and 
cost  o f ' t h e s e  machines for a f l o a t i n g  coo l ing  
a p p l i c a t i o n  a r e  not r a d i c a l l y  d i f f e r e n t  from 
machines b u i l t  to  operate a t  a f i x e d  exhaust 
condi t ion.  

FLOATING COOLING IN THE I M P E R I A L  VALLEY-- A 
CASE STUDY -- ..- . . . .  

7he remainder of t h i s  repor t  i s  devoted t o  corn+ 



puter model l ing o f  the thermodynamic and cost 
benef i t s  der ived f o r  f l o a t i n g  coo l ing  when 
appl ied t o  comnerical-size geothermal isobutane, 
b inary  cyc le  power p lan ts  located a t  Heber, Ca. 
The resource and s ink  cha rac te r i s t i cs  o f  the 
Heber s i t e  a re  t y p i c a l  o f  a number o f  medium 
temperature hydrothermal resources i n  C a l i f o r n i a ' s  
Imperial Val ley. F loa t i ng  coo l ing  i s  p a r t i c u l a r l y  
su i ted  t o  e x p l o i t  the source and s ink  cond i t ions  
c h a r a c t e r i s t i c  o f  the Heber s i t e  f o r  the fo l l ow ing  
reasons: 

The loca l  desert  c l imate  e x h i b l t s  h igh  
maximum annual wet bu lb  temperatures over 
r e l a t i v e l y  few degree days and la rge  d a i l y  
and seasonal wet bulb temperature var ia -  
t ions .  

The temperature o f  t h i s  resource (I8O0C) 
Is best matched w i t h  an organic f l u i d  
binary cyc le  power plant. '  

As the reservoi  r i s  developed t o  a' f u l l -  
generating capaci ty o f  say 200 We, the 
resource temperature i s  p red ic ted  t o  
dec l ine  about-30°F over '25  years making 
the f l o a t i n g  coo l ing  b inary  cyc le  even 
more appropr iate.  

A FLOATING COOLING COMPUTER MODELLING SCENARIO 
U S I N G  PROGRAM GEOTHM 

The computer model used i n  t h i s  study i s  the 
LBL-developed thermodynamic process computer 
code GEOTHM. 
a t i o n  capabi . l i ty  o f  the CEOTHM code i s  f i r s t  

. employed i n  the design o f  a m k ~ h f r ~  m r g y  cost 
50 HWe net  base load power p lan t .  This i s  a 
f i xed  1% wet bu lb  temperature design, i.e., 
the p lan t  w i l l  d e l i v e r  50 W e  constant ne t  power 
dur ing the 99% o f  the year tha t  the design wet 
bulb temperature i s  not exceeded. The program's 
o f f -des ign  op t im iza t i on  rou t ines  then simulate 
the operat ion o f  the f i x e d  capaci ty p lan t  i n  the 
f l o a t i n g  coo l ing  mode, dur ing  d a i l y  and seasonal 
wet bulb temperature va r ia t i ons ,  t o  &He 
power production throughout the year. 
f l o a t i n g  coo l ing  p lan t  w i l l  generate mope thcm 
50 We net power dur ing  99% o f  the  year. 
ing tha t  surplus f l o a t i n g  power can be so ld  a t  
the same r a t e  as the base load power, the cost 
o f  energy f o r  the  f l o a t i n g  coo l ing  p lan t  w i l l  be 
computed t o  include the revenues der ived from the 
surplus energy sales. 
both the f l o a t i n g  and f i x e d  operat ing modes are 
then compared. 

The unique s ing le -s tep  op t im iz -  

The 

Assum- 

The cost o f  energy for 

A) DESIGN AND OPTIMIZATION OF THE 50.HWe BASE 
LOAD PLANT 

The b inary  cyc le  power p lan t  modelled i n  t h i s  
s tudy ' i s  i l l u s t r a t e d  by the s i m p l i f i e d  schematic 
f low diagram, Figure 1 .  Br ine  downhole and re -  
i n j e c t i o n  pumps are  not shown, bu t  have been in -  
cluded i n  the model. I n  order t o  design and cost 
opt imize t h i s  system, the GEOTHM equipment and 
cost models requ i re  tha t  the user input reasonable 
equipment e f f i c i e n c y  and cost data app l i cab le  t o  
the p a r t i c u l a r  p lan t  t o  be modelled. The data f o r  
t h i s  paper was obtained from a comprehensive feas- 

