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ARTICLE INFO ABSTRACT
Keywords: Floating photovoltaic is predicted to be the most ubiquitous energy technology in the future, with global
Renewable energy installations projected to reach 10 GW by 2030, potentially generating 13.5 TWh of clean electricity annually.

Floating photovoltaic
Design criteria
Computational modelling
Environment effects

The extrapolation of solar power plants from land-based to water-based requires interdisciplinary expertise
from fields such as energy systems, hydrodynamics, structures, environments, and electrical engineering. To
bridge the disciplines, the present review analyses existing floating solar related publications comprehensively.
Initially, a comprehensive literature scan of over 900 publications is presented, selectively leading to
approximately 400 papers included. Subsequently, three review sectors are presented: design, modelling,
and environmental effects. These cover various structural components, system-air-water interactions, their
modelling approaches, power output prediction, and potential impacts on the surrounding environment
including vegetation and animals. Key findings suggest the potential for enhancing energy efficiency through
water-based cooling techniques, innovative modularised designs to support upscaling, positive environmental
impacts including artificial habitats, and the utilisation of advanced marine structure designs such as a
breakwater to protect the solar systems from ocean wave loads. In addition, the levelised cost of electricity
of various floating solar studies are presented, including both theoretical and practical projects. The levelised
cost of electricity has been decreasing, to a level of 0.05-0.07 USD/kWh, making FPV increasingly competitive
as a clean and affordable energy choice. Overall, this review aims to facillitate interdisciplinary research and
projects on the booming floating photovoltaic industry.
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1. Introduction

The global energy portfolio is transforming, driven by climate ac-
tions with a growing demand for zero-emission generations. Solar
energy, particularly photovoltaic (PV) technology, plays a votal role in
this trajectory, with rapidly increasing installed capacity and decreas-
ing costs (as shown in Fig. 1). As countries set ambitious renewable
energy targets, PV installations have become ubiqious in urban and
rural settings. However, the expansion of land-based PV systems has
highlighted a critical challenge — competition for land usage. As plans
for PV deployment reach the ambitious target of over 14,000 GW
by 2050, a critical question emerges: where can we deploy these
solar power plants that require extensive surface coverage [2]. Con-
temporary FPV installations approximately cover 165 Acres per GW
(based on 150 W/mz), conflicting with human activities, infrastructure,
transportation, and agriculture use [3-5].

To address this challenge, floating photovoltaic (FPV) systems have
emerged as an innovative solution to expand the solar capacity without
occupying more lands. FPV has been successfully implemented on calm
water worldwide, e.g. on natural lakes [6-10] and water reservoirs [11-
20]. Recently, a growing interest in deploying FPV on seas has arised
due to the abundant space, i.e., [21-23]. In general, the future blueprint
of global PV development will have a significant share for FPV, and
this has been attracting numerous stakeholders in both industry and
academia.

Compared to its land-based counterparts, the advantages of FPV
systems are:

» Cooling and dust-reducing effects: floating systems installed on
bodies of water can take advantage of natural cooling to oper-
ate at lower temperatures. This can increase power generation
efficiency [24] and can help gain additional energy by up to
10%-12% [25].

Reduction in water evaporation: the coverage of FPV on the water
surface conserves water by lowering the temperature of the water
and reducing the size of the water area exposed to air. As stated
in [26], this is particularly beneficial in arid climates such as
Central Australia or the Sahel region, where more than 80% of
the water evaporation of the covered surface can be saved.
Shading effect: the placement of FPV systems can reduce the
amount of sunlight that penetrates through the water. This shad-
ing effect can effectively reduce undesired algae growth and the
likelihood of developing toxic species [27]. The algae growth
depends on climate conditions and on the percentage of the
covered surface. When the water surface coverage is between
40%-60%, it could cause a notable decrease in algae blooms [28].
Installation: inland FPV plants can be installed easily as water
body is often flat and hardly has obstacles. Water-based engineer-
ing work requires much less ground planning than land, and it can
also avoid shading from surrounding buildings and geographic
features [29].

» Hybrid renewable energy systems: PV plants can be integrated
with other water-based renewable energy systems to share in-
frastructure costs and enhance power output. Various hybrid
technologies are reviewed in [30,31], such as FPV combined with
offshore wind turbines, wave energy converters, and hydropower
plants.

Despite the significant benefits of FPV, stakeholders have raised
reasonable concerns regarding FPV operation in oceanic environments,
particularly related to design and environmental impacts. The deploy-
ment of FPV in such environments introduces challenges that require
interdisciplinary expertise from fields such as fluid mechanics, structure
engineering and hydrodynamics. However, most existing research on
FPV systems has been conducted from a solar engineering perspective,
leaving significant gaps in the understanding of the hydromechanical
and environmental dynamics of FPV systems in oceanic settings.

While numerous valuable review and journal paper have covered
various aspects of FPV systems, including site selection [32-36], in-
stallation [37,38], structures [3,22,29,39-59], case studies [60-83,83—
91], electrical systems [92-96], sun-tracking [97], environmental ef-
fects [98-113,113-115], cleaning [116,117], water-cooling [118-122],
hybrid renewable energy systems [30,31], economical aspects [24,123—
143], ocean engineering [21-23,144-165], storage systems [166-169],
hybrid renewable devices [30,31,84,91,170-201] and future perspec-
tives [21,202-2071].

The key innovation of this review lies in its comprehensive, inter-
disciplinary approach to examining FPV systems. It is one of the first
reviews to synthesise knowledge across multiple domains, including
hydrodynamics, structural analysis, power prediction, and environmen-
tal impacts. This review uniquely combines the analysis of technical
engineering challenges with environmental considerations. By applying
expertise from near/offshore structures to this emerging technology,
the paper adopts a multi-physics perspective, examining the com-
plex interplay between hydrodynamic forces, structural responses, heat
transfer mechanisms, and power generation efficiency. Another key
contribution is that the review synthesises research on both the en-
vironmental impacts of FPV systems and the effects of environmental
factors on FPV performance. This dual focus provides valuable insights
into the reciprocal relationship between FPV technology and its sur-
rounding ecosystem. By consolidating current knowledge, evaluating
modelling techniques, and highlighting areas for further investiga-
tion, this review establishes a robust framework for future research in
floating solar technology

In this context, the present paper scrutinises the FPV literature,
divided into three main aspects: design, modelling and environmen-
tal impacts. This review demonstrates (a) how FPV design has been
evolving to support PV panels and sustain in wind, current, and wave
conditions, (b) how computational and experimental modelling tech-
niques have been used to evaluate and optimise the designs, (c) the
interactions between FPV and the water environment — how positive
environmental impacts are assessed and utilised, and how negative
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Nomenclature

Abbreviation Meaning

PV Photovoltaic

FPV Floating Photovoltaic
LCOE Levelised Cost of Energy
CAPEX Capital Expenses

OE Ocean Engineering

CFD Computational Fluid Dynamics
FEA Finite Element Analysis

FE Finite Element

HDPE High-Density Polyethene
BEM Boundary Element Method
DNV Det Norske Veritas

FSI Fluid-Structure Interaction
LPOFPV Polymer Offshore Floating Photovoltaics
EBVK Euler-Bernoulli-von Karma
FRP Fibre-Reinforced Polymer
MEPCM Microencapsulated Phase Change Material
PCM Phase Change Material
SAM System Advisor Model
EVM Evaporation Model

RAO Response Amplitude Operator
Symbol Meaning

m? Square Metre

km? Square Kilometre

MW Megawatt

km/h Kilometre per Hour

w Watt

GW Gigawatt

MWp Megawatt-peak

mph Miles per Hour

TWh Terawatt-hours

y year

s Second

A Wave Length

Ligat Floater Length

Fivave Wave Force

p Water Density

g Gravitational Acceleration
H Wave Height

L Structure Length

A Project Area of Panels

Cp Drag Coefficient

14 Wind Speed

B Incident Wind Angle

Cg Shielding Factor

P, Module Power

Ppeak Module’s Peak Power

Gr, Gsi, Grnocr
Tm
Tnoct
T, NocT

M

Ap

np

T
Mcable
Minverter

Mtransformer

Ig

Intensity of Total Irradiance on the Module
Surface

Cell Temperature

Nominal Operating Cell Temperature
Ambient Nominal Operating Cell
Temperature

Module Efficiency

Effective Area

PV System’s Efficiency

Coefficient of Transmittance Absorptance
Efficiency of the Cable

Efficiency of the Inverter

Efficiency of the Transformer

Incoming Irradiance
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U, Current Speed
T Wave Period
B Wave direction
Pyt Power Output
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Fig. 1. Comparison of costs and installation capacity of energy technologies [1,2].

environmental impacts are identified and managed. Finally, this review
discusses research gaps and provides suggestions for future research.

2. Literature scan and analysis

The first step of this review is to investigate FPV research articles,
reviews, and proceedings available in the scientific literature. The
literature scan was performed using the Web of Science, searching for
“floating solar”, or “floating photovoltaic”, or “floating PV”, or “FPV”

in any paper’s title and abstract. Around 900 papers were found as
of October 2024. Their distribution by publication year is shown in
Fig. 2. The increasing articles confirm that FPV is an emerging research
trend with majority the of publications appearing from 2020 onward.
From the research category, it is evident that a substantial number
of papers are case studies and techno-economic analyses; many of
these papers may not be established based on an available technical
solution, e.g. assuming FPV could be placed in a specific region and
evaluating the potential impacts. Although engineering-based papers
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Fig. 2. Publication number of FPV research by year (data accessed on 01 October 2024 from Web of Science).

discuss the technical viability and are the prerequisite of large-scale
FPV deployment, these papers are a minority; this indicates that the
actual engineering aspects of FPV are currently understudied. As such,
there is a need to review FPV’s contemporary status and identify future
research directions. There are also certain papers focusing on solar cell
technology itself but not necessarily specific to FPV; this part of the
papers will not be discussed in the present review as they are out of the
scope. As an error analysis, since it is impractical to discuss over 900
papers in this review, the authors selected around 400 to be included
in this review, focusing on technical papers that are underdeveloped.
Here, a bias can exist. Additionally, grey literature (e.g. reports) is not
indexed in the Web of Science and therefore is omitted in this review.

3. Design

The design for FPV structures has not yet been standardised. This
means that there is currently no universally accepted set of guidelines
or specifications for designing FPV structures. However, Det Norske
Veritas-Germanischer Lloyd (DNV GL), a global classification soci-
ety, has recently provided some valuable insights and recommenda-
tions in their publication titled “Design Considerations for FPV Struc-
tures” [208]. Three key requirements that should be taken into consid-
eration when designing FPV structures are highlighted below.

+ Reliability: since FPV systems are installed in water bodies, the
material of the floating structure should withstand marine cor-
rosion and humidity. Their structure must sustain environmen-
tal loads, such as wind, wave and current. Potential biologi-
cal growth should be taken into consideration when assessing
the structural reliability under environmental loading. Addition-
ally, an effective Operations and Maintenance (O&M) strategy,

e.g. cleaning, is essential for the long-term performance and
cost-effectiveness of an FPV system [92].

