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This study presents the design, development, and performance evaluation of
a 3 MW geothermal pilot power plant in Kamojang, Indonesia, developed by
retrofitting a 2 MW backpressure turbine into a six-stage condensing turbine.
With a 63.81% local content, the plant serves as one of Indonesia’s first
demonstrations of small-scale condensing turbine technology. Multi-phase
testing yielded a maximum net output of 2.2 MW, below the design target
due to condenser vacuum inefficiencies, strainer pressure losses, and
reduced turbine isentropic efficiency. Subsequent condenser and strainer
modifications improved vacuum stability, reduced pressure drops, and
enhanced specific steam consumption (SSC) and overall performance.
Exergy analysis identified the condenser (16.1%) and turbine (9.5%) as the
primary sources of exergy destruction, resulting in an overall exergy
efficiency of 73.6%, higher than typical small-scale geothermal benchmarks.
While operational performance improved significantly, sustaining long-term
vacuum stability and optimizing turbine operation under variable steam
conditions remain key challenges. Future work should focus on automated
vacuum control, real-time monitoring, and advanced thermodynamic—
electrical optimization to enhance system reliability. This study provides
practical insights into turbine retrofitting, condenser stabilization, and
integrated exergy evaluation, contributing to the advancement and
localization of small-scale geothermal power technology in Indonesia.
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1. INTRODUCTION

Global energy demand continues to rise, while reliance on fossil fuels drives resource depletion,
price instability, and environmental impacts [1], [2]. Geothermal energy offers a sustainable, low-carbon, and
base-load alternative with substantial global potential [2], [3]. Indonesia, endowed with 23 GW of
geothermal resources across 357 sites, ranks second worldwide with 2.418 GW of installed capacity as of
2023 [4], [5]. National policies such as Law No. 27/2003 and Government Regulation No. 59/2007 target
geothermal contributions exceeding 5% of the 2025 energy mix [6], [7].
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Despite progress in large-scale geothermal development, small-scale plants (<10 MW) remain
limited. These systems are essential for rural electrification and flexible grid integration but face technical
and economic challenges [8]. Click or tap here to enter text.. Although condensing turbine technology is
widely applied in geothermal plants [9], its adaptation, performance validation, and long-term operation in
small-scale units—particularly those developed through local manufacturing or reverse engineering—are
scarcely documented. The lack of field-scale performance data, subsystem modification insights, and
integrated exergy evaluation creates a knowledge gap that hinders broader deployment of small-scale
condensing systems in Indonesia.

This study addresses these gaps by examining the design, development, and operational
performance of a 3 MW pilot geothermal power plant in Kamojang, West Java, developed through reverse
engineering of a 2 MW backpressure turbine and achieving 63.81% local content [10]. The novelty lies in the
first long-term experimental validation of a locally engineered small-scale condensing turbine under real
geothermal conditions, supported by multi-year supervisory control and data acquisition (SCADA)
monitoring, subsystem retrofit evaluation (strainer, condenser, and non-condensable gas (NCG) handling),
and integrated thermodynamic—electrical exergy analysis. The findings support Indonesia’s local
manufacturing capability, expand pathways for rural electrification, and contribute to the nation’s geothermal
clean-energy transition

2. METHOD
2.1. Plant configuration

Figure 1 shows the process flow and design parameters of the 3 MW Kamojang geothermal pilot
plant, while Table 1 presents its operating conditions. The Kamojang field is a steam-dominated reservoir
(177-253.4 °C) utilizing a direct dry steam cycle [11], [12]. Steam from the production well is throttled from
12 bar(a) to 7 bar(a) via a restriction orifice, then separated from particulates in a demister/separator. Most
steam expands through the six-stage condensing turbine, while a small portion is supplied to the ejector
system and gland seals. Exhaust steam is condensed in a direct-contact condenser (0.16 bar abs), and the
condensate is pumped to the cooling tower, where it is cooled by air through evaporative heat exchange
before recirculation. This configuration maintains system efficiency under variable ambient conditions [13].
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Figure 1. Flowchart of the process and design parameters of the 3 MW Kamojang GPP

