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Abstract

Floating and offshore photovoltaic (FPV) installations present a promising solution for
addressing land-use conflicts while enhancing renewable energy production. With an
estimated global offshore PV potential of 4000 GW, FPV systems offer unique advantages,
such as increased efficiency due to water cooling effects and synergy with other offshore
technologies. However, challenges related to installation costs, durability, environmental
impacts, and regulatory gaps remain. This review provides a comprehensive and critical
analysis of FPV advancements, focusing on inland, nearshore, and offshore applications. A
systematic evaluation of recent studies is conducted to assess technological innovations,
including material improvements, mooring strategies, and integration with hybrid en-
ergy systems. Furthermore, the economic feasibility of FPVs is analysed, highlighting
cost-benefit trade-offs, financing strategies, and policy frameworks necessary for large-
scale deployment. Environmental concerns, such as biofouling, wave-induced stress, and
impacts on aquatic ecosystems, are also examined. The findings indicate that while FPV
technology has demonstrated significant potential in enhancing solar energy yield and
water conservation, its scalability is hindered by high capital costs and the absence of
standardised regulations. Future research should focus on developing robust offshore
floating photovoltaic (OFPV) designs, optimising material durability, and establishing
regulatory guidelines to facilitate widespread adoption. By addressing these challenges,
FPVs can play a critical role in achieving global climate goals and accelerating the transition
to sustainable energy systems.

Keywords: offshore solar; renewable energy; solar energy; floating photovoltaics; sustainability

1. Introduction

The increasing demand for renewable energy has accelerated research into novel
solutions that maximise generation while minimising the environmental impact. Floating
photovoltaic (FPV) systems have emerged as a promising alternative to ground-mounted
photovoltaic (GPV) farms, particularly in regions where land scarcity, urban expansion,
and agricultural demands limit terrestrial solar installations [1,2]. FPVs can utilise ar-
tificial reservoirs, lakes, and even offshore environments, offering additional benefits
such as natural cooling effects and reduced water evaporation [3-9]. These systems
can also be integrated with other renewable energy systems such as offshore wind or
hydroelectric plants [6,10].
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Despite these advantages, the deployment of FPV systems—particularly in offshore
and nearshore environments—remains limited due to several technical, economic, and
regulatory challenges. OFPVs are subject to higher wave loads, extreme weather conditions,
and biofouling, which impact their structural durability and long-term energy yield [11].
Furthermore, FPV installations currently lack international regulatory frameworks and
standardised design criteria, leading to uncertainty in project development and financing.
While existing reviews have focused on inland floating photovoltaic (LFPV) applications,
comprehensive analyses of offshore floating photovoltaic (OFPV) feasibility, technological
advancements, and economic barriers are still lacking.

This review systematically examines the technological advancements, environmen-
tal impact, and economic viability of FPV systems, with a particular focus on offshore
applications. This review differs from the existing literature by focusing on select techno-
logical advancements and gaps, rather than providing a historical overview of floating
PV installations. The authors believe these factors will shape the future success of float-
ing PV systems, particularly in offshore environments. By analysing data from several
peer-reviewed studies, case reports, and real-world deployments, this study addresses the
following key questions:

e  What are the latest technological innovations in FPV mooring systems, materials, and
hybrid renewable energy integration?

o  What are the major cost and durability challenges facing OFPV adoption, and how
can they be mitigated?

e  What environmental impacts do FPV systems have on aquatic ecosystems, and what
regulatory frameworks are needed for sustainable deployment?

The findings of this review aim to provide a roadmap for scaling FPV technology
while addressing the remaining scientific, economic, and policy challenges that hinder its
large-scale deployment.

Review Methodology

This paper constitutes a scoping review of floating photovoltaic systems, synthesising
technological, environmental, and techno-economic findings to identify current research
gaps and future development priorities. This review follows a structured scoping review
approach based on the PRISMA-ScR [12] guidelines for transparency and reproducibility.

7o

The literature was collected using search terms such as “floating photovoltaics,” “offshore

7o

solar,” “marine solar,” and “FPV”. Recognising that commercial advancements and market
trends are often detailed in industry reports, the search strategy was designed to include
grey literature in addition to peer-reviewed academic publications. This approach was
essential to fulfil the review’s objective of comprehensively mapping the FPV market. The

inclusion criteria for the literature required the following:

- Quantitative performance or techno-economic data.

- Discussion of offshore FPV design, materials, or environmental interaction.

- Practical designs beyond numerical models with either a high technology readiness
level (TRL) or a forward vision to advance the current TRL.

Moreover, this review grounds its ecological and life cycle discussions by synthesising
findings from a variety of empirical monitoring and modelling studies. These sources are
complemented by comprehensive Life Cycle Assessment (LCA) data to evaluate the total
environmental burden associated with material selection, mounting, and system operation.
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2. Benefits and Potential Implementation of FPVs
2.1. Benefits of FPVs

Floating photovoltaic (FPV) systems provide multiple benefits compared to conven-
tional GPV installations, particularly in regions where land scarcity or competing land-use
priorities pose challenges [1,2,13]. By utilising water bodies such as reservoirs, canals,
and offshore environments, FPVs reduce land occupation while also enhancing energy
efficiency, water conservation, and hybrid renewable energy integration.

Furthermore, thanks to their rapid assembly and installation and less disruptive dis-
mantling, LFPV platforms can be simpler and less expensive to install than GPV farms.
Their accessibility on the surface of the water can make maintenance operations easier [14].
Another important advantage of LFPVs is that they reduce water evaporation [3,15]. Ac-
cording to research conducted in Australia, up to 40% of the water in open tanks is lost
through evaporation [13]. By covering just 30% of the water surface with photovoltaic
panels, evaporation can be reduced by up to 49%, preserving crucial freshwater resources,
particularly in agricultural areas [7,8]. A study by Tian et al. [16] found that annual water
reservoir evaporation losses equate to nearly 73% of the 2010 municipal water withdrawal.
According to Nisar et al. [3], LFPV systems can reduce water evaporation by 17% when
the water body is partially covered and by 28% when the water body is fully covered.
Moreover, Elminshawy et al. [9] found that floating PVs installed with a 10° tilt can reduce
water evaporation by 83.33%. Also, the shading effect of LFPVs prevents the growth of
algae in the water beneath the panels, which is beneficial for maintaining water quality and
protecting aquatic ecosystems. Reducing the growth of algae is of vital importance for the
preservation of fish species and other marine life [17].

Solar panels installed on water also tend to increase energy production thanks to
the natural cooling effect of the water, which prevents the panels from overheating and
improves their efficiency [3,4]. A study conducted on “the offshore oil platform QMS Al
Bahia in Abu Dhabi” evaluated the performance of an OFPV system under the climatic
conditions of the Persian Gulf. The research highlighted that the offshore environment
positively impacts the efficiency of PV panels, with a maximum temperature difference of
4.1 °C observed in November compared to ambient conditions. This temperature reduction
contributes to enhanced energy yields [18].

In their study conducted in West Java Province in Indonesia, Sukarso et al. [5] found
that the temperature difference between water-based and ground-based zones can be up to
3.8 °C in November and December and 15 °C in early October. Furthermore, the cooling
effect lowers the front PV temperature by 2 to 4% and the back PV temperature by 5 to 11%
compared to similar ground-based PV modules (GPVs) [3]. This phenomenon results in
a higher energy conversion efficiency of the FPV modules which can generate up to 10%
more electricity [6].

By generating renewable energy, FPVs help to reduce greenhouse gas emissions, re-
duce dependence on fossil fuels, provide energy independence, and align with the EU’s
goal to reach climate neutrality by 2050 [19,20]. Another opportunity is hybridisation of
FPVs with hydroelectric power stations. This approach uses the infrastructure of hydroelec-
tric dams, combining solar and hydroelectric power to create a more reliable and constant
energy source while maximising the use of renewable resources [10,21].

The economic benefits and profitability of FPVs are compelling. FPVs are economically
attractive because of reduced land costs, increased energy production, and lower mainte-
nance costs (for LFPVs) [22]. In addition, some floating platforms, made of high-density
polyethylene resistant to UV rays and corrosion, can be recycled, improving their durability
and profitability.
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2.2. Potential Implementation of FPVs

In their study, Silalahi et al. [23] analysed 40 years of wave height data and maxi-
mum wind speeds to identify potential locations to implement OFPV installations. The
Gulf of Guinea and the Indonesian archipelago were identified as the most favourable
sites for OFPV installations. Their work showed a “huge potential” for OFPV systems
in calm tropical regions, possibly generating up to 1 million TWh per year in areas with
winds rarely stronger than 15 m/s and waves rarely larger than 6 m. According to the
International Energy Agency [24], in 2022, the global electricity consumption was approxi-
mately 25,000 TWh, with PVs generating only 6.2% of this demand. This means that the
potential from OFPVs in tropical regions represents around forty times the current global
electricity production.

Figure 1 represents the “Flowchart of site assessments of OFPV sites” used by
Silalahi et al. [23]. This flowchart illustrates how potential OFPV installation sites are iden-
tified by excluding areas with 40 years of historical storm paths, protected areas, and
Economic Exclusive Zones (two hundred miles) and after eliminating areas where wave
heights and wind speeds are too high. After suitable maritime areas were assessed for the
installation of OFPV systems, Silalahi et al. [23] concluded that most of the potential areas
experience winds stronger than 20 m/s and waves larger than 10 m. With these conditions,
OFPVs may not be economically feasible compared to GPVs or LFPVs. However, the study
concluded that some regions within 5-12 degrees of latitude of the Equator, such as the
Gulf of Guinea, the Indonesian archipelago, the Greek Isles, and the northern Adriatic Sea,
are the most adequate to implement OFPV installations [23].
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Figure 1. Flowchart of site assessments of OFPV sites. Reproduced under the terms of the CC-BY
license [25]. Copyright 2023, Silalahi et al. [23], published by MDPI.

3. Floating and Offshore PV Technology
3.1. Concept and Design of Floating, Nearshore, and Offshore PV Systems
A floating photovoltaic installation is an emerging concept that combines conventional
PV technology with floating systems. For the purpose of this review, this technology will
be divided in two categories:
e Inland floating PVs (LFPVs) are characterised by the implementation of systems over
water bodies such as lakes, lagoons, irrigation and agricultural ponds, canals, dams,
fish farms, wineries, and wastewater treatment plants.
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Offshore PVs are located, at a certain distance, off the coast, in deep or shallow
waters [26]. These installations can either be floating (OFPVs) or installed on a fixed
structure attached to the seabed (OPVs).

Certain aspects need to be initially considered to develop a stable structure that is both

economically feasible and non-intrusive to the surrounding environment. This involves

both the construction process, as well as the surroundings since the climate and weather

conditions directly influence the system’s performance. Similar to GPV installations, one

must set a suitable tilt angle and orientation and choose the distance between individual

panels to prevent shading and facilitate their maintenance [1].

The most significant criteria that should be borne in mind while selecting a suitable

space for a floating PV facility include the following:

Environmental factors such as solar radiation, shading, or fog that would directly
influence electricity generation.

Elements that might disturb installation and maintenance, namely the depth of water
and regions prone to freezing or interference by dam facilities.

Connection with power systems, such as the distance to load and distribution lines.
Legal restrictions to ensure that a given aquatic area is not protected, does not require
special countermeasures, and is not designated for marine traffic.

3.2. Components of a Floating PV System

Apart from traditional components of a GPV installation, a floating PV system includes

several additional elements characterised in Table 1 [1]. The layout of a typical floating PV

system is depicted in Figure 2 [27].

Table 1. Components of floating solar installations [1].

Component

Characteristic

Floating system
(floater + structure)

A pontoon is a flotation device with sufficient buoyancy to be able to float both by itself
and with a heavy load. There are several plastic hollow floaters attached underneath,
frequently made of glass fibre-reinforced plastic or, in most cases, high-density
polyethylene (HDPE). For OFPV installation, stainless steel or bamboo-based material is
also used.

Mooring system

A type of permanent structure consisting of an anchor, line, and connectors that adjust
the platform to water level fluctuations and keep it secure. For example, nylon wire
ropes can be utilised for such an application and fixed tight to bollards. Steel chains or
polyester lines or their combination may be used in offshore areas.

PV modules

PV modules are installed on top of the floating structure, and standard silicon modules
are mostly incorporated. However, the advancement of the technology into offshore
environments has led to the development of specifically fabricated modules able to
withstand highly corrosive environments.

