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Abstract

Photovoltaic (PV) has proved to be one of the most compact, durable and economic power
generating systems developed by mankind. The potential of solar energy is being used for
sustainable development and to meet the increasing power demand. Floating solar photovoltaic
(FSPV) is a comparatively newer concept of installing the PV system on the surface of water
bodies. Despite its several advantages, it is found that FSPV systems in the sea need to be
restricted, and multiple islanded structures should be preferred to reduce the side effects in
aquatic ecosystems. The most preferred site for installing FSPV is in the reservoir of hydro plant
as integration with the grid and hydro system becomes easy. The USA, the European Union and
Southern and Eastern Asia mainly Japan, Indonesia, the Philippines, China and India have very
long coastline which can be effectively used for FSPV installation and meeting the load demand
through clean and renewable sources without exhausting the land. In India, over 5000 dams are
already functional with a total reservoir area of 14855.57 square kilometers. Only 2% covering
the reservoirs can add a total of 89.1 TWh of energy to the grid annually during 8 h of sunlight at
conversion efficiency of 25% with an underestimate of only 5 months of proper sunlight. It can
be achieved with minimum installation costs and maintenance costs. Sustainable development
ensures that energy production must also have minimal or nil harmful impact on nature and
humankind. This paper lays emphasis on all the technical aspects of the FSPV system and
reliable ways to prevent and overcome it efficiently. Moreover, the integration of FSPV with
other different non-conventional sources to boost energy production is also analyzed.

Impact Statement

Decarbonization, clean energy and efficient land use are the areas that have major attention all
over the globe, and FSPV is one of the most important systems that solve these problems.
Analyzing the technological domain of FSPV can help in the deployment of correct type of FSPV
structures and optimizing the energy generation per unit area. In addition, different environ-
ments demand different setups, and different challenges require different mitigation techniques.
India has a large diversity of environmental conditions, and it is wise to tweak the system
accordingly to get the optimized result. Major challenges include the stability of the FSPV system
during harsh climatic conditions in open sea and long-lasting of the pivot system, reduced
efficiency due to excessive heating and hotspots, corrosion due to high moisture content and
transmission system stability connecting the FSPV system to the grid. FSPV system will affect the
natural flora and fauna of the surroundings. Electrical components of FSPV system like
combiner box and inverters contributes a lot in generating power efficiently and these compo-
nents have a scope of delivering highly efficient power conversion.

Introduction

The sun is the prime source of our existence. All the energy sources available to us originate from
the sun. In recent years, the huge potential of solar energy has been discovered and since then the
development of solar photovoltaic (PV) has been on an exponential rise. The energy must be
harnessed with the maximum capacity possible as it has numerous advantages over any
conventional source. Fossil fuels are a long-term preserved solar energy, which the floral species
of the planet stored within itself. The rate of depletion is gigantic when compared to the rate of
formation, which will result in a complete depletion in a very short span of time. Besides, the
dependency of humans on external resources is increasing at a pace. Nuclear power packs a large
amount of energy in a small space. Secure and safe operation in nuclear power generation is
challenging. Hydro power, despite being renewable and clean for the air, has a consequence in
localized aquatic terrestrial lives. High-head dams pose a high risk of breakage, causing severe

Downloaded from https://www.cambridge.org/core. 09 Dec 2025 at 10:24:31, subject to the Cambridge Core terms of use.


https://orcid.org/0000-0001-6382-3598
https://orcid.org/0000-0002-1399-0424
https://doi.org/10.1017/etr.2025.10006
mailto:anik91_go@rediffmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
https://www.cambridge.org/core

Sagar Bhushan et al.

Integration with other
Renewable sources
Birds soiling leads to High Efficiency gives
shading
high energy
Structural Reliability
Decarbonsiation

Deployment challenge Solar Panel

Pontoons

Simpler Cooling and
cleaning process

Reduction in
evaporation

Policy Consideration

Anchor \
Anchoring Challenge

Figure 1. Advantages and challenges associated with floating photovoltaic system,

flood loss in low-lying areas. Although hydro has a high future
scope, all the risky parameters cannot be neglected. With all the
facts, it is feasible to use solar power for the generation of energy
and increase its scope from a future perspective. This demands
detailed research into the topic. For harnessing solar power directly,
solar thermal and PV are the two generalized methods used com-
mercially. Solar thermal technology uses the heat from the sun to
convert water into steam, which is used to run turbines. The PV
system uses a semiconductor material which produces free elec-
trons when the light radiation is incident on it. Figure 1 shows
the merits and demerits of floating solar photovoltaic (FSPV)
systems. The most commercially used material is silicon in its
monocrystalline form. Other materials used as a solar cell are ITI-
V semiconductor (an alloy of group Il and V of the periodic table in
its zinc blend crystalline structure), copper indium gallium
di-selenide (CIGS), amorphous-silicon (a-Si), cadmium telluride
(CdTe), dye-sensitive solar cell (liquid dye placed in between
titanium(IV) oxide with the principle analogous to conventional
fuel cell except its activation process through light radiation),
perovskite (a compound containing divalent and tetravalent elem-
ents as positive ions and halogens or oxygen as negative ions),
organic solar cell and graphene solar cell. Researchers are still
exploring the above options for enhanced efficiency of the cell
(g2voptics.com, 2019).

The generation of electricity to meet most of the demand
through solar energy requires large-scale installation of solar cells.
Several different solar cell structures are being used based on their
position and environment. These include land-based PV (LBPV),
building-integrated PV (BIPV), concentrator PV (CPV), and float-
ing solar PV (FSPV). LBPV is the installation of PV cells in a strong
structure placed in the land where there is an ample amount of solar

Electrical Cables

Lower installation cost
than land

High corrosion rate in
seawater

RS

Mooring Cables

radiation throughout the year. LBPV can be on agricultural land,
deserts, or mountain terrain. LBPV is easy to install and grid
connection is easy, but it suffers from shading, rise in temperature
and high cost of land (Kofi et al., 2024). BIPV is a more localized
and discrete method to generate electricity. The solar cell is placed
on the external surface of a building. A rooftop solar cell is a type of
BIPV where the roof of the house or building, where the sun’s
radiation is sufficient, is covered with solar cells. BIPV. Buildings
can be utilized to achieve net zero electricity utilization by installing
solar cells on roofs, balconies, external walls, shutters, awnings,
keeping the slope or without the slope as per the requirement for
optimization of output power (Bhattacharya et al., 2023). FSPV is
the integration of solar cells with the surface of water bodies.
Unequivocally, the water bodies can be of any variant, whether it
be fresh water, salt water, wastewater or even flowing water. FSPV
can be placed either on the shore or away from the shore. It has
several advantages over LBPV, but the most significant being no
involvement of land. Also, efficiency is enhanced as the tempera-
ture of FSPV remains low compared to LBPV at the same location.
Efficiency is inversely proportional to the ambient temperature
(Dwivedi et al., 2020).

This paper is an attempt to accumulate all the commercial and
laboratory technology involved in FSPV. Several researchers have
accumulated FSPV potential and its benefits vastly, based on some
significant coordinates or the type of waterbody being used in the
generation. A review on FSPV system utilization in India, where the
land is mostly habitable and has a significant role in the day-to-day
survival of huge population, has been elaborated in Sahu et al.
(2016). Onshore and offshore salt water FSPV has tremendous
scope in India, but the arrangement must be tuned as per the
environmental necessity. Crystalline-Si modules are more prone
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to degradation in high-moisture environments and extreme con-
ditions. Another group of researchers have clearly mentioned all the
trade-offs between decarbonization, scope of PV and FSPV, and
limitations of their usage for sustainable natural ecosystem
(Almeida et al.,, 2022). FSPV is preferable, despite its very low usage
to date, as it omits all negative aspects of land, such as acquisition
and high temperature. A sustainable band of trade-offs is
developed between marine, aquatic and human lives getting bene-
fited from low evaporation loss, low algae growth and increased
power generation while preserving and keeping nearby ecosystems
undisturbed. A 10% reservoir covering would increase power gen-
eration significantly and will not significantly alter the local or
global ecosystem. Another similar review in FSPV is presented with
a different perspective of Chinese researchers. It shows that FSPV is
majorly developed in Southeast Asia including South and East Asia
and Europe. China has seen a rapid boom in FSPV generation due
to factors like rapid increase in energy demand, decarbonization
and exponential development in technology (Xiong et al., 2023). A
review paper where all aspects of FSPV are considered separately by
a collaboration of researcher from UK, Australia and Germany
shows that there is an exponential rise in research publication
recently as the clean energy demand shoots. The high energy
demand demands the use of waterbodies for rapid results and latest
modular approach to deploy FSPV setup with light and highly
durable material, high-efficient semiconductor device and high
energy generation per unit area with all necessary environmental
protection devices that can enhance the productivity and reliability
of ESPV system as well as keep a sustainable natural ecosystem (Wei
etal., 2024). Besides, a researcher from Iran has published the FSPV
advantage for arid and semi-arid regions in the reduction of evap-
oration loss from freshwater bodies and the generation of electricity
with high efficiency due to natural cooling from the water beneath

Table 1. Advantages and challenges of FSPV system

the array. It includes the consideration of electrical systems along
with the more emphasized mechanical systems (Ranjbaran et al,,
2019). The interconnection of PV array must be done in a way that
most of the electrical energy can be utilized. Several already known
interconnection circuits such as series—parallel connection (SP),
cross ties (CT), honeycomb (HC) and bridge link (BL) ties. Each
circuit has different benefits for a small area PV array system, and
proper choice must be made according to the conditions involved.
A review paper of FSPV took extra care for proper grounding of the
electrical system as the waterbodies are good conductors. The
resistance of each layer of water must be calculated according to
the temperature and then the total resistance will determine the
grounding position of FSPV (Madhubabu and Rao, 2021). The
review on the productivity of FSPV and the materials used to
design a robust floating system is also discussed in detail. The
floating structure made of plastic or stainless steel can last a long
span of saltwater exposure as well as high temperature variation
(Krishnaveni et al., 2025).