Scalability: an FPV plant should be scalable to meet various
power requirements of different sites, making the deployment and
relocation of the systems straightforward and cost-effective [209].
Sustainability: FPV systems should be designed considering its
environmental impacts, minimising negative effects on the lo-
cal ecosystem, water quality, and aquatic life. It is important
to carefully assess the potential environmental effects such as
shading, changes in water temperature, and alteration of water
circulation patterns. Additionally, the design should consider us-
ing eco-friendly materials, recycling end-of-life components, and
following relevant environmental regulations and guidelines [4].

3.1. Structural design

The base structure of FPV typically relies on a floating platform, to
provide buoyancy that supports PV panels installed above, alongside an
anchoring and mooring system to keep the platform in the desired po-
sition [210], as shown in Fig. 3. The platform size is determined based
on the power requirement of the site. Similar to land-based PV power
plants, FPV can use a central inverter or multiple string inverters for
alternating-current conversion and power transmission through cables
and connectors [202]. A comprehensive review of various innovations
in the structural aspects of FPV systems over the last two decades is
presented below.

3.1.1. Floating support
The floating support provides essential buoyancy and restoring
forces, making it crucial to design with consideration for deployment
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(a) Overview of the application [30].
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(b) Structural components of an FPV platform

Fig. 3. Schematic of a typical floating solar farm with key elements.

environments and conditions [162]. The classification of FPV structural
arrangements is distinguished into three main categories: modular,
integrated and superficial [145,146,211-213]. Since the amount of PV
panels used in a power plant is completely flexible, a modular design
may be adopted, where each PV panel may have its corresponding
floating unit power, and the whole power plant consists of individual
FPV units connected, as shown in Fig. 4(a). The integrated design
applied large-dimension rafts made of high-density polyethene (HDPE)
pipes in combination with metal bars to complete the structure, as
shown in Fig. 4(b). The above two designs use floaters to lift the
solar panels above the sea surface. By contrast, Fig. 4(c) shows the
superficial design where a membrane is placed on the ocean surface and
solar panels are deployed on top; meanwhile, a doughnut shape of the
barrier may be applied on the edge of the membrane to enhance the

hydrodynamic performance. Due to the mechanical distinction among
these three designs, their ocean engineering (OE) performance can
be significantly different, particularly during the structural interaction
with waves. A modular FPV power plant presents multiple rigid bodies
connected through joints, an integrated FPV power plant behaviours
like a large rigid body, while a superficial FPV power plant tends to
present a hydroelastic behaviour where the membrane contours with
the variation of the water surface.

Kaymak et al. [216,217] conducted an assessment of structural fail-
ure on steel-frame type FPV power plants installed on Biiyiikcekmece
Lake in Istanbul, with three scales of 9 kWp, 30 kWp, 90 kWp. The
fatigue study lasted for 20 months, during which the research examined
the floaters, frames, and their connections for difficulties and critical
faults. The study revealed that the integrated design can lead to high
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(c) Superficial floating support [214]

Fig. 4. Primary categories of buoyancy providers for PV [214,215].

bending loads and subsequent structural failure due to hydroelastic
effects.

To mitigate the hydroelastic impact on the system, an alternative
design approach is to modularise the entire FPV system. This design
employs multiple connections, either rigid or soft, allowing the power
plant to move along the wave propagation so as to withstand rough
waves without experiencing local stress peaks [218]. This not only
increases the system’s longevity but also enhances its performance in
harsh weather conditions, making it ideal for large-scale use [22].

Renewable and Sustainable Energy Reviews 209 (2025) 115094

Several publications can be found on the development of modular
types of FPV. For instance, Kim et al. [219] presented a unit struc-
ture framework of modular FPV that was linked by stainless C-type
hinges. The hinge designs were observed to have a positive impact on
minimising local shear stress and their effects of reducing the induced
bending moments. Specifically, the research recommended using fibre-
reinforced polymer (FRP) members for floaters, which offer superior
performance, corrosion resistance, and cost-effectiveness compared to
traditional materials. In addition to this, Dai et al. [220] proposed a
modular FPV frame design that is corrugated with ribs and troughs to
mitigate possible accidental slipping and carry more imposed load than
a flat surface. The FEA analysis is further conducted to examine the
local high-shear stress components. Kjeldstad et al. [221] evaluated the
performance, reliability, and operational characteristics of the modular
design FPV with rotary hinge connections.

Another type of floater is based on the membrane type of FPV.
It is strategically positioned in close proximity to the free surface
and is designed to move harmoniously with the waves. This unique
feature offers several advantages, including the reduction of wave and
wind effects on the system [222,223]. The flexibility and suitability
of such membrane in wave motions have been thoroughly assessed
and reviewed by Mayville et al. [224] and highlighted the potential
of flexible design to withstand even more severe sea conditions. In the
economical aspect, it could significantly reduce overall costs compared
to other options such as raft-based FPV and land-based racking PV.
More details are discussed in Section 4.4 below.

3.1.2. Hybrid design of FPV and other energy systems

FPV systems have shown great potential as a sustainable source of
renewable energy. However, there are still several challenges to be ad-
dressed to ensure the economic and efficient use of these systems [178].
One promising solution is the hybrid design of FPV systems with
other marine energy resources. This approach can reduce deployment,
maintenance, and decommissioning costs by combining devices in an
integrated framework or co-locating distinct technologies in an eco-
system layout [225,226]. Solomin et al. [31] reviewed various novel
combinations between FPV systems with other renewable resources,
such as offshore wind turbines and hydrogen production, as shown in
Fig. 5. Claus and Lépez [227] reviewed the installation guidelines and
synergies of marine FPV plants that combine wind turbines and offshore
structures.

There are also several publications available on the integration of
FPV with other technologies. For instance, Temiz and Javani [228]
proposed a hybrid system that combines FPV with hydrogen production
in Mumcular Dam located in the Aegean Region of Turkey. The system
uses excess solar energy to produce hydrogen, which can be stored and
used as fuel for transportation or other applications. Cazzaniga et al.
[229] integrated compressed air energy storage with floating FPV. The
system uses excess solar energy to compress air, which is then stored
and used to generate electricity when solar energy is not available. Choi
et al. [230] combined FPV with a thermal power plant ash pond. The
system uses the cooling water from thermal power plants to improve
the efficiency of FPV systems and reduce the water temperature of ash
ponds. In addition, Ramos et al. [231] evaluated the innovative solution
for the Renewable Energy Network (Hy4REN) based on well-studied
elements to produce the best final solution. The Hy4REN system is
a hybrid energy system that combines FPV, wind energy, and energy
storage to provide a reliable and sustainable power supply.

3.2. Auxiliary

3.2.1. Cooling systems

FPV systems can naturally benefit from the cooling effects of the
surrounding environment, resulting in improved energy conversion
performance and longer module lifespan. Golroodbari and van Sark
[233] predicted from simulation results that the annual average output
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(a) Offshore solar-wind system
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Converters

(b) Offshore solar-hydrogen system

Fig. 5. Examples FPV-related hybrid energy systems [31].

Stainless steel
frame

Composite floater

Fig. 6. Example of combined composite and metal materials for FPV structure [232].

energy of a floating solar farm can increase by approximately 12%-—
18% compared to an on-shore PV farm due to the PV cooling effects.
Therefore, to control the PV panel temperature within the optimal
working ranges, cooling techniques are important for PV facilities to
resist the effects of heat rising due to sun radiation. Some cooling tech-
niques initially investigated for onshore PV plants [234] have shown
promising results and can provide inspiration for floating applications.

Since FPV is installed on water, advanced water-based cooling tech-
niques have been proposed. Micheli [235]. The water-based cooling
technique includes the water spray application over panel surfaces.
Experimental studies were conducted by [236,237] and a series of
economic feasibility analyses were carried out by de Oliveira Busson
et al. [238] and Micheli [235]. In another study, Sheikh et al. [239]
introduced a lightweight and minimally invasive cooling system design
with forced water cooling to reduce temperatures and increase system
efficiency. A water circulation system was added underneath the PV
panels, where water pumps up from the water underneath the system,
takes out the heat, and sends it back. Kjeldstad et al. [240] assessed
the effect of water cooling on a floating membrane-type FPV system
with horizontally mounted PV modules allowing for thermal contact
between modules and the water. Recently, Tina et al. [241] conducted
an economic analysis of FPV and land PV, taking into consideration
the improvement of the energy efficiency of FPV due to the cooling
effects. Recent research [242,243] analysed the efficiency enhancement
of various cooling techniques for FPV systems.

3.2.2. Cleaning system

Soiling is a common issue in the operation of PV systems. It refers
to the accumulation of various particles on the surface of PV panels,
such as dust and bird droppings. This accumulation can hinder the
absorption of sunlight and lead to a decrease in the performance of
PV systems [202]. Dust accumulation can cause a decline in the power
generation of PV panels by up to 15% per day [244], thus it is important
to clean the solar panels as needed. FPV provides the convenience of
the adoption of water-based cleaning approaches, which is deemed
effective and cost-effective as reviewed by [116]. Techniques based on
applying water to wash PV cells also have additional benefits, such as
lowering the operating temperature [227]. However, if the water stays
on the panel surfaces, it can cause solar spectrum modification [245]
and a change in the reflected light [246], so a tilting angle of the panels
may be considered to avoid this. There is also a direction of adding an
automated mechanical device to clean the panels, but this may be the
most costly [116].

3.3. Materials

The majority of research has focused on using composite materials
for floaters due to their outstanding strength and buoyancy. Compos-
ite floaters may be combined with metal that provides a structural
framework [147,247], as shown in Fig. 6. Lee et al. [232] used Pul-
truded Fibre-Reinforced Polymer (PFRP) in their structural design to
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Table 1

Aerodynamic boundary conditions for FPV analysis.
Reference Location Wind speed Tilt angle Wind direction With wave C,()/¢C,

Inland/Nearshore/Offshore [m/s] ° ° yes/no p=0°

Yang et al. [261] Inland (intertidal zone) 6.0~25.0 10 All Yes 0.75~1.5/not available
Choi et al. [262] Inland 12 15 0~180 No Not available/0.1~0.6
Choi et al. [263] Inland 13.4 10 0~180 No 0.05~0.6/0.15~0.6
Su et al. [264] Offshore 20 20/40 0~180 No 0.9/not available
Lee et al. [265] Nearshore 45 15 0~180 No 0.51~0.74/0.67~0.83
Elminshawy et al. [266] Inland 0~4.2 30 0~180 No Not available/not available
Choi et al. [267] Nearshore 35~75 14 0~180 No 0.5~2.5/0.1~0.65
Honaryar et al. [268] Nearshore 30~40 10 0 No Not available/not available

prevent corrosion, with computational simulations to ensure structural
integrity. Han et al. [248] investigated the use of composite primary
beams with a ply of glass fibre fabric, increasing the system’s ulti-
mate compressive and bending capacity compared to UPVC plastic
tubes, with experimental studies conducted to evaluate its fatigue. Kim
et al. [249] incorporated a structure made of high-durability steel in
their frame design for a 500-kW-class FPV system. The results showed
that the tensile, compressive, flexural, and shear stresses of the applied
member structure were within the allowable domestic design stress
values. Hayibo et al. [250] conducted a test on a crystalline silicon-
based photovoltaic (PV) module backed with foam, resulting in lower
operating temperatures and a 3.5% higher energy output per unit of
power than conventional pontoon-based FPV. In addition, FPV floaters
are consistently exposed to the water-based environment, and the regu-
lations and standards for their long-term durability are insufficient; Liu
et al. [251] proposed an accelerated ageing method and fast corrosion
methods to address this issue.