Cables and connectors

Special water-proof and high-temperature-resistant electrical components transmit
electrical energy from the solar array to land. The wiring is routed either above or
under water.
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Figure 2. Floating PV system with its components. Reproduced with permission from authors [27].

3.3. Floating PV Designs for Water Bodies

Various research groups worldwide are proposing their designs for floating devices to
support photovoltaic panels. The “Hydrelio® aiR Optim” LFPV design, which is widely
implemented by the French company “Ciel et Terre” [28], is designed for agitated bodies of
water such as dam reservoirs or basins. To date, 825 MWp floating PVs have been installed
using this design. The floater is composed of high-density polyethylene (HDPE) and can
support modules of up to 670 W in size. According to the company, the design is wave-
resistant, snow-compatible, and typhoon-proof, compatible with high water level variation
and dry ponds. The anchoring design can be adapted according to site requirements [28].

Another floating PV structure manufactured by the Japanese company “Sumitomo
Mitsui Construction Co., Ltd.” is made of high-density polyethylene (HDPE) material and
uses UV-absorbing agents to ensure protection against UV light. The float’s overall weight
is 11.9 kg, whereas the bridges weigh no more than 2.2 kg. The inclination angle of the solar
panels fixed on the top of the structure is set at 10° [1]. Structural elements include buoyant
floats, upright stands, bridges, binding bands, anchor bolts, and solar panel brackets [29].
When utilising lightweight floaters, one must focus more on durable mooring to avoid floats
overtopping due to unexpected weather conditions. These incidents are not something
new, as described in Section 5.2.

3.4. Nearshore PV System Designs

In December 2023, the Norwegian company Ocean Sun and its partners completed the
installation of one of their nearshore solar PV systems near La Palma in Spain [30], shown
in Figure 3.

'l
"'l i ll.
'l',,'l',[ hag, "l’

Figure 3. “BOOST” solar project, La Palma, Spain. Reproduced with permission from authors [30].
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The project named “BOOST” has a theoretical power of 275 kWp and it is part of
an EU Horizon project. This project implemented Ocean Sun’s patented FPV technology,
illustrated in Figure 4 [30,31].

Bilge pumps

Cables and hoses

PY¥ modules.

Double keders

! .
§ ———————————— buoys
Mooring chains

Inverters

AC hox

Combiner box

Brackets

Buoyancy rings

Anchors

- S ——— Attaching rapes

Figure 4. Ocean Sun’s patented technology. Reproduced with permission from authors [31].

The circle-shaped design includes a reinforced membrane that lies directly on the
water surface. According to Ocean Sun, the PV modules are installed horizontally for
the optimal cooling effect. The membrane is anchored to the seabed using buoys and
mooring chains [31]. In their study, Kjeldstad et al. [32] analysed the performance of
this patented FPV technology and quantified the cooling effect due to the water body
underneath. The result of this study showed that FPV systems with a membrane resting
on the water body have a 5 to 7% higher yield than systems cooled by air from May to
July. They concluded that this yield difference relies on the changes in temperatures of
air and water [32]. According to the Ocean Sun company, the technology’s installation is
simple, safe, and quick. Furthermore, it has proved to be robust in high wind, waves, and
strong currents [31]. The downside to this design is that small wave heights can overtop
and fill the membrane with water. If the drainage pump fails, this could lead to rupturing
of the membrane. Furthermore, there is a concern regarding the power consumption and
maintenance of the drainage pump.

3.5. Offshore PV System Designs

The potential benefits of OFPV systems are accentuated in islands and small states
with limited land area and extensive territorial waters. For example, the Maltese islands
cover an area of around 316 km? of land with around 3000 km? of territorial waters. In
total, 33% of the islands are covered by buildings, and most of the remaining land is not
available for PV installations due to legislation that prevents installations on arable or
environmentally sensitive land [33]. Solar energy production is not yet exploited in this
considerable aquatic space. The relevance of OFPV systems to this region is also highlighted
by Malta’s high annual solar insolation [34]. In 2015, Maltese researchers launched one of
the first OFPV prototypes, as part of the Solaqua project. Mule” Stagno et al. [4,35] built
and tested prototypes of OFPV systems using different PV module technologies, mounting
techniques, and floating devices. The installations were exposed to considerable waves
and wind but not in very deep sea to limit the cost of mooring and anchoring and avoid
interference with marine activities. In this study, four prototypes were evaluated:

e Reinforced expanded polystyrene (EPS) with thin-film PV modules.
e  Crystalline PV module float.
e  Steel pipe raft with HDP drums.
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e  Self-floating spherical shapes with PV modules built into them.

The lessons learnt in terms of feasibility and costs from this pioneering OFPV study
have been of crucial importance for the development of OFPV installations. In 2021, the
Maltese researchers patented their new design for OFPVs involving modular hexagonal
rafts [36]. Hydrodynamic simulations of the designs were performed, and small-scale
prototypes were tested in wave tanks, as shown in Figure 5 [36]. The hexagonal shape allows
a wave response motion with high degrees of freedom, preventing excessive overtopping
in high-wave conditions. Furthermore, the modularity of the design enables unlimited
scaling and facilitates production and transport.

Figure 5. Solaqua small-scale prototypes [36].

Loépez et al. [37] developed a new OFPV concept termed the “HelioSea”. The design
of this innovative concept uses the tension-leg platform (TLP) technology, already used
for offshore oil and gas installations and offshore wind turbines. The HelioSea concept
uses steel wire ropes and a mast for the legs and tubular steel members as pontoons.
However, the authors of the concept explain that other materials, such as fibre-reinforced
polymers, may be explored for future deployment. The main components of this design
include stainless steel wire ropes for taut mooring, pontoons, a mast to support dual-axis
PV tracking, and the PV modules [37].

Compared to other offshore designs, the HelioSea concept could have the advantage
of being mobile while having minimal vertical motion. Moreover, when compared to
other floating solar designs, the HelioSea concept has panels installed at a sufficient height
above sea level, possibly avoiding overtopping in extreme wave conditions. However, the
main disadvantages of this system could be the high capital, difficult maintenance, and
the fatigue of tension. A dual-axis tracking system requires moving parts such as gears
and electric motors. These components can increase maintenance costs considerably in an
offshore environment and increase the probability of failure.

Another full-scale prototype designed for harsh offshore conditions has recently been
launched in Norway. The modular design named “XolarSurf” [38] was developed by
Saipem’s subsidiary Moss Maritime, based in Norway. The XolarSurf system is composed
of almost 500 individual floaters and has a total capacity of up to 13.5 MW. Each floater,
shown in Figure 6 [39], is composed of eight pontoons, a flexible steel frame, a connector
system, and a solid PV mounting structure and could have a capacity of up to 35-45 kWp.
According to the company, this system can withstand waves up to 8 m in height, and
the modular design allows easy relocation to new sites or expansion [38—41]. While this
concept looks technically feasible, one must assess the economic viability of such a large
structure when compared to the number of panels installed on top.
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Figure 6. Individual floater of XolarSurf’s design. Reproduced with permission from authors [39].

In 2023, SolarinBlue [42] launched the first OFPV farm in French territorial wa-
ters, specifically in the Port of Sete-Frontigan. The system, termed Sun’Sete (shown in
Figure 7 [42]), is composed of two floating units generating a total of 20 KWp. Elevated
truss technology was used, and the prototype could withstand waves up to 12 m and has a
wind resistance of up to 200 km/h. The raft is made from aluminium and has a nominal
lifetime of 30 years. Taut mooring lines with helical anchors were used. The company has
recently secured a multimillion-euro grant aiming to deploy a 1 MWp OFPV farm in the
same port. This project is being termed Mega Séte. The installation will have a floating
power transformer unit, and energy will be transmitted to land through a submarine cable.
Similar to XolarSurf, one must assess the economic feasibility of such large structures and
the corrosion effect of the marine environment on the metal being used.

Figure 7. Sun’Séte installation by SolarinBlue. Reproduced with permission from authors [42].

Another design by the company Oceans of Energy [43] has the PV modules installed
on floating rafts very close to the sea surface. These systems have been tested in the North
Sea and were reported to have withstood more than 13 m high waves. A floating solar farm,
termed North Sea Three (NS3), has recently been completed by this company. This farm is
projected to be expanded into a multi-megawatt system [44]. While this design can be very
cost-effective and simple to implement, one must assess the effect of wave overtopping and
possible effect of fouling growth due to the proximity of the PV modules to the sea surface.

The company SolarDuck [45] developed a triangular-shaped platform floating on
water, designed to withstand extreme conditions in the North Sea. The company states
that the platform can withstand significant wave heights of more than 5 m and hurricane
wind speeds of more than 30 m/s and has a lifetime of more than 30 years. The platform
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is elevated from the surface of the sea to avoid wave impacts and utilises offshore-grade
aluminium. These platforms boast a low probability of PV cell micro-cracks due to the
reduced water impact and limited electrical component corrosion due to the elevation from
the sea surface. Finally, Figure 8 [45] shows that the platform also includes walkways with
FRP grating and safety fences to allow for easy and safe maintenance at sea. The same com-
pany improved their design, creating Merganser, a 0.5 MWp OFPV installation, installed
in the North Sea. This technology is somewhat similar to XolarSurf and SolarinBlue, and
therefore, economic feasibility and corrosion also need to be assessed when it comes to
large metallic structures.

Figure 8. Walkways and fences on the SolarDuck floating offshore platform. Reproduced with
permission from authors [45].

In October 2023, Yantai CIMC Raffles Offshore Technology Group and China Forestry
Green Carbon (Beijing) Technology Co., Ltd., launched an OFPV platform made from a
bamboo-based composite material, shown in Figure 9 [46]. This material is claimed to be
lightweight, low-cost, resistant to seawater corrosion, and environmentally friendly [46].
The same company also launched China’s first semi-submersible OFPV platform in Yantai
in April 2023. Four modules are connected for a total power capacity of 400 kW. It is
designed to survive wave heights of 6.5 m, wind speeds of 34 m/s, and a tidal variation of
4.6 m [47].

Figure 9. CIMC Raffles Offshore Technology Group’s floating raft made from bamboo-based compos-
ite material. Reproduced with permission from authors [46].

Another OFPV was launched in August 2023 by SDEPCI (Shan Dong Electric Power
Consulting Institute), with a total capacity of approximately 15 kW. The photovoltaic array
is raised on an elevated truss design similar to SolarinBlue [48]. An OFPV system designed
with a high freeboard was launched in September 2024 in the Yellow Sea in the southern
part of the Shandong Peninsula. This platform was designed to survive wave heights of
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up to 10 m, making it the highest wave-resistant OFPV platform in China. The platform
involves a hexagonal truss structure with 64 plastic buoys installed at the bottom. The
structure height above still water is 7.5 m, and the draught is 1.5 m. The hexagon side
length is 25 m, and a total of 434 PV modules are installed. Six anchor chains are used
to moor the structure at a water depth of 30 m. Each anchor chain weighs 55 tons and is
about 300 m long [49]. Such a massive structure has a high chance of surviving extreme
weather conditions. However, one must assess its economic viability when compared to
other technologies. Table Al consolidates a critical analysis and comparison of different
OFPV technologies.

4. Technological Components, Innovations, and Challenges
4.1. Environmental Stresses

PV modules need to last several years to be economically viable. This means that their
construction must be robust and resistant to various environmental conditions. A SERIS
report analysed the impacts of environmental stresses on PV module degradation [50].
This study indicates that moisture and mechanical stresses have the highest impact on
floating PV systems. Moreover, hot spots and shading have a moderate impact since water
bodies usually have fewer shading objects such as buildings. Furthermore, the air is usually
cleaner when compared to land which results in less dust depositing on the surface of
PV modules [4]. Finally, high and low temperatures have a lower impact on floating PV
systems. It is important to consider these potential environmental stresses when choosing
and implementing floating PVs’ technological components.

4.2. Materials for Floating Structures

Due to its advantages, high-density polyethylene (HDPE) is the most frequently used
material for LFPV systems. However, its extensive usage raises concerns about its potential
effect on the environment and marine life. Ghanadi et al. [51] studied the impact of natural
weathering on HDPE piles in coastal waters, with a nine-year exposition of the sample.
The results confirmed that the sample undergoes oxidation due to exposure to mechanical
stresses, biodegradation, and seawater. These factors may have a higher impact on the
surface of HDPE than UV irradiation.

