
 
 

Delft University of Technology

A technical review on the energy yield estimation of offshore floating photovoltaic systems

Shanka Vasuki, Sathya; Levell, Jack; Santbergen, Rudi; Isabella, Olindo

DOI
10.1016/j.rser.2025.115596
Publication date
2025
Document Version
Final published version
Published in
Renewable and Sustainable Energy Reviews

Citation (APA)
Shanka Vasuki, S., Levell, J., Santbergen, R., & Isabella, O. (2025). A technical review on the energy yield
estimation of offshore floating photovoltaic systems. Renewable and Sustainable Energy Reviews, 216,
Article 115596. https://doi.org/10.1016/j.rser.2025.115596

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.rser.2025.115596
https://doi.org/10.1016/j.rser.2025.115596


Renewable and Sustainable Energy Reviews 216 (2025) 115596

A
1

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

Review Article

A technical review on the energy yield estimation of offshore floating
photovoltaic systems
Sathya Shanka Vasuki a ,∗, Jack Levell b, Rudi Santbergen a, Olindo Isabella a
a Photovoltaic Materials and Devices, Delft University of Technology, Mekelweg 4, Delft, 2628 CD, South Holland, The Netherlands
b Shell Global Solutions International B.V., Grasweg 31, 1031, Amsterdam, The Netherlands

A R T I C L E I N F O

Keywords:
Offshore floating solar photovoltaics
Energy yield
Hydrodynamics
Cooling effect
Ocean surface albedo
Soiling
Degradation

A B S T R A C T

The uncertainty surrounding land availability for renewable energy deployment is a growing concern, creating
a strong need for alternative solutions. In recent years, offshore floating photovoltaic (OFPV) systems have
shown great promise in meeting global energy demands without competing for land resources. With ambitious
targets like 3 GW in The Netherlands by 2030 and global projections exceeding 20 GW, OFPVs are emerging as
a key solution at this critical juncture in energy transition. The significance of this technology is also reflected
in the 95% increase in research outputs over the past five years. Despite this growth, insights remain scattered,
with limited understanding of both the technology and performance. This review fills this gap by providing a
comprehensive overview of OFPV systems, addressing both technical and performance aspects. Specifically, the
objectives are to: provide detailed information about technology readiness levels, real-world deployments, and
a new classification matrix to categorize different OFPV designs; identify key processes like dynamic motion,
cooling, optical changes, and long-term degradation that impact energy yield (EY); and quantify the impact
of each process on EY based on reported data. The findings reveal that dynamic motion (-0.4% to -15%) and
long-term degradation (-2% to -20%) generally reduce EY, while cooling (-4% to +20%) and optical effects (-
40% to +5%) can enhance or reduce EY depending on operating conditions. While these insights are crucial,
several challenges remain, with the most pressing being the need to standardize measurement and modeling
techniques for EY prediction to propel OFPVs towards large-scale commercialization.
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AC Alternating current
AF Attached fins
AgriPV Agricultural integrated PV systems
AOD Aerosol optical depth
BIPV Building integrated PV systems
CFD Computational fluid dynamics
CIGS Copper indium gallium selenide solar cell
DC Direct current
DoF Degree of freedom
DR Degradation rate
EU European Union
EY Energy yield
FBW Floating breakwater
FPV Floating photovoltaics
GHI Global horizontal irradiance
GPV Ground mounted PV systems
GW Gigawatt
HR Hydrodynamic response
HT Heat transfer
IEA International Energy Agency
IFPV Inland photovoltaics
IPCC Intergovernmental Panel on Climate Change
IRENA International Renewable Energy Agency
IWA Irradiance-weighted wind speed average
MW Megawatt
NOCT Nominal Operating Cell Temperature
NZE Net-zero emissions
OFPV Offshore photovoltaics
OSA Ocean surface albedo
POA Plane of array irradiance
PV Photovoltaic
RAO Response amplitude operator [(m or deg)∕m]
RES Renewable energy source
RH Relative humidity
RPV Roof mounted PV systems
RQ Review questions
TRL Technology readiness levels
TSM Total suspended matter
TW Terawatt
UV Ultraviolet rays
U-value Heat loss coefficient
𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 Diffuse component of OSA
𝛼𝑑𝑖𝑟𝑒𝑐𝑡 Direct component of OSA
𝛼𝑂𝑆𝐴 Ocean surface albedo [%]
𝛼𝑆𝑅𝑑𝑖𝑓𝑓𝑢𝑠𝑒 Surface reflection component of diffuse albedo
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𝛼𝑆𝑅𝑑𝑖𝑟𝑒𝑐𝑡 Surface reflection component of direct albedo
𝛼𝑊𝑆
𝑑𝑖𝑓𝑓𝑢𝑠𝑒 Water scattering component of diffuse albedo
𝛼𝑊𝑆
𝑑𝑖𝑟𝑒𝑐𝑡 Water scattering component of direct albedo
𝛽0 Frequency factor [sec−1]
𝛽1 Activation energy [eV]
𝛽2 Effect of cyclic temperature
𝛽3 Effect of UV radiation
𝛽4 Effect of relative humidity
𝛥𝑅𝐻𝑑𝑎𝑖𝑙𝑦 Daily average relative humidity [%]
𝛥𝑇 Temperature difference (front/back) of PV mod-

ule [C]
𝛥𝑇𝑑𝑎𝑖𝑙𝑦 Daily cyclic temperature of the module [K]
𝛥𝑈𝑉𝑑𝑎𝑖𝑙𝑦 Daily daytime average UV irradiance [W∕m2]
𝜂 Power conversion efficiency of PV modules [–]
𝜂𝑟𝑒𝑓 Efficiency of PV module at STC condition [%]
𝛾𝑝𝑜𝑤 Temperature coefficient of power
𝜆 Wavelength [m]
𝜔 Wave frequency [rad/s]
𝜓 Absorptance [–]
𝜏 Transmittance [–]
𝜃𝑝𝑟𝑒𝑡𝑖𝑙𝑡 Pretilt angle of the PV module [deg]
𝜃𝑡 Tilt angle [deg]
𝜃𝑤𝑑 Wind direction [deg]
𝜃𝑤𝑣 Wave direction [deg]
𝑎, 𝑏, 𝑐, 𝑑 General equation coefficients [–]
𝐴𝑁 Normalization constant of the physical entities

[year−2]
𝐴𝑅 Submergence ratio [%]
𝑎𝑧 Azimuth angle [deg]
𝐵 Solar angle [deg]
𝐶 Roughness coefficient [–]
𝑐1, 𝑐2, 𝑐3 Constants depending on PV module mounting

structure
𝐸𝑃𝑉 ,1 Energy output of the PV module in the first year
𝐸𝑃𝑉 ,𝑁𝑦𝑒𝑎𝑟 Cumulative energy output of the PV module
𝑓𝑑𝑖𝑓 Fraction of the diffused incident irradiation of a

tilted surface
𝑓𝑑𝑖𝑟 Fraction of the direct incident irradiation of a

tilted surface
𝑓𝑅 Ross coefficient [–]
𝐺𝑎𝑣𝑔 Daily average irradiance [W∕m2]
𝐺𝑃𝑂𝐴 Plane of array irradiance [W∕m2]
𝐺𝑆𝑇𝐶 Solar irradiance at standard test conditions

[W∕m2]
𝐺𝑁𝑂𝐶𝑇 Solar irradiance at NOCT conditions [W∕m2]
ℎ𝑐𝑏 Convective HT coefficient for the back surface
ℎ𝑐𝑓 Convective HT coefficient for the front surface
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ℎ𝑐𝑤 Convective HT coefficient for the water surface
ℎ𝑟𝑏 Radiative HT coefficient from the back surface to

the water
ℎ𝑟𝑓 Radiative HT coefficient from the front surface to

the sky
𝐼 Intercept of the trend line
𝑘𝐻 , 𝑘𝑃 , 𝑘𝑇𝑚 Degradation rates due to different processes
𝑘𝑅𝑇 , 𝑘𝑈𝑉 , 𝑘𝑇𝐶 Aging rates of PV modules
𝑘𝐵 Boltzmann constant [eV/K]
𝑘𝑊𝑝 Kilowatt peak
𝐿𝑥𝑥 Length of a particular archetype [m]
𝑛𝑖 Weight of coupled environmental stresses &
𝑝 Color coefficient [–]
𝑃𝑒 Absorbed solar irradiance
𝑄𝑔 Absorbed radiation by glass
𝑟𝑓 Angle of refraction [deg]
𝑆 Slope
𝑡 Time [hours]
𝑇𝑎𝑚𝑏 Ambient temperature [C]
𝑇𝑎𝑝𝑝 Apparent temperature [C]
𝑇𝐵𝑆 Back surface PV module temperature [C]
𝑇𝑚𝑎𝑥 Daily maximum temperature of the module [K]
𝑇𝑚𝑜𝑑 PV module temperature [C]
𝑇𝑚𝑜𝑑0 Initial PV module temperature [C]
𝑇𝑤𝑎𝑡 Water temperature [C]
𝑇𝑝 Wave period [s]
𝑈∞ Ambient wind speed [m/s]
𝑈𝑎𝑣𝑔 Average wind speed [m/s]
𝑈𝑐 Constant heat loss coefficient [W∕m2K]
𝑈𝑣 Convective heat loss coefficient [W∕m3sK]
𝑈𝐿1

Convective and radiative HT between module and
air (front) [W∕m2K]

𝑈𝐿2
Convective and radiative HT between module and
air (rear) [W∕m2K]

𝑥, 𝑦 Cloudiness constants
𝑧 Solar zenith angle [deg]

. Introduction

n 2023, at the COP28 conference,1 the International Energy Agency
IEA), International Renewable Energy Agency (IRENA), and Intergov-
rnmental Panel on Climate Change (IPCC) proposed a target for all
ember countries to triple their global renewable energy capacity to
each net zero emissions (NZE) by 2030 [1–4]. To achieve the NZE
oal by 2030, the capacity of renewable energy sources (RES) must
ncrease from 4.7 TW in 2024 to approximately 11 TW by 2030 [2–4].
herefore, the next 4–5 years are critical for determining the world’s
rogress towards achieving NZE. Currently, several RES are being uti-
ized for clean energy generation and to understand the importance of
ach source, certain key trends have been projected by [1–4]: (1) Wind
nd solar electricity generation combined will surpass hydropower
n 2024 [1–4], (2) wind and solar energy will each exceed nuclear
lectricity generation by 2026 [1], and (3) solar energy will overtake
ind and nuclear energy in electricity production by 2028 [1].
With these trends, wind and solar energy are expected to be the

eading RES in the coming years. Amongst these, solar energy is set
o be the main driver towards energy transition, making it the ’need

1 United Nations Climate Change Conference held in Dubai, UAE in 2023.
3

of the hour’ RES [1–4,6]. With the importance of solar energy now
established, it is essential to recognize that solar energy can be gener-
ated through various application modes. Currently, the most common
application modes of generating solar energy are shown and explained
in Fig. 1 (a–d). In recent years, a new application mode has emerged
known as floating photovoltaics (FPV) as shown in Fig. 1 (e). This
application mode was first pioneered by two Japanese companies,
Mitsui Engineering & Shipbuilding Co. Ltd. and Mitsui Zosen KK, which
filed a patent positioning Japan as one of the early leaders in the
field [7,8]. The first FPV system was also installed in Aichi, Japan,
in 2007, developed by the National Institute of Advanced Industrial
Science and Technology, demonstrating its potential in energy gener-
ation while highlighting initial advantages such as land conservation
and enhanced performance, as well as challenges related to operation
and maintenance [9,10]. Following this, FPV adoption expanded to

Fig. 1. Different modes of producing solar energy. (a) ground-mounted PV systems
(GPV), where large areas of land are covered with PV modules, (b) rooftop PV systems
(RPV), where PV systems are installed on the roofs of residential houses, (c) building-
integrated PV (BIPV) systems, where PV modules are integrated onto the walls of
large buildings, (d) Agriculture PV systems (AgriPV), where PV modules are placed
on agricultural farmland amidst different crops, (e) Floating PV systems (FPV). Utility-
Scale solar: This refers to the large scale PV production which are directly fed into the
grid, Distributed solar: This refers to PV systems that are connected to the grid but
distribute the energy to various sectors (such as schools, universities, residential homes
etc.), Commercial solar: This refers to PV systems that provide energy to commercial
properties, Residential solar: This refers to PV systems that provide energy to residential
properties [5].
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Fig. 2. (a) Key Components of an FPV system: The flotation system, mooring lines, and anchors are crucial sea-keeping components. They provide buoyancy, stabilize the system
against environmental loads, and secure the system in place by connecting it to the waterbed [19]. PV modules are essential for generating DC power, while inverters convert
this DC power into AC power. The transformed AC power is then transmitted to its intended destination through transformers and transmission towers, collectively known as the
power transmission system, (b) Cumulative installed FPV capacity (high, base and low cases are projections based on different rates of FPV deployments over the years. More
information pertaining to this can be found in [11]). Data retrieved from [1,6,11,23–25].
different countries worldwide, with China currently leading in active
installations [8,11–13].