Table 1. The process condition of the 3 MW Kamojang GPP referring to Figure 1

Parameter Well head  Separator Inlet turbine  Outlet turbine
Pressure, bar(a) 12 7 6.5 0.16
Temperature, °C 188 165 162 55.3

Steam flowrate, kg/s 8.3 8.3 7.6 7.6

2.2. Experimental setup

Figure 2 shows the powerhouse and turbine island of the 3 MW Kamojang geothermal plant,
developed through reverse engineering of a 2 MW backpressure turbine from the Sibayak field. The original
five-stage, 6,543 rpm turbine was converted into a six-stage condensing turbine designed for 0.16 bar(a)
exhaust pressure and coupled via a gearbox to a 1,500 rpm, 3 MW synchronous generator. The plant consists
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of the steam supply system, turbine-generator train, condenser, and cooling circuit, and the electrical control
and monitoring subsystem [15].

Steam from well KMJ-68 (12-14 bar) is throttled and stabilized at approximately 5.65 bar(a) before
entering the turbine, which operates at 6,485 rpm. Generator excitation is controlled by a Basler DEC-200
automatic voltage regulator (AVR) and protected by a GE SR-489 relay. Torque and rotational speed are
measured using Kistler and Keyphasor® sensors. The single-pass SS-304 condenser operates near 0.16 bar(a)
with a cooling-water flow rate of 7.3x10¢ kg/h, while non-condensable gases are removed using a hybrid
ejector—liquid ring vacuum pump system.

A PLC-based SCADA system (IWS v7.1) provides real-time monitoring of key electrical and
mechanical parameters through 4-20 mA analog and 24 VDC digital signal channels. The monitored
parameters include turbine inlet and exhaust pressure, condenser vacuum level, steam mass flow rate,
generator voltage and current, shaft rotational speed, vibration level, and auxiliary system status. The PLC
continuously collects, processes, and archives operational data at 1-second intervals, enabling high-resolution
performance tracking and transient event analysis during synchronization and load-following operations.

The archived dataset supports both long-term operational assessment and advanced control
development. In particular, the high-frequency SCADA data were used to train and validate neural-network-
based models for turbine inlet pressure control, improving system stability under fluctuating steam supply
conditions. This integrated monitoring architecture ensures reliable plant supervision, facilitates early fault
detection, and provides a robust data foundation for thermodynamic, electrical, and control-system
performance evaluation.

1. Generator, 2. Gearbox, 3. Turbine, 4. Main steam, 5. Governor valve, 6. Strainer, 7. Oil tank, 8. Oil Filter,
9. Oil pump unit, 10. Oil cooler

Figure 2. The powerhouse and turbine island of the 3 MW geothermal power plant

2.3. Testing protocol

The development of the 3 MW Kamojang geothermal pilot plant began in 2009-2010, followed by
detailed engineering in 2010, component fabrication in 2011, and installation in 2013. Multi-phase testing
was conducted under standardized procedures covering start-up, synchronization, and shutdown. Initial tests
in 20142016 using a 500-kW dummy load confirmed stable mechanical operation. The first synchronization
in 2018 delivered up to 1 MW for six hours, followed by 24-hour runs reaching 2.1 MW [10].

Synchronization tests on May 7-10, 2019, identified major performance constraints, notably a 0.4
bar(a) strainer pressure drop and elevated condenser pressure compared to the 0.16 bar(a) design, reducing
turbine—generator efficiency to ~55% (design 69%). A 5x24-hour run in November 2019 delivered 526.41
MWh to the 20 kV PLN grid with a maximum net output of 2.05 MW. SCADA data as shown in Figure 3
confirmed stable operation but persistent vacuum limitations that prevented achieving the nominal 3 MW
output. Reliability tests in 2021-2022 further verified operational continuity; however, condenser vacuum
remained the primary factor constraining full-load performance.

