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ABSTRACT 

A comparison of three simple geothermal power-production systems 
shows that the flashed steam and the compound systems are  favored for use 
with high-temperature brines. The binary sys tem becomes economically 
competitive orily when used on low-temperature brines (enthalpies less than 
350 .3tu / & I ) .  Geothermal power appears to be economically attractive even 
when low- temperature brine6 are  used. 

* 
Work performed under auspices of the USAEC. 
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HIS DOCUMENT 1s UNLIM'T 
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The realization of such 

ingly suitable for given sets of conditions. 
which is the best has 

Unfortuna 

the wide range of plausible choices of the 

ion systems have been worked out for consistent sets of condi- 

Numbers in parentheses refer to pages in I1Geothermal Energy", edited by 
' P. Kruger and C. Otte, Stanford University Press, Stanford, Calif. 1973. 
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- 90% annual service fac 
factor for the well; 
well fluid properties that were the same as pure wate 
simplified optimization of intermediate conditions wh 
carried out on the basis of minimum unit power cost. 

- 
- 

. This paper presents the results of the cost calcula 
clusions that may be drawn from simplified calculations 
shown here may be useful for establishing the probability of a given system 
being most appropriate for a particular set of conditions. 

-, 

shed -Steam Plant 

e flashed-steam plant has been used in a number of geothermal 
fields around the world. 
version of the flashed-steam plant, is the one we have chosen to analyze for 
our comparison. The advantages of the simple flashed-steam plant are: 

The cycle shown in Figure i ,  which is the simplest 

- Plant components a re  simple and cheap. 
- Evaporative cooling may be used in dry areas' because the c 

densate (relatively pure water) may be used a s  make-up water 
for the cooling towers. 

- Reasonably good cycle efficiencies a r e  obtainable with-high- 

quality geothermal wells. 

The disadvantages of the simple flash system are: 

- At low rejection te atures, the steam tu 
expensive in comp 

The steam turbine i s  subject to fouling if the steam from the 
flashed brine is corrosive. 

Steam from the flashed brine enters the turbine on the saturated 
vapor line. The result is a relatively inefficient stea 

- 

- 

I 

1 
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- The flashed-steam s 
erature the well is 

- 
- ,  

Some ,of the preceding disadvantages may be overcome i 
- W e l l  fluids of high quality ( 600 Btu/lb) should 

s of flashing. As the input enthalpy of the well 
wn, more than one stage of flashing is less justifiable from an 

economic standpoint. 
The single-stage flash tank pressure was opti 

The optimum pressur rejection temper- 

because this kind of efficiency'is achieved in today's 
t clear that this efficiency is obtainable over the 

, ature and well-water input enthalpy turbine efficiency of 0.85 was as- 

long run in a flashed-steam system. 

The binary plant has a heat exchanger between the well fluid and a-sec+ 
ondary fluid in the turbine cycle (see Figure 2). The reasons for using a 

e as follows: 

I 



The result is better utilization of well input entha 
The binary plant is not without its disadvan es, the more important 

ones being: i. 

. - Heat rejection I using evaporative cooling is 
cause the make-up water for the cooling tower must come 
from another source. If air  condensers must be used the 
cost goes up. 

e aifficult be- 

- Deep well pumping is probably required. 

- The heat exchanger has a significant effect on cycle efficiency 
as the input enthalpy of the well fluid rises. 

The last of the above is'important because the log mean'temperature drop 
across the heat exchanger between the well water and secondary fluid has 
been optimized for minimum power cost. (When the input well water has 
an enthalpy of 600 Btu/lb, the log mean temperature 
When the well water enthalpy drops to 300 Btu/lb, the log mean temperature 
difference drops to 15  F. ) 

c) 
plant) 

fact the simple flash system does not utilize all of 
the well. Better utilization of this energy is obtai 
expanded through a two-phase turbine into the flash tank instead of isenthal- 

pically during the simple flash process. Furthermore, the brine which lies 
a t  the bottom of the flash tank can be further expanded through a two-phase 
turbine to utilize even more energy from the well fluid, as 
3. 

