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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 ' g

with high-temperature‘ brines. Thebinary s‘ystem> becomes economically

competitive only when used on low-temperature brines (enthalpies less than

350 Btu / lb;).’-. Geothermal power app'ea.rs to be economically attractive even

when low- temperature brines are used.
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COMPARISON OF ELEMENTARY GEOTHERMAL- BRINE
POWER-PRODUCTION PROCESSES

Intr oduction -

It is generally expected that most of the geothermal resources in the

- United States that could be exploited by minor extensmns of present technol-

ogy are m the form of hot water reserv01rs (90) The reahzatlon of such
extenstons at an early date might slgmficantly improve the Nation' 5 energy-

s1tuation.,_j';_», RTIEE CET IR S TN REER S :
Many variations of the basic power production methods—steam turbme

_cycles, aecondary -fluid turbine cycles, and mixed-phase turbine cycles (146,
‘466, 180, 224)—are possible, and several have been advanced as outstand-

ingly suitable for given sets of conditions. Unfort:unately, agreement on

,which is the best has not been reached because suitable bases for compar-

_hisons have not been worked out. “"Major deterrents to vahd compar1sons are

the wide range of plausible choices of the many parameters to be spec1f1ed

and the ‘generally unwarranted amount of effort required to completely optl-

‘mize operating ;condltions. Consequently, as a step ‘toward estabhshmg a
' 'common basis for 'comparison, simple:cases of the three basic. geothermal

: power -produ\c:tionsy_s_terns,have been worked out for consistent sets:of condi-

tions.

The SYStems considered were 2 slmple ﬂashed steam plant, an elemen- _' '3 .

: tary binary-fluid plant, and a su*nple compound flash two-phase turbine sys-

tem. ‘The’ boundary conditions common to the three systems were:

- well flow rates of 106 1b of fluld .per hour' S
- well fluid enthalples of 3oo "400 500 and 600 Btu/lb o
50 two Heat evaporative cooling Whlch permits

economlc‘h‘eat reJectlon at 120‘1-" and an air- cooled condenser ,

reJection systems‘ )

~which permits economic heat reJectlon at’ 160°F e
- basic interest rate of 7%; - T
ALY plant hfetime o£ 30 years- '

Numbers in parentheses refer to pages in "Geothermal Energy", edited by
P Kruger and C Otte, Stanford University Press, Stanford, Calif., 1973.
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- 90% annual service factor for the power plant and a 100% service
factor for the well; ; '

l-‘ well fluld propertxes that were the same as pure Wa.ter,

- simpltfled optimization of 1ntermed1ate conditions Wthh was

‘carried.out on the basis of mmrmum unit power cost.

= This pa.p’er»prese'nts‘ the results of the cost calculations and som'e/’con-
clusions that may be drawn from gimplified calculations. The comparlsons
shown here may be useful for establishing the probabxhty of a gwen system

being most appropnate for a particular set of condltmns.

§ystem Descrtptmn

a) Sunple Flashed Stearn Plant

The ﬂashed steam plant has been used in a number of geothermal SRR

_ flelds around the world. The cycle shown in Flgure 1. which is the slmplest

versmn of the ﬁashed -steam plant, is the one we have chosen to analyze for
our comparison. The advantages of the simple flashed-steam plant are:

- Plant components are simple and cheap.

’ Eva.porative cooling may be used in dry areas because the cvon”‘-"’_r"'

‘densate (relatively pure water) may be used as make-up water
for the cooling towers. '
- .»Reas'otia(bly good cycle effieiepcies are obts'inable Withwh“i‘gh-f
- quality geothermal wells. ' ’ '
'l'he dlsadvantages of the sxmple flash system are: ‘, : o

- A.t low reJectmn temperatures, the steam turbine 1s large and

expensxve in comparlson to the power 1t produces. :,' o

- 'l'he steam turbine is. subJect to fouling if the steam from the

‘ﬂa.s‘hed brine is corrosive.

. Steam from the flashed brine enters the turbine on the saturated

- vapor line. The result is a relatively inefficient steam turbine _ _

system..
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- The flashed steam system does not utilize all of the available
energy in the well ﬂuxd at the maxlmum temperature the well is

capable of producmg.

Some of th_e_pr;eceding disadvantages may be overcome in part by multiple

staging of, the flash tanks. Well fluids of high quality (H =600 Btu/1b) should

undergo two or!‘ three »s‘tages -of flashing. :As the input-enthalpy of the well
fluid goes down, more than one stage of flashing is less justifiable from an
‘economic standpoint. ‘ S .

