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CALCULATION OF GEOTHERMAL POWER PLANT 
CYCLES USING PROGRAM GEOTHM* 

Michael A. Green and Howard S. Piries 
Lawrence Berkeley Laboratory 

Unive rsity 9f California 
Berkeley, California 94720 

ABSTRACT 

LBL-3238 

Program GEOTHM, a thermodynamic process program under dev
elopment at the Lawrence Berkeley Laboratory, can be used to calculate 
the thermodynamic characteristics of geothermal power plant cycles. 
The computer program has been used to model some of the major geo
thermal power plant cycles. These include: (1) fla.shed steam cycles, 
(2) two-phase expander cycles, and (3) bi-fluid or binary cycles. The 
program will design the power plal}t thermodynamically (for example, it 
calculates pump and turbine ratings and heat exchanger area), and it can 
be used to model off-design operation of the plant. The paper includes 
three examples ofprogram GEOTHM's capabilities: (1) A study of the 
electrical energy yield per unit well flow in bi-fluid cycles using ammonia, 
R-22, isobutane, and R-l13 as a function of turbine inlet temperature and 
pressure is presented; (2) The change in power plant yield in bi-fluid 
cycles using ammonia and isobutane as the brine heat exchanger U factor 
changes is shown; and (3) The effect of non-condensible gases on the opti
mum performance of flashed steam and two-phase expander power plants 
is'calculated. 

,~ 

Work performed under the auspices of the U. S. 'Energy Research and 
Development Administration. 
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Program GEOTHM has been under development since December of 

1973. This paper will report the deveiopment of the program since 

October of 1974. Reference 1 describes the program and its development 

before October 1974. This paper discusses recent developments in fluid 

property calculations and describes some problems which have been 

solved using GEOTHM. The program has been designed so that power 

plant cost optimization can be ultimately achieved. 

Fluid Property Calculations 

The routines for calculating working fluid properties have evolved 

continuously since the inception of program GEOTHM. During the early 

stages of program development, the selection of the appropriate equation 

of state to represent a particular class of working fluids was dictated by 

practical considerations. 1 Figure 1 depicts the phase diagram for a 

typical working fluid and the various regions where different state equa

tions are most applicable. The Martin equation of state 2 was used to 

represent the refrigerants because coefficients had already been developed 

by Downing 3 and Milora 
4

. 
.5,6 

The Starling-BWR equation is used for the 

light hydrocarbons. and the ideal gas equation of state is used for near 

room temperature low density air gases. 

The Martin equation is well-behaved in the superheated gas and 

supercritica1 fluid regime (Region 3). However. this equation is not reli-

able for calculating fluid properties in the dense fluid regime at reduced 

temperatures of 0.9 and below. Region 1 has been modeled by an incom-

pressib1e fluid state equation. This equation is valid for describing the 

,., 
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subcooled liquid regime, but it leads to inaccuracies of increasing magni-

tude at higher pressures in Regions la and lb. The inaccuracies associ-

ated with the assumption of incompressibility lead to inconsistent fluid 

property calculations at the boundary between Regions lb and 3. Any 

thermodynamic process passing through this boundary experiences a step-

wise discontinuity in property calculations when stepping from the region 

governed by the incompressible fluid equation to the region described by 

the Martin or Starling equation in Region 3. This discontinuity, first 

encounte red during development of the off-de sign hea t exchanger routine, 

resulted in the breakdown of a conve rgence routine. 

This line of discontinuity wa s eliminated by a routine which was 

designed to compute the weighted average of the solutions to both the 

incompressible fluid equation and the Region 3 equation for any state point 

in the transition zone lb. Although this me rge routine provide s consistent 

fluid calculations in the Region lb, it continues to yield inaccurate results 

in the dense fluid region near the critical temperature where the assump-

tion of incompressibility is invalid. 