The tabular representation of the advantages and challenges of
FSPV system shown in Table 1 can throw a brighter light in the
technical demonstration of the system. The literature survey to
develop the content of this paper has been done through all
renowned publishers. A categorized list of research papers on all
aspects of FSPV is shown below in Table 2. Bibliometrics study
represents the well-defined concepts with cleaner and more
arranged data, which is significant for paving a new path in any
field (Jornsanoh et al., 2023).

The purpose of this paper is to accumulate all the informa-
tion in this field and declutter to provide a better view of the
subject to a reader. It is seen that very few papers all over the
internet contain technical, economical as well as case studies
and integration potential of renewable energy sources all at one

Sl.no.  Category Advantages Limitations
1 Hybrid system and Integration with other sources: Easy connection on the Policy consideration: Waterbodies have more strict policies
policy status reservoir with hydroproject or onshore FSPV system. It as compared to land. Roof-top setups are even more
increases per unit energy generation. Hydro-solar-wind can  flexible. Waterbodies are being used by local floral as well as
thrive at the same place without interrupting the efficiency ~ faunal species and it cannot be disturbed for the
of each other. betterment of humans. Permissions are required before
covering up the waterbodies (freshwater or saline water)

2 Mechanical effect Simpler cooling and cleaning process: FSPV has natural Structural reliability: As the structure is in continuous
cooling from the water beneath. Also, periodic cleaningcan ~ motion due to waves and winds, the reliability is
be done by jet impingement using simple pump and nozzle.  compromised. Besides, the dissolved mineral in seawater

makes it worse.

3 Output power High efficiency gives high energy: Natural cooling of FSPV Birds soiling leads to shading: Open area often encounters
system increases the efficiency. This results in high energy large flock of birds on it. The site with water and a space to
generation per unit area. Temperature is directly land is very well suited for birds.
proportional to the output power of PV cell.

4 Utilities Decarbonization: Reduction in carbon content in airis very ~ Deployment challenge: Covering any waterbody with FSPV
crucial in this hour. Net zero emission has forced to reduce  system is a challenge. The components are bulky and need
burning of fossils and switch over to clean energy and FSPV  to be assembled in site. Deployment often requires large
has a vital role in it. manpower. These issues are combined with rough waves in

seawater.

5 Economics Lower installation cost: the installation of FSPV is cheaper  Anchoring challenge: Off-shore FSPV are prone to
than other PV systems because of cheap waterbody. Land continuous stress from winds and waves. Anchor points
increases the total installation cost drastically. help in keeping the system intact. It is placed generally in

the seabed, which is a challenging task.

6 Environment interaction ~ Reduction in evaporation: It helps in preserving water in High corrosion rate: The rate of corrosion is increased in

arid and semi-arid region.

humid condition.
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Table 2. Topic-wise research paper weightage of bibliometrics present in this
paper

Number of
research papers

Topics analyzed Description

Hardware analysis 14 Mechanical and electrical
parts of FSPV simulated
and experimented results.
Also, potential PV materials
that can be used

Environmental analysis 23 Impact on and from FSPV
system

Hybrid power 17 Integration of various
sources in one unit

Case studies 36 Either simulated or actual

Economic analysis 12 Cost and profitability of the

FSPV system

place and compares different advancements in the field and
provide a better understanding and optimal usage based on
the location, availability and demand. A detailed review of the
design of the FSPV system is discussed in Design overview on
hardware setup section. The materials used for the conversion of
energy, the structure to hold the panel in its place even in
adverse environmental conditions, and electrical circuitry used
in the system are attempted to assemble in one place. It is
followed by the environmental impact on the FSPV system
and the FSPV impact on the local ecosystem detailed in Envir-
onmental interaction with FSPV system section. Integration of
other energy sources with FSPV section consists of increasing
the productivity of FSPV by integrating it with different renew-
able sources and its benefits and drawbacks. The most suitable
hybrid electricity generation system will be inferred based on
data from several different sources. Further detailed case studies
from various locations throughout the world will be analyzed in
Case studies involved section for the complete study on the
behavior of the FSPV system and scope of technological

Sagar Bhushan et al.

advancements. Lastly, a discussion followed by a conclusion will
provide a clear picture of the whole analysis.

Design overview on hardware setup

The design of the FSPV system contains all the components
involved for the generation of electricity. These components can
be categorized as mechanical support, PV material, or electrical
circuit for transmission of generated power to the desired loca-
tion. First and foremost, the mechanical structure consists of a
hard protective casing of PV, a frame in which it floats, the
pivoting device by which it stays in position, interconnection of
large array of PV with each other through various mechanical
connectors and several other protective devices to increase the
reliability of the system during harsh environmental condition.
The PV material is the most significant part of any PV system
design. Conventionally, a silicon crystalline structure is used, but
all the possible materials and their pros and cons will be listed in
this section.

Electrical components play a vital role in determining the sys-
tem’s efficiency. As the irradiance of the sun varies in a wide range,
electricity generation varies quite a lot. So, it must be converted to
specific parameters to be utilized efficiently. The following is the list
of possible hardwares involved in FSPV system:

PV module

Pontoon

Anchor

Mooring cable

Electric cable

Combiner box

Inverter

Lightning arrester

Storage system/Transformer

VXN BN

Figure 2 visualizes the components of FSPV systems. A PV module
is a semiconductor material which converts light energy to electrical
energy. Pontoons are frames which load PV modules in them so
that they can float in the water. It has two main components,
namely floaters (increases buoyancy) and connectors (to join other

Figure 2. FSPV system components (AFP, 2023; Huang et al., 2023).
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arrays together). Anchor points are necessary to keep the PV system
in its place; else the winds and waves would flow them to ditch.
Generally, freshwater anchor points are located on the land near the
water body, but it can also be placed on the seabed. The cable which
joins anchor points to the FSPV system is called mooring cables. It
must have high tensile strength and long-lasting so that the reli-
ability of the system is increased. It is the most important part of the
mechanical strength of the system as it experiences continuous
stress from the waves and tides.

The electricity produced at the PV panel must then be trans-
mitted to the load location. But PV panel is a current source, and all
the loads connected to the system are voltage dependent. So proper
tuning of the generated power is required before the utilization of
the load. This demands a converter circuit which converts DC
voltage to stable AC voltage. This is done through an inverter
circuit. It is the main part of the electrical system. If all the solar
PV modules are connected directly to the inverter, it would make
the circuit clumsy and turning off the system would be complicated.
So, a combiner box is placed for each panel, which inputs from the
panel and provides the combined electricity from one wire to the
inverter. Also, devices for overcurrent protection like a fuse and
other protective devices and monitoring sensors are placed to make
the system more robust. Electric cables for the FSPV system are
always exposed to water, so it must be highly insulated. Lightning
arrester is a protective device that captures lightning arc and
grounds it properly, keeping the system safe from this surge.
Storage system is a necessity for the standalone FSPV as sun can

provide energy only during daytime so unless we store the energy,
the system cannot be considered independent.

Overview on PV materials

The conventional, non-conventional and potential materials that
are being used for PV or can be used to enhance efficiency of the
system are listed in Table 3 (Dada and Popoola, 2023).

Recent evolution in the type of material and its low cost of
installation has played a significant role in advancement. The use
of bifacial solar cells can help increase the efficiency of the c-Si cells
up to 22%. It also captures the reflected light during active hours.
Thus, productivity increases while using the same area (Avasthi
et al., 2024). The combination of conventional PV with a low-cost
thin film on the backside of the rigid panel of FSPV system can be
beneficial as the reflective property can enhance efficiency by a lot.
A similar type of work is carried out where East—West bifacial panel
is used in FSPV system and simulation results determine the
accuracy of results (Amr Osama et al., 2024).