i b i l i t y  study f o r  a f i xed  coo l ing  50 W e  isobutanc I 
b inary  cyc le  design a t  Heber performed by Ho l t /  
Procon f o r  E P R I . *  Equipmefit design data included 
tu rb ine  and pump e f f i c i e n c y  ra t ings ,  and heat ex- 
changer and condenser heat t rans fe r  c o e f f i c i e n t s .  
For Holt's assumed values of  the  s i x  system s t a t e  
parameters l i s t e d  i n  Figure I ,  GEOTHH v e r i f i e d  
H o l t ' s  base l ine  design, i.e., h i s  f l u i d  mass 
flows, component sizes, and p a r a s i t i c  power c a l -  
cu la t ions .  Scal ing fac to rs  b u i l t  i n t o  GEOTHM's 
component cos t i ng  rou t ines  were then adjusted so 
tha t  component costs computed by GEOTHW were norm- 
a l i z e d  t o  match H o l t ' s  vendor quotat ions.  The 
b r ine  cost ($/Btu) was normalized t o  H o l t ' s  f o r  
the same flow r a t e  and primary heat exchanger 
duty. D i rec t  and i n d i r e c t  cost f ac to rs  were sim- 
i l a r l y  scaled so tha t  t o t a l  p lan t  and f i e l d  cap- 
i t a l  cost ,  and cost o f  energy were i n  agreement. 
F l n a l l y ,  GEOTHM's non- l inear op t im iza t ion  rou t ines  
were used t o  design the p lan t  t o  produce 50 HWe 
net power a t  minimum cost o f  energy f o r  an 80°F 
1 %  wet bu lb  temperature. GEOTHM adjusted the s i x  
opt imizable cyc le  parameters t o  a r r i v e  a t  the 
minimum energy cost cyc le  i l l u s t r a t e d  on the T-Q 
p l o t  i n  Figure 2. Case 1 .  The GEOTHM optimized 
design i s  i n  exce l len t  agreement w i t h  H o l t ' s .  
Case 1 cyc le  design informat ion i s  sumnarized i n  
column 1 of Table 1 .  I t  i s  important t o  note 
tha t  H o l t ' s  50 MWe (net)  design d i d  no t  include 
the approximately 5 MWe o f  b r i ne  product ion and 
i n j e c t i o n  pumping power, whereas Case 1 does. 

L 

S y s t e m  stote porometers 

Geolhcrmal 
reinjcclbn 

well 

SIMPLE BINARY GEOTHERMAL POWER PLANT 
CYCLE 

,.,?..-s**m 

FIGURE I Simple geothermal b inary  cyc le  power 
p lan t  schematic. The s i x  system s t a t e  para- 
meters a re  optimized w i t h  program GEOTHM for a 
minlmum energy cost design ob jec t ive .  

B) OFF-DESIGN FLOATING COOLING MODELLING 

Once the p lan t  has been designed, 1.e. equipment 
s izes,  costs,.and f l u i d  mass f lows establ ished a t  
the GEOTHM minlmum energy cost design, the o f f -  
design op t im iza t lon  rou t ines  can be invoked t o  
opervlte the p lan t  i n  the f l o a t i n g  coo l ing  mode. 
In  a d d i t i o n  t o  f l x i n g  the b r ine  f low ra te ,  the  
GEOTHH f l o a t i n g  coo l ing  model assumes tha t  the  

2 
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FIGURE 2 T-Q plots illustrating the adjusted 
floating cooling power plant operating conditions 
so that plant can generate maximum net power at 
the stated wet bulb temperatures. Note partic- 
ularly the 10°C shifts in condensing and cooling 
water temperatures. 

following six conditions will remain constant 
throughout the year: ( 1 )  turbine inlet tempera- 
ture, (2) turbine inlet pressure, (3) heat ex- 
changer area, (4) condenser area, (5) cooling 
tower packing area and, (6) cooling water flow 
rate. Coupling the six constraints with-the six 
system state variables mathematically dictates a 
unique solution for the turbine back pressure at 
any given wet bulb temperature. The one-to-one 
relationship linking turbine back pressure with 
wet bulb temperature is plotted in Figure 3. The 
off-design turbine efficiency will vary with tur- 
bine back pressure according to the turbine per- 
formance model shown in Figure 3. In order to 

Floofing Pressure F1oatrng Turb'ne 

30 40 50 60 * 70 80 --OF 
-(,I 4.4 10,O 15.6 21.1 26.7- 'C xu 7 1 3 . 7 ~ 7  

Wet Bulb Temperature 
FIGURE 3 Turbine performance chart5(axia1-fl~ 
organic fluid machine). Plots of turbine-operat- 
ing conditions (efficiency and pressure ratio) 
required by floating cooling wet bulb temperature 
bariations. Peak efficiency design point corres- 
ponds to annual mean wet bulb temperature. 

maximize the off-design production of floating 
power, the turbine has been designed to operate 
at Its peak efficiency for a turbine back pressure 
corresponding to the annuaZ mean wet bulb temper- 
ature. 