The errors associated with the liquid equation can be reduced by 

. 
extending the merge region down into the liquid regime lao The extension 

of the merge region is limited by the degree to which the Region 3 state 

equation is valid in the liquid regime. Tests indicated that the Martin 

equation was only valid down to reduced temperatures of 0.9. However, 

the Starling-BWR state equation6 , produces accurate thermodynamic data 
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for the entire liquid regiIne down to the triple point. Since the Starling-

BWR equation successfully predicts fluid properties- along the liquid-vapor 

dome and in all regions outside the dome, the incompressible fluid equation 

and the merge routine are not required for calculations involving the light 

hydrocarbon fluids. (The Starling equation for isobutane is plotted on a 

P-V diagram in Fig. 2.) Due to the computational ease and accuracy 

afforded by the Starling-BWR equation, it becomes highly desirable to fit 

all of the potential working fluids to this equation. Starling 
7 

believes that 

his equation may be applied to the representation of many other fluids and 

fluid mixtures including water, ammonia, the refrigerants, and the air 

ga se s. 

Program GEOTHM curren~ly employs the Starling-BWR equation, 

two forms of the Martin equation, and the ideal gas equation to generate 

thermodynamic properties for a wide variety of working fluids. The light 

hydrocarbon fluids including isobutane and propane are calculated by the 

Starling equation; ammonia and refrigerant properties are calculated 

using the Martin equation. Both state equations will generate a liquid-

vapor dome for their respective working fluids. Once the dome is speci-

fied, a "search" routine locates the particular region of Fig. 1 where the 

state point to be calculated resides. This routine then directs the appro-

priate equation-of-state routine to solve for the thermodynamic properties 

at this point. For example, in the case of the Starling fluids, any fluid 

point lying outside the two-phase dome is computed directly by the Starling-
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STARLING-BWR EQUATION OF STATE~-ISOBUTANE 
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Fig. 2. Starling BWR equation of state isotherms for 
isobutane (R-600a) plotted on a pressure vs 
specific volume diagram. 
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BWR equation, and any point within the two-phase dome is calculated by 

a linear interpolation ~f the fluid quality. 

In order to avoid the inaccuracies associated with Martin fluid cal-

, culations in the merge Region lb,an attempt is now being made to curve 

fit Starling coefficients for the refrigerants; ammonia, and water using 

multi-property non-linear regression analysis. 8 Cycles which include 

fluid mixture s will also be programmed into GEOTHM using the ve rsatile 

Starling equation. The procedure for curve fitting Starling coefficients 

to these mixtures is a nontrivial task. Ultimately, all fluid property cal-

culations in GEOTHM, except inside the two-phase dome, will be handled 

by the Starling-BWR equation. GEOTHM will continue to use the ideal gas 

equation to represent the air gasses and CO2 at or near room temperature. 

Thermodynamic Cycle and Process Calculations 

An essential feature of program GEOTHM is the ability to synthesize 

a ranging complexity of possible thermodynamic cycles from combinations 

of elemental thermodynamic processes. The LBL geothermal program has 

thus far ·utilized GEOTHM to study simple flash, bi-fluid (binary), and two-

phase turbine (total flow) cycles. More complicated multi-stage flash-

binary combined cycles have also been examined. An example of a combined 

cycle plant is detailed in the next section. 

The routines which perform the various thermodynamic process cal-

culations are numerous in the repertoire of GEOTHM. Each routine is 

responsible for a thermodynamic process. These processes include 
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isenthalpic expansion, phase separation, contact condensation, desuper-

heating, multiple stream mixing, and the effects of heat and friction losses 

in pipes. These routines are used to calculate the thermodynamics of com-

ponents such as turbines, pumps, flash tanks, heat exchangers, cooling 

towers, and so forth. The program now runs with a dry-type cooling 

tower; a wet-type tower routine is currently being written. 

The program models four type s of counte r flow heat exchange rs. 

Two of these heat exchangers, including a regenerator, operate in the 

de sign mode. If the initial conditions specify 'two or three of the end -point 

temperatures, the mass flow in one or both streams, the average U factor, 

and the pinch point dT, the routine will compute the unknown end-point 

conditions, the mass flow, and the heat exchanger area which satisfies the 

\ 

pinch point constraint. The remaining two heat exchangers are run under 

off-design conditions. An example of off-design operation is presented in 

a later section of this paper. 