Table 2 shows various materials that are being used as a PV cell.
Conventional cells use multi-crystalline Si cells as they are inex-
pensive and have average efficiency. But it is seen that bifacial solar
cells are by far the most advantageous as they generate more energy
from the same area. According to the author, the most promising
solar cell for FSPV system can be a bifacial PV where one side can be
fitted with conventional multi-crystalline silicon and the back side
can be fitted with perovskite layer or nano particle layer.

Table 3. Classification of different types of PV materials (inspired by Dada and Popoola, 2023)

Efficiency
(%) under
Classification Materials STP Remarks
Monocrystalline sc-Si 17-22 Survive harsh outdoor condition, high energy
Multicrystalline c-Si 7-14 Low cost
Heterojunction Si with indium and silver ~18 High short-circuit current
solar cell
Heavily doped Polysilicon-on-oxide (POLO) 14-16 Increases passivation which increases open circuit voltage
polycrystalline
Thin film CdTe 10-15 Toxic
Thin film CIGS/CIS 12-14 Recyclable, rapid degradation
Thin film Amorphous-Si 4-8 Shorter carrier lifetime, low cost
Dye sensitized Cathode, photoactive layer (Ru), electrolyte (N3), anode 9-10 Low production cost, low investment cost, low mechanical
(TiO,, SN0, Ce03, NbO3, Zn0O,, In,03 stability, dye is poisonous and volatile
Organic Organic materials 18-20 Environment friendly
Thin film Vanadium oxide >18 Rare material usage, high cost, toxic
Polymer Carbon nanotube (CNT) reinforced Natural rubber (NR) 3-10 Low cost, lightweight, biomedical application
semiconductor polymer, indium tin oxide (ITO), polyethylene terephthalate
Perovskite Hybrid organic-inorganic halide (Pb, Sn) 15-31 High open circuit voltage, low cost, simplicity of
manufacturing and efficiency (potential to exceed S-Q limit
of 33.7%)
Nano particle (NP)  Semiconductor NP with reflective coating 30 Low installation cost, durable but can cause health issues
Nano particle (NP)  Semiconductor NP without reflective coating 21 High efficiency, adverse impact on environment
Nano particle (NP)  Aluminium NP 10 Difficulty in production
Concentrated Lens to converge light in smaller area 39-40 Cooling requirements
solar cell
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Figure 3. Representation of the mooring system of FSPV (Zeng et al., 2023).

Additionally, reflective surfaces can be installed for the backside.
These materials can be used where the environmental temperature
is on the higher side, that is, equatorial region. For high-altitude
areas or polar regions, the best-suited solar cell is concentrated solar
cell using focused converged sunlight to generate electricity.

Mechanical structural support system

The structure of the FSPV system varies a lot as compared to
conventional LBPV. As land requires the structure to be properly
aligned in the sun’s direction while protecting it from strong winds.
The FSPV system is placed in water above the floating structure tied
properly to the fixed anchor points. Mooring is a trivial word used
in boats and ships, and this technique is replicated for the
ESPV system. Extra care must be taken in case of FSPV mooring
because the system is lightweight and should not flip or submerge in
water. Moreover, mooring is quite easily done in freshwater or
stagnant water, but it has proved to be the toughest challenge in
seas and oceans. Figure 3 shows the adaptive mooring system for
higher stability of the FSPV systems. The cable tied to the anchor
points must be flexible enough to withstand high tide and low tide
conditions. Mooring techniques have been studied by several
researchers in different water bodies. In small lakes and even large
lakes, wind load dominates the force exerted in the mooring system
but for the offshore sea condition, wave load dominates the wind
load. Another type of load exerted on the system is the current load.
It is seen that offshore system experiences load way more than fresh
water. The ratio of load to total capacity of the system would be
breakeven for large projects offshore (Ikhennicheu et al., 2021).
Mooring technique is determined by analyzing the load experi-
enced by the system. For low loads, wires or cables can be used, or
chains can be used otherwise.

Module size and hinge coefficient are the two parameters that
play a very vital role in determining the proper mooring technique
for any FSPV system. Smaller module size experiences high pitch
motion and the first floater dissipates most of the wave energy and
more specifically, the first hinge connector comes under most
pressure. Several accessories must be added to nullify the wave
motion response in FSPV system (Zheng et al., 2024). The module
size impacts wave motion and can be devastating when pitch
motion is at resonant frequency. The adaptive barrier mooring
system is described as a method to withstand loads. This method
uses flexible anchor points due to additional weights in the mooring
cable which is placed at the front end of the floater. This technique

Clump

will adjust mooring cable to retain the tight position at low tide and
high tide and generate additional energy from wave energy con-
verters (Zeng et al.,, 2023). Conventionally, pontoons are directly
fixed to the anchor points by cables. This mooring technique
provides rigidity but as the water level rises and falls, the cable
experiences a lot of pressure. To design a more robust system, a
pivot-less tracking-type mooring system is proposed in (Jee et al.,
2022). The pontoon is connected to the mooring floater, which is
anchored to the fixed point under the waterbed through a buoy
material to provide the necessary stretch to the cable. For increasing
the stability of the floater, a sinker is attached to it. This restricts the
movement of the system to confined area, hence increasing
productivity.

The best suited material for floaters is high-density polyethyl-
ene (HDPE) as it is low cost and can be easily manufactured.
Moreover, due to excessive exposure to UV radiation, aging does
not have a devastating effect on the material. The strength is
reduced by a third after 1000 h of accelerated UV radiation
(Sahu and Sudhakar, 2019). Medium-density polyethylene
(MDPE) with HDPE can also be used as an alternative to HDPE
as it provides similar strength at a lower cost. Figure 4 compares
HDPE with HDPE and MDPE cost for the floating body of the
system. Another important component of the FSPV system is the
breakwater. When the FSPV system is installed offshore or
onshore location in the sea, the wave motion is predominant

B Only HDPE Costs 0O MDPE & HDPE Costs
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Figure 4. Economic effect of medium-density polyethylene in place of HDPE (Debnath
et al., 2025).
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and can severely affect the system. For making a system motion
proof, a breakwater is installed in the front portion of the system
where the wave is hit first for the onshore condition and all around
the circumference for the offshore FSPV system. This breakwater
collides with the incoming waves resulting in the loss of kinetic
energy in its direction. Several studies are done to simulate the
result of the wave motion for better understanding of the necessity
of breakwater. Breakwater can be beneficial for short waves, but it
can be ineffective for long waves (Zou et al., 2024).

Electrical components

The electrical components are used to deliver power to the load at
maximum efficiency. Cables are a very crucial part of the electrical
part of the FSPV. Typically, rubber-insulated cables cannot be used
in FSPV system as it will be submerged deep in the saltwater well at
low temperatures, which reduces its insulation capacity and can
rupture them. So, cross-linked polyethylene can provide higher
durability under saltwater conditions (Rebelo et al., 2021). The
cable from each module will be attached to the combiner box along
with fuses to protect it from current faults. Then all the cables are
bundled and then single cable with high insulation, particularly
polyethylene, and connected to the central inverter. The control
system of the FSPV automatically selects the requirement of gen-
erated power in the grid or for battery storage. For an intelligent
control system design, a fuzzy logic controller is also used which
allocates 35% extra energy for critical loads. This makes the FSPV
system more independent (Mahmud et al,, 2021). The offshore
ESPV system has modules located far away from the land. So, there
are just a series parallel connection of the module in the site. From
the combiner box, the cables are stretched to the shore and all the
electrical components like inverter, storage system and grid con-
nection are placed on the land. DC power is generated in solar cell
which are converted to another DC level required for the smooth
conversion of inverters. Also, another DC-DC conversion is
required for the maximum power point tracking (MPPT) system
(Hui et al., 2017). The MPPT system is the controlling technique to

Grid

Figure 5. Electrical components and its circuit.

detect the parameters for generating maximum power from each
module.

To achieve high reliability, the power system must have a strong
monitoring system which can detect faults in a minimum time and
comply with it. Internet of things (IoT) based supervisory control
and data acquisition (SCADA) system is mentioned in (Abiagador
et al., 2024). The monitoring system gathers every parameter from
the solar panel, like voltage, temperature, roll, wind speed and wind
direction. With the help of these monitoring systems, information
is gathered which helps in the design of robust and reliable systems.
The efficiency of FSPV can also be enhanced with the use of a
tracking system which tracks the position of the sun and aligns the
panel perpendicular to it. This can be achieved in the same way as it
is done for LBPV or any PV. The one-axis and two-axis tracking
system was analyzed in India and compared with the generation of
fixed axis panel. It was found that one axis tracking generates 17.7%
more power, and two axis tracking generates 26.5% more power
than fixed tilt FSPV (Gurfude and Kulkarni, 2019). The lightning
protection system is an important protective device as waterbodies
are more prone to lightning discharge, especially salt water. Light-
ning arrester will keep the lightning surge away from destroying the
system.

