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The selection of cooling design
for a geothermal power plant directly affects the
annual energy generation, steam and
capital cost.
consist of condenser pressure, wet bulb temperature
and cooling tower approach t rature, are used to
size the cooling system.

The final aelection of the design
dependent upon an study which
tially an economic between capital and
operating expenditures revenues f r a the energy
generated. The objective of the study
is the aelection of design which
the overall unit cost of the energy generated for
the life of the plant.

This the and procedures
for the selection of design
for a geothermal power plant using
cooling system.

The selected design parameters, which

The relevant presented have been used to
facilitate selection of design parameters
for a geothermal plant in Indonesia.
results this optinisation are given, together
with a sensitivity analysis, to the pro-
cedures for the selection of the optimum design
parameter

The

Selection of a low design condenser
design approach and high design ambient wet bulb
temperature will result in an efficient plant, the
output from which is little affected by
ambient but which a very high 
capital cost. Alternatively a low capital cost
plant can be designed which is less efficient and
for which the power output on the
ambient temperature. 

Thus the final selection of design parameters
give the lowest overall cost is dependent upon an
optimisation study which is an

capital cost and
and from the energy generated. The

--

of is to describe and demon-
strate the procedures for the selection 
of the design for a power
plant using an atmospheric system.

1. Cooling Description

The procedures discussed in paper
are applicable to any type of
cooling system. However, for the of
paper a of the following 
principal plant will be considered:

Direct condenser
Cooling water can
Steam ejector gas extractors

draught crossflow cooling tower

A typical plant layout incorporating these items is
shown in Figure 1.

2. Optinisation 'Variables

2.1 Optinisation

The opthisation the optimum design 
value for the following three

P condenser pressure 
- wet bulb

A cooling tower approach temperature 

These three design parameters fully the
cooling and from then all other cooling 
system design can be a8

(i) The steam partial in the 
calculated from using

law of partial pressures.
(ii)The condenser temperature is the

saturation temperature at 
-

terminal dif-
fer*- is assumed to be a constant).

I
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GAS AND

FIGURE 1: GEOTHERMAL POWER PLANT SYSTEM

The off tower A

The range, R -
(vi) The steam flaw (M) is calculated

using the turbine isentropic efficiency.
flow is calculated

and R using the condenser

Note Each parameter has a design value (the
nal value used to design the plant) and operating
values which occur during actual plant opera-
tion and continuously varying as the ambient
temperature varies).

2.2 f of Design Condenser 
Pressure

If the design condenser pressure is increased, more 
steam must be supplied to the turbine in order for
the turbine to produce the rated output the
efficiency of the plant has reduced).

2.3 Effect of Variations in Design Approach

The size and cost of the tower very sen-
sitive to design approach, and increases as design
approach is reduc

2.4 Effect of Variations in Design Ambient Wet Bulb 
e

Figure 2 illustrates the 
function of the design wet bulb temperature.
Figure the ambient
exceeds the selected design wet bulb
and, consequently the gross turbine output is
available. In addition to this, when ever the 
ambient wet bulb temperature is less than the design
wet bulb teaperature it is possible to reduce the 
speed and of the cooling tower fans
increasing the net station output.

Alternatively in Figure the ambient wet bulb
exceeds the design wet bulb for a percentage of the
day. Therefore there will be periods of the day
when turbine output
Alternative generating capacity must be found to

for this diurnal variation in station
output. To incorporate the cost of this
native power source in the study so as to
selected design conditions, marginal' intermediate
peak and base rates are required.
the relationship of marginal base and peak load 
generation with station for variations in
ambient wet bulb temperature.

Figure 3 shows

2.5 Effect of Variation Design Cooling
Tower Range

The design cooling water flow inversely
to design range.

cooling water flow decreases resulting in 1, er
cooling water can pump cost, power consumption and
cooling water pipework cost.

As design range creases

The cooling water can pump power consumption reduces
the net station power output, and the operating
value will slightly vary as cooling water flow
varies with condenser pressure. For the purpose of

the varioue design conditions in the
study, the can power consumption

is valued at the marginal base load rate and the
marginal peak rate as Figure 3.

2.6 Interactive Effects of Variations 
, in Design Parameters 

2.2 to 2.5 the effect of varying
In actual fact

variation of one design will have an
interactive effect on the design parameters.
It is possible to these interactive 
effects by using the temperature scale
Figure 4.

'one design parameter in isolation.

2
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FIGURE 2 :STATION AS A FUNCTION OF DESIGN TEMPERATURE.