2.4. Technical modification procedures

This study presents the systematic modification of a 2 MW backpressure turbine into a 3 MW
condensing unit adapted to Kamojang’s geothermal conditions. The redesign introduced six key upgrades:
i) Sddition of a low-pressure sixth stage optimized for 162 °C and 6.5 bar(a); ii) Exhaust casing
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reconfiguration for 0.16 bar(a) condenser operation with reduced turbulence; iii) Vacuum-compatible gland-
seal and hybrid NCG removal system combining ejectors and a liquid-ring pump; iv) Strainer redesign cutting
pressure drop from 0.4 bar to 0.02 bar; v) Condenser optimization through improved water distribution and
hot-well-pump control; and vi) Gearbox coupling (6,543 rpm to 1,500 rpm) ensuring generator
synchronization with minimal vibration. These integrated modifications demonstrate the technical feasibility
of locally engineered, performance-optimized condensing turbines for small-scale geothermal applications.
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Figure 3. The status of the final SCADA screen from the 3 MW power facility in the end of 2019

3. RESULT AND DISCUSSION

This section presents the quantitative results of the 3 MW Kamojang geothermal condensing pilot
plant after sequential subsystem improvements, comparing the findings with both baseline data and existing
international studies. The discussion emphasizes long-term performance, subsystem optimization, and exergy
analysis.

3.1. Overview of performance improvement

From 2014 to 2022, with testing paused in 2020 due to COVID-19 and resumed in August 2021
following a condenser discharge-water setting adjustment, the Kamojang pilot demonstrated clear
improvements in steam utilization, condenser performance, and system stability; Table 2 reports inlet-
pressure +5.7%, condenser-pressure —11.6%, specific steam consumption (SSC) —4.7%, turbine isentropic
efficiency +2.7 points, net power +7.8%, and exergy efficiency +2.1 points. These results are attributable to
targeted subsystem redesigns—most notably the reduction in steam-strainer pressure drop (0.4—0.02 bar)
and the stabilization of condenser vacuum—which increased turbine enthalpy drop and boosted output [15].
Mechanistically, optimized strainers minimize hydraulic losses and improve flow behavior [16], while
condenser upgrades and effective NCG removal reduce exergy destruction and enhance efficiency, with
impact magnitudes dependent on context [17], [18]. Consistent with broader evidence, long-term studies
emphasize thermal-breakthrough dynamics and rigorous well management as prerequisites for maintaining
performance over multi-year operations [19], [20].

Table 2. Summary of performance before and after subsystem modifications

Parameter 2019 (Pre-modification)  2021/22 (Post-modification)  Improvement
Inlet pressure (bar(a)) 6.10 6.45 +5.7%
Condenser pressure (bar(a)) 0.43 0.38 -11.6%
Specific steam consumption (SSC, t/MW) 14.56 13.87 -4.7%
Turbine isentropic efficiency (%) 63.4 66.1 +2.7 points
Net power output (MW) 2.05 221 +7.8%
Exergy efficiency (%) 715 73.6 +2.1 points

3.2. Condenser performance and NCG management

From 2019 to 2021/22, condenser pressure improved from 0.43 to 0.38 bar(a), an 11.6% reduction
achieved through better condensate control and optimized LRVP operation [21]. As shown in Figure 4, the
August 2021 synchronization test exhibited a lower and more stable condenser vacuum than the November
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2019 test, indicating recovery after the period of inactivity during the pandemic. The 0.05 bar(a) vacuum
improvement increased turbine enthalpy drop by approximately 7—8 kJ/kg, contributing to a ~3% rise in turbine
efficiency. Remaining limitations are attributed to restricted condenser surface area and NCG accumulation,
highlighting the need for enhanced heat-exchange capacity and hybrid ejector—LRVP upgrades [22].

Strainer improvements further supported turbine performance. Before modification, the strainer
caused a 0.4 bar pressure drop, reducing effective steam supply to the turbine. After redesign, the pressure
drop decreased to 0.02 bar, as shown in Figure 5, minimizing hydraulic losses and preventing particle
deposition [23].