A study conducted by Choi et al. [52] analysed the use of diverse types of polyethylene
for floating structures supporting solar panels in LFPV systems. High-density polyethylene
is used due to its durability, but it is also expensive. Medium-density polyethylene (MDPE)
with a lower tensile strength could be a more cost-effective option for the floating structures
in the central parts of an LFPV installation. For example, in an FPV system consisting
of 4 x 6 panels, approximately 60 of 180 floating structures could be replaced by MDPE,
resulting in a 7% cost saving. This replacement could lead to a reduction of 19% of the
manufacturing costs in larger-scale systems such as 20 x 30-panel arrays. This material
optimisation is based on wind load analysis of the solar panels. The study found that the
drag and lift coefficients decrease progressively as the wind passes through the rows of
panels, thanks to the protective effect offered by the panels at the extremities. Therefore, it is
possible to reduce costs without compromising the safety or performance of FPV systems.

4.3. Mooring Systems and Connectors

Mooring systems are crucial for stabilising FPV installations, particularly in offshore
environments where high wave loads and strong currents pose structural risks. These
systems keep the installations in position while allowing some movement for the floats
to counter currents, waves, and wind action [15,50,53]. The mooring cables of floating PV
installations mainly consist of galvanised steel wires, chains, wire rope, synthetic fibre rope,
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(a)

elastic rubber hawsers, or a combination of materials [50]. Figure 10 [53] presents the most
common mooring techniques, including catenary, taut, compliant, and rigid piles, each
with distinct advantages depending on depth and wave conditions.

FPV (b}

Taut

Catenary :
mooring

Ballast

(d)

Buoy BN N | | ) Slider connection

Compliant Rigid pile
mooring

Figure 10. Classification of mooring systems: (a) Catenary mooring, (b) Taut mooring, (c¢) Compliant
mooring with ballast, (d) Suction/Rigid piles. Reproduced under the terms of the CC-BY license [25].
Copyright 2022, Ghigo et al. [53], published by MDPI.

Taut mooring systems are currently the most used for OFPV installations, such as the
HelioSea concept [54] and SolarinBlue’s Sun’Sete [42]. However, other mooring systems
that have not been widely adopted could potentially be effective. The Solaqua design has
tested mainly catenary moorings [36], while the CGN Yantai Zhaoyuan installation uses
rigid piles [55]. Indeed, mooring systems are also used in other industries such as offshore
oil and gas or wind energy.

Suction piles are associated with oil platforms and offshore wind, but their potential for
deep-water OFPV installation exists, especially on a soft seabed. They consist of long steel
cylinders with a pile or a cap on the top lowered to the seabed. This technology has been
used as a mooring anchor since the 1990s [56]. SolarDuck uses a mooring configuration
that requires low mooring forces as a result of the floater design. The 60 m mooring cables
are situated around all edges of the platform to provide stability, as shown in Figure 11 [45].
In its other prototype, Merganser, SolarDuck utilises a catenary system incorporating
buoyancy elements [57]. The mooring system is arranged in a spread mooring layout,
featuring two mooring lines on each side of the hexagonal structure. The system employs
conventional drag anchors connected to a short length of chain, buoyancy elements, and
polyester mooring lines. For future designs, SolarDuck is looking to further optimise the
mooring configurations.

The connectors between multi-platform OFPVs have an effect on the hydrodynamic
performance of the system while directly affecting the tension on the mooring lines [58—60].
Furthermore, a bad connector design can become the failure point of the entire FPV system.
Yan et al. [59] performed a hydrodynamic analysis on multi-platform OFPVs using rigid
and hinged connectors. Some of the conclusions of this study were that hinged connectors
resulted in a significant dynamic response to sway;, roll, and pitch due to additional mo-
ments generated by the joint of the connector. Furthermore, hinged connectors resulted
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in greater mooring tension. Another study [61] proposes a new design of a flexible-base
hinged connector (FBHC) and compares it to a rigid hinged connector (RHC). The proposed
connector is composed of two flexible bases and a hinged joint. The results show that the
FBHC resulted in lower connector loads. Ji et al. [60] carried out a study on three different
connector configurations involving fenders, rubber rings, and ball joints. The configuration
with ball joints aligned with the direction of wave propagation proved to be the most
adequate at reducing rotational responses of the OFPVs.

Electra cable

150 deg

~140 m

60 deg

- ’k-
Mooring Cable ————»
~60m =3

Marker buoy

~140m
Figure 11. SolarDuck mooring layout. Reproduced with permission from authors [45].

4.4. PV Module Technologies

While various PV module technologies exist, these can be divided into two main
categories: monofacial and bifacial. In their study, Hasan et al. [62] analysed the use
of bifacial photovoltaic panels for offshore energy production. They proposed a system
modelled and simulated under various water conditions using COMSOL Multiphysics.
The system’s performance was evaluated by simulating a bifacial PV module on a floater
covered with aluminium sheets. The study’s results show that, compared to monofacial
panels, bifacial photovoltaic modules have maximum and minimum energy efficiency gains
of 11.9% and 2.8%, respectively. In addition, north/south-facing modules experienced
a maximum increase of 55% in solar irradiance exposure compared to monofacial panel
operating on the same water surface. East/west-facing modules experienced an increase of
31% in irradiance exposure when operating on the water surface. Where wave conditions
were added, the maximum increase in irradiance was 49% (N/S) and 33% (E/W). Another
study by Tina et al. [63] showed that energy production can increase by up to 13.5% when
fixed-tilt bifacial panels are installed.

Recently, the company Grand Sunergy [55] introduced their Seapower series, consist-
ing of new PV modules specially designed for offshore applications. The bifacial module
comprises a double glass with a peak power of 730 W and an efficiency of 23.5%. According
to the company, the modules adopt “210 mm large-size heterojunction (HJT) cells, double-
layer coated glass, UV-resistant encapsulation film, high-resistance water-sealing butyl
rubber edge sealing, waterproof and salt spray-resistant junction box, and dust-proof cover
connectors”. Grand Sunergy claims that these processes and materials enhance the glass’s
weather resistance, improve the water resistance, increase the module’s light utilisation rate,
eliminate power attenuation caused by strong UV light, and reduce water permeability by
99.9% compared to industry standards.
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SolarinBlue’s Sun’Sete uses bifacial glass—glass PV modules with a salt mist certifi-
cation and more than 24.5% efficiency [42]. On the other hand, SolarDuck [45] utilises
common off-the-shelf PV modules installed with an east-west orientation for optimal
power output per area.

In addition, Matthias Herberich and Farshid Ebrahami [64] describe the concept of
a “Tube module” consisting of PVT evacuated tubes floating on water. They claim that
their round shape helps reduce potential snow load and wind and wave surface attack.
However, this design is still in its early stages, and one must see if the fragile components
will withstand harsh offshore environments.

Effect of Oxidation and Microstructural Evolution on Photovoltaic Thin Films

Oxidation profoundly affects carrier transport in thin-film photovoltaic materials, such
as Copper-Indium—-Gallium-Diselenide (CIGS). CIGS solar cells typically suffer from high
recombination losses at interfaces. Achieving stable, efficient operation requires controlling
these losses, often via dielectric passivation layers. A suitable thermal annealing process is
mandatory to “activate” this passivation by initiating restructuring and controlled oxida-
tion of the CIGS surface. While controlled oxidation is beneficial, exposure to oxygen and
excessive thermal stresses without adequate control can be detrimental. The extreme sensi-
tivity of CIGS surfaces to their oxidation state suggests that uncontrolled environmental
factors (such as constant humidity and salt aerosols common in offshore conditions) would
require robust encapsulation to prevent detrimental surface or bulk oxidation mechanisms
from dominating device performance [65].

The interaction of PV materials with oxygen or air also changes their microstructure,
which directly impacts their optical properties and mechanical stress tolerance. The mi-
cromorphology and surface topography of materials like Cadmium Telluride (CdTe) are
quantitatively altered during oxidation (exposure to air). Oxidation increases the complex-
ity and irregularity of the surface. The fractal dimension, which increases as the roughness
exponent decreases, measures this total profile complexity and influences light scattering
on structural elements. Uncontrolled surface oxidation, typical of harsh environments,
is correlated with worse stoichiometry and larger fractal dimension [66]. Changes in the
surface structure and the growth of oxide layers can contribute to stress between the PV
material (monocrystal) and the thin oxide layer, detectable via shifts in phonon peaks
during Raman spectroscopy. Long-term exposure to corrosive elements in offshore environ-
ments would likely accelerate such microstructural changes and internal stress, potentially
compromising overall device stability [66].

4.5. Energy Storage Systems

Energy storage plays a critical role in FPV system scalability. Based on a dialogue with
relevant stakeholders, Arellano-Prieto et al. [67] identified the opportunities and challenges
of offshore energy storage systems:

e  One challenge of offshore storage systems is to deal with a lack of space and
weight constraints.

e  Offshore energy storage systems must include black start, continuous voltage support,
and frequency regulation features.

e  The design must be optimised to require as little maintenance as possible to limit high
operational costs.

o  If the supply does not match the yearly demand, seasonal storage is necessary.

Various energy storage solutions exist. This section reviews the most promising ones
identified in the literature with potential for offshore applications:
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= Batteries: Batteries are by far the most common energy storage technology and
have recently become synonymous with GPV installations [15,67,68]. Many types of
batteries are available today with different chemical combinations such as lead-acid,
lithium ion (Li ion), lithium iron phosphate (LiFePOj,), nickel-cadmium (Ni-Cd), and
sodium-sulfur. In general, batteries have a high readiness level, high integrability,
low maintenance, and high efficiency. However, some technologies have very low
energy densities, and their environmental impact can be very high [69].

= Hydrogen: There are four main types of hydrogen storage technologies, which are
hydrogen stored in metal hydride, hydrogen compressed in a tank, hydrogen liquefied
in a tank, and hydrogen storage underground. Green hydrogen is considered to
be a sustainable fuel, with climate-neutral production [15,70]. Hydrogen storage
technologies can have high energy densities and can have a very low environmental
impact; however, these technologies have low efficiency and integrability and require
advanced and expensive infrastructure [71].

s Compressed Air Energy Storage (CAES): Compressed Air Energy Storage involves
pumping air into geological reservoirs or storage vessels. This allows energy storage
at low cost for a long period of time. This technology has a high readiness level, a
long discharge duration, and an incredibly low environmental impact; however, its
energy density is very low [67,69,72].

»  Flywheels (FESSs): Flywheels are accelerated to store energy and decelerated to use
the stored energy, with the aid of an electrical motor/generator [73]. This technology
has low energy density but a low environmental impact and high power density,
readiness level, response time, efficiency, and safety [67].

= Supercapacitors: Supercapacitors have a very low energy density, low capacity, and
a high environmental impact. Furthermore, their high capital cost [69] makes them
inadequate for large-scale storage. However, their maintenance is simple, and their
response time is high.

= Ammonia fuel: Ammonia fuel is characterised by a remarkably long discharge du-
ration and a good capacity. Furthermore, it has a higher volumetric density than
hydrogen and requires more simple storage infrastructure. However, ammonia has
very low gravimetric energy, pushing research more towards ammonia-carried hydro-
gen rather than using it directly as a fuel [74-77].

= Hydro-pneumatic energy: Hydro-pneumatic energy has very low energy density and
a low readiness level, but its efficiency is very high, and its environmental impact
is very low. For example, the “FLASC”, Floating Liquid-piston Accumulator, uses
positive-displacement pumps to compress air in isothermal conditions thanks to a
submerged storage vessel [78,79]. This system can be integrated with offshore energy
generators, taking advantage of the offshore environment to improve the system’s
efficiency. It is also designed to operate with minimal pressure fluctuations.

