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ARTICLE INFO ABSTRACT

Keywords: Dieng geothermal power plant is one of the Geothermal plants located in Indonesia with a total estimated po-
Thermodynamic tential of 400 MWe. The reservoir is characterized by water-dominated with 240 to 333°C temperature. Recently,
Single-flash the company operated one unit of single-flash system with a capacity of 60 MW. To improve its capacity, unit
E’:j\:eg:'plant expansion of unit 2 and 3 are designed with each capacity of 60 MW. Apart from this expansion, another effort is
Optimization optimizing the existing plant. It can be conducted with a thermodynamic approach using energy and exergy

analysis. Therefore, this study aims to evaluate and optimize the existing geothermal power plant using energy
and exergy analysis. With the latest data obtained, the results show that the exergy value of production wells is
around 106,515 kW. The electricity production with the system is around 40,680 kW, resulting in an exergy
efficiency of about 38.19%. Furthermore, the optimization is carried out on the turbine because it shows the
greatest irreversibility of 11,217 kW. Optimization is done by varying the incoming turbine pressure. These
results indicate that higher inlet pressure increases irreversibility and lowers energy efficiency. Furthermore, the
optimum inlet turbine pressure is achieved at 5.5 bar with the maximum change depending on the ambient
temperature.

transformation causes changes in the quality, measured as exergy pa-
rameters [7-10]. The results will provide a clear picture of the system
loss, the causes, as well as the location to be improved either at the
overall performance or only on its components [9, 11-13].

Several researchers have conducted energy and exergy analyses of
the geothermal power plant. Pambudi et al. led the first exergy analysis
and optimization at Dieng geothermal power plant in 2014, which has
an exergy value from the production well are estimated at 59.52 MW,
with the second law efficiency being 36.48%, and optimizes the sepa-
rator pressure [14]. Further research was conducted in 2015 by
analyzing the performance improvement using three development sce-
narios and found a 19.7% increase in power output with the double-flash
system configuration [15]. Moreover, another research in a different
location is conducted in Kamojang, Indonesia, by analyzing the effect of
ambient temperature on the exergy efficiency, optimizing the condenser
because its irreversibility is the highest [16]. In the exact location in

1. Introduction

Dieng geothermal power plant is one of the Geothermal Working
Areas in Indonesia with a total estimated potential of 400 MWe [1].
Furthermore, it characterized by a water-dominated reservoir with
temperatures ranging from 240-333°C [1-5]. Recently, the company
operated one unit of the single-flash cycle with a capacity of 60 MW [1,
6]. To improve its capacity, unit expansion of unit 2 and 3 are designed
with each capacity of 60 MW. Apart from this expansion, another effort
that can be performed is to evaluate and optimize the existing plant of
the first unit. It can be conducted with a thermodynamic approach using
energy and exergy analysis.

Energy analysis relies on the first thermodynamics law, while the
exergy is based on the second law. The exergy analysis investigates
irreversibility by measuring energy quality since the energy
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Nomenclature

m mass flow rate, kg/s
P pressure, bar

T temperature, °C

E energy flow rate, kW
h Enthalpy, kJ/kg

s Entropy, kJ/kg.K

n Thermal efficiency, %
w net work, kJ

Q heat transfer, kJ

X quality of the fluid, %
Subscript

state conditions being analyzed
thermal thermal state

Input input conditions
output  output conditions
Exergy  geothermal power plant exergy
System  geothermal power plant system
0 environment

1 production well

2 separator

3 steam line

4 scrubber

5 scrubber

6 demister

7 turbine

8 main condenser

9 hot well pump

10 hot well pump

11 scrubber

12 scrubber

13 main condenser

14 1st steam ejector

15 intercondenser

16 2nd steam ejector

17 aftercooler

18 hot well pump

19 blow down pump

20 cooling tower

21 cooling tower

22 cooling tower

23 vacuum pump

24 cooling tower

25 auxiliary pump

26 intercondenser

27 aftercooler

28 environment

29 cooling tower

30 separator

31 flasher

32 flasher

33 CDP

34 scrubber
Measurement units

kw kilowatts

MW megawatts

MWe megawatts electric
kPa kilopascal

Psi pounds per square inch
bar bar

Hz hertz

Abbreviations

EES engineering equation solver software
ORC organic rankine cycle
AFT atmospheric flash tank
CDP condensate drop pot
HWP hot well pump

BDP blow down pump

VP vacuum pump

AP auxiliary pump

NCG non-condensable gas

Kamojang, Setyawan et al. conducted an exergy analysis of the
geothermal power plant in Kamojang unit 2, which has the second law
efficiency of 40.31% [17].

