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Abstract: Floating solar renewable energy is of enormous potential in Indonesia. This paper presents
a comprehensive study of the design of Floating Photovoltaic (FPV) systems with Battery Energy
Storage Systems (BESS) for three islands in Indonesia. These islands represent three typical
scenarios in Indonesia (a) using a national grid powered by fossil fuel generators, (b) using a local
grid powered by diesel generators, and (c) no grid at all. In-person surveys were conducted at these
islands to collect data, and then FPV and BESS were designed to meet the demands of each island.
Subsequently, the systems” energy simulations were conducted using the System Advisor Model,
demonstrating daily energy demand and supply in hour variation. Based on the results, a series of
sustainability analyses were created from the aspects of economics, society, and the environment.
The economic analysis demonstrated cost savings by using FPV to replace contemporary energy
methods. The social analysis provides valuable insights into the local community, forming a
demographic profile and obtaining perceptions and opinions regarding the new energy approach.
The environmental analysis quantifies the potential CO2 emissions. Overall, the work provides
valuable insights into the roadmap for implementing floating solar technologies in Indonesia which
can also inform global ocean-based solar energy developments.

Keywords: renewable energy; sustainability; solar; floating photovoltaic; energy storage system;
energy access

1. Introduction

The global pursuit of reducing carbon-emitting fuel consumption has led to an
escalating interest in harnessing Renewable Energy (RE) technologies. Solar energy is one
of the most recognised renewable sources, especially solar photovoltaic (PV), which
because of its high power installed worldwide, and its low price, has become the most
popular technology, as well as having the potential to help some developing countries
solve power shortage problems. Indonesia is one of the largest Asian countries, but its
electrical consumption per capita is one of the lowest in Asia, being much lower than the
global average. Around 20% of the population, 50 million people, do not have access to
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electricity. The reason why there are so many people lacking electricity is that the cost of
installing electricity is very expensive [1]. Indonesia’s topography, characterised by its
countless islands and diverse landscapes, is an excellent example of land scarcity.
Installing the floating photovoltaic (FPV) modules offshore will solve the limitation of
surface for onshore PV, making Indonesia a potential leader worldwide regarding PV
because of the huge sea surface available. Nowadays, most of the floating PV plants are
installed in lakes, with offshore floating PV being a considerably immature field. Offshore
applications face several challenges that other floating PV plants do not. The ocean is a
rough location, because of the loads induced by waves and strong winds, but also because
of the sea salt, its harsh environment might cause corrosion and damage the equipment.
The structures of offshore floating PV must be stronger than onshore ones to withstand
the ocean’s extreme conditions. The mechanical requirements for the structure and the
mooring system are the main affected parties of offshore FPV compared to the lake’s FPV
[2].

In the past decades, PV technology has been widely developed. Oliveira-Pinto and
Stokkermans [3] developed a general overview of floating PV. This paper identifies the
main challenges of a growing technology as well as its potential and feasibility. An in-
depth literature review was conducted for all the aspects of interest of the technology such
as the floating structures available in the market, the effect of the water bodies in the solar
modules, the environmental impact, and the economic viability compared with other
technologies. Some of the key factors that differentiate FPV energy production from PV
are the cooling effect, the effect of the waves and wind, and the module mismatch. Liu et
al. [4], Oliveira-Pinto and Stokkermans [3], and El Hammoumi et al. [5] conducted an
analysis regarding the improvement in the efficiency of the modules due to the natural
cooling in FPV systems. It is stated that this effect can lead to an increase of 12% in the
efficiency of the modules. Liu et al. [4] have also carried out an experimental analysis
comparing the behaviour of a PV plant installed on a rooftop and an FPV plant. In the
study carried out by Nisar et al. [6], the behaviour of monocrystalline and polycrystalline
solar modules for onshore and floating applications was compared. This author states that
the modules perform better in floating applications when installed at their optimal tilt
angle, although their efficiency was better than onshore systems for a tilt of 0°.
Lappalainen and Valkealahti [7] conducted a study to analyse the effect of partial shading
because of the effects of the clouds on 3 different PV array configurations. It is stated that
the effect of module mismatching had a minor effect on the overall performance of the
site. For the FPV system, Yadav and Chandel [8], Kim and Kim [9], and El Hammoumi et
al. [5] indicated that the load that the mooring system of an FPV plant must withstand is
directly related to the price of the installation; the greater those loads, the more complex
and expensive the platform and mooring system. The most affecting factor in those loads,
apart from the location, is the tilt of the modules. Lower tilts lead to lower loads associated
to the wind forces. Moreover, it has been demonstrated that the lower the tilts, the more
stable the floating structure, reducing the balancing of the system and therefore reducing
the loads associated with the waves. Reducing the balancing also means a more stable
maximum power point (MPP) of the modules, thus more energy harnessed.

In addition to FPV systems, it is also very important to design energy storage facilities
for the system. Campana et al. [10], Keiner et al. [11], and Liu et al. [4] have developed
preliminary studies on the design and operation of different FPV plants, with and without
energy storage, to see the impact of different parameters, especially in the economic field
and autonomy of the systems. In particular, Keiner et al. [11] used different technologies
such as floating PV, offshore wind, and tidal with energy storage systems for an island in
the Maldives. The location’s latitude is very similar to the case of the islands in Indonesia,
and it is stated that FPV and wave power emerge as the major energy sources. Campana
et al. [10] conducted an assessment of FPV systems on and off grid with BESS. A floating
PV system without energy storage has only reduced the reliability of diesel by 40%.
Adding BESS, it can be obtained as a completely autonomous system; however, the price
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of the energy for an FPV and Battery Energy Storage System (BESS) system that faces the
demand leads to very expensive energy.