3.3.1. Bifacial/submerged FPV floating photovoltaic systems

Bifacial floating photovoltaic (BFPV) technology is an innovative
and cutting-edge system that combines the benefits of both bifacial
photovoltaic (BPV) technology and FPV systems [252,253]. Bifacial
photovoltaic panels are different from traditional monofacial photo-
voltaic panels in that they can generate electricity from both sides of
the panel, which enhances their energy output. A field test study for
bifacial PV for inland water areas has been conducted, as reported
by Ziar et al. [254]. Researchers have conducted comparative stud-
ies between monofacial and bifacial FPV modules for floating power
plants, as reported by Widayat et al. [255] and Tina et al. [256].
Additionally, Bhang et al. [257] designed large-scale bifacial FPVs
with maximum power density, while Jahangir et al. [258] presented
a critical analysis of different bifacial solar farm configurations using
theoretical modelling and experimental testing. The study examined
several factors that can impact the performance of bifacial solar panels,
including the angle of incidence of sunlight, the albedo (reflectivity)
of the ground surface, and the height of the panels above the ground.
Recent research focused on their combination effects (energy [259],
economic and environmental) of bifacial FPV systems with multiple
optimisation techniques [260] to identify the optimal panel heights,
water depths, and azimuth angles.

Another special FPV type is the Partially Submerged FPV system
(PSFPV) can improve performance, energy output, efficiency, and lifes-
pan of the modules compared to the conventional dry design [266]. In
previous studies, Lanzafame et al. [246] have conducted simulations
and experiments to investigate the energy performance of the single-
crystalline submerged photovoltaic (PV) solar panel (SP2), which is
dependent on the depth of the water. The main finding is that the
PV efficiency is reduced by about 10% when 10% of the SP2 panel
is submerged in water and by about 35% when the panel is fully
submerged. The optimal water depth for the operation was in shallow
water (0 cm to 50 cm) varying with panel materials. Tina et al. [269]
and Clot et al. [270] continued studies on SP2 systems with regard

to efficiency increase under high irradiance and ambient temperature
and evaluated the increment of efficiency through cooling effects.
Elminshawy et al. [271] studied the optimal value for the submerged
ratio of PSFPV based on experiments and field tests [246]. The re-
search discovered that submerging the panel by 12% led to a 15.1%
reduction in its operating temperature and enhanced the performance
ratio of the PSFPV by up to 23%. Additionally, the Levelized Cost of
Electricity (LCOE) was reduced by about 11%. The use of PSFPV sys-
tems, which incorporate attached fins as an additional passive cooling
technique [272], offers superior performance in reducing PV module
temperature. Inspiration for this technique can be found in [273]. The
effect of attaching lapping fin height, number of fins, fin spacing, and
solar irradiance on PV module performance was investigated by [274].

4. Modelling

The placement of FPV systems typically requires a broad and open
water area, which exposes them to wind and wave regimes that can
pose significant challenges. As illustrated in Fig. 7, FPV systems are
commonly subjected to loads from wind, waves, currents, and the
combination of these forces. These loads can cause various physical
effects, including structural, heat transfer, and power generation, which
have critical roles in the overall performance of the system. Therefore,
it is crucial to develop accurate and reliable modelling approaches to
effectively analyse and understand these aspects. This section provides
a comprehensive review of the existent modelling approaches available
for studying aerodynamics, hydrodynamics, and their combined effects
on FPV systems.

4.1. Wind loads

In particular, wind loads are crucial for FPV systems, as wind flow
can come from any direction and is difficult to predict. Despite having
a relatively low profile, the panels’ large surface area interacts with the
air, creating lift forces that can add dangerous moments and overturn
the system, making it essential to understand the effects of wind on
these systems.

To study wind effects on FPV systems, pioneering research can be
found for land-based PV applications, where numerous publications
have looked into the influences of the wind conditions [276] on struc-
tural perspectives [277] and PV temperature distributions [278,279], to
name a few. However, there is a lack of research on wind effects specific
to FPV applications, which are unique due to their floating nature.

One of the recent FPV accidents was induced by Typhoon Faxai in
September 2019 [280]. Japan’s largest floating solar plant location at
Yamakura Dam, with an effective installation surface of approximately
18,000 m? and a maximum output of 13.7 MW, was damaged by the
120 mph wind brought by Typhoon Faxai [3,267]. The strong wind
caused the modular FPV to stack on top of each other, and the collisions
between the structures resulted in failure and damage to the power
system. This caused contact between loose and moored panels, and
overheating of around 50 panels resulted in a fire. This unfortunate



Y. Wei et al.

Renewable and Sustainable Energy Reviews 209 (2025) 115094

Fig. 7. Illustration of various environmental loadings on an FPV system [41].

Tilt angle
B
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Fig. 8. Representation of wind direction and tilt angle of a solar panel [275].

event highlights the need for a better understanding of the wind-
structure interaction studies to ensure the safety and stability of the
FPV systems.

Table 1 summarises the wind load conditions, including the ranges
of wind speeds (0-40 m/s), wind directions (0-180°), PV tilt angle
p (10-40°) and the lift and drag coefficients C;/C,. The tilt angle is
illustrated in Fig. 8. The table also includes the deployment sites from
inland to offshore, highlighting the need to customise the analysis of
loads and system dynamics to specific conditions.
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Wind loads are typically measured in the streamwise and vertical
directions, which correspond to the drag and lift forces, respectively.
The drag force can be predicted by the equation F, = 0.5CppV24,
where Cj, represents the drag coefficient, A is the projected area of
panels in the wind direction and it is proportional to the square of
wind force. Several windy environments may induce large drag forces
of the system, which result in significant structural drift, an increase in
mooring tensions and overlapping between connections objects [261,
281]. On the other hand, the lift force needs more attention in floating
systems because its action affects the balance of buoyancy and gravity,
which may result in the structure’s overturn and submersion. It can
be predicted using the following equations [267]: F, = 0.5C, pV2A.
Several studies have analysed the influence of each parameter based on
these equations, including wind speed, wind direction, and tilt angle on
the wind loads of the structure [261,264,268,282,283]. Recent research
from Velaz-Acera et al. [284] determined ideal tilt angles based on
intelligent optimisation (Genetic Algorithm), resulting in LCOE im-
provements of 2.1% to 8.4% compared to conventional ground-based
methods.

Honaryar et al. [268] presented numerical simulations on a single
FPV floater with varying wind speeds using a viscous flow solver. The
results indicated that wind loads were dependent on wind speeds. How-
ever, as wind speeds increase, waves are induced, and the structure’s
angular motion is significantly affected by both aero and hydrodynam-
ics. Therefore, to investigate extreme typhoon conditions where wind
speeds approaching 30-40 m/s, numerical simulations should generate
wind-induced waves accurately. This is a challenging task since such
waves require long-term processing, and their shape may not be the
same as wind waves in nature, leading to large errors in the simulations.

Considering varying combinations of panel tilt angle and angle of
incidence wind, Su et al. [264] conducted numerical simulations on
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the wind load effects on a full-scale floating solar panel, taking wave
effects into consideration. The critical wind loads are observed at lower
angles of incidence for the wind (f = 15-60°) when the angle of tilt for
the panel is >30°. It was found from the surface pressure pattern that
flow separation occurs near the front edge, as well as the formation
of side-edge and windward vortices. In all cases, the load distribution
on the surface panel showed that the highest stress was located at the
upper edge of the solar panel. However, it should be noted that such
numerical models are unable to consider the mechanical loads on the
structural frame. By studying the optimal tilt angle, the peak normal
force on panel surfaces can be reduced by about 20%-50% [282].

Wind loads on an individual FPV platform and FPV array can vary
significantly [227]. Due to the shielding effects from the front panel
to the following panels, the wind loads can be re-formulated using the
DNVGL-RP-C205 guidelines [148,285]: F,, = 1/2CpCgpAV?, where Cg
is the shielding factor. The shielding factor quantifies the proportion
of sunlight blocked or diffused before it reaches the solar panels. As
such, numerical and experimental studies were conducted by Yang
et al. [261] on an individual FPV platform consisting of four rows of
panels installed with a tilt angle of 10 degrees. The pressure distribution
plot revealed that the largest forces were observed at the windward
row, which was approximately twice as large as the other rows. Fur-
thermore, flow separations were created with the circulation airflow
generated upstream of the solar panel array to form a negative pressure
area, which can impact the stability of the system. A similar finding was
achieved by the numerical simulation from Choi et al. [267] on the
wind loads on a solar panel array. The drag and lift coefficients of the
solar panel array gradually decreased along the wind direction because
of the sheltering effect of the first row of solar panels. Furthermore,
the drag and lift forces on the solar panels increased with the turbulent
kinetic energy, especially for the first row of solar panels. The vortex
formed at the side edges, and the chaotic flows may cause structure
instabilities. Therefore, it is crucial to consider the wind load conditions
during the design phase for FPV arrays to ensure that it is structurally
reliable and can withstand harsh environmental conditions. Although
the spacing of solar panels has been found to have no significant effect
on wind loads [283], none of the existing research looks in-depth into
multi-array FPV designs. Therefore, this conclusion may be limited to
a small scope.

It is worth noting that wind loads can also have significant economic
implications for the design of FPV systems. Choi et al. [263] examined
wind load on FPV arrays through experimental and economic analyses.
The study specifically measured pressure distributions on each panel
surface and derived drag and lift coefficients at various wind inlet
directions. The research recommended that a higher-strength structural
design should be applied to the surrounding edges of the FPV platform,
while the inner part can be made of less rigid material. This approach
can help to reduce manufacturing costs, as well as to increase the
potential for higher output power. Replacing the material of the centre
of the solar panel array with less expensive materials resulted in a 7%
reduction in manufacturing costs for a single solar panel and a potential
increase of up to 19% for a 2.5 MW system.

In Choi et al. [262], the research conducted a safety analysis using
a one-way coupling Computational Fluid Dynamics (CFD) & Finite
Element Analysis (FEA) simulation to study the motion and loads of a
modular FPV system exposed to severe environmental conditions. The
effects of the inlet angle of wind loads were analysed in detail. First,
wind loads were estimated using the CFD method. It was found that
wind loads on the first and last rows of solar panels showed higher val-
ues due to the sheltering effects. Afterwards, FEA was conducted using
boundary conditions obtained from the CFD and hydraulic dynamics
results. The FEA results showed that the junction at the frame between
the floating body and the PV panel was subjected to the highest stress
in the single-unit FPV system.