Long-term operation from November 16, 2021, to January 4, 2022, confirmed plant reliability.
Removal of one restriction orifice increased turbine inlet pressure to 5.6 bar(g) (=6.4 bar(a)), closer to the 6.5
bar(a) design target and significantly higher than the inlet pressures recorded during the 2019 tests (5.08 and
4.72 bar(g)). This improvement supports a larger enthalpy drop and more efficient turbine expansion.

—P8' Electric Power

PT250 —— Electric Power
0.4 1 r 1 r 25
reduced power for 9 hours during condenser level anomaly 04 r2s
x
20
— 05 2
5 _ —g 05
= 15 2 =3 =
E 5 I 153
g .06 1 3 s
g (] © -0,6 =
s 10 3 8 o
0o
5 g 3 -
a H o
€ @ a
@ 07 S -07
i o5 3 F 05
8 < From 21/11/2019,at 12:30to 25/11/2019, at 08:20 > 2 "
$
0.8 ' - ; T T 00 -0,8 r T r : . T T r T 0
0 10 20 30 40 50 60 70 80 90 0:00 1:12 2:24 336 448 600 7:12 824 9:36 10:48 12:00
Operation hours Operation hours
(@) (b)

Figure 4. Comparison test data result of November 2019 to August 2021: (a) running test data on November
2019 [16] and (b) running test data on August 2021.
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Figure 5. The difference of the pressure drop in the strainer (pressure drop of PT-201 with PT-202): (a) in
2019, the pressure drop was 0.4 barg and (b) in 2021, after improvement, the pressure drop is 0.02 barg

3.3. Specific steam consumption (SSC) and power stability

Figure 6 compares turbine SSC data from the November 2019 and November 2021-January 2022
synchronization tests. The SSC decreased during the 2021-2022 period, indicating an improvement in
turbine performance consistent with the reduced steam mass flow rate. SSC is defined as the ratio of steam
mass flow to net power output, which depends on the enthalpy drop across the turbine. Increasing turbine
inlet pressure and lowering exhaust pressure enhance this enthalpy drop, and the higher inlet pressure
achieved during the latest tests reflects progress toward the design condition.

The plant’s SSC design target is 9.12 t/MWh. Measured values were 13.92 t/MWh at 2.09 MW in
2019 and 14.56 t/MWh at 2.02 MW during 2021-2022, with the higher SSC largely influenced by condenser
backpressure and off-design operating conditions.
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Figure 7 shows that the turbine’s isentropic efficiency (design: 73%) declined to 65% in 2019 and
63% in 2021. Contributing factors include steam property variations, insufficient condenser vacuum, and
reduced enthalpy drop per stage. Additional losses in 2019 and 2021 were caused by turbine deposits, as no
online washing facility was available. Although vibration levels increased in 2021, they remained within
acceptable limits but contributed to a 100-200 kW reduction in turbine output. Despite improvements in
condenser vacuum and strainer performance, these have not yet translated into a significant increase in
turbine capacity.
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Figure 6. Comparison of turbine SSC data from Figure 7. The comparison of the 3 MW Kamojang
synchronization experiments conducted in GPP’s efficiencies
November 2019 and January 2021

3.4. Electrical subsystem modeling and integration
3.4.1. System configuration and control architecture

The Kamojang 3 MW pilot GPP operates with a complete local-development electrical subsystem
that integrates the generator, excitation system, protection relays, and synchronization controls into the
overall supervisory automation network. The generator is a 4-pole, 3,750 kVA, 6.3 kV, 50 Hz brushless
synchronous machine, directly coupled to a six-stage condensing steam turbine through a reduction gearbox
(6485 to 1500 rpm). A Basler DEC-200 digital AVR performs voltage regulation, while a Woodward 2301D
digital governor executes turbine speed and load control. Both controllers are interfaced through the GCP,
which also hosts the GE Multilin SR-489 protection relay providing over/under-voltage, reverse-power,
differential, and thermal protection logics. Additional ABB REF-610 relays protect the 6.3 kV and 20 kV
feeders from current and voltage disturbances.

