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Abstract: Indonesia has a predicted geothermal potential of 29 GWe, which is the biggest in the
world. With this potential, the government has the ambitious target to generate as much as 7 GWe of
electricity in 2025 from geothermal energy. However, the installed capacity of geothermal power
plant in Indonesia until 2019 is only 1.9 GWe. Enhancements in already-installed geothermal power
plants with a binary power plant can be considered to achieve the 2025 target. In this research,
a thermo-economic analysis is carried out to assess the feasibility of binary power systems to enhance
the existing geothermal power plants in Indonesia. The Wayang Windu site is selected as the case
study. Three working fluids, i.e., n-Pentane, isopentane, and R245fa, are compared. Two different
optimization objectives are considered and compared. First, the thermal efficiency is optimized
to maximize the thermodynamic performance. In the second scenario, the heat exchanger area is
optimized to maximize the economic performance. Analysis of the economic profitability variables,
namely the payback period and internal rate of return, shows that optimizing the heat exchangers
gives better economic results when compared to optimizing the thermal efficiency. The results also
show that the type of working fluid significantly affects both the thermal efficiency and economic
profitability of the binary power plant. Moreover, n-Pentane has the most preferred thermo-economic
performance for the geothermal conditions at Wayang Windu with the smallest payback period of
13 years and the highest internal rate of return of 11.28%.

Keywords: thermodynamics; binary geothermal power plant; organic rankine cycle; pre-feasibility
study; Wayang Windu geothermal power plant

1. Introduction

The Indonesian government has been putting a lot of effort into developing renewable energy
sources in recent years to achieve the targeted energy mix of 23% from renewables by 2025 [1]. Of all
the renewable energy sources in Indonesia, geothermal power is arguably the most promising with a
predicted total potential of 29,000 MWe, which is the biggest in the world [2,3]. The government has set
a target of 7000 MWe of installed geothermal power plant capacity in Indonesia by 2025 [4]. To put this
target in perspective, the total installed electrical generation capacity from geothermal power plants
in the country was only 1340 MWe in 2015 [5]. This has increased to 1925 MWe in 2018 [6]. While
assuming a constant capacity growth until 2025, more than 600 MWe of new geothermal power plants
must be built each year to achieve the target.
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In general, there are two ways to boost power generation from geothermal power plants: (1)
developing new sites and (2) enhancing existing power plants. Building new geothermal power plants
typically take years from the initial study until operation in Indonesia. Experience has shown that the
preliminary survey might take five to seven years to complete, the exploration three to five years, the
drilling and plant development two to three years, and the Power Purchase Agreement (PPA) from
two to three years [7]. Moreover, building new geothermal power plants are usually considered a risky
investment with a high capital cost at the beginning of the development, which makes the business
case often not too attractive [2]. On the other hand, enhancing an existing power plant is simpler, faster,
and more economical.

Among the available options to enhance an existing geothermal power plant, recovering waste
heat from the discharged geothermal brine with a binary power cycle is very attractive, because
it offers the best performance and it is the most economical when compared to other methods [8].
Currently, there is only one commercially operational geothermal binary power plant in Indonesia,
which is located in Sarulla, North Sumatera [9]. This binary system contributes as much as 49% of
the total plant capacity of 110 MW [10]. A smaller binary power plant with a capacity of 500 kW has
been in development in Lahendong, North Sulawesi, since 2015, but it is not operational yet at the
moment [11]. Despite of all the promises, it is noted that there is still some reluctance to adopt binary
power system technology, because the working fluids may have flammability and/or environmental
issues [3]. Another issue is the fact that binary power plants cannot contribute as much power as the
main geothermal power plant, which might deter investors [5].

To address these concerns, feasibility studies are crucial. Traditionally, such studies have
been focused on working fluid selections and system architecture from a thermodynamics point
of view. For example, the research by Franco and Villani [12] found that for water-dominated,
medium-temperature geothermal fields, a binary power plant could enhance the first law efficiency by
up to 12% and the second law efficiency by 45%. A study by Astolfi et al. [13] found that the optimal
performance of a simple binary geothermal power plant that they studied was achieved by fluids with
a ratio between its critical and inlet geofluid temperatures of 0.88 to 0.92. They also mentioned that
superheating was not necessary and the optimal design adopted the saturated cycle configuration.
Another research by Liu et al. [14], which emphasized the work output and exergy analysis, found
that a simple cycle with R123 as the working fluid was the optimal design for a low-temperature
geothermal resource, with a temperature of 80–95 ◦C.

