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1. INTRODUCTION

Intergovernmental panel on climate change (IPCC) has strongly urged all nations to stop or at least
gradually reduce the operation of thermal coal power plants to achieve the global warming target lower than
1.5°C by 2,100 [1], [2]. Since the Indonesian electricity mix is currently dominated by coal (65.93%) and gas
(17.48%) [3], the transition into renewable energy sources should be conducted seriously. The Indonesian
government has created a road map to achieve net zero emission by 2060, where renewable energy will become
the dominant source of electricity [4]. As a tropical country, Indonesia has vast potential for photovoltaics.
According to Indonesia’s general plan for electricity supply (RUPTL), 4.7 GW of photovoltaic (PV) will
therefore be constructed by 2025 [5].

Despite providing green electricity, large-scale PVs require large areas to produce the desired power
output. However, due to the high land cost, PV-generated electricity price becomes higher. In many cases,
obtaining the required land is challenging since lands are also needed for other living purposes, such as housing
and agriculture. A floating photovoltaic (FPV) can solve this problem since it can be installed on lakes, dams,
lagoons, former mining areas and other water surfaces [6].

One of the FPV location candidates is Lake Singkarak in West Sumatra. A floating PV with a capacity
of 48-MW is planned to be constructed by 2025 on Lake Singkarak, as stated in RUPTL [5]. Lake Singkarak
is the second largest lake on Sumatra Island, with an area of 106 km? [7] and will be the first FPV on Sumatra
Island. Water from this lake has been utilized for a hydropower plant with a capacity of 175 MW [8]. Therefore,
this study aims to design an FPV on Lake Singkarak and select the connected substation that provides the best
performance in terms of power losses, voltage and harmonic. The FPV design is conducted using PVsyst
software [9], whereas the performance test uses digsilent powerfactory simulation [10].
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2. METHOD
2.1. Designing the FPV

The FPV design process is started by selecting PV modules and inverter size, then determining the
number of strings and arrays of the FPV. The number of modules is calculated using (1), while the number of
inverters and modules per inverter are calculated using (2), and (3), respectively. To arrange the PV strings and
arrays, it is necessary to determine the specifications of the PV modules and inverters. A string is an
arrangement of several PV modules connected in series, whereas an array is an arrangement of several strings
connected in parallel. In a series connection, the voltage output will increase according to the module number,
while in a parallel connection, the current output will rise according to the module number. Therefore, to
determine the series-parallel connection of the PV modules, (4), (5), and (6) are used [11], [12].
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inverter, Voc moquie 1S OpenN circuit voltage of PV module, Vi, moquie 1S the voltage at maximum power point
of PV module, Inax inverter inpue 1S Maximum input current of inverter and /., moguie 1S CUrrent at maximum
power point of PV module.

The required area for FPV installation can be calculated based on the module arrangement and
dimension. The area must not be larger than applicable government regulation, i.e., 5% of the water body [13].
The FPV design also determines the optimal tilt and azimuth for floating PV. The floater type of the FPV
modules is selected based on experiences in other countries.

2.2. Demand forecast and power system simulation before integration of the FPV

The Lake Singkarak FPV is planned to be operated in 2025. Therefore, to analyze the effect of FPV
on the West Sumatra grid, the projected load of the system in 2025 is forecasted. The load growth rate is
calculated from RUPTL data, and then the rate is used to predict each load point in the system shown in Figure
1. The power flow simulation is carried out with the forecasted demand and several new power plants connected
to the system in 2025. The power flow simulation aims to collect voltage profiles and power losses on the
system before the FPV connection.

2.3. Selecting the substation candidates for the FPV connection to the grid

To reduce cost and losses, the distance of the FPV to the substation must be as close as possible.
Therefore, two nearest substations are selected as the candidate for connecting the FPV to the grid. Since the
location of the FPV is chosen according to the substation’s sites, the two nearest substations will result in a
different place for the FPV. The geographic coordinates of the FPV locations are entered into PVsyst software
to generate meteorological data for the site. Using the entered FPV specification and meteorological data,
PVsyst calculates the yield energy from the FPV.

