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ARTICLEINFO ABSTRACT

Keywords: The objectives of this study are to perform the exergy analysis and ambient temperature opti-

Geothermal mization of the Kamojang geothermal power plant by employing Engineering Equation Solver

Exergy (EES). The geothermal capacity is W and the field is vapor-dominated reservoir with tem-

Thermodynamic perature 245 "C. In the initial state temperature, pressure and mass flow data are collected from

f:g;':;i“m the plant operation. The study results show that system has overall efficiency of 35.86% which

Kamojang means that only 111,138.92 kW electrical power can be extracted from 309,000 kW thermal
power being produced by 10 production wells of Kamojang. This low efficiency is due to irre-
versibility associated with different processes and components in the system. The largest irre-
versibility occurs in condenser due to which 53% of total energy is disposed into the environ-
ment. Ambient temperature at Kamojang varies from 17 to 20 °C. The effect of this variation in
temperature is also investigated and it is observed that higher temperature does not have any
significant impact on system efficiency.

1. Introduction

Geothermal energy uses heat from deep under the surface of the earth as an energy source. It originates from fluid heated by

ma and trapped underneath the cap rock. This fluid attempts to rise to the surface naturally through fissures. Once it reaches the
&ace, manifestations such as fumaroles, hot springs, and geysers appear. In the ancient Roman Empire, geothermal heat sources
were used to heat rooms in cold-weather climates. It is still popular in Japan for similar situations in bathing facilities. However, in
the modern era, most geothermal heat is utiliz r electricity [1]. One reason is because geothermal power generation offers a
sustainable and low-emission energy source [2]. The use of geothermal energy for conversion into electricity was first completed by
Prince Piero Ginori Conti, who became its pioneer in July 1904 in the city of Lardello, Italy. This marked the beginning of geothermal
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Nomenclature po potential
ph physical
Symbols ch chemical
p product
mass flow (kg/s)
Q heat flow (kJ/s) List of abbreviations
@ work flow (kJ/s)
exergy (kJ/s) I irreversibility
h enthalpy (kJ/kg) EES engineering equation solver
g gravity (nﬁ) MW MegaWatt
Z elevation (m) kw Kilowatt
ex specific exergy (kJ/kg) GWh Giga Watt Hour
m irreversibility (kJ/s) m feed-in-tariff policy.
temperature (K) Organic Rankine Cycle
s entropy (kJ/kg K) IHE internal heat exchanger
PLN Indonesian gnment—owned corporation
Subscript Pertamina Indonesian state-owned oil and natural gas cor-
poration
Cv control volume PGE Pertamina Geothermal Energy
i inlet KV KiloVolt
o outlet SRH steam receiver headers
k specific stream NCG non-condensable gas

ke kinetic

power plant technology. Various innovations have developed to advance geothermal power use, including ﬁ'n-steam power plants
and binary cycle power plants. The current total installed capacity of geothermal power plants in the world is 12,635 MW, which
p 73,549 GWh of electricity [3].

e countries with the largest installed geothermal capacity are the USA with 3700 MW, Philippines with 1904 MW, Indonesia
with 1438 taly with 996 MW, Iceland with 665 MW, and Japan with 519 MW [3]. Indonesia has the largest reserved potential,
with around of the world's total geothermal energy at 28,910 MW spread across 312 locations [4]. This is because of its location
in the Ring of Fire, part of a string of volcanoes and seismic activity. However, Indonesia does not appear to have maximized its usage
of this energy resource and it only utilizes around 4.9% from its total potential.

In an effort to increase geothermal power capacity by installing new geothermal plants, the Indonesia Government introduced a
feed-in-tariff (FiT) policy. Alongside this, through the new National Energy Policy, the government plans to increase spending on
energy expenditure by constructing a 9.5 MW geothermal power plant in 2025. However, notwithstanding these developments, the
current capacity still falls short of the new of the target of 6200 MW. To support the gav@nem's expansion project, it is necessary to
optimize and maximize the capacity of existing plants. This can be achieved by the use of energy and exergy analysis which uses the
2nd law of thermodynamics to investigate process irreversibility by measuring changes in the quality of energy. This is because the
transformation of energy causes changes in its quality, which are measured as exergy parameters [5]. Exergy analysis is carried out
using exergy balances based on physical models of thermal systems by the combination of energy and entropy parameter. This type of
analysi uitable for determining unused and lost energy due to better understanding of energy transfer and@versiun.

The energy and exergy analysis of geothermal power plants has b@fficarried out by several researchers. Exergy analysis and
optimization of the Dieng single-flash geothermal power plant has been carried out by Pambudi et al. [6]. This research showed that
the plant has operated with almost maximum resources. However, to expand the existing system, a double-flash and binary caq
included [7,8]. The optimization of the plant by employing inter-stage reheating has improved efficiency Bj§3-5% [9]. Murat an
Cerci calculate the exergy efficiency in the Germencik geothermal power plant [10]. The results shows that second law efficiency of
the turbine-generator to be 87.4% and the second law efficiency of the overall plant has been found to be 35.34%. In Iran, Saeid, et al.
applied second law efficiency research to flash cycle :)ptirrﬁon in Sabalan [11]. The analysis suggests a double flash should be
introduced to expand the system. Degdas, et al. investigated ermodynamic optimizationGfthe DenizliKizildere power plant using
real data [12]. They found the optimum flashing pressure to be 200 kPa. Yari et al. analyses various types of geothermal power plants
such as The considered cycles for this study are a binary geothermal power plant using a simple organic Rankine cycle (ORC), a
binary geothermal power plant using an ORC with an internal heat exchanger (IHE), a binary cycle with a regenerative ORC, a binary
cycle with a regenerative ORC with an IHE, a single-flash geothermal power plant, a double-flash geothermal power plant and a
combined flash-bina r plant [13]. Exergy analysis also be used for several researcher to develope hybrid analysis between
geothermal and other ren@§lable energy resouces such as solar and wind [14-17]