In a study [67], the technical characteristics of eleven energy storage solutions were
evaluated, covering four battery types and four hydrogen storage technologies. The
analysis considered multiple performance indicators, including the energy content per unit
area, mass—energy density, storage capacity, duration of discharge, response time, efficiency,
safety and environmental impact, maintenance needs, ease of integration, and technology
readiness level (TRL). Two scenarios were tested: reaching a 40% renewable energy share
by 2030 and reaching a 100% renewable energy share by 2050. The results showed that
for the first scenario, Li-ion batteries and CAES were the most promising technologies
due to their readiness level and integrability. The results for the second scenario showed
that a hybrid storage system could be effective in overcoming the current low maturity of
the technologies.
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According to the authors of this review, the ideal offshore energy storage technology
would not involve any moving parts to decrease maintenance costs in a highly corro-
sive environment. Furthermore, the choice of energy storage technology should also be
site-dependent. For example, hydro-pneumatic energy is ideal for intermittent power
generators such as wind turbines or PVs installed in locations with high weather vari-
ability. Likewise, batteries are ideal for sites with better weather predictability since one
would have more control of the charging and discharging cycles, thus optimising the
system to increase its lifetime while fulfilling any grid requirements. Table A2 presents
a comparison of select technical performance and operational metrics for energy storage
technologies relevant to offshore applications. Among the reviewed technologies, CAES
and hydro-pneumatic systems are best suited for deep-water OFPVs because they exploit
hydrostatic pressure as a natural storage medium, minimising moving components ex-
posed to corrosion. Conversely, battery systems require sealed housings and temperature
control and thus are more suitable for nearshore or platform-mounted FPVs. Ammo-
nia and hydrogen storage provide higher energy density and can serve as exportable
fuels, yet their low round-trip efficiency restricts adoption in large integrated energy hubs.
Therefore, site bathymetry, salinity, and maintenance accessibility dictate the optimal FPV
storage technology.

5. Selected Case Studies and Field Deployments
5.1. Overview of Recent FPV Projects Worldwide

Floating and offshore solar PVs are becoming increasingly popular due to the ben-
efits they offer compared to GPV systems. Numerous installations have been launched
worldwide recently, demonstrating the technology’s potential and resilience. In 2021, more
than 3 GW of FPV systems were installed worldwide, while in 2022, most of the growth
was in the Asia—Pacific region with large-scale projects (over 50 MW) installed in China
and India. Smaller-scale projects were commissioned in Tunisia and in Europe, specifi-
cally in France, Portugal, and the Netherlands [24]. This section aims to explore a select
number of installations from different continents, showcasing recent advancements in
floating technologies.

In August 2024, China’s first large-scale OPV pile-mounted project was energised
for the first time. Located in Laizhou Bay in northern Zhaoyuan City, the CGN Yantai
Zhaoyuan 400 MW project includes 121 PV sub-arrays (totalling more than 539 MWp) and
extends over 6.44 square kilometres. The installation consists of Grand Sunergy’s 710 W
OPV modules. These PV modules are bifacial, have a double-glass, and use high-efficiency
heterojunction (HJT) solar cells [40,55,80,81]. The project has an expected average annual
electricity output generation of 690 million kWh over an operating period of 25 years;
it would produce the annual electricity needs of around 400,000 households. Therefore,
this project would allow for a reduction in “coal consumption by about 207,000 tons per
year and carbon dioxide emissions by about 532,000 tons per year” [55]. With more than
18,000 kilometres of coastline and a 1800-square-kilometre area where pile-based OPV can
be installed, China could theoretically install more than 100 GW of OPV [82].

In Fuyang, Anhui Province, 122 PV array matrices are combined for a total capacity
of 650 MW, containing 1,200,000 PV panels. The mean water depth of this location is 8 m,
and the maximum depth is 20 m. In an LFPV installation in Peixian, Jiangsu Province, an
HDPE pontoon is employed. Steel cables and spiral piles were used for mooring while
allowing for a 5 m variation in the water level. PV modules were installed at an angle of
12 degrees to allow heat dissipation while reducing the wind load [83]. The total capacity of
this installation is 72 MW, covering a water area of 3.9 square kilometres. A PV installation
angle of 15 degrees was chosen, and the system is designed for wind velocities of up to
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25 m/s. Aluminium alloy support legs were used to reduce costs, while magnesium-plated
aluminium-zinc alloy track brackets were used to provide high corrosion resistance. Pile
anchoring was adopted for this system. Furthermore, anchors and elastic ropes were used
to allow the system to adapt to water level changes [84]. In Liaocheng, Shandong Province,
more than 370,000 LONGI Hi-MO 5 PV modules are combined for a capacity of 202 MW.
These bifacial PV modules are encapsulated on both sides with glass to provide better
weather resistance. Furthermore, an advanced encapsulation process is employed on
the front side, reducing water vapor permeability and therefore increasing the material’s
stability and extending the lifetime of the modules [85].

Recently, HelioRec [86], a French-based start-up, installed an innovative floating solar
PV project in Brest Port, in the Bretagne region, France. Brest is known for its extreme
tidal changes and its extreme winds that can exceed 100 km/h, leading to very high waves.
HelioRec designed and built a floating solar unit with a total capacity of 25 kW that resists
these extreme weather conditions.

Located in Groningen, the Netherlands, the Sellingen floating Solar PV Park was
developed by GroenLeven [87] in a record time of nine weeks [88]. The construction of
the project began in 2021 with a total capacity of 41.4 MW. The installation generates
34,000 MWh of electricity, enough to power 12,000 households. The project, represented in
Figure 12 [87], covers 22.54 hectares and includes 76,616 PV modules. It uses the ZIM Float
System developed by the company Zimmermann PV-Floating [89].

©ZIMMERMANN PV-Steel Group

Figure 12. Sellingen floating Solar PV Park, the Netherlands. Adapted with permission from
authors [87].

5.2. Reported Incidents

Like every technology, floating and offshore PV installations come with a number of
risks. In some projects, there have been reported incidents that provide important lessons
to take into consideration for future deployments:

e In September 2019, Typhoon Faxai, one of the strongest typhoons ever recorded,
impacted Tokyo’s metropolitan area [90], causing considerable damage along the coast
of Tokyo Bay. Faxai’s 54 m/s winds caused a Japanese floating solar plant to catch fire
as a result of floaters piling on each other. The installation was floating on an inland
water body, specifically on top of the Yamakura dam. As the wind and waves flung
panels together, a combination of short circuits, DC arcs, and overheating led to a
destructive fire [50].

e  Alsoin 2019, alocalised tornado hit the Netherlands and flipped some arrays of floats
and PV modules onto each other [50].

In both cases, damage was caused due to the flipping over of periphery rows of PVs.
According to a handbook for floating solar practitioners [50], the potential causes for such
incidents could be attributed to the following:
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e  Anchor points positioned a few rows inside the floating array and not at the perimeter
floats.

e  Perimeter floats are not left empty. Installed PV modules on these floats can capture
uplift forces.

e  Alow water level preventing the mooring cables from effectively absorbing the wind load.

e Larger wave heights than predicted.

e  The sudden tensioning of slack mooring lines created peak forces which led to damage
to the mooring attachment point.

Some design optimisations can help to prevent the platforms from flipping over. These
include a dual-orientation PV configuration so as to limit the exposure of inclined PVs to
wind forces, allowing a one-row perimeter of empty floats around the floating array, or the
installation of windshields behind the perimeter panels. Furthermore, correct mooring of
peripheral rafts should be considered to potentially avoid such incidents.

Another incident was reported concerning an OFPV demonstrator in Haiyang City
in Shandong Province, where the PV modules went missing. The installation consisted
of Ocean Sun’s patented technology [31]. According to an expert analysis, the PVs most
likely sank to the bottom of the sea. The wave height in the installation area is mostly
above 6 metres, resulting in overtopping and filling of the bottom membrane with water.
Furthermore, the expert report states that the system was not equipped with a water
drainage pump as planned, which could result in the overtopping water breaking the
membrane. Moreover, the frameless photovoltaic modules used for the installation are
prone to breakage due to waves. This could also lead to the rupturing of the membrane
underneath. However, no official report was released by the State Power Investment
Corporation [91].

In June 2021, another 0.5 MW floating solar unit installed by Ocean Sun in collaboration
with Statkraft at the Banja reservoir in Albania experienced significant damage. The floating
ring and two connected barges were severely damaged and partially submerged due to
weather conditions exceeding the design’s wind speed criteria. Ocean Sun conducted a
root cause analysis, attributing the failure to these unexpected weather conditions, and
implemented design modifications for future resilience [92].

In March 2023, a large floating PV array, comprising over 100 interconnected solar
panels, mysteriously washed up on the beaches of Sha Chau and Lung Kwu Chau Marine
Park near Hong Kong. A local environmental group, Kitti Green World, documented the
event, and authorities initiated an investigation to determine the array’s origin. While
some speculated illegal dumping, it is more plausible that the system lost its anchoring and
drifted due to sea currents [93].

These incidents underscore the challenges faced by OFPV installations, particularly
concerning anchoring systems and resilience to harsh marine environments. They high-
light the importance of rigorous design standards and environmental assessments in the
deployment of such renewable energy technologies.

6. Challenges and Opportunities
6.1. Performance Comparison

The energy yield can vary considerably between OFPV systems, LFPVs, and GPVs. In
their study, Golroodbari et al. [94] developed a model to determine the potential energy
yield from OFPV systems, by comparing twenty different locations across the globe with
varying climates [94]. The results showed that the energy yield from OFPVs can be signifi-
cantly higher compared to GPV systems in some places, with differences of +20% to —4%
depending on environmental conditions. The increase in the energy yield can be mainly
attributed to the cooling effect of the water [4]. This cooling effect lowers the temperature of
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floating and offshore PVs, thus increasing their performance. However, these advantages
are influenced by many factors, such as sea surface temperature, wind speed, and solar
radiation. Golroodbari et al. [94] also showed that LFPVs also benefit from the cooling
effect but are more stable than OPVs or OFPVs because they are less exposed to harsh
weather conditions. It has been shown that OPV and OFPV systems have a higher energy
yield than LFPV systems, but the importance of this increase is site-dependent. Moreover,
the performance of LFPVs can also be influenced by humidity, local wind, and the design of
these systems. For example, some technologies such as HDPE pontoons or galvanised steel
frames can lead to various levels of energy yield ranging from 0.31% to 2.59% depending
on the technology used [94]. The choice between OFPV systems, LFPVs, and GPV systems
should be made considering geographical factors such as land availability and the local
climate but also the characteristics of water bodies.

6.2. Technical Challenges

As discussed earlier, OPV installations come with their own set of challenges. In
order to install a reliable long-lasting efficient system, accurate prediction and system
optimisation are a very important aspect of these challenges.

Non-tracking photovoltaics are installed on land with fixed tilt and orientation angles.
However, when installed offshore, wave movements will cause these angles to change,
having some impact on the energy yield. In their studies, Bugeja et al. [34,95,96] developed
an “Offshore Solar Irradiance Calculator” (OSIC), a simulation tool designed to analyse
the impact of wave response motion on OFPV systems. The software allows a system
designer to enter characteristic equations representing the designed float’s response to
common wave profiles found in the installation area. Hence, the software will output the
expected effect on the irradiance incident on the photovoltaic modules. This would allow
the designer to make necessary adjustments to limit some movements, such as adjusting
the tension of the mooring cables. These studies included parametric analyses of these
effects on fixed installations, vertical single-axis trackers (VSATs), horizontal single-axis
trackers (HSATs), and dual-axis tracking photovoltaic systems. OFPV tracking systems
like the HelioSea concept [37] have to keep this effect in mind since it will also affect the
tracking algorithm, making it more difficult in a constantly moving environment.

Floating PV systems might have superior structures to the conventional structures
installed on the ground or on rooftops. However, there are several challenges that this
type of technology faces. The most challenging aspect concerns the design of the unit,
which must be performed in such a way that the system can withstand extreme weather
conditions and stay afloat. The following issues should be addressed while implementing
a floating solar plant [1]:

e A high moisture content from the water surroundings may accelerate degradation
of the solar modules and deteriorate structure strength. SolarinBlue [42] have mit-
igated this by using PV modules that are resistant to salt mist. Other companies
such as Sunergy [81] are producing PV modules that are salt-mist-resistant, designed
specifically for offshore installations.

e  Durability and survivability of materials used for power transmission from the floating
installation to the land area.

e  The annual fluctuations in a reservoir’s water level or tide. Mooring systems need to
be able to adapt to these possible fluctuations.

e In the marine environment, the installation would be exposed to the overall climate of
the sea, including salt, as well as subjected to mechanical loading challenges that arise
from the dynamics of wind and waves and tidal regimes [14].
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e A high installation cost is not often an investment that will pay back over time but
rather becomes an economic concern that restrains expansion of the floating tech-
nology on the market. This is further accentuated by economic concerns associated
with maintenance.

e  There could be environmental and aesthetic concerns, as third parties might not be
fully familiar with this type of technology; therefore, concept propagation and careful
planning is required to gain public acceptance.

Finally, OPV systems share several structural and environmental challenges with
offshore wind farms. Similar to offshore wind farms, the continuous movement due to
waves, currents, and wind forces can lead to important stresses on the mechanical and
electrical components of PV systems. Concerning offshore wind systems, studies have
shown that failure rates for mechanical components such as mooring lines are influenced
by several environmental factors such as corrosion, biofouling, and fatigue due to repetitive
loading [97]. Similar challenges can be expected for OFPV systems where the resistance of
mooring lines is crucial to maintaining stable and continuous energy production.