GROSS TURBINE

'
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FOR ALL Of DESIGN

I

PERCENTAGE OF
31.6

FIGURE 3 THE EFFECT OF WET BULB TEMPERATURE
NET OUTPUT FOR
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I I (A) I
r a i s i n g
increases
steam
consumption
r

increas ing R
reduces
pump and

k
costs

increas ing A design
reduces inc rea se s
cooling tower peak genera t ion
costs requir t

FIGURE 4 TEMPERATURE SCALE SHOWING COOLING
TEMPERATURES STEAM CONDENSATION

WET BULB

Figure 4 i l l u s t r a t e s that no one can be reduced
without simultaneously increas ing a l l t he other
costs. Therefore an optimum combination of
A and e x i s t s when the total cost is a minimum.

3. Flow Chart

The economic o p t h i s a t i o n procedure is shown
i n the flaw cha r t Figure 5. This

flow c h a r t was derived from an earlier flaw c h a r t
ou t l i ned by Lorentz and Van de Wydeven 1980.

The procedure used to iden t i fy the optimum
of design A) was to

c a r r y o u t an independent economic ana lys i s  fo r  
s e v e r a l poss ib le combination of the design parameters
wi th in a se l ec t ed range. The optimum combination of
des ign parameters is t h a t with the u n i t cost

APPLICATION OF OPTIHISATION
TO

UNITS, INDONESIA

1. Cooling System Description

The cool ing system selec ted fo r the
Geothermal Power Plant , Units 2 and (2 x 55 
is i l l u s t r a t e d i n Figure 1.

2. Assumptions i n Programme

The following values have been assumed i n order to
f a c i l i t a t e modelling of the cooling system:

Steam supply,

i
- weight gas, 0.5 a t 6.5 bar
Turbo-gener- w o r k from 3kg gas equals t h a t fram

lkg steam- i s en t rop i c ef f ic iency,
- mechanical and electrical losses

Condenser and gas ex t r ac t i on system
(including leaving losses), 4%

- condenser pressure drop, 0.007 bar

- temperature di f ference between con-
denser gas o u t l e t and cooling water
i n l e t ,
i n s ign i f i can t  va r i a t i on  i n t h e  i n t e r  
and a f t e r condenser cooler water flaws

-

with condenser pressure- hea t load constant  

pump ef f i c i ency , 80%- e f f i c i ency , 92%

- taxes were not included-

Coo water p u m p s ,

Taxes and i n f l a t i o n ,

i n f l a t i o n was assumed constant through-out
the evalua t ion  per iod  and the re fo re was not
included.

- opera t ion and maintenance costs were not

included as they would be the same fo r a l l
of design parameters and

the re fo re would no t a f f e c t the se l ec t i on
of the optimum.

associa ted with excessive eros ion of the
ultimate tu rb ine blade s t age described
i n Sect ion 6).

(v i ) Operation and Maintenance C o s t s ,

(An exception to
' th is would be the maintenance cost

3.

Steam Price
Steam is purchased a t 'across the

price w a s still under negot ia t ion  therefore  it
calcula ted by two d i f f e r e n t methods.

F i r s t l y by basing t h e steam price on its value
for o i l subs t i t u t i on , a price of per
tonne was calcula ted . Secondly, by basing t h e
steam price on t h e steamfield cost, a p r i ce of

per tonne was calculated.

A t t he time of t h i s t h e steam

Based on information ava i l ab l e a t the time, a
value of per tonne was used.

completion of t h i s study, t h e stem
pr ice confirmed to be about per
tonne) .
Marginal Generation Costs
A separate computer programme developed to
calculate the marginal generation intermediate 
peak and base load costs, based on an o i l and
coal p l an t respect ive ly a t t he same
capaci ty Capacity u t i l i s a t i o n
fac to r s of 40% and 70% were used f o r - t h e oil
and coal power p l a n t s respectively.

The calcula ted marginal costs f o r intermediate
peak genera t ion and base load generation were

and respectively.

4
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A 12% discount r a t e used
project.

Factor

Pr i ces obtained fo r two can yielded
the following re l a t ionsh ip

141.36 x + 680 000
The capacity factor was
va t ive ly estimated to he 80% throughout the l i f e

Plant Evaluation Period (vi )
A p lan t evaluation period of 25 years w a s used.
This that the had no res idual
at the end of the period.

where is the water flaw through each
of the plant.

r e l a t ionsh ip of d i f f e ren t s ized
for varying design ,conditions
follows

Programme

Spec i f i c  da t a  and
investment were These up
t h e total capital of the  un i t  

which

fo r  the  ca

The der iva t ion of the following equations which
represent the capital for 1x 55 un i t were
obtained budgetary several manufac-
t u r e r s and are represented i n 1982 dollars

Turbo-generator Cost
An average cost for a double-flow
generator of mil l ion w a s used. A cost
index one manufacturer enabled the
of d i f f e ren t physical sized turbines to be
determined as the exhaust annulus area
w i t h the design condenser pressure. The
indices  for  the various design pressures were
incorporated i n t o the in matrix
form.