Recently, the thermo-economic approach has been increasingly popular. It gives a more comprehensive
picture of both the expected technical and economical performances. Hettiarachchi et al. [15] suggested
that it is crucial to optimize the binary cycles based on the thermo-economic approach, especially
in the case of utilizing low to medium temperature heat source. Such studies have been conducted
in various places, including the thermo-economic investigation of a geothermal binary power plant
based on typical geothermal resource conditions in New Zealand, which concluded that the most
thermo-economic design for the specified brine conditions was a standard Rankine cycle while using
n-Pentane as the working fluid, because it had the best payback period [16]. A low-temperature
geothermal energy analysis in Italy was carried out by Gemelli et al. [17], which found that mountainous
locations had a longer payback time than hills. Zare [18] studied the payback periods and the net
present values of three different binary geothermal systems, i.e., a simple Organic Rankine Cycle
(S-ORC), an Organic Rankine Cycle with internal heat exchanger (ORC-IHE), and a Regenerative
Organic Rankine Cycle (R-ORC). The research found that the S-ORC system yielded the best economic
performance while the ORC-IHE was the optimum from thermodynamic point of view. Assad et al. [8]
compared the binary geothermal power plant system with single flash and double flash technology in
Geneva, Switzerland while using both thermodynamics and economic approaches. The result shows
that the binary power plant was the optimum system as compared to the other configurations based
on the thermo-economic approach.
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A number of feasibility studies in Indonesia for binary power systems have also been attempted.
For example, Prananto [19] selected Kalina cycle as the binary system for the Wayang Windu site
at Pangalengan, West Java, and showed that the cycle could produce up to 1660 kW of electricity
with a system efficiency of 13.2%. Pasek et al. [20] assessed the application of a binary cycle to utilize
the waste brine from the Lahendong geothermal power plant with maximum net power output as
the objective. Pambudi et al. [21] analyzed the thermodynamic performance of a single flash–binary
system for the Dieng geothermal power plant. Pikra et al. [22] assessed the implementation of Organic
Rankine Cycle (ORC) for extracting energy from hot springs in Indonesia. However, none of these
studies considered the economic aspect of building a binary system for a geothermal power plant in
Indonesia. All of the research mentioned above only focused on the thermal efficiency and net power
output as the assessment objectives.

This work aims at presenting a thermo-economic approach to study the feasibility of a binary
geothermal power plant in Indonesia. The Wayang Windu geothermal plant in West Java was selected
in this study due to the availability of the actual geothermal brine data. The study included the selection
of the working fluid, optimization of the system performance, and financial analysis. The fluids
considered included n-Pentane, Isopentane, and R245fa, which are some of the most popular fluids in
binary power plants [23]. According to Zare (2015), these working fluids have [18]:

1. High latent and specific heat
2. High density in both liquid and gas phase
3. Moderate critical temperature and pressure
4. Moderate evaporating and condensing temperatures.
5. Excellent transport and heat transfer properties
6. Safety and chemical stability
7. Material capability and no corrosion
8. Market availability and low cost
9. Environmentally benign

Two approaches were adopted and compared to find the optimum operating conditions: (1)
maximizing the thermal efficiency and (2) minimizing the specific area of the heat exchangers to
minimize the cost [24]. It is worth noting that a larger heat exchanger is required to extract the same
amount energy from a low to medium temperature heat source. Consequently, the total capital cost of
the system increases. As mentioned by Toffolo et al. [25] and Uehara et al. [26], the main cost of an
ORC system for low to medium temperature heat source comes from the heat exchanger equipment.
A profitability assessment was carried out to analyze the net present value (NPV) and the internal rate
of return (IRR) to investigate the financial implications. NPV is a better economic measurement when
compared to the simpler payback time and return of investment analysis approach, as it gives insight
into the time value of money and annual variation in revenues and expenses. The time value of money
means that the value of money at the present time is worth more than its value in the future due to its
potential earning capacity. In addition, the IRR gives helpful insight to compare the performances
of capital investments for different projects, the project’s lifetime, or the actual dominant interest
rate. The IRR is also a more suitable method than NPV when comparing projects with very different
sizes [27]. A more detailed explanation is provided in subsequent sections. The Aspen Plus version
8.6 [28] software is employed to carry out the study.

2. The Indonesian Context

2.1. Climate Conditions

Indonesia is located at the equator. Its climatic conditions are generally tropical, which is identified
by the warm and humid conditions [29]. Furthermore, the ambient temperature does not significantly
vary throughout the year. In Pangalengan, West Java, where the Wayang Windu geothermal site is
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located, the average ambient temperature is 25.5 ◦C and the recorded hottest and coldest temperature
are only 29 and 21 ◦C. Figure 1 provides the daily temperature fluctuation in 2018.
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Figure 1. The ambient temperature in Pangalengan, West Java, Indonesia in 2018 [30].

Indonesia only has two seasons: wet and dry. Figure 2 presents the temperature and humidity
profiles in wet and dry seasons in Pangalengan [30]. The hourly average temperature in the dry season
is about 2–3 ◦C higher than in the wet season and the relative humidity always stays above 60%.
These conditions obviously affect the thermodynamic performance of the power plant and they are
considered in the model.
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Figure 2. Typical temperature and humidity profiles in dry and wet Season in Pangalengan Area [29].

2.2. Electricity Market

Indonesia is the fourth most populous country in the world and it has the largest economy in
Southeast Asia with a real gross domestic product (GDP) growth of 6% annually [31]. However, the
electrification ratio in the country is relatively low when compared to the neighboring countries. For
comparison, the electricity usage per capita in Indonesia is only around 1 MWh, whereas Brunei,
Taiwan, and South Korea have reached more than 10 MWh [32]. The electricity demand is still
concentrated in the more densely populated Sumatran and Javanese provinces [33], and it is projected
to increase at a rate of 8.5% annually until 2050 [34].