Similar research related to energy and exergy analysis as well as
optimization of geothermal power plants has also been carried out at
various sites in the world. Unverdi and Cerci conduct the efficiency of
exergy in Germencik Geothermal Power Plant, which has a power
output of 47.4 MWe [18]. In comparison, Yari studied the different
geothermal power plant concepts based on the exergy analysis for
high-temperature geothermal resources [19]. Besides, Ghazvini et al.
conducted a review of hydrogen production using geothermal energy,
where the cost is lower than other energies. From an environmental
perspective, hydrogen production using geothermal energy results in
much lower carbon dioxide production than other renewable energy
sources and fossil energy [20].

Further, with exergy analysis, Koroneos et al. conducted an exergy
analysis to determine the technical appropriateness of developing a
geothermal power plant in Binary on Nisyros Island [21]. Moreover,
DiPippo conducted an exergetic study and optimization of a double-flash
geothermal power plant with interstage reheating [22]. Jalilinasrabady
et al. conducted flash cycle optimization of the Sabalan geothermal
power plant employing the exergy concept [23]. While Mohammadza-
deh et al. conducted a classification of geothermal in Indonesia using the
exergy concept [5]. Dagdas, Ozt, and Bekdemir, conducted a

thermodynamic evaluation of the Denizli Kizildere geothermal power
plant. The optimum flashing pressure is found to be 200 kPa [24].
Coskun, Oktay, and Dincer also performed an operational 7.5 MWe bi-
nary geothermal power plant in Tuzla, Turkey, which found that the
energy and exergy losses occur in the brine reinjection unit [25].
Furthermore, Basogul conducted an environmental assessment of a bi-
nary geothermal sourced power plant using exergy analysis [26].

Researchers also use energy and exergy analysis to develop a hybrid
system between geothermal resources and other renewable energy, i.e.,
the sun [27]. Gokgedik, Yurusoy, and Kecebas improved a real
geothermal power plant using advanced exergy analysis, which received
an efficiency increase of 15.40% by improving all components [28].
Besides, Yuksel, Aslan, and Akyol investigated seasonal variation in the
energy and exergy performance of the Gonen geothermal district heat-
ing system, where the annual average energy and exergy efficiency are
obtained 41.07% and 45.86%, respectively. [29]. Moreover, Budisulis-
tyo and Krumdieck conducted a pre-feasibility design investigation for a
binary geothermal power plant using a typical geothermal resource in
New Zealand [30]. While Atiz et al. conducted the working fluid selec-
tion that affected the performance Organic Rankine Cycle (ORC), the
waste heat extracted from the ORC was used efficiently for space heating
[31].

The literature review and previous research show that exergy anal-
ysis is a powerful tool for evaluating and optimizing geothermal and
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thermal systems. In this research, the case study at the Dieng geothermal
power plant, Indonesia, was re-appointed using the latest data. The
analysis is carried out on the main components of the power plant to
identify the biggest losses. Then it is used to optimize and improve the
current performance of the site using EES to obtain results that are more
relevant to current conditions.

2. Geothermal Energy in Dieng
2.1. Brief Description of Geothermal Energy in Dieng

Based on sub-surface research, the total potential of geothermal en-
ergy in Dieng is estimated to be 400 MWe [1], as shown in Fig. 1. The
company operates the Dieng Unit 1 plant with a capacity of 60 MW.
There are 46 geothermal wells available, including production and in-
jection. Due to limitations and damage to the reservoir and wells, some
wells cannot produce steam. Therefore, only seven wells are operated as
a steam supply source, namely, HCE-28A, HCE-30, HCE-31, HCE-29,
HCE-7A, HCE-7B, and HCE-7C with a power production capacity
installed at 60 MW. Its depth average is 2500-3000 meters, with each
well consisting of different pressures ranging from 300-400 Psi with the
ability to produce steam at various capacities.