There is also a series of research studies that show why Indonesia is suitable for
developing FPV. Untoro et al. [12] presented an economic study of FPV systems in
Indonesia, making this paper highly interesting for the current work. The paper assessed
their viability within the nation’s technical and economic landscape. The findings suggest
that FPV could contribute significantly to Indonesia’s electricity demand with tariffs
under the BPP (Cost of the Electricity Supply in Indonesia). The recent publication by
Silalahi and Blakers [13] analysed more than 40 years of wind, solar, and wave data to
generate a wind—wave map; they present the best locations to install FPV and proposed
that Indonesia holds for floating solar energy.

This study is based on the locations and ocean environment of 3 islands in Indonesia,
which are named Gili Ketapang, Bungin, and Kalenan. The study aims to design 3 floating
PV with BESS systems as an off-grid solution. In particular, an accurate curve of the hourly
demand for each of the islands is obtained, for a proper sizing of the FPV and BESS. An
optimal architecture is designed to minimise the electrical losses and the losses induced
by the effect of the waves. An analysis is performed on the size jointly with PV and the
BESS to optimise the behaviour of the system against the demand. These investigations
are mainly aimed at devising a cost-effective system that is within the financial limit reach
of the villagers, minimising the diesel dependence of the islands. Besides, we also studied
the feasibility of FPV farms in Indonesia from four points of view: technical, economic,
social, and environmental, which may be beneficial to solving relevant energy issues.

The paper is organized as follows. Following the introduction here, the scenarios of
three islands in Indonesia are discussed in Section 2. The floating solar energy harnessing
and storage design are developed in Section 3. The assessment of the techno-economic-
socio-environmental impact is analysed in Section 4, followed by the conclusions in
Section 5.

2. Scenarios of the Three Islands in Indonesia

The three scenarios are based on different communities and present distinct
electrification contexts and energy-related challenges, so different ways of integrating FPV
with other existing technologies and grids will be studied. By encompassing such a range
of contexts, this research provides insight into the adaptability of FPV across Indonesia.

In Figure 1, a map of Indonesia with the three case study locations is marked, or three
islands employed in this study. We also provided a zoomed-in figure for each of the
island, in Figure 2.

Figure 1. A map of Indonesia with the three case study locations marked (Source: Google, permis-
sion exempted for research purposes).
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(a) Bungin Island

(b) Gili Ketapang

(c) Sub-village Kalenan

Figure 2. Zoomed-in views of the three islands (Source: Google, permission exempted for research
purposes).
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The first location that will be reviewed is Bungin Island, located in the Flores Sea, off
the coast of East Java. The island is already electrified by the National Grid. An extra elec-
tricity demand has been identified by the fishermen. Struggling to find ice to help preserve
fishermen’s catch from the seas to the markets, currently up to 35% of seafood is lost pre-
consumption in Indonesia [14]. This increase in demand arises from the necessity to pro-
duce their own ice cubes, a vital requirement for their business that right now takes up
huge costs. Regarding the ice, in the survey it is stated that the ice consumed by the island
for fishing is bought from another island. The ice is bought in 25 kg blocks, but by the time
it arrives on the island, the blocks weigh 18 kg. With the number of boats on the island,
the trips per month, and the ice used per trip, it has been calculated that the island con-
sumes 430 kg of ice per day.

We may choose an oversized ice machine to make ice. This machine can produce up
to 900 kg of ice per day in 6 kg blocks. Working at 67%, it will produce 640 kg per day,
which will be used as the demand. Figure 3 shows the curve of the total demand of the
island. With FPV, fishers can fetch ice from the floating solar station through the straight-
forward addition of an ice-making system.
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Figure 3. The hourly electricity demand of Bungin Island.

Secondly, situated in the Madura Strait, approximately 8 km from the north coast of
Probolinggo, Gili Ketapang Island serves as a compelling second location. It shares a sim-
ilar Perusahaan Listrik Negara (PLN) connection as Bungin Island but diverges in its en-
ergy generation approach. As this location is much larger than the other two, a diesel
power plant fuels the small independent grid. In this scenario, a hybrid installation of FPV
and diesel is considered, using FPV to reduce the cost of electricity and reduce CO: emis-
sions. The survey of this island had access to the average daily demand load per house-
hold and public services in a 3 h interval. With this information, the hourly energy con-
sumption and the total energy consumption per month and per year were obtained. It has
also been calculated as the average energy demanded per household. In the surveys, there
was no information regarding the ice consumption for the fishing trips. This information
was available for Bungin Island. Since the number of trips per boat and month was avail-
able in both cases, the ice demand of Gili Ketapang was obtained by extrapolating the data
from Bungin, which will be explained later. The ice demand during the fishing months is
1030 kg of ice per day. These data have been obtained from the number of trips per month
and kg of ice per trip. This means that the consumption may not be the same every day.
This is the reason why it has been decided to select a bigger ice machine that could face



Sustainability 2024, 16, 1345 6 of 26

the peaks in the ice demand. Using a similar method as for Bungin, we obtain the curve
of the total demand of the island, as shown in Figure 4.
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Figure 4. The hourly electricity demand of Gili Ketapang.

Lastly, the Sub-village Kalenan in Tanimbar Island, in the Moluccas province, pro-
vides a distinctive backdrop to this analysis. Unlike the previous two case studies, this
small village lacks access to a grid connection, relying instead on Kerosene lamps, wood
burning, and limited diesel resources. This energy scarcity underscores the urgency of
finding reliable and sustainable alternatives for both residential and fishing-related power
needs. Figure 5 shows the curve of the demand for Kalenan. Its shape is considerably dif-
ferent from the other 2 islands, in this case, the valley during the daytime hours is much
clearer. This is because it is such a small village with no public services, and during those
hours, most of the villagers will not be at home.
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Figure 5. The hourly electricity demand of Sub-village Kalenan.