This research aims to analyze the exergy and irreversibility of Kamojang geothermal power plant in Indonesia. In this work,
efficiency and magnitude as well as location of irreversibility in whole system are determined. The obtained results are used to
optimize the system, which can considerably improve its e cy. Actual data was collected during plant operation. This data is
then used in a mathematical model and a simulation, which 1s performed, by using Engineering Equation Solver (EES). The results
thus obtained are important for government, engineers and researchers who have special interest in Kamojang. Furthermore, this
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study fills the research void as only few research publications related to Kamojang are available.
2. An update of geothermal power plant in Indonesia

As the key drive toward the realization of the goals of national energy development policy, geothermal energy through the
comprehensive national approach will help Indonesia achieve its energy tives. As the pressure for clean energy increase
globally, it is high time that Indonesia rises to the occasion and taps into its geothermal energy potential. Geothermal energy as a
source of energy is not only clean, renewable but also environmentally friendly. The use of geothermal energy will not only increase
national energy security but shield the country from global fossil fuel price fluctuations. There are eleven geothermal power plant in
Indonesia such as 12 MW Sibayak, 110 MW Ulubelu, 377 MW Gunung salak, 55 MW Patuha, 270 MW Darajat, 227 MW Wayang
windu, 235 MW Kamojang, 60 MW Dieng, 10 MW Ulumbu,2.5 MW Mataloko, 120 MW Lahendong as shown in Fig. 1.

History reveals that exploration of geothermal energy in Indonesia was first proposed in 1918 [18]. Several studies suggest that Indonesia
has a total estimated geothermal potential of 28.8 GW across its seven islands that serve as the home to 312 geothermal fields. However, the
country has remained one of the lesser energy producing countries despite its potential of producing over 40% of total global geothermal
resources. The country has remained behind countries such as the USA and the Philippines which have the capacity to produce 3700 MW and
1904 MW respectively [19,20]. This relatively low production of geothermal energy can be attributed to factors such as regulatory measures,
autonomy, government policies, tendering, negotiation, licensing policy among others.

3. Kamojang geothermal field and power plant

Kamojang is locat Laksana village, in the west of Java province in Indonesia, %O m above sea level (ASL). It is about
100 km to the south of rta, the capital city of Indonesia. The average yearly temperature and pressure of this locality are 19 °C
and 850 mbar respectively. In the vicinity of site, geothermal manifestations such as steamy soil surfaces, warm soil, fumaroles, hot
mud pools and hot springs can be seen. This has made the location a tourist attraction over the years. Geothermal potential was
discovered in this area when the first volcanological survey was conducted by Netherland East Indies between 1916 and 1928
[21,22]. Initially only five wells were drilled at the location. Later on, collaboration work between Indonesian and New Zeeland
paved the way for first power plant in 1979. which hada total capacity of 30 MW at that time. Between 1971-1979, ten wells were
dug during drilling and exploration work. In 1987 a second plant was installed which increased the tot city up to 55 MW [21].

The current capacity of Kamojang geothermal power plant is 235 MW. Unit 1 has a capacity of the , Units 2 and 3 which
both have a capacity of 55 MW and are owned and operated by (Indonesian government-owned corporation (PLN)). Unit 4 which has
a capacity of 60 MW and is owned and operated by Pertamina Geothermal Energy (PGE). A new Unit 5 was just inaugurated with
additional capacity of 35 MW.

The production wells have been producing steam at 1500 t/hour since 1976 for three generating units. After 30 years, steam
production is now decreasing at the rate of 3% per year, primarily due to the reduction in reservoir temperature and p . Over
the years the pressure has been reduced to 9.3 bar and the temperature has dropped to 190 °C [21,23]. The Kamojang reservoir is
vapor-dominated with an average temperature of 245 °C and its reservoir is different from the majority of reservoirs in Indonesia, as

those are dom'matpy liquid.

The schematic diagram of Kamojang Geothermal Power Plant is represented in Fig. 2. The plant unit is equipped with Steam
Receiver Headers (SRH) to prevent steam fluctuations which can directly impact electricity production. The SRH are connected with a
vent valve system which discharges excessive steam entering the plant. Steam then enters into a the separator, which removes debris
and other substances from steam by employing centrifugal force. The fun of this separator is different from single-flash tech-
nology, which is used to separate brine from steam. To ensure high quality, steam is then passed through a demister. This is a device
which is employed to remove water droplets from steam. It utilizes turbulence and collision force between high speed steam and its
own components. The trapped water is then drained through the flash tank. After the demister majority of the steam enters a turbine,
whereas a small quantity of steam is diverted to a steam ejector in the gas removal system. For safety measures, the system is

ibayak 12 mw

Lahendang so mw

& __
Wayang Windu 227 mw - Py,
110 MW Ulubeluﬁ Kamojang 200 mw
377 mw Gunung Salak D aw L by
ssmw Patuha - P i ’mhla_!_a[glgn 250w -
270 mw Darajat 10 MW I.Ilum_g‘u. ”

Fig. 1. Location of 11 geothermal power plants in Indonesia.
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Fig. 2. Schematic diagram of Kamojang geothermal power plant [24).

equipped with a main stop valve which protects it from overpressure and other emergency situations.
Table 1 shows the specifications of turbines installed in Kamojang. They are two-stage and double-flow turbines manufactured by

Mitsubi

eavy Industries. The power of Unit 1 turbine is 30 MW whereas for Unit 2-3 the turbine rating is 55 MW. The inlet

turbine temperature and pressure are 161.9 °C and 6.5 bar, respectively. Turbine outlet pressure is 0.133 bar for Unit 1 and 0.1 bar
for Unit 2-3. Total mass flow rate in Unit 1 is 244,190 kg/h while in Unit 2-3 it is 366,300 kg/h. All three turbine units are equipped
with 3000 rpm generators which produce electricity with voltage level of 11.8 kV and 300 A current. Step-up transformers are
installed to increase the voltage from 11.8 to 150 kV to transmit it to switchyard.