Lee et al. [265] conducted an analysis of the wind-wave coupling
effects on two different types of FPV frameworks utilising CFD meth-
ods [154]. The two types of framework investigated were the frame
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type and pontoon type. The study showed that the structures’ response
to waves, especially pitch motion, can result in blocking effects on the
wind on one side of the framework. In contrast, blocking the backside
of the PV panel further reduces fluid-dynamic force by removing flow
impingement on the panel.

Conversely, the movement of air brought by the wind can remove
some of the heat from the FPV structure. As the temperature has
a direct impact on PV efficiency [245], FPV may benefit from the
wind as a passive coolant to increase system efficiency. According to a
series of experiments conducted by Elminshawy [266], including wind
directions and speeds, the average output power of semi-submerged
FPV was observed to increase by about 20% due to the cooling effect
provided by the blowing wind (0-15 km/h). It is important to note that
the increased power efficiency is partly due to the water coolant, and
the results are valid only for this type of FPV.

4.2. Hydrodynamic loads

One of the striking differences between land-based and floating
PV installations in terms of loading conditions is the additional hy-
drodynamic loads on the system. The hydrodynamic loads can be
distinguished between wave and current loads, while, in situ, often
a combination of those loads prevails. However, FPV installations, if
not built from entirely new materials, such as flexible membranes,
are usually fashioned from modular, lightweight, interconnected struc-
tures. Thus, while, some of the findings from classical coastal, naval,
and offshore engineering for complex floating structures (e.g. [295])
may provide valuable insights into the hydrodynamic behaviour of FPV
systems [145], specific analysis is required and knowledge for FPV
systems needs to be expanded

4.2.1. Wave loads

Hydrodynamic wave loading is studied in a number of publica-
tions, considering varying combinations of wave heights and periods.
Depending on the location of their deployment, FPV systems may be
exposed to significantly different load conditions. Table 2 summarises
the wave load conditions, considered in the literature. The considered
range of wave heights (0.04-17.08) and wave periods (0.2-16) across
the literature, together with the ranging deployment sites (small inland
lakes to offshore [296]) highlights the importance of tailoring the
analysis of loads and system dynamics to the prevailing conditions.

Ikhennicheu et al. [290] present a comprehensive study, considering
three different deployment sites with varying system sizes: small inland
lake (2.5 MWp), large inland lake (7.5 MWp), offshore site (2.5 MWp).
The specific wave conditions can be extracted from Table 2. It should
be noted that wind loads are also considered for all case studies and
current loads are included for the offshore site. Based on an industry-
standard quasi-static analytical analysis, the research finds the loads
on the FVP system to be the smallest for the small lake deployment.
Despite the significantly larger size of the large inland lake installation,
the largest loads are found for the offshore installation. For this case,
it is also highlighted that wave loads dominate the overall loading of
the system, while for the lake installations, wind loads are significant.
Such larger loads in the offshore compared to the inland environ-
ment are confirmed by Claus and Lopez [145]. From their findings on
the different load conditions for varying installation size, Ikhennicheu
et al. [290] finally conclude that the “ratio of loads over installed
power will become more favourable for the offshore case” once such
installations get larger.

Considering varying wave conditions, many studies highlighted the
influence of the ratio between wavelength and floating-unit dimen-
sions [147,286,288,289,297,298]. In a fundamental study on resonance
effects enclosed shallow water basins with slender floating elastic bod-
ies, such as FPV systems, Papathanasiou et al. [297] highlighted that
the eigenstate of the basin can be significantly influenced by the
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Hydraulic boundary conditions for FPV analysis. All wave heights, wave periods, and current speeds are given at full scale. If no scaling is provided, quantities are marked with
an asterisk. Symbols in this table: H wave height, H; significant wave height, T wave period, T,: peak wave period, U, current velocity.

Reference Location Wave height Wave period Current speed WCI
Inland/Nearshore/Offshore H/H, [m] T/T, [s] U, [ms™'] Yes/no
Lee et al. [286] Nearshore 1.09~1.35 4~7 Not available No
Lee et al. [287] Nearshore 0.20~1.30 3.22 Not available No
Lee et al. [288] Nearshore 0.04~0.12* 0.90~1.24* Not available No
Al-Yacouby et al. [289] Offshore 3~9.5 9~22 Not available No
Inland (small lake) 0.26 1.1 Not available No
Ikhennicheu et al. [290] Inland (large lake) 0.90 2.2 Not available No
Offshore 2.0 6.0 1 Yes
Ikhennicheu et al. [149] Inland 0.9 2.2 Not available No
Dai et al. [291] Inland 4~6 0.2 Not available No
Friel et al. [292] Nearshore 2~8 0.5~1 Not available No
Sree et al. [293] Nearshore 0.2~2.5 0.5~5.5 Not available No
Abbasnia et al. [147] Offshore 0.252~0.284 1.76~4.24 Not available No
Magkouris et al. [211] Offshore 0.5~3 4~9 Not available No
Ghigo et al. [146] Offshore 0.375~1.125 3.625~5.375 Not available No
Han et al. [248] Not available 0.3~0.6 2~3 0.7~0.8 Yes
Kaymak et al. [216,217] Inland 0.56~17.08 Not available Not available No
Li et al. [294] Inland 1.5 18.9 0.32 No
Yang et al. [261] Nearshore 0.8~3 2.8~16 Not available No

presence of FPV systems, in particular when the plate span was ap-
proximately half the basin length. The research further indicated that
the occurring resonance effects may have a significant influence on the
structural integrity of the system. However, the study was performed
for relatively shallow basins with thin hydroelastic structures, thus,
findings were only applicable to a particular type of installation. More
practically, Lee et al. [288] investigated the loading, mooring line
tension, and Response Amplitude Operators (RAOs) of a modular 4 x 4
arrangement of raft-type, hinged floaters, designed for deployment in
the nearshore environment. The research found a linear increase in
the RAO for heave and pitch with increasing relative wave lengths
(4/Lggat), where Lgg,. is the overall length of the floating structure.
The pitch RAO convergences for A/Lgy, > 2.4. In terms of mooring
loads, the study found peak loads for A/ Lgq, = 2.

The analysis of structural and/or mooring loads, as well as the RAO
of FPV systems, is the main purpose of the different studies consider-
ing hydrodynamic wave loading [147,149,288,292,293]. To that end,
various analysis tools and modelling approaches are exercised, ranging
from analytical method [216,217,249,290,299] to high-fidelity compu-
tational simulation [248,286,289] and experimental tank testing [147,
261,288,293].

Analytical modelling techniques, such as the quasi-static model
in [290] used for mooring design, showed the advantage of fast
turnaround times, enabling excessive parametric studies. While wind
and current loads are included in the analytical model via simple
drag force calculations including empirical coefficients for drag and
sheltering effects, wave loads are considered under the assumption
of large bodies in deep water, thereby neglecting first-order wave
loads. Following [300,301] with pre-defined reflection characteristics
of the FPV installation [302], wave forces are expressed as Fy,ze(N) =
0.1 - pgH?Lp,,, where p is the water density, g is the gravitational
acceleration, H is the regular wave height, g, is the wave direction,
and L is the width of the FPV installation (exposed to the waves). Based
on the acquired loads, an initial mooring design is proposed.

In [149], the research performed a more detailed analysis of the
system dynamics of a float array, using the non-linear time-domain
model OrcaFlex. While a 3 x 3 floating array serves as a baseline,
three different modelling approaches are considered: (1) all floats
are treated as single floats (no hydrodynamic interaction); (2) rigid
ensemble, where all floats are treated as one rigid body; (3) multi-
float arrangement, accounting for hydrodynamic interactions between
floats. While the research finds that the assumption of a rigid ensemble
largely under-estimates the system dynamics (expressed by means of
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RAOs in heave and pitch), the consideration of the multi-body sys-
tem without hydrodynamic interaction results in acceptable differences
(slight over-estimation) compared to the multi-float arrangement while
saving significant computational resources.

Other non-linear time domain modelling tools based on potential
flow theory can be found in [292,303] for the analysis of the system
dynamics of a single rigid tube type FPV system or in [146] for the
definition of the environmental loads and system dynamic during the
performance evaluation of an FPV system.

Computationally more efficient models based on linear potential
flow theory solved by using the boundary element method (BEM),
e.g., in [211,261,287,294]. For instance, Li et al. [294] employed
the commercial BEM solver Ansys AQWA to gain the hydrodynamic
loads on an FPV array, considering the array as a single rigid body.
The hydrodynamic loads were then fed into the structural analysis in
the remainder of the study, using a finite element (FE) model. Also
considering a coupling between FE and BEM, Dai et al. [291] performed
a limited study on the hydroelastic displacement of FPV floats and the
corresponding von Mises stress. However, the research found that the
occurring hydrodynamic loads are, in this case, insignificant compared
to other loads acting on the system. Similar to Li et al. [294], Lee
et al. [287] also employed Ansys AQWA and compared results of the
acting hydrodynamic pressure on a 4 x 4 FPV array, considered as
rigid body, to common analytical design methods. The research finds
discrepancies between the methods of up to 20%, which are, amongst
others, attributed to simplifications in the floater shape. Using an in-
house BEM solver, Magkouris et al. [211] analyse the dynamics of a
twin-hull floating structure for FPV installations in a two-dimensional
fashion. With the results from BEM, the research performs a subsequent
analysis of the power production of FPV under the influence of wave
loading (see Section 4.6).

While linear (e.g. Ansys AQWA) and weakly non-linear (e.g. Or-
caflex) hydrodynamic models suffer from well-known model limita-
tions, high-fidelity models based on Computational Fluid Dynamics
(CFD) can alleviate such limitations at the expense of high computa-
tional cost. For instance, Al-Yacouby et al. [289] used Ansys’ Fluent
CFD solver for the validation of an analytical model. Comparing the
hydrodynamic forces for different wave heights on a single float of
an FPV installation revealed satisfying results between the modelling
approaches with differences between 3%—-4%. A slightly more detailed
CFD analysis was presented by Han et al. [248], employing the STAR
CCM+ CFD tool. For the analysis of hydrodynamic forces and system
dynamics, the research considered combined loading from wind, wave,
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and currents. More details are provided in Section 4.3. Lee et al. [286]
used a coupled hydrodynamic and structural solver for their analysis of
the stresses on the FPV system. While the information on the specific
model setup were limited, the research found a small stress magni-
tude for longer waves with maximum effective stresses lower than
the allowable stress. Wang et al. [136] investigated how draft depth,
water velocity, and the number of floating bodies affect the resistance
characteristics of FPV, using a k — e turbulence model and experimental
data to analyse flow field characteristics and their impact on drag.

Finally, a number of studies can be found presenting both numerical
and experimental results [147,261,288,293]. While the numerical hy-
drodynamic modelling approach differs (Ansys Aqwa [261], in-house
BEM [147], high-fidelity CFD [288,293]), experimental data is used
for validation of the numerical model in all studies. The experimental
studies, however, differ quite significantly in the setup and investigated
structure. Sree et al. [293], for instance, considered the FPV system
as a perforated flexible sheet, spanning the entire width of the wave
flume. During the experiments, surface elevation and sheet deflection
data were recorded using ultrasonic gauges. All tests were conducted
at a 1:30 scale. The research noted complications in the correct scaling
of the material properties, i.e. Young’s modulus, of one order of mag-
nitude. However, comparing numerical and experimental results, the
research found a reasonable agreement between the data.

