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Exergy analysis and optimization of a single-flash geothermal power plant are conducted by developing a
mathematical model that is applied to the Dieng geothermal power plant in Indonesia. Calculations are
conducted by using the Engineering Equation Solver (EES) code using methods based on the laws of ther-
modynamics. The exergy flow and efficiency are computed at several plant components, including the
separator, turbine, condenser, and for the whole power plant.

The exergy of the geothermal fluid that is discharged from the production wells is estimated to be
59.52 MW. This amount of fluid produces 21.71 MW of electricity from the power plant overall, with sec-
ond law efficiency to be 36.48%. There is a considerable amount of waste brine, amounting to 17.98%
(10.70 MW) of the total available exergy, which is disposed of in the plant’s reservoir. The optimization
of the plant is carried out by adjusting the separator pressure. The results show that a slight increase of
20 kW in the output power can be attained by lowering the separator pressure to 9 bar from 10 bar. The
Grassmann diagram shows the exergy losses at each component in the power plant. The turbine and sep-
arator losses are 7.51 MW (12.62%) and 8.04 MW (13.5%), respectively, while the cooling tower has an

Keywords:

Dieng geothermal field
Optimization
Single-flash

Exergy analysis
Geothermal power plant

exergy loss of 2.62 MW (4.40%). The total condenser loss is 5.8 MW (9.75%).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Geothermal energy has been identified as an energy resource
that is both sustainable and a low emission producer [1].
Armannsson et al. [2] reported that this resource has low CO,
emission characteristics. Geothermal energy is also the non-inter-
mittent resources to provide base-load electricity [3]. The use of
geothermal energy for electricity generation was initially realized
in Lardrello, Italy in 1904, where geothermal steam was used to
drive a small turbine that was used to power light bulbs. This
program was prolonged and in 1913, a plant with a 250 kW
capacity was connected to the Italian grid system [4]. The devel-
opment of geothermal power plants has continued up to the pres-
ent day, using various technologies including dry steam, and flash
and binary cycles. Bertani [5] reported that geothermal power
plants worldwide produced 10,898 MW of power and generated
67,246 GW h of electricity as of 2010. Despite the small amount
of electricity produced by geothermal generation, the future
development of this technology is becoming attractive because
of increasing fossil-fuel costs as the sources of these fuels are
becoming depleted [6].
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With the great potential for use of geothermal energy, Indonesia
is planning to increase its geothermal electricity production from
1196 to 9500 MW by 2025. To achieve that target, an appropriate
policy is required to encourage the geothermal industry. At pres-
ent, the total installed geothermal power plant capacity in Indone-
sia is 1196 MW from seven power plant locations: Darajat
(260 MW), Dieng (60 MW), Kamojang (200 MW), Gunung Salak
(377 MW), Sibayak (12 MW), Lahendong (60 MW), and Wayang
Windu (227 MW) [7].

The developments of geothermal power plants have two ways:
the construction of new power plants with new fields and
improvements in the thermal efficiency of the existing power
plant. These thermal efficiency improvements can be realized by
the use of exergy and energy analyses. These analyses have been
used by several researchers as powerful tools to identify and quan-
tify energy-degrading processes, because it enables the types, loca-
tions and quantities of the energy losses to be evaluated [8].

A thermodynamic evaluation was conducted in the Kizildere
geothermal power plant in Denizli, Turkey by [9]. Ozgner et al.
[10] conducted a comprehensive energy and exergy analysis of
the Salihli geothermal district heating system and its essential
components. Balli et al. [11] produced an exergetic performance
assessment of a combined heat and power system installed in Esk-
isehir, Turkey in their study. In the study performed by Rosen et al.
[12], the increase in the exergy storage capacity that was attained
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Nomenclature

h; specific enthalpy at stream i (kJ/kg)

ho specific enthalpy at environmental state (kJ/kg)
m; mass flow rate at stream [ (kg/s)

ppm parts per million

Si specific entropy at stream i (kJ/kg K)

So specific entropy at environmental state (kJ/kg K)
To temperature at environmental state (K)

w work (MW)

w power output (MW)

Xout desired exergy output (kW)
Xin necessary exergy input (kW)
X; exergy (kW)

ne isentropic efficiency

N second law efficiency

in thermal storage facilities through stratification was assessed by
using a design-oriented temperature-distribution model for verti-
cally stratified thermal storage. It is important to use a holistic ap-
proach in the design of energy devices or processes to ensure
maximum safety, minimize the use of limited energy resources,
use renewable resources, minimize waste of all kinds, and develop
new technologies to improve energy efficiency [13]. A comparison
of the main approaches to second-law analysis was reported in the
literature in [14].