The single- stage flash tank pressure was optzmxzed for minimum

power cost.’ The optlmum pressure is a function of both reJectxon temper -

~ature and well- water mput enthalpy. "A turbine efhcxency of 0.85 was as-

sumed for this system because this kind of efficiencyis achieved in today's

power turbine. . It is not clear that :this efflclency is obtamable over the :

‘ long runina ,f_lashed -steam system.

b) . Bma.ry Plant P c ST S ,
- The binary plant has a heat exchanger between the well £1u1d and a sec’
,ondary fluld in the turbine cycle (see Flgure 2). The reasons for usmg a

binary. cycle are as follows.

The bmary cycle will make greater use of the available energy

wi g from the well when the secondary ﬂuld is properly selected

<‘.,' 4

There is a reductl.on of equlpment sme when reJectlon temper—

atures are low

The secondary flu).d can be clean and- noncorrosxve.
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Ee A :desirable to do so.

o Pollutlon due to the brme or its d1ssolved gases is. m1mm1zed

- We have restrxcted our: cost comparlson to an isobutane bmary system. o =

Isobutane has been proposed by A.nderson (163) and others aga- workmg

fluid. Its propertles are quite. good at temperatures of 300- 350°F ~Itis
*clear that 1sobutane is. not an ideal cycle fluid a.t, say, 500°F there is no-

ideal fluid whic_h is usable over a wide range of temperatures. The isobu-

tane systern;analyzed here is one which uses isobutane above the critical
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point. " The result is better utiltzationof well' input enthaipf. ' ;
‘The binary plant is not without its dlsadvantages, the more unportant
ones bemg SR ‘ ‘ . S
- Heat rejection using evaporative cooling ié‘;r}nore,‘di’fficu‘;'lt ‘b'e-‘
cause the make-up water for the cooling tower must come
- from another source. VI.f air condensers <must be used the .

: Vcos‘t goes up.

- Deep well pumpmg is probably requlred

- , The heat excha.nger has a significant effect on cycle eff1c1ency o

as the ‘input enthalpy of the well fhnd rlses. :

1

The last of the above is. 1rnportant because the log mean’ ternperature drop
across the heat exchanger between the well watér and secondary fluid has
been optimized for m1n1mum power cost. (When the- mput well water has

- an enthalpy of 600 Btu/1b, the log mean temperature difference is 60 F.

When the well water enthalpy drops to 300 Btu/lb the log mean. temperature :

dlfference drops to 15F.)

c) Compound Plant (two-phase turbine combined with simple flashed-steam g

plant)
The primary dlsa.dvantage of the simple fla.shed steam system is the

fact the sunple flash system does not utilize all of the available energy from -

the well. Better utilization of this energy is obtained -When the well fluid is
expanded through a two-phase turbine into the flash tank instead of isenthal-
pically during the simple flash process. Furthe’rmore, ‘the brine which lies
at the bottom of the flash tank can be further expa.nded through a two-phase
turbme to utlllze even more energy from the well f1u1d as shown in Figure
3. ‘

sitate an arbitrary choice of the input fluid conditions, ‘which are not con-

sidered in this paper, the system shown in Figure 3 is’ based on 1sentha1p1c h

expansion into the flash tank. The flash-tank operatmg pressures are the

same as those used in the simple flashed- steam case; the flash- -tank brme

is. expanded through a two-phase turbine to the condenser pressure.

Since an analysis of the high-pressure two- phase turbine: would neces- -
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The advantages of the compound system shown m Flgure 3 are:

- Irnproved efflc:.ency over the slmple ﬂash system for a wxde

i vrange of well- water input enthalples.

- Relat:.vely su'nple plant components (no well-water heat ex-

'*'changers) CER S LA M R

-7 'Evaporatwe coollng whlch can be used m desert areas because

\the condensate water is fed mto the coohng tower. »

: Smce the system shown m Flgure 3 is not optunlzed for ﬂash tank pressure,

this treatment of the system gives low values of efficiency.
o Two types of turbmes ‘have been considered for two-phase use: the

'n'npulse turbme (such as a Pelton wheel or Francxs turblne) and the reaction

turbme (gas turbme, or screw converter) .The impulse’ turbme is commonly
used in the hydroelectrlc power 1ndustry, the reaction turbme is most. often
used w1th gases.» W1th the exception of the. screw-converter, the second

type is not suitable for two-phase geothermal ﬂulds.. The screw type con-

_verter zs prormsmg but expenswe. The Pelton turbme and Franczs type

turbme may be attractlve for geothermal use. . . S .
, The primary d1ff1culty with the system shown in. Flgure 3 is that all of