From the turbine outlet, fluid enters into a condenser where it dissipates its heat to the cooling water coming from cooling towers.
The gas removal system keeps condenser pressure as close to vacuum pressure as possible. Table 2 shows values of different con-
denser parameters such as pressure, flow rate, NCG, cooling fluid temperature and exhaust steam temperature.

4. Method

Sequence analysis consists of initial data, the necessary calculations and outcomes, as well as optimization of the results as shown

e methodology diagram in Fig. 2. Initial data mostly are operating data and assumptions such as the parameters of pressure,
temperature, and the mass flow rate of each component in the generator. The calculation is done by building a mathematical equation
for energy and exergy using 0§ software. The outcomes of the calculation results are data, tables and diagrams. Based on these

results, optimization is done to improve the performance of the plant.

Table 1
Turbine specification in Kamojang geothermal power plane [24],

Parameter Unit 1 Unit 2-3
Manufacturer Mitsubishi heavy industries

Nominal power (MW) 30 55
Maximum power (MW) ars 57.75
Steam inlet gefsf$ure (bar) 6.5

Steam inlet temperature ('C) 161.9

Vapor Pressure Outlet (har) 0.133 0.1

Mass flow rate of steam (Kg/h) 244,190 388,300
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Table 2
Condenser specification in Kamojang geothermal power plant [13].

Parameter Unit 1 Unit 2-3
Manufacturer Mitsubishi Heavy Industries

Pressure (bar) 0,133 bar absolute 0.1 bar absolute
Cooling water temperature ("C) 29 27
E.xha:bm temperature (‘C) 49.6 42.8

Outlet mass flow rate (kg/h) 232,700 376,910

NCG flow rate (kg/h) 2,350 1.885

MNCG outlet temperature (*C) 32 29

EES mathematcal
modeling

* Companents data = Energy and

+ Pressue, exergy data i
temperature, * Energy and » Grassmad * Ambient
mass flaw GXEFOY aquation diagram temperature

+ Ambient data * T-S diagram

Operation data and
assumptions

Fig. 3. Methodology algoritma.

4.1. Energy and exergy equation

gy and exergy analysis is performed to determine the value of thermal energy based on thermodynamic properties in each of
state Exergy analysis is a tool used to evaluate and measure thermal loss in terms of type, quality and quantity. To calculate this
method first and second law thermodynamic method are employed as follows:

2 g 2 o &)
where m;_‘,.g’w flow rate entering the control volume and rig, is !!le mass flow ram:wing out the control volume. Eq. (1)
represents the law of mass conservation that the mass that enters a control volume is a system. The total mass flow entering the
control volume is equal to the outlet. The Eq. (1) is then expanded to the Eq. (2) as follows:

Q=W =" tighy— Y riyhy (@
‘ 2 2, i |
where () is the heat added into the system, W is the work produces and h is the enthalpy. Subscript o is the outlet and i is the inlet. Eq.

(3) is the expansion of the Eq. (2) with kinetic, &' and potential energy, gZ; is fully considered.

Yo+ ¥ m (h +—+g£) 2 [-"o‘*‘c—"gzﬂ] W (3)

After observing the expression of energy, the exergy equation as in Eq. (4)-(9) are further examined.

T . :
E [1'!'?")0* + E (mlexl') bt E ¢..~ + E (’ﬂuexu) + In'e.ﬂm;wd (4}
ﬁimmmi is Irreversibility is used to determine how much exergy in a component is lost during the process.
EX), = mex; (5)

The Exergy rate in specific stream, k, is equal to specific exergy in stream k as shown in Eq. (5). Then, Eq. (4) is substituted into
Eq. (6).

Exy = m((hy — ho) — To(s — 5o)) (6)
where exergy in specific stream can be written as Eq. (7):
ex = (hy — ho) = To(s; — o) 7)

In the system, the total specific exergy is equal to kinetic, potential, phisic and chemical exergy as shown in Eq. (8). However here
we ignored the kinetic, potential and chemical exergy.

EX gl = EXge + EX * EXpg + exg, (8}
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4.2. Efficiency based on Second Thermodynamic Law
To evaluate the performance of the power plant using exergy analysis, the formula based on exergy efficiency expressed in Eq. (9).
It can be applied in the whole system or component efficiency.

_ EEM
" ¥ Eou )

whereas XE;, is total exergy which enters from the components of the geothermal power plant system and XE,,, is total exergy which
exits. Each component has exergy inlet and exergy outlet. For example, exergy inlet at the separator comes from the steam receiving
header and exergy outlet is exergy which flows into the demister. Another definition of exergy efficiency is exergy outlet divided by
exergy inlet.

n

5. Result and discussion
5.1. Enthalpy, entropy and energy rate

There are six major components in Emojang geothermal power plant: SRH, separator, demister, turbine, condenser and cooling
tower, with inter-condenser and after-condenser as auxiliary equipment. The working fluid is water as vapor, liquid and a small
amount of non-condensable gases at various states throughout the power plant. Because of the small amount of non-condensable
gases, they have negligible impact on the calculations and results, and therefore they are disregarded while carrying out the analysis.
Temperature, pressure and other important parameters including flow rates, entropy, enthalpy and energy rates are stated in Table 3.
Some important parameters which can affect calculations and the results are not presented in the table because they were not
available in the plant operation data sheet, and therefore some valid assumptions are to be made during calculations.

Turbine is an important component of a geothermal power plant and the ideal work for turbine in this case is estimated to be
68,165 kW. However, due to mechanical and thermal losses only 55 MW power output is obtained.

