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ABSTRACT

BPPT has developed and operated a 3MW Geothermal Power Plant (GPP) of condensing type technology in Kamojang - Indonesia,
which is the first prototype GPP manufactured by national companies. The GPP design is based on KMJ-68 well data characteristics,
owned by Pertamina Geothermal Energy (PT. PGE), atmospheric conditions around the plant, and steam turbine specifications
designed in reverse engineering. The manufacturing process of the main components of the plant such as turbines, generators,
condensers, etc. carried out by the local manufacturer. This paper discusses the design of PFD, performance, and reliability of this
plant during 3x24 hours continuous synchronous testing to the 20kV local power grid. Until the end of the testing in May 2019, the
plant has produced 251MWh of electricity, with the highest load of 2.2 MW. During testing, the steam pressure and temperature
entering the turbine are relatively constant around the design value. However, there is a loss of steam pressure entering the turbine
by the strainer and reduced condenser vacuum which causes T/MWh from the plant to be relatively high. All process parameters,
particularly vibrations, bearing temperatures, are all within the safe limit. This plant is very reliable in responding to local electricity
network loads that often fluctuate. The thermal efficiency of the turbine generator is around 55%. This can still be improved by
overcoming the problems of pressure loss in the filter and reducing condenser vacuum. The condenser vacuum can be optimized by
keeping the cooling water temperature low. From the last inspection, a number of water spray nozzles in the cooling tower are clogged
by dirt which is thought to be the cause of the increase in cooling water temperature. Thus it can be concluded that the plant is ready
to operate with full load by increasing the performance of the cooling tower and strainer.

1. INTRODUCTION

Indonesia has the potential of abundant geothermal energy sources, with a total potential of more than 28 GW, from low to high
enthalpy, which is spread along volcanic path from the islands of the Sumatra region, Java, Bali, NTT, Sulawesi to Maluku.
Geothermal power plant (GPP) technology is one of the prospective renewable energy technologies and a priority in the development
of national electricity today. Until the first quarter of 2018GPP installed capacity of 1,924 GW and all of them are imported
technology. Therefore, effort to develop national GPP technology is very strategic to support national energy independence in the
future. Referring to the direct steam plant working principle [1], Agency for the Assessment and Application of Technology (BPPT)
has developed and operated a 3 MW GPP of condensing type technology in Kamojang - Indonesia, which is the first prototype GPP
manufactured by local company.

The design of the GPP is based on the characteristic data of the KMJ-68 geothermal well owned by Pertamina Geothermal Energy,
the atmospheric conditions around the plant, and the specifications of the steam turbine that has been reverse engineered. Some of
the data used in design calculations refer to a number of literatures, such as in Table 1. Process Flow Diagrams (PFD) of the 3 MW
GPP from the calculation of energy and mass balance are shown in Figure 1 and Table 2.

Table 1: Reference parameters for calculation of mass and energy balance

No. Parameter Value Unit References

1 Steam Pressure at well head 12 bara Well test - KMJ-68, [2] and [3]

2 NCG content 1.7 % Well test - KMJ-68, [2], [3] and [4]

3 Steam Pressure at inlet turbine 6.5 bara Adjusted to turbine design

4 Turbine outlet pressure 0.16 bara Adjusted to the condensation temperature
(affected by environmental conditions), [2]

5 Cooling Water Temperature to Cooling 45 °C Depending on the environmental

Tower (CT) conditions and CT design, [2]

6  Cooling water Temperature from CT 30 °C Depending on the environmental
conditions, [2]

7 Turbine isentropic efficiency (1) 86 — 90 % [5], [6]. [7]. [8]

8  Generator efficiency (1gen) 98.6-98.7 % [6], [9]

9  Mechanical efficiency (nm) 98.6 —99 % [6]

10 Maximum Geo-fluid mass flowrate 30 tonne/hr Well test - KMJ-68,[2]
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The pressure of geo-fluid from the production well is reduced using restriction orifice (RO) to meet the turbine operating pressure.
The steam is then separated from the solid particles and the dry steam inside the separator. Calculation of separator dimensions refers
to requirements in [10, 11 and 12]. The steam out from the separator is then separated into three functions. First, the steam with the
largest portion is used to drive the turbine. Second, the least steam portion, is used for the gland seal of the turbine after it taken into
a lower pressure using RO. Third, with a large portion, is used as a motive steam in steam jet ejector (SJE) to attract non condensable
gas (NCG) from inside the condenser. The NCG removal system (GRS) design refers to [3, 4, 13, 14, and 15], while the standards
[16, 17, 18] are used in SJE design. In the turbine, the process of converting thermal energy into mechanical energy takes place to
rotate the generator to produce electricity.