2.2. Description of State and Dieng Geothermal Power Plant System Data

The Dieng plant comprises main components, including a separator,
scrubber, demister, turbine, main condenser, inter-condenser, after-
cooler, cooling tower, and atmospheric flash tank (AFT). It also has
supporting components such as Condensate Drop Pot (CDP), 1% steam
ejector, 2" steam ejector, Hot Well Pump (HWP), Blow Down Pump
(BDP), Vacuum Pump (VP), Auxiliary Pump (AP), and brine booster
pump.

The fluid is generated from 4 production wells, including PAD 7B,
PAD 28A, PAD 30, and PAD 31. The power plant is also a mixture of
brine and steam phases with a small non-Condensable Gas (NCG). A
separator is used to separate each well, flowing to the flasher and ponds
to lower the temperature before injecting it into the reservoir. Then, the
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steam generated is combined with those from other wells through the
gathering system sent to the power plant. The scheme of the gathering
system at the Dieng geothermal power plant is shown in Fig. 2.

In this study, the scheme of the geothermal power plant (Fig. 1) is
modeled with one production well to facilitate the analysis. The pressure
and temperature are the averages at each production well, while the
mass flow rate is the total mass flow rate of the four wells.

A total of 34 states were analyzed and symbolized by numbers to
facilitate analysis. State O is an ambient condition used as a dead state
system in conducting an exergy analysis. State 1 is a working fluid
mixture of water and steam from a production well used as an energy
source to produce electricity. However, it is dominated by water, con-
sisting of an average steam fraction of 37.32%, and separated with a
separator.

State 2 is a fluid with a steam phase resulting from the separation
process sent to the plant through a steam pipe by + 4.6 km. The long
distance between the production well and the powerhouse causes 5.89%
of the mass flow rate of steam to become condensate due to friction. This
condensate falls due to differences in density and is trapped into the
CDP, which is discharged into the environment. This process causes a
drop in the steam entering the scrubber, decreasing its pressure at state
38

State 4 is the scrubber output that flows to the demister and ejectors
as motive steam. State 5 is the steam from the scrubber to the demister,
which passes through a filter. State 6 is the output stream from the
demister which enters the turbine. The steam is dry due to the filtering
process. Based on interviews with the plant operator, the demister was
recently added a few years ago to prolong the turbine’s lifetime since the
solid particles in the steam tend to damage the filters. Furthermore, state
7 is the condensed turbine output, while state 8 is the compressed liquid
inhaled by an HWP that consumes 1050 kW of electrical power. State 9
is the HWP output condensate to flow partly to the cooling tower and
BDP. The HWP process is assumed to occur isentropically or fixed en-
tropy, while state 10 is a condensate sprayed on the cooling tower
through the nozzle.

State 11 and 12 are motive steam of the 1st and 2nd ejectors derived
from scrubbers. Although it comes from a scrubber or state 4, the
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Fig. 1. The Geothermal Power Plant System schematic in Dieng consists of the separator, scrubber, demister, turbine, main condenser, inter-condenser, aftercooler,

cooling tower, and flasher.
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Fig. 2. Gathering System of Dieng geothermal power plant

pressure values at these states differ from state four due to the difference
in the diameter of the steam pipe. Furthermore, state 13 is NCG with a
portion of water steam from the main condenser inhaled by the 1st
steam ejector. Also, state 14 is a mixture of motive steam with NCG,
which flowed into the inter-condenser. While state 15 is an NCG and
water steam from the inter-condenser inhaled by the 2nd ejector. State
16 is a mixture of motive steam, NCG, and water steam that flowed and
condensed into the aftercooler. Furthermore, state 17 is a mixture of
NCG and a portion of water steam flowed to the top of the cooling tower
and discharged into the environment.

State 18 is part of the HWP condensate adsorbed by BDP with an
electrical capacity of 149.1 kW to maintain the cooling tower level.