To achieve the previous objectives and to become familiar with the communities, sev-
eral surveys and interviews were conducted, and three reports were redacted in close
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collaboration with the residents. These research initiatives have enabled the accumulation
of critical data encompassing electricity consumption patterns and values, the demo-
graphic profile of the community, infrastructure state, meteorological data (solar hours,
rain seasons, wind, and sea characteristics) of the location, and management information.
This multidimensional dataset forms a magnificent base upon which the subsequent anal-
yses are built. All in all, we also summarised the general information of each island, as

shown in Table 1. The electricity demand is summarised in Table 2.

Table 1. General information of the three islands studied.

Bungin Island Gili Ketapang Sub-Village Kalenan
Location West Nussa Tengara East Java Moluccas
Population in Household (HH) 1030 3025 32
Grid connection from the Local grid using two 500 kW No grid, diesel generators,
Current Energy State . .
main island diesel generators and kerosene lamps
Economic Activities Fishing Fishing Seagrass
Hybrid ti duc-
Purpose of electricity Ice making ybrid generations, requic General options

ing emissions and costs

Climate Conditions (sunniest

and dullest month) September-December November-June September—January

Table 2. Summary of the electricity on three islands.

Demand Gili Ketapang Bungin Kalenan
Daily (kwh) 9660 2830 120
Daily/HH (kwh/HH) 3.2 2.67 3.7
Monthly (kwh) 289,730 85,000 3600
Yearly (kwh) 3,476,766 1,020,245 43,200
Power (kw) 430 127 7
Power of design (kw) 460 140 9

3. Design of Floating PV Systems

To design the floating photovoltaic systems of three islands, we may use the same
structure. Figure 6 shows the structure of the plants. The PV modules will be offshore,
connected to the DC/DC converters with Maximum Power Point Tracking (MPPT) control
integrated, to maximise the production. The combiner box will also be offshore, and from
there, the electricity will be transported to the shore in DC to the battery system and the

inverters.

DC BUS ONSHORE

ELECTRIC LOAD

INVERTERS | —
BATTERY SYSTEM +
DC/DC SMART — —

CHARGER

DC BUS OFFSHORE

PV MODULES + DC/DC
WITH MPPT

Figure 6. Sketch of the floating PV plants.
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There is a short distance between the solar panels and the shore; in any of the three
cases, it is larger than 600 m. The electrical losses in the transmission are directly depend-
ent on the distance, so if an appropriate cable is installed, the losses will be low too.

In some cases, transformers are used to elevate the voltage and reduce these losses
and the price of the cables, but then, the voltage should be reduced back before feeding
the load, or the inverters in this case. For this architecture to be worthwhile, there must be
a large distance between these two points; firstly, for the transmission losses to be higher
than the losses in the transformers, and secondly, the savings in wiring the system must
be higher than the costs of the transformers.

For this reason, the output voltage of the DC/DC converters with MPPT, the input
voltage of the inverters, and the DC/DC charge controller must be the same. The inverter
will be directly connected to the distribution line of the islands, which, according to the
surveys, is a 230 V and 50 Hz grid. This is only available for Gili Ketapang and Bungin; in
the case of Kalenan, there is no grid yet, but it is said that they are planning to install it in
the coming years, so it has been assumed that it will have the same characteristics.

3.1. Layout of the PV Field

Next, we will discuss the layout of the PV field. For the optimal tilt angle of the pan-
els, the location of the three islands was searched in the Global Solar Atlas. Since the lati-
tude of the 3 islands is similar, the ideal tilt angle will be the same, which in this case is
10°.

Regarding the azimuth, or the orientation of the panels, for offshore floating PV ap-
plications, the effect of the waves must be considered. The floating structure that holds
the modules has been designed to orientate the modules in the direction of the propaga-
tion of the waves, so that the wave breaker minimises the vertical displacement and tilt
variation of the panels. Thanks to this effect, the variation in the irradiance affecting the
modules will be softened, providing a more stable power output and maximising its pro-
duction.

In the surveys, data on the rise of the waves were available for Gili Ketapang and
Bungin islands, which included the predominant direction of the waves and their height.
In the case of the first island, the direction was north—south, with a height smaller than 0.5
m for most of the time. In Bungin, the direction is east-west, with a height of 0.75 m max-
imum. For Kalenan, there was no information available, so it has been assumed that the
height will be the same as for Bungin, and the direction of the waves will be heading to-
ward the shore.

After checking with SAM which sense of each direction provided a larger output for
the islands, it has been concluded that the azimuth will be 180° for Gili Ketapang, 90° for
Bungin, and 45° for Kalenan.

Avoiding shadowing from the modules is key to reducing module mismatches and
enhancing energy production, since leaving enough distance between each row of mod-
ules is vital. Although more surface is going to be covered, the system will work more
efficiently. Equation (1) has been used to calculate that distance [15]:

h
d= tan(61 — latitude)

M

where h is the height of the module plus the height of the wave for what has been used
for the maximum height that is 1 m. Since all the parameters are the same for the 3 islands,
even if their latitude is almost the same, the distance will be the same for each of them, as
shown in the sketch of the installation in Figure 7, where it can be seen which is the dis-
tance that is being obtained with Equation (1). Considering the length of the module, each
row of panels will be separated by 3 m.
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Figure 7. Row separation sketch.

For sizing the PV and battery system, The System Advisor Model (SAM) software
(version 2020.2.29) was used. We used the Typical Meteorological Year (TMY) from the
last 5 years of each of the islands obtained from NREL. Using TMY as weather data will
eliminate the risk of anomalies in the weather that could have happened in just 1 year,
providing more accurate and suitable results about how the system would behave.