The Design of Power Plants with 
Complicated Thermodynamic Cycles 

In the previous section, we showed that program GEOTHM calculates 

simple thermodynamic processes and that these processes c~n be combined 

to calculate simple thermodynamic cycles. Program ~EOTHM can be used 

on cycles which are very complicated. GEOTHM not only calculates the 

thermodynamics of the plant, but it also sizes the components so that the 

plant cost can be estimated. This section illustrates the calcUlation of a 

complicated thermodynamic power cycle. 

,~. 
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Table 1. Cycle parameters for the power cycle shown in Fig. 3. 

a. Power plant parameters 

WELL FLOW kA lE 
INLET WATER TEMPERATURE 
INLET ~ATERENTHAlPY 
COOlING FLUID INlETTE~PfRATURE 
AMBIENT TEMPERATURE 

POWER PLANT ENERGY BALANCE 

AVAI LABLE HEAT It\FUT 
NET -HEAT INPUT 

HEAT REJECTEC 
HEAT LEAKS 

NET HEAT OUTPUT 
AVAILABLE HEAT OUTPUT 

TURB I NE POWER 
PUMP POWER 
FAN POkER 
VACUUM PUMP POWER 

. NET MECHANIC ~l POWER 
GENERATCR PCWER 
ELECTRIC MOTOR POwER .( N 

NET EL ECl RIC ~l POWER 

POWER PLANT EFFICIENCIES AND YIELD FROM THE WATER 

NE T CYCLE EFfICIE"CY 
AVAILABLE HEAT EFFICIENCY 
CARNOT EffiCIENCY 
YIELD PER UNIT WELL FLOW 

b. Heat exchanger parameters 

HEAT EXC~ANGER NUMBER 

INITIAL MINIMUM DELTA I(K) 
fiNAL ~I"'IMUN DELTA T(K) 
U FACTOR(W/M •• 2 K) 
LOG MEAN DELTA T(K) 
AREA(M*.2' 
HEAT TRANSFERRED(MW) 

1 

5.000 
5.000 

. 545.000 
12.l"0 

5659.515 
38.987 

2 

le.ooe 
10.000 

567.700 
2l.711 

3810.912 
58.110 

164.88 KG/SEC 
413.H: DEG K 
851.66 JIG 
ZQ8.00 CEG K 
2CJ3.0C DEG K 

126.152 ~W 

l06.Z19 fIIIw 
94.129 MW 

1.752 f"W 
95.881 ~ ... 

116."14 MW 
13.552 JIIh 

1.423 Mw 
1.792 MW 
0.000 fill ... 

lC.337 Mw 
13.281 MW 
3.281 ~w 

lC.COe MW 

9."14 FeT 
1. 88~ PC 1 

38.016 PCT 
16.841 KWH/Te",.. 

3 

5.000 
.. 5.0eO 

545.000 
8.638 

11332.280 
53.352 
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The plant cycle is illustrated in Fig. 3. Prograrn GEOTHM divides 

the plant up into 13 fluid streaITls. The cycle has ITlany cOITlponents. 

These include: tw02-phase turbines, two flash tanks, one condensing 

heat exchanger, two air cooled condensers, one R-22 turbine, one R-22 

pUITlp, one vacuuITl pUITlp and SOITle condensate pUITlpS. The re sults of the 

calculation are shown in Tables la and lb. Table la presents basic power 

plant paraITleters and Table Ib shows the basic paraITleters of the heat 

The cycle shown in Fig. 3 is relatively insensitive to, the effects of 

non-condensible s. This cycle is cOITlpared with a siITlple two-phase turbine 

cyc1~ shown iIi Fig. 4. This cycle, which is siITlilar to the cycle proposed 

by the Lawrence LiverITlore Laboratory9, has a final condensation teITlper-

ature of 3240 K (the saITle as the cOITlplicated cycle second stage two-phase 

turbine exit teITlperature). The condenser is an air cooled condenser so 

that a fair cOITlparison can be ITlade between the two cycles. In both cycles, 

the two phase turbines are assuITled to be 70% efficient. 