A floating photovoltaic system can be defined as the placement
of PV modules on a buoyant floating structure to produce solar en-
ergy [12,14]. An FPV system can be better visualized via Fig. 2 (a). This
figure illustrates the components that make up an FPV system, which
includes a flotation system, mooring line cables, anchors, PV modules,
inverters, transformer, and transmission towers [15–22]. Each of these
components are designed to serve a specific purpose as explained in
Fig. 2. These components collectively form the backbone of an FPV
system by ensuring mechanical stability, energy generation, conversion,
and transmission. Given this understanding of FPV systems, one might
wonder why is there a need for this new technology when GPVs and
RPVs are already well established, hold a major market share and can
potentially fulfill the NZE targets?

The answer to this question is that by the end of 2030, a total of 6.1
TW of solar and 2.7 TW of wind capacity is required to achieve NZE,
making solar and wind energy two essential pillars in the road to energy
transition [1–4]. However, both of these RES are land-intensive tech-
nologies, requiring large areas of land to produce substantial amounts
of energy. Studies have shown that a typical utility-scale solar project
(see Fig. 1 (a)), with a capacity of 100 MW requires a land area of
1–3 km2 [26–30].

With this range of land occupation, a simple back-of-the-envelope
calculation can be performed to evaluate the upper limit of the total
land area required for inland solar deployments by 2030. The cumu-
lative land area required by solar energy installations are calculated
based on the capacity projections made in [1–4]. By using the max-
imum land occupation values for the year 2030, the total land area
required by inland solar installations sums up to approximately 0.2
million km2.2 While this figure is very small relative to the Earth’s

2 this is derived by assuming that the energy needs by solar are already
fulfilled in 2024, and therefore only the additional land area required from
2025–2030 is considered
4

total land area, which is about 149 million km2 [31], it is important to
understand that not all land areas on Earth are suitable for renewable
energy applications.

IEA [25] and McKinsey & company [32] conducted studies to
estimate the total land area available for RES applications. In the assess-
ment by IEA [25], it was found that one-third of the global land area
is unsuitable for RES deployment (not just solar), leaving a potential
80 million km2 of available land for energy generation [25,32].3 Even
within this potential, solar would ideally occupy only 0.25% of the
total available land area. To put it in perspective, this is equivalent to
approximately 5 times the total land area of the Netherlands.

Although requiring about 0.25% of land for solar deployment may
still seem small, it is however important to note that certain fac-
tors, such as population growth, societal aspects, ecological protection,
agricultural use, existing human settlements, and land required for tra-
ditional energy-generating sources like oil and gas, were not considered
in deriving the potential 80 million km2 of available land. All these fac-
tors combined could drastically reduce the overall land area available
for deploying solar energy on land. As a result, the exact availability of
land for inland solar deployment remains highly uncertain, both now
and likely in the future. This limitation is therefore concerning, given
the critical need for energy transition. Therefore, a new technology
such as floating photovoltaics could be an ideal solution to address
this uncertainty. This reason has been a driving force for the growth
of FPVs in the recent years, as shown in Fig. 2 (b). Over the next six
years (2024–2030), FPV installations are expected to reach a maximum
of 30 GW, accounting for 0.5% of the total required solar energy
capacity (approximately 6 TW by 2030). While this represents a small
percentage of the total solar energy capacity needed, it also reflects the
nascent nature of this technology. For FPVs to hold a more substantial

3 artificial surfaces (including urban and associated areas), tree-covered
areas, woody crops, mangroves, aquatic or regularly flooded areas, and
permanent snow and glaciers were excluded in their assessment.
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Fig. 3. Types of FPV systems based on location of placement. (a) Small freshwater bodies such as ponds and basins, where there are no waves and wind speeds are very
limited [12], (b) Medium-sized inner waters such as lakes, with areas spanning from 1 to 3 km2 and small waves reaching up to 1 m in height [12], (c) Large inner waters such
as reservoirs, with areas exceeding 3 km2 and medium waves greater than 1 m in height [12], (d) Nearshore regions, where FPV systems are positioned 5–10 km from the shore
with sea depths ranging from 10–20 m [33], (e) Farshore regions, where FPV systems are deployed in deep water conditions, at distances greater than 30 km from the shore,
with sea depths exceeding 40 m [33].
share of solar energy capacity by 2030, in line with trends established
by GPVs and RPVs [11,24], a detailed understanding of this technology
through dedicated research and development is necessary.

1.1. Types of floating photovoltaic systems

In the recent years, various types of FPV systems have been or are
being developed depending on the type of waterbody on which they
are installed [12], to facilitate commercial deployments. As depicted
in Fig. 3, FPV systems can be categorized into two main types: in-
land floating PV and offshore floating PV. Further details about these
systems are explained below.

1.1.1. Inland floating photovoltaics
Inland floating PV (IFPV) refers to the placement of photovoltaic sys-
tems on inland water bodies. There are three distinct types of inland
water bodies, as illustrated and explained in Fig. 3 (a–c). Over the past
5–7 years, IFPVs have attracted significant attention from both technol-
ogy developers and deployers, particularly for large-scale commercial
projects.

Fig. 4 illustrates the total installed capacity of IFPV systems world-
wide [11–13]. As shown in the figure, a total of 3.8 GW of installed
capacity has been deployed on inland water bodies, which accounts for
majority of the FPV installations occurred during 2022–2024, as shown
5

in Fig. 2 (b). China is the leading deployer of this technology, followed
by the EU. A country-wise breakdown of the installed capacity in the EU
can be seen in the figure next to the map. The chart shows that out of
the 451 MW installed in the EU, 275 MW of installed capacity is located
in the Netherlands, followed by 81.2 MW in France, and 22.6 MW each
in Austria and Germany.

According to a study conducted by SolarPower Europe [12], IFPVs
are deemed to be a compelling option for the EU. This is because
when IFPVs are combined with existing hydropower plants at a 10%
coverage ratio, these systems have the potential to cover 6% of the EU’s
annual power consumption. This indicates that IFPVs hold a significant
potential not only within the EU but also globally, highlighting the
technology’s progress towards full-scale commercialization.

1.1.2. Offshore floating photovoltaics
Offshore floating PV (OFPV) as the name suggests refers to the installa-
tion of photovoltaic systems on open sea waters. There are two distinct
types of offshore water environments based on the distance from the
shore and the depth of water as shown in Fig. 3 (d–e). OFPVs have
gained significant attention over the past 2–3 years and this raises the
question: why expand to OFPVs when IFPVs have already reached a
substantial level of commercialization?

The rationale behind this expansion lies on several key factors. It
is a fact that large-scale solar energy deployment demands substan-
tial space, whether on land or water. Due to the uncertainty in the
Fig. 4. Deployment status of IFPVs. Data extracted from [11–13].
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Table 1
Deployment status of OFPVs as of 2024 [12,34]. (Note: (a) The projects listed in this table are compiled based on publicly available information and may not represent all projects
worldwide. (b) Most of the projects listed are pilot installations aimed at better understanding of OFPV systems, also indicated by their capacity. Therefore, their inclusion does not necessarily
imply a high technology readiness level (TRL). More details on TRL can be found in Section 3.2.)
Developer Projecta Country Location Statusb Capacity (kWp)

Bluewater Solar@Sea* Oostvoornse lake Con. 200

Fred. Olsen 1848 BRIZO Norway Oper. 150

HelioRec Port of Ostend pilot Ostend Oper. 10

Moss Maritime Moss Maritime pilot* Frøya Dev. –

Oceans of Energy

North Sea 1 Dutch North Sea Oper. 50

North Sea 2 Dutch North Sea Oper. 1000

Hollandse Kust Noord* Dutch North Sea Dev. 500

North Sea 3* Ostend Con. 3000

OceanSun

Kryholmen pilot Kryholmen Oper. 100

Skaftå pilot Skaftå Oper. 6.6

MP Quantum Greece Greece Cyprus Dev. 4000

Haiyang Shandong Oper. 500

Fish Farm 112 Johor Straits Oper. 3.4

Jurong Island pilot Jurong Island Dev. 1.5

Singapore Strait pilot Singapore Strait Dev. 1200

BOOST* Gran Canaria Dev. 250

SolarDuck

Merganser Dutch North Sea Con. 524

Hollandse Kust West VII* Dutch North Sea Dev. 5000

Malaysia pilot* Tioman island Dev. 780

Tokyo Bay ESG Project* Tokyo Bay Dev. 200

Tokyo Bay ESG Project* Tokyo Bay San. 5000

SolarinBlue Sun’Sète Sète Con. 300

Arabian Sea pilot* Mangalore Dev. 1000

Tractebel SeaVolt* Ostend Oper. –

a Projects marked with * indicate collaboration with other organizations along with the developer.
b Dev. — In development, Con. — Under construction, Oper. — Operational, San. — Project sanctioned.
availability of land, large-scale deployment of IFPVs emerged as an
alternative solution. However, unlike the uncertain land availability, it
is certain that there are only limited inland water bodies globally that
are suitable for IFPV applications, which would ultimately not suffice to
achieve NZE. Consequently, the solar industry is now moving towards
ocean-based installations. The importance and necessity for offshore
solar energy is increasingly evident in today’s energy landscape mainly
due to the following reasons:

• Large-scale deployments opportunities: Offshore renewables,
oil & gas and aquaculture are set to occupy over 350, 000 km2 of
ocean area by 2050 [11].

• Potentially higher energy output: The ocean provides 4%–8%
higher irradiance compared to land, potentially leading to higher
energy outputs [35].

• Potential intermittency reduction: The complementarity of off-
shore wind and solar energy offers significant synergies, enhanc-
ing energy throughput by reducing the overall intermittency [35,
36].

• Improved Reliability: The simplicity of certain OFPV designs,
combined with the absence of mechanically moving components,
reduces the risks associated with mechanical failures, thereby
enhancing the reliability of these systems [37].

• Scalability: Deploying an OFPV system requires less time com-
pared to offshore wind installations, providing shorter time frames
for scaling the technology [36].