The fact of installing floating PV modules manifests a number of disparities from
conventional PV parks regarding the electricity production of the modules. As the waves
come through the modules, their tilt angle will be continuously changing, directly affect-
ing the irradiance received by the system [16]. According to the tests at the wave tank at
Cranfield University, the power output decreased by 8% when the prototype was tested
with waves compared to a non-wave situation, which is known as module mismatch [3].
However, being installed in the water, which is colder than the shore, and the wind affect-
ing offshore emplacements will cause a natural cooling effect by convection. Solar PV
modules work more efficiently with lower temperatures, and this effect will cause an in-
crease in the efficiency of the modules. From the literature, it has been obtained that this
will cause a 5 °C decrease in the operational temperature of the modules. With the speci-
fications of the module, and the temperature coefficients, it will mean an increase of 2% in
the performance of the modules. These variations in the efficiency will be input directly
into SAM [4,5].

For this project, the ST72M330 model from Sky Energy Indonesia was selected. For
the battery, the LIP48100LF model from the brand Ica Solar was selected, which is the
most powerful lithium model available in their catalogue. The losses that take part in the
battery system were also considered, such as the DC/DC conversions, 3%, and the self-
discharge of the batteries for the seasonal storage, which in this case is 3% per month. The
general information of the PV module and battery are given in Tables 3 and 4, respectively.

Table 3. Specifications of the PV module.

Module type ST72 M330
Pmax (kW) 330
Maximum Power Voltage (V) 37.8
Maximum Power Current (A) 8.72
Voc (V) 45.7
Isc (A) 9.21

Efficiency (%) 17.09
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Table 4. Specifications of the battery (LIP48100LF).
Cell Pack
Pmax (kW) 0.16 4.8
Capacity (Ah) 50 100
Factory voltage (V) 3.2 49.5-50.5
Charge Voltage 3.2 53.2-53.4
MAX charge/discharge I (A) 50 50

3.2. Simulation Results of Converted Solar Energy versus Electricity Demand

The simulation of the converted solar energy and electricity demand are conducted
based on the data in Tables 14, as well as the energy requirements in Figures 3-5. As
inputs, the converted solar energy is calculated based on the weather conditions of the
three islands. The electricity demands of the three islands were obtained from in-person
surveys.

The simulation results of the electricity converted from solar energy versus the elec-
tricity demand of Gili Ketapang are given in Figure 8. There is a high peak in production
in September, compared to the rest of the months, and in June there is a valley. The rest of
the month’s generation is considerably stable. For this reason, the system will be designed
in a way that all the demand in September is covered, and that, for the rest of the months,
it is almost completely covered, except for June, when the lack of electricity will be higher.
With this approach, although not all the demand will be covered, the battery system’s
capacity will be optimised, which will lead to a low Levelised Cost of Electricity (LCOE)
of the system. If the objective is to store all the surplus energy produced in September, the
costs of the battery will rise, and its capacity will be far from being completely used any-
time but in September, which will translate into a higher LCOE. This approach has been
considered optimal considering the concerns of the villagers.

350000

Electricity from FPV
Electricity Demand

300000 4 — — - — — —

250000 — I —

200000

150000 H

Energy (kWh)

100000

50000 —

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 8. Energy simulation results for Gili Ketapang.

In order to size the PV system, the goal was to attain a production slightly lower than
the most productive month not considering September, which is November. In this case,
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during September, the PV production will surpass the demand. Once the number of mod-
ules has been determined with the production over the years, the batteries will be sized.
For this case, the size of the battery system will be such that the demand of the peak month,
September, can be covered, although some of the production will be lost. It has been seen
that the maximum power of the battery system will happen while charging during the
peak production hours, so its power will be the maximum difference between solar PV
output and demand in September.

Similar simulations were conducted for Bungin, as given in Figure 9. It is seen that
the difference between peak months and valley months was higher than for Gili Ketapang.
There are 3 peak months, August, September, and October, with September being slightly
higher and December the one with the smaller production. The approach for the sizing of
the system has been slightly different compared to the previous case. A system was de-
signed that covers almost all the energy demand of the peak month. Unlike for the first
island, there will not be a month when the requirements from the diesel generator will be
that high; however, it will be used every month. Moreover, there will not be any month
when energy is wasted.

100000

Electricity from FPV
Electricity Demand

80000 — i

60000 — ]

40000 —

Energy (kWh)

20000 -

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 9. Energy simulation results for Bungin Island.

For sizing the PV plant, production during the peak month slightly smaller than the
demand was sought, avoiding the waste of energy produced. Whereas for the battery sys-
tem, the power has been calculated as for Gili Ketapang, and for the capacity of the system,
it must be able to store all the surplus energy during the peak month, although it will not
be enough to cover all the demand.

Next is the simulation for Kalenan. This scenario is completely different compared to
the 2 previous ones. The daily BESS loses a part of the production during peak months
but is able to fulfil the demand during those months. In this case, during the valley
months, some part of the load has not been covered. The second scenario has been design-
ing a seasonal BESS, able to cover the demand during the year, storing surplus energy
during the peak months. Both systems will share the FPV part. To determine the size of
the PV plant, the simulations entailed the input of a scale factor of 1.1 to the load to ensure
that the system can face the demand. For the characteristics of the battery system, the
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power will be calculated as in the other cases, the maximum difference between produc-
tion and demand during the peak months. With this constraint, the system will also be
able to respond to the daily demand and storage.

In Figure 10, the initial simulation for the last island is shown. As can be seen, the
production during the peak 3 months is higher than the load. The batteries will be charged
during this period and will be slowly discharged during the rest of the year for the sea-
sonal BESS scenario.

Electricity from FPV
[ |Electricity Demand

6000 B
A~ ] R —
= - —_ I | i
= 4000 A - T - uln
“) | —
e
on
=
5 ]
=
=

2000 —

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 10. Energy simulation results for Kalenan.