The present research aims to analyze the performance of the
single-flash geothermal power plant in Dieng by applying exergy
and energy analysis using the laws of thermodynamics. The results
of the analysis are used to optimize the separator pressure to en-
hance the efficiency of the power plant and thus achieve higher
output power. The Engineering Equation Solver (EES) code is used
to simulate the single-flash system based on a plant model that
uses actual and designed data.

2. Dieng geothermal field and power plant

The Dieng plateau is located at an elevation of 2000 m above sea
level in the southern central region of the Java province in Indone-
sia, and has an annual average ambient temperature of 18 °C [15].
The atmospheric pressure in Dieng is 78.06 kPa, according to the
local meteorological agency [16]. This plateau is a volcanic path,
where the surface manifestations of geothermal activities such as
hot springs and fumaroles are present. There are also craters, such
as Sileri in the north and Sikidang and Pakuwaja in the south.
Dieng was identified as one of the most significant geothermal
prospects in Indonesia. Between 1970 and 1972, the Sikidang sec-
tor of the Dieng volcanic complex was investigated under the aus-
pices of a United States Agency for International Development
(USAID) program [17]. Prasetio et al. [18] reported that the Dieng
reservoir is characterized by the presence of a steam-water two-
phase condition in a liquid-dominated reservoir within a tempera-
ture range from 240 °C to 333 °C.

The Dieng geothermal power plant has adopted a single-flash
system with an installed capacity of 60 MW and is supplied by
steam from eight production wells at four locations. There are five
production wells active, in wellpads 1, 3, and 4, as of November
2011. Productions wells 2A and 2B were in an offline condition
at that time.

Fig. 1 shows the steam and brine gathering system at the plant,
including the two-phase lines from the wells. When the plant data
were collected, the system used four satellite separators to deliver
the steam to the power plant. These satellite separators are located
within the wellpads, which are located far away from the power
house, such as wellpad 1, which is located approximately 4.6 km
from the power house, and wellpad 3, which is located approxi-
mately 2 km from the power house. This gathering system is re-
quired to collect the steam from several separators that are
flowing to the power house and to collect the brine that is flowing

to the reinjection well. Wellpad 1 has three separators and well-
pads 2 and 3 have two separators. Wellpad 4 has one separator
that is used only for Well-4. Wellpad 1 has three production wells:
Well-1A, Well-1B, and Well-1C; wellpad 2 has two production
wells: Well-2A and Well-2B; and wellpad 3 has two production
wells: Well-3A and Well-3B.

There are two reinjection wells: INJ-1, located in the northern
part of the field, and INJ-2, which is in the southern part of the
field. The separated brine from wellpads 1 and 2 is sent to well
INJ-1, while the brine from wellpads 3 and 4 is sent to well
INJ-2. The Dieng power plant uses a cold brine injection system
that injects brine under relatively low temperature conditions. This
system has been used to avoid scaling problems in the reinjection
process because of the high silica concentration in brine, which is
more than 1000 ppm. The brines are sampled at each wellpad
and their silica concentrations are analyzed by the molybdenum
yellow method in the laboratory. The separated brine is sent to
the flasher located in the wellpad, and the brine is also sampled
at the outlet of the flasher. The analysis results are summarized
in Table 1. The total silica concentrations of the brines from well-
pads 1 and 3 are 1442 and 1145 ppm, respectively.

The brine is discharged from the flasher then flows through the
canal to the pond. A hot reinjection system was used at one time,
but the high silica content of the brine frequently caused pump
damage and led to the adoption of the present system for brine
treatment.

Fig. 2 presents a schematic diagram of an existing single-flash
power plant producing 21.71 MW of electricity based on the data
obtained from the plant in November 2011. The geothermal fluid
is produced from the reservoir through the well and is separated
into steam and brine in the separator. The power plant is modeled
into a simplified design assuming a single production well in one
separator. The separator pressure in the plant is equal to 10 bar
which is an average pressure at satellite separators.