Table 2. Power output per unit well flow vs percent 
non-condensible s for two the rITlodynaITlic cycle s. 

Percent 
non-condensible s 

o 
0.5 
1.0 
3.0 
5.0 
7.0 

Yie ld pe r unit we 11 flow 
(kWh pe r ITletric ton) 

SiITlple LLL cycle 
(see Fig. 4) 

18.844 
18.555 
18.267 
17. 112 
15.959 
14.866 

COITlplicated cycle 
(see Fig. 3) 

16.847 
16.736 
16.736 
16.736 
16.736 
16.736 
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Fig. 3. Mixed power cycle with two-phase turbines and 
a bi-fluid loop which is insensitive to non
condensible ga se s. 
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Table 2 shows that non-condensibles can affect the performance of 

two-phase turbine cycles. Most of the non-condensibles are removed at 

a pressure above 1 atm in the cycl~ shown in Fig. 3. The remaining non-

condensibles amount to about 0.2 percent of the original mass flow of the 

well. The simple total flow cycle shown in F-ig. 4 requires that all of the 

non-condensibles be pwnped out of the condensor; this results in reduced 

yie ld pe r unit we 11 flow. 

Off-Design Conditions in a Bi-Fluid Power Cycle 

Program GEOTHM may be used to model the off-design operation of 

a geothermal power plant cycle. As an example let 'us look at a simple 

bi-fluid cycle which has a brine exchanger and air cooled condenser (see 

Fig. 5). This cycle has no desuperheater or regenerator. Program 

GEOTHM can, as illustrated in the previous section, design the power 

plant. Once the plant has been designed, the operational parameters can 

be changed and the plant performance can be modeled by the computer. 

An example of an operational parameter whichchanges with time 

is the U factor of the brine heat exchanger. The heat exchanger manufac

turer might suggest a design U factor of 568 W m-2 k- l (100 Btu h- l ft-2 

F- l ). Experimental measurement tells us that the U factor for a clean 

heat exchanger may start out as high as 3000 W m-2 k-
l 

(530 Btu h- l ft-
2 

-1 
F ). As the heat exchanger fouls up with salts from the brine, the heat 

exchanger U factor drops until it is so low the heat exchanger must be 

cleaned. 



0. () 0 
I 

Modified 
barometric 
condenser --

2 phase turbine 

Hot 
brine 

--

Brine 

t 

To reinjection 
t 

- -- -

--

Brine sump 

Overflow line 

-13-

.. 

-- -Cooling tower 

-
Vacuum 8 noncondensable 
gas pumping system 

~-I--:':?7 Barometric legs 

. Condensing 
water sump 

Condensing water 

t 

t 

XBL 757- 3493 

Fig. 4. Two-phase turbine power cycle (total flow cycle). 



Geothermal 
production 

well 

Geotherma I 
reinjection 

well 

Secondary 
fluid 

turbin 

Brine to 
secondary 

fluid 
. heater changer 

"'---a--' 

Condensate 
pump 

Warm . ~ . 

,..--~~ air out 

Air 
cooled 
condenser 

Cool . 
01 r 
• In 

SIMPLE ,BINARY GEOTHERMAL POWER PLANT 

CYCLE 
X B L 74 10 - 4 450 

Fig. 5. A simple bi-fluid cycle with an air-cooled condenser • 

..t 

--~-----.-.-~-~--.-- .. -~--.--.- -_ ... -

...... 

*'" n 

. . 



o 0 ~J o () 6 

-15-

We illustrate the effect of heat exchanger fouling by looking at the 

simple bi-fluid cycle using ammonia as a secondary working fluid. The 

design U factor is 568 W m-2 k-
1 

the design brine heat exchanger area 

is 6440 m 2 ; the plant net power is 10 MW; the inlet water temperature is 

200 0 e; the design water mass flow is 163.4 kg s-1 and power yield per 

unit well flow at design condition is 17.342 kWh per metric ton. 