3.3. Design of Other Components of Floating Photovoltaic Systems

Normally, in FPV plants, inverters are in the floating platform itself; however, in this
project, it has been decided to install them onshore to reduce the power capacity of the
inverters. For Gili Ketapang and Bungin, the inverter is selected from the brand Huawei,
SUN2000 20KTL-M2. This inverter fits the grid requirements, as its output is 240 V AC. Its
power output is 20 kW, so, to determine the number of inverters for each plant, we split
the power of design mentioned in Table 1 by the power of each inverter. In the case of
Kalenan, the SUN2000-3KTL-L1 model, from Huawei, was selected. The output is the
same as for the other islands, but its rated power is 3 kW. Another model has been chosen
because of the huge difference between the electric load of the islands. With this different
model, all of the supply will not rely only on one inverter.

For the converter with the MPPT, it has been found that Siemens offers 3 different
models of their range Sinamics. Their models have a rated power of 30, 125, and 150 kW,
with a voltage from 0 to 1000 V. It has been decided to install the 30 kW output one because
it will allow more flexibility regarding the layout of the panels. The same model has been
used for the 3 islands, reducing the risk of module mismatch.

This converter with the control system is essential to ensure a long lifespan of the
battery system. For Bungin, the same model as for the solar array will be used, without
MPPT; for Gili Ketapang, the 120 kW model will be used. To calculate the number, we
split the maximum power input to the battery system by the power of each converter. For
Kalenan, there is no model that adjusts to such a low power, which is why a customised
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DC/DC converter from Tame-Power, with a rated power of 6 kW, will be used, as for the
solar array, still with a rated voltage of 600 V.

3.4. Energy Production and Storage of the Battery

Based on Sections 3.2 and 3.3, Table 5 collectively presents the calculated results for
all the islands. In the table, “System” presents the summarised behaviour of the plants
across a year, alongside the coefficient of performance.

Table 5. Summary of the floating solar design for each island.

Gili . Kalenan
thi Ketapang Bungin Daily BESS Seasonal BESS
Number 6080 1680 96
Strings 380 105 6
PV Series/string 16 16 16
Land (m?) 18,000 5940 400
kWdc (KW) 2000 553 31
Power (KW) 1000 260 20 20
BESS Capacity (KWH) 9500 2500 4565 135
Strings parallel 316 85 152 4
Cell series/string 188 188 188 188
Inverter Power (KW) 460 140 9
Number 23 7 3
DC/DC Power (KW) 2280 630 36
PV Number 76 21 6
DC/DC Power (KW) 1080 270 24
BESS Number 9 9 4
Cp 16.9% 17.4% 16.4%
yearly production
SYSTEM (KWH) 2,958,000 845,154 49,212 42
% yearly demand 84% 82%  100% 92%
covered

Based on the information in Table 5, the location and electrical draw for the FPV of
each island will be subsequently designed. Efforts were made to separate it as far as pos-
sible from the port, to minimise the possible disturbances caused. It will also be close to
the diesel plant, where the BESS and the inverters will be located, to reduce the electrical
losses due to the transmission, a distance of 600 m.

Figure 11 shows the electrical design of the system. Each of the squares that is con-
nected to the DC/DC converter represents a subarray of 16 modules connected in series,
achieving a voltage of 605 V under MPP circumstances, and 720 in case of an open circuit,
both admissible according to the converter specifications. The 5 subarrays will be con-
nected in parallel, achieving a current of 46 A in case of short circuit, lower than the max-
imum admissible current of the converter (50 A). The solar PV field with its respective
DC/DC converters and the combiner box (DC Bus) will be the only elements located off-
shore. The produced energy will be translated by marine DC wires at 600 V from the sea
to the shore.
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Figure 11. Gili Ketapang electrical drawing.

Figures 12 and 13 show the behaviour of the system during the most and least fa-
vourable months of production. During June, which is the worst in terms of production,
it is seen that the system is not able to meet all the demand. By the last 4 h of the night, the
battery system will have already given all the stored energy, so the diesel generator will
have to work to avoid blackouts. On average, the diesel generator will have to produce
1073 kWh. In September, which is the best month of production for the system, it will not
be necessary for the diesel plant to fulfil the demand; during the daytime hours, the PV
will be enough to cover the demand, and during the night hours, the batteries will be
enough too. Although it is not shown, as it has been said, there will be a surplus of energy
during this month, which the BESS will not be able to store. Moreover, 1800 kWh will be
lost daily on average during this month, representing 19% of the total daily production
during this month. That energy overproduction will only happen in September; however,
there could be some days during other months when this also occurs. There will be 54,000

kWh lost during September, and all the year, representing 1.86% of the total yearly pro-
duction of the system.
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Figure 12. Output of the system in Gili Ketapang during the valley month.



Sustainability 2024, 16, 1345

15 of 26

500

uS—
400 ~ K . \\
- . \ N

= : \
E 300 + I . Total demand
g i \+ |=---Direct PV
20 | i Batte
S 200 - . \ &
s | .
. \
100 - ! .
. \
I .
. \
L o B B s o B e e R E L B e S me e e R
0O 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23

Time (hour)

Figure 13. Output of the system in Gili Ketapang during peak month.

Figure 14 shows the state of charge of the BESS for the same 2 scenarios commented
on in the previous paragraphs. Looking at the curve of June, it is seen that, from 3 am,
there is no energy left to feed the load, representing the hours when the diesel generator
must be working. By the end of the sun hours, it attains a 70% charge on average, which
means that there will never be energy losses, even if there is a peak in production for a
day, because there is still a 10% margin. In that case, the requirements from the diesel
generator will be reduced. During September, the battery achieves fully charged/dis-
charge cycles, from the 20% to 80% recommended by the manufacturer, behaving as ex-
pected. It is seen that, from mid-day, it is completely charged, and those hours will be the
hours when energy is lost.
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Figure 14. Hourly state of the battery in September in Gili Ketapang.