These reasons show that the deployment of OFPVs is anticipated to
grow substantially in the coming years, potentially capturing a larger
6

share of the solar energy generation market. To gauge the growth of
OFPVs, Table 1 presents examples of the latest offshore solar deploy-
ments that have been made public. The current installed capacity of
OFPVs amounts to approximately 24 MW, which is about 10% of the
total installed capacity of IFPVs in the Netherlands (see Fig. 4). Out of
the 24 MW installed capacity, 14 MW is located in the EU, making it
one of the active member state in developing this technology.

From Table 1, it is also clear that this technology is still in its
early stages which indicates that there is a strong need to conduct
detailed research and analysis to understand OFPVs comprehensively.
This understanding will not only help in identifying the necessary
actions required to promote OFPVs as a reliable technology but will also
help in establishing OFPVs as a viable third pillar in the solar energy
generation chain alongside GPVs and RPVs.

As with any new technology, there are associated advantages and
risks that determines its rate of growth. Fig. 5 provides the reader with
a detailed overview of the potential advantages, risks, and uncertainties
currently associated with OFPVs to provide a bird’s eye view of the
current challenges associated with this technology.

Thus, the discussion so far has highlighted (1) importance of solar
energy in energy transition, (2) introduction to FPVs, (3) a discussion of
the various types of FPV systems, their significance, and current deploy-
ment status, and (4) an overview of the advantages, risks, and uncer-
tainties currently associated with this technology. Going forward, this
review focuses on providing readers with a comprehensive overview
of the technological and performance-oriented aspects of OFPVs by
addressing the potential risks and uncertainties associated with each as-
pect, as depicted in Fig. 5. While the risks and uncertainties associated
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Fig. 5. Current understanding of OFPVs. Potential advantages: OFPVs do not require land space, allowing for energy generation without competing for terrestrial real estate; some
studies suggest that OFPVs experience lower module temperatures offshore, leading to higher EY compared to GPVs; the carbon footprint of IFPVs is reported to be 3–4 times
lower than GPVs, and this potentially could also apply to OFPVs [38]; OFPVs can optimize space and resource utilization by hybridizing with offshore wind turbines; societal
restrictions are reduced as the system is not visible from the shore, minimizing public objections and aesthetic concerns [12,39]. Potential risks: The design and installation of
mooring and anchoring systems pose challenges due to harsh offshore and deep water conditions, leading to increased operational and maintenance costs (more information on
mooring and anchoring can be found in Appendix B); shading from salt deposition, water overflow, and soiling from bird droppings may reduce the overall energy output of
the system [12,39] also increasing the frequency of regular maintenance; maintenance of OFPV systems presents several risks related to cleaning of PV modules, ensuring long
term safe operation of electrical cable connections, and mechanical reliability of multiple floaters, connectors and mooring line connection to maintain the system’s electrical and
mechanical integrity [36,40]. Uncertainties: The specific FPV designs currently in use and their technology readiness levels are not well documented; the effects of waves, cooling,
optical influences, and system degradation on the overall EY remain unclear; and the ecological impacts, survivability, and feasibility of cable pooling remain topics of uncertainty.
with connection, maintenance, societal, and environmental aspects are
important, they fall outside the scope of this work.

2. Purpose and contribution of this review

Before delving into the core of this review, it is important to ac-
knowledge the significance of existing review articles in this field, as
this work aims to build upon them. This is achieved by performing a
detailed survey of the existing review articles, as shown in Table 2,
to provide readers with an overview of the most widely researched
topics (T1 to T6) in the field of FPVs. To get a holistic understanding
of the field, 37 review articles are compiled, published from 2014 to
mid-2024.

This chart offers critical insights into the level of understanding
within the field by assigning a color corresponding to each topic,
indicating the level of depth covered in their review. As seen from
Table 2, six topics have garnered significant interest over the last
decade. These topics can be grouped into four clusters: (1) Technical
Overview (encompassing topics T1, T2, T3), (2) Performance Overview
(encompassing topic T4), (3) Environmental Impact (encompassing
topic T5), and (4) System Application (encompassing topic T6). The
table reveals that existing reviews generally provide a fundamental to
intermediate perspective on clusters (1) and (2) compared to the latter,
leading to ambiguities and knowledge gaps concerning the technology
and its performance, which is one of the most critical aspect for any
energy generating system. Additionally, with the increasing momentum
of FPVs across both industry and academia, it becomes all the more
important to understand these aspects comprehensively.

Hence, the aim of this review is to address this gap by providing
a well-rounded comprehensive overview focused on these two clusters
as highlighted in Table 2. To address these gaps, the following review
questions (RQ) are formulated:
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1. Technological Overview of FPV (IFPV & OFPV) Systems

(a) How can different FPV system designs be classified?
(b) What are the technology readiness levels (TRLs) of different

FPV technologies used by organizations working within the
field?

2. Performance Overview of OFPV Systems

(a) What processes influence the EY of OFPV systems?
(b) What methods are currently used to quantify the effects of

these processes?
(c) Which environmental or geometrical parameters affect the EY

of OFPV systems?
(d) With the current state of research, how well is each process

quantified in terms of the EY as a loss or gain?

By answering these questions, this review contributes to the field in the
following ways: (1) It provides a well-rounded and complete overview
of the technological aspects of IFPV and OFPV systems, (2) It gives a
perspective on OFPVs from both an industrial and academic outlook,
which is currently not addressed in existing review articles, (3) To
the best of the authors’ knowledge, it is also the only review that
provides an in-depth understanding of the performance aspects of OFPV
systems, particularly focusing on quantifying the processes and factors
that affect their EY, and (4) This work also contributes to reducing the
overall ambiguity concerning the current status and understanding of
OFPV systems. All in all, this review aims to be a valuable resource for
researchers, technology developers, and any new reader who seeks to
understand OFPVs.
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Table 2
Review of existing review articles [8,9,15–20,41–70]. Color code explanation: Fundamental: Introduces key concepts and foundational ideas, establishing the basis for understanding
the topic, Intermediate: Explores the topic in greater detail, building on foundational concepts and offering broader insights across key areas, Comprehensive: Provides an in-depth
and expansive review, integrating a wide range of perspectives and analyses, offering a thorough exploration of the topic.
RA* T1 T2 T3 T4 T5 T6 RA* T1 T2 T3 T4 T5 T6 Topic addressed

[15] ⧫ × ■ ■ ⧫ × [18] ⧫ ■ ⧫ ⧫ ⧫ × T1 IFPV outlook
[57] ⧫ × × ■ ★ ■ [62] × × × ⧫ ■ × T2 OFPV outlook
[20] ⧫ × × × ■ × [49] ■ × × × ⧫ ⧫ T3 FPV classification
[60] ■ × × ⧫ × ■ [8] ■ × × ⧫ ⧫ ■ T4 FPV performance
[61] ■ × × ■ × × [58] ■ ■ × ⧫ ■ × T5 Environmental mpact
[53] ■ ■ × ■ ■ ★ [19] ■ ⧫ × ■ × ■ T6 Hybrid system
[42] ★ × ⧫ ■ × × [50] ■ ⧫ ■ ■ ■ ×
[65] ■ × ⧫ ■ ■ × [66] × × × × ★ ×
[67] × ■ × ■ × × [68] × × ■ ■ × ×
[69] × × × ⧫ × × [70] ■ × × × ★ ×
[63] ★ × × ■ ■ ■ [44] ⧫ × ⧫ ⧫ ⧫ ⧫
[41] ★ ■ ⧫ ■ × × [46] ■ × × ⧫ ⧫ ⧫ Color code
[59] ⧫ × × × ⧫ ⧫ [51] ■ × × ■ × × × Not addressed
[55] ⧫ × × × × × [52] ■ × × × × × ■ Fundamental
[56] ⧫ × × ■ ★ × [45] ⧫ ⧫ ■ ■ × × ⧫ Intermediate
[16] ■ ■ ■ × × × [48] ■ × × ⧫ ■ ■ ★ Comprehensive
[9] ■ × ⧫ × × × [43] ■ ★ ■ × ■ ×
[17] ⧫ ■ × ■ × ■ [54] × × × × ★ ×
[47] ■ ■ ■ ■ ■ × This work ✓ ✓ ✓ ✓ × × * Review article
3. Technological overview of FPV systems

In this section, a technological overview of FPV (including both IFPV
and OFPV) systems is provided by exploring the following aspects: (1)
the classification of FPV archetypes, and (2) the technology readiness
levels of the most widely used archetypes. This section addresses the
first review question (RQ1).

3.1. Classification of FPV archetypes

As highlighted above, the objective of this subsection is to offer a classi-
fication of the various FPV designs, also referred to as FPV archetypes,
presently employed by researchers and technology developers for com-
mercial/research purposes. Firstly, a compilation of various classifi-
cation methods published from 2014 to 2024 is illustrated in Fig. 6.
This arrangement shows the evolution and updates encountered in FPV
archetype design over the span of a decade. While this classification
offers a broad understanding of the available designs, there are certain
associated limitations.

For instance, S. Kim et al. [175] used the method of foothold
installation as a criterion for classification. D. Friel et al. [41] and
8

S. Gorijan et al. [44] based their classifications on tracking systems,
mooring configurations, and materials used for the floaters. On the
other hand, A. Ghosh et al. [15], M. Kumar et al. [18], C. Ma et al. [42],
S. Oliveira et al. [19], R. Cazzaniga et al. [176], W. Soppe et al. [179],
R. Claus et al. [180], W. Shi et al. [43], M. Tina et al. [177], A.
Pringle et al. [21], and the World Bank Group [24] classified the FPV
archetypes based on the combination of floater design and waterbody
suitability. A compilation of all their classifications is shown in Fig. 6.

From this, it can be deduced that each researcher has used different
criteria to classify FPV archetypes. This raises several questions such
as: Which classification scheme is most useful under the broadest
set of conditions? Which criteria should be used for classifying FPV
archetypes? And do all FPV archetypes fit within the existing classi-
fication schemes? These are some of the questions that are important
and needs to be addressed. This review aims to do so by proposing
a more generalized classification scheme, as shown in Fig. 7, which
includes majority of the publicly available FPV designs categorized
based on a defined set of criteria, as explained in Appendix B. With
these criteria, the publicly available FPV designs can be categorized
in a 3 × 5 matrix as shown in Fig. 7. This classification aims to serve
two purposes: (1) providing a simple and effective classification that
Fig. 6. Examples of the most commonly used classification schemes. Compiled using [8,9,15,18,19,24,41–44,46,47,50,54,55,175–181].
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Fig. 7. Proposed classification framework. FPV designs compiled and classified based on research publications and designs used by technology providers.
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Table 3
TRLs of different FPV archetypes hosted by different organizations. ∥ This table shows the TRL of each provider based on the information available publicly and may subject to change.