Condenser Cost
A re la t ionship  for  a 316L s t a i n l e s s steel c lad
carbon steel shell d i r e c t contact condenser
w a s derived as follows

+ 2.4 x US$

Where is the water flaw, and
is the base condenser cost of .

million.

Steam Ejector
Conservative cost data  for  various design con-
d i t ions were obtained for t w o 100%two stage
steam ejectors, with in t e r and a f t e r

steel.
matrix form.

r i l l i o n used.

316L
The data w a s incorporated i n t o the

A base coet of

( iv ) Costs
A conservative cost for t he supply and
i n s t a l l a t i o n of 316L s t a i n l e s r steel and fibre
reinforced polyester pipework derived
based on a water veloci ty of 2.5

1 3.75

2 0.561 + 0.0155

- 2 x

3 2.44 - 0.125 + 2.5 x

A (BOOST) of mil l ion w a s used
corresponding to the cooling tawer cost for
A 45.8 and 18. I n addi-
tion, tower fan power was derived

Fan power -0.003 + 11500 - 14050
7816 - 1598

5. Results

of of the spec i f i c design

A, yielded d e f i n i t e t rends towards the parame-
ters.
6 and the design parameters derived.
gives the optimum design parameters.

u n i t coat versus and

The results were p lo t t ed the form of Figure

Table 1

Condenser pressure, mbar
W e t bulb temperature,
Approach temperature,

u n i t

TABLE 1 DESIGN PARAMETERS
(1m i l l

100

8.5
35.46

The un i t only f a c i l i t a t e s se lect ion
of the parameters and is not indicat ive of
the t rue  un i t  because not only have costs such
as c i v i l switch-yard and

not been included, but the base load cost
for the aux i l i a ry power
shown i n Figure has also not been included.

un i t cost fo r the optimum
design parameters 1983 US do l l a r s a r e tabulated
i n Table 2.

1

i
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t a l investment
Steam price

generation

SELECTION OF DESIGN PARAMETERS

only var iable that
for the se lec t ion of the base

Percentage

6.06 case design parameters.
81.2

. operation of the power s t a t i o n for increased
load 1.0

0.7
100.0

peak load 0.26
35.46

6. Sens i t iv i ty Analysis

The input conditions, or Base Case, for t he sen-
s i t i v i t y analysis given i n Table 3. The
corresponding base case design pararaters
and un i t are given in Table 1.

Discount rate, 12
Capacity u t i l i s t i o n factor , 80
Steam 3.50
Marginal generation base

4.75
Marginal generation peak

TABLE 3 BASE CASE INPUT CONDITIONS

I n t h i s study f ive input conditions were investi-
gated. These included var ia t ions i n steam price,
discount rate, capacity factor and
marginal generation base and peak coats.
condition included 3 var iables giving a t o t a l of 15
separate variables.
un i t costs were derived for each variable.
ical representation of these results are given in
t h e form of Figure 7.

Each

design parameters and

A s e n s i t i v i t y analysis w a s not performed on the
c a p i t a l investment because the
obtained various far this study
were conservative budgetary costs. Any decrease i n
the would increase the steam
price portion of t h e uni t thereby raking the
steam price a more sensitive parameter.

Table 4 the sens i t iv i ty of the decision
for t he se lec t ion of the base case
parameters to changes i n specific variables. The
conclusion drawn T a b l e 4 is that the steam

steam require-reduotione steam
while trying to maintain the required

electrical production. i n steam consump-
tion are achieved reducing the condenser pressure.

thio increases the risks of unacceptably
high rates occurring i n the ultimate and
penultimate turbine blade stages due increasing

Although a var ie ty of parameters a f f e c t erosion
rate, the only design parameters at' t h e control of
the Purchaser are the inlet conditions the

pressure. I n order to select a turbine
wi th blade erosion rates it therefore
necessary to select a conservative

bearing i n the other parameters that
are control but affect
erosion ra tes .