Figure 15 shows the electrical drawing of the plant in Bungin. Since the DC/DC con-
verters of the solar field are the same as in the previous case, the solar arrays will have the
same structure. Obviously, since the installed power is much smaller, the number of con-
verters will be smaller, but keeping the same electric characteristics, affordable according
to the specifications of the equipment. Since the voltage of the combiner box will be the
same, but the power is about 4 times smaller, the current to be transported to the shore
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will be 4 times smaller, proportionally affecting the number of cables or their diameter.
The number of DC/DC converters for the BESS is the same even though the power of the
BESS of Gili Ketapang is 4 times larger. This is because the power of those converters on
the other island is 120 kW, whereas in this case, they are the same as for the solar field,
with a power of 30 kW.
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Figure 15. Bungin electrical drawing.

Figures 16 and 17 show the response of the system in the worst and best scenarios of
production, December and September, respectively. In this case, the support of the diesel
generator will be needed throughout the year. In December, the BESS will only be able to
provide energy until 10 pm, when the diesel generator should start working. During this
month when there is a valley in the solar output, there will be 925 kWh from the diesel on
average. During September, which in terms of production is a month very similar to Au-
gust and October, there is still a need for the diesel generator. It will only be working
during the last 2 h of the night, producing 200 kWh on average.
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Figure 16. Bungin output of the system during valley month.
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Figure 17. Bungin output of the system during peak month.

State of charge

Figure 18 shows the cycles of the battery in the same 2 months. During December, it
will only become charged slightly above 50% of its capacity on average, which means that
the BESS is oversized for this period. Moreover, it stays at the minimum charge, of 20%, 7
h, 30% of the time of the day, which seems too much. However, for the peak months, it
becomes charged up to 75% of its capacity on average, which means that, on a good day
during this month, it can be completely charged (80%). It also becomes completely dis-
charged, so it can be stated that, for this month, it is perfectly sized.
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Figure 18. Hourly state of the battery in September and December in Bungin.

Th

e electrical drawing of the system in Kalenan is given in Figure 19. Each of the

rectangles connected to the DC/DC converters in the solar field consists of a solar array of
16 modules connected in series, achieving the same voltage levels as in the other cases,
but a current 5 times smaller, 9.21 A in case of short circuit. There only are 6 DC/DC con-
verters of 6 kW each.
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Figure 19. Kalenan electrical drawing.

Figure 20 shows that during the less productive months, the surplus energy pro-
duced during the sunny hours is not enough to fully charge the BESS, so, during the last
3 h of the night, there will be no electricity available. Figure 21 shows the response of the
system during the peak month. The BESS provides all the required energy during the
night hours, complying with its design specifications.
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Figure 20. Kalenan output of the system during valley month.
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Figure 21. Kalenan output of the system during peak month.

State of charge

Figure 22 shows the state of charge of the BESS for the previous 2 months. The capac-
ity of the BESS is optimised, since during the peak months it becomes completely charged
by 11 in the morning; however, during the valley month, it can only be charged up to 70%.
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Figure 22. Kalenan daily storage BESS state of charge.

3.5. Overcoming Ocean Wave Impacts— A Technical Solution

Operating FPV farms in coastal regions faces a significant challenge due to ocean
waves, which can damage floating solar panels or wash over the solar panels and leave
salts, if contemporary designs of FPV for calm water (e.g., lakes) are used. Hence, the pre-
sent work proposes a technical solution of an innovative FPV system that is suitable for
operation in waves. The novel design is presented in Figure 23: a breakwater is integrated
into the floating structure upstream of solar panels, attenuating the incoming wave to have
<10% of its original wave height. The attenuated wave will travel through a buffer zone
and become minimal when entering the FPV zone. Thus, the solar panels do not have
significant interaction with waves.
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Figure 23. An innovative FPV farm integrated a breakwater to minimise ocean wave impacts.

4. Economic-Socio-Environmental Impact Assessment
4.1. Economic Analysis

The economic indicator that is used for energy systems is the LCOE. It is the cost of
each kWh delivered by the energy system. This indicator considers the most important
factors of an energy system, such as the capital costs of the system, the maintenance costs,
and the energy produced during its lifespan. Normally, it also includes some financial
parameters such as the discount rate, but to simplify the calculations, financial parameters
will not be included. There is no information about the price of the components by the
manufacturers, so average prices were searched for in the literature, although they might
not be completely accurate. Hence, the LCOE to be obtained will not be exact.

LCOE can be calculated via Equation (2):

LCOE = CAPE);+O&M, (2)

where the CAPEX is the total capital costs of the plant, O&M will be the operating and
maintenance costs for the lifespan of the plant, and E is all the energy produced during
the lifespan. The LCOE will be obtained in ($/kWh).

The average CAPEX for a utility-scale PV system in Indonesia is $1200/kW. These
large plants are connected to the grid, and the inverters must be able to handle all the
power output of the solar field. For the designed plants of this project, the rated power of
the inverters is 4 times smaller than the output of the modules because the electric load
will never reach such high energy requirements. However, DC/DC converters with MPPT
input will be used. It has been found that the inverters represent 10% of the total CAPEX
of a PV plant. It has been estimated that for this case, the CAPEX will be reduced by 7.5%
because of the lower power design of the inverters and increased by 2.5% because of the
DC/DC converters [17].

Considering these 2 variations from the usual onshore PV plant in Indonesia, the
price per kW installed of the FPV will be 25% more expensive. Then, the CAPEX that will
be used for the FPV plants is $1500/kW. Regarding lithium batteries, the capital cost of
lithium batteries has been constantly dropping during the last years, and it is expected to
continue during the coming years. It has been found that the cost of lithium phosphate
batteries will be below $200/kWh installed by 2030, and even in some sites, it is stated that
the costs are already below $190. For this study, a conservative price of $200/kWh has been
set [17,18].

However, the difference in the lifespan between these 2 technologies must be consid-
ered. FPV systems are expected to work for 30 years, whereas the battery selected lifespan
is 6000 cycles, approximately 16 years. So, the CAPEX of the system has been multiplied



Sustainability 2024, 16, 1345

21 of 26

by 2 times the cost of the batteries, considering that they will be replaced after 15 years
[19].