: the heat reJected from the system is rejected through. the condenseér, . The -

cost of thxs extra condenser can be more than the worth of the extra power

, generated by. the system. '

' Cost Estunating Procedure

' Costs are given in'1973" dollars and for most of the maJor components,

' are based on the best»avallable mformatmn In some cases, assumptlons con-

~cerning cost are. made and'are: 80 stated. SRC LSty

- The steam turbme generator units are assumed to operate at a turbine

: ‘efﬁcrency of: 85% with: saturated steam at the mlet The mstalled cost of the
L - turbine and: generators is § 120/kW when the mlet pressure 15100 psxa or

above, $4130/kW' ‘when the 1nlet pressure is' between 25 and’ 100 ps1a, and

$140/kW. when the: inlet. pressure is 25 psia or below.

"The pro_)ected cost of the isobutane turbine, which is assumed to be

85% efficient, is ¢ 120/ kW.: The cost of’ the 1sobutane in’ the bmary system

 is.included.in the turbme cost.



We kinves't_‘i'gated two-phase’ expanders ‘We have assumedthey‘ take
saturated liquid at the inlet and are 70% efficient. '"Irnpuls'e tur.bines were
assumed. Their cost, mcludlng a steam expansmn box. and generator, was
assumed to be $120/kW. e ' v

The weight of flash tanks was determmed by usmg an approxunate for-
mula based on Sectlon VII of the ASME Boxler and Pressure Vessel Code.
The diameter and. mtenor conhguratlon of the Elash tank was flxed The
flash tank Iength wage determined by the mass ﬂow rate, «and the tank thick-
ness was determmed by the pressure. “The cost of flash tanks, p1p;ng, and.
installation was $2.00 per pound. = " R SR e
| Pumps, which make up only a small part of the system cost, are as- -
. sumed to be 70% efficient. The cost of water pumps is $200/kW 1nsta11ed ’
including the motor. The isobutane pump which runs off the turbine costs.
$120/kW. T e Ce

The heat exchanger between the primary and seic"ondary fluid in the
g '72 F!and to cost

$5.00 per ftz. The log mean temperature drop is optumzed for minimum

binary system is assumed to have a U of 200 Btu hr

_cost. The low cost is based on using an iron heat exchanger.' Since most
geothermal water is nearly oxygen free, it is qulte poss:.ble that iron heat
exchangers can be used.’ ‘

Two heat-rejection schemes were investigated. The air used in both
cases is assumed to have a dry bulb temperature of 100°F and a wet bulb
temperature of 70°F (the air over Northern Cahfornla or Nevada is above
these temperatures only 1% of the time). We assumed that an evaporatwe
cooler (a cooling tower and condenser) would operate at a heat-rejection
temperature of 120°F and ‘the dry air condenser at 160°F

Two kinds of evaporatively cooled condensers are consldered A

direct contact condenser connected to an ordinary cooling to,wer,;ts assumed

for the simple flash and compound cycles. The condenger for the binary
system is assumed to be built into the cooling tower_ base.  The cost of both
types of evaporative coolers is assumed to be $40/kW rejected. * The fan
power required to run the cooling tower is 41 kW for each MW of power re-
jected, 5 7 SR . S ,
The slzmg and cost of air condensers is widely reported in the liter--

ature. The cost estimate given here is based on a forced draft cooler with

P
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three tube rows.' A heat transfer coefflclent based on the bare tube area,

of’ 120 Btu hr f 2°F 1y 1s assumed The real fmned tube area

i 17 tlmes the bare tube area. , The estlmated cost of the air condenser B
- mcludmg mstallatlon and fan xs $ 13/kW re_]ected Thxs cost 1s based on a

cost of $ 12/ft2 (bare tube area) mcludmg mstallatmn and fan. The fan

power requ:.red 1s 16 4 kW per MW reJected based on an assumed 67 ft2

(bare tube area) per kW of fan power.v, , .
The cost of site. preparatwn (roads, fences, etc ) and bulldlngs 1s as-

" sumed to be 15% of the sum of the cost of the power generat1on fac111t1es
‘(flash tank, heat exchangers, turbxnes, condensers, etc. ) The mterest