The electricity market of Indonesia is fully managed by the government through Perusahaan
Listrik Negara (PLN), a state-owned corporation, which acts as the sole electricity buyer in Indonesia.
All power plants sell their electricity to PLN at a rate that is not wholly dictated by supply and demand,
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but rather by the government, depending on the energy source, location, year of commissioning,
etc. [32,33]. PLN then sells the electricity to users according to their customer category and capacity
load. It is useful to mention that the Indonesian government has set the highest electricity sales price
from geothermal power plants to PLN to increase by 3.11% annually [35], as this number will be used
to adjust the electricity sales price over the years. It is also useful to note that the geothermal business
sector is required to pay an income tax of up to 34% from the net income [36]. Moreover, the average
interest rate in Indonesia is 6%, according to Trading Economics (2019) [37].

Based on the latest Electricity Supply Business Plan that was developed by PLN in 2019, the total
installed capacity of power plants in Indonesia in October 2018 was 56.5 GWe, of which 12.48% came
from renewable energy resources. Geothermal power plants were one of the biggest contributors,
providing 1.9 GWe or 27.8% of the total renewable energy sources. PLN plans to increase the renewable
energy contribution to the power sector by adding 14.2 GWe more of renewable energy installed
capacity by 2025, of which 30.4% (4.32 GWe) will come from geothermal resources [38].

3. Methodology

3.1. The Wayang Windu Geothermal Brine Characteristics

Table 1 provides information regarding the geothermal waste brine at the Wayang Windu
geothermal power plant.

Table 1. Waste Brine Characteristics from the Wayang Windu Geothermal Power Plant.

Parameter Value

Brine Temperature 180.7 ◦C
Brine Pressure 1.02 MPa

Mass Flow Rate 48 kg/s
Silica Content (CI) 853 mg/L

Source: [19].

Even in geothermal sites with a vapor-dominated steam supply, the brine from its flash separation
still contains a considerable amount of thermal energy [39]. However, this brine is usually not
favorable for heat utilization or further flashing to generate power, because it is more concentrated with
silica. Generally, in lower temperatures, the solubility of silica in geothermal fluids is also lower [40].
An excessive amount of insoluble silica in a geothermal fluid can cause severe scaling in the equipment
and pipelines. Therefore, one of the most important design parameters in a binary power system is the
minimum temperature of brine utilization.

The amorphous silica concentration in the brine is maintained at a certain level of silica saturation
index (SSI) to determine the appropriate reinjection temperature of the geothermal brine, which is
defined as the ratio between silica content to its equilibrium concentration at a certain temperature.
The solubility of amorphous silica in the brine can be calculated while using the formula that is shown
in Equation (1) and it is valid for temperatures of between 0 ◦C and 250 ◦C [41].

log10[C] = −
731

(T + 273.15)
+ 4.52, (1)

where C is the soluble silica concentration in ppm and T is the temperature in ◦C.
The SSI can be calculated with Equation (2).

SSI =
CI

C
, (2)

where CI is the measured silica in solution in ppm.
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It is noted that a supersaturated condition that allows for silica precipitation starts at an SSI of 1.
However, in a binary geothermal system, the allowable SSI can be extended up to 2 [40]. Therefore, the
minimum allowable reinjection temperature is approximately 114 ◦C in this study.

3.2. Thermodynamic Model

Figure 3 shows the schematic and temperature-entropy diagrams of the organic Rankine cycle
(ORC) that is used in this study. In such configuration, the working fluid is pumped through a preheater
and an evaporator before entering the turbine. In the evaporator, the working fluid can be vaporized to
a superheated state. However, it is useful to note that Bao & Zhao [42] found that it is not necessary for
dry-type working fluids, like n-Pentane, Isopentane, and R245fa, to be superheated before entering the
turbine. The expansion turbine drives the generator to produce electricity. The expanded working fluid
is condensed through a heat exchanger and then pumped to start the cycle again. In the benchmark
system, an air-cooled heat exchanger was used. Other assumptions adopted in this study were:

1. Steady state conditions
2. Constant isentropic efficiencies for the pump and the turbine
3. Geothermal brine was water with silica content only (zero non-condensable gas content)
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The thermodynamic process of a basic ORC system can be understood by looking at the
temperature-entropy diagram that is shown in Figure 3. The processes are described below.

a. Point 1 to point 2 shows the preheating process of the working fluid. In this process, the
geothermal fluid as the heat source transfers its heat to the working fluid. The working fluid
gets heated and changes its phase from subcooled liquid into saturated liquid.

b. Point 2 to point 3 shows the evaporation process of the working fluid. In this process, the
geothermal fluid transfers more of its energy to evaporate the working fluid. This process
is crucial to the ORC system to ensure that there is no liquid droplet entering the turbine.
The heat that is required in the evaporation process from point 2 to point 3 is calculated by using
Equation (3).

.
Qin =

.
mgeo,in ×

(
hgeo,in − hgeo,out

)
, (3)

where
.