Exhaust steam from the turbine is condensed in the main condenser. Direct contact condenser is used in this installation. Thermal-
fluid condenser calculations refer to [19], and for mechanical calculations refer to [20]. By using a hot-well pump, the condensate is
pumped to the cooling tower (CT) to be cooled. Water from CT, mostly used as cooling media in the condenser which flows
gravitationally. The rest is to cool the ejector condenser and the liquid ring vacuum pump (LRVP) with the help of the auxiliary
cooling water pump (ACW). The excess water in CT is collected in the pond to be re-injected into the injection well. CT dimension
calculations refer to standards [21].
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Figure 1: PFD Diagram of the BPPT’s Small Scale 3 MW GPP Pilot Plant, Kamojang — West Java, Indonesia

Table 2: Process Parameters for each BPPT’s 3MW GPP Components

Stream No. 1 2 3 4 5 6 7 8 9 10
Pressure (bara) 12 7 6.5 6.5 6.5 6.5 6.5 0.16 0.16 25
Temperature (°C) 188 165 165 162 162 162 162 55.3 49 49
SMF (kg/s)*) 8.316 8316  8.233 0 7.622 0.038 0573 6.667 0 0
NCG MF*) (kg/s) 0.141 0.141 0.140 0 0.13 0.001  0.001 0.001 0 0
WMF*) (kg/s) 0 0 0 0.083 0 0 0 0.955 226.33 226.33
AMFR*) (kg/s) 0 0 0 0 0 0 0 0 0
Stream No. 11 12 13 14 15 16 17 18 19 20
Pressure (bara) 1 1 1 1 1 0.16 0.4 1 0.4 0.16
Temperature (°C) 30 30 30 30 30 49 55.3 99.6 35 35
SMEFR (kg/s)*) 0 0 0 0 0 0.021 0.594 0.038 0 0
NCG MFR*) (kg/s) 0 0 0 0 0 0.130 0.139  0.00065  0.139 0
WMFR¥*) (kg/s) 219.07 69.373 149.7 0.303  69.07 0 0 0 0 69.664
AMFR*) (kg/s) 0 0 0 0 0 0.004 0.004 0 0.004
Stream No. 21 22 23

Pressure (bara) 1 1 1

Temperature (°C) 30 35 30 NOTE: *)

SMFR (kg/s)*) 0 0 0 SMFR = Steam Mass Flow Rate, NCG MF =NCG Mass Flow
NCG MFR*) (kg/s) 0 0.139 0 Rate, WMFR = Water Mass Flow Rate, AMFR =Air Mass Flow
WMFR*) (kg/s) 0.303 0 7261  Rate

AMFR* (kg/s) 0 0.004 0

Fabrication of the main components of the GPP such as turbine, generator, condensers, etc. is carried out by local industries. The
integration of the main equipment of the turbine-generator is shown in Figure 2
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Figure 2: Installation of 3AMW GPP, Kamojang, Indonesia
2. TESTING METHODOLOGY

2.1 Refer to previous synchronous test

For testing activities, a Standard Operating Procedure (SOP) for plant operations has been prepared. In the SOP, each activity is
regulated starting from test preparation, plant start-up, no-load test, synchronous test, plant shutdown and plant emergency system.
Synchronous initial testing has been carried out several times with the highest load of 1.8MW. Detailed explanations regarding test
preparation and the results of previous synchronous tests can be seen in [25]. The last synchronous test was carried out on March 13-
16 2019. The results show that the plant performance is quite good with thermal efficiency close to its design value. The resulting
vibration is still below the maximum allowable value, and there is a downward trend for higher load. Similarly, the maximum value
of the bearing temperature is still lower than the maximum allowable value. Thus, it can be concluded that 3MW GPP is feasible to
proceed for operations at higher loads.

2.2 Synchronous Testing 3x24 hours(May7-10, 2019) to the 20kV Electricity Grid of PLN Garut-5 Region

Referring to the procedures, settings and results of previous synchronous tests [25], 3x24 hour synchronous testing has been carried
out at higher loads on 7-10 May 2019. Electricity generated by the 3 MW GPP is channeled to a 20kV grid owned by the PLN
network in Garut-5 region. In this testing period, the plant has actually been synchronized to the network since 7 May 2019 at 21.01
Western Indonesia Time (WIB) to a load of 1.9 MW. However, on May 8, 2019 at 3:37 a.m. WIB suddenly the plant was tripped.
From the data acquisition system monitoring screen, no data anomalies were found. However, from the search of data records, it was
found that the tripping command came from the HH sensor anomaly in the condenser. After repairing the sensor, the plant can be
synchronized again on May 8, 2019 at 17.34 WIB until it reaches the highest load of around 2.2 MW. Therefore, in this paper,
observations of the test results are presented only for 45 operating hours from May 8, 2019 at 17.34 Western Indonesia Time to May
10, 2019 at 14.12.30 WIB.