The T-Q plot in Figure 2 shows how the cycle has 
adjusted to accomodate a seasonal shift in the 
wet bulb temperature. Case 2 represents the ad- 
justed floating cooling thermodynamic operating 
condition of a plant experiencing the increased 
cooling potential afforded by the mean January 
wet bulb temperature ( 6 . 4 O C )  for Heber. Calif. 
Case 2 
fixed 
the fo 

( 1 )  

( 2 )  

( 3 )  

( 4 )  

is a significant departure from the Case 1 
% wet bulb temperature (26.7'C) design for 
lowing reasons: 

The isobutane condensing temperature and 
the cooling water inlet temperature are 
both about IO'C lower. 

The reduced condensing temperature, and 
consequently the reduced turbine back 
pressure, allows the turbine to extend 
its expansion process to produce more 
useful work. This plot shows the ex- 
tended turbine expansion line, result- 
ing in a 14 W e  (28%) increase in net 
power! 

The increase in available energy at the 
lower wet bulb temperature shows up as 
an increase in the heat transferred 
across the heat exchanger and condenser 
and as a decrease in the brine reinjection 
temperature. 

The greater heat transfer load imposed up- 
on the constant area exchanger and conden- 
ser is compensated by an increase in the 
mean temperature difference across these 
devices. 

C) SEASONAL FLOATING POWER OUTPUT FOR A HEBE4 
POWER PLANT 

The monthZy mean net power generated by a floating 
cooling power plant for the 180'C Heber resource 
i s  computed using published monthly mean climato- 
logical data.' Figure 4 is a plot of the monthly 
mean floating net power output and monthly mean 
floating cycle efficiency (cycle efficiency 3 Net 
Power/Total Heat In). These seasonally varying 
floating power and efficiency curves can be norm- 
alized to auemge armuai! floatiw values by ln- 
tegrating the area beneath each curve. Figure 4 
shows that operation as-a floating cooling plant 
can increase the output-of a 50 MWe fixed cooling 
plant to 61 MWe average annual floating net power, 
a 22% increase, provided that the generator is 
designed to accommodate the largest anticipated 
floating p&er output (85 MWe gross). 
cycle efficiency is also improved from 10.9% to 
-12.1%. ' I  

The average 

. I : 

." . 
3 
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D) DECL I N I NG RESOURCE TEMPERATURE SCENARIO 

I n  order t o  i l l u s t r a t e  the increasing bene f i t s  
o f  f l o a t i n g  coo l ing  a t  lower resource tempera- 
tures,  a model l ing scenario f o r  the development 
o f  the Heber resource has been devised. This 
scenar io assumes t h a t  a 50 We net ( I %  wet bu lb  
design) b inary  cyc le  power p lan t  i s  t o  be con- 
s t ruc ted  every 7 years f o r  a t o t a l  o f  4 p lan ts  o r  
200 Hue net generating capaci ty.  I n  compliance 
w i t h  rese rvo i r  engineering estimates o f  a dec l i n -  
ing resource temperature a t  Heber, these p lan ts  
are designed t o  operate over t h e i r  assumed 25 
year l i f e t i m e s  a t  d i f f e r e n t  average resource 
temperatures: 180°C, 175'C, 17OoC,  and 165'C 
respec t ive ly .  Each p l a n t  i s  designed f o r  minimum 
cost o f  energy (assuming constant 1976 d o l l a r s ) .  

Each p lan t  i s  then modelled t o  f l o a t  w i t h  the 
seasonally varying wet bu lb  temperature. The 
seasonal v a r i a t i o n  o f  the monthly mean f l o a t i n g  
n e t  power f o r  50 Hue ( I % )  p lan ts  designed t o  
operate a t  d i f f e r e n t  average resource tempera- 
tu res  i s  shown i n  the 3-D i somet r ic  p l o t ,  Figure 
5. As predicted, the mean floating net paoer is 
seen to increase for plants desigped to operate 
at lawer resource temperatures. 