In the SRH energy rate is 84.47 kW and in separator it is 354.2 kW. Further component is demister to separate liquid droplets
entrapped in steam before it enters the turbine since water droplets can cause damage to the blades. The demister also splits the steam
to flow to turbine and gas ejector to renﬁe non-condensable gas. After passing through the turbine, steam flows to the condenser
where considerable amount of heat was absorbed by cold liquid from the cooling tower. The heat latent absorbed in condenser is
absorbed by liquid as it evaporates into vapor phase or the amount of heat releases when vapor changes into liquid. The energy rate at
outlet of inter-condenser is 4790.3 kW and at outlet of after-condenser is 3334.16 kW. Non-condensable gases affect the condenser
function and they should be removed from the system. Gas removal system at condenser and after-condenser are used for this
purpose. In gas removal system, the first stage ejector has energy rate of 12,318 kW while the second stage ejector has energy rate of
9522 kW.

5.2. Exergy efficiency at components

To calculate exergy efficiency at each component, inlet and outlet exergy amount are required, which are tabulated mable 4. It
can be seen that the exergy at inlet of SRH is 309,953 kW while at the outlet is 309,857 kW. The difference between the exergy inlet

Table 3
Enthalpy, entropy and exergy at different states.

Component name State  Pressure (bar)  Temperature (°C) Eass flow rate (Kg/s)  Enthalpy (kJ/kg)  Entropy (kJ/kg K)  Energy rate (kW)

From Well 0 6.5 165.5 126.4 2760 6,733 84.47
1 6.4 165.5 1264 2759 6.738 84.47

parator 2 ] 165.5 126.4 2757 6.76 354.2
Demister 3 5.3 165.5 126.4 2751 6.802
Turbine 4 5.3 165.5 1226 2751 6.802 62,771
Condenser 5 0.14 54 1226 2239 6.937 247,296.5
MCWP 6 2.7 53 3486 2219 0.7424 277,130
Cooling Tower 7 2.7 33 3311 1382 0.4777 291,778.2
1st Ejector B 0.14 29 0.2044 2239 6.937 104.65
Mative Steam 1st 9 5.3 165.5 2.053 2751 6.802 12,318
Maotive Steam 2nd 10 5.3 165.5 1.587 2751 6.802 9522
Int-Cond In 11 2.257 2332 6.471 21.84
Int-Cond Out 12 50 43.45 209.3 0.7037 4790.93
Primary Int-Cond 13 3 0.04208 1382 0.4777 2992
2nd Ejector 14 0.41 40 0.06 2174 6.335 34.62
Aft-Cond In 15 1.65 2230 6.125 859.65
Aft-Cond Out 16 50 43.21 2093 0.7037 3334.16
Primary Aft-Cond 17 33 0.04208 138.2 0.4777 2992
Final Ejector 18 0.95 50 0.04583 2221 6.158 24.2B99
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Table 4
Inlet and outlet exergy amounts and component efficiency.
Component name Exergy inlet (kW) Exergy outlet (g) Irreversibility Exergy efficiency (%)
SRH (Steam receive header) 309,953 309,857 96 99.97
Separator 309,857 309,456 401 99.87
Demister 309,456 308,696 760 99.75
Turbine 299,381 236,356 63.025 78.95
Condenser 236,706.2 55,923 180.783 23.63
Int-Condenser 5407.2 288.5 5118 5.34
Aft-Condenser 3988.9 2627 3726 6.59

and outlet is 96 kW which is the amount of irreversibility caused by the SRH. At inlet of separator exergy amount is 309,857 kW while
at the outlet from steam and brine parts it is found to be 309,456 kW. Small leak in the system caused due to small gaps in rubber
packings used to join separator with pipes at inlet and outlet is the main reason of irreversibility in separator. These small gaps
provide steam a narrow path to leak into the environment.

The demister has 309,456 kW exergy at inlet and 308,696 kW at the outlet. In the turbine, the amount of exergy at inlet and outlet
are 299,381 kW and 236,356 kW respectively. The efficiency of the turbine is then calculated to be 78.95%. The turbine operation
includes a main stop valve and a governor valve. These valves throttle the steam and cause a pressure drop. Also, the steam expands
at the expense of pressure energy at the blades of the turbine, which causes a significant pressure drop. These two pressure drops are
responsible for irreversibility in the turbine.

Condenser operation completes in three different components, the main condenser, inter-condenser and after-condenser.
Efficiency of these condensers is 23.63%, 5.34%, and 6.59% respectively and it is found to be the lowest among all other components.
Residual steam from turbine having 236,706.2 kW of exergy enters the condenser. Heat losses such as heat rejection to the en-
vironment is responsible for the condenser irreversibility. Due to these irreversibility, exergy at the outlet of the condenser is reduced
to 55,923 kW and the steam flows ahead to the cooling towers.

5.3. Temperature-entropy diagram

Thermodynamic process for producing electrical energy from geothermal plant is represented in form of Temperature-Entropy
diagram in the Fig. 4. Two-phase steam at 165.5 "C temperature and 6.5 bars pressure flow from the production wells, with vapor
phase dominating the liquid phase. To separate the liquid fraction from vapor, steam is passed through the separator. en enters
into turbine at 5.3 bar. Steam expansion takes place in turbine to produce work and the pressure drops to 0.14 bars at the turbine
outlet. The isentropic efficiency of the turbine is 92%. The pressure of the condenser should be maintained close to the vacuum by
extracting non-condensable gases. These gases are extracted by using gas ejector within the gas removal system which removes and
directs residual gases to the cooling tower through a discharge pipe.