In the separation process in the separator, steam and liquid is
separated at a specific pressure. Enthalpy of two-phase fluid enters
the separator and its enthalpy is determined by assuming single-
phase liquid water in the reservoir at specific temperature. The
dryness fraction in the separator is calculated with following
equation:

hy —hs
X; = by Ty (1)
where X, is the dryness fractions, h, is the fluid enthalpy at the sep-
arator inlet, h, is the enthalpy of steam at the separator exit, hs is
the enthalpy of brine. Enthalpy of steam is determined by proper-
ties of the separator pressure under saturated vapor condition.

The separated steam from the separators, indicated by number
2, flows into the power house while the brine, indicated by number
22, goes first to the flasher, then flows into the canal, and finally
flows to the pond before being pumped to the reinjection wells.
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Fig. 1. Steam and brine gathering system and satellite separators.

Table 1
Important parameters for the major stages of a single-flash power plant.

State Enthalpy (kJ/kg) Pressure P (bar) Entropy s (kJ/kg K) Mass flow (kg/s) Energy (kW) Temperature (°C) Exergy (kW)
0 75.54 0.78 0.2676 18

1 1401 10 3.349 138.9 194,631 179.9 59,518
2 2778 10 6.586 44.01 122,240 179.9 37,959
3 2777 9.79 6.593 43.99 122,155 178.6 37,815
4 758.8 9.79 2.13 0.01762 13.37 179.9 2.486
5 2777 9.79 6.593 40.78 113,237 1725 35,054
6 2245 0.07 7.226 40.78 91,527 38 5832
7 134 0.464 4354 300,899 343 2898
8 92.33 1.42 0.3949 4098 189,196 27 364.6
9 1432 4.647 1.014 1452 38 88.01
10 2777 9.79 6.593 1.356 3767 172.5 1166
11 2777 9.79 6.593 1.855 5152 1725 1595
12 2202 5.761 2.37 5218 1254
13 167.5 0.5723 89.34 10,856 40 210
14 92.41 21 0.3949 88.31 5894 27 99.15
15 1710 1.076 5.465 1.333 2280 167
16 2331 6.121 3.188 7431 1762
17 167.5 0.5723 129.1 15,741 40 304.5
18 135.5 2.26 0.4681 126.3 12,362 27 1433
19 1473 0.78 4.747 0.4486 660.8 40 102.8
20 75.54 0.78 5.841 1.963 148.2 18 0

21 117.6 0.78 0.4095 0.04163 4.895 67.58
22 762.9 10 2.139 94.89 72,392 179.9 13,523
23 2664 0.78 7.442 15.6 41,550 92.85 7795
24 388.9 0.78 1.225 79.3 30,841 92.85 2736

Some scaling problems have been found in the pipeline because of
the silica concentration in the brine.

When the steam arrives at the power house, it is then purified
with a scrubber to increase the quality of the steam and to avoid
allowing any fouling material that is trapped on the steam into
the power house. The steam indicated by number 3 then flows into
the turbine and generates electricity. The data of mass flow rate,
temperature and pressure of the inlet of this turbine is provided
on the data plant. The steam from the turbine exhaust, indicated
by number 6, then flows to the condenser at a pressure 0.07 bar
and a temperature 38 °C.

In the turbine, work output is calculated using Eq. (2).

Wt = ms(hs - hG)']t (2)

where W, is the work output, hs is enthalpy of the turbine inlet, hg
is enthalpy of the turbine outlet. Since the enthalpy of turbine out-
let, hg, is unknown isentropic condition at Eq. (3) applies for calcu-
lating that hg.

~(hs—he)
e = hy —he, (3)
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Fig. 2. Schematic diagram of single-flash geothermal power plant.

A hot well pump, which consumes 1.280 MW of electricity,
works at the condenser to send the condensate water from the
condenser into the cooling tower. The condenser is a direct con-
tact-type, working with a cooling water-steam mixture. The cool-
ing tower circulates the cooling water, indicated by numbers 8, 14
and 18, into the main condenser, the intercondenser and the aft-
ercooler, using the auxiliary pump.