Figure 5 shows the electrical components of PV system. It
consists of PV array, combiner box, controller, inverter and storage
system. These components are described as follows:

o PV array: It is the series and parallel combination of PV
modules to achieve a desired output voltage. Array is a com-
bination of several modules and modules are the combination
of several PV cells.

« Combiner box and controller: There are two combiner boxes in
PV systems, namely DC combiner box and AC combiner box.
The output of PV array is fed to DC combiner box. It gives the
regulated DC output with the help of controller attached with
it. It helps in getting maximum power that can be attained with
the array. DC combiner box feeds power to DC bus, where all
the DC storage systems and DC loads can be connected. AC
combiner box is used to handle AC power from the inverter.

DC Combiner box
DC Bus

' DC Load '
(DC Storage '

-

Inverter

AC Combiner box
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Combiner boxes are used to combine power from different
inputs and delivers a regulated output with maximum power.

o Inverter: It is a DC/AC converter which uses power electronic
switches to get a single-phase or three-phase power supply. It is
used to integrate PV power with the grid and feed power to AC
loads.

« Storage system: It includes battery (Lead acid, Ni-Cd, Li-ion) to
store DC power for future use. Generally, on-grid connected
systems does not require additional storage system. But it is
very helpful for local use.

Environmental interaction with FSPV system

For making the system sustainable, it should have the least impact
on external surroundings, and it should be negligibly impacted
from the surroundings. Here we will investigate both types with
an analytical mindset backed by known research in the field.

Impact of environmental stress on FSPV system

“Environmental stress” refers to the act of environment which has
impact on one or more parameters responsible for the generation of
power in FSPV system. It includes wave motion, wind motion,
hurricanes, thunderstorms, salinity of seawater and biofouling.
Wave motion and wind motion is a continuous phenomenon
which affect the efficiency of the system tremendously. Hurricanes
and thunderstorms are occasional events and can impact adversely
to the system. These stresses can even destroy the whole system.
Salinity of water leads to corrosion in the metallic frame of the
system and biofouling is birds dropping and algae growth, which
requires intensive cleaning for normal functioning of FSPV sys-
tems. The ocean has a large area to accumulate FSPV system and
generate huge amount of electricity which is never possible by
exclusively using land resources. But oceans and seas are continu-
ously disturbed by waves. So, a robust FSPV system must be
designed if it can tackle the harshness of sea waves. There is a
continuous deviation in tilt angle of the panel due to wave motion,
which can drastically reduce efficiency. To gather information
about the effect of waves in the FSPV system, a wave generator
and solar simulator were set up with pre-defined parameters. It is
observed that even a slight pitch motion of the amplitude of 6.7° can
create a loss of 12.7% (Huang et al., 2024). The importance of tilt
angle and ground coverage ratio (GCR) is mentioned in (Meeker
et al,, 2023). When tilt angle undergoes regular change, it reduces
efficiency by a large amount. There are several mechanisms to
reduce the tilt angle due to wave motion. The use of backwater
can reduce the wave motion, but it is very difficult to nullify the
effect. The solar panel of FSPV system is continuously degrading
and the maintenance is not an easy task for offshore or even
onshore condition and if the system degrades in short span, then
replacement will make the system expensive and highly unreliable.
A test is conducted where the degradation of the system is analyzed
and comparative analysis between FSPV and LBPV is shown. It was
found that FSPV degrades 1.18% per year while LBPV degrades
1.07% per year (Goswami and Sadhu, 2021).

Simulation tools available for studying the effect of different
environmental conditions on FSPV does not produce correct
results as several parameters does not match the original condi-
tions, so the simulating tools of six different software are tested and
PVSol and SolarGIS was found most accurate for FSPV system
(Makhija et al., 2024). Researchers can proceed with the simulation
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on FSPV on the above-mentioned software as their root mean
square error was found to be minimum, that is, 2.13 to 5.20. A data
collection from the researchers concluded that there is a nonlinear
dependency of factors like wind, temperature, conductivity, and
water depth on the efficiency of FSPV system (Peng et al., 2024).
The wind loads can put the whole system at risk of getting damaged.
For every particular location and the size of FSPV, a study of the
maximum bearing capacity must be done. A paper presented the
data of the effect of wind and waves incident at different angles and
their impact on the system (Choi et al., 2023). Also, the simulation
model of FSPV when loaded with different wind conditions is also
presented (Mignone et al., 2021). For extreme condition of wind
under hurricane can severely impact the system. The turbulence
intensity of 0.1-0.3 with wind speed ranging from 35 to 75 m/s, it
was found that first row of the FSPV system has the highest lift and
drag coefficients. As it proceeds further, it gets diminished due to
the sheltering effect (Choi et al., 2021).

Large waterbodies are also affected by tides up to 15-20 km from
the shore. So proper care must be taken if the placement of the
FSPV system is in the tide-influenced area. Similar study is per-
formed in numerical and experimental simulation to analyze the
turbulence in platform, mooring system for 2.5-5 m depth. The
result indicated that under normal sea conditions the lift force may
resonate in high frequency waves but in extreme conditions, wind
will cause larger drift and may damage the system (Yang and Yu,
2021). The structure of FSPV must have an accurate motion
response to make the system stable. During regular low waves,
the tilt angle can oscillate between certain values. During waves,
the hinge connection also makes the movement more complicated.
For the experimental analysis, a 2 x 2 matrix panel is taken with
uniaxial hinges. Then the motion and stresses are captured, and a
simulated model is also composed of similar waves. Result showed
that the computational fluid dynamics (CFD) model and experi-
mental determination are almost identical (Lee et al., 2022). The
effect of wave motion has also been studied with numerical com-
putation using fluid structure interaction (FSI) and the result is
validated with the experimental data which is measured by ultra-
sonic radiation to quantify wave parameters and compute the drift
in the FSPV setup (Sree et al., 2022). Wave motion in large lakes and
seas also helps in regulating the temperature of the surface of the
water. A simulation is carried out using CFD with finite volume
approach to determine the effect on the FSPV system during
co-current and counter currents. The simulation showed a
co-current flow of water at 1.1 m/s causing a temperature drop of
0.68 °C (Ramanan et al., 2024).

Marine ecosystems are different from freshwater ecosystems.
The primary reason being hinge connector reliability. The marine
ecosystem is in a harsh climatic condition, so a more robust system
must be designed. The standards are still not defined for marine
ecosystems, which restricts its commercial setup of large projects
(Oliveira-Pinto and Stokkermans, 2020). A researcher has surveyed
40 years of data on marine environments of the whole world. The
survey comprises wind data as well as wave data. The result showed
that the equatorial region is calmer than other regions. Indonesia
and Southeast Asian Oceans and seas can be the most reliable
location to setup huge power plants (Silalahi and Blakers, 2023).
Another location consideration requires high solar irradiance, dis-
tance from the transmission lines and away from the protected or
highly habitable area in the sea. Although no standardized regula-
tion is developed for FSPV location but economically it must be
cheap, the system must be reliable even in adverse conditions and
most importantly, it should not affect aquatic lives (Forester et al.,
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2025). The more localized optimum location search found that
water bodies located at high altitude in Switzerland can be highly
significant as FSPV system can work in high efficiency (Eyring and
Kittner, 2022). For Indian subcontinent, with the help of the Fuzzy
technique, the optimum location is found to be five largest reser-
voirs. The most promising site could be Bhakra Nangal Dam
(Ghose et al., 2021). Also, FSPV systems suffer from biofouling
and organic materials get attached to the structure. Birds also take
shelter when FSPV is placed in freshwater.

Impact on environment due to the FSPV system

FSPV systems contribute a lot to reducing carbon emissions in the
atmosphere. Figure 6 compares with a line graph a total saving of
tons of carbon emissions throughout the course of lifespan of FSPV,
LBPV, hydro and hybrid FSPV-hydro systems. A few researchers
presented the paper on detailed analysis of every aspect of FSPV
and laid emphasis on algae growth and dissolved oxygen of the
water bodies. When water bodies get covered with the FSPV system,
it blocks sunlight, waves and current motion. This affects the
growth of algae, which plays a very vital role in thriving lives in
the ocean. Algae production rate decreases exponentially as the
percentage of cover of the surface increases. Dissolved oxygen
content also gets reduced when the surface does not receive proper
sunlight (Kumar et al., 2021). So, a regulation must be made to
restrict the area coverage of waterbodies with FSPV. The effect on
coral reefs and seagrass should not be ignored while deploying the
ESPV system near it. Also, societal considerations must be made as
there could be a local population relying on fishing (Hooper et al.,
2020). Figure 7 shows the change in chlorophyll-a concentration of
the lake with the change in percent coverage of the lake.