2.4. Simulation of the FPV integration to the grid

Power flow simulations of the FPV connection to the grid are carried out for each substation candidate.
The simulation results, in terms of power losses and voltage magnitudes, are compared to find the best
substation for the FPV connection. Since the electricity generated by an FPV is DC, an inverter is required to
convert DC into AC. The conversion process of the inverter causes harmonic distortion. Therefore, it is
necessary to analyze the harmonics generated by the FPV at the point of connection (PCC). The harmonic
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simulation is conducted using digsilent powerfactory to determine total harmonic distortion (THD). The THD
of voltage (THD,) can be calculated using (7). V1 is the fundamental voltage, Vh is the harmonic voltage, and
h is the harmonic order. The THD, at each PCC is then compared to the THD, standard of IEEE, as shown in
Table 1 [14].

Thi2 Vi
THD, = X 100% @)
1
Table 1. IEEE Standard 519-1992 maximum voltage harmonic at PCC
Voltage at PCC Individual component voltage distortion  Total voltage distortion (THD,)

V <69 kV 3.00% 5.00%
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Figure 1. Single line diagram of west Sumatera grid

3. RESULTS AND DISCUSSION
3.1. Design of the FPV

The selected 500 Wp mono-crystalline PV modules for the Lake Singkarak FPV have specifications
in Table 2, and the 3,000 kVVA inverter specifications are in Table 3. The FPV design consists of 96,000
modules in 16 arrays with an arrangement of 30 modules/string and 200 strings/array, as shown in Table 4 and
Figure 2. For the Lake Singkarak location, the best azimuth for the FPV is facing north (0°). Since the sun’s
rays are almost perpendicular for areas near the equator, such as Indonesia, the tilt angle of 0° is the most
optimal angle to receive solar radiation. However, 0° or flat angles can cause puddles or dust build-up on the
module surfaces. A minimum tilt angle of 10° is recommended to provide a self-cleaning mechanism [15].
Therefore, the FPV tilts 10° and has azimuth 0°.

Table 2. Photovoltaic module specification

Specification Value Specification Value
Maximum power 500 Wp Short circuit current (lg) 13.90 A
Weight 25.1kg Voltage at maximum power (Vi,) 38.38 V
Dimension 2,073x1,133 x35mm  Current at maximum power (l,)  13.03 A

Open circuit voltage (Vo) 45.55 V Module efficiency 21.3%
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Table 3. Inverter specification

Specification Value Specification Value
Rated AC power output 3,000 kVA Min. input voltage Vc-min 927V
Frequency 50 Hz (47~53 Hz) Max. input current lgc.max (at 35°C/50°C) 3,200 A/2970 A
Weight 3400 kg Max. total harmonic distortion < 3% at rated power
Dimension 2,780 x 2,318 x 1,588 mm MPP V¢ range (at 25°C/50°C) 956 to 1,425 V/1,200 V
Efficiency 98.8%

Table 4. Configuration of the singkarak lake FPV design

Configuration Quantity Configuration Quantity
Number of modules 96,000  Number of strings per array 200
Number of inverters 16 Number of arrays 16-array
Number of modules per inverter 6,000 Tilt/Azimuth 10°/0° (fixed tilted)
Number of modules per string 30
array 1 .
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Figure 2. Design of the FPV arrays and strings

Based on this FPV arrangement, the required area for the FPV is calculated using the dimension of
the PV modules in Table 2, the FPV configuration in Table 4 and the FPV layout in Figure 2. The distance
between modules in the string is 0.02 m, between the strings in the array is 0.2 m, and between the arrays is 2
m. This gives an area of 246,980 m?, equal to 0.23% of Lake Singkarak’s water surface. Since the maximum
space of the FPV is less than 5% of the lake area, the design meets the Indonesian Government standard [13].