Archetype # Organization Country
Organization
Type ⋆

Criteria ⋆⋆ TRL

Pub. Pat. Lab. Pil. Comm. Inland Offshore
TP RO TD I NS/OS I NS/OS

AF (R) Technische Universität Wien [71] × ✓ × ✓ × ß × × × × ※ 2–3

CR (R) Infratech industries [72] ✓ × ✓ × × ‽ ✓ × × × 3–5 ※

FP (F)
Mirarco [9] × ✓ × ✓ × × × × × × 1–2 ※
Bluewater [73–75] ✓ × × × ✓ ✓ × ß × × ※ 4–5
DNV (SUNdy) [76] ✓ × × ✓ × × × × × × ※ 1–2

HPIT (R) Floating solar B.V. [77] ✓ × ✓ × × ‽ ✓ × ✓ × 5–7 ※
Swimsol [78,79] ✓ × ✓ ✓ ✓ ✓ × ✓ × ✓ ※ 4–6

HPOT (R)

Akuo Industries [80] ✓ × ✓ × × ‽ ✓ × ✓ × 5–7 ※
BayWa r.e [81] ✓ × ✓ × × ‽ ✓ × ✓ × 6–8 ※
Bouygues energies services [82] × × ✓ × × × ✓ × × × 5–7 ※
Bryo SpA [83] × × ✓ × × × ✓ × × × 4–5 ※
Celemin Energy [48] ✓ × × ✓ × × × × × × 1 ※
Chenya energy [84] ✓ × ✓ × × ‽ ✓ ✓ ✓ ✓ 6–7 6–7
Groenleven [85] ✓ × ✓ × × ‽ ✓ × ✓ × 6–7 ※
HelioRec [86–88] ✓ × ‽ ✓ ✓ ✓ ✓ ✓ × × 4–5 4–5
Innosea [89] × × ✓ ✓ × ✓ ✓ ‽ ✓ × 6–8 ※
Intech clean energy [90] ✓ × ✓ ✓ ß ‽ ✓ × ß × 4–6 ※
Kyoraku Co. [91–93] ✓ × ✓ ✓ ✓ ‽ ✓ × ✓ × 6–8 ※
LS industrial systems Co. [94,95] ✓ × ✓ ✓ ✓ ‽ ✓ × × × 6–7 ※
Masdar [96] ‽ × ✓ ✓ × × × × ✓ × 4–6 ※
Isigenere [97–99] ✓ × ‽ ✓ ✓ ✓ ✓ × ✓ × 7–8 ※
Mibet energy [100] ✓ × ✓ ✓ ✓ ✓ ✓ × ✓ × 7–8 ※
Narime Qihua [101] × ✓ × ✓ × ‽ ✓ × × × 4–5 ※
NEMO Eng [102] ✓ × × ✓ ✓ ✓ ✓ × ✓ × 5–6 ※
Nova innovation [103] ✓ × ✓ ✓ × × × ß × × ※ 3–4
NP Solar [104,105] ✓ × ✓ ✓ × × × × ✓ × 4–7 ※
NRG energia [106–109] ✓ × ✓ ✓ ✓ ‽ ✓ × ✓ × 5–7 ※
Profloating [110–114] ✓ × ✓ ✓ ✓ ✓ ✓ × ✓ × 7–8 ※
Solinoor B.V. [115] ✓ × ‽ ✓ × ✓ ✓ × ✓ × 7–8 ※
PV-floating Zimmermann [116] ✓ × ✓ ✓ × ‽ ✓ × ✓ × 7–8 ※
Sumitomo Mitusui [117–119] ✓ × ✓ ✓ ✓ ✓ ✓ × ✓ × 7–8 ※
SCG Chemicals [120–124] ✓ × ✓ ✓ × ‽ ✓ × ✓ × 6–7 ※
Sungrow [125] ✓ × ✓ ✓ ‽ ✓ ✓ ✓ ✓ × 7–8 3–5
Vikram solar Ltd [126] × × ✓ ✓ × × ✓ × × × 5–6 ※

LPWT (R) SeaVolt [127] ✓ × ✓ ✓ ß ✓ × ✓ × × ※ 4–5
Solarduck [128–134] ✓ × ✓ ✓ ✓ ✓ × ß × × ※ 5–6

LRP (R) Oceans of energy [135–138] ✓ × ✓ ✓ ✓ ✓ × ß × × ※ 4–5

MR (F) 4C solar [139] ✓ × × × ✓ ‽ ß × × × 2–5 ※
OceanSun [140–144] ✓ × ✓ ✓ ✓ ✓ ✓ ß ✓ × 6–7 4–6

PR (R) Solaris float [145–148] ✓ × ✓ ✓ ✓ ✓ ✓ × × × 5–6 ※

PRM (R) FredOlsen 848 [149] ✓ × ✓ × ‽ ‽ × ✓ × × ※ 4–5

RP (R) Sunlit Sea [150,151] ✓ × ✓ ✓ ✓ ✓ ✓ × × × 4–5 ※

SPT (R) Sunfloat B.V. [152] ✓ × ‽ ✓ × ‽ ✓ × × × 4–5 ※

TPWT (R) Scotra [153] ✓ × ✓ ✓ × ‽ ✓ × ✓ × 7–8 ※

VPOT (R)
Moss maritime [154,155] ✓ × ✓ ✓ ✓ ß × ß × × ※ 3–4
Novar [156] ✓ × ✓ ✓ × ‽ ß × × × 3–4 ※
SolarinBlue [157–159] ✓ × ✓ ✓ ✓ ✓ × ✓ × × ※ 5–6

BF (R)
HPOT (R),
RPWT (R),
SPT (R)

SINN power [160] ✓ × ✓ ✓ × ‽ ✓ × × × 4–5 ※

HPIT (R)
FC (R)

Sunrise [161] ✓ × ✓ ✓ ‽ ‽ × ‽ × × ※ 3–4

HPIT (R),
CR (R)

Upsolar [162,163] ✓ × ✓ ✓ ✓ ‽ ✓ × × × 5–6 ※

HPOT (R)
TPT (R)

Ciel et Terre [164–168] ✓ × ✓ × ✓ ✓ ✓ ✓ ✓ × 6–9 3–5

VPOT (R)
VPIT (R)
BF (R)

CIMC raffles [169–174] ✓ × ✓ × ✓ ✓ × ✓ × × ※ 4–6

∥ Symbol definitions: ✓— Yes, ×— No, ‽— Not certain, ß - In process, ※— Not the intended application.
# The FPV archetype abbreviations can be referred to Fig. 7
⋆ TP — Technology provider, RO — Research organization, TD — Technology deployer
⋆⋆ Pub. — Publication showing the concept, Pat. — Patent granted/applied, Lab. — Performed lab-scale testing, Pil. — Installed a pilot project, Comm. — have commercial
installations on operating site, I — Inland conditions, NS — Near-shore conditions, OS — Offshore conditions.
10
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Fig. 8. Current technology readiness landscape. (a) The trend of TRLs for inland and offshore solar deployments, (b) number of organizations working on inland and offshore
solar deployment. Data derived from Table 3.
incorporates majority of the publicly available FPV designs up to 2024,
and (2) providing a template for the addition of any new or innovative
concepts that might become relevant in future years.

3.2. Technology readiness levels (TRL)

With the classification introduced above, it is essential to understand
the current technological status of each archetype. This subsection ad-
dresses this need by evaluating the Technology Readiness Level (TRL)
of different FPV archetypes used by various organizations working
within this field. It is important to note that assigning a singular TRL
value to each archetype may not be practical or timely within the scope
of this review. Therefore, this work provides a range of TRLs based on
certain criteria derived from publicly available information, while still
keeping the standard TRL definitions as Ref. [182] (see Appendix B for
more details on the TRL definitions used in this work).

With these criterion’s, Table 3 has been formulated that presents the
TRL ranges of 17 different FPV archetypes widely used by 52 organi-
zations working within this field. In this review, the TRLs are given for
both inland and offshore applications, offering a comprehensive view of
the current technological status of the field, also shown in Fig. 8 (a, b).
From this table and figure, three important observations can be made,
which are as follows:
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• The TRLs for inland installations are higher compared to offshore
installations as shown in Fig. 8 (a) which is expected due to the
nascent nature of OFPVs.

• Majority of the archetypes in the offshore sector have a TRL of 4–5
indicating a need for further research and development as shown
Fig. 8 (a).

• The most commonly used archetype is the horizontal pontoon truss
(HPOT), followed by the vertical pontoon truss (VPOT) as shown in
Table 3.

• Out of the 52 organizations reported in Table 3, 33 are focused solely
on the inland FPV space, 13 are dedicated exclusively to the offshore
space, and 6 are engaged in both areas, as shown in Fig. 8 (b).

4. Performance overview of OFPV systems

Up until this point, the technological overview of FPV systems were
discussed. In this section, the second review question (RQ2) pertaining
to the performance evaluation of OFPV systems will be addressed. At
the end of this section, the reader will have a clear understanding of the
following: (1) processes that needs to be considered when evaluating
the EY of OFPV systems, (2) the current state of research on under-
standing these processes, (3) environmental and geometrical factors
that affect these processes, and (4) the current state of quantification
of these processes in terms of loss or gain in the EY.
Fig. 9. Factors that can potentially influence the energy output of OFPV systems.
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Offshore environments introduce a distinct set of conditions and chal-
lenges compared to inland environments. These conditions carry a
degree of uncertainty when assessing their impact on the overall perfor-
mance of OFPV systems. This section therefore aims to provide readers
with a detailed overview on the effect of offshore conditions on the
EY to help reduce the current ambiguity on this topic. Fig. 9 outlines
all the potential processes encountered in offshore environments that
could affect the EY of OFPV systems. A brief description of each process
is provided below:

1. Dynamic motion: The first process is due to the combined effect
of wind, waves, and current that lead to dynamic movement of
the OFPV system, resulting in differences in irradiance falling on
each module which affects the overall EY of the system.

2. Cooling effect: The second process is the effect of cooling, where
the heat transfer process due to the combined action of wind
and water changes the temperature of the PV modules, thereby
affecting the EY.

3. Optical effect: The third process is due to various changes in the
optical aspects such as dynamic albedo (sea-surface reflection),
shading (salt deposition), and soiling (bird droppings), all of
which influence the optical performance of PV modules, hence
affecting the EY of the system.

4. Degradation: The fourth process affects the long-term perfor-
mance of PV modules. The offshore environment presents a set of
harsh conditions such as salinity, humidity, mechanical stresses
etc. which degrade the PV module over time, thereby affecting
the long-term EY of the system.

With the above explanation, it is important to explore these processes in
greater detail and assess our current understanding on how they impact
the EY. The upcoming subsections will therefore provide an in-depth
examination of each of the processes mentioned above, along with a
comprehensive summary of the existing research on quantifying their
impact on the EY.
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4.1. Impact of dynamic motion

This subsection deals with understanding the effect of dynamic motion
(also known as hydrodynamic response, HR) on the EY. Four important
objectives will be covered in this subsection: (1) understanding why
and how dynamic motion affects the EY, (2) reviewing the current state
of research focusing on HR characteristics of different archetypes, (3)
identifying key factors that influence the hydrodynamic behavior, and
(4) quantifying the HR in terms of loss/gain in the EY.

Fig. 10 shows the methodology in which the dynamic motion of
OFPV systems can affect their EY. To understand this process, two
types of analysis needs to be performed: hydrodynamic and EY. Under
the hydrodynamic analysis, the loads acting on the system are first
determined followed by the response of the structure when subjected
to the above-mentioned loads. Ideally, a floating structure can have a
response in six degrees of freedom (DoF), as shown in Fig. 10 (b). In
the maritime field, the response of any floating structure is commonly
demonstrated through a parameter called the response amplitude op-
erator (RAO) [185] (see Appendix B).

With the HR of the system, the EY analysis can be understood.
Normally, for GPVs, two angles are crucial—tilt and azimuth, as shown
in Fig. 10 (b) which can be correlated to the rotational DoFs of the
OFPV system. The tilt (𝜃𝑡) and azimuth (𝑎𝑧) angles dictate the plane of
array irradiance (see Appendix B) on the modules [186]. For example,
if two series-connected modules in the case of an OFPV system have
different rotational orientations (in terms of 𝜃𝑡, 𝑎𝑧) over time 𝑡, then
the irradiance falling on each module at every time instant will be
different, as shown in Fig. 10 (c) leading to a situation where the
irradiation on one module will be higher than the other. In this case,
the module producing the lowest current limits the energy output of the
entire system, as shown in Fig. 10 (d). This effect is termed as response
induced mismatch losses.