The water quality monitoring must also be considered beneath
the FSPV system. So, a few researchers monitored the parameters of
water in two locations. One sensor is placed beneath the FSPV, and
the other is placed on open water. It was seen that the water under
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Figure 6. Carbon savings of FSPV, LBPV, hydel and hybrid hydro FSPV power plant
(Singh et al., 2022).

the FSPV system has low temperature variation and remains cool.
So, this can be used to develop Biodiversity Park (de Lima et al.,
2021). Oftshore FSPV in North Sea in three different coordinates
representing shallow water, deeper water and seasonal location. It
was found that if 20% of the surface is covered with FSPV, then
there is less than 10% change, but as it increases there is a steep
decrease in primary production. Also, phytoplankton are supposed
to stay beneath the structure of FSPV for a very small time when the
floating platform is distributed unevenly (Karpouzoglou et al.,
2020). Another study is done considering the effect of phytoplank-
ton on the reservoir located in the UK. Simulation results show that
temperature change of water bodies has major impact on the
phytoplankton and biomass present in the reservoir (Exley et al,,
2022). Temperature distribution is also studied in China where the
effect of installing FSPV can have impact on land surface tempera-
ture. It shows that there is a warming effect of the FSPV system in a
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Figure 7. Chlorophyll-a concentration (lake-averaged) and hydropower revenues for different FSPV scenarios.
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nearby location under 200 m. Also, the average annual temperature
increases due to the installation of FSPV (Yingjie et al., 2022).

Integration of other energy sources with FSPV

The FSPV system has a lot of advantages and can contribute
uniquely to net zero emission and decarbonization. Although it
has very low conversion efficiency, the huge area can mitigate the
issues. To make the FSPV maintenance more effective and
increase the energy generation per unit area, it is generally
combined with different renewable sources. Figure 8 shows the
hybrid model of power generation through FSPV, wind and
hydro and their integration. Figure 9 shows the single-line dia-
gram of hybrid model with PV system, wind and hydro + pumped
storage and their integration with grid. Moreover, FSPV can
generate electricity only during active sun hours. So, it must have
a storage system to make the FSPV system independent. The
battery storage system can be useful till certain upper threshold
above which its installation and maintenance cost becomes too
high. Then the natural method of storing energy as potential
energy can be used. The water is pumped to higher altitude where
it is stored and when there is a need for electricity, the water is
used to run a turbine and generate instant electricity (Liu et al.,
2019; Shyam and Kanakasabapathy, 2022). Other energy sources
that can be integrated with FSPV system are wind energy (Lépez
et al., 2020; Bi and Law, 2023; Chen et al., 2024), hydro energy
(Farfan and Breyer, 2018; Giri et al., 2018; Lee et al., 2020; Miah
et al., 2021; Singh et al,, 2022), wave energy generator (WEG)
(Tay, 2024), FSPV/PT source (Skumanich et al., 2020; Aweid
et al., 2022), FSPV power to gas (Heri Dwi Sulistyo et al., 2023).
Power to gas technique means that the power generated by FSPV
is used to convert water to hydrogen gas and this hydrogen gas,
being a clean fuel, can be used anytime to generate electricity. The
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most suitable and sustainable integration of energy sources is
FSPV with hydro plants and pumped storage setup (Nasir et al.,
2023).

Several review papers are presented by researchers showing
the importance and benefits of integrating two or more sources of
power to generate sustainable renewable resources. Solar and
hydro were concluded to be the best suited hybrid source by
(Solomin et al., 2021). Another review paper is presented by the
researcher where author inferred that renewable energy has a vast
scope and particularly FSPV can be used extensively as it is
evident that there must be a large freshwater lake where there is
high population density. For efficient generation, FSPV must be
used in hybrid mode with other renewable sources. But mean-
while, conventional sources should be kept in use unless renew-
able sources become independent (Cazzaniga and Rosa-Clot,
2020).

Table 4 consists of different hybrid models of power plants that
are being used in different locations of the earth. Hydro power
plants generally use huge reservoirs, and these locations can be
favorable to install an FSPV system to produce enhanced cumula-
tive energy. Besides, if the two reservoirs are located at higher and
lower altitudes, then the hydro plant can be integrated with pumped
storage. The pumped storage plant can be used to store the excess
power generated by solar power during daytime in the form of
potential energy of the water stored at high altitude and generate
electricity when required.

For offshore locations, more research progress is required in
integration with WEG and wind energy. WEG can be beneficial in
efficiency enhancement and stability of the system. In arid regions,
PV/PT can be effectively used with several side benefits. The best
suited hybrid model depends totally on geographic location and the
power consumption of the locality. Hybrid FSPV—-wind-pumped
storage hydro plant has a high generation per unit area with high
storage capacity. Offshore FSPV-wind-gas hybrid is better suited
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Figure 8. A hybrid model including PV, wind, hydro with pumped storage, battery storage and hydrogen fuel storage.
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Table 4. Different integrated FSPV system

11

Hydro
+

Pumped
Storage

# AC Loads

Integrated FSPV

system Benefits Limitations Reference(s)
FSPV + pumped 1. High benefit-to-cost ratio 1. Hydro plant and pumped storage setup Pakistan (Nasir et al., 2023)
storage + 2. Continuous availability must be present
hydropower 3. Large storage capacity 2. Water storage system causes risk to local
4. Minimized evaporation habitat
5. Installation in preconstructed dam and 3. Aquatic life gets disturbed by solar as well
pumped storage as hydro
FSPV + wave 1. Added with a breakwater which prevent 1. Canonly be installed in large water bod-  Tay, 2024
energy damages to the system by wave motion ies typically offshore FSPV system where
generator 2. WEG takes negligible additional space wave motion dominates
(WEG) 3. It can extract energy from waves under head
sea or oblique sea
FSPV + pumped 1.  Continuous availability 1. Requires a mountain area as large stor- India (Miah et al., 2021)
storage 2. Large storage capacity age is not feasible with manmade struc- China (Lee et al., 2020)
tures
FSPV + wind 1. Itis used where wind motion is dominant, 1. Both the sources complement each Lopez et al., 2020; Bi and Law, 2023;
that is, lakes, so wind is utilized rather than other, so during availability of the one Chen et al., 2024
damaging the FSPV system there will be downfall of other
2. Reduced power fluctuation as elevation 2. Additional storage system or grid con-
angle increases nection is required
3. Ineffective to platform movement
FSPV + hydro 1.  Pre-constructed sites can be used 1.  Aquatic lives will be affected if mostwater ~ Farfan and Breyer, 2018; Giri et al.,
2.  Evaporation loss can be minimized surfaces are covered. 2018; Lee et al., 2020; Miah et al.,
2. Localized fishing will be affected. 2021; Singh et al., 2022
FSPV + photo 1. Low cost of installation 4.  Glass cover reduces the efficiency of PV Skumanich et al., 2020; Aweid et al.,
thermal 2. Low maintenance PT system 2022
3. High efficiency
FSPV + gas 1. Readily available energy in form of hydrogen 2. Storage system of gas is risky Heri Dwi Sulistyo et al., 2023

gas

for the generation of power. Hydrogen storage tanks can be safely
stored in the sea away from human interference and either gas can
be supplied to the location of generation in land or electricity can be
generated offshore using turbine and can be transmitted to the load

inland.

Case studies involved
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problems that are being faced. The main intent is to optimize the
power generation per unit area so that minimum installation cost
can yield high output. Other benefits of FSPV must also be taken
into consideration while selecting a location for installing FSPV.
Mediterranean Sea, Red Sea, South China Sea, Bay of Bengal,
Gulf of Thailand, Sea of Japan, Gulf of Mexico, Gulf of California
can be some of the promising locations for offshore FSPV
installation.

Table 5 contains case studies of several projects from different
locations around the world. Different locations have different
requirements and different environments. Clearly, in Southeast
Asia, there are surplus offshore locations to install FSPV systems
without disturbing the natural environment. China, India, Vietnam
and Japan have already achieved heights working with FSPV sys-
tem. In India, almost half of total energy of 452.67 GW energy is
generated from renewable energy sources. India has vast coastal line
and onshore and offshore integrated FSPV system can be deployed
in large scale to meet all its demand from it. Additionally, high
altitude hydro projects can contribute significantly to renewable
generation by integrating it with FSPV System with concentrated
solar cell. Several other sites like oil platforms and wastewater
storage systems have all the setup already installed and can be
economical sites for FSPV generation.