While state 19 is the BDP condensate output that flows to the injection
well. The process of BDP is assumed to occur isentropically. State 20
consists of water from the cooling tower for the condensation process,
while state 21 is sprayed to condense the turbine output steam. State 22
is water from the cooling tower adsorbed by a vacuum pump which
consumes 11.19 kW of electric power. While state 23 is the output water
of the vacuum pump sprayed into the inter-condenser for the conden-
sation process. The process in the vacuum pump is also assumed to occur
isentropically. State 24 is water from a cooling tower supported by an
auxiliary pump that consumes an electric power of 14.91 kW. State 25 is
supplementary pump output water that is sprayed into the inter-
condenser for condensation. The process is also assumed to occur

Table 1
Operation Data of Each State.
Component State m P T
kg/s bar °C
Environment 0 0.78 [32] 18 [32]
Production Well 1 250.5 11.5
Separator 2 93.48 11
Steam Line 3 87.97 8.31
Scrubber 4 87.9 8.28 170.9
Scrubber 5 84.66 8.28 170.9
Demister 6 84.66 725 155.5
Turbine 7 84.66 0.078 40.71
Main Condenser 8 2829 36.95
Hot Well Pump 9 2829 2.94 36.95
Hot Well Pump 10 2800 2.94 36.95
Scrubber 11 1.684 7.58
Scrubber 12 1.56 7.58
Main Condenser 13 1.609 0.078 33.22
1st Steam Ejector 14 3.293 0.571
Intercondenser 15 0.9694 0.571 45
2nd Steam Ejector 16 2.529 0.945
Aftercooler 17 0.9415 0.945 45
Hot Well Pump 18 28.43 2.94 36.95
Blow Down Pump 19 28.43 20.6 33.22
Cooling Tower 20 2742 23
Cooling Tower 21 2641 23
Cooling Tower 22 57.81 23
Vacuum Pump 23 57.81 1 23
Cooling Tower 24 42.95 23
Auxiliary Pump 25 42.95 1.42 23
Intercondenser 26 60.14 45
Aftercooler 27 44.54 45
Environment 28 66.43 0.78 18
Cooling Tower 29 66.43 0.78 26.5
Separator 30 157 11
Flasher 31 128.8 0.78 88.25
Flasher 32 28.26 0.78 88.25
CDP 33 5.506 8.31 174.5
Scrubber 34 0.07038 8.28 170.9

X h s Energy Exergy
% kJ/kg kJ/kg.K kw kw
75.54 0.2676
0.3732 1534 3.818 384226 106515
0.9411 2663 6.295 248980 77947
0.9992 2769 6.646 243583 73650
1 2770 6.651 243519 73596
1 2770 6.651 234533 70881
1 2766 6.684 234189 69705
0.8567 2231 7.14 188871 13171
0 154.7 0.5313 437714 6904
155 0.5313 438534 7723
155 0.5313 434126 7646
1 2767 6.681 4659 1389
1 2767 6.681 4316 1287
0.8567 2214 7.254 3562 170
0.7 2497 7.117 8222 1409
0.7 1864 5.906 1807 143.4
0.7 2421 6.699 6123 1198
0.7 1864 5.906 1755 139.3
155 0.5313 4408 77.63
156.8 0.5313 4458 128.1
0 96.39 0.3388 264256 309.7
0 96.39 0.3388 254544 298.3
0 96.39 0.3388 5572 6.531
96.48 0.3388 5578 12.16
0 96.39 0.3388 4140 4.852
96.53 0.3388 4146 10.84
0 188.4 0.6385 11331 295.9
0 188.4 0.6385 8391 219.2
75.54 0.2676 5018 0
1 2549 8.524 169340 4705
0 781.4 2.179 122693 23481
0 369.6 1.172 47586 3962
1 2657 7.501 75091 13463
0.0589 848.5 2.332 4672 947.6
0.0008 729.1 2.064 51.32 9.204
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isentropically. State 26 and state 27 are condensates from the inter-
condenser and aftercooler in the form of compressed liquid flowed to
the main condenser to be collected and cooled through a cooling tower.