COST BENEFITS OF FLOATING COOLING 

The r e s u l t s  of these four  power p lan t  case studies 
are summarized i n  Table 1 .  Mod i f i ca t i on  of a 
f.ixed capaci ty p lan t  t o  operate i n  the f l o a t i n g  
coo l ing  mode requires on ly  a d n o r  increase i n  
the p lan t  and f i e l d  c a p i t a l  investments. Never- 
theless,  revenues der ived from the sa le  o f  sur- 
p lus f l o a t i n g  power substrmt&z2~y reduces the 
cost o f  energy produced compared t o  same p lan t  
operated a t  f i x e d  capacity. 
energy f o r  each p lan t  Operating i n  both the f l x e d  
and f l o a t i n g  modes i s  p l o t t e d  i n  Figure 6. As 

The bus bar cost  of 

the cost o f  energy Increases w i t h  decreasing 
resource temperature, f l o a t i n g  coo l ing  i s  seen 
m i t i g a t e  t h i s  cost  Increase by as much as 14%. 
The fncreaslng themdynannk benefits o f  f l o a t  
cool ing,  as the resource temperature decl ines,  
t rans la tes  I n t o  gmater percentage energy cost 
reductions, ACost . 
Figure 6 a l s o  shows t ha t  f l o a t i n g  coo l ing  can 
generate power fran a 167OC resource f o r  the 
same cost of energy ( f o r  a s l i g h t l y  g rea ter  
c a p i t a l  investment) as a f i x e d  capaci ty p lan t  
operat ing from a 180°C resource. From an 

t o  

ng 

equivalent cost  o f  energy standpoint, floating 
cooling has the effect of increasinq the Reber 
resource temperature /bT ) by 22.8 C or about 
23'F. This temperature-E!ost equivalence effect 
suggests tha t  f l o a t i n g  coo l ing  may allow geo- 
tharmal binary cycles to :  

1 )  b i n t a i n  general economic a t t r a c t i v e -  
ness t o  lower resource temperatures than 
prev ious ly  bel ieved. 

Compete more e f f e c t i v e l y  w i t h  f lashed 
steam cycles a t  h igher resource temper- 
atures.  

2)  

CONCLUSIONS 

A computer model l ing case study o f  the thermo- 
dynamic and cost bene f i t s  of a f l o a t i n g  cool- 
ing geothermal b inary  cyc le  power p lan t  a t  
Heber, C a l i f o r n i a  has been described. The 
operat ion o f  a 50 MUe (ne t )  f i x e d  capaci t  p lan t  
i n  the f l o a t i n g  coo l ing  mode increases ne! power 
product ion by 22% and reduces the cost o f  energy 
by 12.5%, for approximately the same c a p i t a l  
investment. 
the adverse inf luence on p lan t  performance due 
t o  the pred ic ted  temperature dec l ine  o f  the 
Heber resource. 

F loa t i ng  coo l ing  can a l so  minimize 

The p o t e n t i a l  thermodynamic and cost bene f i t s  
of  the f l o a t i n g  coo l ing  opera t ing  mode should 
serve t o  s t imu la te  the development o f  nredium 
temperature hydrothermal resources i n  areas 
where the cl imatology e x h i b i t s  la rge  d a i l y  and 
seasonal temperature va r ia t i ons .  
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FIGURE 5 Seasonally varying monthlly mean floating net power output for 50 MWe ( 1 % )  plants 
designed to operate at different average resource temperatures. The mean floating net power 
increases for plants designed to operate at lower resource temperatures. 
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MEAN DESIGN RESOURCE TEMPERATURE (‘C) 

180+ ] 180* 
PROCESS DES IC:( PARAMETERS 

I I 
I I 

Avg. Net Pover (We) 
Avg. Cross Pover (We) 
Avg. Cycle Efficiency (%) 
Brine Flow Rate (kg/sec) 
Annual Fuel Requirement 

Brine Unit Cost ($/MI-)** 
Plant Capital Cost (MS) 
Bus bar Energy Cost (Hills/kUhr) 

(mrx103) ** 

( 8 5 %  Dlant availability) 

50.0 
69.8 
10.9 
966 
3462 

1.99 
31.04 
38.3 

61.0 
81.3 
12.1 
1009 
3770 

1.99 
32.35 
33.5 

175* I 170+ I 170* I 165’ 
62.4 
85.4 
11.1 
1267 
4211 

2.26 
36.79 
39.3 

floating cooling design 
** thermal megawatts 
+ 50 Ewe fixed 1% wet bulb denim 

TABLE 1 
designed t o  operate a t  d i f f e r e n t  mean resource temperatures. 
data f o r  each p l a n t  opera t ing  i n  both a f i x e d  capaci ty  mode and a f l o a t i n g  coo l ing  mode. 

Process design and cost  data f o r  four  50 HWe (1%) b inary  cyc le  power p lan ts  
This  t a b l e  l i s t s  process 

451 
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FIGURE 6 
O n t s  operat ing i n  both f i x e d  and f l o a t -  
ing modes f o r  d i f f e r e n t  mean design resource 
tempe r a  t u  res. 

Bus bar cost  o f  energy f o r  50 MWe 
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