Compound Plant (two-phase turbine combined with simple flashed-stea 

The primary disadvantage of the simple flashed-steam system is the 

Since an analysis of the high-pressure two-phase turbine 
sitate an arbitrary choice of the input fluid conditions, which a r e  not con- 
sidered in thie paper, the system shown in Figure 3 is based on isenthalpic 

expansion into the flash tank. The flash-tank operating pressures a r e  the 
same ag those used in the simple flashed-steam case; the flash-tank brine 
is expanded through a two-phase turbine to the condenser pressure. 

. 

I 



The advantages of the comp 

areas because 

ulty with the system shown in Figure 3 is that all of 

i is included in the turbine cost. 
I 



i 

W e  investigated two-phase expanders. We have assumed they take 
saturated liquid at  the inlet and a re  70% efficient. 
assumed. Their cost, includin team expans ox and generator, was 

assumed to be $ $20/kW. 

Impulse turbines were 

The weight of flash hanks was determined by using an approximate for- * 

mula based on Section VI1 of the ASME Boiler a 
The diameter and interior c o n f i g u h o n  of the flash 
flash tank length w a s  determined by the mass flow rate,( and the tank thick- 
ness was determined by the pr re. -The cost of flash tanks, piping, and 
installation w a s  $2.00 per pou 

system cost, are as- 

r e  Vessel Code. 
was fixed. The 

I Pumps, which make up only’a small part of t 
’ sumed to be 70% efficient. The cost of water pumps‘is $200/kW installed 

The isobutane pump which runs off the turbine costs including the motor. 
$120/kW. ’ 

The heat exchanger between the primary and s e  
binary system is assumed to have a U of 200 Btu hr-‘ F-i and to cost 
$5.00 per ft . The log mean temperature drop is optimized for min’imum 
cost. Since most 
geothermal water is nearly oxygen free, it is quite possible that iron heat 
exchangers can be used. 

dary fluid in the 

2 

The low cost is based on using an iron heat exchanger. 

Two heat-rejection schemes were investigated. The air  used in both 
cases is assumed to have a dry bulb temperature of i O O ° F  and a wet bulb 
temperature of 70°F (the air  over Northern California or Nevada is above 
these temperatures only 1% of the time). We assumed that an evaporative 
cooler (a cooling tower and condenser) would operate at a heat-rejection 
temperature of 120°F and the dry air condenser at 160fF. 

Two kinds of evaporatively cooled condensers a re  considered. A‘ 
direct contact condenser connected to an ordinary cooling towe 
for the simple flash and compound cycles. 

system is assumed to be built into the cooling tower base. The cost of both 
types of evaporative coolers is assumed to be $iO/kW rejected. The fan 
power required to run the cooling tower is 1 kW for each MW of power re- 

The condenaer for 
- 

/- 

jetted. 

The sizing and cost of air condensers is widely reported in the liter- L 
ature. The cost estimate given here is based on a forced draft cooler with 



bare tube area, 

d tube area 
air condenser 

an. The fan 

of the gross capital 
d at $0.05 per kgal; 

sage is assumed to be 

is rejected at 160°F. 

i I 

i 



The first conclusions a r e  the o ious ones. Costs a r e  hi 

efficiency is lower as  one uses well waters with lower enthalpie 
jection with an air  condenser at 160°F results in 
kW and higher energy cost than if heat 
cooling tower. 

a t  120" F through a 

The most expensive system in terms of capital 
The least expensive is a simple flash (see 

i e  the binary sys- 

tem. 
tigation of the compound system may yield lower capital cost than the simple 
flash system. 