Economics of FSPV system

A system can be sustainable only if it is economically feasible. There
are several parameters to determine the economic sustainability of
the system. It includes break-even period, profitability, levelized
cost of electricity (LCOE), capital expenditure (CapEx), operational
expenditure (OpEx) and economic competitiveness. Terminologies
related to economy are discussed as follows (Snehith and Kulkarni,
2021a):

Break-even period — It is the time required to earn back the
installation cost of infrastructure of FSPV system with minimum
periodic investment in maintenance. It varies between 4 and 6 years.
It depends on the scale of the system, availability of cheap workers
and the life of the components of the system.

Profitability — The ability to earn from the system after a break-
even period. Besides, profitability also depends on the efficiency of
the system. The total life span of the FSPV system is approximately
25 years. So, after a considerable break-even period and annual
service and maintenance charges, the system should be efficient
enough to generate marginable profits.

Levelized cost of electricity (LCOE) — The total energy generated
by the system over a lifetime per unit of average cost of the system in
that lifetime is called LCOE.

Capital expenditure (CapEx) — It is the total amount invested in
the installation of the FSPV system. It depends on the scale of the
system. Generally, the load demand and budget determine the
CapEx of the system.

Operational expenditure (OpEx) — It is the amount that is
invested periodically into the system for its maintenance and
servicing so that the efficiency of the system can be maintained.
The period of OpEx can be one day, one month or one year.

Economic competitiveness — it is the comparative study of
recent technological developments for increasing the productivity
of any system and optimizing its efficiency to make it more feasible
for growth.

Return on investment (ROI) — It is the ratio of total profit in each
period to total investment in the system. Payback period — It is the
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capital cost of the system to an income in a fixed period. It can also
be understood as the time to reach the break-even point.

Net present value (NPV) — It is the difference between the
income and expenditure of a system discounted from the invested
value. Figure 10 shows the comparison of NPV for FSPV, LBPV,
hydro and hybrid hydro systems for 10 MWp taking 8 h of sunlight
daily for an underestimate of 5 months annually (Singh et al., 2022).
Figure 11 shows (a) change in NPV with an increase in DC loss
(b) change in annual energy production with change in DCloss and
annual DC loss and (c) effect of land cost in NPV and payback
period.

There are several direct factors which makes FSPV system more
economically feasible than any of its counterparts like LBPV, BIPV
or CPV as mentioned in the following points:

o The FSPV system is the most viable PV option where the land
price is high. Densely populated areas require high electricity as
well as more land. This causes spike in land prices and locating
generating units away from the location, which in turn
increases the maintenance cost and overall cost of electricity
supply. FSPV uses the surface of waterbodies located near the
population, making it the cheapest alternative for power gen-
eration. PV installations in tropical regions like Indonesia has
low LCOE, so FSPV system is a viable generating unit in the
area, while temperate regions have high LCOE making it viable
only after proper subsidy (Snehith and Kulkarni, 2021a; Sne-
hith and Kulkarni, 2021b; Ulum et al., 2024).

o FSPV systems have additional benefits of natural cooling and
reducing evaporation of freshwater contained in the pond or
reservoirs. Natural cooling can help increase the efficiency of
the system and make it a more reliable option than LBPV. Also,
freshwater reservoirs are very important for sustaining lives in
arid areas. Irrigation and consumption of freshwater by the
local public can be enhanced by reduction in evaporation of
water due to FSPV systems (Sukarso and Kim, 2020).

o CapEx depends mainly on the size and location of the FSPV
system. Offshore and large-scale projects are expensive due to
large infrastructure and environmental challenges. Small-scale
has low CapEx and more viable options than large projects.
OpEx of offshore systems is higher than lakes and ponds FSPV
systems (Micheli, 2021; Srinivasan et al., 2024).

o Profitability and return on investment (ROI) — Small-scale
ESPV systems have shorter payback periods than large-scale
FSPV systems due to low installation costs. Hybrid projects
(FSPV + Hydro/Pumped Storage shows higher ROI than iso-
lated FSPV systems. ROI depends on efficiency and FSPV
shows higher efficiency than LBPV throughout the year with
a margin of ~2%. Figure 12 shows a distinct comparison
between LBPV and FSPV efficiency (Kofi et al., 2024).

Table 6 segregates different case studies of different locations based
on economic terminology. The key points and basic dataset of the
references used are compared for optimal solutions.

Discussion and future aspects

The above survey shows that the offshore FSPV system has been
found very beneficial in Southeast Asia and has huge potential to
meet the energy crisis in the area. Also, it helps decarbonize the
environment. China has been extensively using the technology to
meet their demands. India has also set up several projects and has
huge future scope in this field due to its large lakes, rivers and gulfs
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Table 5. Case studies of the FSPV project or proposed project simulated by data collection
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Reference

Location and type
of water body

Highlights

Remarks

Goswami and Sadhu

(2021)

India, wastewater

15 MW FSPV will provide 26465.7 MWh/year with
levelized cost of electricity (LCOE) of $ 0.047/kWh

Saves 7884000000 liters of water, CO, emission saving
of 518943.4 tons

Rosenlieb et al. (2024)

US reservoirs

A total of 1042 GWy. power is estimated if FSPV is
installed in every federally owned reservoir

It can fulfill US half energy demands, help in
decarbonization

Taboada et al. (2017)

Northern Chile

Solar heaters generate 420 kWh/m? and FSPV
integrated system generates 68 W,/m?

Help in reducing evaporation loss for arid region

Delbeke et al. (2023)

Belgian North Sea

Offshore Wind and FSPV 3020 MW , FSPV and 2262 MW
wind

Help in increasing renewable energy by 47%

Kofi et al. (2024)

Bui Generating
Station, Ghana

Comparison between FSPV and LBPV

Tespy = 42.75, Tygpy = 54.16
Capacity Factorgspy = 18.94%
Capacity Factor gpy = 16.93%
PRespy = 91.66

PR, gpy = 90.22

Nrspy = 18.51%

Niepy = 16.72%

Kim et al. (2019) Korea 3401 reservoirs scrutiny for optimal reservoirs using 1294450 tons of CO,
open APl and 2932 GWh energy production
Nguyen et al. (2023) Binh Thuan 47.5 MW connected to national utility grid of 110 kv Standard in Vietnam- electricity price of 14.5 US cent/

Province, Vietham

electricity selling price 9.35 US cent/kWh,
IRR = 11.14%, NPV = 220.3 billion VND, B/C = 1211 > 1,
payback period is 14.4 years.

kWh, IRR = 17.2%, NPV = 664.3 billion VND,
B/C = 1.55 > 1, payback period is 9.3 years

Sukarso and Kim (2020)

West Java,
Indonesia

Comparison between FSPV and LBPV

8 °C cooler in FSPV, ngspy is 0.61% higher
3.37 cents/kWh lower LCOE
6.08% higher internal rate of return

Magkouris et al. (2023)

Greek Sea Region,
salt water

100 kW, Effect of wind on FSPV showed significant
variation in generated energy

The concept can be extended to marine ecosystem

Youhyun (2022)

South Korea, salt
water

Onshore solar PV has been saturated in Korea, so
government must focus on offshore FSPV

SWOT-AHP technique to determine optimum location
and less environmental damage, conflict with
residents must be taken more care of. Also, local
resident conflict and government support has priority
over other criteria.

Rudolph et al. (2025) Indonesia 145 MW Cirata FSPV, interview with local, regional, Tensions escalating due to FSPV in Indonesia
citizen, developer and fishing organization

Vlaswinkel et al. (2023) North Sea « 50 kW, monitoring methods for 400 m? Birds on FSPV were never observed before in any
« Birds on top of FSPV and biogeochemistry location. Further offshore (>12 km) is required to
« Co-location with wind energy avoid birds

Srinivasan et al. (2024) Abu Dhabi Battery stored FSPV in oil platforms, PVsyst design LCOE =261 USD/MWh
tools simulate the result Payback period = 9.5 years

CO, emission reduction = 731 tons

Paramel et al. (2024) Pakistan 1 MW islanded and non islanded FSPV at Mangla For water purification industry
hydro reservoir

lkram et al. (2023) Bangladesh Solar PV and wind energy Energy management system and Grey Wolf

optimization technique is used to optimize renewable
energy use

Pasalic¢ et al. (2018)

Jablanica Lake,
Bosnia
Herzegovina

180 MW around 13 Km? at only 3% area a 30 MW FSPV
can be installed

Six generators are already installed and one
additional one will be installed in a suitable location.
Ten plants are connected represent 30 MW

Odetoye et al. (2022) Nigeria It still uses stand-alone nano grid system Better FSPV on dams, lakes, rivers are proposed

Fernandez and li (2023) Malaysia Aims to enhance productivity by installing FSPV for 1794 kW, in the area 9041.61 m? PR = 83.3% and
buildings annual energy = 2644840 kWh

Baptista and Vargas Portugal Achieved 53% energy through renewables Demerits are high initial cost

(2020)

Merits are evaporation loss reduction, no land
requirements, 15 years payback time

Song et al. (2018)

Taoyuan pond,
Taiwan

17 Large ponds are planned to install FSPV, under
30% water surface should be covered

Cultural heritage and environment of Taiwan should
be preserved at any cost

Umoh et al. (2024)

South Africa

Installing floating offshore wind energy

142.61 GW of power from floating wind alone with
only 2% area

Downloaded from https://www.cambridge.org/core. 09 Dec 2025 at 10:24:31, subject to the Cambridge Core terms of use.