States 28 and 29 are air inlets and outlets of the cooling tower, with
the air inhaled using 16 fans at the top of the cooling tower. The fan is
driven using a motor with 56 kW of power, and state 30 is fluid from the
separator with a liquid phase or brine, which is flowed to the flasher to
lower the pressure and temperature. States 31 and 32 are the brines and
steams from the results of the estimation in the flasher. This brine is
channeled into ponds through canals to precipitate the silica content
before injecting it into the earth through injection wells. State 33 is
condensate trapped in the CDP, which is discharged into the environ-
ment, while state 34 is the scrubber output condensate supplied to the
silencer.

The next phase is to analyze the operational data of each state,
including pressure (P), temperature (T), and mass flow rate (m). The
data was obtained from a daily log sheet in 2019 with an average load of
40.68 MW. The operation data of the Dieng plant in each state are shown
in Table 1.

The values of the enthalpy, entropy, energy, and exergy flow rate in
each state were conducted using the EES. However, the unavailable
parameters were determined using assumptions with heat balance.
Based on Table 1, the enthalpy, entropy, energy, and exergy rate in each
state were used to analyze the flow rate of the main components, i.e.,
separator, scrubber, demister, turbine, main condenser, inter-condenser,
aftercooler, cooling tower, and flasher.

3. Method
3.1. System Schematic Modelling and Observation Parameters

The schematic of the geothermal power plant system in Dieng is
shown in Fig. 1. The parameters utilized include the mass flow rate (m),
pressure (P), and temperature (T), with each state consisting of the
operation and production log sheet.

3.2. Data and validation

The data is calculated by simulations using the EES. It was carried
out to find the value of the enthalpy and entropy in each state. In con-
ducting simulations, it is necessary to perform validation to ensure the
results are relevant to the actual situation. The validation was carried
out by comparing the enthalpy and entropy values obtained in the EES
simulation in each state with the thermodynamic properties in Chem-
icaLogic Steam and Table A-4 form "Thermodynamics an Engineering
Approach" [11], in saturated conditions, the results are obtained as
shown in Table 2. Based on these results, almost the same values can be
obtained from the EES simulation with the ChemicaLogic Steam appli-
cation and Table A-4. Thus, it can be seen that the results in the analysis
using the EES simulation are quite valid. After the validation results are
obtained, the analysis calculations related to energy, exergy, and opti-
mization are carried out to improve the system’s performance.

3.3. Energy Analysis

This analysis is conducted in several stages, such as the energy flow
rate of each state and component and the calculation of the system’s
thermal efficiency. The calculation for an energy flow rate of each state
is conducted using the following equation 1 [33]. The flow of energy of

Table 2
Validation of enthalpy and entropy values in saturated water conditions.

Properties EES ChemicaLlogic SteamTab Companion Table A-4 [11]
h (kJ/kg) 188.4 188.435 188.44
s (kJ/kg.K) 0.6385 0.638614 0.6386

Geothermics 96 (2021) 102212

each component is shown in Table 3.
Enstale = m-hslme (1)

Also, the thermal efficiency is determined using equation 2 [33] as
follows:

WOU U
Nihermal = 2 100% (2)

input

3.4. Exergy Analysis

Exergy analysis is a method based on the second law of thermody-
namics used to calculate the amount of irreversibility and exergetic ef-
ficiency in a thermal power plant. However, this study uses physical
exergy, which is analyzed through several stages, namely, the analysis of
the exergy flow rate of each state and component, as well as the analysis
of the dead state influence on their exergetic irreversibility and effi-
ciency. The calculation of the exergy rate of each state is based on the
following equation 3 [33].

E.\mre == m[(h F ho) o T()(S e So)] 3)
The exergy and irreversibility balance of each component in the
Dieng geothermal power plant is shown in Table 4.
Furthermore, the exergetic efficiency of components and systems is
determined using equations 4 and 5.

x100% @

”Exergy =
input

W{)ll PUI
2 s 100% (5)

”Systcm 3
input
The exergy analysis provides information on the component with the
highest irreversibility, which is optimized by increasing its exegetic ef-
ficiency, resulting in optimal operating conditions.