6.3. Regulatory and Standardisation Issues

Since OPVs are still an emerging technology, there is a need for international standards
and regulations concerning offshore and floating PVs. These technologies are complex and
concern multiple sectors such as energy, water management, environmental protection,
and maritime activities.

OFPVs do not have unified standards yet, unlike GPVs. Concerning the environmental
and ecological aspects, regulations must be set to protect marine ecosystems and water
quality. Some mandatory assessments for offshore energy projects already exist but are not
exclusive to the unique characteristics of OPVs. Without clear regulations, the development
of this technology could lead to potential project shutdowns due to impacting marine or
freshwater ecosystems.

The standards IEC61701 [98] and IEC60068-2-5 [99] already describe test sequences to
evaluate the resistance of photovoltaic modules to corrosion from salts. Standards such
as IEC61730-1 [100] should be revised to cover the construction of photovoltaic modules
specifically designed for offshore environments. DNV has published the recommendation
practice DNVGL-RP-0584 titled “Design, development and operation of floating solar
photovoltaic systems” [101]. However, this guideline is suitable in the case of LFPVs
or OFPVs in coastal areas with mild sea conditions and a wave height of less than 2 m.
Therefore, specific design guidelines for OFPVs are still missing.

6.4. Economic Feasibility and Market Potential

Although FPVs outperform traditional PV systems in terms of energy production,
their installation costs have been reported to exceed USD 100,000 per MWp. As a result, it
is stated that the main disadvantage of FPV systems is their high cost [17]. The economic
viability of FPV systems is influenced by factors such as capital investment, operational
expenses, and energy production. In the Abu Dhabi case study, the total cost of a floating PV
system was estimated at approximately USD 2.56 million. The Levelised Cost of Electricity
(LCOE) ranged from 261 to 349 USD/MWHh, aligning with similar off-grid solar PV projects
in regions like Indonesia. The Net Present Value (NPV) was positive, and the Discounted
Payback Period (DPP) was less than 10 years, indicating economic feasibility [18].

In Aotearoa—New Zealand—an assessment of a 10 MW LFPV installation projected
an annual energy output of between 1115 and 1497 kWh/kWp. The LCOE was esti-
mated to be between NZD 176 and NZD 237 per MWh. To achieve a more competitive
LCOE below 100 NZD/MWh, the study suggested that Engineering, Procurement, and
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Construction (EPC) costs would need to be reduced by approximately 50% to around
1500 NZD/kWp [102]. A techno-economic analysis of a 10 MW LFPV plant [103] demon-
strated a 10.2% higher energy generation compared to GPV systems, resulting in an addi-
tional 28.38 million units over the plant’s life cycle. The LFPV installation also conserved
land costs amounting to USD 352,125 and water cess charges of USD 47,600. Consequently,
the LCOE for the LFPV plant was reduced to 0.026 USD/kWh, approximately 39% lower
than that of GPV systems.

Experimental assessments comparing LFPV systems to conventional GPV installations
in Mediterranean climates have revealed notable findings. Adjusting the LFPV tilt to 10°
reduced module temperatures by 7.24 °C, leading to a 16% decrease compared to GPV
systems. This configuration also reduced evaporation by 83.33% and increased power
generation by 8.92%. The study confirmed that the LFPV system produced electricity at an
LCOE of 0.059 USD/kWh [9].

According to a report conducted by the Fraunhofer Institute for Solar Energy Systems,
the potential for LFPV installation in Germany is approximately 56 GW. The installation
cost of LFPVs is 10-15% higher than that of traditional PVs. This obstacle hinders the
growth of LFPV systems, which could be addressed through incentive packages [104]. This
study analysed the cost breakdown of components forming utility-scale GPV installations.
The total cost was broken down into five sections:

PV modules: 31% of the total cost;

Balance-of-System (BoS) hardware: 23% of the total cost;
Installation: 20% of the total cost;

Soft costs: 20% of the total cost;

Inverters: 6% of the total cost.

The results of their analysis also showed that each time the cumulative PV module
production doubled, the module price dropped by about 24.4% over the past 43 years.

A key component to achieving economic feasibility for OFPVs is reducing the price of
the material making up the floats. This is already being conducted for LFPVs with the use
of HDPE and MDPE platforms as well as bamboo-based composite materials [46,105].

Techno-Economic Assessment

The specialised nature of FPV installations results in higher upfront capital costs
(CAPEX) compared to GPVs [106]. The initial capital investment for FPVs is typically
reported to be 25% to 30% higher than that for GPV systems, largely due to the necessity of
incorporating floating structures and robust anchoring /mooring components [106,107].

The Levelised Cost of Electricity (LCOE) is the primary metric used to assess the
economic viability of FPV projects, representing the average total cost of electricity genera-
tion per unit over the system’s lifetime [107-109]. Globally, LFPV systems reported LCOE
values ranging from 0.05 to 0.15 USD/kWh during the period 2013-2023 [110]. The LCOE
values for LFPVs are increasingly competitive. For instance, a techno-economic analysis
for a1 MW LFPV system in India (25-year lifespan) found an LCOE of 0.0551 USD/kWh
under standard maintenance conditions, which is comparable to the 0.0529 USD/kWh
calculated for a similar GPV system [107]. Other studies cite LFPV LCOE values in India as
low as 26 USD/MWh (0.026 USD/kWh) [108]. For LFPV systems deployed in U.S. markets
(based on Q1 2021 cost data), a benchmark study estimated the LCOE at approximately
56.6 USD/MWh without the Investment Tax Credit (ITC) and 37.8 USD/MWh with the
ITC. In this specific comparison, the LFPV LCOE was approximately 20% higher than the
LCOE of GPVs [111].

OFPV systems generally exhibit a higher LCOE due to increased structural and in-
stallation complexities arising from harsher environmental conditions. A comparative
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assessment of offshore fixed and floating systems in Hainan, China, found that floating
systems had an LCOE ranging from 152 USD/MWh to 1253 USD/MWh (for water depths
up to 200 m). These floating systems show low sensitivity to water depth and distance,
making them suitable for large-scale deployment. In contrast, fixed offshore PV systems
were competitive in shallow waters (up to 30 m deep), showing an optimal LCOE range
of 81.2 USD/MWh to 293 USD/MWh [108]. In a techno-economic feasibility study for
a battery-integrated OFPV system designed for an offshore oil platform in Abu Dhabi
(25-year project lifespan), the optimised solution achieved an LCOE of 261 USD/MWh [18].
For remote islands in Indonesia, a hybrid system combining OFPVs, a Wave Energy
Converter (WEC), and battery storage (Scenario 1, 25-year lifespan, 2024 methodology)
resulted in an LCOE of 306 USD/MWh, while an OFPV-only system (Scenario 2) reached
382 USD/MWh [108].

The initial investment (CAPEX) for FPV projects varies widely, typically ranging
between 0.7 and 2.0 USD/Wp globally [110]. The high structural costs associated with the
floats and the anchoring/mooring system constitute the largest portion of the FPV cost
premium [111]. Table 2 summarises the key techno-economic parameters of FPV projects in
different locations globally.

Table 2. Summary of key techno-economic parameters for FPV projects.

Study Location/
Type

System Size Base Year and Total CAPEX/

LCOE or Payback
Perio

(MWp) Key Assumptions Installed Cost (Reported)

U.S. Inland
(NREL Benchmark)
[111]

- Base year: Q1 2021

- Lifetime: 30 years

- Real discount rate: 5.1%

- Debt fraction: 71.8%

- Agmual PV degradation rate: - 0.0566 USD/kWh

0F71 Yo ¢ cost: 0.30 USD/W without Investment Tax
10 T OSM FPV: 13,5 USD/kW /year - Total CAPEX: USD 129 million, "4t (1C). 207 higher

- O&M GPV: 18 USD/kW /year - Installed Cost: 129 USD/Wp. (50378 1S /kWh with

- Wind load: 40 m/s ITC. 17% higher than

- Snow load: 20 psf GPV.

- Water depth: 50 m

- Water level variation: 10 m

- Swell height: 1 m

- Inflation: 2.5%

India (Inland Reservoir)

- Base year: 2021-2022

- Lifetime: 25 years

- PV modules: 0.22 USD/Wp
- Inverter cost: 0.04 USD/Wp

bigggg‘}%t\}“e cost: - Total CAPEX: USD 1,903,246.80.  0.0551 USD/kWh
1 . p This is 24% higher than GPVs. (normal-condition

- BOS: 0.42 USD/Wp (higher ~ . FPV.
than GPV due to incalated Installed Cost: 1.70 USD/Wp. s).

cables)

- Floaters and mooring:
0.683 USD/Wp

- O&M: 0.039 USD/Wp
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Table 2. Cont.

LCOE or Payback

Study Location/ System Size Base Year and Total CAPEX/ Peri

Type (MWp) Key Assumptions Installed Cost (Rego;)te d)
- Base year: 2022
- Lifetime: 25 years
- Discount rate: 5% Ic s Riyadh: 0.053

. . - Inflation rate: 3% Total CAPEX: USD 1,413,880. USD/kWh.
Saudllj‘::;l;l[al {Izr]lland 1 - O&M: 1% of CAPEX =~ Installed Cost: approx. Mecca: 0.057 USD/kWh.
14.14 USD/kWp/year 1.41 USD/Wp. Bisha:
- PV modules: USD 680,680 0.063 USD/kWh.
- Floating system: USD 500,000
- Inverters: USD 126,000
- Base year: 2020
- Lifetime: 25 years
- Discount rate: 6%
- Starting energy price:
40 EUR/MWh (2020 tariffs) - LCOE not reported.
- O&M: 10 EUR/kWp - Net Present Value
- Inflation: 2% (NPV): EUR 329,235.
Portugal [(In}and Dam) 1 - PV modules: 300 USD/kWp Total CAPEX: 1000 EUR/kWp. - Internal Rate of Return
- Inverters: 200 USD/kWp (IIER)b 5 18:/1") iod:
- Floating structure: -, dyback Feriod:
14 years.

300 USD/kWp

- Anchoring: 36 USD/kWp
- BOS: 100 USD/kWp

- Transport: 20 USD/kWp

U.S. Inland (California)
[109]

- Base year: 2019
- Business-as-usual scenario used Total CAPEX: USD 6,019,000 (no ~ ; 107.88 USD/MWh (no

to compare to GPVs . ITC).
3 - Discount rate: 6.75% ;T&)i}ggjlvlgd Cost: approx. ~83.58 USD/MWh (with
- Lifetime: 25 years - P (no ITC). 26% ITC).

- O&M: 0.026 USD/Wp

UAE Offshore (Oil

0.530 (battery-

- Base year: 2023/4
- Discount rate: 3%

- System includes battery bank Total CAPEX: USD 2,290,825. - LCOE: 261 USD/MWh.

. (USD 1,535,475) Installed Cost: approx. - Discounted Payback
Platform) [18] integrated)  _OgM: 7950 USD/year 432 USD/Wp. Period (DPP): 9.5 years.
- Floating system: USD 111,300
- Anchoring: USD 145,750
- LCOE sensitive to
market structure and
incentive type (ITC vs.
- Base year: 2021 PTC).
- Life expectancy: 30 years - LCOE min:
. - Annual discount rate: 5% - Total CAPEX: 1,180,000/MWp.  46.5 USD/MWh for
US- Hybrid Y droPY sumedsize) - Incentives modelled: TTC (30%) - Installed Cost CAISO market.
or Production Tax Credit (PTC) 1.18 USD/Wp. - LCOE max:
(2.75 cents/kWh for 10 years) 75.6 USD/MWHh for PIM
- O&M: 7900 USD/MW / year market.
- Minimum LCOE is
16% higher than in GPV

case.

6.5. Environmental Impact

Solar energy is considered as one of the most environmentally friendly energy
sources [115]. However, deploying offshore renewable energy systems impacts marine
ecosystems, including sea life. Floating photovoltaic arrays can have several environmental
impacts such as shading, water-atmosphere exchange, impacts on hydrodynamics, and
impacts on various species [116]. Assessing and mitigating these impacts is crucial to en-
suring the sustainability of these projects. This section investigates the ecological footprint
of FPV systems, emphasising their benefits and potential effects on aquatic ecosystems.