Therefore, it is critical to determine and incorporate the mismatch
losses caused due to the motion of an OFPV farm in the EY estimation of
such systems. The lower the mismatch losses, the better is the energy
output from the system. Hence, in this section, a literature overview
is provided focusing on: the HR studies pertaining to different FPV
Fig. 10. Method in which the dynamic motion of FPV systems affect the EY. (a) Types of loads acting on the system: response-inducing loads (such as wind, wave, current, and
snow loads), which tend to alter the equilibrium of the system, and response-restricting loads (such as mooring and anchoring loads), which tend to stabilize the system and restore
equilibrium [11,15,19,42,183,184]. (b) 6 DoF motion (three translational motions (surge, sway, heave) and three rotational motions (roll, pitch, yaw)) of a FPV system compared
to the tilt and azimuth angles of GPV system, (c) difference in irradiation levels due to constant variation in the orientation, (d) energy mismatch due to non-uniform irradiance.
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Fig. 11. Case studies on the hydrodynamic responses of flexible (FP) and rigid pontoons (RP). (a) comparison of heave RAO of FP and MC-RP archetypes at 𝜆 = 120 m, (b) Heave
response of MC-RP archetype at 𝜆 = 60 m, 240 m, 300 m, (c) Rotational RAOs for the RP archetype from different studies. Data extracted using matlab digiplotter package [187].
archetypes (as outlined in Fig. 7), factors that influence the response,
and the effects these response have on the EY.

To facilitate easy readability, the literature review has been struc-
tured according to the types of analysis, as shown in Fig. 10. Under
each type of analysis, further subheadings are provided categorized
based on the FPV archetypes, further allowing readers to navigate and
read each section independently. This structure is consistently followed
throughout the work. Additionally, Table B.5 has been constructed (see
Appendix A) which categorizes all the research articles based on the
type of processes they study (list of processes shown in Fig. 9). This
table serves as a quick reference to identify the focus of each article
along with certain specific information, such as the type of study,
archetype information, environmental conditions used, and the obser-
vations made in terms of EY. Hence, in the summary of the literature,
only the most important takeaways from each study is highlighted.

4.1.1. Hydrodynamic response of different FPV archetypes
This part of the review focuses on providing a summary on the methods
used to determine the HR of different FPV archetypes. The important
figures of merit that influence the HR are also discussed in detail.
Flexible pontoon

Y. Shi et al. [188], M. Ohkusu et al. [189], Y.Cheng et al. [190],
H. Maeda et al. [191], O. Colomés et al. [192], Z. Li et al. [193] and
K. Yago et al. [194,195] have worked on evaluating the hydroelastic
response of a flexible pontoon (FP) archetype. Each study performed is
different with respect to the dimensions of the archetype, wave condi-
tions, and wave directions, as seen in Table B.5. Vertical displacement,
also known as the heave RAO, was measured/simulated by [188–192,
194,195] at different points (𝑥) on the pontoon at varying wavelengths
(results observed at 𝜆 = 0.4𝐿 is shown by the solid lines in Fig. 11 (a)).
It was noted that the heave RAO attains the highest value at the first
point of contact between the wave and pontoon and then gradually
dampens towards the end of the pontoon due the attenuation of wave
energy, see Fig. 11 (a). Studies by [188–192,194,195] highlighted that
FPs are prone fail when 𝜆

𝐿 ∈ [0.2, 0.8], due to observed peaks in stability
that are mainly influenced by the direction of the incident wave : stable
for 𝜃𝑤𝑣 < 40◦ and unstable for 𝜃𝑤𝑣 > 60◦.

Z. Li et al. [193] considered a multi-directional hinge connected
arrangement (see Table B.5) of the FP archetype and performed a
sensitivity analysis by varying parameters such as module size, number
of modules, wave direction, and connection stiffness. It was observed
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that systems with smaller module sizes exhibited larger translational
responses and lower rotational responses compared to medium and
large-sized PV modules. Increasing the number of PV modules beyond
a threshold did not show any changes in the motion response. How-
ever, oblique waves and higher connector stiffness resulted in more
pronounced responses of the system. All the mentioned effects showed
less effectiveness in the long-wavelength regime.

The works of H. Kagemoto et al. [196], J. Yoon et al. [197], Y.
Shi et al. [198], S. Fu et al. [199], H. Heng et al. [200,201], P. Xu
et al. [202], Y. Wei et al. [203], D. Zhang et al. [204], Z. Deqing
et al. [205], and H. Daniel et al. [206] have compared the hydroelastic
response of the FP archetype to the HR of a multi-connected rigid
pontoon (MC-RP) archetype. The results obtained by [198–201] are
shown by the dotted lines in Fig. 11 (a), estimated at 𝜆 = 0.4𝐿, which
shows a good match between both approaches. The heave RAOs at
other wavelengths are also shown in Fig. 11 (b), allowing for further
comparison of the results.
Rigid pontoon

Certain case studies pertaining to the multi-connected rigid pontoon
(MC-RP) have been performed by [196–203,207]. P. Xu et al. [202]
studied the action of freak waves on the response of the MC-RP
archetype. It was noted that the surge response was deemed the dom-
inant motion of the entire farm. On the other hand, studies by [196–
201,203] evaluated the effect of connectors between the floaters and
indicated that hinge connections significantly influence the system’s
response based on their stiffness values. Z. Deqing et al. [205] observed
stronger pitch responses with hinged connectors, noting that the floater
adjacent to the end of the array experiences a larger pitch response.
However, the hinge connectors did not show uniformity in their effect
on the heave response.

J. Zanden et al. [207] conducted an experiment using an external
floating breakwater (FBW) with MC-RP archetype. It was observed that
FBWs are less effective when the wave frequency, 𝜔 ∈ [1, 1.6] rad/s.
In this configuration, the PV modules tend to move independently in
the heave, pitch, and roll motions, whereas the entire farm moves as
a whole in the surge response. However, this response characteristic
is dependent on the relative spacing between the PV modules, which
needs to be optimized. Similarly, Y. Wei et al. [203] performed a sim-
ulation of a pontoon ring (PR) archetype with a hexagonal breakwater
and noticed that breakwaters can be beneficial for this archetype to
reduce response and structural damage in rough sea state condition.
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Fig. 12. Case studies on the hydrodynamic response of HPIT and HPOT archetypes with EY quantification. (a) pitch RAO of HPIT archetype showing the effect of cylinder diameter,
(b) compilation of different studies on rotational response of the HPOT archetype, (c) examples of studies that have estimated the change in EY with respect to a GPV system due
to the effect of motion. Data extracted using matlab digiplotter package [187].
M. Ikhennicheu et al. [208], C. Zhang et al. [209], and
M. Chen et al. [210] have compared different methodologies to eval-
uate the HR of a MC-RP archetype as shown in Fig. 11 (c). M.
Ikhennicheu et al. [208] studied three scenarios: (1) when no hydro-
dynamic interactions exist between the floats, (2) when no transfer
of dynamic motion occurs between the floats, and (3) when both
hydrodynamic and dynamic motion interactions exist between all the
floaters. A 16% difference in the motion response was observed be-
tween scenarios (1) and (3) and a 19% difference between scenarios
(2) and (3). Scenario (3) was deemed to be the most accurate with the
downside of having high computational time. C. Zhang et al. [209]
studied three other methods: empirical, two-step, and hydroelastic
mode method. It was noted that these three methods show similar
results in the long wave regime, while the empirical and the two-step
methods over-predict the responses in short wave conditions (when
𝑇𝑝 < 2𝑠 and 𝜆 ≈ 𝐿𝑅𝑃 ). M. Chen et al. [210] developed the constant-
parameter hydrodynamic–structural time-domain model (CPHSTDM)
to simulate the response of the RP archetypes with complex connector
configurations. It was found that the bending stiffness of the connec-
tors have a significant influence on the HR of the system. The main
takeaway from [208–210] is that for a MC-RP system, a complete
hydrodynamic simulation (with the relevant wave effects) has to be
performed including appropriate values for the connector stiffness to
predict a realistic response of the system.
Horizontal pipe truss

A. Al-Yacouby et al. [211], G. Baruah et al. [212], D. Friel et al. [213,
214], R. Claus et al. [215], and A. Abbasnia et al. [216] have performed
hydrodynamic analyses for the horizontal pipe truss archetype (HPIT).
A. Al-Yacouby et al. [211] and D. Friel et al. [213,214] have focused
on evaluating the effect of cylinder diameter on the HR. A. Al-Yacouby
et al. [211] reports that wave height, wave period, and increasing
cylinder diameters have a major influence on the response of the
system. On the other hand, D. Friel et al. [213,214] reports that
increasing the diameter of the cylinder has a minor effect on the
response. The comparison of their results of their study can be seen in
Fig. 12 (a). The difference in observations can be attributed to multiple
factors such as the number of cylinders, range of diameter variation,
and wave conditions. From the plot, it can be visualized that the wave
period influences the extent to which the cylinder diameter affects the
pitch RAO of this archetype.

The studies of G. Baruah et al. [212], R. Claus et al. [215], and A.
Abbasnia et al. [216] have focused on understanding the HR behavior
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of HPIT archetype when subjected to real-sea conditions with mooring
lines (see Table B.5). G. Baruah et al. [212] noted that wind forces
primarily affect the translational motions, while wave loads majorly
influence the rotational motions. R. Claus et al. [215] observed a 32%
to 76% reduction in yaw motion (equivalent to 𝑎𝑧) depending on the
cross-section of the mooring line. A. Abbasnia et al. [216] studied the
effect of gaps between the cylinders and concluded that when 𝜆

𝑔𝑎𝑝 ∈
[1.6, 2.51], the response in heave and surge increased, while it decreased
in pitch.
Horizontal pontoon truss

H. Joo et al. [217], R. Yang et al. [218], F. Zhang et al. [209], S.
Delacroix et al. [219], C. Bi et al. [220], and K. Chen et al. [221] have
worked on evaluating the HR of the horizontal pontoon truss archetype
(HPOT). H. Joo et al. [217] and R. Yang et al. [218] studied the effect of
wind loads and observed that the largest loads due to wind are usually
experienced by the first and last arrays of the modules when the wind
direction is 𝜃𝑤𝑑 = 0◦, 180◦. Wind loads caused large drift motion of
the floating platform by generating a vortex area between each floater
that can lead to damage of the PV modules. With their test conditions
(see Table B.5), the archetype experienced a ±6◦ change in the pitch
response (affecting 𝜃𝑡) without overturning.