O&M costs are usually related to the CAPEX. It has been found that for FPV, they are
1% of the CAPEX, and for lithium batteries, 1.5%. These costs are expressed annually,
which means that for the LCOE they must be multiplied by the expected lifespan [17,20].

Table 6 presents the results of the economic analysis. It must be highlighted that the
LCOE of just the FPV has been calculated as the installed FPV as though all its energy
could be given to the grid. As has been explained in previous sections, BESSs are the most
expensive component. Large-duration systems have been designed to try to maximise the
autonomy of the system and reduce emissions, which is why the CAPEX of the BESS is
larger than that of the FPV. If a smaller BESS had been designed, its CAPEX would be
smaller than FPV’s. Comparing the LCOE with and without BESS, energy storage has in-
duced an increase in the LCOE of 107% in the best scenario and 125% in the worst. This
confirms what has been said in previous sections regarding the high effect on the price of
the batteries. It must be highlighted that this impact is so high because the BESS is very
large and, in some cases, able to provide energy for 12 h without any backup generator. It
is clearly seen that designing a seasonal BESS system is not worthwhile. The LCOE of the
whole system is much higher for seasonal storage than for the daily storage design. How-
ever, with the daily storage design, the FPV system cannot provide 100% electricity re-
quired, thus it will still need support from fossil fuel systems. Looking at the LCOE of the
FPV+BESS, Bungin’s is slightly smaller than the other 2 islands’ daily scenarios, even
though the BESS is less optimised. This is because the weather conditions for this case are
better than for the other 2, as is seen in the energy production per kW installed.

Table 6. Summary of cost analysis results.

Gili Ketapang Bungin Kalenan (Daily) Kalenan (Seasonal)

FPV CAPEX ($) 3,000,000 830,000 46,500 46,500
BESS CAPEX ($) 3,800,000 1,000,000 54,000 1,826,000
FPV LCOE ($/kWh) 0.044 0.043 0.045 0.045
BESS LCOE ($/kWh) 0.081 0.108 0.083 2.52
FPV+BESS LCOE
(§/kWh) 0.0982 0.091 0.1 1.697
kWh/KW (installed) 1451 1528 1457 1457
Load covered (%) 84% 82% 92% 100%
Energy lost (%) 1.92% - 14.18% -

4.2. Social Analysis

In order to understand the social influence of the present floating photovoltaic sys-
tems, following some surveys, we found that the employment and sources of income pri-
marily revolve around the fishing industry, which is a vital economic sector throughout
Indonesia. In Bungin Island and Gili Ketapang, the main economic activities are centred
around fishing, where men primarily engage in fishing operations, while women play
important roles in post-activities such as cleaning, drying, preserving, and sometimes sell-
ing the fish. Women also have responsibilities in managing households and children’s
education. In Kalenan, seagrass-related activities are prominent sources of income. Addi-
tionally, some individuals rely on inland activities such as animal husbandry, while others
engage in private businesses like trading or market retail.

However, a common challenge across all three locations is the lack of electricity in-
frastructure, which hampers the development of businesses. The absence of a reliable
power supply impacts the preservation of fish products, necessitating refrigeration and
ice for proper storage. This limitation poses constraints on the growth and profitability of
the fishing industry.
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A special section of the social analysis was focused on environmental and climate
change engagement and awareness. Results reveal that all three communities are aware
of the urgency of adopting greener solutions, and combating climate change, and are open
to adopting renewable technologies as a solution. However, even if the population is
aware of climate change and pollution, their main interest in having an FPV plant as a
source of electricity is saving money and having better electricity quality. The only place
where the population was interested in reducing pollution was Bungin Island, and it was
the second interest due to already having a good grid connection. This is nonetheless nor-
mal and makes sense, as for an underdeveloped community to be able to reach the devel-
oped lifestyle will always be more important.

What the reports did show is that in all three locations, they are familiar with Renew-
able Energy technologies and, more specifically, PV systems. In all the locations, they al-
ready have PV streetlights, and in Kalenan, the sub-village leader’s house has a small PV
panel installed. In Bungin, a small installation can be found used for operating fridges,
and some boats with solar systems are used. On the contrary, in Gili Ketapang, the fifty
streetlights that were installed back in 2020 are no longer in operation due to battery prob-
lems and no maintenance. The concerns that did arise when talking about the environ-
ment and fauna were about how it would interfere with the fishing works. In particular,
strong desires were expressed for FPV to power (a) ice-making machines to help reserve
sea catches, (b) desalination units to provide clean drinking water, and (c) fishing equip-
ment.

In this social analysis, participants demonstrated varying levels of understanding of
energy generation and expressed their attitudes toward adopting FPV as a sustainable
energy solution. In all three locations, a need for more electricity is clearly observed, not
only because it affects the growth and profitability of the fishing industry, but also because
it would facillitate social developments of the community. Working conditions would be
improved by access to computers and the internet, enabling modern working models and
allowing local businesses to increase cooperative business models. Overall knowledge en-
hancement would be facilitated by online learning and improved mobility to access higher
education. Diverse businesses could be powered by FPV, creating jobs and boosting the
local economy. Local industries will be driven, such as material trade and manufacturing.
Overall, the FPV installation is well welcomed by the locals.

4.3. Environmental Analysis

As outlined in the methodology, the environmental analysis is founded on a compre-
hensive comparison of COz2and GHG emissions, allowing for the precise calculation of the
installation’s sustainability benefits. The findings clearly illustrate that while emissions
cannot be eliminated, their integration of renewable technologies leads to significant re-
ductions. The results of the CO2 emission analysis are thoughtfully presented in Tables 7
and 8 (the emissions are always in kg of COz), which closely resembles the format em-
ployed in the economic analysis for cohesive analysis and comparison.