4. Result and Discussion
4.1. Conversion Process and Analysis

The energy conversion process at the Dieng geothermal power plant
is shown through the Temperature-Entropy (T-s) diagram as in Fig. 3.
Based on Fig. 3, it is seen that the geothermal fluid in the Dieng is in
saturation condition. This fluid emerges from the production well in the
form of a mixture of steam and liquid with a fraction of 37.32%. It passes
into a separator to separate the steam from the liquid phase at an
isobaric pressure of 11 bars. The separated liquid phase flows into the
flasher, while the steam phase flows into the scrubber and demister
before entering the turbine. The scrubber serves to separate the liquid
content carried by steam at a pressure of 8.28 bar, while the demister
functions to filter the steam to dry when entering the turbine
completely. The steam turbine inlet pressure of 7.5 bar expands to
produce power, with its output condensed at a pressure of 0.078 bar.

Table 3
Energy Flow Rate of Each Component.

Components Energy Equation Per Component
Separator Engep = Eny — (Enz+Ens)
Scrubber Enge, = Eng — (Ens+FEnz,)
Demister Engem = Ens — Eng

Turbine Eng, = Eng — Eny

Main Condenser
Inter-condenser
After-cooler
Cooling Tower
Flasher

invc = (Eny+Enz;+Enzs+Enzy) — (Eng+Engs)
Enye = (Eny4+Engs) - (Enys+Enge)

Enac = (Enig+Engs) — (Engy+Engy)

Encr = (Engo+Enzg) — (Engot+Enzo)

Eng, = Enzo — (Ens;+Ensz)
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Table 4

Exergy and irreversibility balance of each component.
Component Equivalent rate of exergy Irreversibility
Separator E; = Ex+Esp E; — (Ex+E30)
Scrubber Es = E+Es3, Es — (E4+E3y)
Demister Es = Eg Es - Eg
Turbine Es = E, Es-E,
Main Condenser EptEp+Egs+Egy = EgtEj3 (Ey+Eg1+Ez6+Eg)-(Eg+E;3)
Intercondenser E14+E2s = EystEgs (E14+Ez3) — (B15+E26)
Aftercooler E16+Ezs = Erp+Ezy (E16+E2s) — (E17+E27)
Cooling Tower E1o+Ezs = Ezot+Ez0 (E1o+Ezg) — (E20+E20)
Flasher E3o = E31+Es3; 3o~ (E31+E32)

Some condensed steams are cooled in the tower, while others are
injected into the earth through the wells.

Furthermore, energy analysis is used to determine system perfor-
mance quantitatively using the First Law of Thermodynamics approach
on energy conservation. The quantity of system performance is deter-
mined through the amount of energy entering the component, limiting
changes. Based on the calculations, each component’s energy flow rate
values are shown in Table 5.

Table 5 shows the incoming energy flow rate for each component.
The separator, scrubber, and demister constantly occur within the sys-
tem, which decreases its enthalpy and energy. Furthermore, the turbine
is a vital component in a power plant. Therefore, its efficiency needs to
be calculated. Based on the calculation, the actual work is 45,318 kW,
while the isentropic is 57,428 kW. The actual work of the turbine is
achieved during the expansion process, while the ideal work is achieved
without changes in the isentropic and used to determine its efficiency.
The results show that the turbine efficiency is 78.91%, and the system is
10.59%.

Furthermore, the main condenser has an energy rate of 388,217 kW,
from steam generated from the turbine and condensed using the water
from the cooling tower. Besides, the energy is also extracted from an
inter-condenser and aftercooler in the form of condensate. Furthermore,
these two components have an energy rate of 12,492 kW and 9,297 kW
derived from the ejector’s motive steam. This is then discharged into the
environment through the cooling tower with an energy rate of 364,848
kW from the main condenser in the form of condensate and ambient air.
In principle, the cooling component is used to cool the fluid with the
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help of the ambient air produced by a fan. The flasher has an energy rate
of 122,693 kW originating from the brine, which results from the
separator.

In general, energy analysis only shows the amount of incoming en-
ergy that changes due to a decrease in enthalpy. However, not all of
these amounts of energy are converted into work. Therefore, this
research also discusses the exergy analysis to determine the cause of the
enthalpy decrease in each state and also considers the value of entropy
growth based on the second law of thermodynamics. The results of this
analysis are used as a reference for the optimization and improvement of
efficiency.