5.4. Grassmann diagram

12. 5 shows the exergy flow within Kamojang geothermal power plant. It shows the amount of total available exergy, exergy
efficiency, irreversibility and the individual component efficiency. The exergy flow analysis can help to evaluate the performance of
an individual component, as well as the whole system. This analysis helps to discover new ways to improve the system power capacity
by increasing its efficiency. It can be observed that reservoir fluid provides total exergy of 309,953 kW but only 111,138.92 kW of
electrical energy is being produced by the generator. Due to the irreversibility in different components of plant, the exergy efficiency

400

300

Stearn From Wel

0.0 25 5.0
s [kd/kg-K]

Fig. 4. Temperature-entropy diagram.
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Fig. 5. Grassmann diagram of Kamojang geothermal power plant. Note; 1. Steam Receiving Header 96 kW, 0,03%, 2, Separator 401 kW, 0.13%, 3, Demister 760 kW,
0.25%, 4. After Condenser 3726 kW,1.2%, 5. Inter Condenser 5118 kW, 1.65% 6. Turbine 8025 kW, 2.59%, 7. Main Condenser 180,783 kW, 58.33%, 8. Electricity,
111,044 kw, 35.83%.

of whole system comes out to be 35.86%.

The lowest irreversibility of 96 kW occurs in the SRH component. Other components such as separator and demister also have low
irreversibility of 401 kW and 760 kW respec . The turbine contributes to 8025 kW exergy loss, which is much higher loss than in
previous components and ibutes 2.59% e total exergy loss in the whole system. In the condenser, 180,783 kW exergy is lost
which contributes 58.33% of the total exergy loss from the whole system and is the highest loss among all the components.

5.? Effect of ambient temperature efficiency against exergy
63

Fig. 6 Ulustrates the effect of ambient temperature on exergy efficiency. Exergy analysisw-as carried out at different ambient
temperature including 17, 18, 19 and 20 °C. Temperature variation occurs @ffing night and day time in Kamojang and therefore is
considered as dead state during exergy rate calculations in EES calculation. It can be seen that exergy efficiency is slightly decreased
with the increase in ambient temperature during daytime. The highest efficiency obtained is 35.86% at 17 °C. As the temperature
rises to 18 °C, efficiency is reduced to 35.78%, and is further dropped to 35.74% at 19 °C. The lowest efficiency of 35.7% is witnessed
at 20 °C. The higher temperatures approach the dead state which leads to higher entropy. Therefore, more exergy will leave the

system and go into the environment to maintain the equilibrium. This situation can be identified with continued analysis in the
performance of several components.

5.6. @ct of ambient temperature on exergy efficiency at each component

The effect of ambient temperature on exergy efficiency of individual components of a power plant is illustrated in Fi This
figure shows that which component efficiency experiences more significant change with varying ambient temperature. With the
increase in temperature the exergy efficiency in condenser, inter-condenser and after condenser increases. Once the ambient tem-
perature increases heat tends to remain within the system. Furthermore, once ambient temperature increases, it requires less exergy
to exit from the system to attain equilibrium. This heat exchange mechanism in the condenser is opposite to that of turbine, where
rising ambient temperature causes decrease in exergy efficiency.

5.7. The influence ﬁmb:‘ent temperature on the irreversibility
13

Fig. 8, illustrates the relationshi tween increase in ambient temperature and irreversibility. In SRH the amount of irreversi-
bility increases from 96 kW to 97 kW when the ambient temperature rises from 17 °C to 18 “C. It further rises to 98 kW when ambient
L)
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;:lg 6. Effect of air temperature environment, the exergy efficiency system.

Exergy efficiency (%)

299




gszsmdig; in Thermal Engineering 10 (2017) 292-301

B. Rudiyanto et al.
100 pt 2 > s ® °
2
&
g
£ w
]
g2 ow —
, -
17 175 18 185 19 195 20
Temperature {*C)
—@—SAH == Separator === Diemister
== Tiarbin = KOndensor === Int-Kondensor
=g Aft-Kondensar
Fig. 7. Exergy efficiency each component by temperature fluctuation in Kamaojang.
99 780
98 776
98 772
T g7 = = % 768
2] E
97 B 764
96 760
96 - 756
17 17.5 18 18.5 19 19.5 20 17 17.5 18 18.5 19 19.5 20
Temperature (*C) Temperature (°C)
410 63080
409 A
408 ,_‘r‘/ 63070
a07 /.’ o
5 406 ————i¢ = 63060
£ ao0s = £
T > £ 63050
S 404 ) 4 2
D 403 /// — 63040
402 |
2 _,‘./4 63030
01 [
400 . 63020
17 17.5 18 18.5 19 19.5 20 17 175 18 185 19 195 20
Temperature (°C) Temperature (*C)
190000 5200
180000 ¢ 5100
E 170000 =000
£ 160000 ‘g
‘g 150000 S 4900
9 140000 E 4800
130000 1
E 47
120000 & 4700
110000 4600
100000 4500
17 175 18 185 19 185 20 17 175 18 18.5 19 195 20

Temperature ("C)

Temperature (°C)

Fig. 8. Irreversibility in component as an ambient temperature function.

temperature is further increased to 20 °C. Irreversibility of separator also has direct relationship with ambient temperature. The
amount of irreversibility is 401 kW, 404 kW, 406 kW and 409 kW at 17 °C, 18 °C,19 °C and 20 °C respectively. The demister shows
irreversibility of 760 kW at 17 °C, 765 kW at 18 °C, 772 kW at 19 °C and 777 kW at 20 °C. The irreversibility in these three com-
ponents changes with the change in ambient temperature. Therefore, these three components have lower exergy efficiency when the

ambient ten'mrure is increased.

With the increase in outside temperature the irreversibility of turbine also increases. The irreversibility value in turbine observed
is 63,029 kW at 17 °C, 63,042 kW at 18 °C, 63,058 kW at 19 °C and 63,075 kW at 20°. As a result, exergy efficiency and the exergy
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value at the outlet of condenser are reduced. But in the case of the condenser, the results are totally opposite. Unlike the turbin
increase in ambient temperature at condenser decreases the irreversibility associated with it. Likewise, irreversi increases wi
the drop in ambient temperature. This effect of ambient temperature on the condensers can be explained by taking cooling water in £
account. The temperature of cooling water supplied by cooling tower affects the performance of three condensers. Variation in
ambient I:e:mperm has an effect on the temperature of cooling water. The temperature decreases when the ambient temperature is
low, which will increase the overall efficiency of the system.