The works of F. Zhang et al. [209] and S. Delacroix et al. [219]
focused on understanding the difference between unit archetype (UA)
dynamics and multi-connected horizontal pontoon truss (MC-HPOT)
dynamics. F. Zhang et al. [209] observed that even medium wave
conditions (see Table B.5) could cause large motion responses for a
unit archetype, which would not be the case with MC-HPOT due to
the presence of gaps between each floater, affecting the wave-floater
interaction. Zhang et al. [209] suggests including appropriate surface
gap damping coefficients in numerical models to avoid discrepancies
in the responses, as shown in Fig. 12 (b). S. Delacroix et al. [219]
highlighted that the RAO of the pitch motion of all rows of floaters
exhibited a peak when 𝜆 = 2𝐿, corresponding to the resonance of the
system, as shown in Fig. 12 (b). It was also observed that the first row
experienced larger pitch motions compared to the last row, indicating
a shadowing effect that seemed to affect only smaller wavelengths, in
line with the observations made by [193] for the FP archetype.
High rise platform

R. Claus et al. [222] and M. Lopez et al. [223] worked on un-
derstanding the hydrodynamic performance of the high-rise platform
(HRP) archetype with a tracking system. The specifics of both works
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[222,223] can be seen in Table B.5. R. Claus et al. [222] conducted lab-
scale experimental tests for a unit HRP archetype under both regular
and irregular wave conditions. It was observed that the translational
response was higher than the rotational response due to the stiffness of
the mooring lines. Due to the low variations in the rotational response,
the losses due to mismatch could be reduced significantly. It was also
highlighted that the translational motions do not affect the energy
produced by the farm but do impact the optimal distance between two
archetypes when connected together. M. Lopez et al. [223] performed
simulations with the same operating conditions and observed similar
results to those of R. Claus et al. [222].
Vertical pipe truss

J. Song et al. [224], Z. Jiang et al. [225], J. Song et al. [226], and
C. Yan [227] studied the hydrodynamic performance of the vertical
pipe truss (VPIT) archetype. [224,226,227] performed simulations to
observe the effect of currents, mooring lines, and installation angle
(see Appendix B) on the response of the system. The takeaways from
these studies are as follows: currents have a negligible effect on the
system’s response, the stiffness of the mooring dictates the damping
of the system, and the number of connected archetypes dictates the
stiffness of the mooring. It is recommended to maintain an installa-
tion angle of at least 15◦ to lower the overall system response. Z.
Jiang et al. [225] conducted similar studies with a slight change in
the archetype. Here, a multi-connected VPIT (MC-VPIT) archetype was
interconnected via tension ropes (see Table B.5). It was observed that
the difference in response between each unit archetype was minimal
due to the interconnected ropes, potentially leading to low mismatch
losses.
Triangular pontoon truss

W. Kang et al. [228] studied the HR of a triangular pontoon truss
(TPT) archetype using numerical simulations (see Table B.5). The study
highlighted that wave direction can have a strong effect on the response
of this archetype, and they recommended an optimal installation angle
of 0◦. This is lower than the value (at least 15◦) recommended by [224,
226,227] for the VPIT archetype, indicating that each archetype has
specific operating parameters to ensure optimal system performance.

Up to this point, a summary of studies explaining the hydrodynamic
analysis of different archetypes such as RP, FP, HPOT, HPIT, VPIT, and
BUF has been provided. However, as mentioned at the beginning of this
section, it is equally important to convert these HRs into EY predictions.
It is found that there are not many studies that have worked on this
aspect. However, few works that have quantified the EY due to motion
are shown in Fig. 12 (c), some of which are explained below.

4.1.2. EY quantification of different FPV archetypes due to the effect of
motion
In this part of the review, the effect of HRs discussed earlier are
quantified in terms of EY to get an understanding of the most influential
DoF.
Buoy floater

C. Wang et al. [229] investigated the impact of the hydrodynamic
motion of the buoy floater (BUF) archetype on the EY of the system.
Their study revealed a 2% to 5% difference in the irradiation received
by the BUF archetype compared to a ground-mounted photovoltaic
(GPV) system. They concluded that for every 5◦ increase in 𝜃𝑡, an
energy loss of 3% is expected.
Horizontal pontoon truss

K. Chen et al. [221] simulated the EY of the HPOT archetype due
to wind-induced waves at three offshore locations (see Table B.5).
The 𝜃𝑡 variations simulated in this work are shown in Fig. 12 (b).
It was observed that when the modules have a pre-tilt angle (see
Appendix B)(𝜃𝑝𝑟𝑒𝑡𝑖𝑙𝑡 ∈ [0◦, 10◦]), the relative difference in energy output
was 1.5% compared to the EY at tilt angle of 0◦. Consequently, when
𝜃𝑝𝑟𝑒𝑡𝑖𝑙𝑡 ∈ [10◦, 15◦], the relative difference increases to 3% as shown in
Fig. 12 (c).
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Rigid pontoon
R. Bugeja et al. [230] and A. Kowsar et al. [231] have studied the
EY aspect of the RP archetype. A. Kowsar et al. [231] compared a
50 MW FPV plant with a GPV system located in a marshland area
in Bangladesh. The pre-tilt angles of both systems were 5◦ and 24.7◦,
respectively. They highlighted that the yearly EY of the FPV system was
7.22% lower than that of the GPV system (see Fig. 12 (c)). R. Bugeja
et al. [230], on the other hand, studied the effect of motion on the
insolation of OFPV systems. It was observed that the pitch response
resulted in a 2.52% drop in insolation as it directly affects the tilt of the
system. Yaw responses showed a very small effect, as it briefly affects
the azimuth of the system (less than 0.38%). They concluded that roll
motions could have a more significant effect as this motion affects both
the tilt and the azimuth of the system.
Large rigid platform

A. Alcañiz et al. [232] and A. Magkouris et al. [233] have worked
on estimating the EY of a large rigid platform (LRP) archetype (see
Table B.5). A. Alcañiz et al. [232] predicted the motion (due to wind-
generated waves) and DC/AC yield of the LRP archetype in the Dutch
North Sea region. Highlights from the study were that a heavy rectan-
gular floater with the widest side aligned towards the wind direction
showed reduced response variations. The effect of this motion on EY
reduction is negligible (0.1%) when compared to a GPV system at a 𝜃𝑡
of (𝜃𝑡 = 0◦). This reduction can increase up to 14.6% when compared
to a GPV system placed at an optimum 𝜃𝑡 as shown in Fig. 12 (c). This
study also looked into the effect of motion on inverter efficiency and
noted a loss of 2%. A. Magkouris et al. [233] performed similar studies
in the Greek sea region and observed a decrement of 8%–9% in EY with
the FPV system when compared to an optimally tilted GPV system. The
study indicated that the module roll response has a strong influence on
the energy generated by the system, similar to the study by [230].
Takeaways
This subsection provided insights into the current state of our under-
standing regarding the effects of motion on the EY. From the summary
above, it can be deduced that although there is active research ongoing
in understanding the HR of different FPV archetypes, there are certain
associated limitations: (1) most studies focus on understanding the
influence of specific factors (environmental or geometrical) on the
system’s translational (surge, sway, heave) and rotational (pitch, roll,
yaw) response (which is important) but does not clearly address on
which of the 6DoF actually influence the EY of the system; (2) the
studies also do not fully portray the behavior of OFPV systems in
practical offshore environments; (3) only a limited number of studies
actually quantify the effect of HRs in terms of the EY by making certain
critical assumptions. Finally, Based on the data compiled in this section
(see Fig. 12 (c)), it can be inferred that an EY loss of 0.4% to 15%
can be expected due to the effect of motion. The above mentioned
gaps in understanding the impact of motion on EY create uncertainties
that tend to slowdown the progress of the field. Therefore, future
research must address these uncertainties to enhance our understanding
on the effect of motion on EY. Some of the key conclusions from this
subsection are discussed later in Section 5.

4.2. Impact of cooling effect

This subsection deals with understanding the effect of cooling on the
EY. Four important objectives will be covered in this subsection: (1)
understanding how the process of cooling affects the EY, (2) reviewing
current literature and compiling the different methods used to estimate
the cooling effect, (3) factors that have an effect on the cooling process
and (4) quantifying this effect in terms of EY. Fig. 13 shows the com-
parison of the heat transfer (HT) [234] (see Appendix B) mechanism
between a GPV and an OFPV system. As seen from the figure, OFPVs
have three additional HT mechanisms (process 4,5,6 as explained in
the caption of Fig. 13) when compared to GPVs. These additional
mechanisms contribute to the enhanced HT between the system and
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Fig. 13. The heat transfer (HT) process in photovoltaic systems. (1) Radiative heat transfer from the sun to the module layers, where solar radiation directly heats the module
surfaces. (2) Radiative heat loss from the module to the surroundings, contributing to cooling. (3) Convective heat transfer due to wind flow over the PV module, which helps
lower the module temperature due to forced convective heat transfer, with effectiveness dependent on site conditions. (4) Convective heat transfer occurring on both the upper and
lower module surfaces in GPVs and OFPVs. However, in OFPVs, the presence of water in offshore conditions enhances cooling due to lower ambient temperatures. (5) Convective
evaporative cooling in OFPVs, where moisture from the water surface evaporates, facilitating heat and mass transfer at the back of the modules, thereby enhancing cooling for
archetypes in moderate to high elevation regimes, as shown in Fig. 7. (6) Convective heat transfer due to humidity, which plays a significant role in offshore conditions and can
either increase or decrease module temperature depending on the location. (7) Conductive heat transfer within the module layers, affecting overall heat dissipation.
the environment which can potentially lower the module temperature
(𝑇𝑚𝑜𝑑), thereby resulting in some cooling effect.

There are two types of analysis that need to be performed to
evaluate the impact of cooling on OFPV systems: Thermal and EY (see
Fig. 13). A thermal analysis involves evaluating the thermal behavior of
PV modules by incorporating all the relevant heat transfer mechanisms.
This needs to be conducted as this can affect system performance in
two ways. Firstly, it alters the module temperature, which directly
influences the EY of the system (lower 𝑇𝑚𝑜𝑑 leads to higher EY).
Secondly, it influences the degradation rates of the modules due to
thermal cycling.

In general, there are two ways of conducting the thermal analysis for
FPV systems: (1) perform long-term site measurements or CFD studies
to predict empirical correlations for 𝑇𝑚𝑜𝑑 , and (2) determine typical
heat loss coefficients (U-values, see Appendix B) based on short-term
site measurements, which can be used in the Faiman model [235] as
shown in Eq. (1) to evaluate the 𝑇𝑚𝑜𝑑 , which is then used for the EY
analysis.

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 +
𝐺𝑃𝑂𝐴

𝑈𝑐 + 𝑈𝑣 ⋅ 𝑈∞
(1)

Due to the nascent stage of the field, reliable long-term measurements
are challenging, leading researchers to explore other alternatives such
as proposing empirical correlations or U-values based on short-term
temperature data (either from site measurements or CFD simulations).
In the upcoming paragraphs, the methods used by different studies are
summarized for each archetype (including both analysis as shown in
Fig. 13), along with providing the corresponding 𝑇𝑚𝑜𝑑 correlations and
U-values for various FPV archetypes. This summary will also provide
an understanding of how these factors quantify the effect on EY.

4.2.1. Thermal analysis and EY quantification of different FPV archetypes
This part of the review deals with the different methodologies used in
literature to evaluate the thermal behavior of different FPV archetypes
and the factors that influence the cooling effect. The impact of the
thermal behavior on the EY is also quantified in the summary below.
Horizontal pipe truss

G. Chowdhury et al. [236], T. Kjeldstad et al. [237], N. Elminshawy
et al. [238–240], B. Amiot et al. [241], G. Tina et al. [242,243],
M. Dörenkämper et al. [244] and H. Liu et al. [245] have studied
the effect of cooling with the horizontal pipe truss archetype (HPIT).
Kjeldstad et al. [237] and Dörenkämper et al. [244] have performed
16
statistical analysis to determine the U-value of this archetype in three
locations: Srilanka, Netherlands and Singapore using Eq. (2) as shown
in Fig. 14. The study of [237] ignored the effect of wind speed on the
estimation of the U-value, whereas [244] considered this effect. It was
noted that wind speed is directly proportional to the heat loss of the
system and is influenced by the type of archetype.

𝑈 =
𝐺𝑃𝑂𝐴 ⋅ (𝜓 − 𝜂 ⋅ 𝑇𝑚𝑜𝑑 )

𝑇𝑚𝑜𝑑 − 𝑇𝑎𝑚𝑏
, 𝑈 = 𝑈𝑐 + 𝑈∞ ⋅ 𝑈𝑣 (2)

H. Liu et al. [245] and G. Tina et al. [242] have measured [245] and
simulated [242] temperature parameters of monofacial and bifacial PV
modules at a site in Singapore, Frankfurt and Catania with the HPOT
and HPIT archetypes which were differentiated by varying the distance
of the PV modules from the water surface and water surface cover-
age. Both studies determined the U-values for the above-mentioned
systems and observed that free-standing and small footprint systems
(see Appendix B) show a higher U-value indicating lower module
temperatures (see Fig. 14). The takeaway from this study is that the
effect of cooling depends on the archetype, distance of the PV modules
from the water surface, and the weather condition at the site. It was
also noted that irrespective of all the above-mentioned factors, the U-
value of FPV systems is equal to or higher than well-ventilated ground
or roof-mounted systems.