“durmg constructlon 1s assumed to be 10% of the power generatlon facilities

plus site n'nprovement The cost of engmeermg development and admmr.se

tration (EDIA) is 10% of the constructlon and 1mprovement cost including

1nterest A 15% contlngency factor is added .
“The cost of operatlon 1nc1udes capltahzatlon (7% over 30 years),

'_mamtenance and’ msurance, Whlch is 4. 25% per year, of the gross capital

cost; dehvery of the geothermal fluid from the ground at $0.05 per kgal; .

brme dxsposal and re- m_]ectlon at $0 05 per kgal and a labor plus mlscella-

| neous cost of $ 35, 000 per year per well, The labor usage, is assumed to be

2'r man-years per year per well (each well produces 106 lb/hr) not including

mamtenance. The cost of labor 1s $ 15 000 per man-year, A $5 000 per

year mlscellaneous cost 1s added

The costs not consldered here mclude land acqulsrtlon (many geother-
mal sltes in the West are on federal land), recharge water importation, brine
treatment m.meral recovery, and a return on the mvestment The pro-

ceeds from any minerals recovered or any fresh water resultmg from the

process are not mcluded

*Results of the Economlc Study fE

+The cap1ta1 cost, unit energy cost; and the system eff1c1ency were cal-

' culated for each of the three simphfled systems, w1th well waters Whlch
have input: enthalples of 300, 400, 500, and 600 Btu/lb "These calculatxons
‘were done with an evaporatwe cooling heat- reJectmn system in Whlch heat

,reJectlon occurred at120°F and an aircpoled condenser system in whlch heat

s

is reJected at 160"



The first conc;lusiOns'are the obvious ones. Costs are hlgher a.nd
efficiency is lower as one uses well waters wrth lower enthalples. Heat re-
jection w1th an air condenser at 160°F results ina hlgher capltal cost per.
kW and hlgher energy cost tha.n if heat reJectlon occurs at 1ZO°F through a
coohng tower. - o , '

The most expensive system in terms of capltal cost 1s the bmary sys-

»tem. The least expenswe is a slmple flash (see F1gure 4) Further inves-
"tlgatmn of the compound system may yxeld lower capltal cost than the simple
ﬂash system. ' ' o

" The cost of energy per kWhr vaned over the range of mput enthalples.
The system which produced the cheapest energy with Well waters having an
input enthalpy of 300 Btu/ 1b was the bmary system (w1th 120°F rejection, -
the compound system yields nearly the same cost) At 600 Btu/lb mput
enthalpy the binary" (1sobutane bmary system) produces the most expens;.ve
energy (see Frgure 5). The bmary system which has the hlghest caplta.l
cost produces the’ most power at low 1nput enthalples. The cost associated
with getting the water out of the ground and rem;ected mto the ground are
nearly constant regardless of the well water enthalpy or the cycle rejection
temperature. The greater efficiency of the bmary cycle on 300 Btu/ 1b mput
water had an unportant effect on the cost.

Figure 6 illustrates the efficiency of the three systems as a functlon of
well water enthalpy and rejection temperature., The relative eff1c1enc1es of
the three systems is rather interesting. " The 1sobu_tane binary system was
most efficient with low enthalpy well waters, and least efficient with high
enthalpy well waters. Inall cases the compound system was more efficient
than the simple flash system. The efficiency of the compound system can be
further extended by making all the expansmns that occur above ground go

through a turbine. : S ' S o
Tables 4 through 17 in the Appendix present the operating character-.

istice and cost breakdowns for the three systems.A l‘ableé 6 and 12 show .b - )

the effect of changes in the cost variables on the unit energy cost for the

simple flashed-steam system and the 1sobutane binary system. These tables

show the senslt1v1ty of the electrical energy cost to changes of capital compo- C

nent cost, 1nterest rate, a.nd plant lifetime. The relat1ve importance. of ’ ‘

well cost to plant cost:increases for low-enthalpy geothermal fluids. -
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. Table 1

SINGLE FLASH TANK

,,,,,,,

b

¥

. . POWER. PLANT OPERATING CONDITIONS* ~ -~~~ = =

| Enthalpy
(Btu/1b)

“Rejection

Temperature

‘Available |
 Power ;
from Well . .|
MWy

Power

Qut

(MwW)  ”*

“Pump
~ and

Fan Power
(MW)

Heat Rejécté&:
through

(MW)

'|[Heat Rejected
“Condenser | ~'in Brine . .