6. Conclusion

In this paper, exergy analysis and ambient temperature optimization are invesfffjited. This study also gives insight about ge
location and the magnitude of irreversibility along with efficiency in Kamojang geothermal power plant. The reservoir in the
Kamojang field is vapor-dominated at temperature of 245 °C and is quite different from many other geothermal fields in Indonesia.

It is estimated that 303,953 kW total exergy is available from 10 production wells. The exergy then enters into SRH which has
96 kW of irreversibility. The fluid then passes through separator with 309,857 kW of exergy and the 401 kW irreversibility. In
demister the amount of exergy is 309,456 kW with 760 kW irreversibility. The steam then splits to the turbine and gas ejector in gas
removal system. The turbine produces 55 MW and has irreversibility of 8025 kW with an efficiency of 35.86%. The main condenser is
the unit that has the largest irreversibility of 180,783 kW and lowest exergy efficiency of 23.63% which is due to the residual steam
from turbine. Turbine is the key component in power generation system and is influenced by the change of ambient temperature.
After performing energy and exergy calculations, it is evaluated that at 17 °C turbine has highest efficiency of 78.95% and it has
lowest efficiency of 78.8% at 20 °C.

In this preliminary research, analysis is focused on unit 2 which has total capacity of 55 MW. However, we are going to perform
plete analysis of Kamojang geothermal power plant which will be comprised of unit 1, 3-5 as well. We are also looking forward to
improve the exergy efficiency of Kamojang geothermal field by minimizing the heat wasted via the injection well.

References

[1] R. DiPippo, Geothermal power plants, 2nd ed. Principles, Applications, Case Studies and Environmental Impact, 2007,
[2] M. Aneke, B. Agnew, C. Underwood, Performance analysis of the Chena binary geothermal power plant, Appl. Therm. Eng. 31 (10) (2011) 1825-1832.
[3] B. Ruggero, Geothermal power generation in the world 2010-2014 update report, in: Proceedings World Geothermal Congress, 2015.
(4] D. Surya, Tisnaldi, G. Rony, Country Update: geothermal energy use and development in Indonesia, in: Proceedings World Geothermal Congress 2010, Bali
Indonesia, 2010,
[5] A. Bejan, T. George, M. Michael, Wiley: Thermal Design and Optimization. [Online]. Available: {htrp://as.wiley.com,/Wiley CDA/WileyTitle/productCd-
047158467 3.htmly. (Accessed 18-Aug-2016).
6] MN.A. Pambudi, R. [toi, 8. Jalilinasrabady, K. Jaelani, Exergy analysis and optimization of Dieng single-flash geothermal power plant, Energy Convers. Manag 78
(2014) 405-411.
[71 N.A. Pambudi, R. Itoi, 8. Jalilinasrabady, K. Jaelani, Performance improvement of a single-flash geothermal power plant in Dieng, Indonesia, upon conversion to
a double-flash system using thermodynamic analysis, Renew. Energy 80 (2015) 424-431.
M.A. Pambudi, R. Itei, 8. Jalilinasrabady, P. Sirait, K. Jaelani, Preliminary analysis of single flash combined with binary system using thermodynamic assessment:
a case study of Dieng geothermal power plant, Int. J. Sustain. Eng. 8 (4-5) (2015) 258-267.
R. DiPippo, Geothermal double-flash plant with interstage reheating: an updated and expanded thermal and exergetic analysis and optimization, Geothermics 48
(2013) 121-131.
[10] M. Unverdi, Y. Cerci, Performance analysis of Germencik geothermal power plant, Energy 52 (2013) 192-200.
[11] S. Jalilinasrabady, R. Itci, P. Valdimarsson, G. Saevarsdottir, H. Fujii, Flash cycle optimization of Sabalan geathermal power plant employing exergy concept,
Geothermics 43 (2012) 75-82,
[12] A. Dagdas, R. Oztiirk, 5. Bekdemir, Thermodynamic evaluation of Denizli Kizildere geothermal power plant and its performance improvement, Energy Convers.
Manag 46 (2) (2005) 245-256.
[13] M. Yari, Exergetic an is of various types of geothermal power plants, Renew. Energy 35 (1) (. 2010) 112-121.
[14] J.M. Cardemil, F. Cortés, A. Diaz, R. Escobar, Thermodynamic evaluation of solar-geothermal hybrid power plants in northern Chile, Energy Convers. Manag 123
(. 2016) 348-361.
[15] 1. Saeid, L. Ryuichi, O. Yuji, Hybrid Geothermal and wind power generation system using geothermal waste water as a heat source, in: Proceedings World
Geothermal Congress 2015, Melbourne, Australia, 2015,
[16] F. Calise, M.D. d’Accadia, A. Macaluso, A. Piacentino, L. Vanoli, Exergetic and exergoeconomic analysis of a novel hybrid solar-geothermal polygeneration
system producing energy and water, Energy Convers. Manag 115 (2016) 200-220.
[17] B. Kilkis, A lignite-geothermal hybrid power and hydrogen production plant for green cities and sustainable buildings, Int. J. Energy Res, 35 (2) (2011) 138-145.
[18] M.P. Hochstein, S. Sudarman, History of geothermal exploration in Indonesia from 1970 to 2000, Geothermics 37 (3) (. 2008) 220-266.
[19] Geothermal Energy Association, 2016 Annual US Global Geothermal Power Production, Mar, 2016.
[20] A.D. Fronda, M.C. Marasigan, V.5. Lazaro, Geothermal Development in the Philippines: The Country Update, in World Geothermal Congress 2015, 2015.
[21] T. Suryadarma, A.A. Dwikorianto, Zuhro, A. Yani, Sustainable development of the Kamojang geothermal field, Geothermics 39 (4) (. 2010) 391-399.
[22] A. Suryadarma, D. Tafif, Tavip, F. Amir, The Kamojang geothermal field: 25 years operation, in: Proceedings World Geothermal Congress, Antalya, Turkey, 2005,
[23] D. Surya, H. Sugiharto, §. Bambang, Hadyanto, Geothermal energy update: geothermal energy development and utilization in Indonesia, in: Proceedings World
Geothermal Congress, 2010,
[24] A. Reza, 5. Danu, E.L. [rwan, Kamojang Geothermal power plant unit 1-2-3 evaluation and optimization ased on exergy analysis, in: Presented at the World
Geothermal Congress, Melbourne, Australia5, 201.