The geothermal power plant cycle is designed so that the turbine 

inlet temperature is maintained by regulating the flow from the wells. 

When the well flow reache s 120 pe rcent of the de sign well flow, no add i-

tional fluid can be extracted from the wells so the turbine inlet tempera-

ture is allowed to drop.' The result is a power plant which will maintain 

its net power rating until the well flow reaches 120 percent of design flow. 

The U factor of the brine heat exchanger started out at 400 percent of the 

de sign U f~ctor (1870 W m -2 k- 1). The U factor of the brine heat 

exchanger dropped until it became ze roo 

The results of the fouling simulation calculations on the ammonia 

bi-fluid plant are shown in Figs. 6a and 6b. Figure 6a plots net plant 

power output and well mass flow as a function of the brine heat design 

U factor. Figure 6b plots the powe r plant yield per unit well flow (given 

-' in kWh per metric ton of 200 °c well water) vs the brine heat exchanger 

U factor. The results of the study show that there is considerable latitude 

in U factor over which the plant can be operated. U factors of 1870 W m-2 

k- 1 (the 400 percent case) don't increase yield very much. On the other 
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Off-design operation of a simple bi~f1uid cycle 
using ammonia as a working fluid. 
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b. Plant yield per unit well flow vs 
brine heat~~~~~?ge r U factor. 
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hand cutting the U factor to 50 pe rcent of de sign value (233 W m -2 k- l ) 

cuts power production to 87 percent of the design output of the plant. 

Similar studies were made using isobutane as a working fluid; the results 

we re siInilar. 

Comparison of Various Working Fluids in Bi-Fluid Cycles 

Program GEOTHM has been used to study the performance of various 

working fluids in va rious bi-fluid cycle s. The pe rformance of simple bi-

fluid cycles (without a regenerator or desuperheater), such as shown in 

Fig.' 5., has been calculated using a number of secondary working fluids. 10 

A comparison of four' ~orking fluids is shown here. These fluids are (1) 

ammonia (R-717), (2) isobutane (R:.600a), (3) Refrigerant 22 (R-22 is als? 

known by cherriical company trade names' such as Freon-22), and (4) refrig-

erant 113 (R-l13 is also known by various trade names). The four working 

fluids are used in cycles which have well water temperatures of l70oC, 

2000 C and 230oC. 

The properties .of the four working fluids are shown in Table 3. 11 For 

comparison, the properties of water (R-718) are also included in the table. 

The four fluids represent a spectrum of fluid properties. All of the fluids 

are reasonably stable at temperatures up to Z:30o C (R -22 is a possible 

-' exception beca use it probably should not be used at temperature s above 

2000 C).12 A low molecular weight fluid (ammonia) and a high molecular 

weight fluid (R -113) are pre sented. Retrograde liquid vapor dome fluids 

(R -113 and isobutane) and non-retrograde fluids (am.monia is highly 



Table 3. Properties of five working fluids used in bi-fluid 
ge othe rmal powe r plant cycle s. 

Working Fluids 
Properties Water Ammonia Isobutane R e frige rant 22 Refrigerant 113 

ASHRAE designation R-718 R -717 R -600a R-22 R -113 

Chemical formula H2O NH3 CH (CH3)3 CHell F2 cce2F .. C C~ F2 

Molecular weight 18.0 17.0 58. 1 86.5 187.4 

Critical temperature (K) 647.3 405.4 408. 1 369.2 487.3 

Critical pressure (bar) 221. 1 112.7 36.S 49.8 34.1 

Critical volume (cm3 g-l) 3. 139 4.243 4.518 1. 90S 1. 735 
...... 