Considering a 4 x 4 float array including a taut spread mooring
system and uniaxial hinges, Lee et al. [288] performed experiments in
a towing tank. During the experiments, data of float motion, mooring
tension, and free surface elevation were recorded. Information on the
scale of the model were omitted. The experimental data were employed
to validate a STAR CCM+ CFD model. In particular, the RAOs in
heave and pitch, as well as the tension forces were compared for
the different loading conditions. The research found “similar trend[s]”
in their experimental and numerical results, regarding the numerical
model as validated. Recent research from Li et al. [304] investigated the
multi-body interaction effects in a four-module hexagon-type FPV using
a composite hydrodynamic method, comparing multi-body and single-
body models under combined wave and wind conditions, revealing
that multi-body interactions lead to more significant motion responses
but decreased mooring tension oscillations and maximum values, with
varying effects across different modules and environmental conditions.
Yang et al. [261] performed an experimental test campaign for a single
module of an FPV system in a wind—wave—current flume. For the tests,
combined wind-wave loading was considered where irregular waves
for operational and extreme conditions, as well as free decay tests, were
performed. The module was equipped with a motion tracking system,
load cells for mooring line tension and a gyroscope. Furthermore,
wave gauges were placed within the flume. To minimise the well-
known discrepancy between Froud- and Reynolds-scaling, the research
selected a relatively large model scale of 1:4. The experimental data
was only used for a relatively basic comparison of the Eigenfrequency
of the system, as well as the surge, heave, and pitch motion. While the
research found reasonable agreement between the numerical (Ansys
AQWA) and experimental data for the pitch motion, the surge and
heave degree of freedom showed deviations of factor 2 and 10, respec-
tively. The research argued that differences occur due to the neglected
viscous effects in the numerical model. The missing implementation
of the wind loads in the numerical model which were included in
the experimental setup was not further discussed. Finally, Abbasnia
et al. [147] performed experimental tests on the support structure of
an FPV system by means of a single and a twin cylinder in the wave
flume under a two-dimensional assumption. The experiments were
again considered for numerical model validation of a novel BEM-based
in-house code. The structures resembled 1:4.5 scaled models of systems
currently under commercial development. As for [261,288], a motion
capture system, mooring line load cells, and wave gauges were used
throughout the tests. Only regular waves are tested in the study. While
the focus of [147] clearly lay on the numerical model development,
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the analysis and comparison of the experimental data was limited.
However, quantification of the agreement between the experimental
and numerical models was provided for the heave and pitch motion,
as well as the forces, resulting in maximum root-mean-square errors of
6.2%, occurring for the longest wave.

4.2.2. Current loads

Only a few studies in the literature considered current loading in
their analysis of environmental loads of FPV systems (see Table 2). Li
et al. [294] performed structural analysis using the FE code Abaqus,
where current (and wind) loads were considered through a simple drag
force formulation using drag coefficients for literature. It should be
noted that different structural characteristics of the FPV system for
different current directions were taken into account. Choi et al. [299]
also implemented current loads via a drag force formulation with a
drag coefficient of C, = 1.5; however only considering a single current
direction.

4.3. Combined loads

Finally, combined load conditions of wave and current loads were
considered in the literature. As mentioned in Section 4.2.1, Han et al.
[248] considered combined loading from wind, wave, and currents
for their analysis of hydrodynamic forces and system dynamics. While
the combination of environmental load conditions was mentioned in
the description of the model setup, only wave loads were considered
during the analysis of the results. Since the research considered two
different load conditions with non-constant values for the current and
wind speed, as well as the wave period and wave height (see Table 2),
an analysis of the influence of the individual loads was near impossible.

In their analytical approach, Ikhennicheu et al. [290] superimposed
environmental loads based on analytical formulations for wind, current,
and wave loads. In particular, current loads were only considered
for the offshore case study and omitted for the analysis of lake de-
ployments. The current (and wind) loads were followed a drag force
formulation considering sheltering and drag through different coeffi-
cients. The specific coefficients followed the DNV guideline DNVGL-
RP-C205, suggesting a drag coefficient of 2.2 and different sheltering
coefficients for different float rows ranging from 1.0-0.2 for rows 1 and
>4, respectively. Ultimately, the research found that current loads play
a “small but non-negligible role (<15%)”.

4.4. Fluid-structure interaction

With the rapid advancement of computer hardware, aero/
hydrodynamic methods can now be coupled with structural solvers
to create a more sophisticated fluid-structure interaction model (FSI)
that can investigate the deformation characteristics of flexible floating
photovoltaics (FPV) under environmental excitations. This numerical
framework is well-suited for thin-film flexible modules [227].

Xu et al. [222] analytically investigated the hydroelasticity of a
large-scale polymer offshore floating photovoltaics (LPOFPV) based on
a concept of nonlinear fluid-structure interaction, where the floating
structure was represented based on a nonlinear Euler-Bernoulli-von
Karman (EBVK) beam theory. Notably, thin-film FPV used minimal
materials and were flexible, and their hydrodynamic properties expe-
rienced less structural loading. Li et al. [294] conducted a one-way
FSI approach to investigate the mass distribution effects of an FPV
with four sub-plants. The hydrodynamic analysis was undertaken using
Ansys/AQWA. The pressure and acceleration response operator ampli-
tudes were transferred to finite element analysis (FEA) for structural
analysis. A similar approach was applied by Li et al. [294] to study
the performance of composite material for FPV floaters to experience
structural local loads. However, these studies did not consider the
added mass effects that a two-way FSI simulation can account for.
Instead, Han et al. [248] conducted a two-way FSI simulation to
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investigate the effects of Fibre-Reinforced Polymer (FRP) composite
structures on the FPV system. The commercial CFD package, STAR-
CCM+, was used to model the environmental flow field, incorporating
wind, waves, and flows. The structure deformation was accounted for
using beam elements with rigid connections. However, there was no
detailed description provided on how the beam was modelled in their
models.

In investigating the local structural behaviours of a compact system,
Dai et al. [291] coupled potential flow theory and FEA method to
model fluid and structure interaction. The research found that the
edge and corner floating modules experience larger hydrodynamic
responses compared to the inner modules. Local stress peaks were only
observed near the two end bays in the longitudinal direction under
head and beam seas. The inner floater modules were also observed to
experience large torsional forces in oblique waves. The use of advanced
numerical models such as the coupled viscous flow solver with FEA
simulation [293] can help to provide more accurate predictions of how
these systems will behave under different environmental conditions, as
it takes into account the effects of turbulence and other viscous forces
that may be present.

Meanwhile, Papathanasiou et al. [297] studied the hydroelastic
response of floating slender bodies with large spans in enclosed shal-
low water basins with variable bathymetries. Enclosed basins have
unique wave phenomena due to their limited size and geometric com-
plexity, altering the resonant behaviours of the floating structures.
Parametric studies were conducted including basin size, water depth,
and the geometry and material properties of the elastic body. Recent
research [305,306] presented a novel Reduced-Order-Discrete-Module
method for analysing hydroelastic responses of flexible FPV struc-
tures, discretising the structure into modules to simplify the interactive
simulations [307]. These studies take into consideration spatial inho-
mogeneity in wind/wave fields, advancing accurate loading analyses
of FPV systems.

Floating photovoltaic

4.5. Heat transfer

The deployment of FPV makes the natural cooling effects on the
solar panel [308]. The mechanism of such cooling effects is significant
to understand and belongs to a type of multi-physical modelling [309,
310]. The numerical simulations were used to determine if the PV
module could effectively store solar radiation energy at the PV panel
and release it to the underneath water [311,312].

Multi-phase heat transfer is studied by [313], who presented a
MEPCM (microencapsulated phase change material)-PV module that
floated on the water surface. The PCM material can effectively store
or release latent heat through phase changes, making it suitable for
protecting aqua farms under the FPV during the winter season. A
conjugate heat transfer model was derived theoretically and conducted
in numerical simulations to study the temperature changes due to the
composite material and flow-cooling effects [314]. Nysted et al. [315]
investigated panel temperatures and heat loss coefficients (U-values) of
a FPV system in Sri Lanka using module temperature measurements and
CFD modelling. The research determined that wind direction, system
configuration, and sensor placement significantly influence U-values
and temperature distribution, thereby future experiments are required.

Sheikh et al. [239] conducted a numerical simulation using COM-
SOL Multiphysics software to investigate the efficiency of a water-
cooling system on a general thermal PV system model. The simulation
included the transmission of fluid flow in the pipe and the conjugate
heat transfer module in both the solid and fluid volumes. The composite
layers of the PV panels are considered with different solar absorption
rates by introducing cell fill factors. Ramanan et al. [316] conduct CFD
simulations to analyse how various parameters like wind, temperature,
height, and tilt angle affect the cooling performance of floating solar PV
systems compared to conventional ground-mounted systems, finding
that floating PV performs best at lower heights and tilt angles, with a
minimum 5 °C temperature difference between wind and water needed
for enhanced cooling.
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4.6. Power prediction

The overarching goal of FPV installation, clearly, is the genera-
tion of electricity. To assess the system’s efficiency (under, e.g., site-
specific environmental load conditions) and, ultimately, its economic
viability, modelling and prediction of the power production of FPV is
required [317]. Even though power production is the primary objective
of FPV installations, the modelling thereof is largely underexplored.
The relevant studies are discussed in the following.

In their case study for Lake Nasser, Egypt, Abdelgaied et al. [318]
found an annual energy yield of 467.99 TWh for a 50% of the lake. The
research provided the underlying equations for the module power, as
well as the output power including a number of relevant efficiencies.
The module power follows:

G .
P, = Ppeak (GT ) [1 —ap(T,, — TSt)] ,  with 1)
St
Gr 9.5 n
T =T + < ) T - 1-—=. 2
m=1, <GT,NOCT> 57+ 380 (Tnocr — TuNocr) . (2)
The output AC power is then
P, output,AC = P, NeableMinverter Mtransformer 3

In Egs. (1)=(3), Pyeak denotes module’s peak power. Gr, Gg,, and
Grnocr are the intensity of total irradiance on the module surface,
the intensity of total irradiance under standardised conditions, and the
intensity of total irradiance under the nominal operating cell temper-
ature, respectively. a; denotes the temperature coefficient, 7,, is the
cell temperature, and T, is the temperature in standardised conditions.
Tyocr and T, yocr are the nominal operating cell temperature and the
ambient nominal operating cell temperature, respectively. #,, and 7, are
the module efficiency and the coefficient of transmittance absorptance,
respectively. u denotes the wind speed. #.apies Minverters @04 Miransformer
are the efficiencies of the cable, the inverter, and the transformer,
respectively.