Qin = the amount of heat required for the evaporation process in kJ/s
.

mgeo,in = geothermal fluid mass flow rate in kg/s
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hgeo,in = enthalpy of the geothermal fluid entering the system in kJ/kg
hgeo,out= enthalpy of the geothermal fluid leaving the system in kJ/kg

c. Point 3 to point 4 shows the expansion process in the turbine. The thermodynamic assumption
used in calculating the turbine work is explained in Equations (4) and (5).

.
WT =

.
mWF × (h3 − h4), (4)

ηs =
h3 − h4

h3 − h4s
, (5)

where

.
WT =power generated by the turbine in kJ/s
.

mWF = working fluid mass flow rate in kg/s
h3 =enthalpy at point 3 in kJ/kg
h4 =enthalpy at point 4 in kJ/kg
h4s =enthalpy at point 4s, which is the turbine outlet condition if the expansion is isentropic, in
kJ/kg
ηs = isentropic efficiency of the turbine in %

d. Point 4 to point 5 shows the condensation process of the working fluid. The process starts when
the working fluid is in the saturated vapour condition. At point 5, the working fluid has entirely
changed phase into liquid. The amount of heat released in the condensation process (

.
Qout) is

calculated with Equation (6).

.
Qout =

( .
mWF × (h4 − h5)

)
+

( .
mWF × λp

)
, (6)

where

h4 = enthalpy at point 4 in kJ/kg
h5 = enthalpy at point 5 in kJ/kg
λp = latent heat for the current pressure of the condensation

e. Point 5 to point 1 illustrate the pumping process of the saturated liquid to the desired operating

pressure. Based on the Hysys Guide Book, the power that is required for the pump (
.

WP) can be
calculated while using Equation (7).

.
WP =

(P1 − P5) ×
.

mWF × 100%
ρWF × ηs

, (7)

where

P5 = pump inlet pressure
P1= pressure at point 1
ρWF = working fluid density at specific pressure
ηs= isentropic efficiency of the pump in %

3.3. Initial Working Parameters

There is no set of standard rules to specify the working parameters of a binary system. However,
it is usually recommended to set the highest temperature of the working fluid in the cycle at 15 ◦C
below its critical point [43]. Additionally, the highest pressure for the working fluid should not exceed
30 bar while considering the equipment compression capacity and the cost of the system [44]. Near the
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critical point, the system can be unstable because large pressure changes may occur even with small
temperature changes [42]. Therefore, as the starting point, the limit for the inlet turbine temperature in
this study was set 20 ◦C below the geothermal brine temperature. An exception to this was when the
working fluid was R245fa. Its critical temperature is 154 ◦C, so the inlet temperature was set at 140 ◦C
because the pressure was already close to 30 bar.

The working fluid was always at its saturated vapor state when entering the turbine. The outlet
pressure of the turbine followed the condensation temperature condition. The power plant’s condenser
was designed according to the hottest temperature in the area throughout the year. According to the
weather data, during the dry season in April 2018, in Pangalengan, West Java, Indonesia, the highest
air temperature was almost 29 ◦C at noon, and the relative humidity was 63% [29]. The suggested
minimum temperature difference between the working fluid and air was 10 ◦C [24], so the working
fluid’s condensation temperature was fixed at 39 ◦C. To set all simulated cases to have the same
level of heat inputs, the mass flow rate of the working fluids were adjusted, such that the reinjection
temperature was 142 ◦C, while using Equations (8)–(10).

Qin =
.

mG.(h180.7 C − h142.0 C), (8)

Qin =
.

mr.
(
Hpreheater + Hevaporator

)
, (9)

.
mr =

.
mG.(h180.7C − h142.0C)(
Hpreheater + Hevaporator

) , (10)

where Qin is the heat input to the system brought by geothermal brine in kW, ṁG is the mass flow rate
of geothermal brine in kg/s, ṁr is the mass flow rate of the working fluids in kg/s, hb is the specific
enthalpy of the geothermal brine in corresponding temperature in kJ/kg, and hi is the specific enthalpy
that is required in the corresponding equipment in kJ/kg. The obtained working fluid mass flow rate
will be used in the optimization processes. A summary of the initial working parameters for all fluids,
according to their states in Figure 3, is presented in Table 2 below.

Table 2. The Initial Conditions for All Working Fluids.

Working Fluid Parameter
State

1 2 3 4 5

n-Pentane
Temperature, ◦C 40.3 159.6 159.7 95.2 39.3

Pressure, bar 19.1 19.1 19.1 1.1 1.1
Mass flow rate, kg/s 14.3

Isopentane
Temperature, ◦C 40.4 159.7 159.8 94.3 39.1

Pressure, bar 22.7 22.7 22.7 1.5 1.5
Mass flow rate, kg/s 15.0

R245fa
Temperature, ◦C 40.2 140.1 140.2 65.8 38.7

Pressure, bar 28.5 28.5 28.5 2.4 2.4
Mass flow rate, kg/s 33.2

3.4. Thermal Efficiency Optimization

The thermal efficiency optimization was assessed by varying the turbine inlet temperature and
pressure, as can be seen in Table 5. Other variables in the system were kept constant. The thermal
efficiency was calculated with Equation (11):

µTH =
WNET

Qin
.100%, (11)

where µTH is the thermal efficiency in % and WNET is the work output of the turbine minus the pump
workload in kW.
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3.5. Specific Area Optimization

The specific area of the system was defined as the total area of the heat exchangers, including
preheater, evaporator, and air-cooled heat exchanger divided by the WNET. It can be calculated with
Equation (12).