Table 7. Current CO2 emissions per household in study locations.

Bungin Island Gili Ketapang Sub-Village Kalenan
Monthly Electricity Demand (kWh) 82.5 95.8 111.2
Electricity emissions
8.2 8.
(kaCO2) 58.29 68.50
Extra Emissi LPG 1.29 LPG 0.771 Wood 246
x r(ak ?Cl)ss;ons Diesel 134.07 Diesel 5714  Kerosene 1.88
& Kerosene 1.34
Actual Emissions 195 126.4 247 88

(kgCO2)
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Table 8. Summary of environmental analysis results.

Bungin Island Gili Ketapang  Sub-Village Kalenan

Monthly Electricity Demand 82.5 95.8 111.2
Electricity Generation from the FPV plant (kWh) 55.61 85.2 111.2
Actual Emissions 195 126.4 247.88

Emissions from FPV 4.06 6.22 8.12

Emissions NOT Avoided 19.62 7.76 -

Reduction (kgCO2) 171.3 1124 239.75

% 88% 89% 97%

From this current situation, before moving on to the FPV comparison, the high emis-
sion rate from Kalenan should be commented on. This community, despite being the
smallest one, with less electricity usage, less stable demand and more remote, is the most
pollutant out of the study. This is mostly due to the wood burning, which has a high car-
bon conversion factor. However, this high value could be discussed, as the wood comes
from trees that have previously absorbed CO:, sometimes a source presented as a low
pollutant. For this analysis, it was decided to take a high value from the founded range
because the habitants do not chop their wood, but instead, they buy it in bundles and
must transport it via diesel-powered vehicles. By taking a high value, the emission of
transportation is accounted for.

The results and findings of the comparison between the current emissions and the
FPV scenarios are found in Table 8. Through straightforward conversion calculations, the
associated emissions for each FPV plant are obtained and presented. When expressed in
percentages, RE technologies have a massive impact on emissions, as the average reduc-
tion with this project is 91%. The main reason for this huge reduction is that Indonesia’s
grid is completely reliant on fossil fuels, so the carbon emission factor is high. In the US
or European countries, this value is almost half, as RE is expanded and used in the elec-
tricity mix.

When floating photovoltaic systems cover the water surface, notably, they attenuate
water evaporation, fostering water conservation—an especially valuable benefit in water-
scarce regions—and simultaneously safeguarding water habitats. Moreover, FPV systems
influence algae populations and their control of it, a phenomenon that can be both bene-
ficial and detrimental. Reduced sunlight translates to diminished oxygen production, in-
tricately balancing the beneficial curbing of excessive algae proliferation, with adverse im-
pacts on water quality and ecosystem health.

Alterations in water dynamics and the seabed and substrate due to these structures
are also noteworthy. Having big water areas covered can create static zones with stag-
gered water that can negatively affect various species. Furthermore, the mooring and an-
choring lines can agitate the water, resulting in turbidity, which can harm aquatic life.

Extending the research to marine environments reveals a lack of specific studies on
FPV installations, primarily due to the early stage of development of the offshore version
of the technology [21]. However, existing research is centred around broader marine en-
ergy development, as demonstrated in studies by [22,23]. These investigations collectively
emphasise that common impacts, such as shading and sedimentation that impede
seagrass growth, alterations to wave climates and flow patterns, amplified underwater
noise, and collision with animals, could potentially endanger adverse effects on fish pop-
ulations, disrupt fishing activities, and instigate habitat degradation. On a more positive
note, the research also shows that marine structures could be used as artificial reefs, and
by establishing a structure, the potential for installing sensors and sampling areas could
aid in creating controlled zones.

In the context of this project, it is important to note that specific information regard-
ing marine fauna within the chosen locations is relatively limited due to their remote na-
ture. However, certain references, such as [24-26], highlight key marine organisms in
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these areas, including corals, seagrass, and bivalve molluscs. These species’ possess high
sensitivity to water quality, temperature, and light levels [27,28].

It can be concluded that the overall consequences of FPV installations, both inland
and offshore, are mixed and present a complex balance of benefits and challenges. Cover-
ing water bodies with FPV panels contributes to water conservation and algae control,
and introducing new structures allows reef formation but also poses obstacles for fish and
other animals. Due to all this, further research on site selection, maintenance strategies,
and ways of integrating the installations is needed.

5. Conclusions

To study the practicality of FPV in Indonesia and the world, the environmental con-
ditions and hourly electricity demands of three Indonesian islands were obtained, repre-
senting typical scenarios of fossil fuel power usage. To replace the electricity generated by
fossil fuels, the present work designed an FPV system including battery storages. Com-
putational simulations were used to estimate the FPV power generation versus the actual
electricity demands, and it was found that FPV can provide around 90% of the electricity
required for all three islands, without using a too expensive battery system.

Following the design and simulations, a series of analyses were also conducted from
the aspects of economics, society and environments, demonstrating a strong suitability of
FPV in the investigated scenarios. Regarding the economic analysis, the LCOE of FPV in-
cluding BESS can be no more than $0.1/kWh. This signifies an evident cost saving against
using diesel generators that are dominating in off-grid islands but have an LCOE ranging
from $0.3/kWh to $0.5/kWh [29]. A social analysis was presented based on interviews,
surveys, and reports, which provided an understanding of the communities seeing the
potential FPV installations. The overall finding is that habitants do support RE technolo-
gies and the installation of FPVs as they need extra energy and save costs. The environ-
mental analysis studied both CO: reduction and the impacts of FPV on the surrounding
environment. The findings show an 88-97% potential decrease in emissions through an
FPV installation, which is attributed to less reliance on the country’s carbon-intensive grid.
Overall, the study shows that FPV is Indonesia is viable and the potential is phenomenal,
which would lead to significant economic, social and environmental benefits.
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