Also considering Lake Nasser as a study site, Abd-Elhamid et al.
[319] use a simpler model based on the area and energy density,
finding relatively high values of the energy yield (2850 TWhy~! to
11380 TWhy~!), which can be reasoned by the negligence of losses and
very large coverage (up to 100%).

Hayibo et al. [250] also use a rather simple model, where the output
power follows

Poue=1s-Ap-1p, 4

with I being the incoming irradiance, A, the effective area, and
np the PV system’s efficiency, which includes the electrical efficiency
of the module as a function of the operating temperature, the shad-
ing losses, the soiling and hotspot losses, as well as the mismatch
losses. For the operating temperature, the research provided further
functional dependencies, considering, amongst others, the panel effi-
ciency, and temperature coefficients. Ultimately, for the study site at
Lake Mead, USA, the research found energy yields of 259 TWhy~! to
127.93 TWhy~!, depending on the coverage (10%-50%).

Not only including the power production, but also considering the
LCOE, Agrawal et al. [320] estimates the LCOE for an FPV installation
at the Rajghat Dam, India, at around 0.036$/kWh, including values of
capital and operational expenditure (CAPEX/OPEX) of 0.50-073 $/Wp
(CAPEX) and 0.072%/Wp (OPEX). Data for this estimation are taken
from the literature and from dedicated stakeholder interviews. For
the power production estimation, the research resorted to the PVsyst
software [321]. Under consideration of topographic limitations, envi-
ronmental constraints (e.g., solar irradiance), and panel characteristics,
the research finds 6513 MWp at 25% coverage at the study site.

While the above-mentioned studies consider “standalone” FPV sys-
tems, the combination of FPV systems with hydropower is discussed
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in the literature in terms of power production [322]. For instance,
Pouran et al. [323] consider seven different reservoirs in Vietnam and
perform a performance assessment for FPV in combination with existing
hydropower. For their modelling, the research uses the System Advisor
Model (SAM), developed by NREL, which is a free techno-economic
software model for, e.g., land-based PV [324]. For a combined cover-
age of 1% of the considered reservoirs, the research finds an annual
energy yield of 1 TWh. To adapt the SAM model to FPV, the research
assumes a 10% higher efficiency for FPV compared to land-based
installations. Input data for the SAM consists of location data, mod-
ule and inverter characteristics, system design, shading and layout
considerations, energy losses, and grid limits set-up.

Also employing SAM, Lopes et al. [325] perform an analysis of
combined FPV and hydropower for a case study in Brazil. The research
finds an energy yield between 2.3 TWhy~! to 12TWhy~! for the FPV
system, depending on the selected scenario, i.e. coverage of the reser-
voir. A more general discussion on the benefits of combined FPV and
hydropower regarding the utilisation of existing transmission infras-
tructure, reduced curtailment, and smoothing of power generation can
be found in [326].

From an ocean engineering standpoint, it should be noted that all
the above studies neglect the influence of hydrodynamic (or more gen-
eral environmental) loading. In the reviewed literature, only Magkouris
et al. [211] are found to combine the analysis of the hydrodynamic
response (based on a 2D BEM model) with the power production.
The latter is parametrised through the angle of incidence of solar
irradiation, which is a function of the dynamics of the system. The
research finds that the resulting fluctuations of the angle of incidence
can lead to a degradation of the FPV performance, as a direct function
of the severity of the exposed sea state.

5. Environmental effects

FPV is constantly in contact with the water body, marine vegetation,
and marine species, as depicted in Fig. 9. With the rapid expansion of
FPV, there have been many concerns regarding FPV’s environmental
impacts, which are reviewed in this section. Also, there is an interactive
process between FPV and the environment, thus environmental impacts
on FPV projects are also significant. As such this section first examines
the effects of FPV on the environment and then looks at the effect of
the environment on FPV systems [327,328] (see Section 5.2).

5.1. Effects of FPV systems on the environment

In an early review, Gasparatos et al. [329] indicated a variety
of environmental impacts from FPV at all phases of a project (plan-
ning, construction, and operation and decommissioning), ranging from
glare over contaminant spill to geomorphological and geohydraulic
effects. Hooper et al. [4] supported these concerns in their short re-
view on the environmental impacts and benefits of marine FPV, high-
lighted negative environmental effects, ranging from anchoring and
cable impacts on the sediment (and associated re-suspension), shad-
ing, and spread of alien species, all the way to electromagnetic field
effects. Pouran et al. [27] appended this list by, e.g., restricted oxy-
gen and gas exchanges, chemical pollution, or release of microplas-
tics. Hooper et al. [4] further noted that the specific effects were
significantly influenced by the system design, as well as the geographic,
meteorological, and hydrological characteristics at the installation site.

More specifically, two main focus areas of effects of FPV on the en-
vironment can be identified in the reviewed literature: (1) Evaporation
loss reduction; (2) Water quality and algae blooms. Detailed reviews of
the modelling and analysis of these effects are given in the following
sub-sections.
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5.1.1. Evaporation

It is widely acknowledged that the installation of FPV, in partic-
ular on inland water bodies in arid regions, can significantly reduce
the evaporation loss of water [250,318-320,322,325,330-338]. In the
literature, the analysis of the evaporation loss and its reduction due to
FPV installation has been studied based on purely theoretical analysis,
physical modelling with simplified test setups, field studies [Ref] and
combinations thereof. Table 3 lists the various studies including infor-
mation on the case study site (if applicable), the evaporation model (or
modelling strategy), as well as the identified water savings (based on
the considered FPV coverage).

Bontempo Scavo et al. [332] provided a useful overview of the evap-
oration models (EVM), namely Penman Monteith and modifications
thereof, Valiantzas, Rohwer, McGuiness and Bordne, or Hargreaves.
The different models require different input parameters, such as water
surface temperature, air temperature, relative humidity, wind speed, or
vapour pressure. As can be seen in Table 3, the most used evaporation
model for the analysis of FPV systems is the Penman Monteith with
modifications.

In a comparison of various evaporation models including a novel
evaporation model in free and partially covered water basins, Bon-
tempo Scavo et al. [332] found good agreement with general deviations
of <5% between the models and physical reference measurements,
with a single model showing deviations of up to ~11%. Regarding
their novel EVM, the research stated the benefit of using only “a few
usually known environmental variables, i.e., solar radiation, humidity,
air temperature, water temperature, and wind velocity”, while main-
taining accuracy. Indeed, the availability and source of input data was
discussed in the available literature. This data may either stem from
literature, databases (e.g., NOAA-National Data Buoy Center [250] or
Google Earth [331]), as well as field surveys (e.g., data buoys [250]
or weather stations [15,331]). As pointed out by Lopes et al. [325],
the lack of input data (e.g. due to a lack of weather stations) may be
directly linked to potential uncertainties of the employed models.

The model by Bontempo Scavo et al. [332] was later used by
Agrawal et al. [320] for their analysis of the evaporation loss reduction
for the case study on the Rajghat Dam, India. In fact, as also evident
in Table 3, many studies performed detailed case studies of the evap-
oration loss reduction across the globe, for example in India [320],
Iran [331], USA [250], Singapore [15], Brazil [325], Egypt [318,319],
and Jordan [333,336], and Europe [339]. For all the case studies,
generally, a significant benefit of FPV installations for evaporation
loss reduction is found. Coupled with techno-socioeconomic analysis,
some studies even provided a monetary assessment of the evaporation
loss reduction. For instance, Lopes et al. [325] perform an analysis
on the avoided cost due to the reduction of evaporation loss for the
case study of the Apodi/Mossoro basin, Brazil, finding avoided cost be-
tween 246k-281k $y~!. Regarding the techno-socio-economic analysis,
it should be mentioned that the analysis of evaporation loss is closely
linked to the increasing efficiency of PV panels due to cooling effects,
thus effects of the environment on FPV systems (see Sections 5.2 and
4.6).

Next to the mostly mathematically based modelling of specific
case studies, studies were found in the literature using rather simple
experimental surrogate models of FPV systems, e.g., Zhang et al. [335],
Majumder et al. [334], Al-Widyan et al. [336] and Abdelal [330]. For
instance, Zhang et al. [335] investigated the evaporation loss using a
novel semitransparent polymer PV cell in a small test stand. Al-Widyan
et al. [336] collected experimental data on evaporation over a test
period of 30 days, highlighting a water saving of 31.2% with a 30%
coverage, compared to an uncovered container.

5.1.2. Water quality and algae blooms

As for the evaporation analysis, water quality and algae bloom was
investigated using both experimental [330,337,344-347] and mathe-
matical modelling approaches [15,28,348,349], as well as their combi-
nations thereof [350-352]. Table 4 lists the available literature clus-
tered by modelling approach, including information on the specific
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Fig. 9. Illustration of FPV interactions with the environment.

Table 3
Studies concerning the modelling of evaporation loss in the pertinent literature.
Reference Case study Coverage Evaporation model Water saving?
Soltani et al. [331] Yazd, Iran 90% Penman-Monteith with ANN 70% (a level with 90% coverage)

Bontempo Scavo et al. [332] Biviere Lake, Italy® 30% & 50%

Penman Monteith and modifications thereof,

Valiantzas, Rohwer, McGuiness and

18~49% & 30-64%"

Bordne, Hargreaves, and linear regression models

Agrawal et al. [320] Rajghat Dam, India 25% Bontempo Scavo et al. [332] 0.91m? per kWh
Farrar et al. [333] Mafraq, Jordan Small .& }arge Bontempo Scavo et al. [332] 42 & 8%
footprint
Ghasempour et al. [322] Khuzestan, Iran 2.45% Fereshtehpour et al. [340] 1.97%
Abdelgaied et al. [318] Lake Nasser, Egypt 20-~50% Penman—-Monteith 27~62%
Bulk aerodynamic method

K i ~1009 g N ili 31
Abd-Elhamid et al. [319] Lake Nasser, Egypt 25~100% based on Harbeck equation 2100~8400 million m®y
Hayibo et al. [250] Lake Mead, USA 10~50% Penman-Monteith 127 to 633 million m? y~!
Lopes et al. [325] Apodi/Mossoro basin, Brazil 5~70% Assouline et al. [341] 3.4~55.2%
Abdelal [330] No specific location 100% Penman-Monteith [342] & Experimental 60%
Majumder et al. [334] No specific location 17% Experimental 30%
Zhang et al. [335] No specific location 100% Experimental 23%
Al-Widyan et al. [336] No specific location 30% & 50% Experimental 31.2% & 54.5%
Nisar et al. [343] No specific location Partially & fully Experimental 17% & 28%

a For validation only.

b Range depends on the system design (suspended, surface covering, etc.).

¢ Exact figures for the coverage are omitted.

d

model, if applicable the case study site, as well as the specific quantities
investigated in the study.