N. Elminshawy et al. [238–240] studied the thermal behavior of
both floating and partially submerged PV systems using both experi-
mental and computational approaches. A regression analysis was used
to predict two equations for evaluating the 𝑇𝑚𝑜𝑑 as a function of multi-
ple factors as shown in Eqs. (3) and (4). It was collectively observed that
both wind speed and wind direction have a direct influence on the mod-
ule temperature. The wind direction (𝜃 = 90◦, 180◦) showed the lowest
module temperature [238–240]. The differences in the power outputs
of the system with varying submerged ratios show that a threshold
exists beyond which the performance starts to degrade (beyond 25%)
as shown in Fig. 15.

𝑇𝑚𝑜𝑑 = 71.62 + 25.6 ⋅ 𝑡 − 0.23 ⋅ 𝐺𝑃𝑂𝐴 − 1.23 ⋅ 𝐴𝐹 − 23 ⋅ 𝐴𝑅 − 8.9 ⋅ 𝑇𝑎𝑚𝑏
+6.64 ⋅ 𝐴𝑅 ⋅ 𝑇𝑎𝑚𝑏 + 8.8 × 103 ⋅ 𝐺𝑃𝑂𝐴 ⋅ 𝑇𝑎𝑚𝑏 − 1.05 ⋅ 𝑡2 + 2.2 × 10−5 ⋅ 𝐺2

𝑃𝑂𝐴

(3)

ln(𝑇𝑚𝑜𝑑 ) = 3.62 − 0.0068 ⋅ 𝜃𝑤𝑑 − 0.0549 ⋅ 𝑈∞ − 0.0109 ⋅ 𝑈∞ ⋅ 𝜃𝑤𝑑
2 2 (4)
−0.0598 ⋅ 𝜃𝑤𝑑 + 0.007 ⋅ 𝑈∞
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Fig. 14. Heat loss coefficients or U-values of different FPV archetypes. (abbreviations: NA — no archetype, SF — small footprint with open structure, LF — large footprint with
closed structure, MF — monofacial modules, BF — bifacial modules, NL — Netherlands, SG — Singapore, SL — Srilanka, FS — free standing, AC — air-cooled, WC — water-cooled,
LL — lower limit, HL — higher limit) Data extracted using matlab digiplotter package [187] and the data values of this plot can be accessed in Appendix B.
G. Chowdhury et al. [236], B. Amiot et al. [241], G. Tina et al. [242],
and M. Dörenkämper et al. [244] used different HT techniques such as
CFD [236], five-layer thermal model [241], and multilayer model [242]
to study the thermal behavior of the HPIT archetype. Their studies
revealed that relative humidity, water temperature, and 𝜃𝑡 had a lower
influence on the 𝑇𝑚𝑜𝑑 compared to ambient temperature (showing a
0.85 ◦C change in 𝑇𝑚𝑜𝑑 per degree change in 𝑇𝑎𝑚𝑏), wind speed, wind
direction, and the distance above water (FPVs placed close to the
water surface showed reduced performance due to low convective heat
transfer).

B. Cheng et al. [220], B. Amiot et al. [246], B. Willemse et al. [247],
M. Rahaman et al. [248], H. Nisar et al. [249], N. Kumar et al. [250], R.
Radhiansyah et al. [251], Y. Karatas et al. [252], I. Peters et al. [253],
W. Kamuyu et al. [254,255], D. Tryakin et al. [256] have studied
the effect of module temperature variation for the horizontal pontoon
truss type archetype (HPOT). B. Amiot et al. [246] have made use of
a quantile regression model along with onsite measurement data to
predict an equation for the median function of the U-value which is
as shown in Eq. (5).

𝑈𝑐 = 3.05 ⋅ 𝑈∞ + 24.29 (5)

B. Willemse et al. [247] and Y. Karatas et al. [252] used regression
analysis with Eq. (6) alongside onsite measurements to determine the
median U-values, which are shown in Fig. 14. It was noted that 𝜃𝑡
significantly influences the rate of heat convection on the back surface
of the module. Once again, ambient temperature emerged as the major
influencer, with a unit degree increase in ambient temperature leading
to a 0.43% loss in energy.

(𝜏 ⋅ 𝜓) ⋅ 𝐺𝑃𝑂𝐴 = 𝜂 ⋅ 𝐺𝑃𝑂𝐴 + 𝑈𝑐 ⋅ (𝑇𝑚𝑜𝑑 − 𝑇𝑎𝑚𝑏) (6)

B. Cheng et al. [220], M. Rahaman et al. [248], R. Radhiansyah
et al. [251], Y. Karatas et al. [252], I. Peters et al. [253], W. Kamuyu
et al. [254,255], and D. Tryakin et al. [256] used both experimental
and computational approaches to predict 𝑇𝑚𝑜𝑑 equations. M. Rahaman
et al. [248] studied the HT effects using three different models—simple
thermal, empirical, and CFD. The 𝑇𝑚𝑜𝑑 correlations predicted using the
simple thermal and the empirical model are shown in Eqs. (7) and (8)
respectively which are similar to the full fluid dynamic model proposed
by M. Fuentes [257] . It can be observed that both techniques yield
a correlation that largely depends on the same set of parameters as
inline with other studies discussed up until now which are: irradiance,
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ambient temperature, wind speed, and water temperature.

𝑇𝑚𝑜𝑑 =
ℎ𝑐𝑓 ⋅ 𝑇𝑎𝑚𝑏 + ℎ𝑟𝑓 ⋅ 𝑇𝑎𝑚𝑏 + ℎ𝑐𝑏 ⋅ 𝑇𝑤𝑎𝑡 + ℎ𝑟𝑏 ⋅ 𝑇𝑤𝑎𝑡

ℎ𝑐𝑓 + ℎ𝑐𝑏 + ℎ𝑟𝑓 + ℎ𝑟𝑏

+
−𝑃𝑒 +𝑄𝑔 + 𝜏 ⋅ 𝜓 ⋅ 𝐺𝑃𝑂𝐴 + 𝛼⋅𝛥𝐺𝑃𝑂𝐴

𝐿
ℎ𝑐𝑓 + ℎ𝑐𝑏 + ℎ𝑟𝑓 + ℎ𝑟𝑏

+ 𝑇𝑚𝑜𝑑0 ⋅ 𝑒
𝐿

(7)

𝑇𝑚𝑜𝑑 = 2.052 − 0.053 ⋅ 𝑅𝐻 + 0.965 ⋅ 𝑇𝑎𝑚𝑏 + 0.0068 ⋅ 𝐺𝑃𝑂𝐴
+0.1364 ⋅ 𝑇𝑤𝑎𝑡 − 0.495 ⋅ 𝑈∞ + 0.0028 ⋅ 𝑈𝑤𝑑 + 0.0187 ⋅ 𝐺𝐻𝐼

(8)

B. Cheng et al. [220] and Radhiansyah et al. [251] proposed 𝑇𝑚𝑜𝑑
correlations as shown in Eqs. (9) and (10) by processing real-time
measurements from four offshore deployments (see Table B.5). It was
noted that the wind speed above the water surface has the largest
impact on the module temperature.

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑝𝑝 + 𝑐1(1 + 𝑐2 ⋅ 𝑇𝑎𝑝𝑝) ⋅ (1 − 𝑐3 ||𝑈∞
|

|

) ⋅ 𝐺𝑃𝑂𝐴 (9)

𝑇𝑚𝑜𝑑 = 0.943 ⋅ 𝑇𝑎𝑚𝑏 + 0.0195 ⋅ 𝐺𝑎𝑣𝑔 − 1.528 ⋅ 𝑈∞ + 0.353 (10)

W. Kamuyu et al. [254,255], I. Peters et al. [253], and D. Tryakin
et al. [256] have proposed 𝑇𝑚𝑜𝑑 correlations using regression analysis
based on site data for the HPOT archetype in Hapcheon dam in South
Korea (see Table B.5 for more information). The correlations proposed
as a result of this study are shown in Eqs. (11), (12) [254,255], and
(13) [256].

𝑇𝑚𝑜𝑑 = 2.0458 + 0.9458 ⋅ 𝑇𝑎𝑚𝑏 + 0.0215 ⋅ 𝐺𝑎𝑣𝑔 − 1.2376 ⋅ 𝑈∞ (11)

𝑇𝑚𝑜𝑑 = 1.8081 + 0.9282 ⋅ 𝑇𝑎𝑚𝑏 + 0.021 ⋅ 𝐺𝑎𝑣𝑔 − 1.2210 ⋅ 𝑈∞ + 0.0246 ⋅ 𝑇𝑤𝑎𝑡

(12)

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 + (𝑇𝑁𝑂𝐶𝑇 − 𝑇𝑎𝑚𝑏,𝑁𝑂𝐶𝑇 ) ⋅
(

𝐺𝑃𝑂𝐴
𝐺𝑁𝑂𝐶𝑇

)

⋅
(

10.91
8.91 + (2 ⋅ 𝑈∞)

)

(13)

Eq. (11) shows a 1%–2% error when compared to experimental data,
whereas Eq. (12) [254,255] displays a 4% difference, which is at-
tributed to the inclusion of water temperature (𝑇𝑤𝑎𝑡). The correlation
proposed by D. Tryakin et al. [256] highlights that a drop in 𝑇𝑚𝑜𝑑 is
observed due to an increase in wind speed, which enhances natural
convection, resulting in a 1.6% increase in EY.

N. Kumar et al. [250] simulated the effect of cooling for the HPOT
archetype using three commercial PV simulation tools—PVsyst, SAM,
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Fig. 15. EY gains reported by different studies due to the effect of cooling [220,237,238,243,244,246,248,250,251,258–271]. Data extracted using matlab digiplotter package [187].
and HelioScope. They used three temperature correlations in the simu-
lation as shown in Eqs. (10), (11) and (12). The study observed that
all the tools over-predicted the performance of FPV systems when
compared to site measurements, indicating a need for a dedicated tool
to accurately predict the EY of OFPV systems.
Horizontal pontoon truss & pontoon ring

M. Dörenkämper et al. [263,272] worked on evaluating the U-value
for multiple FPV archetypes such as HPOT, HPIT, and pontoon ring
(PR). A statistical linear regression analysis was used to predict the
U-values by measuring critical environmental parameters onsite at dif-
ferent locations such as the Netherlands and Sri Lanka (see Table B.5).
The proposed U-values are shown in Fig. 14.

In the work of [263], the effect of wind speed on the predicted U-
value is analyzed. Two U-values are proposed for each location based
on two methods of incorporating the wind speed: (1) average wind
speed (𝑈𝑎𝑣𝑔), and (2) irradiance-weighted wind speed average (IWA).
Results from both locations highlight that the IWA technique is more
accurate. The study of [272] evaluates the effect of wind direction
and water temperature. It was suggested that a water-temperature-
dependent U-value component has to be included in the estimation of
an overall U-value along with a wind-speed-related term to account for
the water-induced effects. Ultimately, wind speed, ambient tempera-
ture, wind direction, and water temperature are deemed critical factors
that affect the 𝑇𝑚𝑜𝑑 [263,272].
Rigid pontoon

S. Pinto et al. [273], S. Golroodbari et al. [258,259,274],
A. Dragon [261], N. Ravichandran et al. [275], and D. Lindholm
et al. [276] studied the effect of cooling for a rigid pontoon archetype
(RP). S. Pinto et al. [273], S. Golroodbari et al. [258], and D. Lindholm
et al. [276] used a combination of experimental data and computational
methods to evaluate the U-values of this archetype. Each author used
different correlations to evaluate the U-value as shown in Eqs. (14),
(15), and (16) respectively.