3. RESULTS AND DISCUSSION

For 45 operation hours of synchronous testing to the electricity network, all operating data is recorded in the data acquisition system.
In this paper, observations are focused on pressure, temperature and mass flow rate of steam before strainer (Pi, Ti and Fi), pressure
of steam after strainer at turbine inlet (Pias), pressure loss in the steam strainer (dPs), turbine-generator rotational speed and electrical
power output (RPM and Power), condenser vacuum and temperature (Po and To), system vibration and bearing temperature.

Figure 3 shows Pj, Piasand Tiduring 45 operation hours of synchronous test. Pi and Ti are relatively stable at around 6.4 bar and
176.5°C, relatively close to the design (6.5bar and 162°C). Fluctuations of Pi and Tiare around +0.37% and +0.11% respectively
when the electric power has reached IMW. There is a pressure loss in the steam strainer (dPs) indicated by the difference between
Piand Pias. dPs gradually grew to reach around 0.57bar at the end of 3x24 hours of testing. This pressure loss will reduce the enthalpy
of steam entering the turbine which causes the need for the steam flow rate to increase.

Figure 4 shows the RPM of the turbine and the electrical power produced by the plant. Turbine speed is relatively stable at 6490 rpm
or about 0.075% above the design speed (6485 rpm). During synchronous testing, the governor operating mode is not base load but
droop speed mode, it means that the plant load will fluctuate around the setting power following network frequency fluctuations. In
figure 4, the plant's power fluctuates to 2.2MW while the setting power is around 1.85MW.

Figure 5 shows the position of the vertical vibration measurement points. The vertical vibration measurements on turbine, gear box
and generator bearings on the downstream and upstream sides of each are Ty, T2v, GB1v, GB4v, Giv and Gzv as shown in Figure
6.Vibration observation of the turbine, gear box, and generator bearings show that all measurements are still below the allowable
values of 4mm/s, 10mm/s, and 4mm/s respectively except Gzv which is always around 4,5mm/s and even increases to 5mm/s when
the electric power reaches above 2.0MW. The same thing happened to the Giv which increased more than 4mm/s, but still below
4.5mm/s, when the electric power reached 1.75MW. All vibrations tend to increase with the increasing electrical power, except for
GBu1v, GBav. The pattern of the increasing vibration for each bearing at each increase in electrical power is similar except Giv and
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Gazv which have opposite patterns. The vibration spectrum analysis on the Giv and Gzv indicates that the cause of high vibrations is
unbalance in the rotor. However, the fact shows that vibrations are increased not because of an increase in rotation but by an increase
in power so that vibrations may also be caused by structural rigidity in the form of shaft-bearing clearance that is too small. This fact
is supported by data that the generator bearing temperature is relatively high compared to other bearing temperatures. The highest

vibration in the turbine indicates the presence of misalignment in the turbine.

6.50

6.25

6.00

575

Pressure (bara)

5.50

5.25

—pi

Pias

Ti

0

8May 2019 “

5

10
Operation hours

17.34-23.35

9 May 2019, 00.00-23.35

10 May 2019
00.00-14.12

180

178

176

174

172

170

Temperature (C)

Figure 3: Steam turbine inlet pressure and temperature
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Figure 4: Turbine RPM and electric power
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Figure 6: Vertical vibration vs Electric power