Critical compressibility 0.232 0.242 0.282 0.267 0.274 
00 
I 

Normal boiling tempera- 373.2 239.8 261. 4 233.2 320.7 
ture (OK) 

Heat of vaporization (Jg- 1)1 2259.5 1371. 1 364.6 233.4 147.0 
at normal boiling point 

Type of liquid vapor dome I non-retrograde non-retrograde retrograde non-retrograde retrograde 

Toxicity (Underwriters I Group 6+ Group 2 Group Sb Group 5a between Groups. 
Lab. classification) (non-toxic) (toxic) (non-toxic ) (non-toxic) 4 & 5 (M-toxic) 

Flamma bility I non-flammable I M-flammab1e V -flammable non - £lamma b1e non-flammable 
, .. 

~ 
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non-retrograde; R -22 is slightly non-retrograde) are shown. (A retro-

grade fluid expands dryer along an isentrope; a non-retrograde fluid 

expands wette r along an isentrope. ) 

The parameter study presents the electrical power yield per unit 

well flow (in kilowatt hours of electricity pet metric ton.of well water 

passed through the power plant) as a function of the secondary working 

fluid and the well water inlet temperature. For each well water inlet tem-

perature and working· fluid, the turbine inlet temperature and pressure was 

varied. The pump inlet conditions corresponded to the saturated liquid 

condition for the working fluid at 311 0 K (38o C). The air-cooled condenser 

air inlettemperature was set at 298 0 K (2S0 C). The pinch point tempera-

ture drops were set at 100C for the brine heat exchanger and SoC for the 

air-cooled condenser. The well water was assumed to have the thermo-

dynamic properties of pure water. 

Table 4 presents the electric power yield per unit well flow for the 

four worki~g fluids and the three wate r inlet temperatures. For each of 

the twelve cases the yield is given for two turbine inlet conditions. 

Table 4 shows the obvious; the electric power yield per unit well flow 

rises markedly with water inlet temperature. Since the best cases were 

chosen for each working fluid, it is not surprising that the power yield 

is comparable between the four working fluids. Therefore, one might be 

hard pressed to eliminate any of the four working fluids on the basis of 

powe r yie 1d pe r unit we 11 flow. 
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Table 4. Electric power yield pe r unit well flow as a function of 
working fluid and well wate r inle.t tempe rature. 

(Each case has two turbine inlet conditions.) 

Well water inlet Turbine inlet Turbine inlet· Yield per unit 
Working tempe rature pressure tempe rature well flow 

fluid Wh kg- 1 

(OK) (bar) (OK) or kWh ton-l 

443. 16 390 (ll7oC) 
, 

120 
7.8 

(1700 C) 420 (l470C) 10.3 
R-7l7 473. 16 

120 420 (147°C) 17. 3 
(atntnonia) (2000 C) 450 (1770C ) 17.2 

503. 16 140 450 (177°C) 25.8 
(2300 C) 480 (207°C) 26.6 

443. 16 40 390 (ll7oC) 7.7 
(l700C) 420 (l470C) 11. 2 

R -600a .. 473.16 
40 

420 (147°C) 19.0 
(isobutane) (200 0 C) 450 (177°C)· 17.7 

503. 16 
60 

450 (177°C) 25. 3 
(2300 C) 480 (207°C) 26.0 

443. 16 60 390 (117°C) 9.6 
( l70 0 C) 420 (147°C) 11. 2 

R-22 473.16 
60 

420 (147°C) 15.6 
(200 0 C) 450 (1770C) 17.2 . 
503. 16 

80 
450 (177°C) 22.8 

(2300 C) 480 (207o CV:' 24.4 

443. 16 
20 

390 (ll7oC) 7.3 
(l700 C) 420 (l470C) 11. 7 

R-l13 473. 16 
20 

420 (147°C) 14.9 
(2000 C) 450 (l770C) 19.7 
503. 16 

40 
450 (1770C) 24.4 

(230°C) 480 (207 0 C) 27.6 

*R-22 may be too unstable for use at this temperature. 

It is clear from Table 4 that more investigation is needed in order 

to clearly show a definite preference for one working fluid over another. 