λ =
A

WNET
, (12)

where λ is the specific area in m2/kW and A is the total heat exchanger area in m2. The controlled
variable in this optimization was the turbine inlet temperature. It was varied by fixing it at the saturated
vapor phase. In this optimization, the optimized configuration was the one that yields a minimum
specific area.

3.6. Process and Economic Modelling

The processes were simulated in Aspen Plus version 8.6 [28] while using the Soave-Redlich-Kwon
equation of state (EOS). All heat exchanger calculations were carried out with the shortcut LMTD
method. There are several assumptions taken for the equipment as can be seen in Table 3. The isentropic
efficiency ranged from 74 to 80% and 75% originated from Aspen. The mechanical and electrical
efficiency are both around 98%, thus making the multiplication around 96% [45]. In this research, 95%
and 93% are taken to anticipate other inefficiencies from turbulence and leakage inefficiency.

Table 3. Assumptions for the Equipment.

Equipment Assumptions

Turbine
• Isentropic Efficiency: 75%
• Mechanical Efficiency: 95%

Pump
• Isentropic Efficiency: 75%
• Mechanical Efficiency: 93%

Preheater, Evaporator, Air-Cooled Heat Exchanger
• Method: Shortcut
• No Pressure Drop

The program was also used for cost analysis of the equipment while using the Aspen Process
Economic Analyzer (APEA) tool to estimate the total purchase equipment cost (PEC). The cost escalation
for PEC due to inflation and economic condition change can be calculated using Equation (13):

PECnew = PECold

(
Inew

Iold

)
, (13)

where I is the cost index. Subscripts old and new refer to the base years the equipment cost are known
and desired, respectively. The cost index data were estimated following the data from Coker [46].
The total investment cost can be calculated while using the method from Peters and Timmerhaus [47].
In this calculation, there are three main components: (1) Direct cost, (2) indirect cost, and (3) working
capital cost. The total capital investment is the summation of the threee components. The working
capital cost covers 15% of total direct and indirect cost, whereas the direct and indirect cost is based on
purchase equipment cost (PEC) with the details presented in Table 4 below.



Energies 2019, 12, 4269 10 of 19

Table 4. Cost Estimation for Total Capital Investment.

Component Percentage, % Of Component

Installation 47 PEC
Instrumentation and controls 18 PEC

Piping 66 PEC
Electrical systems 11 PEC

Building 18 PEC
Yard and improvements 10 PEC

Service facilities 70 PEC
Direct cost 240 PEC

Engineering and supervision 33 PEC
Construction expenses 41 PEC

Legal expenses 4 PEC
Contractor’s fee 22 PEC

Contingency 44 PEC
Indirect Cost 144 PEC

Working Capital Cost 15 Direct + Indirect Cost

Total Capital Investment 100 Direct + Indirect + Working
Capital Cost

Source: [47].

Two profitability parameters were assessed in this work: Net Present Value (NPV) and Internal
Rate of Return (IRR). Towler and Sinnott [27] defined the NPV as the sum of the present values of the
future cash flow. Hence, it can be computed while using Equation (14).

NPV =
∑n=t

n=1

CFn

(1 + i)n , (14)

where CFn is the cash flow in year n, t is the project lifetime in years, and i is the interest rate.
Mathematically, the IRR is the interest rate of the project resulting in zero net present value (NPV),
which is computed with Equation (15).

NPV =
∑n=t

n=1

CFn

(1 + i)n = 0, (15)

3.7. Study Limitations

This study is a simplification of the actual conditions on site. It is widely known that the
geothermal fluid mass and energy production are not constant and they tend to decline over the years
because the rate of heat energy extraction might surpass the pre-exploitation rate of heat flow from its
source [48]. Furthermore, geothermal power plant development in a mountainous area might affect the
costing of the project [49]. In this study, these considerations were not taken into account. Moreover,
to the best of the authors’ knowledge, there is no published data on the detailed costs of geothermal
power plant developments in Indonesia. Hence, the final project cost was validated while using the
Specific Investment Cost (SIC) [16].

4. Results and Discussion

4.1. Binary Geothermal Power Plants in Indonesia

The first geothermal binary system in Indonesia was built in Lahendong, North Sulawesi. Using
the geothermal brine from the single flash separator unit, the system can theoretically generate around
400 kW of electricity [4,11]. However, to the best of the authors’ knowledge, this plant is still not yet
operational. Another commercially running hybrid geothermal single-flash and binary power plant is
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in Sarulla, North Sumatra, which generates around 330 MW of electricity using geothermal fluid as the
heat source [9].

Weather temperature and humidity can affect the cooling process/condenser. The temperature
will determine the condenser’s pressure and, consequently, the condenser’s pressure will affect the
energy output from the turbine. However, the temperature and humidity fluctuations in Indonesia are
mild throughout the year. Therefore, in this research, the average data throughout the year, as shown
in Figures 1 and 2, were considered in the calculations.