6.5.1. Positive Impacts

Reducing reservoir water evaporation is one of LFPV systems’ many noteworthy envi-
ronmental advantages. Research conducted in Australia [8] has indicated that evaporation
can cause up to 40% of the water in open tanks to be lost. Merely 30% of the water’s surface
can be covered with photovoltaic panels to minimise evaporation by roughly 49%. This
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reduction is especially important in dry climates and agricultural areas where conserving
water is essential.

Furthermore, LFPV systems help in regulating the growth of algae [117]. Algae blooms
can be detrimental to fish populations and aquatic environments. Since the floating panels
shade the area underneath, less sunlight penetrates. Algae naturally need light because
photosynthesis cannot occur in the dark. Therefore, by blocking the sunlight, the PV
modules block the growth of algae. The combined advantages of reducing algae growth
and conserving water can improve the ecological sustainability of LFPV installations.

FPV installations contribute to a reduction in the use of fossil fuels and, consequently,
a decrease in CO, emissions by producing clean, renewable energy. This contribution
emphasises the significance of renewable energy in the fight against climate change and is in
line with the European Union’s initiatives to reach carbon neutrality by 2050 [14,19,20] and
the Nationally Determined Contributions (NDCs) requested by the Paris Agreement [118].

The components of FPV systems can be made with environmental sustainability in
mind. The floating platforms can made of high-density polyethylene (HDPE), which is
extremely resilient, impervious to corrosion and UV radiation, and recyclable up to one
hundred times. Because of their recyclability, FPV systems have a minimal ecological
footprint throughout their lifetime.

6.5.2. Potential Ecological Concerns

It is imperative, nevertheless, to consider the possible negative effects on aquatic
ecosystems. Although the shading effect helps reduce the number of algae, it can change
the surrounding habitat for aquatic plants and animals by reducing dissolved oxygen levels
and altering water temperatures [14,119]. For FPV installations to not negatively impact
biodiversity, ongoing environmental monitoring and impact assessments are required.

Seabed contact from mooring systems is a crucial design parameter that influences
benthic impact. Heavy catenary or drag—embedment moorings, by design, affect a larger
sea floor area (the “touchdown area”) than taut systems, potentially leading to disturbance
and resuspension of (in)organic matter [119]. Furthermore, submerged structures, including
floaters and mooring lines, provide a new substrate for marine growth. Observations from
a North Sea demonstrator recorded rapid colonisation of submerged structures by macro-
fouling organisms, notably the blue mussel (Mytilus edulis) [120,121]. These suspension
feeders play a key role in the production of organic matter (OM) through the excretion of
faeces. While this bio-deposition creates the potential for enhanced organic-matter export
to the seabed, initial monitoring [121] of the sediment underneath the FPV installation (after
18 months) did not detect an enrichment in carbon and nitrogen compared to surrounding
areas. Therefore, design choice is critical since taut-leg or suction-pile systems that minimise
the seabed contact area can mitigate sediment disturbance risks [119].

According to Schneider et al. [119], two main changes occur when OPVs are installed
in a marine ecosystem. Firstly, air-sea interactions are blocked, such as solar radiation and
wind. Moreover, a new substrate is introduced into a previously unobstructed environment
because of floaters and mooring lines. These changes can potentially influence currents and
also reduce the population of primary producers, organisms that draw their energy from
sunlight and materials from non-living sources. Phytoplankton are amongst the affected
primary producers. These organisms produce a large part of the oxygen in the atmosphere
and form a crucial part of the ocean food chain [122]. This could therefore affect the food
availability for all organisms, even at higher trophic levels. Large OPV installations can also
affect the temperature of the sea due to an impact on hydrodynamics and heat exchange.
This happens mainly due to floaters and anchors obstructing currents and limiting the
heat exchange between the ocean and the atmosphere [119,123]. Photovoltaic modules
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installed very close to or in contact with the water surface can also limit the dissolved
oxygen concentration of the water body underneath due to the impact on the air-water
interface [124-126].

Empirical and modelling studies provide quantitative confirmation of these effects. In
small experimental ponds where floating solar arrays covered approximately 70% of the
surface, Ray et al. [127] measured a 26.8 &= 20.2% rise in whole-pond GHG emissions, nearly
doubling CH4 ebullition rates, and a significant decrease in gas-transfer velocity (kggo),
confirming that high coverage restricts air-water exchange and reduces near-surface dis-
solved oxygen. A multi-study synthesis [128] reported similar patterns, showing significant
dissolved oxygen (DO) decreases under panels, but negligible nutrient effects were ob-
served when the coverage was maintained below approximately 50%. Field data from
26 water-surface PV installations in the Yangtze basin [129] further confirmed lower DO
saturation and temperature within photovoltaic areas. Collectively, these findings show
that the coverage ratio is the principal design parameter governing DO and temperature
responses, with marked effects often emerging above roughly 50% surface occupation.
Finally, the maintenance of floating photovoltaics can contaminate aquatic bodies due to
the use of chemicals and cleaning agents [119,130].

6.5.3. Mitigation Strategies

The ecological footprint of FPV systems can be minimised through integration with
other renewable energy technologies and water management strategies, guaranteeing a
positive contribution to the renewable energy environment.

It is crucial to collect more data on the environmental impact of floating and OPVs to
ensure a functioning ecosystem. According to Schneider et al. [119], the location of OPVs
should be selected to avoid fragile habitats, coral reefs, seagrass beds, and kelp forests.
Moreover, potential environmental impacts should be a main factor when designing an OPV
system, and some design considerations should be taken into account, such as the following:

e  The area blocking the sunlight should be minimised. This can be achieved by allowing
light to pass between rows of panels.

e  The coverage ratio should be optimised to allow surrounding waters to dilute and/or
compensate for potential environmental impacts.

e  The contact area with the water should be minimised to reduce the risks of leaching
and biofouling and reduce the effect on the air-water exchange.

e The “contact zone” of mooring lines should be kept to a minimum to reduce the
disturbance of the seabed and the resuspension of (in)organic matter.

e  Materials should be selected to minimise the potential for releasing toxic substances,
such as chemicals, metals, oils or plastics, into the marine environment through
leaching or leakage. Any chemicals used for routine cleaning should also be
carefully selected.

e  Dry transformers should be used to eliminate the risk of oil leaks.

Overall, comparative evidence suggests that the success of FPV deployment depends
on the maturity of anchoring systems, corrosion-resistant materials, and cost reduction
through mass production. The main unresolved gaps are as follows:

e Limited long-term field performance data under variable hydrodynamic loading;

e Insufficient integration of techno-economic modelling with Environmental
Impact Assessment;

e  Lack of control strategies for hybrid FPV-storage systems.

Quantitative analyses [128] recommend maintaining a panel coverage of <40-50%
on deep or well-mixed reservoirs until long-term data confirm minimal dissolved oxygen
and trophic alteration. Where higher densities are required, design measures such as
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alternating open-water lanes or utilising variable-height layouts can preserve mixing
and oxygen diffusion [119]. Future research should therefore focus on multi-objective
optimisation frameworks that simultaneously address structural durability, cost, and
ecological sustainability.

6.5.4. Material and Life Cycle Considerations

Material selection for floaters and mounting structures strongly affects both the life
cycle environmental burden and ecotoxicological performance. A detailed Life Cycle As-
sessment (LCA) of a 150 MW FPV system in Thailand [131], spanning a 30-year lifetime,
estimated significant resource consumption: approximately 73 kg of greenhouse gases
(CO,-eq) per MWh produced and ~2110 m® of water consumed per MWh. The environmen-
tal burden is highly dependent on design material choices. For instance, water consumption
was primarily driven by the production processes (extrusion and purification) required for
the aluminium used in the mounting /support system.

In terms of ecotoxicology, the manufacturing of floats and mounting systems con-
tributed almost exclusively to terrestrial and marine ecotoxicity impacts measured in the
LCA [131]. Additionally, operational use introduces risks: material selection is critical, as
galvanised steel or certain antifouling coatings may leach toxic substances such as zinc,
nickel, and chrome into the water [119]. Although FPV floats are often made of high-density
polyethylene (HDPE), which is resilient and recyclable, it is vital that the chosen materials
minimise the potential for releasing toxic substances (chemicals, metals, or plastics) into
the marine environment through leaching or leakage.

7. Integration of FPVs with Other Technologies

According to Cazzaniga et al. [10], there is significant interest in deploying LFPV sys-
tems in conjunction with hydroelectric power plants (HPPs) because both plants integrate
easily. In addition to the many benefits of LFPVs, coupling these two technologies has
several advantages, such as the following [1,10,24,132]:

e  Cost reduction: Using the existing infrastructure of HPPs can reduce the cost of LFPV
plants. Moreover, combining the natural energy storage of HPPs with LEPV plants
can further increase financial feasibility.

e  Reduction in power fluctuations: To align power production with demand, an active
control system could be implemented, reducing HPP output during the day when
the LFPV system is operational and increasing it at night or when low-irradiance
conditions occur. This would provide a solution to energy discontinuity because HPPs
can supply the energy when the LFPV plant cannot.

e  Potential implementation for FPV: Where there is an HPP, there is also an under-used
water basin where an LFPV plant can be installed.

To optimise the combination of these two technologies, Cazzaniga et al. [10] sug-
gested installing LFPV plants with a capacity equal to that of existing hydroelectric plants.
They claim that covering at least 2.4% of the world’s hydroelectric basins with LFPV sys-
tems would increase energy production by 35.9%. According to the International Energy
Agency [24], LFPV projects on hydropower reservoirs tend to produce more electricity than
traditional LFPV projects such as in South Korea (2.1 GW), Thailand (3.5 GW), Zimbabwe
(1 GW), and Laos (1.2 GW).

Another potential synergy is the combination of OFPVs with offshore wind farms.
According to the International Energy Agency [24], wind and solar power must contribute
around 68% of global electricity generation by 2050 in order to meet the goal of achieving
net-zero emissions. In their study, Golroodbari et al. [133] performed a techno-economic
feasibility analysis of integrating an OFPV system with an offshore wind farm in the North
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Sea. They concluded that the integration of both systems could offer technical and economic
benefits, depending on two main factors: the additional power supplied to the grid by
the OFPV system and the costs associated with the PV system. Moreover, in their study
about co-locating offshore wind and PV farms, Bi et al. [134] validated the feasibility of
combining both technologies. The results have shown that even under high-wave and
-wind conditions, the PV power output would remain stable.

According to Lopez et al. [6], combining offshore wind and OFPV farms presents
several advantages similar to those given by the combination with hydroelectric power
plants. These advantages include the following;:

e  Potential implementation of OFPVs: OFPV systems can be implemented in the empty
marine surface areas between wind turbines, increasing energy production density.

e  Reduction in power fluctuations: For the same reasons as for combining OPVs with
HPPs, combining offshore wind turbines with OPV systems allows for a smoother
power output than conventional separate stand-alone systems.

Lopez et al. [6] also proposed a basic arrangement between OPV and offshore wind
farms. By filling the free surface between the wind turbines with solar PV panels, less wave
motion would be experienced by the PVs, which would allow them to keep the tilt angle
static. However, as noted by Ghosh [135], the shadows formed by the wind turbines can
create other issues for the PV farm. These shadows not only impact the energy production
but can also create potential hot spots in PV modules. Furthermore, the use of optimisers or
micro-inverters would increase the use of electrical devices in extreme weather conditions.
This can significantly increase the potential failure rate. Therefore, further investigation is
needed to assess the feasibility of this hybrid combination.

8. FPV Policy and Regulation
8.1. LFPV Policy and Regulation

Floating PVs are recognised as a strategic technology globally for mitigating land
scarcity and utilising existing water resources. However, FPV policy development often
lags behind the technology, creating regulatory uncertainties [136] such as the following:

e  Legal Clarity: The deployment of FPVs faces barriers due to water-specific regulations,
electrical safety concerns, and corrosion challenges [137]. Obtaining licenses and
permits can be challenging in countries with complex or nascent FPV regulations,
sometimes taking years [50].

e  Permitting Uncertainty: FPVs lie at the intersection of several regulatory frameworks,
including energy, water, mining, and environmental protection. Without specific
legislation, authorities struggle to determine if FPVs require a construction permit or a
water utilisation permit, creating uncertainty for investors [138].

e  Environmental Assessment: The unique ecological impacts of FPVs require specific
attention, but policies often lack mandatory Environmental Impact Assessment (EIA)
requirements specific to FPV projects [136]. Scientific information regarding the en-
vironmental impact is still difficult to assess, which can lengthen permitting proce-
dures [138].