The non-condensable gas (NCG) is extracted from the system
using a steam ejector, which is most commonly used in the gas re-
moval systems of geothermal power plants [19]. Two ejectors are
installed at this power plant: the intercondenser and the aftercool-
er. The first ejector removes the NCG from the main condenser,
while another ejector removes the NCG from the intercondenser.

3. Analysis method

This research aims to analyze a single-flash system design to
achieve optimum energy use employing an energy and exergy
analysis based on the first and second laws of thermodynamics.
The exergy equation can be expressed in Eq. (4) as follows [20]:

X, = 1i[(hy — o) — To(s; — 50)] @

where X; is exergy at stream i, ri1; is mass flow rate at stream i, h; is
specific enthalpy at stream i, hq is specific enthalpy at environmen-
tal state, Ty is temperature at environmental state, s; is specific en-
tropy at stream i, S is specific entropy at environmental state.

The equation can be used to calculate the amount of exergy in
any part of the power plant. From the calculated amounts of exer-
gy, the exergy destruction can then be calculated. The results can
be used to improve the thermal system to reach optimal
conditions.

4. Second law efficiency

To evaluate the performance of the power plant relative to the
exergy, a second law efficiency analysis can be used. Dipippo
(2004) wrote that the second law efficiency can be defined as
brute-force and functional approach. The brute-force approach is
calculated by dividing the sum of all desired exergy outputs to nec-
essary input as expressed in Eq. (5).

_ ZXout

inn
where ZXW[ is the total desired exergy output and ZX,«H is the
total necessary exergy input. Each component of the power plant

My (5)

has several exergy inputs and outputs, and these components are
summed, as shown in Eq. (5). For example, of these exergy inputs
and outputs, in the separator, the exergy necessary input comes
from the production well in the form of a steam-water two-phase
mixture, while the desired exergy output accounts for the steam
and the brine that flow out of the separator
The other definition of exergy efficiency based on a functional

approach divides the desired exergy output into the exergy input
that is needed in the process. The whole plant process uses this
definition which uses turbine shaft-work as desired exergy output.
This can be expressed mathematically as follows [20]:

Wnet
My Xor
where W, is the work produced by the plant and X;, is the total
exergy that has entered the plant. The exergy that has entered the
system can be calculated using information from the fluid proper-
ties at the production wellhead. The second law efficiency can also
be calculated for each component in the system.

> Xout

My = > X,

(6)

(7)

5. Results and discussion

Table 1 presents the important parameters of the states of the
power plant: enthalpy, pressure, entropy, mass flow rate, energy,
and exergy. The quality of the steam at state 1 is calculated to be
0.317. The reference conditions used for exergy analysis are state
0, with 18 °C and 0.78 bar for the atmospheric temperature and
pressure, respectively. The cooling tower employs air in stream
20 to decrease its temperature. This table is used to create a Grass-
mann diagram of the overall exergy flow. The mass flow rate of dis-
charged fluid from reservoir at point 1 is calculated based on the
mass flow rate of the steam entering the turbine. This mass flow
rate of steam is obtained from available plant data.

Table 2 summarizes the calculated exergy values and second
law efficiency values at the various components of the plant. The
exergy flow in such a system consists of the input and output
exergies corresponding to the mass flow entering and leaving the
system, respectively.

For the first component in the table, the separator has an exergy
input from the steam-water mixture through the well of
59.52 MW. This exergy is calculated based on the mass flow rate
entering the plant, the enthalpy and the entropy. These properties
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Table 2
Calculated exergy values and second law efficiency at the components of the plant.

Component Exergy input (MW) Exergy output (MW) Second law efficiency 7y (%)
Separator 59.52 51.48 86.50
Scrubber 37.96 37.82 99.63
Turbine-generator 35.05 21.73 61.99
Condenser 9.14 5.71 62.47
Intercondenser 1.39 0.46 32.81
Aftercooler 1.96 0.52 26.58
Cooling tower 5.62 3.00 53.41
Flasher 13.52 10.53 77.87
Overall plant 59.52 21.71 36.48

are determined by assuming the reservoir temperature value un-
der liquid saturated conditions. The exergy outputs leaving the
separator consist of the steam that is being transported to the tur-
bine and the brine flowing to the reinjection wells. The second law
efficiency of this component is 86.5%, as determined by dividing
the output exergy by the input exergy. The process that occurs
within the system is irreversible because of friction and heat trans-
fer in several component parts of the equipment. The turbine-gen-
erator has a significant role in converting the thermal energy into
electricity. The actual data of the power plant is used to calculate
the exergy on this component.