Plots of yield per unit well flow vs turbine inlet temperature and pressure, 

such as those shown in Fig. 7a through Fig. 7d for 200°C inlet water, 

" 
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will yield more information on the behavior of the fluid s. For example, 

cycles which have turbine inlet temperatures below the fluid critical 

temperature should have turbine inlet pressures which are subcritical. 

Supercritical cycles are best when the turbine inlet temperature is above 

the fluid critical temperature. In general, one should choose the working 

fluid so that the turbine inlet temperature and pressure are above the 

fluid critical temperature and pressure. 

Table 5 presents more information on the 2000 C inlet water cycles 

shown in Table 4. Table 5 incluaes the following additional information; 

cycle efficiency, turbine power, pump power, condenser fan power, net 

electrical power, brine reinjection temperature, area of the brine and 

condenser heat exchangers (the condenser area is bare tube area), and 

a raw capital cost factor. (The actual cost of the complete powe r plant 

complex including the wells is almost double the raw capital cost factor, 

which is a basic component cost.) A close look at Table 5 shows the two 

freon plants (R-22 and R-I13) require more heat exchanger area and 

equipment, hence their capital cost is higher. 

Table 6 yields even more information on the cycles shown in 

Tables 4.and 5. Table 6 shows the secondary fluid mass flow rate and 

the turbipe exit specific volume. The exit area of the turbine, which for 

all practical purposes determines the physical size of the turbine, is a 

function of the product of secondary fluid mass flow and turbine exit speci-

fic volume. Similar arguments can be applied to plant piping. 
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Fig. 7. Power plant yield per unit well,fl0w for a simple bi-fluid 
cycle vs turbine inlet temperature and pressure. 

Inlet water temperature 200°C 
Inlet air temperature 25°C 
Condensing temperature 3SoC 
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7a. An ammonia (NH3 ) cycle. 
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7b. An isobutane (CH (CH3) 3) cycle. 
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7c. A refrigerant 22 (CH Cl F 2 ) cycle. 
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7d. A refrigerant 113 (C C12F - C Cl F2) cycle. 



Table 5. Detailed cycle parameters (or eight cycles using four secondary working nuids. 
Well tempe rature 2000 C, Ambient air temperature 2 SoC. 

Case 1 Case 2 Ca8~ 3 Case 4 

i 
Working fluid in loop ammo~ia I iRobuti:lne 

Well water temperature (OK) 473.16 473.16 

Pump inlet temperature, (OK) 311. 00 311. 00 

Pump inlet pressure (bar) 

I 
14.75 5.10 

Turbine inlet pressure (bar) 120.0 
I 

40.0 

Turbine inlet temperature (OK) ! .. 20. 4:0. , 420. 450 • 

Cycle efficiency ("/.) 11.52 12.81 10.79 11. 51 

Yield per unit well flow (Wh kg-I). 17.342 17. ISS 18.982 17.718 

Water reinjection temperature (OK) 347.21 362.19 325.48 344.33 

Power 

Turbine power output (MW) 13.857** 13. 289*" 13.90S 12.948 

Pump power input (MW) 1.563 1.lbS I. 823 1.352 

Fan power input (MW) 2.040 :.794 1.731 1. 283 

Net electrical power (MW) 10.0 10. :> 10.0 10.0 

Heat excha nge r a rea 

Brine heat exchanger area (m2 ) 7613.6 6439.4 10348.6 9417.4 

Condenser area (m2 ) 15862.S 141)34.9 15775.0 122%.4 

Raw capital cO,st factor ($/kW) I 842 '9° L_ 850 794' 
---- - -- -- ---- --~-

'. Watt hours ~er kilogram is the same as kilowatt ho:!,.s per metric ton • 

.. Wet turbine, working fluid leaves the turbine with liquid droplets. 

r 

M.·_ . ____ ._-;--" _--;._~_: ~:-_ .. 

Case 5 Ca'se 6 

Herrig€' rant 22 

473.16 

311. 00 

14.85 

60.0 

420. 450. 