81

It

301




preeliminary

ORIGINALITY REPORT

18.. 8. 16% 5w

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Veera Gnaneswar Gude. "Use of Exergy
Tools in Renewable Energy Driven
Desalination Systems", Thermal Science and
Engineering Progress, 2018

Publication

2

[

politicalecology.xyvy.info

Internet Source

1o

e

elib.uni-stuttgart.de

Internet Source

1o

=

Submitted to Universitas Sebelas Maret
Student Paper

1o

El

Nugroho Agung Pambudi, Ryuichi ltoi, Saeid
Jalilinasrabady, Khasani Jaelani. "Exergy
analysis and optimization of Dieng single-
flash geothermal power plant”, Energy
Conversion and Management, 2014

Publication

1o

Progress in Sustainable Energy Technologies
Generating Renewable Energy, 2014.

Publication

1o

Indra Mamad Gandidi, M. Dyan Susila, Al

1o



Mustofa, Nugroho Agung Pambudi. "Thermal
— Catalytic cracking of real MSW into Bio-
Crude Oil", Journal of the Energy Institute,
2018

Publication

Nova Dany Setyawan, Nugroho Agung
Pambudi, Frandhoni Utomo, Herman Saputro
et al. "Energy and exergy analysis of dry-
steam geothermal power plant: Case study in
kamojang geothermal power plant unit 2",
MATEC Web of Conferences, 2018

Publication

1o

www.davidsellers.com
n Internet Source < 1 %
www.mdpi.com
Internet SourcE < 1 %
Usman, Muhammad, Muhammad Imran, <1 o
Dong Hyun Lee, and Byung-Sik Park. °
"Experimental investigation of off-grid
organic Rankine cycle control system
adapting sliding pressure strategy under
proportional integral with feed-forward and
compensator”, Applied Thermal Engineering,
2017.
Publication
Ahmet Dagdas, Recep Oztlirk, Stkri <1 o

Bekdemir. "Thermodynamic evaluation of
Denizli Kizildere geothermal power plant and
its performance improvement"”, Energy



Conversion and Management, 2005

Publication

Ebrahim Hajidavalloo. "Energy and exergy <1 o
analyses of a supercritical power plant”, °
International Journal of Exergy, 2011
Publication

Nugroho Agung Pambudi, Ryuichi ltoi, Saeid <1 o
Jalilinasrabady, Mert Gurturk. "Sustainability °
of geothermal power plant combined with
thermodynamic and silica scaling model",
Geothermics, 2018
Publication

Lukman Adi Prananto, Firman Bagja <1 o
Juangsa, Riza Mochamad Igbal, Muhammad °
Aziz, Tubagus Ahmad Fauzi Soelaiman. "Dry
steam cycle application for excess steam
utilization: Kamojang geothermal power plant
case study", Renewable Energy, 2018
Publication
www.matec-conferences.or

Internet Source g < 1 %
Submitted to Coronado High School

Student Paper g <1 %

Ratlamwala, T.A.H., I. Dincer, and G.F. <1 o

Naterer. "Energy and exergy analyses of
integrated hybrid sulfur isobutane system for
hydrogen production”, International Journal
of Hydrogen Energy, 2012.

Publication




Nor Hazig Naqiuddin, Lip Huat Saw, Ming <1 y
Chian Yew, Farazila Yusof, Hiew Mun Poon, °
Zuansi Cai, Hui San Thiam. "Numerical
investigation for optimizing segmented
micro-channel heat sink by Taguchi-Grey
method", Applied Energy, 2018
Publication

Zhu, L.. "Second law-based thermodynamic <1 .

, . . : Yo
analysis of ammonia/sodium thiocyanate
absorption system", Renewable Energy,
201009
Publication

ey acnz <1

IEteeyi]f:})tssi(’guorcrey.u baya.ac.id <1 o

Pambudi, Nugroho Agung, Ryuichi ltoi, Saeid <1 o
Jalilinasrabady, Puiji Sirait, and Khasani °
Jaelani. "Preliminary analysis of single flash
combined with binary system using
thermodynamic assessment: a case study of
Dieng geothermal power plant”, International
Journal of Sustainable Engineering, 2014.