(Mw)

Net‘-‘ ‘C‘lycle v
Efficiency

VO R

300

10,053

22.6

35.2

6.7

s0.3

3.2

0.400

22,6

24.5

5.6

400 -

91.4

POV S SRR A R

8.9

0.077

46.6

9.7

160

v79z7" |

6.6

43.3

7.3 S

5000 -

- 0120.9°

150

©0.092 |

62,0

a3

©109.2°

12.0

1 0.952

56.3. |

9. 8 B - J

600

~.-120

¥ 150.2"

22.7

0.106

77.6

15.0

160

S8 |

1.198

7.2

12.6

10 1bs per hour of fluid out of the well. ,

XIGNEddV

6




Table

SINGLE FLASH TANK

CAPITAL COST SUMMARY SHEET

Input . Rejection _ CAPI TA L coSsT 107§ . e
Enthalpy Temperature Flash Coolin » - . :
A . g -Bldg. Site
(Btu/1b) (°F) | Turbine ‘Tank Condenser Pumps -Preparation . Subtgtal
120 590 34 227 6 ‘ 128 - 985
300 — , RSN (S 9% .
, 160 420 34 294 6 14 868
120 160 34 466 6 250° 1916 |,
400 : - v — s
160 860 34 563 6 223 . 1686 '
120 1950 36 620 6 392, 3004
500 - — i / it
| 160 1440 34 732 6 343 2555
- 120 2720 49 776 533 4084
600 ‘ '
160 2240 56 925 507 - 3734
() , ER C

—
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Table 3

SINGLE FLASH TANK

- TOTAL CAPITAL COST AND CAPITAL COST

Sy

P

"

PER KW . oo

- Input-
Enthalpy

1R ej“ééfidﬁ
y | Temperature||
(Btu/lb) |

| CAPITAL COST 10°$

: Subtoﬁal,-,;._..

2! Interest during l
.- ...Construction- - -
EDIA & Contingency

. Total
Capital Cost

Net,
Power

_ﬂ(kW) PR —

SRR s e e et

Cost

( c aplta]_ o &

i

300 : .

137

4150

330'

1208

2800

431

, ?,50

2666

8820

302

- ].‘60.\ -

i,686:m. oo s o J et i s

- 2346

5860

- 400

3004 |

L1176

;4180

14910

280 ¢

‘ﬁt;léég V

egsss |

To3Ess 7

1050 |

321

4084

1899

" 5683

22600 |

160

3734

1462

- 5196

17500

297

-vi-




Table 4

SINGLE FLASH TANK

ANNUAL COST SUMMARY SHEET

~Input
‘Enthalpy

(Btu/1b) |

Rejéction
Temperature
(°F)

'COMPONENT COST 103 g~

Capitalization

Maintenance
& Insurance

Geothermal
Brine

Brine -

‘Disposal

. ‘Lavbor‘
& Misc,

Total
Annual
Cost

(1039)

300

120

11

58

55

149

35

308

160

98

51

55

49

35"

288

400

120

215

103

55

. 45

35

453

160

190

100

55

45

425

500

120

' 337

178

55

41,'1w

35

646

160

287

151

55

42

870

600 |

120

470

241

55 .

35

838

160

420

221

55

38

35

769

— _



Table 5

©  SINGLE FLASH TANK

 ANNUAL OPERATING COST AND ENERGY COST

!

Tota1
Annual -
-~ Cost: "
(103g) -

Net Power Annual. oot

. Out , 'Electncal“ l{Energy Cost

ew) | Enetgy Output. ||(mills/kWhr)
ol ao%kw by

. Input . | Rejection -
. Enthalpy - | Témperature.
(Btuv/1b) R 1_‘:-_ (e F)

Ll

120 || 308 4500 | 0327 || 9.42

" 300

160 |l 288 | . 2800 - 0.225 12.77

ccaz0n |l 453 o 88200 | 0,694 . - 6.52

Ca00 0 — . e A— — : ,
ERES 01600l o425 - | 5860 | . 0i46l 9.2

120 6a6 | 1a910. | - amr || 5.8

et 3 2aftiE

500 - , 1| “ . i _
. "' ’16;0‘- |l s70 11050 _ - 0,86‘{9 |l 6.56

Sl 12000l s3s | 22600 | 1.758 4

600

o160~ . 769 | 17500 | 1.377 .5.59
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Table 6

SINGLE FLASH TANK

SENSITIVITY TO .COST CHANGES

Rejection Tempéi‘ature:_ 120°F

poo

Perturbed

: Char{ge'iﬁ Unit Cost of Energy (%)