The generator is synchronized to the 20 kV Samarang feeder of PT PLN through a 6.3/20 kV step-
up transformer, a vacuum circuit breaker (VCB), and a load-break switch (LBS) arrangement. This
configuration was verified during witnessed grid synchronization testing by PLN Pusertif, confirming
compliance with national interconnection standards and stable operation at 300-450 kW loading during the
first commissioning phase [24]. PLN Pusertif is the accredited Certification Centre of PT PLN (Persero)
responsible for ensuring conformity of electrical systems with national and international standards. The
single diagram of the power plant is shown in Figure 8.

3.4.2. SCADA-based monitoring and remote supervision

The SCADA system, developed using SCADA IWS v7.1, serves as the backbone for the integrated
operation of both mechanical and electrical subsystems. At the plant level, a PLC with redundant CPU and
power supply collects real-time data from the GCP, Motor Control Centers (MCC 1 & 2), and field instruments
through 24 VDC digital and 4-20 mA analog channels. Communication protocols combine OMRON Ethernet
(OMETH) for PLC-to-SCADA links and Modbus TCP/IP for intelligent electronic devices such as the digital
AVR, relay protection, load-sharing, and power-monitor modules. Four SCADA workstation monitors display
turbine island, non-turbine island, alarm/trend, and instrumentation interfaces, providing complete situational
awareness of generator voltage, current, frequency, and power factor. The SCADA system architecture of the 3
MW Kamojang geothermal power plant is shown in Figure 9. A SCADA Web Client innovation enables remote
visualization at BRIN’s head office (~250 km from Kamojang) with mirrored displays of the site system,
allowing rapid decision-making during alarm events and operational diagnostics [25].
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3.4.3. Intelligent pressure and load-following control

To enhance dynamic performance and reduce oscillations observed during initial synchronization, a
new Al-based governor control approach was developed using neural-network backpropagation (BPNN) and
non-linear autoregressive with exogenous input (NARX) models. Training data were derived from the
SCADA archive (PT103 steam-pressure sensor input and ZT611 valve-position output) collected during
turbine pressure control tests in August 2021. The optimized NARX model achieved MSE = 0.001 and
95.3% tracking accuracy, outperforming the baseline PID controller in maintaining the turbine-inlet pressure
at 5.65+0.15 bar [26]. This intelligent control layer demonstrates the feasibility of integrating machine-
learning algorithms with existing AVR and governor systems to realize adaptive load-following and
frequency-stabilization functions compatible with smart-grid operation.
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Figure 8. The 3 MW Kamojang geothermal power plant single line diagram [24]

3.5. Exergy analysis and irreversibility distribution

The extended exergy diagram as shown in Figure 10 illustrates the overall thermodynamic—electrical
conversion pathway of the 3 MW Kamojang pilot plant. Of the total geothermal exergy input, mechanical
irreversibilities at the separator (0.5%), inter-condenser (0.5%), turbine (9.5%), and main condenser (16.1%)
account for 26.6%, while the remaining 73.6% is transferred to the electrical subsystem through the turbine—
generator shaft. Within the electrical domain, additional losses arise from generator inefficiencies (=2—4%),
due to winding resistance, magnetic hysteresis, and ventilation, as well as auxiliary loads—cooling-water
pumps, ejector—vacuum systems, and control instrumentation—consuming approximately 3% of gross
electrical output. After these losses, the integrated system achieves a net exergy efficiency of about 71%,
corresponding to the effective power delivered to the 20 kv PLN feeder. This combined thermodynamic—
electrical representation provides a unified framework for assessing generator performance, auxiliary
demand, and grid-coupled efficiency, and highlights improvement opportunities in turbine pressure control,
generator excitation, and auxiliary system optimization.

3.6. Comparative and benchmark performance
Table 3 summarizes the performance of the Kamojang pilot plant relative to other small-scale
geothermal units in Indonesia and abroad. The 3 MW Kamojang plant achieved a net output of 2.2 MW and
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an SSC of 13.9-14.6 t/MWh—higher than the 9.12 t/MWh design target but comparable to similar
installations. The remaining performance gap is primarily due to elevated condenser backpressure, auxiliary
pressure losses, and the absence of online turbine cleaning. When compared with the Ulumbu 10 MW units
(11-13 t/MWh), Kamojang demonstrates competitive performance within its scale class.