The cost of energy per kWhr varied over the r 
,The system which produced the cheapest energy with 

nthalpy of 300 Btu/lb was the binary system (with 120" F rejection, 
the compound system yields nearly the same 
enthalpy the binary (isobutane binary system) 
energy (see Figure 5 ) .  

cost produces the most power at  low input enthalpies. The cost associated 

with getting the water out of the ground and reinjected into the ground a re  
nearly constant regardless of the well water enthalpy or the cycle rejection 
temperature. The greater efficiency of the binary cycle on 300 Btu/lb input 
water had an important effect on the cost. 

). At 600 Btu/lb input 
duces the most expensive 

The binary system which h 

Figure 6 illustrates the efficiency of the three syetems a s  a function of 
well water enthalpy And rejection temperature. 
the three systems is rather interesting. 
most efficient with low enthalpy well waters, and least efficient with high 
enthalpy well waters. In all cases the compound system was more efficient 
than the simple flash system. The efficiency of the compoundsystem can be 

The relative efficiencies of 
The isobutane binary system was 

. 

further extended by making all the expansions that occur above ground go 
through a turbine. 

Tables i through 1 7  in the Appendix present th(3 operating character 
istics and cost breakdowns for the three systems. Tables 6 and 12 show 
the effect of changes in the cost variables on the unit energy cost for the '  
simple flashed-steam system and the isobutane binary system. These tables 
show the sensitivity of the electrical energy cost to changes of capital compo- 
nent cost, interest rate, and plant lifetime. 
well cost to plant costtincreases for low-enthalpy geothermal fluids. 

,--- 

The relative importance of 



Input " 

Enthalpy 
(Btu/lb) 

300 I 

400 

600 

' i60 

120 

160 

150.2 22.7 

138.5 ' I 18.7 

0 .952  I 56. 

1.198 71.2 49 .0  

*lo6 lbs per hour of fluid out of the well. 

Net Cycle 
Efficiency- . 

(%I 

6 .7  

5 . 6  

9.7 

12.3 . 

9 . 8  . 

15.0 

12.6 



T a b l e  2 

S I N G L E  F L A S H  T A N K  

CAPITAL COST SUMMARY SHEET 
. -  

- -  

I 
CI 
0 
I 

600 

2240 56 925 6 507 3734 160 
r 

# * # I 
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Input 
Enthalpy 
(Btu/lb) 

300 

400 

500 

600 

T a b l e  4 

S I N G L E  F L A S H  T A N K  

ANNUAL COST SUMMARY SHEET \ 
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Table 6 - 

S I N G L E  F L A S H  T A N K  Li 
SENSITIVITY TO COST CHANGES 

Rejection Temperature:  120" F 

I I 
I 

Perturbed 
Value 

Change in Unit Cost of Energy (70 
Assumed 

Cost  Factor 
c o s t  

Variable 300 Btu/lb 
Well Fluid 

600 Btu/lb 
Well Fluid 

$120/ kW * $100 / kW * 
$140/kW 

-5.8 
t 5.8 

-10.8 
. t 10 .8  

Steam Turbine 
and Generator 

$2/lb $1 /lb 
$3 /lb 

- 0.6 
t 0 . 6  F lash  Tank - 1.1 

t l . l  
~~ 

t 2 . 9  Condenser 
Z ooling Tower 

System 
$12/kW 
$15/kW 

t 3 . 7  
t 9 . 3  

t 3 . 7  
t17.7 

$10/kW 

Inte r e  st 
Rate 

+3 .7  
f 11 .I 

870 
10% 7 70 

15 years  
20 years  

t 20.3 
t 9.6 

t13.0 
t 6.1 

Plant 
Lifetime 

Maintenance 
& Insurance 

30 years  

4.2570 of 
gross  

capital cost  
- 4 . 2  
t 4 . 2  

- 6.8 
t 6 . 8  

Geothermal 
Fluid 

- 3.3 
t 6 . 5  

$O.O25/kgal 
$O.lO/kgal 

- 8.9 
t17.8 $O,OS/kgal 

$0.025/kgal 
$O.lO/kgal $0.05 /kgal - 8.8 

4-17.5- 

- 3.2 
t 3 . 2  

- 2.2 
' t 4 . 4  

- 1.4 
t 1.4 

I 

Brine Disposal 

Labor $30,00O/yr $20,00O/yr 
$40,00O/yr 

* 
F o r  the sys tem using 300 Btu/lb well water 
perturbed values are $llO/kW and $l50/kW. 