Publication
A.H. Mosaffa, A. Zareei. "Proposal and <1 o,

thermoeconomic analysis of geothermal flash
binary power plants utilizing different types
of organic flash cycle", Geothermics, 2018

Publication



o5 I\:tl;cr?ltél;:)fuioundatlon.com <1 o
Bayu Rudiyanto, Muhamad Andrianto, Yuana <1 o
Susmiati, Nugroho Agung Pambudi, Riyanto. °
"Optimization And Validation Of Hydrated
Magnesium Silicate On Dry Washing
Purification Biodiesel Using Response
Surface Methodology", Energy Procedia,
2019
Publication
I\r/]\t/;/vm\é\:.g.;cu.:—:cl:eholder3360.c;l <1 o
Kukuh Mukti Wibowo, Bayu Rudiyanto, <1 Y
Nugroho Agung Pambudi, Basori, Rusdi °
Febriyanto, Riyanto, Nova Dani Setyawan.
"Experimental study on pitch angle effects on
the performance of Sg-6043 horizontal wind
turbine”, Journal of Physics: Conference
Series, 2019
Publication
Ali Kecebas. "Energetic, exergetic, economic <1 o
and environmental evaluations of geothermal °
district heating systems: An application”,
Energy Conversion and Management, 2013
Publication
Reddy, V.S.. "Exergetic analysis and <1 o

performance evaluation of parabolic trough
concentrating solar thermal power plant



(PTCSTPP)", Energy, 201203

Publication

Jianyong Wang, Jiangfeng Wang, Yiping Dai,

Pan Zhao. "Thermodynamic analysis and
optimization of a flash-binary geothermal
power generation system", Geothermics,
2015

Publication

<1%

library.iyte.edu.tr

Internet Source

<1%

Abdul Khaliqg, Ibrahim Dincer. "Energetic and

exergetic performance analyses of a
combined heat and power plant with
absorption inlet cooling and evaporative
aftercooling”, Energy, 2011

Publication

<1%

S. Ghosh, |. Dincer. "Development and
analysis of a new integrated solar-wind-
geothermal energy system", Solar Energy,
2014

Publication

<1%

Cohce, M.K.. "Efficiency evaluation of a
biomass gasification-based hydrogen
production”, International Journal of
Hydrogen Energy, 201108

Publication

<1%

36

scholar.sun.ac.za

Internet Source

<1%




Alessandro Franco, Maurizio Vaccaro. "A <1 o
combined energetic and economic approach °
for the sustainable design of geothermal
plants", Energy Conversion and
Management, 2014

Publication

AdvarTcmg" CuItlIJre of Living with <1 o
Landslides", Springer Nature, 2017
Publication

Causes Impacts and Solutions to Global <1 o
Warming, 2013. °
Publication

Nasruddin, M. Idrus Alhamid, Yunus Daud, 1

| . <l%

Arief Surachman, Agus Sugiyono, H.B.
Aditya, T.M.I. Mahlia. "Potential of
geothermal energy for electricity generation
in Indonesia: A review", Renewable and
Sustainable Energy Reviews, 2016
Publication

Ali Kecebas, Harun Gokgedik. <1 o
"Thermodynamic evaluation of a geothermal °
power plant for advanced exergy analysis",
Energy, 2015
Publication

angea.stanford.edu

Irr?terneg Source < 1 %
www.nire.res.in

Internet Source < 1 %




44 Amirabedin, Ehsan, and Ali Durmaz. "Second <1 o
law evaluation and sensitivity analysis of a °
thermal power plant operating with 10
different types of low grade Turkish lignites",
International Journal of Exergy, 2012.

Publication

M. Nabeel Amin, Richard S. Blackburn. <1 y
"Sustainable Chemistry Method to Improve °
the Wash-off Process of Reactive Dyes on
Cotton", ACS Sustainable Chemistry &

Engineering, 2015
Publication

Saeid Mohammadzadeh Bina, Saeid <1 .
Jalilinasrabady, Hikari Fujii. "Energy,
economic and environmental (3E) aspects of
internal heat exchanger for ORC geothermal
power plants”, Energy, 2017
Publication

Ozgener, L.. "Exergoeconomic analysis of <1 o
geothermal district heating systems: A case °
study", Applied Thermal Engineering, 200706
Publication

A. Khosravi, S. Syri, X. Zhao, M.E.H. Assad. <1 o,

"An artificial intelligence approach for
thermodynamic modeling of geothermal
based-organic Rankine cycle equipped with
solar system", Geothermics, 2019

Publication

J ZEMIN. "Energy Development Trends and



Major Energy Conservation Measures”, 1
Research on Energy Issues in China, 2010 <l

Publication

50 Zare, V.. "A comparative exergoeconomic <1 o

analysis of different ORC configurations for
binary geothermal power plants", Energy
Conversion and Management, 2015.

Publication
link.springer.com 1
Internet Source < %

5 www.ren21.net <1 %

Internet Source

B

53 awsassets.wwf.or.id <1 o

Internet Source

54 Zeyghami, Mehdi. "Performance analysis and <1 o
binary working fluid selection of combined °
flash-binary geothermal cycle", Energy, 2015.

Publication
dergipark.ulakbim.gov.tr
Interngt FS)ource g <1 %

56 pertambangan.fst.uinjkt.ac.id <1 o

Internet Source

Shyi-Min Lu. "A global review of enhanced <1 o
geothermal system (EGS)", Renewable and °
Sustainable Energy Reviews, 2018

Publication

S. Darma. "Indonesia", Elsevier BV, 2016



Publication

<1%

Ahmet Coskun, Ali Bolatturk, Mehmet
Kanoglu. "Thermodynamic and economic
analysis and optimization of power cycles for
a medium temperature geothermal
resource”, Energy Conversion and
Management, 2014

Publication

<1%

"Groundwater and Subsurface
Environments", Springer Nature America, Inc,
2011

Publication

<1%

Murat Unverdi, Yunus Cerci.
"Thermodynamic analysis and performance
improvement of Irem geothermal power plant
in Turkey: A case study of organic Rankine
cycle", Environmental Progress & Sustainable
Energy, 2017

Publication

<1%

Aras Karapekmez, Ibrahim Dincer. "Modelling
of hydrogen production from hydrogen
sulfide in geothermal power plants”,
International Journal of Hydrogen Energy,
2018

Publication

<1%

"Progress in Clean Energy, Volume 1",
Springer Nature America, Inc, 2015

Publication

<1%




Exclude quotes Off Exclude matches Off
Exclude bibliography  On



	preeliminary
	by Bayu Rudiyanto

	preeliminary
	ORIGINALITY REPORT
	PRIMARY SOURCES