As stated by Haas et al. [28] and Exley et al. [349], mathematical
models were useful tools for prognostic and extreme event analysis,
providing a “less time- and resource-demanding alternative” to exper-
imental analysis. From Table 4, the ELCOM-CAEDYM [353] and the
MyLake model [354] can be highlighted as frequently used models.
While ELCOM-CAEDYM is a 3D hydrodynamic model based on un-
steady Reynolds-averaged Navier-Stokes equations with a Boussinesq
approach, including modelling of chemical processes for the analysis
of, e.g., total chlorophyll-a content, MyLake was a 1D model using a
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Data is provided here as given in the respective reference. A direct comparison of the percentage values is challenging due to varying reference values.

partitioning approach for horizontal layer volumes from interpolated
lake bathymetric data. Based on 24-h time steps, MyLake took into
account diffusive mixing processes, local heat fluxes, as well as con-
vective mixing, wind-induced mixing, and the effect of river inflow.
Detailed information on ELCOM-CAEDYM and MyLake was provided
in [15,28,348,349].

Yang et al. [15] used ELCOM-CAEDYM for the analysis of a generic
installation of a 50 MW FPV system with 30% coverage at the Poyan
Reservoir, Singapore. Analysing Chlorophyll-a, total organic carbon,
dissolved oxygen concentrations, Nitrogen, Phosphorus, temperature,
and stability (Richardson number), the research, first, found good
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Table 4

Studies concerning the modelling of evaporation loss decrease in the pertinent literature.
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Reference

Modelling approach

Model

Case study

Quantities

Haas et al. [28] Mathematical ELCOM-CAEDYM [353] Rapel reservoir, Chile Total chlorophyll-a
Exley et al. [348] Mathematical MyLake v1.2 [354] South basin of Windermere, Wind speed, temperature, mixing depth, stratification
UK

Exley et al. [349] Mathematical MyLake v1.2 [354] QEII reservoir, UK Wind speed, temperature, Phytoplankton biomass and
species composition

Wang et al. [337] Experimental Field data Chupei/Lukang/Cigu, Taiwan pH, water temperature, dissolved oxygen,
oxidation-reduction potential, biochemical oxygen
demand, orthophosphate-P, suspended solids, total
ammonia nitrogen, total phosphate-P, total
photosynthetic pigments, aquaculture yield

Abdelal [330] Experimental Pilot test setup with two tanks  — Nitrate, ortho-phosphate, chlorophyll-a, meteorological
data

Kumar et al. [345] Experimental Generic containers stored in - Nitrate, biomass

dark

Wang et al. [346] Experimental Field study Subsidence pond, Xieyi coal Carcinogenic risks via heavy metal content

mine, China

Mathijssen et al. [347] Experimental Leaching experiments for the Kralingen storage reservoir, Heavy metals, poly- and monocyclic aromatic

PE tubing, PE caps and Netherlands hydrocarbons, volatile halogenated hydrocarbons,
sealant material of the caps monocyclic (halogenated) nitrogen compounds,
phenols and halogenated phenols

de Lima et al. [344] Experimental Field study Bomhofsplas lake, Netherlands Underwater images, temperature, electrical
conductivity, dissolved oxygen, pressure, wind speed,
precipitation intensity, global radiation, cloud cover,
and relative humidity

Yang et al. [350] Both Field study and heat balance Singapore Shortwave radiation, longwave radiation, air and

model near-surface water temperature

Yang et al. [15] Both ELCOM-CAEDYM [353] & Poyan Reservoir, Singapore Chlorophyll-a, total organic carbon, dissolved oxygen

Field data concentrations, Nitrogen, Phosphorus, temperature,
stability (Richardson number)

Chateau et al. [352] Both Monte-Carlo & Field data N/A Water temperature, phytoplankton, Nitrogen,
phosphorus, detritus, dissolved oxygen, artificial
fodder, fish population

Ali et al. [351] Both Opaque box & mathematical - Biomass, nicotinamide adenine dinucleotide hydrogen

decay model

phosphate

agreement between acquired field data and modelled results and, sec-
ond, highlighted an increase in water column stability and reduced
wind mixing, leading to a reduction of dissolved oxygen concentra-
tions, as well as an enhanced nutrient accumulation near the reservoir
bottom, as key effects of FPV coverage. Haas et al. [28] used ELCOM-
CAEDYM for the analysis of the algae growth (approximated by the
chlorophyll-a content) for the Rapel reservoir, Chile. While the research
found little effect of the FPV installation on the algae growth for
coverage <40%, coverage of 40%-60% prevented algae blooms, due to
the increased light blockage. In their analysis, the research furthermore
combined the analysis of algae growth with the economic analysis of a
hydropower plant, used for FPV installation.

The MyLake model was used by Exley et al. [348] for the analysis
of wind speed, temperature, mixing depth, and stratification under the
influence of different FPV coverage, ranging from 0 to 100% in the
south basin of Windermere, UK. As one of their key results, the research
highlighted a non-linear behaviour of the lake parameters, which can
be concisely summarised by a reduced temperature, a shortened strat-
ification, and shallower mixing depths for increasing coverage. In a
follow-up study [349], the research performed an analysis for the QEII
reservoir, UK, to analyse the phytoplankton biomass and species com-
position using MyLake. In this study, the results suggested that cooler
water temperatures in combination with the altered light conditions
slow down phytoplankton growth.

Considering experimental modelling, de Lima et al. [344] motivated
an extensive field measurement campaign with the fact that, in the
research’s opinion, studies in the literature rely at large on modelling
without proper validation. To provide measurements for such model

17

validation, the research used a variety of measuring devices (data
loggers, remotely operating vehicles, weather stations, etc.) to monitor
marine growth, temperature, electrical conductivity, dissolved oxygen,
pressure, wind speed, precipitation intensity, global radiation, cloud
cover, and relative humidity at the Bomhofsplas lake, Zwolle, Nether-
lands. A 27.4 MW,, FPV system with 30% coverage was installed at the
test site. Data was recorded with varying sampling frequencies (depend-
ing on the measuring device) over a period of 10 months, divided into
two periods from February-June and July-December 2020. Detailed
information on the measuring devices and the recorded data, including
the sampling frequency, were provided in the paper. Comparing their
data taken underneath and in the vicinity to the FPV system with data
from a reference site in the lake, the research found main differences
in the dissolved oxygen concentration under the FPV system; however,
concluded that the FPV system does not result in “major differences in
water quality”.

5.2. Effects of the environment on FPV systems

While the previous section concerned the effects of FPV systems on
the environment, this section reviews studies concerning the effects of
the environment on FPV systems. In the literature, next to, e.g., ge-
ographical characteristics [355], environmental effects are mostly re-
duced to the improved efficiency of FPV systems due to evaporation
cooling effects [266,334,343,356-358]; thereby, are tightly linked to
the power production analysis (see Section 4.6).

Jeong et al. [356] used regression analysis and neural networks
for their analysis of environmental factors (panel temperature, air—
water temperature, and wind speed) affecting the power generation of
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FPV, where results confirmed a correlation between water evaporation
effects and low panel temperature, hence high panel efficiency. The
research quantified the increased output of FPV systems, compared to
land-based systems, with 3%. For a similar study on the increased FPV
efficiency, Sukarso and Kim [357] used field data from West Java, In-
donesia, and remote sensing. However, the research only found a 0.61%
efficiency increase for the FPV system, compared to a ground-mounted
reference.

Amiot et al. [359] used a 1D thermal modelling approach to-
gether with field data to correlate wind patterns on the water surface
and air temperature modified by evaporation cooling with the FPV
performance. From their results, the research found that, compared
to a ground-mounted system, FPV systems were more influenced by
wind patterns, due to the potentially lower roughness of the water
surface. Interestingly, the research also found that for their case study
for a “low-size waterbody”, water thermal radiations had an opposite
effect on the panel temperature than the wind patterns, i.e. heating
the module. Noting the limited size of the considered waterbody, the
research noted that thermal optimisation of the FPV system should be
performed rigorously.

Uniquely, de Lima et al. [344] considered biofouling on FPV systems
in their extensive field measurement campaign. While noting that
biofouling was observed a few months after installation of the system,
no further assessment of the effects of biofouling, e.g., on the system
dynamics, was considered by the research.

6. Summary and recommendations for future work

From a design perspective, the modular design of FPV (Fig. 4(a))
presents superior scalability, and the connections between different PV
units can mitigate significant environmental loads. By contrast, waves
would induce critical bending stress in the integrated design, if the
design becomes sufficiently large (Fig. 4(b)). For the superficial design
(Fig. 4(c)), although such designs offer the advantage of simple and
flexible structures, they are envisioned that the buoyancy provided by
the doughnut barrier may not be enough when the required power
(hence the surface coverage) is extensive. With the ongoing global
demand that large-scale FPV projects are lacking, the modular design
appears to allow the quickest expansion, and it is easy to manufacture
and install as the modular feature can free up the need for case-by-case
designs.

Although there are some innovative designs for FPV, such as sub-
merged and bifacial, these innovations have not been put into com-
mercialisation. It appears that the industry is satisfied with the current
designs that lift mature rooftop silicon solar panels by floating support.
It is identified that cleaning the solar panels may remain an issue, as
manual labour is still required around the world for cleaning deployed
FPV systems. Considering the expense of robotics, incorporating a
water-spray cleaning system could be the way forward.

Contemporarily, OE simulation approaches for naval architecture,
offshore platforms, and fixed/floating wind turbines have focused on
the dynamic response of a single structure [360], which can be used
to simulate an integrated FPV platform (Fig. 4(b)). For the superficial
case (Fig. 4(c)), there are also available OE simulation approaches
which have been used for the hydroelastic performance of Very Large
Floating Structures (VLFSs), such as floating airport and sea ice [361,
362]. However, the modelling approaches for modular FPV appear to
have significant research gaps. Modular FPV can consist of hundreds
or thousands of floating structures connected together. This type of
multi-body dynamics has barely been modelled using a high-fidelity
approach [144], and the direct extension of contemporary modelling
approaches to numerous structures would be impractical due to a
prohibitive computational cost required for mesh refinement around
each floating structure. On the other hand, using low-fidelity theo-
retical models would exclude some significant features such as wave
energy dissipation during propagation [363], overtopping [364-368],
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and structural complexity [225,369,370]. The present review suggests
one way forward might be performing FPV array simulations with
a small array first, and gradually increasing the array to derive an
empirical relationship [371-374]. Considering the multi-body dynam-
ics of hundreds or thousands of structures linked together, it may
be indeed sufficient to identify the most fragile parts and reduce the
computational costs based on symmetry and extendability. In line with
this, the FPV deployment locations and design of mooring lines for FPV
should be further studied and optimised.

Heat transfer and power output problems of FPV have been widely
studied. However, it appears that the investigated cooling effect con-
siders an FPV system being placed on calm water; when the water is
flowing and/or with waves, it is envisioned that a different cooling
effect will be identified. The present review recommends combining
heat transfer equations into a hydrodynamic solver to investigate this
problem.

The environmental research of FPV has suggested positive effects,
such as reducing evaporation and water temperature, which then help
to increase the growth of fish. The associated effects on aquatic plants
seem to be insignificant, while this could vary when more criteria
have been set. There has been no clear negative effect identified so
far. Whilst the coverage of FPV systems could significantly reduce
the growth of plankton, it is not necessarily negative in some cases.
Reversely, looking at the effects of the environment on FPV, biofouling
could increase the self-weight and affect the global responses of FPV
systems, while this has been barely studied. The corrosion of materials
used for FPV is also understudied.