(Continued)


https://www.cambridge.org/core

14

Table 5. (Continued)
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Reference

Location and type
of water body

Highlights

Remarks

Silva et al. (2023) Brazil Can generate 57384 GWh/year using FSPV With just 1% coverage. It shows five times more
generation than previous studies
Ferrer-Gisbert et al. Spain With 7% area of 4700 m? total, it can generate Self-consumption is a promising option
(2013) promising energy
Bai et al. (2024) China 705.2 GW to 862.6 GW with 1164.9TWh/year 5.8 km® evaporation reduction of water and
7117.3 km? of land is saved
Mamatha and Kulkarni India 117 reservoirs can be used. 1566 TWh of additional With less than 4% use of area of hydroelectric power it
(2022) generation can double its productivity
Satria et al. (2024) Indonesia 192 MW, in Cirata Government target of 23% renewable by 2025
Nainggolan et al. (2024) Lake Toba, 3091 water resources with 1145 km? of area and Plant uses 988080 PV modules, 48 inverters
Indonesia irradiance of 1757.1 kWh/m?/year It can reduce 18.68 ktons of CO,
583 MW,
Verma et al. (2022) Minicoy India FSPV installation of 831.85 kW, PR = 74.15% Solar fraction value = 97.60% using battery storage
CdTe panels are used, fixed tilt angle of 9% It reduces 6520 tons of CO, and saves 0.8065 ha of
land
Mendoza et al. (2021) Jabonga, 3 kW system using 100 W PV panel LBPV generates 37.717 W
Philippines 43.844 W average power is produced
Dixit and Badhoutiya India 400 rivers. India has 60 GW generation through solar ~ Huge scope of deploying FSPV in suitable location
(2022) against 402 GW of total production
Suvo et al. (2024) Hatirjheel, FSPV plant of 2.9 MW with annual energy output of Floating structures, wiring systems, anchoring, and
Bangladesh 25.19 GWh only 10% of the waterbody 1.22 x 105 m? mooring systems, shadow distances and inter row
distance to maximize efficiency
Mamatha and Kulkarni Andhra, India Proposed 5SMWp FSPV plant at Srisailam reservoir in FSPV generate 4.8% more energy with 5.45% less
(2021) A.P., India carbon emission and 111.09 million liters of water loss
in evaporation
Ahmad et al. (2022) Kaptai Dam, Locating solar photovoltaic systems in the catchment  Financial parameters and overall cost for 25 years
Bangladesh area of Kaptai Dam
Rosa-Clot et al. (2017) Australia FSPV plant for wastewater treatment Production of energy and reduction of evaporation

loss
15,000 and 25,000 cubic meters of water saved for
each MWp

Martinez and Iglesias Mediterranean

LCOE in different parts of Mediterranean sea

Lowest LCOEs is in nearshore areas of Libya and

(2024) Egypt. The Iberian Peninsula LCOE values 340-380 €/
MWh, and Italy, in the range of 380-400 €/MWh. In the
Aegean Sea there is high spatial variability, with LCOE
values ranging from 320 €/MWh to 500 €/MWh.

Bala (2021) Vizag, India 1 MW FSPV and 1 MW LBPV comparison Electricity generation is 1.5-3% higher than FSPV. It

could save 42 million liters of water. Cost of FSPVis 4.1
INR/kWh which is slightly higher than LBPV

near heavily populated areas. Also, for arid region freshwater
collection is of high significance. Setting up the FSPV system helps
reduce the evaporation losses in the region. The integration of FSPV
with hydro power plants fitted with pumped storage can prove
effective as the energy generated by solar cells can be used to store
water at higher altitudes and pump it whenever required. This can
store energy in huge quantities in several MW ranges. Any battery
storage system for the storage of these power sources would other-
wise require high capital and suffer high losses as well. The impact
of FSPV on global climatic conditions must be monitored. All the
freshwater and onshore covering with FSPV may lead to imbalance
precipitation and drought conditions. Precautions must be taken to
trade between the adverse impact and benefit of FSPV.

Aquatic lives play a very crucial role in regulating the habitable
environment around the globe. The role of phytoplankton cannot
be ignored. So, the placement of solar panel on waterbodies has a lot

of advantages but the balance must be maintained with the envir-
onment for sustainable development. Chlorophyll-a decreases in
lakes when FSPV system is placed on it which can interfere nega-
tively with natural habitat, and it must be avoided at any cost.
Further, offshore FSPV systems suffer from corrosive environ-
ments and large wave and wind motion. So, the structure should
be light but with high tensile strength and it should have high
buoyant force.

The pontoon material can be a mixture of HDPE and MDPE to
reduce the overall cost of the system. MDPE is just as effective as
HDPE. The mooring system should be flexible so that it can adapt
to the continuously changing environmental conditions while
keeping the pontoon steady. The adaptive mooring technique with
a set of buoys and a clump can increase stability with a high margin.
Bifacial PV panel over pontoon with reflective surface can increase
the per unit area energy generation by FSPV, and the increase in
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Figure 10. Comparison of NPV for FSPV, LBPV, hydro and hybrid hydro for 10 MWp plant (Singh et al., 2022).
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Figure 11. (a) Effect of increasing DC loss (%) on net present value and payback period. (b) Effect of DC loss (%) on annual DC energy production and annual change in annual DC
loss. (c) Land cost versus NPV and payback period.

cost is marginally acceptable. Tilt angle must be given to the PV temperature and makes it unfit for the equatorial regions. Polar
panel as per the latitude of the location. Electrical components like  regions are best for using CPV systems.

combiner and inverters must be located as close to the FSPV system Future aspects of FSPV involves the following key points:

as possible. The cables must have high insulation capacity, and AC

should be preferred for transmitting power. Monocrystalline Sicells ~ « Research in the field of PV materials for high efficiency and

must be preferred over others, but perovskite and nanoparticles economic generation. Perovskites and nanoparticle solar PV have
could be a better option in the near future. CPV systems show high the potential to replace conventional silicon PV. Currently, mono
efficiency but per area demonstrates almost the same behavior but crystalline produces ~22% efficient conversion, but it is expensive.
with increased complexity of optical lenses. Also, it increases the Perovskite materials are both cheap and highly efficient. Also,
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Figure 12. Comparison between FSPV and LBPV efficiency (Kofi et al., 2024).
NP are thin, flexible, easy to install and less expensive, butitisnot ~ Conclusion

being used commercially yet. Advancement in technology can
easily surpass the upper limit of energy production through
solar PV.

o To overcome harsh offshore conditions, more study of struc-
tural improvement is necessary. New technologies for tackling
wind load and wave load separately are highly significant.
Development of a structure that offers high buoyant force
and stability is required in the field.

« HDPE or MDPE materials may not be sufficient in offshore
conditions, so a material with high structural integrity must be
developed. Some materials like carbon fiber or fiberglass can be
used. Also, the design of the frame can make the system highly
stable and resistant to large waves and wind motion. The
addition of protective structures like breakwater and damper
with new designs can be beneficial for FSPV systems.

o Choosing the FSPV sites near to high population area and
integrating in pre-developed sites for other purposes like hydro
generation, canal, wastewater treatment or oil platforms. Sev-
eral optimization techniques are used which involve lots of
parameters like average wind speed, tidal variation, disturbance
due to passing of ships, solar irradiance, average temperature
and so on.

o There is a vast scope in implementing the FSPV system at a
commercial level in India. There is an exponential rise in energy
consumption and extensive planning must be done at the
national level to meet the needs through renewable energy. Site
allocation with respect to economic feasibility and load
demands can be done for future projects.

« InIndia, mountain region gets ample winds and sunlight. So,
a hybrid FSPV-wind-pumped storage hydro plant in moun-
tain lakes and dams can be very beneficial. Coastal regions
with densely populated cities like Mumbai, Kachchh, Kolkata
must be installed with large-scale onshore FSPV plant as
heavy loads are in the region and land demand is high. FSPV
systems near to the shore can feed the load with negligible
existence, and these tropical regions receive sunlight almost
throughout the year.