The second law analysis calculation is performed by dividing
the exergy output by the exergy input. The second law efficiency
of the separator is estimated to be 86.50%. This second law effi-
ciency is influenced by the enthalpy of the fluid from the reservoir
and the ambient temperature in Dieng. Another second law effi-
ciency value at a separator was calculated as 68% in the Olkaria
power plant [21]. This low efficiency is because of the high enthal-
py value of the fluid, reaching more than 2000 k]/kg, and the high
ambient temperature of 20 °C at that plant. For the plant overall,
the second law efficiency is calculated to be 36.48%. This comes
from the output power produced divided by the exergy input ob-
tained from the geothermal fluid.

The amounts of the input and output exergies and the second
law efficiencies for the plant components, such as the separator,
scrubber, turbine-generator, condenser, intercondenser, the aft-
ercooler, and the cooling tower are presented in Table 2. It is found
that the highest second law efficiency occurs in the scrubber.

5.1. Thermodynamic processes

A temperature-entropy (T-s) diagram is shown in Fig. 3 that
represents the thermodynamic process of the geothermal fluid in
the Dieng geothermal power plant system. Initially, the geothermal
fluid is discharged from the reservoir in the form of a single-phase

400 ‘ : .

300

200

T [°C]

100

Condenser

0.0 2.‘5 5.‘0 7.‘5 10.0
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Fig. 3. Temperature-entropy (T-s) diagram.

liquid in saturated condition. The fluid then flows to the well head
and flashes in the separator. The geothermal fluid produced from
the reservoir through the well is initially in the single liquid-phase
of compressed water in the reservoir. It is assumed that the geo-
thermal fluid flows in an isenthalpic manner from the reservoir
to the wellhead through the wellbore. During this process, the fluid
starts flashing in the well, and both the temperature and the pres-
sure decrease as the fluid reaches the wellhead in the two-phase
condition.

At the separator, the steam and the brine are separated under
isobaric conditions at a pressure of 10 bar. The separated steam
flows into the turbine through the scrubber unit, and flows contin-
uously to the turbine. The steam conditions at the turbine inlet,
such as the temperature, pressure, and mass flow rate, are obtained
from actual data from the plant. The temperature and pressure
data of the turbine exhaust from the plant are also used. The
dashed arrow in Fig. 3 indicates the isentropic expansion of the
steam in the turbine. Because the turbine output and the steam
properties in the turbine inlet are known, the isentropic efficiency
can then be calculated to be 0.729.

The brine that is discharged from the separator first flows to the
flasher, and then flows through the water canal inside the wellpad
and out into the pond. The brine in the pond is pumped to the rein-
jection wells. The steam exhausted from the turbine then flows to
the condenser for cooling and extraction of the non-condensable
gases (NGG) by using the gas ejector.

5.2. Grassmann diagram

The Grassmann diagram in Fig. 4 describes the exergy flow
entering and leaving the power plant and the losses. The total exer-
gy input to the system is estimated to be 59.52 MW, which arrives
from the reservoir in the form of a steam-water mixture, and pro-
duces a power output of 21.71 MW.

The exergy loss at the scrubber is not shown, because the
amount of this loss is small in comparison with other losses. The
condenser consists of three components: the intercondenser, main
condenser, and aftercooler, which have exergy losses of 0.93 MW
(1.57%), 3.43 MW (5.76%) and 1.44 MW (2.42%), respectively. This
equipment consumes 9.75% of the total exergy. The separator loss
is 8.04 MW (13.50%) and the turbine loss is 7.51 MW (12.62%). The
loss from the flasher is quite high at 2.99 MW (5.03%). The exergy
waste of the brine being sent back to the reservoir is significantly
large at 10.70 MW. This constitutes 17.98% of the total input of
exergy in this system. Also, the Dieng geothermal power plant uses
a cold brine injection system, and this means that part of the exer-
gy is lost to the environment as the brine vaporizes in the canal and
the pond.