: FOR STEAM PRICE
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Variable
a tive

Unit Cost 
D e s ign
Parameters

Steam P r i c e Very s e n s i t i v e Very s e n s i t i v e

D i s c o u n t Rate Marginally
sensit i v e

Capacity
u t i l i s a t i o n
f a c t o r

Marginally
sensit i v e

N o t s e n s i t i v e

N o t sensit i v e

Marginal gene-
r a t i o n cost:
base load N o t s e n s i t i v e N o t s e n s i t i v e
peak load N o t s e n s i t i v e N o t s e n s i t i v e

TABLE 4 SENSITIVITY OF BASE CASE
I N

SPECIFIC

I n l i g h t of recent information turbine manufac-
t u r e r s regarding turbine  opera t ing  condit ions, and
i n view of the  current  world wide opera t ing
exper ience with geothermal power stations similar to
t h a t f o r Units 2 and 3, it does
not appear prudent to operate at condenser preseures
below i r r e spec t i ve of any increase i n
steam price. The of opera t ion at
lower condenser pressures could eventual ly be borne
o u t by higher eros ion rates i n t h e ultimate and
penul t imate blade s tages resulting i n shor ter blade
l i v e s .
t u r b i n e blade erosion rates may not be r ead i ly quan-
t i f i a b l e i n condenser pressure terms? the infor-
mation ava i l ab l e to da t e suggests tha t 100 m b a r
would be a conservative lower l i m i t f o r
p re s su re a t

Although a va r i e ty of f ac to r s which a f f e c t

Thus by l im i t i ng the condenser pressure to 100 m b a r ,
t h e decis ion fo r the se l ec t i on of the base case
optimum design parameters insens i t i ve to
inc rea se s i n steam pr i ce shown i n Figure 7B.

I t is apparent tha t the steam pr ice component has
t h e l a r g e s t cont r ibut ion to the calcula ted optimum
u n i t cost. I n addit ion, the s e n s i t i v i t y ana lys i s
shows t h a t the steam pr i ce is the only va r i ab l e t h a t
s i g n i f i c a n t l y a f f e c t s the decis ion on the s e l e c t i o n
of t h e optimum design parameters.

The price of steam selec ted fo r the  opt imisa t ion  
programme affec ted  the  optimum design condenser
pressure. I n general , any reduction i n t h i s price
w i l l increase  the  optimum design condenser pressure.
A l t e rna t i ve ly , any i n the steam pr ice w i l l
reduce the condenser pressure unless the re
is a p r e s e l e c t e d design condenser pressure
to reduce t h e r i s k of unacceptably high eros ion
r a t e s occurring i n the  u l t imate  and penult imate tur-
bine blade stages.

I t is poss ib le t o r e f ine  t he  optimisation programme

by changing two i s en t rop i c ef f ic iency,
and terminal temperature difference. Ins tead of
assuming constant values for each of these parame-
ters, the following manufacturers' r e l a t i onsh ips

be incorporated i n t o the programme. for design
and opera t ing condit ions;

(i) t h e va r i a t i on of i s en t rop i c  e f f i c i ency  with
tu rb ine exhaust steam wetness

t h e va r i a t i on of terminal temperature di f-
ference cooling water flaw

Unfortunately due to the l ead time required
ac tu re r s to provide these and due 

to t h e short t i m e a l loca ted f o r the of
t h i s study, these re l a t i onsh ips were not included.

procedures have been developed and
f o r a geothermal power p l an t with a d i r e c t
condenser, can pumps, steam ejec to r gas ex t r ac to r s
and mechanical draught towers.
appropr ia te modifications to the  re levant  sec t ions  
of t he procedures w i l l f a c i l i t a t e appl ica t ion to any
type of geothermal atmospheric cooling sys 

However?

of t he procedures for the
Geothermal Power Plant ,  Uni ts  2 and 3,

Indonesia, has yielded optimum design parameters fo r
condenser pressure, w e t bulb temperature 
approach temperature. 

A s e n s i t i v i t y ana lys i s for discount rate, capaci ty
u t i l i s a t i o n fac to r , marginal genera t ion base and
peak load costs, and steam pr i ce es tabl i shed that
the steam price was the only va r i ab l e t h a t s ign i f i-
can t ly  a f f ec t ed  the  dec is ion  fo r t h e se l ec t i on of
the optimum design parameters. However by
t he condenser pressure to a s p e c i f i c lower i n
order to prevent unacceptably high eros ion rates
occurring i n the ultimate and penult imate turb ine
blade s tages , then the decis ion f o r the  s e l ec t i on  of
the optimum design parameters became insens i t i ve to
increases i n steam price.

The as s i s t ance of M r J. Worley Consultants
Limited, and M r D. Campbell, Control Data Limited,
is g r a t e f u l l y acknowledged.

The authors wish to thank t h e Pres ident Director,
Perusahaan Negara, Indonesia, and the
General Manager, Geothermal Energy New
Limited, f o r permission to publish t h i s paper.

REFERENCES

Lorentz, and Van de Wydeven, Econo-
m i c of Cooling Systems for
Geothermal Power S ta t i ons , Proceedings of the
N e w Zealand Geothermal Workshop, The t y
Of