4.2. Optimization Results

The first optimization was done with the thermal efficiency objective. Figure 4 presents the results.
They show that the thermal efficiency always increased with an increase in the turbine inlet pressure
and temperature. Previously, it has been stated that for dry-type working fluids, the optimum condition
of the inlet turbine should be on the saturation vapour condition with no superheating [42]. The results
confirmed that there was no superheating needed in the system and, therefore, the initial conditions in
Table 2 already performed in the optimum condition. It is noted that, in practice, the working fluid
will usually be slightly superheated to avoid any liquid in the turbine. However, theoretically, this
study confirmed that the maximum thermal efficiencies for all fluids were obtained when the inlet
condition of the turbine was at the vapor saturation point.
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In the specific area optimization approach, the working fluid temperature at the turbine inlet was
varied, while the pressure was kept constant in the saturation point, as it was considered to be the best
operating condition based on the thermal efficiency objective optimization exercise. The optimum
point for this approach was obtained when the ratio of total surface heat area per total net power output
was at its lowest value, as it showed the smallest heat transfer area required for the heat exchangers
to generate every kW of electricity from the system. Figure 5 shows the results. It was found that
the optimum working condition was different for each working fluid. The n-Pentane system reached
the optimum working condition at a temperature of 149.3 ◦C with a saturation pressure of 16.0 bar.
Meanwhile, the Isopentane system’s optimum working condition was at a temperature of 151.7 ◦C
and a saturation pressure of 19.5 bar. Lastly, the optimum working condition for R245fa was at a
temperature of 140.1 ◦C, with a saturation pressure of 26.3 bar. In the case of R245fa, the optimum
working condition was reached at its highest possible pressure working condition, which was limited
to be under 30 bar [44].

One of the most interesting findings from these results is that the optimum working conditions that
were obtained with the specific area optimization approach were different from those with the thermal
efficiency objective approach. In the thermal efficiency objective approach, the optimum condition was
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obtained by increasing the turbine inlet pressure and temperature. Whereas, in the area optimization
approach, the optimum condition was obtained at a certain temperature where the efficiency curve
slope in Figure 4 was steeper. The steep curve suggested that the increase in performance at that point
was significant, which meant that less area was required to generate more energy. As the temperature
got higher, the curve slopes rapidly decreased. Although the thermal efficiency kept increasing at
higher temperatures, the required heat transfer area increased at a constant rate.
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The total required heat transfer area was also affected by the logarithmic temperature difference
between the working fluid and the geothermal brine (∆TLMTD). Equation 16 shows the correlation
between the exchange heat duty (Q), the total heat transfer coefficient (U), the total heat transfer area
(A), and ∆TLMTD. The definition of ∆TLMTD is given in Equation (17).

Q = U.A.∆TLMTD, (16)

∆TLMTD =
(T1 − t2) − (T2 − t1)

ln((T1 − t2)/(T2 − t1))
, (17)

As can be seen from Equation (16), to collect the same amount of heat, the required total heat
transfer area is higher when ∆TLMTD is low. It also explains the sharp increase of λ at a higher
temperature for both the n-Pentane and isopentane systems in Figure 5. The detailed values are
presented in Table 5.

Table 5. Optimization Data Result (bold represent optimized data).

ORC Fluid
Thermal Efficiency Optimization Specific Area Optimization

Turbine
Inlet

Temperature,
◦C

Turbine
Inlet

Pressure,
bar

WNET,
kW µTH, %

Turbine
Inlet

Temperature,
◦C

Turbine
Inlet

Pressure,
bar

WNET,
kW

λ,
m2/kW

n-Pentane

159.7

19.1 1074 13.31 159.7 19.1 1074 1.3960
17.2 1066 13.06 155.0 17.7 1046 1.3541
15.3 1048 12.69 150.2 16.2 1015 1.3404
13.4 1020 12.24 149.3 16.0 1010 1.3401

150.2

16.2 1016 12.77 148.5 15.7 1004 1.3402
14.6 1001 12.45 147.6 15.5 998 1.3408
13.0 978 12.06 146.7 15.3 993 1.3418
11.4 946 11.57 144.9 14.8 981 1.3452

140.3

13.6 950 12.16 140.3 13.6 949 1.3607
12.2 930 11.83
10.9 903 11.42
9.5 867 10.93
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Table 5. Cont.