Country-Specific Examples and Incentives

Malaysia’s legal framework does not adequately support FPV deployment, notably
lacking clear guidelines on water usage rights and dedicated incentives. Furthermore,
jurisdictional conflicts arise because state governments manage water resources, while
federal agencies oversee energy regulation. The Department of Town and Country Planning
(PLANMalaysia) developed “Garis Panduan Perancangan Pembangunan Ladang Solar,”
which specifies that FPVs are permissible on certain artificial water bodies (e.g., abandoned
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mining ponds, lakes, wet retention ponds) but strictly prohibits installation on drinking
water reservoirs. These guidelines, however, serve primarily as advisory references rather
than legally binding regulations [136].

The Netherlands has a supportive regulatory environment. The Dutch Water Act
governs FPV installations, requiring developers to obtain a water permit and ensuring
that FPV projects do not compromise water quality, flood protection, or other water uses.
Financial support is provided through mechanisms like the Dutch Climate Agreement [136].

Germany and Portugal both have specific support schemes for FPVs. Germany’s
Renewable Energy Sources Act extends benefits primarily to FPVs on artificial water bodies.
Portugal’s regulatory support restricts FPV deployment to a specified list of seven dam
reservoirs. Italy has recently simplified permitting procedures to include specific provisions
for FPV projects up to 10 MW [138].

8.2. OFPV Policy and Regulation

Offshore floating solar (marine FPV) is considered a distinct and innovative technology,
still primarily in the demonstration and commercialisation stages [138,139].

8.2.1. EU Policy Context (Innovative Technologies)

The revised Renewable Energy Directive (RED) introduced a non-binding target for
innovative renewable energy technologies (which includes floating offshore wind and
ocean energy) to reach at least 5% of newly installed capacity by 2030 [138]. Offshore
floating PVs are increasingly considered for hybrid projects with offshore wind. In the
Netherlands, permitting processes for co-located PVs are integrated into the general pro-
cess for offshore wind installations, leveraging existing grid infrastructure [138,139]. The
revision of maritime use regulations and the development of Maritime Spatial Plans (MSPs)
are key policy opportunities to promote offshore floating wind and solar [138].

8.2.2. Country-Specific Offshore Renewables Strategies

Due to severe land limitations, Malta has designated offshore renewables as a strategic
priority, focusing on floating wind and solar platforms [140,141]. Malta adopted the
National Policy for the Deployment of Offshore Renewable Energy in October 2024, which is
technology-neutral and supports floating solar projects within Malta’s Exclusive Economic
Zone (EEZ). Malta aims for 350 MW of offshore renewable generation capacity by 2030 [141].
The government launched a Preliminary Market Consultation (PMC) in January 2024 to
assess market readiness for developing near-offshore floating solar farms. A potential site
four nautical miles off the coast of Delimara, with a 50 MW capacity, has been identified for
consultation [141].

The Federal Government of Belgium aims for 1 GWp of floating solar in 2030 in
the Belgian part of the North Sea [140]. Portugal is following the footsteps of France in
advancing floating offshore wind projects and is expected to launch a specific auction for
2 GW of floating offshore wind capacity in 2025 [138].

The Netherlands has included innovative PV components in two of its offshore wind
installations (Hollandse Kust Noord and West) [138]. The Dutch government has also
funded a more detailed plan for an “offshore floating solar” demonstration project, includ-
ing a substantial separate budget dedicated to ecological research [142].

9. Conclusions

FPV technology has emerged as a promising solution for large-scale renewable energy
generation, supporting the EU 2050 carbon-neutral goal. As summarised in Table 3, FPVs
offer several advantages over GPVs, including increased efficiency due to water-based
cooling, reduced land competition, and potential integration with existing renewable
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infrastructure such as hydroelectric dams and offshore wind farms. These benefits make
FPVs an attractive option for regions facing land scarcity and energy security challenges.

Table 3. Benefits of FPVs over GPVs.

Feature FPVs GPVs
Land Use No land requlred; ideal for Require significant land area.
urban/agricultural areas.
Cooling Effect Water cooling increases efficiency, resulting Panels heat up, reducing efficiency.

in yield gains of up to 10% [3-6].

Water Conservation

Reduce evaporation by 17-83% [7-9]. No impact on water bodjies.

Economic Feasibility

Lower cost per MWp, but land is
expensive, and PVs are affected by
increase in temperature and dusty
environment.

Higher initial cost (100,000 USD/MWp for
offshore [17]) but potentially higher profits
due to higher generation [3-6].

Hybrid Integration

Can be combined with hydropower and

wind farms [10,21]. Limited co-location options.

However, despite these advantages, OFPVs still face significant technical, economic,
and environmental barriers. Key challenges such as biofouling, corrosion, hydrodynamic
instability, and exposure to extreme weather conditions necessitate further advancements
in materials science, structural engineering, and mooring system design. Additionally, the
higher installation and maintenance costs of OFPVs require innovative financial models,
economies of scale, and policy-driven incentives to improve economic feasibility. Environ-
mental concerns, including potential impacts on marine biodiversity, water quality, and
ecosystem dynamics, must also be addressed through comprehensive long-term studies
and mitigation strategies.

To ensure the sustainable development of floating photovoltaics (FPVs) and defini-
tively link design parameters (such as coverage and mooring type) to long-term ecological
outcomes, monitoring methodologies must be rigorously applied. It is highly recommended
that future impact studies follow the Before—After, Control-Impact (BACI) principle to
systematically account for both spatial and temporal variations [121,127].

Implementation of the BACI framework should include the following;:

e  Continuous Monitoring: Measurements of essential water quality parameters, such
as the dissolved oxygen (DO) and temperature, should be logged continuously (e.g.,
at <15 min intervals) at central, edge, and open-water control stations for at least one
annual cycle to account for seasonal variations [121,127].

e  Benthic Assessment: To assess bio-deposition impacts from biofouling, the collection
of sediment samples in a radius using a BACI approach is suggested [121].

e  Biofouling Documentation: Periodic biofouling surveys should be included to measure
the accumulating biomass and characterise the rapidly colonising communities, such
as the blue mussel (Mytilus edulis). Such long-term monitoring is critical for facilitating
the design of floating systems, especially concerning the weight of the colonising
fauna [120].

Future research should focus on optimising floating structures and mooring systems
for enhanced durability and energy yield while reducing cost, developing advanced anti-
corrosion and anti-biofouling coatings, and improving hybrid energy integration with
offshore wind and hydropower. Alongside these hardware challenges, a critical emerging
field is the application of smart controls and artificial intelligence (Al) for performance
optimisation. The role of energy storage solutions, such as floating battery systems and
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hydrogen production, will be crucial in maximising the reliability and grid compatibility of
OFPVs. Furthermore, integrating these Al-driven controls with energy storage and broader
grid management, alongside the standardisation of regulations and safety guidelines, will
be essential to streamline deployment and ensure operational efficiency while minimising
environmental risks.

From a policy perspective, international collaboration and government support will
play a critical role in accelerating FPV deployment. Targeted subsidies, feed-in tariffs, and
private—public partnerships can drive investment in large-scale FPV projects, particularly in
coastal regions with high solar potential. Establishing global research consortia and sharing
best practices will further enhance technological innovation and reduce implementation
risks. Since specific frameworks for offshore solar are lacking, it is recommended that
policymakers perform the following:

e  Identify specific barriers and measures (e.g., streamlined permitting with thorough
EIAs and public consultation).

e  Provide adequate financial support in early stages through public-sector funding and
specific feed-in tariffs.

e  Ensure the transmission grid is effectively developed to allow connection of offshore
solar projects.

e Adopt national targets for offshore floating PVs to support technology development.

e  Develop specific guidelines that address technical, environmental, and safety consid-
erations unique to the marine environment.

To visualise the path from concept to bankability, this review proposes a schematic
roadmap for OFPV development, as detailed in Figure 13. This roadmap outlines the key
stages: TRL 1-3 (Laboratory and Concept), TRL 4-6 (Pilot and Validation), and TRL 7-9
(Commercialisation and Scale-Up), highlighting the specific R&D priorities required to
de-risk the technology at each stage.

TRL 1-3: Laboratory and TRL 4-6: Pilot-Scale TRL 7-9: Commercialisa-
Concept Validation Deployment and Sys- tion and Large-Scale De-
Goal: tem Validation ployment

Concept validation and Goal: Goal:

feasibility study. Real-sea survivability Economic viability and

Key R&D Priorities: and performance. bankability.

- Numerical modelling of Key R&D Priorities: Key R&D Priorities:

novel floater and mooring - kW level pilot pro- - MW to GW class projects.
designs. jects. - Supply chain optimisation.
- Small-scale wave basin - Ecological monitor- - Smart-grid integration and
tests. ing. storage.

- Environmental Impact - Standardisation and certi-
Assessment. fication.

- Site identification.

Figure 13. Schematic roadmap for offshore floating photovoltaic (OFPV) development towards

commercial maturity.

In conclusion, while OFPVs are set to become a key component of the future renewable
energy landscape, unlocking their full potential requires a shift from general R&D to
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Abbreviation
AA-CAES
BACI

BoS

CAES
CAPEX
CdTe
CIGS
D-CAES
DO

DPP

EEZ

EIA

EPC

EU

FESS

FPV

GPV
GW/GWp
HDPE
HJT
HPES
HPP

Hy

IEC

IRR

ISO

ITC

targeted, collaborative missions. Their ability to contribute to Sustainable Development
Goal 13 (Climate Action) and Sustainable Development Goal 7 (Affordable and Clean
Energy) [143] highlights their potential in mitigating climate change while expanding global
access to clean electricity. As this review has outlined, the immediate scientific direction
must focus on standardising testing protocols (both engineering and ecological), validating
digital twins for smart control, and engineering resilient, cost-effective components for the
harsh marine environment. Moving from pilot projects to gigawatt-scale deployment is not
only a matter of strategic investment but of rigorous, interdisciplinary science, ensuring
that OFPV systems achieve both economic viability and environmental sustainability in the
coming years.
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List of Abbreviations

Definition Abbreviation Definition

Advanced Adiabatic Compressed Air Energy Storage kW /kWp Kilowatt/Kilowatt-peak

Before—After, Control-Impact kWh Kilowatt-hour

Balance of System LCA Life Cycle Assessment

Compressed Air Energy Storage LCOE Levelised Cost of Energy

Capital Expenditure Liion Lithium ion

Cadmium Telluride LiFePOy4 Lithium Iron Phosphate
Copper-Indium-Gallium-Diselenide LFPV Inland Floating Photovoltaic

Diabatic Compressed Air Energy Storage MW/MWp Megawatt/Megawatt-peak

Dissolved Oxygen NDCs Nationally Determined Contributions
Discounted Payback Period NPV Net Present Value

Exclusive Economic Zone NREL National Renewable Energy Laboratory
Environmental Impact Assessment O&M Operation and Maintenance
Engineering, Procurement, and Construction 0&G Oil and Gas

European Union OFPV Offshore Floating Photovoltaic
Flywheel Energy Storage System OPV Offshore Photovoltaic (Fixed or Floating)
Floating Photovoltaic OsIC Offshore Solar Irradiance Calculator
Ground-Mounted Photovoltaic PVT Photovoltaic Thermal
Gigawatt/Gigawatt-peak PV Photovoltaic

High-Density Polyethylene R&D Research and Development
Heterojunction RED Renewable Energy Directive
Hydro-Pneumatic Energy Storage SCESS Supercapacitor Energy Storage System
Hydropower Plant SERIS Solar Energy Research Institute of Singapore
Hydrogen TLP Tension-Leg Platform

International Electrotechnical Commission TRL Technology Readiness Level

Internal Rate of Return uv Ultraviolet

International Organization for Standardisation WEC Wave Energy Converter

Investment Tax Credit
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Appendix A

Table A1l. Critical analysis and comparison of OFPV technologies.

Technology

Energy Yield

Structural Type

Material Composition

Environmental
Durability/Survivability Claims

Authors’ Estimated TRL and
Considerations
(Evidence-Based)

Ocean Sun

Company/DNYV test reports claim
~8-12% higher energy yield vs.
pontoon/ground (cooling effect of
membrane cited; company test data
in DNV test site summary) [144].

Flexible hydro-elastic membrane
carrying modified rigid silicon PV
modules (membrane + keder
mounting; low-profile
ring/mooring) [145,146].

Company describes membrane
+ HDPE/engineered membrane
+ rigid PV modules (dual-glass
modules, alliance with GCL
noted in investor slides) [145].