Floater types of the FPV will be high-density polyethylene (HDPE) as it provides durability and
strength [16]. This floater material has been used for FPVs in numerous countries [17], [18]. The complete
design of the floater, which is a tradeoff cost against robustness, is beyond the scope of this study.

3.2. Location and connection of the FPV

To connect the FPV to the grid, two nearest substations are selected, i.e., Solok substation and Padang
Panjang substation. Solok substation is south of Lake Singkarak, whereas Padang Panjang substation is north.
For each substation, the location of the FPV is chosen, which gives the shortest distance to the substation. This
means that the FPV will be in the southernmost part of the lake if it is connected to Solok substation, while if
it is connected to Padang Panjang substation, the FPV location should be in the northernmost part of the lake.
The locations of the FPV and the substations are shown in Figure 3. Figure 3(a) shows the FPV location that
connect to Solok substation, whereas the connection to Padang Panjang substation is shown in Figure 3(b). The
maps in Figure 3 are taken from the ESDM website [19].

These two candidates of the FPV location and substation are differences in distances, irradiance and
FPV power output, as shown in Table 5. The FPV distances to the substations are calculated using the ESDM
geoportal of electric power system [19]. The irradiance data for a year are taken from global solar atlas [20].
The southern part of Lake Singkarak, where the FPV is located for connection to Solok substation, has slightly
higher irradiation than the northern part of Lake Singkarak; hence it produces more energy output, as shown
in Table 5.
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Figure 3. Two candidates of FPV location and their connection to the grid: (a) to Solok substation and (b) to
Padang Panjang substation

Table 5. Distance, irradiance, and energy output of the FPV candidates

Data types FPV connected to Solok substation  FPV connected to Padang Panjang substation
Distance of FPV to substation 11.8 km 14.1 km
Direct normal irradiation 923.8 kWh/m? 909.9 kWh/m?
Global horizontal irradiation 1,645.6 kWh/m? 1642.0 KWh/m?
Diffuse horizontal irradiation 925.3 kWh/m? 922.9 kWh/m?
Energy output 68,959 MWh/year 66,892 MWh/year

3.3. Power flow and harmonic simulation

Power flow simulations are performed for the year 2025 condition. The percentage of the load
increased each year is calculated from RUPTL [5], as shown in Table 6. It is assumed that each load point
(substation) in the system has the same percentage of increase to obtain the load condition in 2025. Several
new power plants are predicted already connected in 2025, according to the RUPTL, as shown in Table 7.
Some small power plants that are distributed in the system (labelled as distributed in Table 7) are modelled as
reducing loads on substations that do not have new plants. The amount of the reducing loads is proportional to
the amount of the substation load.

Table 6. The percentage of increased load according to RUPTL 2021-2030
year increased load (%) year increased load (%)
2022 6.2% 2024 7.74%
2023 6.92% 2025 8.48%

The simulations are conducted for three scenarios, i.e., (1) “no FPV scenario” for the system without
the FPV, (2) “Solok FPV scenario” for the system with the FPV that connects to Solok substation and (3)
“PPanjang FPV scenario” for the system with the FPV that connects to Padang Panjang substation. The system
supplies total loads of 605.92 MW, 121.32 Mvar and has a 25 Mvar capacitive compensator. It is assumed that
the FPV generates the maximum possible output with a unity power factor; hence do not supply reactive power.
Results of the simulations in terms of power losses, voltage profiles and THDy are shown in Table 8.

Table 8 shows that the voltage profiles for all scenarios are in the accepted range, i.e., 0.9-1.05 pu for
150 kV and 0.95-1.05 pu for 275 kV, according to Sumatra Grid Code [21]. The FPV connection slightly
reduces the lowest voltage profile because no additional reactive power compensation is installed. The voltage
profile results of the Solok FPV scenario are marginally better than the PPanjang FPV scenario. The effect of
the FPV connection to the local substation voltages is shown in Table 9, which indicates that FPV integration
can increase the voltage of the connected substation, as also in [22], [23]. Since Solok FPV results in a better
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voltage profile margin in Table 8 and the best voltage profile for both Padang Panjang and Solok substation in
Table 9, hence; the Solok FPV is preferable.