ORC Fluid
Thermal Efficiency Optimization Specific Area Optimization

Turbine
Inlet

Temperature,
◦C

Turbine
Inlet

Pressure,
bar

WNET,
kW µTH, %

Turbine
Inlet

Temperature,
◦C

Turbine
Inlet

Pressure,
bar

WNET,
kW

λ,
m2/kW

Isopentane

159.7

22.3 1040 12.89 159.7 22.3 1040 1.3889
20.0 1039 12.61 154.5 20.4 1011 1.3685
17.8 1025 12.26 153.6 20.1 1006 1.3674
15.6 1000 11.79 152.7 19.8 1001 1.3667

149.9

18.9 986 12.44 151.7 19.5 996 1.3666
17.0 976 12.12 150.8 19.2 991 1.3670
15.1 956 11.71 149.9 18.9 985 1.3679
13.2 925 11.22 144.9 17.4 955 1.3792

139.7

15.9 922 11.89 139.7 15.9 922 1.4018
14.3 905 11.53
12.7 880 11.08
11.1 846 10.54

R245fa 140.1

28.5 966 11.89 140.1 28.5 966 2.0824
25.7 988 11.76 135.7 26.3 952 2.1062
22.8 986 11.48 130.3 23.8 927 2.1508
20.0 967 11.05 125.2 21.6 899 2.2060

4.3. Profitability Analysis

Table 6 presents the total capital investment for the optimum cycles with various working fluids.
To simplify the nomenclature, the optimum condition from the thermal efficiency approach is now
labelled ‘A’, while the optimum condition from the specific area optimization is labelled ‘B’. Both of the
conditions were compared in the economic profitability assessment from the total capital investment,
specific investment cost, PBP, and IRR. The specific investment cost comparison for the three working
fluids is shown in Figure 6. The first economic assessment is the specific investment cost (SIC). The SIC
can be calculated by dividing the total investment cost (TCI) with the WNET. The SIC of the simulations
ranged from 3689 US$/kW to 3003 US$/kW. These values are still within the range of about 2500 US$/kW
to 5000 US$/kW reported by Budisulistyo and Krumdieck [16]. Other study reported that, in 2009, the
typical SIC for ORC systems ranged from 2000 US$/kW to 4000 US$/kW [50]. Based on research that
was conducted by Quoilin et al. also in 2011 that studied the thermo-economic of various working
fluids for ORC system, the SIC ranged from 2136 US$/kW to 4260 US$/kW [51].

Table 6. Total Capital Investment for Optimum Cycles.

ORC Fluid
System

Purchase Equipment Cost (US$) Total Capital
Investment

(US$)Preheater Evaporator Turbine Air-Cooled
HEX Pump Total

n-Pentane A 45,300 72,800 491,900 182,500 60,300 852,800 3,962,109
n-Pentane B 31,600 44,400 464,900 182,200 55,000 778,100 3,033,423

Isopentane A 21,400 37,800 485,100 185,800 65,100 795,200 3,612,196
Isopentane B 35,000 42,900 465,900 185,600 61,000 790,400 3,308,614

R245fa 34,700 32,500 469,800 313,600 32,100 882,700 3,400,602

The capital expenditure of the project is usually paid in the first year, and the power plant will
start to generate electricity in the following year. The plant availability factor is around 95% [52].
The lifetime of a power plant can reach 28 years in normal conditions [53]. Therefore, the lifetime of
the project was limited to 25 years in this study. The electricity revenue price for geothermal power
was set to US$0.083/kWh and the operation and maintenance cost was US$0.013/kWh [16]. Table 7
summarizes the parameters in this work.



Energies 2019, 12, 4269 14 of 19

Energies 2019, 12, x FOR PEER REVIEW 13 of 18 

 

n-Pentane B 31,600 44,400 464,900 182,200 55,000 778,100 3,033,423 

Isopentane A 
Isopentane B 

21,400 
35,000 

37,800 
42,900 

485,100 
465,900 

185,800 
185,600 

65,100 
61,000 

795,200 
790,400 

3,612,196 
3,308,614 

R245fa 34,700 32,500 469,800 313,600 32,100 882,700 3,400,602 

 

Figure 6. Specific investment costs for the optimum cycles. 

The capital expenditure of the project is usually paid in the first year, and the power plant will 

start to generate electricity in the following year. The plant availability factor is around 95% [52]. The 

lifetime of a power plant can reach 28 years in normal conditions [53]. Therefore, the lifetime of the 

project was limited to 25 years in this study. The electricity revenue price for geothermal power was 

set to US$0.083/kWh and the operation and maintenance cost was US$0.013/kWh [16]. Table 7 

summarizes the parameters in this work.  

Table 7. Project Profitability Analysis Parameters. 

Parameter Value 

Project lifetime 

Electricity revenue price 

O&M cost 

Plant availability 

Inflation 

Tax rate 

Annual price escalation 

Discount rate 

25 years 

US$0.083/kWh 

US$0.013/kWh 

95% 

5.15% 

34% 

3.11% 

6% 

The results show that, generally, the specific area optimization yielded better economic 

performance than that of the thermal efficiency optimization. As can be seen in Figure 7, the after-tax 

NPV of n-Pentane B was US$ 1,879,224, and the NPV of n-Pentane was only US$ 1,261,835. The NPV 

trend result was consistent for Isopentane. The Isopentane B system had a higher NPV of US$ 

1,535,937 than that of Isopentane A with an NPV of only US$ 1,446,371. However, the R-245fa option 

achieved an NPV of US$ 1,298,029, which was smaller than both optimization results for Isopentane, 

but slightly higher than the n-Pentane A system.  

 -

 500.00

 1,000.00

 1,500.00

 2,000.00

 2,500.00

 3,000.00

 3,500.00

 4,000.00

n-Pentane A n-Pentane B Isopentane A Isopentane B R245fa

Specific Investment Cost, US$/kW 

Figure 6. Specific investment costs for the optimum cycles.