Exergy analysis is carried out to determine the size, location, and
causes of irreversibility in the main components of the plant. This study
only figures out the physical exergy because it has no combustion pro-
cess. The results are shown in Fig. 4.

The flow of exergy is the availability of energy used in a process. In
Fig. 4 shows the total exergy of each component. In this case, a decrease
of exergy which enters the scrubber indicates that those from the
separator are damaged due to irreversibility. It is also influenced by
condensation during the distribution from the gathering system to the
scrubber, where 5.89% of the mass flow rate is condensed and drained
via the CDP contained in the steam line. Another cause of the decrease is
the separation process between the steam phases with the liquid in the
separator, where the water flows into the flasher.

Furthermore, around 70,881 kW of exergy entering the demister is
reduced compared to the scrubber by 73,650 kW. Besides being influ-
enced by the irreversibility of the scrubber, the steam is ejected in the 1st

Table 5
Energy Flow Rate of Each Component.

T[°C]

100 |

Component Energy Flow Rate (kW)
Separator 384226
Scrubber 243583
Demister 234533
Turbine 234189
Main Condenser 388217
Intercondenser 12492
Aftercooler 9297
Cooling Tower 364848
Flasher 122693
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Fig. 3. Temperature-Entropy (T-s) Diagram
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Total Exergy in and Out of Each Component.
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Fig. 4. Total Exergy of Each Component

and 2nd ejectors. Approximately 69,705 kW exergy enters the turbine to
produce 40,680 kW, which decreases due to the irreversibility of the
demister. The next component is the main condenser with an exergy
amount of 13,698 kW, which is the output of the turbine after the
expansion process and the exergy of the inter-condenser and aftercooler.

The inter-condenser component has total exergy of 1,412 kW origi-
nating from motive steam with a part adsorbed from the main
condenser. In contrast, the exergy originating from NCG in this study is
ignored, as explained in the previous section. Furthermore, the after-
cooler has an exergy amount of 1,202 kW, which also comes from the
motive steam sucked from the intercondenser during the NCG extraction
process.

The next component is the cooling tower with an exergy amount of
7,217 kW generating from the condensate. The last component is the
flasher which has exergy of 23,481 kW derives from the separator. At the
same time, the location and magnitude of irreversibility are determined
by calculating the irreversibility of each component of the geothermal
power plant, as seen in Fig. 6.

From Fig. 5, it can be seen that the greatest exergy extermination
occurred in the turbine by 11217 kW, 7808 kW condenser, 6056 kW
flasher, 5087 kW separator, 2428 kW cooling tower, 1176 kW demister,
1007 kW intercondenser, 868.5 kW aftercooler, and a scrubber of 44.48
kW. Extermination of exergy in these components comes from several
major irreversibilities, including heat transfer and friction between the
fluid and the components. To explain the cause of irreversibility, as
mentioned above, the amount of exergy in and out of each component is
presented in Table 6.

Table 6 described the total exergy in and out of each component, as
well as the irreversibility and cause. Also, the exergetic efficiency of
each component is shown in Fig. 6.
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Fig. 5. Irreversibility of Each Component

not lose much exergy. The turbine has an exergetic efficiency of 83.91%,
which depreciates during the expansion process. Also, the main
condenser, intercondenser, and aftercooler have an exergetic efficiency
of 43%, 28.69%, and 27.72%, while that of the cooling tower is equal to
66.36%. Furthermore, the flasher has an exergetic efficiency of 74.21%.

The Sankey diagram in Fig. 8 provides a very clear picture of the
amount of exergy entering the system as well as the exergy loss in each
component of the geothermal power plant.

The Sankey diagram is used to provide a clearer picture of the exergy
flow. Based on Fig. 7, the total exergy flow that enters the system is
106,515 kW. However, not all are converted into electricity due to
destruction resulting from irreversibility in the components. Fig. 6
shows the amount of exergy loss in separators, scrubbers, and demisters
by 4.78% or 5087 kW, 0.04% or 44.48 kW, and 1.10% or 1176 kW,
respectively. Other components such as the turbine, main condenser,
and intercondenser experience exergy loss by 10.53% or 11,217 kW,
7.33% or 7,808 kW, and 0.95% or 1,007 kW. While, in the aftercooler,
cooling tower, and flasher, there was an exergy loss by 0.82% or 868.5
kW, 2.28% or 2428 kW, and 5.69% or 6056 kW. The total exergy con-
verted into electricity is 70,824 kW or 66.49% of the total reserves that
enter the system.