'8.88 9.81 

15.550 16.374 

326.14 333.20 

15.346 14.213 

2.707 2.111 

2.231 1.740 

10.0 10.0 

10003.1 9042.9 

i9956.2 16044.7 

995 8n 

Case 7 Case 8 

Refrigerant 113 

473.16 

311. 00 

0.76 

20.0 

420. 450. 

8.348 II. 053 

14.931 19.739 

322.90 323.14 

14.772*" 13.234':'* 

1. 773 I. 121 

2.614 1. 889 

10.0 10.0 

8596.9 12027 ... 

21871.6 16099.5 

996 821 
-----

i., 

>~ 

I 
N 
a
I 
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Table 6. Turbine exit parameters for the 10 MW net power cycles 
shown in Tables 4 and 6. 

~ 

* Two phase fluid from wet turbine. 
A water turbine which exits at 3l1o K would have an area of about O. 5m2 per megawatt of power rating. 

, ~; 

.:"1.} 
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While it is too early to select the best bi-fluid geothermal power 

plant working fluid, one can make some general statements about desir-
. , 

able working fluid properties. For example, (1) one should select a 

fluid which can be used in a super<;:ritical cycle. (2) Low molecular 

weight fluids result in less mass flow in the circuit hence less pump 

work, smaller piping, and smaller turbines. (3) Non~retrograde fluids 

require less desuperheating. (4) Expansion of the flUid wet has advantages 

in the condenser, if the turbine can tolerate it. The effect of fluid toxicity, 

flammability, cost and compatibility with lubricants will all enter into the 

selection of a s~condary working fluid for bi-fluid cycles. It is very likely 

that the selection of the be st working fluid will not come until afte r the 

plant cycle is cost optimized for minimum cost power. 

Cost Optimization -The Next Developmental Phase 

Program GEOTHM can be used to do power plant parameter' studies 

. . 

of various kinds, as was illustrated in the previous section. One may also 

study the effect of various plant parameters o~ power plant capital cost 

and the cost of power to be generated by that plant. Whlle cost parameter 

studies may yield useful information, one must eventually optimize the 

power plant cycle to produce minimum cost power. Since there are many 

parameters tojuggle, the computer is well suited for the task. 

Let us look at the simple bi-fluid cycle shown in Fig-. 5. This cycle 

is extremely simple, yet the re are six major paramete rs which must be 

'considered while optimizing the cost of that plant. They are: (1) the tur--

bine inlet tempe-rature, (2) the turbine inlet pressure, (3) the feed pump 

L ... 
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inlet temperature, (4) the feed pump inlet pressure (the feed pump must 

be fed with liquid), '(5) the pinch point temperature drop in the brine heat 

exchanger, and (6) the pinch point temperature drop in the condenser 

heat exchanger. The initial well bottom enthalpy (or temperature) and 

the air temperature are given. A six-dimensional parameter study is 

difficult to make even with a computer. As a result, cost optimization 

should proceed as a single process. 

Since the cost equations are highly non-linear, one must calculate 

the optimum plant parameters using an iterative process. One starts 

out with a first guess power plant. One calculates the electrical energy 

cost from the plant, then the first and second derivatives of that cost 

with respect to each of the optimizable parameters. Using ite rative tech-
• 

nique similar to Newton's method one can, with luck, converge on an 

optimum powe r' plant design in a relatively short time. .Given reliable 

cost data and a good thermodynamic model of the power plant and the 

geothermal field, the computer will prove invaluable for developing powe r 

plant cycles which result in economic electrical energy. 

Summary 

This paper has demonstrated a number of applications for which 

program GEOTHM can be used. The application of the program is by no 

means limited to the cases shown, nor is the program limited to just geo-

thermal power cy~les. It is expected that program GEOTHM can ,be 

applied to a host of thermodynamic systems which use a variety of working 
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fluids to generate Inechanica1 power, refrigeration, or transfer therIna1 

energy froInone place to another. PrograIn GEOTHM is growing; its 

development is not cOInp1ete. This report represents program GEOTHM 

as a photograph represents a growing child. 
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