, Cost ' As_sﬁmed ‘ :
Variable Cost Factor ‘Value 300 Btu/lb 600 Btu/lb
: R o Well Fluid Well Fluid
Steam Turbine 10 ¥ $100/kW. -5.8 -10.8
and Generator | $120/kW" $140/kw ™ +5.8" +10.8
A | e $1/1b 1.1 -0.6
Flash Tank 2/ $3/1b +1.1 +0.6
Condenser » . | :
! PR $12/kW +2.9 +3.7
Cooling Tower l$1.0/k_W $15/kW +7.3 +9.3
~ System ' : o S
Interest 19 ' 8% " +3v'.7 +3.7
Rate L 10% +11.1 +17.7
Plant 30 vea. 15 years +13.0 +20.3
Lifetime .Y‘ia“ 20 years t6.1 +9.6
Maintenance 4'.gzr5;/°s:f 3.25% - 4 2 -6.8
& Insurance - capital cost 5.25% +:4,.2 +6.8
Geothermal o $0. 025/kgél -8.9 ‘i -3.3
Fluid $0.05/kgal $0.10/kgal 4178 +6.5
o E ‘ $0.025/kgal - -8.8 -2.2
Brine Disposal | - $0.05/kgal $0.10/kgal +17.5 C+4.4
. : e , : : i
— ' 1 $20,000/yr ’ ~3,2 -1.4
Labor $30,000/yr $40,000/yr +3.2 +1.4

For the system usmg 300 Btu/1b well water the assumed cost factor is $l30/kW and the

perturbed values are $llO/kW and $150/kWwW.

e
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Table 7

UTANE BINARY SYSTEM e

-

Input

Enthslpy
~ (Btu/Ib) |

Rejection.
Temperature
L CE)

Available
P
from Well
(MW) -

_Net Power "
from Binary
Turbine

Brme P\lmp o

and

" Heat Rejecféd B
o (Mw)

Fan Power

from

Condenser ||

in

-Net Cyde
Efficiency
IR

300

120

62,0 | -

160

503 ]

36;8-“(

. 8".1‘ el

e ‘9.4 o . ..‘

400

91.4

12,6

s ,WlIZ,i‘. 3 IR

160

L1907

- 0975 -

59,1

S 12,6

<500

120

. 120.9.

| 0.093

2009

0

109,20

11,203

79.1

21.0

600

150.2

0.110

104.1-

31.9

9.4

160

138.5

1.584

96.1

31.7

6.6

6

‘

*10° 1bs per hour of fluid o\if:' of the well.

—g'p_




Table 8

ISOBUTANE BINARY SYSTEM

CAPITAL COST SUMMARY SHEET

R CAPITAL COST 103§

Input Rejection ‘ : - ‘ e oo : .
Enthalpy | Temperature . Pumps - , ... ||| Subtotal . |
(Btu/1b) (°F) Heat | _'Turbme + Mostly Condenser | Blde. &Site (103 $)

: Exchanger Generator - | Preparation : R
_ _ ' Isobutane A R
R 120 307 989 92 464 278 2130
300 : . ,
160 241 n9 77 478 226 1741
- 120 268 ‘1456 101 675 375 - .2875
400 , - ‘ f , : i
160 228 1047 90 768" 320 2453
o 120 || 200 | 1643 102 871 Coa23 || 3249
160 185 - 1183 90 - 1027 373 - 2858
- 120 166 1816 107 1041 470 3600
160 150 1382 94 1250 432 3308

-vg';‘.




Table 9

ISOBUTANE BINARY SYSTEM

or

"iﬁﬁﬁirfﬂ'
‘| Enthalpy
';?(Btu/lb)Vf“

Rejection
Temperature
R TR

‘CAPITAL COST 10° g

 Subtotal

Interest during
- Construction”
EDIA & Contingency

Total

“| Capital Cost |

Net: |
. Power ...
(kW)

, ‘Capital
:0. Co gt - e
per kW ($)

300

160 .

,,f1741QJUV.qmwyv,

o 682 . nﬂ‘ - v 3o

.M2423.H@W

1203.‘ B

. 2375..:..”" :

1124

73999

TR LY

160

2453 -

- 960

73413

4” Soo':”"”

ﬂw3249LUH‘” L

12720

4521

lt‘i16bél f

‘uis |

3976 .

503" -

600

1200

- a8sg |

3600 |

1408

5008 . .