Internationally, the plant’s exergy efficiency of 73.6% is consistent with small-scale units in Iceland,
the Philippines, and Kenya, which typically employ advanced control strategies and hybrid configurations.
These comparisons position Kamojang at an intermediate performance level—below large commercial
systems but above many small-scale plants while indicating clear potential for further gains through
condenser optimization, preventive maintenance, and subsystem integration [21], [27], [28].
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Figure 9. The 3 MW Kamojang geothermal power plant SCADA system architecture [25]

1. Separator 13,66 kW (0.5%)
2. Inter condenser 13.83 kW (0.5%)
3. Turbine 2538 kW (3.5%)

4. Main condenser 442.4 kW (16.1%)
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Figure 10. Sankey diagram of the exergy flow of the 3 MW Kamojang geothermal power plant
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3.7. Error margins and SCADA reliability

To ensure the reliability of the performance indicators, error margins were evaluated for both SSC
and exergy efficiency. Considering repeated measurements and sensor uncertainties, SSC was determined as
13.9-14.6 +0.4 t/MWh (95% confidence), while exergy efficiency was 73.6+£2.1%. These ranges reflect
variations arising from turbine inlet pressure fluctuations, condenser vacuum instability, and occasional
sensor drift.

SCADA data—central to long-term monitoring—were supported by routine calibration of pressure
transducers, flow meters, and power measurement devices, with electrical outputs cross-validated against
PLN grid data. Minor anomalies, such as drift in condenser water-level sensors and noise in vibration
readings, were occasionally observed. These findings highlight the need for sensor redundancy and consistent
calibration cycles, particularly in small-scale geothermal plants where modest measurement deviations can
significantly influence reported efficiency values.

Table 3. Comparative and benchmark performance of small-scale geothermal units

No Location/  Cycletype Capacity Condenser Exergy SSC (t/MWh) Key technology feature  Reference
plant (MW) pressure efficiency
(bar(a)) (%)
1  Kamojang, Condensing 3.0 0.38 73.6 13.9-14.6 (design  Hybrid NCG removal +  This
Indonesia Steam (design 9.12) SCADA study
0.16)
2 Ulumbu, Condensing 4x25= ~0.12-0.15 71.2 ~11-13 Modular turbine Field
Indonesia Steam 10.0 integration data,
2023
3 Hellisheidi, ORC- 5.0 0.34 72.0 - Hybrid (Organic [29]
Iceland integrated Rankine Cycles (ORC)
Geothermal efficiency enhancement
4 Tiwi, Condensing 3.5 0.37 74.1 - Smart monitoring and [21], [27]
Philippines  Steam hybrid energy mix
5  Olkaria, Multi-phase 2.8 0.35 724 - Advanced turbine and [28]
Kenya Extraction extraction control

4. CONCLUSION

This study experimentally validated the operational performance of a locally engineered 3 MW
condensing geothermal pilot plant under real field conditions. The 3 MW Kamojang geothermal pilot plant
demonstrated the feasibility of a locally developed, reverse-engineered condensing turbine for small-scale
applications. Improvements in strainer design and condenser operation reduced steam pressure losses,
stabilized vacuum conditions, and enhanced SSC and exergy performance. Integration of the electrical
subsystem including the 6.3 kV generator, digital AVR, governor, and SCADA monitoring confirmed stable
grid operation and compliance with national standards. Accounting for 2—4% electrical losses and ~3%
auxiliary consumption, the plant achieved a net exergy efficiency of 71%.

With 63.81% local content, the project highlights Indonesia’s growing capability in geothermal
technology localization. The operational lessons, particularly in condenser and NCG management, are
transferable to 5-10 MW installations and support broader deployment of distributed geothermal systems.
Overall, this study provides a unified thermodynamic—electrical evaluation framework and confirms the
technical viability and scalability of small-scale condensing geothermal plants for Indonesia’s clean-energy
transition.
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