5.3. Optimization of single-flash system design

The power plant produces 21.71 MW of electricity with a sepa-
rator pressure of 10 bar. To maximize the generated output power,
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. Intercondenser 0.93 MW, 1.57%
. Aftercooler1.44 MW, 2.42%
. Cooling tower 2.62 MW, 4.40%
. Flasher 2.99 MW, 5.03%

. Main Condenser 3.43 MW 5.76%

. Turbine 7.51 MW, 12.62%
. Separator 8.04 MW, 13.50%

8. Brine 10.70 MW 17.98%
9. Power output 21.71 MW 36.48%

Fig. 4. Grassmann diagram for exergy flow and losses in power plant system.

the separator pressure is a candidate parameter for adjustment in
sensitivity analyses. Thus, the relationship between the output
power and the dryness fractions is calculated by varying the sepa-
rator pressure. Because the separator pressure controls the steam
mass flow rate at the separator that flows into the turbine, the out-
put power can be increased.

The results of this analysis are shown in Fig. 5. It was found that
a separator pressure of 9 bar produces the maximum electricity of
21.73 MW. Controlling this parameter with that pressure only pro-
duces 20 kW of additional electricity. The dryness fraction of the
fluid produced increases with decreasing separator pressure, indi-
cating that more steam can be delivered to the turbine. At 9 bar of
separator pressure, the power plant has its highest power output
and the dryness fraction is 32.39, which is an increase of only
2.24% from the initial condition.

Fig. 6 shows the steam and brine flow rates as a function of the
separator pressure. The steam flow rate decreases as the separator
pressure increases. This relationship occurs because of changes in
the dryness fraction, as shown in Fig. 5. By lowering the separator
pressure, the dryness fraction increases and this results in more
steam being produced. We calculated that the steam mass flow
rate under optimal conditions is 45.03 kg/s, while the brine mass
flow rate is 79.27 kg/s.

We should note that if the separator pressure is changed, then
the quality of the steam at the turbine outlet also changes. Fig. 7
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Fig. 5. Power output and dryness fractions as functions of separator pressure.
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Fig. 6. Steam and brine mass flow rates as functions of separator pressure.
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Fig. 7. Steam quality at the turbine outlet as a function of separator pressure.

shows the steam quality at the turbine outlet as a function of sep-
arator pressure. Increasing separator pressure leads to a decrease
in the steam quality at the turbine outlet. In this optimization case,
the separator pressure is lowered from 10 bar to 9 bar to produce
more output power. Therefore, the steam quality increases slightly
from 0.8642 to 0.8672, based on our calculations. There is also
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other optimization of the plant using the double-flash system by
utilizing 10.70 MW of waste brine that disposed to the
environment.

6. Conclusions

Exergy analysis and sensitivity analysis for optimization of the
Dieng geothermal power plant were performed by developing a
mathematical model of the plant. Calculations were conducted
by using EES software using methods based on the laws of
thermodynamics.

The results showed that the total available exergy in the fluid
produced from the production wells is calculated to be
59.52 MW. From this total, 21.71 MW is converted to electricity
and 10.70 MW is lost in the brine canal and the pond before the
brine is injected back to the reservoir.

The Grassmann diagram shows the exergy losses at each com-
ponent in the power plant. Waste brine accounts for 17.98% of
the total available exergy. The turbine and separator losses are
7.51 MW (12.94%) and 8.04 MW (13.50%), respectively, while the
cooling tower has a 2.62 MW (4.40%) exergy loss. The total con-
denser losses, consisting of losses from three components (main
condenser, intercondenser and aftercooler), are 9.75 MW (9.75%).
The scrubber has the lowest exergy loss when compared with
the other components at only 0.34 MW (0.24%).

The results of the optimization process show that the Dieng
geothermal power plant operates under close to optimal condi-
tions. This optimization process has provided a small improvement
in the output power, which was 20 kW higher when we lowered
the separator pressure to 9 bar. This optimization has also en-
hanced the steam quality at the turbine outlet. To utilize the
10.70 MW of waste brine that disposes to the environment, the
double-flash system can be proposed to optimize the power output
of the plant.
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