Figure 7 shows extreme temperatures on turbine and generator bearings. TToor and TToo7 are respectively the temperatures of the
turbine journal bearings on the downstream and upstream sides. Whereas TToos and TToos are respectively turbine thrust bearing
temperatures on the downstream side. As for TToi2 and TTous, each is a generator bearing temperature on the gearbox side and on
the rear side. The four measurements of the temperature of the gearbox bearings are not displayed because the temperatures are
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relatively normal, stable and low, around 45 - 50°C. The tendency that occurs at the bearing temperature is, when the electric power
is around 0 - 0.5MW all bearing temperatures are relatively stable at their respective values. The temperature of each bearing then
increases significantly when the power increases from 0.5 to 1.25MW. Furthermore, at higher power, the temperature of each bearing
will continue to increase even though it is relatively low. The temperature of the generator bearings (T Toi2 and TTo1s) are relatively
very high compared to the temperature of the other bearings on the turbine. The results of the study carried out together with the
generator manufacturer have concluded that it may be caused by clearances between the shaft and the bearing that are too small. It is
also rather strange that the temperature readings of one thermocouple on the thrust bearing (TToos) are relatively high. For this, it
may be due to the anomaly of the thermocouple installation on the bearing. Because on the other side of the same bearing, the
temperature (T Toos) is relatively very low, around 45 - 50°C. Besides that, the temperature of the bearing journal on the turbine both
downstream and upstream (T Tooz and TToo?) is also relatively normal and low, around 60°C.
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Figure 7: Bearings temperature vs Electric power
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Figure 8: Condenser pressure and steam mass flowrate vs power

Figure 8 shows the mass flow rate of steam (m) and condenser pressure (Po) as a function of electric power. At low power, steam
consumption is relatively high even though the condenser vacuum is high. When electric power is higher than 0.6 MW, steam
consumption increases significantly as power increases. This is because the condenser vacuum decreases significantly. From the test
data, the condenser vacuum drop due to the condenser cooling water temperature from the cooling tower increases.
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Figure 9: Condenser pressure and T/MWhvs Electric power
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Figure 10: Thermal Power and Efficiency vs Electric power

One of the plant performance characteristics is expressed in the ratio of steam mass flow rates to electric power (T/MWh). Figure 9
shows T/MWh, condenser pressure and electric power. At low electrical power (<0.7MW), T/MWh is relatively high even though
the condenser vacuum is high (<design value of 0,16bara). At a power between 0.7 - 1.25Mw, T/MWh decreases significantly when
the vacuum condenser is relatively constant around the design value. At> 1.25MW, T / MWh increases slowly to 13T/MWh at a
power of around 2.2MW. The possible cause of this phenomenon is that the condenser vacuum gradually decreases. Interim analysis
shows that T/MWh will continue to decrease at higher power when the condenser vacuum is maintained around the design value.

The performance characteristics of the Turbine-Generator system are expressed in thermal efficiency, which is the ratio of electric
power and thermal power as shown in equation (1). The thermal power of the system is calculated by equation (2).

Men = P/ Pen (1)
P, = m(h, - ho) )

Where Pe and Pt respectively, are the electirc and thermal power, m is the mass flow rate of the vapor, hi and ho, respectively, are
the enthalpy of steam in and out of the turbine. The enthalpy hi is determined based on the pressure and temperature of the steam
entering the tubine after the strainer, while ho is determined based on the vapor pressure out of the turbine with 13% wetness according
to the turbine design. Figure 10 shows the relationship between thermal power, thermal efficiency vs. electric power. There is a
progressively increasing efficiency when the electric power increases from 0 to 0.6MW. Furthermore, the thermal efficiency is
relatively constant at around 55% while the thermal power increases progressively. The low thermal efficiency of the turbine-
generator system is most likely due to a pressure loss in the strainer and a significant reduction in the condenser vacuum when electric
power is above 0.6MW.

4. CONCLUSION

The 3x24 hour synchronous testing of the 3MW GPP has been successfully implemented. During testing, the steam pressure and
temperature entering the turbine are relatively constant around the design value. However, there is a loss of steam pressure entering
the turbine by the strainer and reduced condenser vacuum which causes T/MWh from the plant to be still relatively high. All vibration
levels are still below the safe limit according to 1SO 10816-3 (11.0mm/s for turbines and generators) and according to factory
standards (4mm/s for Turbine and Generators, and 8.0 for Gearboxes). The highest bearing temperature is in the generator (around
80°C) which is probably caused by clearances between the shaft and the bearing that are too narrow. All bearing temperatures are
still below the safe limit. The thermal efficiency of the turbine-generator is still around 55%. This can still be improved if the pressure
loss in the strainer can be reduced and the decrease in the condenser vacuum can be overcome. The condenser vacuum can be
optimized by keeping the cooling water temperature low. From the last inspection, the increase in cooling water temperature was
caused by a number of water spray nozzles in the cooling tower that is clogged with dirt. Thus it can be concluded that the plant is
ready to operate to full load by improving CT and strainer performance. Until the end of the testing in May 2019, the BPPT GPP has
produced 251MWh of electricity, with the highest load of 2.2 MW.
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