DNV verification and test site
data; vendor claims survivability
in harsh conditions (DNV
Statement of Conformity; test site
noted operation and claimed
wind/typhoon survivability in
documents).

Claims:

- Withstand strong storms.

- Test site shows better
performance vs. pontoon in Q3
2019 test [147].

- Typhoon Cat.4 (=275 km/h
wind) tolerance [146].

TRL 6-7.

Evidence: DNV Statement of
Conformity (technology
qualification activities)

+ instrumented prototype test site
comparing membrane vs.
pontoon (pilot data reported)
[147].

Considerations:

- Constant seawater overtopping
can cause biofouling, staining,
and corrosion of PV modules.

XolarSurf (Moss/Saipem)

Brochure/project material lists a

300 x 300 m island up to ~13.5 MW
(company brochure—implies typical
power density for that layout but
brochure does not publish a universal
W/m?) [38].

- Basic design and harsh
environment version available.

- Modular flexible steel frame for
basic design.

- Rigid frame for harsh
environment version.

-Rigid floater array (many
individual floaters assembled into
300 x 300 m island).

- Rigid PV mounting structure [38].

Company describes steel
structure floaters and
pretensioned fibre ropes. Specific
BoM breakdown not published in
brochure [38].

Base case:

-Hs<4m (Tp 10s).

- Wind <35 m/s (1 h).

- Current <2 m/s.

- Water depth > 15 m.

Harsh environment version:
-Hs <8 m.

- Wind < 35m/s (1 h).

- Current <2 m/s.

- Water depth > 30 m [38].

TRL 5-6—evidence: full-scale
prototype launched and
undergoing ~1-year sea trial; not
yet widely commercial [39].
Considerations:

- LCOE of the installed system
still to be verified.

SolarDuck

Company reports the following:

- 520 kWp (Merganser) pilot.

- Improved yield (cooling, reduced
soiling) vs. conventional FPV.

- 680 Wp PV modules.

- 131 PV modules per platform [57].
- Estimated 142.5 W/m? [148].

- Triangular elevated platforms.

- Panels elevated by several meters.
- Modular interconnected platforms
[149].

- Semi-submersible platform built
with marine-grade aluminium
with rigid mounting).

- Standard PV modules and
inverters.

- Steel anchors.

- Combination of polyester line,
steel chains, and steel ropes [149].

- Prototype certification from
Bureau Veritas.

- Wave height < 11.6 m.

- Water depth = 21.5 m [148].

- Wind speed: 32.5 m/s (10 min);
hurricane- and typhoon-proof
design up to 65 m/s [149].

TRL 7.

Evidence: full pilot installed,
certified, and undergoing
operational monitoring in the
North Sea.

Considerations:

- LCOE of the installed system
still to be verified.
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Table Al. Cont.

Authors’ Estimated TRL and

. . . Environmental . .
Technology Energy Yield Structural Type Material Composition Durability/Survivability Claims ga(‘)lri\zleiectté(;rs\:d)
- Peer-reviewed concept and - Hydrodynamic 1:30 model tests ~ Estimated TRL 3. Evidence:
. P . . and numerical modelling show peer-reviewed concept +
experimental papers report - Tension-leg platform (TLP) with - Steel TLP structure + tracker reduced motions vs. pontoon experimental proof of concept
significant modelled energy gains dual-axis trackers. mechanics + PV modules suitable for trackers" P anrc)l scaled mc?del testin P
HelioSea from dual-axis tracking vs. fixed - Concept couples high-stability (material specifics are . " . . . &
X . . environmental durability still Considerations:
arrays. TLP with pole/tracker systems to engineering/conceptual; full under lab /scale validation - Moving parts are susceptible to
- Prototype-scale tests (75 kW keep modules above waves [37]. supply BoM not published) [37]. (fatigue and corrosion flagged as  high maintenance costs in
prototype/lab models) [37]. critical R&D areas) [150]. offshore environments.
- Sun’Sete demonstrator installed TRL 6-7.
(first French Mediterranean OFPV). - Environmental /anchor Evidence: operational
- Méga Sete aims for 1 MWp Modular island/floater arrays for valic\llat(i)on :;ma leie(; [cl)f%l] demonstrator [42] and funded
. demonstrator covering 1 hectare of open sea (company describes . P o pre-commercial 1 MWp project
SolarinBlue sea area. This results in a power modular floaters and anchorin - Treated steel frame. - Wave heights > 12 m. [151] moving into field validation
(Sun’Sete/Méga Sete) L P p . & - HDPE floats [151]. - Resistance to cyclonic wind ving
density of 100 W/m*. adapted for Mediterranean conditions of 200 km /h and monitoring.
- Each solar unit has an area of 400 m?  conditions) [42]. - 30-year service life [ 42]' Considerations:
with a 92 kWp capacity. This results Y ' - LCOE of the installed system
in a power density of 230 W/m? [42]. still to be verified.
TRL 7+.
Evidence: commercial-scale
B _ pilots assembled and integration
North Sea 1 =50 kWp [43]. - Reported use of metals (70% of - Wave height < 14 m. contracts for hybrid wind-solar
- North Sea 2 = 400 kWp set to expand ~ Modular floater arrays made for hich i d ) and Wind 4 < 200 km /h P . ional bil
to 1 MWp [44]. offshore deployment; designed for WhICH 1S Teuse meta.) an - yind speed < m/h. arms; operational pilot
Oceans of Energy . . " . polymers (80% of which is reused - Design life = 25 years. experience in the North Sea
installation between wind turbines

- North Sea 3 = projected to reach
multiple MWp [44].
-HKN1 = 0.5 MWp [43].

(hybrid co-location) [43].

polymer) [152].
- BoM not publicly disclosed.

- Proven track record: 4 years,
continuous, North Sea [43].

(ongoing monitoring and scaling).
Considerations:

- Constant seawater overtopping
can cause biofouling, staining,
and corrosion of PV modules.

Solaqua (University of
Malta project)

- Design involves hexagonal rafts
with an area of 41.57 m?.

- Each raft will have 14 PV modules,
resulting in an estimated power
density of 185 W/m?.

- Modular semi-submersed
hexagonal floating rafts.

- Cement-based outer shell.

- Buoyancy possibly from
recycled materials.

- Steel and fibre reinforcement.

- First design demonstrated in
sheltered /open coastal trials
(2012-2016 pilot) [153].

- Hexagonal design tasted in a
wave tank (1:25 model) and
survived wave heights of more
than 6 m.

Estimated TRL 4. Evidence:
academic project with small-scale
prototypes, lab and coastal tests,
and techno-economic
assessments—not
commercialised.

Considerations:

- Full-scale prototype still to be
constructed and tested.
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Table Al. Cont.

Authors’ Estimated TRL and

. . . Environmental . .
Technology Energy Yield Structural Type Material Composition Durability/Survivability Claims Cor'151derat10ns
(Evidence-Based)
- CIMC describes modu.lar float TRL 6-7.
arrays, buoyancy materials, Evidence: commercial demo
dynamic subsea cable systems, deliver d. nd towed (2023);
- 400 kWp demo. Semi-submersible platform and standard PV . eryered and towee !
2 . . - i - Wave heights < 6.5 m. vendor documentation and press
CIMC Raffles - Deck area ~1900 m~. (multi-body float arrays with modules/inverters; specific ) .
-Wind <34 m/s. coverage; demonstration of

(semi-submersible)
210.5 W/m? [154].

- Estimated power density of

mooring, subsea dynamic cable,
fenders, monitoring systems) [154].

material inventory not published
beyond press.

- A previous publication
described a bamboo-based
composite [46].

- Tidal differences < 4.6 m [155].

system integration.
Considerations:

- Limited long-term field lifetime
data publicly available.

Table A2. Comparison of different energy storage technologies.

Storage Type Efficiency (Round-Trip/Cycle) Corrosion Resistance (Offshore Environment) Maintenance Requirements
Efaftetreséleisnfif)r(l)tfefsigenfggtllllzzh%izsses;}s’&lﬁsllr}rllust Li ion generally has low operation and maintenance
Lead-acid is 80-82% or ~82% [67], with cycle be tested against off-gas risk propagation and ESS&;IYII; tEZiu;;eangrxsﬁzli;i:eiiiiteuer:ngci d
Batteries efficiencies typically 63-90% [69]. Li ion is 92-96% explosion and adhere to guidelines from bodies like (flooded) requires more maintena.nce and periodic
(approximately 95%). Ni-Cd is 60-85% [67]. DNV. Ni-Cd batteries are used for oil and gas water re lac%ment Lead—acid (VRLA) re Eires ver
(O&G) installations and are resistant to mechanical P : Ajreq y
and electrical abuse [67]. low maintenance and no water addition [67].
H, gas storage system (round-trip efficiency) is typically He};?;gigcezosrt:é;s; Zs;iﬂi;zxﬁlggs];?gded to
25-40%. H; liquid storage system is 12-25% [67]. H, fecertiﬁcation due to the risk of failure from fatieue Metal hydrides can operate for decades without
fuel cells, converting chemical energy to electricity, . - . . 8 major losses. Storage vessels require maintenance
Hydrogen (Hy) and hydrogen embrittlement in cyclic service. A ) A
activities such as non-destructive examination at

typically exhibit energy efficiencies of approximately
70-80% [73]. Overall fuel cell systems are typically
20-50% [69].

Alternative storage solutions include utilising
existing offshore structures like wind towers or
platform jackets [67].

planned intervals [67].

Compressed Air Energy Storage (CAES)

Large-scale CAES has achieved efficiencies of 42% and
54% [69]. Diabatic CAES (D-CAES) plants show
efficiencies of 0.42 and 0.54 [156]. Advanced Adiabatic
CAES (AA-CAES) is expected to reach 70% [69].

The safety risk associated with compressed air
stored in vessels (catastrophic rupture) is mitigated
by safety regulations and features like pressure
relief valves. In offshore locations, air storage in
tanks would be more suitable in the short term,
which avoids environmental concerns regarding
excavation [67].

Maintenance requirements are similar to those of a
simple cycle combustion engine (~0.30 USD/MWh
generated) [67]. Large CAES systems have an
estimated annual O&M cost of

19-25 USD/kW /year [69].
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Table A2. Cont.

Storage Type Efficiency (Round-Trip/Cycle) Corrosion Resistance (Offshore Environment) Maintenance Requirements
Flywheel components are placed in a vacuum to FESSs generally hgve easy maintenance [69]. Most
. systems may require little maintenance due to
High efficiency, up to 95% at rated power. Round-tri reduce wind shear and energy loss [67,69]. Sealed, sealed, frictionless bearings. However, replacement
Flywheels (FESSs) & ¥, up ° p ’ p frictionless bearings with no lubrication and little ! &S- + Iep

efficiency typically ranges from 78 to 95% [67,69].

maintenance are preferred for offshore flywheel
systems [67,69].

of components is often required every 5 to 8 years,
and if coupled to a generator, regular maintenance
is needed (e.g., coolant and oil changes) [67].

Supercapacitors (SCESSs)

High cycle efficiency, ranging from 90 to 98% [69,73].
Coulombic efficiencies can reach up to 99%. Round-trip
efficiency is typically above 80% [67].

These systems are used for transport and grid
applications, including in the marine and offshore
industries. They can operate in a wide range of
temperatures [67].

Supercapacitors can be cycled more often than
batteries [73].

Ammonia Fuel (NH3)

Round-trip efficiency is above 22% [67]. An islanded
ammonia power system for a generic northern Europe
location achieved a round-trip efficiency of 61% [157].

Ammonia is a potential marine fuel. Safety concerns
exist regarding poison gas and corrosive problems
during loading. Ammonia is classified as a toxic gas
for humans and aquatic life [67].

O&M for the production system is estimated at
24-39 EUR/kW-yr. Ammonia has a 30 times lower
cost per unit of stored energy compared to
hydrogen [67].

Hydro-Pneumatic Energy (HPES)

Full-scale round-trip efficiency is around 75% [67]. A
small-scale prototype demonstrated a consistently high
thermal efficiency (>93%) across the year [79]. The
electrical round-trip efficiency is comparable to
adiabatic and near-isothermal CAES [78].

Although the technology utilises seawater, posing
challenges like corrosion, wear, and entrapment,
these issues have been managed in related fields like
the desalination industry and underwater tools [78].

Fixed O&M: 20 USD/kW [158].
Variable O&M: 0.002 USD/kWh [158].
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