cos t  factor $13O/kW and the the as sumed is 
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I S O B U T A N E  B I N A R Y  S Y S T E M  

CAPITAL COST SUMMARY SHEET 
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I S O B U T A N E  B I N A R Y  S Y S T E M  

ANNUAL COST SUMMARY SHEET 

Capitalization 1 .  

I 
CI 

I 
a 



ANNUAL OPERATING COST AND ENERGY-COST * :  

" I  

ir 

9160 0.724 9.85 



300 Btu/lb 
Well Fluid 

-12.5 
- 6 . 3  
t 6.3 

600 Btu/lb 
W e l l  Fluid 

-17.7 
-8.9 
t 8 . 9  

t 7.1 
t16.7 

t 2.6 
t 6.0 

t3.6 
+ 9.0 

t 4 . 8  
t14.9 

t17.0 
t 7 . 9  

- 5.8'70 
t 5 . 8 %  

3 

t 5 . 4  
t13.5 

t5.4 
t16.8 

t19.2 
t 9 . 1  

- 6 . 6  
t 6 . 6  

- 5 470 
+10.8% 

- 3 . 6  
t 7 . 2  

- T a b l e  1 2  
L 

I S O B U T A N E  B I N A R Y  S Y S T E M  

SENSITIVITY TO COST CHANGES 

Rejection Temperature: 120° F 

c o s t  
Variable 

Per turbed 
Value - 

Change in Unit Cost of Energy (YO) 
. Assumed 
Cost Factor 

$120/kW 
$80/kW 

$lOO/kW 
$140/kW 

Steam Turbine 
and Generator 

W e l l  Fluid 
Heat Exchanger $5/fi2 $8/ft: 

$12/ft 

$12/kW 
$15/kW 

Condenser 
Cooling Tower 

System 
$10/kW 

Inte re et 
Rate 

Plant 
Lifetime 

15 years  ' 

20 years  30 years  

4.2570 of 
gross  

Capital cost 

Maintenance 
& Insurance 

I 
$0.0 25 /kgal 
$O.lO/kgal 

- 3 . 6  1 4-7.2 
Geothermal 

Fluid $0.05/kgal 

$0.025/kgal 
$O.lO/kgal $O.OS/kgal Brine Disposal 

$20 .OOO/yr 
$40,00O/yr 

- 2.3% - 1.5 
-k 2.370 +1.5 Labor ' 

P 



t 

.I d 4 c 
T a b l e  1 3  

POWER PLANT OPERATING CONDITIONS* 

* 6  10 lbs per hour of fluid out of the well. - 
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S I M P L E  C O M P O U N D  S Y S T E M  ( F L A S H  A N D  T W O - P H A S E  T U R B I N E )  

CAPITAL COST SUMMARY SHEET 
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S I M P L E  C O M P O U N D  S Y S T E M  ( F L A S H  A N D  T W O  P H A S E  T U R B I N E )  

- - -  
ANNUAL COST SUMMARY SHEET ! 

- 

Input 
Enthalpy 
(Btu /Ib) 

300 . 

400 

5 00 

600 

I 
N 
I& 
I 
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Hot brine 
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Compound cycle with a two-phase turbine and flash-steam system. Figure 3 .  
Evaporative he at rejection. 
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Figure 5. Electrical energy cost as a function of well water 
inDut enthalw and heat-re iection temDerature. . 
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