7900

14130

354 -

160

3308

4603

9160

496

- 1295

'TOTAL CAPITAL COST AND CAPITAL COST PER KW CoE

354 |

-LI‘-




Table 10

ISOBUTANE BINARY SYSTEM

ANNUAL COST SUMMARY SHEET

COMPONENT ANNUAL COST (103 §)

‘Total

Input Rejection Annual
F&??}lg)y Teml()oe;;lturev Ca it:alizat'on Maintenance| Geothermal Brine Labor ~ Cost
, P ! & Insurance Brine ~ Disposal & Misc. - (‘103$)
120 239 126 55 55 35 || sw0
300 _ ‘ _ ‘ :
160 195 102 55 55 © 35 442
120 323 170 55 55 35 " 638
400 : : - —
160 276 145 - 55 55 35 . 566
» 120 366 192 55 55 35 703
500 —— , ‘ — — , . —
| 1160 32 169 55, 55 35 635
120 404 212 55 55 35 761
600 ‘ | i
160 372 196 55 - - 55 35 713

-8;-



'lI‘ab‘leE 11

- ISOBUTANE BINARY SYSTEM =

ANNUAL OPERATING COST AND ENERGY COST = * - | .

ot |- Rejection I ol || oamsm ]l
Input -} . Rejection || Annual” | Net Power |  "Electrical @ °||Energy Cost
Enthalpy | Temperature : ) R | P o
(Btu/lb) | (¢ F) Cost | (kW) Energy Output (mills/kWhr)
R T aody) | - 08%kw nr): || .

120 . 510 | 7470 . o.s89 8.67

' 36Q;f ‘ - : , z -

| 120 ] 638 - | mzz0 | 08236 BRI 7.21

e

e 2600 |l 566 | 6990, - 0.553 || 10.22

1200 |l o703 | 12760 1008 ) 6196

o160 || 635 | 7900 © | 0 0.624- || 10:18

: B N | B (R R V1 E LR rus || e.s2
600 - U . ¢ ] ¥ :




T-able 12

' ISOBUTANE BINARY SYSTEM

SENSITIVITY TO COST CHANGES -

Rejectionr Terﬁﬁeréfﬁre: ”120°'F"_ v

Assumed

| -Pertﬁr_bed

Ché.nge in Unit Cost of Energy (%)

Cost — -
Variable .Cost Factor Value . " fl. 300 Btu/lb 600 Btu/1b
. ' : Well Fluid Well Fluid
o - $80/kW -12.5 -17.7
omd Gemerntor | | $120/KW $100/kW - -6.3 -8.9
, _ i B $140/kW +6.3 +8.9
Well Fluid 5552 $8/£t% +7.1 +2.6
Heat Exchanger e . $12/ft +16.7 +6.0
Condenser v -
. 12/kW +3.6 +5.4
Cooling Tower: - $10/kW - 3 Ta ‘
 Sreiem o $15/kW +9.0 +13.5
Interest 79 8% +4.8 . +5.4
Rate ° 10% +14.9 +16.8
Plant 30 vears 15 years +17.0 +19.2
Lifetime Y 20 years +7.9 +9.1
Maintenance 4';izos:f 3.25% -5.8% -6.6
& Insurance Capital cost 5.25% +5.8% +6.6
Geothermal $0.025/kgal - 5.4% -3.6
Fluid $0.05/kgal $0.10/kgal +10.8% +7.2
IR $0.025/kgal | = -5.4% -3.6
Brine D1sposa) $0‘.05/kga1 _ , $0;10/'kga1" 410, 8% 7.2
$20,000/yr L 2.3% 1.5
Labor $30,000/yr $40.000/yr +1.5

+2.3%




“Table

13 .

"

POWER PLANT OPERATING CONDITIONS’Q<

.Pump & Fa;n

Heat Rejected
Through

© Heat .
Rejected.
in Brine

SIMPLE COMPOUND SYSTEM (F'LASH AND TWO-PHASE TURBINE)

" Cyele
Efficiency

Input . | 'f’R‘c—:yj"ection“j[
Enthalpy - 1 _
- (Btu/1b) HeF)

Available !
~|Temperature. - Power.

from Well
(Mw)

Power from
Turbines -

e |

5.87

Power
(Mw)

. Condenser

10,059 | - 56.1

i

S (MW)

6.3

62,0

0.790 . | 46,3

300

120

50.3

“1f1§°;;fpfjuEﬁﬂmmw,;.,waW3¢95,f“f_

11.61

. 0‘.1.10q . -79,8

8T

12,6

- 400

160

9.7

8,08

19.20

1.200 -

00,132 | 21017 -

1200 ’

120

120.9

94.5

500
160

;‘,!\99:?,

14713 |
“easz |

©.1.580

121.8

©718.8

-;z—

B0z

. 28.35

1.930 |-

115.8

600 ’

.138.5 .