The deployment of FSPV is need of the hour. It must be thoroughly
analyzed, and the setup should have a high energy yield per unit
area. The aquatic ecosystem does not get affected by it unless
excessive coverage of waterbodies occurs. Care must be taken so
that both human needs and the natural ecosystem can thrive side by
side. Arid and semi-arid areas require freshwater storage, and FSPV
can provide cool and prolonged storage by reducing evaporation.
These areas can cover 100% of waterbodies and generate energy on
top of water conservation. While wetlands, mangroves and other
biological habitat must not be used for FSPV installation. Phyto-
plankton count, chlorophyll-a should be monitored where FSPV
systems are installed. On the other hand, birds and algae growth
among other biofouling must be monitored and relocation of the
system should be practiced if the generation is not optimal.

The hybrid model shown in Figures 8 and 9 will help build a
reliable, clean renewable energy sources for the society. The
dependency on fossil fuels is no longer reliable and as the time will
pass, it will become thinner and thinner until there will be no fossils
left to power human needs. This future direction is compelling new
research in the field of renewable energy for enhancing the reliabil-
ity to meet the future needs. Figure 5 shows the electrical compo-
nents of PV system. To enhance the overall efficiency of the system,
all the electrical components must be designed and tuned in such a
way that no extra losses are incurred, and minimum usage of
additional components must be practiced. The more the compo-
nents involved in the system between generation and load, the more
is the drop in efficiency. Future research can be made to minimize
or combine the electrical components of the system.

Integrating FSPV with hydro and pumped storage is preferable
in functional dams as the installation cost gets reduced due to the
presence of a transmission system. For offshore regions, a hybrid
wind-FSPV-gas storage can be preferred as it increases per unit area
generation and gas storage is kept away from humans, making it
safe and secure. Offshore challenges must be analyzed, and a calm
location must be selected to set up the system. There is a lot of scope
to improve the stability of offshore FSPV and make it more efficient.
Recent technological upgrades and future research can help
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Aspect

Key insights

Data ranges/Examples

Case studies/references

1. Capital expenditure
(CapEx)

Higher for large-scale and offshore
systems due to structural complexity
and environmental challenges.
Smaller systems are more cost-
effective due to lower scale and
installation complexity.

Small-scale (1 MW): $0.5-0.8 M
Large-scale (10 MW): $6-7 M
Offshore (oil platforms):

$20 M+

Nagarjuna Sagar (India) (Snehith and Kulkarni,
2021a; Snehith and Kulkarni, 2021b), Offshore Oil
Platforms (Srinivasan et al., 2024), Singapore (Liang
et al., 2023)

2. Operational
expenditure (OpEXx)

Lower water-cooled systems due to
efficiency gains.

Higher for offshore systems due to
marine-related challenges.

Small-scale: $10,000/year
Large-scale: $500,000/year
Offshore: Higher due to marine
factors

Bangladesh hydropower-FPV (Liang et al., 2023),
West Java (Indonesia) (Sukarso and Kim, 2020)

3. Levelized cost of energy
(LCOE)

Competitive land-based PV in high-
insolation areas with low land
costs.

Hybrid systems reduce LCOE fur-
ther

Small/medium systems: $0.03—
0.10/kWh

Large-scale (10 MW): $0.03—
0.08/kWh

Hybrid systems: $0.03—0.05/
kWh

Nagarjuna Sagar (India) (Snehith and Kulkarni,
2021a; Snehith and Kulkarni, 2021b), Singapore
(Liang et al., 2023), Indonesia versus UK (Ulum et al.,
2024), bifacial FPV Study (Avasthi et al., 2024)

4. Break-even time

Shorter for small-scale systems
due to lower initial investment.
Longer for hybrid and offshore
systems due to higher CapEx and
integration complexity.

Small-scale: 5-6 years
Large-scale: 7-8 years
Hybrid systems: 10+ years

Islamabad (Pakistan), Nagarjuna Sagar (India)
(Snehith and Kulkarni, 2021a; Snehith and Kulkarni,
2021b), Bangladesh Hydropower-FPV (Liang et al.,
2023)

5. Economic feasibility

Viable in land-scarce regions
(urban lakes, reservoirs).

Hybrid systems maximize energy
output, improving economic via-
bility.

Singapore (Urban Lake FPV)
Bangladesh (Hydropower-FPV
synergy)

Singapore (Liang et al., 2023), Bangladesh (Miah et
al., 2021), Spain (SCOE analysis) (Micheli, 2021)

6. Market competitiveness

Offshore FPV paired with wind is
highly profitable in niche markets.
Social cost of energy (SCOE)
improves the competitiveness of
FPV in certain regions.

Offshore FPV + Wind:
Consistent energy output
SCOE (Spain): $0.07/kWh
versus $0.10/kWh for land PV

Offshore Platforms (Liang et al., 2023), Spain (SCOE
analysis) (Micheli, 2021)

7. Technological advances

Bifacial panels increase yield,
reducing LCOE.

Water-cooling and aerodynamic
designs enhance efficiency and
reduce costs.

Bifacial FPV: 30% higher
output

Cooling effect: 5-10%
efficiency gain

West Java (Cooling effect) (Sukarso and Kim, 2020),
bifacial versus monofacial study (Avasthi et al., 2024)

8. Hybrid systems and
synergies

Integration with hydropower sig-
nificantly reduces LCOE and
increases system efficiency.
Hybrid systems reduce grid-
connection costs and water evap-
oration.

Hybrid LCOE: $0.03/kWh
(Bangladesh)

Water evaporation savings:
$1.2 M/year (Spain)

Papers (Solomin et al., 2021; Amal et al., 2022)

9. ROl and payback period

Higher ROI in regions with high
insolation and cooling benefits.
Hybrid systems provide lower pay-
back periods but require more
investment.

ROI: 15-20% (Indonesia)
Payback: 6-8 years
(Bangladesh)

Papers (Nainggolan et al., 2024; Ulum et al., 2024)

10. Niche markets and
applications

Offshore FPV on oil platforms pro-
vides long-term profitability by
replacing diesel generation.

Urban lake installations save on
land acquisition costs.

Offshore oil platforms: LCOE
$0.15-0.20/kWh (high energy
prices)

Urban lakes: 25% savings

Offshore oil platforms (Srinivasan et al., 2024),
Singapore (Liang et al., 2023), Pakistan, Spain (SCOE
study) (Micheli, 2021)

11. Social and
environmental costs

Social cost of energy (SCOE) model
includes environmental and social
externalities, improving FPV’s
competitiveness.

Reduced water evaporation pro-
vides indirect economic value.

LCOE with SCOE (Spain): $0.07/
kWh

Water-energy nexus: $0.02/
kWh savings

Spain (SCOE) (Micheli, 2021), water-energy nexus
study (Amal et al., 2022)

12. Case studies —
Regional insights

Hybrid systems are most effective
in regions with high insolation and
existing infrastructure.

FPV is less viable in low-insolation
regions without subsidies.

Indonesia: LCOE $0.05-0.06/
kwh

UK: LCOE $0.12/kWh
Poland: LCOE $0.11/kWh

Bangladesh (Miah et al., 2021), Indonesia (Sukarso
and Kim, 2020), India (Gurfude et al., 2020), UK (Ulum
et al., 2024), Spain (Micheli, 2021), Poland
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Data ranges/Examples

Case studies/references

Aspect Key insights

13. Breakthroughs in FPV - Bifacial panels, cooling effects

technology and water-body utilization led 30%
to cost reductions and better

performance.

Bifacial panel output increase:

West Java (Indonesia) (Sukarso and Kim, 2020),
bifacial panel studies (Avasthi et al., 2024)

cooling efficiency gain: 8%

14. Climate resilience and - Wind turbulence and extreme
risks weather impact structural costs
and operational efficiency.

Wind impact: 5-7% O&M cost
increase

Wind impact analysis, Experimental studies

15. Ecological -
considerations

Ecological trade-offs, like aquatic
ecosystem disruption, need to be
studied in-depth for long-term
sustainability.

Unquantified ecological costs
and trade-offs

Ecological risk studies

improve the efficiency of energy conversion and utilize it up to its
full potential. FSPV can be proved to be very beneficial to the
countries with a large number of waterbodies like Southeast Asia
and Australia. There are several large projects built in China, Japan,
Vietnam and India which confirms the viability and feasibility of
the system.

The analysis of the best suited material for the location must be
done for efficient generation. Polycrystalline and thin film
(organic) bifacial PV panels are mostly preferred for small-scale
systems while monocrystalline bifacial PV panels are suitable for
large-scale systems. Perovskite and NP with reflective surfaces can
enhance efficiency and it is cheaper as compared to commercially
available materials. NP can attain an efficiency of up to 35%, and
research must be conducted. Despite being efficient, materials must
be eco-friendly, and easy for installation. Concentrated solar can be
used in high-latitude locations as the climate is cooler side, and this
can transform concentrated light to electricity with high efficiency
keeping the panel cool. While the same cannot be used near the
equator as it can lead to breakdown of the system due to high
temperatures. Governments of all the countries should collectively
investigate this matter for decarbonization, renewable energy gen-
eration, and sustainable growth of mankind.
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