Table 7. Project Profitability Analysis Parameters.

Parameter Value

Project lifetime 25 years
Electricity revenue price US$0.083/kWh

O&M cost US$0.013/kWh
Plant availability 95%

Inflation 5.15%
Tax rate 34%

Annual price escalation 3.11%
Discount rate 6%

The results show that, generally, the specific area optimization yielded better economic performance
than that of the thermal efficiency optimization. As can be seen in Figure 7, the after-tax NPV of
n-Pentane B was US$ 1,879,224, and the NPV of n-Pentane was only US$ 1,261,835. The NPV trend
result was consistent for Isopentane. The Isopentane B system had a higher NPV of US$ 1,535,937 than
that of Isopentane A with an NPV of only US$ 1,446,371. However, the R-245fa option achieved an
NPV of US$ 1,298,029, which was smaller than both optimization results for Isopentane, but slightly
higher than the n-Pentane A system.
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Figure 7. Project net present value results.

The results were also consistent in terms of payback period and the internal rate of return.
The economic profitability parameters of the specific area optimization were always better than that
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of the thermal efficiency results. As presented in Table 8, Both payback periods for the n-Pentane
B and Isopentane B systems were 13 and 15 years, whereas the payback period for the n-Pentane
A, Isopentane A, and R-245fa systems were all above 15 years. The IRRs for both n-Pentane B and
Isopentane B were also higher than those of the n-Pentane A and Isopentane A alternatives.

Table 8. Project Payback Period and Internal Rate of Return results.

Working Fluid PBP (Years) IRR

n-Pentane A 17 8.85%
n-Pentane B 13 11.28%

Isopentane A 16 9.53%
Isopentane B 15 10.05%

R-245fa 16 9.38%

The good economic parameter results for the specific area optimization can be explained, as
follows. The optimization allowed for the system to run with a higher temperature difference with the
heat source, which was the geothermal brine, and to have smaller heat exchangers areas, as shown in
Equation (11). The heat exchanger area significantly affected the purchase equipment cost and the total
capital investment. Therefore, although the systems had a significantly lower investment cost, the
power output reduction was not very significant.

4.4. Weather Sensitivity Analysis

From thermodynamic aspects, the condensation temperature after turbine will determine the
power output from the generator. Furthermore, the temperature and humidity of the surrounding air
affect the condensation temperature. The sensitivity analysis is divided into two parts throughout the
year: (1) Dry season and (2) Rain season for 24 h during the day and night. The selected working fluid
in this sensitivity analysis is n-Pentane, since it outperforms the other working fluids.

The result shows that there is no significant difference in terms of overall power plant’s efficiency.
As can be seen from Figure 2, the temperature difference between the dry season and rain season in
Indonesia is only about 2 ◦C and the temperature difference between night and day can reach around
7 ◦C. Thus, the power output of the power plant, which originally was 1010 MW, only affected about
3% between the dry season and rain season and only 8% between the night and day. The results are
presented in Figure 8, below.
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5. Conclusions

A technical and economic pre-feasibility study of a binary geothermal power plant at the Wayang
Windu site, Indonesia, was carried out with various optimization approaches and working fluids.
Two optimizations were executed by maximizing the thermal efficiency and minimizing the specific
area of the system. Three working fluids, namely n-Pentane, Isopentane, and R-245fa, were tested.
The geothermal brine from Wayang Windu geothermal power plant had a temperature of 180.7 ◦C,
a pressure of 1.02 MPa, a mass flow rate of 48 kg/s, and a silica content of 853 ppm. The heat input for
all systems was adjusted at the same level, which resulted in a constant temperature value of the brine
reinjection of 142 ◦C.

The most economically profitable working fluid in this work was the n-Pentane, obtained with
the specific area optimization approach. The system had the lowest specific investment cost of only
3003 US$/kWh and it yielded the highest net present value of US$1,879,224. Its payback period was
only 13 years and the internal rate of return was 11.28%. For comparison, based on the thermal
efficiency approach, the specific investment cost of the binary system using the same working fluid
(n-pentane) was 3689 US$/kWh with a payback period of 17 years, and the internal rate of return was
8.85%. Thus, the result of the area optimization approach reduced the specific investment cost of the
system by 687 US$/kWh and it shortened the system payback period by four years.

Generally, the specific area optimization approach resulted in better economic performance than
the thermal efficiency approach. It allowed for the system to run with a higher temperature difference
with the heat source and to have smaller heat exchangers areas, which affected the purchase equipment
cost and the total capital investment.

6. Future Research

It is recommended to conduct further study that covers the other technical aspects. This study
only considers a steady heat source profile of Wayang Windu geothermal field with a temperature of
180.7 ◦C and 48 kg/s geothermal fluid mass flow rate. It is also recommended to optimize the system
by varying the heat source temperature, pressure, mass flow rate, and silica content to see the impact
of changing in those values to the optimization result. Other than that, the impact of changing other
parameters, such as the ORC configuration as well as the cooling system type, are also needed to be
further evaluated while using the thermo-economic approach, as it is not covered in this study.
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