Table 7. New connected power plants until 2025

Type Location Connect to substation  Capacity (MW)
Hydro Bayang Nyalo Bungus 2 6
Pelangai Hulu Kambang 1 9.8
Rabi Jonggor Pasaman 45
Muara Sako Kambang 2 3
Sikarbu Simpang Empat 1 2
Tras Singkarak 1.6
Tuik Kambang 2 6.3
Bendungan PU Batanghari Sungai Rumbai 5
Tarusan Bungus 1 3.2
distributed distributed 140.3
Geothermal Muara Labuh 2 Muara labuh 80
Distributed Distributed 40
Other DGs FPV Singkarak - 48

Table 8. Power flow and harmonic simulation results of the three scenarios

Parameters No FPV Solok FPV PPanjang FPV
Voltage profile 0.982-1.006 pu  0.981-1.006 pu  0.980-1.006 pu
Power losses 6.84 MW 7.52 MW 8.15 MW
THDy, of the connected substation - 2.14% 2.59%
Max individual component voltage distortion - 1.081% 1.684%

The connection of the FPV increases the system power losses, as shown in Table 8, but there is no
overload on any power system components. The increase in power losses due to PV capacity growth has been
studied in [23]. In this simulation, the increase is mainly due to the shift of power flow in the system since the
output of Teluk Sirih Coal Power Plant is reduced to accommodate the FPV supply. The power losses of the
Solok FPV are less than the PPanjang FPV because Solok substation has more load (23.32 MW) than Padang
Panjang substation (11.34 MW). Thus, more power output of the Solok FPV can directly supply the local load,
and the less remaining power will flow to other substations creating fewer power losses. Moreover, the distance
from FPV to its substation is shorter for Solok FPV than PPanjang FPV, as shown in Table 5, which also
creates fewer power losses.

In Table 8 can be seen that after the FPV connection, the THD, of Solok substation is 2.14% and
Padang Panjang substation is 2.59% which is reasonable if compared to the THD, in another study for 60 MW
PV [24]. The Solok substation THDy is less than the maximum allowed THDyv, i.e., 2.5% according to the
IEEE standard for 150 kV, as in Table 1. The maximum individual voltage distortion is also less than the limit
in Table 1. Therefore, the connection to Solok substation is more desirable than Padang Panjang substation.

Table 9. Voltage per unit at the two substation candidates

Scenario V Solok substation  V Padang Panjang substation
No FPV 0.987 0.997
Solok FPV 0.991 0.997
PPanjang FPV 0.986 0.999

The criteria to select FPV locations in [25] is that the distance to the nearest grid is at most 10 km.
However, in this study, with an 11.8 km distance to the grid, the FPV still contributes to the grid voltages if
connected to an appropriate substation. This condition is achieved without additional reactive power
compensation, as applied in [25]. Moreover, this study found that the voltage rise occurs on the connected bus,
whereas other bus voltages may remain the same or even lower. This result improves what has been studied in
[22], which states that the penetrations of considerable PV cause voltage rise in the network. The impact of
large PV systems integration on high voltage/transmission levels is influenced by many conditions; hence the
bus voltage results do not always increase.
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4. CONCLUSION

The design of 48-MW Lake Singkarak Floating PV employs 96,000 PV modules of 500 Wp and 16
inverters of 3,000 kVA, with an arrangement of 30 modules/string, 200 strings/array with a total of 16 arrays.
The PV module tilts 10°, and its azimuth is 0°. The best grid for connecting the FPV is Solok substation because
it provides the shortest distance, fewer power losses and better voltage profiles than the connection to Padang
Panjang substation. The THDy in the 150 kV Solok substation after the FPV connection is 2.14% which is an
acceptable value according to the IEEE standard.
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