4.2. Exergy Optimization

This section describes the optimization efforts performed on turbines
as the components with the greatest irreversibility. It was conducted by
determining the ambient temperature to obtain optimal operating con-
ditions and increasing its exergetic efficiency, reducing the irrevers-
ibility. The optimization is carried out by adjusting the turbine inlet
pressure to its specifications and setpoints regulated by the company,
namely, 5.5, 6, 6.5, 7, 7.5, and 8 bars. EES conducted it with the applied
mass of 40.68 MW. The results are shown in Fig. 8 as follows.

Based on Fig. 8, it is explained that the higher turbine inlet pressure
increases its irreversibility and decreases the exergetic efficiency. It
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Fig. 6. Exergetic Efficiency of Each Component
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Fig. 7. Sankey Diagram of exergy flow

causes greater inlet exergy, thereby producing constant 40.68 MW
power output. When the inlet exergy value is bigger, the power output
value remains constant, thereby decreasing the exergetic efficiency.
Therefore, the exergy destruction on the governor should keep the sta-
bility of turbine rotation at 3000 rpm to obtain the generator frequency
of 50 Hz.

Fig. 8 also shows the optimal operating at each ambient temperature.
It is a condition with high exergetic efficiency and low irreversibility. At
an ambient temperature of 16°C, the optimal operating conditions are in
the pressure range of the 5.5-7.2 bar. However, when it exceeds the
maximum pressure limit, it tends to increase the irreversibility and
lower the exergetic efficiency, as the opposite of the optimal condition.
Furthermore, when the ambient temperature is 17°C and 18°C, the
optimal conditions are in the pressure ranges of 5.5-6.9 bar and 5.5-6.6
bar, respectively. The ambient temperature is 19°C and 20°C. The
optimal operating condition is in the pressure ranges of 5.5-6.3 bar and
5.5-6 bar, respectively. Based on these pressure ranges, it is concluded
that the higher the ambient temperature, the lower the maximum
pressure of the turbine inlet under optimal operating conditions and vice
versa. This indicates that the higher exergy is destroyed with an increase
in ambient temperature, leading to greater component irreversibility.

5. Conclusion

Geothermal energy is a potentially renewable resource, which can be
utilized directly or through a sustainable prior process, and produces
minimal emissions. Based on the analysis results in this study, it can be
concluded that Energy analysis provides information on its flow rate in
each component of the geothermal power plant without considering
entropy and ambient conditions. While the exergy analysis provides
information on the greatest irreversibility in the turbine of 11217 kW,
7808 kW main condenser, 6056 kW flasher, 5087 kW separator, and
cooling tower of 2428 kW. Other components such as the demister,
intercondenser, aftercooler, and scrubber have no significant irrevers-
ibility of 1176 kW, 1007 kW, 868.5 kW, and 44.48 kW, respectively.
Besides, the exergy analysis results acquired the exergetic efficiency of
each component with the 95.22%separator, 99.94% scrubber, 98.34%
demister, 83.91%turbine, 43% main condenser, 69% intercondenser,
27.72% aftercooler, 66.36% cooling towers, and 74.21% flasher.

The ambient temperature affects the irreversibility and exergetic
efficiency of each component. The higher the ambient temperature, the
lower the system’s irreversibility, which increases the exergetic effi-
ciency and vice versa. Furthermore, exergy optimization is carried out
on the inlet turbine due to its high irreversibility in the geothermal
power plant system. The optimization shows that the higher the inlet
pressure, the higher its irreversibility rate and the lower the turbine
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Fig. 8. Effect of Pressure on Irreversibility and Exergetic Efficiency

exergetic efficiency. Finally, the optimal turbine inlet pressure was ob-
tained at a pressure of 5.5 bar, with the maximum pressure changing
following the ambient temperature.
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