Going offshore, an obvious challenge for FPV is wave action/loads.
Calm water-based FPV is not designed to handle wave power, thus
those FPV structures may not be able to survive. Another negative
impact of waves on FPV is to induce motions, where the rotation of
solar panels riding waves will cause a mismatch to sunlight, thus an
energy loss [375]. Also, waves can cause an overtopping and bring salt
to deposit on the solar panel’s surface, which also reduces its efficiency
evidently [376]. Therefore, it may be essential to minimise wave in-
teraction with FPV systems. One feasible approach is to implement a
breakwater that is widely used for coastal protection [377-379]. Fig. 10
presents a concept proposed by Cranfield University UK. Integrating a
breakwater into the edge of an FPV power plant can break incoming
waves, with promising laboratory results provided as an initial feasi-
bility study [380]. The breakwater can cause waves to lose continuity
and only radiate a short distance downstream. A buffering zone can be
used to cover the radiation distance and eliminate the wave, thus the
solar panels will have minimal interactions with waves and can remain
intact as well as avoid rotational motions or salt disposition. It is worth
noting that the main additional component is the breakwater barriers,
thus the additional cost does not increase proportionally with the
surface coverage. Namely, the larger the surface area of the solar farm,
the cheaper the average energy cost will be. However, the economic
and technical performance of FPV systems varies significantly across
different installations and regions. A technical design guidance on this
will be valuable.

As detailed in Appendix A, data from 2013 to 2023 show that
global FPV power densities generally range from 0.4 to 1.2 kW/m?,
with some advanced configurations achieving higher density of 2.25-
3.0 kW/m? in Asian installations. LCOE values for these systems span
from 0.05 to 0.15 per kWh, with CAPEX ranging between 0.7 and 2.0
per watt. Applying a modest power density of 0.5 kW/m? (detailed in
Appendix A) and assuming utilisation of only 1% of available water
bodies [381]: the United States signifies 125 GW capacity potential,
yielding 275 TWh annually [96]. The European Union follows sub-
stantial potential with 100 GW capacity, generating approximately 175
TWh annually at a 20% capacity factor [25]. Globally, considering ap-
proximately 1,500,000 km? of artificial water surfaces, the conservative
technical potential would reach 750 GW capacity and 1450 TWh/year
generation [382].
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Fig. 10. Illustration of the integration of a floating breakwater with FPV [151].

Technological advancements have led to improvements in these
metrics, with recent projects demonstrating more favourable LCOE and
CAPEX figures. For example, the Queen Elizabeth II Reservoir in the
UK and the Three Gorges project in China illustrate how regional and
technological progress can significantly impact economic performance,
achieving competitive power densities and reduced LCOE. The obser-
vations from the economic model also highlight the need to consider
system capacity and energy production when evaluating the feasibility
and economic viability of FPV systems.

The recommendations and future work are summarised in Appendix B,
which highlights key areas for advancement in FPV technology, em-
phasising the need for multidisciplinary collaboration and integrated
approaches to renewable energy development. The identified research
gaps provide a focused roadmap for future FPV research and develop-
ment.

7. Conclusions

Due to its superior flexibility and affordability, PV is predicted to be
the most popular energy source in the future. Whilst the energy output
of a PV system is proportional to its surface coverage area, finding
available space for future deployment points the finger towards water
bodies, and in particular, the abundant coastal and offshore space.

In this context, the present paper reviewed a large volume of
literature linked to FPV systems. The design, modelling and envi-
ronmental effects of existing FPV research are discussed in detail. It
has been identified that these research share certain similarities with
OE research, but significant research gaps remain. What is lacking in
the design is to mitigate wave loads on the vulnerable PV structure,
such as adapting breakwater technologies for attenuating the potential
destructive power of waves. The review on modelling highlights an
urgent need to simulate the dynamics of numerous floating bodies in
waves, i.e. modular FPV systems, and this is different from existing
OE simulation approaches. There is also a significant gap to design-
ing and optimising the mooring system. FPV systems have somewhat
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shown positive impacts on the environment, but the environment can
induce biofouling and corrosion on FPV, which is barely studied nor
mitigated. Overall, the present review provided useful insights into the
development of FPV, facilitating this application’s ongoing expansion
on waters.
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Appendix A

Power density, LCOE and CAPEX
See Table A.1.
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Table A.1
Power density, LCOE and CAPEX
FPV power plants summary (Peak/Installed Capacity per Unit Area) LCOE CAPEX Lake or Ocean
(kW/m?) (USD/kWh) (USD/W) )

Global (2013-2023) 0.4-1.2 0.05-3.12 0.7-2.74 Mixed
Global (2016-2022) [382] - 0.04-0.085 - Mixed
Global (2010-2019) [152] - 0.15-0.59 - Mixed
Queen Elizabeth II Reservoir, UK (6.3 MW) [383,384] 1.5 0.05-0.07 1.22 Lake
Sheeplands, UK (0.2 MW) [385] 0.5-1 1.14 1.02-1.52 Lake
Lazard, USA [153] 0.5-2.75 0.045-0.056 - Mixed
Three Gorges (150 MW), China [385] 0.8-1.7 0.99 0.7-1.0 Lake
- (10 MW), China [386] - 0.047 - Lake
Anhui Xinyi (20 MW), China [385] 0.7-1.5 1.48 0.8-1.1 Lake
Taiwan [387] 3 - - Ocean
China [387] 2.25-2.73 - - Lake
Anhui Sungrow (40 MW), China [385] 1-1.7 1.13 0.8-1.2 Lake
Kayamkulam (171 MW), India [13] 0.49-0.71 0.084 0.38 Lake
-(10 MW), India [388] - 0.026 0.647-0.677 Lake
Andhra Pradesh, (2 MW), India [385] 0.83 0.092 1.0 Lake
-(5 MW), India [389] - 0.041 - Lake
-(105 MW), India [390] - 0.11 - Lake
-, Malaysia [391] - 0.052 0.495 Lake
Shiroishi Saga [385] 0.83 3.12 2.329 Lake
Mita Kannabe (13.7 MW), Japan [385] 0.6-0.8 0.97 1.5-2.0 Lake
-, Thailand [392] - 0.0187-0.0241 0.52 Lake
-(211.94 MW), Turkey [228] - 0.6121 1.19 Lake
-, Egypt [271] - 0.067-0.075 - Lake
- (0.174), Egypt [393] - 0.015 - Lake
-, Pakistan [394] - 0.0564 0.348 Lake
-, Brazil [395] - 0.032 0.938 Lake
-, (10 MW), Brazil [396] - 0.039-0.081 - Lake
-, (15.5 MW), South Africa [397] - 0.714 1.1 Lake
FPV-GIS [398] - 0.03 1.3 Mixed
Hy4REN (140.6 MW) [231] - 0.12 - Lake
Theoretical study (1 MW), Indonesia [357] - 0.0337 - Lake
Economic model, Pvsyste [123] 1.2 0.03-0.11 0.77 Mixed
Economic model (201 MW) [399] - 0.08 - Lake
Economic model (15 MW) [400] - 0.047 - Lake
Economic model (253 kW) [401] - - 2.743 Lake
Theoretical study (1 MW), Indonesia [158] - 0.1 - Ocean
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Appendix B

Recommendations and Future Work
See Table B.1.

Data availability

All data underlying the results are available as part of the article
and no additional source data are required.
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Table B.1
Recommendations and Future Work
Main Sub Topics
Structural design — Conduct life span experimental studies on existing FPV system, testing the fatigue and operational
durability.
— Develop innovative, modular designs that can easily scale from small to large installations.
— Investigate advanced materials and structures to enhance durability in marine environments.
— Optimise designs for extreme weather conditions.
Floating support — Research novel buoyancy systems that can adapt to changing water levels and tidal conditions.
— Develop effective anchoring and docking systems suitable for near-shore installations.
) — Investigate dynamic positioning systems for FPV platforms.
Design Hybrid design of FPV — Feasibility analysis of integrating the FPV with offshore wind turbines to maximise space utilisation and
and other energy energy production.
systems
— Develop hybrid systems combining FPV with wave or tidal energy converters.
— Investigate the potential of FPV-powered hydrogen production facilities.
— Explore synergies between FPV and marine biomass production for Sun-fish industry.
— Investigate the potential of hybrid renewable land.
Auxiliary — Develop cost-effective cleaning systems.
— Innovate cooling systems that better utilise surrounding water.
— Design cost-effective monitoring and maintenance operations.
Computational model — Advanced computational model to investigate the effects of wind-induced vibrations on long-term
structural integrity and panel efficiency.
— Reduced order model or mix-fidelity model that captures wind, wave, current, and structure interaction in
an effective manner.
— Advanced numerical model for extreme events like tsunamis or storm surges.
— Optimisation model is desired to find the optimal structural shapes, and array designs for large-scale FPV.
— Develop models to predict long-term effects for wave structure interactions considering fatigue or damaged
conditions.
— Explore machine learning and deep learning techniques for real-time load prediction and system
Modelling optimisation under varying conditions.

— Develop efficient FSI models capable of simulating large-scale FPV arrays with reasonable computational
cost.

— Explore the use of reduced-order modelling techniques for rapid FSI simulations in design optimisation.
— Create models to predict long-term thermal cycling effects on panel degradation and structural materials.
— Explore the potential of using waste heat for auxiliary applications, such as desalination or biomass
production.

Power prediction

— Investigate the impacts of panel shading, soiling, and degradation on long-term power production.

— Create machine learning models for real-time power forecasting based on environmental and operational
data.

— Explore probabilistic power prediction models to better quantify uncertainties in energy production
estimates.

Environment effects

— Conduct long-term studies on the impact of FPV installations on local biodiversity.

— Study the effects of large-scale FPV deployments on air and water temperature patterns.

— Explore the potential of FPV systems to reduce harmful algal blooms and improve overall ecosystem health.
— Develop advanced models to predict the long-term impacts of reduced evaporation on local water cycles
and weather patterns.

— Investigate the deployment of FPV on the effects of reduced light penetration on aquatic ecosystems.

— Develop models to predict and optimise FPV coverage for improving water quality in polluted or eutrophic
water bodies.

Costs and political consideration

— The economic perspectives of the FPV system are briefly mentioned but not deeply explored. The analysis
may not be directly applicable to all global contexts, especially in regions with significantly different
environmental conditions and economic factors.

— The site performance of FPV systems can vary widely based on local conditions such as water body
characteristics, climatic conditions, and technological integration. These variabilities are difficult to
standardise in a broad review.

Ocean engineering

— Accurate modelling of a large number of FPV modules’ multibody dynamics in waves.

— Design of breakwaters to protect FPV; Integration of FPV with wind and wave energy devices.

— fatigue mitigation and corrosion resistance of FPV components in waves and marine environments.

— Effective sensors for monitoring in seas and further supporting the developments of energy management
software and digital twins.

— Systematic and optimal mooring design considering the vast surface expansion of FPV power plants on the
ocean.
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