22.69 |

*106

Ibs per hour of fluid out of the well,




Table 14

SIMPLE COMPOUND SYSTEM (FLASH AND TWO-PHASE TURBINE)

CAPITAL COST SUMMARY SHEET

Input

CAPITAL COST 10°§

Rejection - .
Enthalpy | Temperature R S ' Qs Subtotal
A : . Flash Cooling _ : Bldg. & Site
(Btfl/lb) (°F) Turbines Tank Condenser Pumps Preparation ' (10%) ,
120 790 34 561 6 208 1599
300 ‘ ; .
160 510 34 603 6 173 1326
| 120 1485 34 798 6 348 2671
400 . : : | ,
160 1038 34 932 6 302 2312
© 120 2454 34 1017 6 527 .4038
500 S : , —
| 160 | 1768 36 1228 6 456 3494
120 3398 49 1218 RT3 700 || s3m
600 — — - -
: 160 | = 279 56 1507 6 ' 633 4921




C

Table 1,5 .

SIMPLE”COMPOUND*SYSTEM.(FLASH AND TWO-PHASE TURBINE)

'TQTAL CAPITAL COST AND CAPITAL COST PER KW

_ Input
~Enthalpy
~ (Btu/lb)"

£

B R’ejecti}on'
Temperature
o CFY

CAPITAL COST 10°§ .

;l'”’"Subt‘df}ﬂ

;W,I}r/rl‘tgrést during‘ .
- Construction
| EDIA & Contingency

Total  ||:..

Capital
. Cost

Nef

Power-- -

. Capii:al '

K Cost .,,‘j‘.,.,_..., i

- per kW ..~

3000 ...

1200

" 1599

626

2225

. 5810

382

160

1326

1845

3160

400 . .

1120

2671

1045

3me

11500

323

'16 0;{ ' -

2312 |

904 :

326

460

500 ..

120 07 ]

4038

U se

19070

29t

3494

166

- 4860

. 13150

370

600

1200

S B371

2100

7471

2823 Y

264

160

4921

71925

6846

20790

329

-S"?-.




Table 16

SIMPLE COMPOUND SYSTEM (FLASH AND TWO PHASE TURBINE)

5 .
L4

ANNUAL COST SUMMARY SHEET

f:;t?/allg)y Tem?oe ;)ature Capitalization Maintenance | Geothermal Brine = | Labor & " "Cost
' . P _ & Insurance Brine ‘ Disposal Misec. - || (103%)
120 || 179 96 55 .30 35 395
300 , — 4
160 149 78 55, [ 32 35 349
120 299 158 55 35 35 |l . s82 n
400 H- — — / — — :
160 269 137 55 37 35 | 833
120 452 239 . .58 | 39 35 820
500 — — — — R o
160 I} 392 | . 206 . 55 4a 35 729
‘ 1200 || s97 | a8 55 | a5 | 35 T 1080
600 - ' o ‘ . ihad _ |
160 556 291 ' 55 47 35 A 984




Table 17

SIMPLE COMPOUND SYSTEM (FLASH AND TWO PHASE TURBINE)

ANNUAL OPERATING COST AND ENERGY COST

L 'Inpﬁt

, Enthalpy
| Btu/b) |

 Rejection

Temperature
eE

- Total

Annual

“..Cost

Net Power
Out

W)

Annual
Electrical

(108 kw hr) .

nergy Cost
Ener gy Output (mlllS/kWhr) .

300

TN

L1200

| ;u -77(103: %)

395

5810

 0.459

It

- 8.61

160

349

3\160 -

0. 250

: . 13 . 9_5»\-—, b iy area

400

120

582

1500

0.908

6.41 |

160

533

6880

0.544

¢

9.81

500

~ 120

820

1.508

1. 160

729

' 13150

1.039

7.02 |

600 '

1050 " .

oy 28230 Sl

‘2:230

e 160- '

f_20?9o

1. 642

5499 -

-gz; T
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Simple flashed-steam cycle with evaporative heat rejection
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Figure 2. Simple isobutane binary cycle with evaporative cooled heat rejection,
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Figure 5. Electrical energy cost as a functiori_ of well water
input enthalpy and heat-rejection temperature.
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~ rejection temperature.
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