𝑈𝑐 ⋅ (𝑇𝑚𝑜𝑑 − 𝑇𝑎𝑚𝑏) = 𝐺𝑃𝑂𝐴 ⋅ 𝜏 ⋅ 𝜓 ⋅
(

1 −
𝜂

𝜏 ⋅ 𝜓

)

(14)

𝑈𝑐 =
𝐺𝑃𝑂𝐴
1500

+ 2 (15)

𝑈𝐶 = 17.7 + 5.5 ⋅ 𝑈∞ (16)

A 0.31%–0.46% loss in energy production was observed by S. Pinto
et al. [273] due to the large footprint of the system, as shown in
Fig. 15. The study by D. Lindholm et al. [276] confirms that for large
footprint systems, the water temperature has a small influence on the
𝑇𝑚𝑜𝑑 , whereas wind speed has a significant influence, projecting similar
observations to other studies. The median U-values proposed as a result
of [258,273,276] can be seen in Fig. 14.
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A. Dragon [261] used onsite measurements from an FPV installation in
France. The study aimed to provide 𝑇𝑚𝑜𝑑 correlations as a function of
environmental parameters such as solar irradiation, ambient tempera-
ture, wind speed, and relative humidity to assess the major influencing
factors. The four correlations proposed are shown via Eq. (17), (18),
(19), and (20) respectively.

𝑇𝑚𝑜𝑑 = 0.021 ⋅ 𝐺𝑃𝑂𝐴 + 13.525 (𝑅2 = 0.3277) (17)

𝑇𝑚𝑜𝑑 = 1.3982 ⋅ 𝑇𝑎𝑚𝑏 + 0.0556 (𝑅2 = 0.666) (18)

𝑇𝑚𝑜𝑑 = −0.9987 ⋅ 𝑈∞ + 26.49 (𝑅2 = 0.0335) (19)

𝑇𝑚𝑜𝑑 = −0.2623 ⋅ 𝑅𝐻 + 39.73 (𝑅2 = 0.2148) (20)

The 𝑅2 values for each equation indicate the strength of the influence
of each parameter on the module temperature. The results highlight
that 𝑇𝑚𝑜𝑑 decreases with ambient temperature, wind speed, and relative
humidity (RH). An extension of the work also estimates the median
U-value, which is shown in Fig. 14.
Flexible pontoon

N. Ravichandran et al. [275] analyzed data from four active near-
shore installations in Maldives with the flexible pontoon (FP) and RP
archetypes and evaluated the EY using Helioscope (see Table B.5). The
study quantified that the major loss in EY was due to temperature
effects (compared to mismatch, soiling, and shading losses) and was
about 4.8%, as shown in Fig. 15. They highlighted that the temperature
loss using the FP archetype was lower than that of the RP archetype due
to its direct contact with water.
Membrane ring

S. Patel [267], T. Kjeldstad et al. [237], D. Lindholm et al. [277],
and I. Lereng [278] conducted studies quantifying the cooling effects
of a membrane ring (MR) archetype. The works by S. Patel [267]
and T. Kjeldstad et al. [237] made use of onsite measurements ex-
tracted by OceanSun at one of their installations in Skaftå, whereas I.
Lereng [278] conducted a lab-scale experiment mimicking the Ocean-
Sun’s MR archetype. Eq. (21) was used by [237,267,277,278] to deter-
mine 𝑇𝑚𝑜𝑑 .

𝑇𝑚𝑜𝑑 = 𝑇𝐵𝑆 +
𝐺𝑃𝑂𝐴
𝐺𝑆𝑇𝐶

⋅ 𝛥𝑇 (21)

Three case studies were conducted to determine the U-values: (1)
water-cooled system where the PV modules are directly placed on a
polymer membrane with 𝑇𝐵𝑆 = 𝑇𝑤𝑎𝑡, (2) water-cooled system where
the PV modules are directly placed on a polymer membrane with 𝑇𝐵𝑆 =
𝑇𝑎𝑚𝑏, and (3) air-cooled system where there is an air gap between the
PV modules and the membrane with 𝑇 = 𝑇 .
𝐵𝑆 𝑎𝑚𝑏
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The predicted U-values by [237,267,277,278] are shown in Fig. 14.
The common conclusions drawn by each study are that a higher U-
value is obtained when the PV module is in direct contact with the
membrane with 𝑇𝐵𝑆 = 𝑇𝑤𝑎𝑡, indicating that water is an efficient heat
transportation medium (this configuration performs 3.17–7.32% better
than air-cooled configurations in terms of EY). [277] noted that for
water-cooled archetypes such as MR, wind speed has a relatively small
impact on the 𝑇𝑚𝑜𝑑 , unlike other archetypes where wind speed is the
major influencing parameter. Therefore, for U-values greater than 50
W/m2K, FPV systems with the MR archetype can show up to 10-12%
higher EYs compared to GPVs, as shown in Fig. 15.
No definitive FPV archetype

C. Maia et al. [279], M. Grisanti et al. [280], H. Niyaz et al. [281], L.
Micheli et al. [282], C. Ramanan et al. [283], S. Kaplanis et al. [262], E.
Getie et al. [284], A. Majumder et al. [268], B. Taye et al. [269], and
L. Liu et al. [285] have worked on quantifying the effects of cooling
for different PV technologies without a definitive FPV archetype. C.
Maia et al. [279], M. Grisanti et al. [280], H. Niyaz et al. [281], and
L. Micheli et al. [282] used different methods such as statistical analy-
sis [281,282], machine learning [280], and heat transfer models [279]
to predict the U-values of FPV systems. H. Niyaz et al. [281] proposed
a 𝑇𝑚𝑜𝑑 correlation for three distinct types of PV technologies - mc-Si,
Cadmium Telluride (CdTe), and hetro-junction with intrinsic thin layer
(HIT), which is shown in Eq. (22).

𝑇𝑚𝑜𝑑 =
𝑇𝑎𝑚𝑏 ⋅ 𝑈𝐿1

+ 𝑇𝑤𝑎𝑡 ⋅ 𝑈𝐿2

𝑈𝐿1
+ 𝑈𝐿2

− 𝛾𝑝𝑜𝑤 ⋅ 𝜂𝑟𝑒𝑓 ⋅ 𝐺𝑃𝑂𝐴

+
(𝜏 ⋅ 𝜓 − 𝜂𝑟𝑒𝑓 − 𝛾𝑝𝑜𝑤 ⋅ 𝜂𝑟𝑒𝑓 ⋅ 𝑇𝑟𝑒𝑓 ) ⋅ 𝐺𝑃𝑂𝐴

𝑈𝐿1
+ 𝑈𝐿2

− 𝛾𝑝𝑜𝑤 ⋅ 𝜂𝑟𝑒𝑓 ⋅ 𝐺𝑃𝑂𝐴

(22)

M. Grisanti et al. [280] used machine learning-based regression models
to predict U-values for mono-facial and bi-facial PV modules, which
were used in the Faiman and Sandia models [235,286] to deter-
mine 𝑇𝑚𝑜𝑑 . Different locations in Europe were simulated by L. Micheli
et al. [282] to evaluate the potential of FPV in terms of performance.
It was concluded that the southernmost countries of the continent
showed an ideal FPV performance due to factors such as high sun
elevations and enhanced cooling effects. However, the rates of cooling
in each of these locations was not reported. The HT model of C. Maia
et al. [279] highlighted that the instantaneous module temperature
depends strongly on the incident solar irradiation, ambient tempera-
ture, and wind speed. But, the monthly average module temperature
did not show significant variations throughout the year, indicating
a balance of the aforementioned influencing factors. The U-values
proposed by [279–282] are shown in Fig. 14.

S. Kaplanis et al. [262], E. Getie et al. [284] and B. Taye et al. [269]
used both measurement data [269,284] and CFD [262] to provide a
correlation for 𝑇𝑚𝑜𝑑 . S. Kaplanis et al. [262] performed both steady state
and transient simulations to understand the dependency of module
temperature on environmental parameters. The correlation proposed is
given by Eq. (23).

𝑇𝑚𝑜𝑑 = 𝑇𝑎𝑚𝑏 + 𝑓𝑅 ⋅ 𝐺𝑃𝑂𝐴 , 𝑓𝑅 =
𝑎 + 𝑏 ⋅ 𝑈∞

1 + 𝑐 ⋅ 𝑈∞ + 𝑑 ⋅ 𝑈2
∞

(23)

It was noted that module temperature and humidity are inversely re-
lated. A 4% increase in EY was observed in comparison to a GPV system
due to difference in humidity levels as shown in Fig. 15. However, it
is unclear on how the authors incorporated the effects of humidity in
the temperature correlation (it is believed that the effect of humidity
might be reflected in the values of the coefficients 𝑎, 𝑏, 𝑐, 𝑑).

E. Getie et al. [284] and B. Taye et al. [269] used theoretical [269]
and modeling (PVsyst) [284] approaches along with onsite measured
data to evaluate the cooling effect of a FPV plant on the Great Ethiopian
Renaissance Dam (see Table B.5). Both works made use of the same
equation as shown in Eq. (10). The studies collectively highlighted that
ambient temperature and wind speeds are the main factors that affect
the module temperature of the system.
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The works of C. Ramanan et al. [283], A. Majumder et al. [268], and
L. Liu et al. [285] focused on understanding the sensitivity of module
temperature to certain environmental parameters. A CFD-based ap-
proach was used by [283,285] and a statistical approach by [268]. The
reported results provide insights into the effects on module temperature
due to variations in 𝜃𝑡, wind speed, height of the module from the water
surface, ambient temperature, and water temperature.

It was highlighted that water temperature needs to be 2 ◦C lower
than the ambient temperature to facilitate the cooling effect. For vari-
ations in wind speed, the module temperature reduced by 1.2 ◦C when
the ambient temperature due to wind flow was 5 ◦C warmer than the
water temperature. Maximum cooling was observed when the modules
were placed 1500 mm above the surface of the water with 𝜃𝑡 = 0◦.
Similar observations were also made by A. Majumder et al. [268]
and L. Liu et al. [285], where a reduction of 3.7 ◦C in the ambient
temperature and an irradiance of 700–800 W∕m2 led to maximized
cooling effects [268]. Overall, a 1.5 − 2 % increase in system efficiency
could be obtained by optimizing the above-mentioned environmental
factors [285].
Takeaways

This subsection provided insights into the current state of research
on evaluating the cooling effect. From the above summary, it can be
deduced that the progress made in understanding the cooling effect
is better than the motion effects. However, challenges remain: (1) the
duration of measurement data recorded, which are used to predict U-
values and 𝑇𝑚𝑜𝑑 , is very short (some less than a day); (2) The method
of coupling thermal analysis and EY analysis is done through the use
of commercial PV simulation tools, which are currently only suitable
for GPV systems; (3) Most predictions made are based on inland water
conditions, and there is a strong need to re-evaluate the proposed
numbers and equations for offshore environments. Therefore, from the
current state of research it can be deduced that an EY gain of -4% to
20% can be expected due to the effect of cooling (see Fig. 15). Future
research addressing these gaps is recommended to better understand
the impact of cooling on the EY. Some of the key conclusion from this
subsection are later mentioned in Section 5.

4.3. Impact of optical effects

This subsection deals with the understanding of the optical phenomena
that affect the performance of OFPV systems. Fig. 16 illustrates the var-
ious optical processes that influence the performance of FPV systems,
which are as follows:

1. Effect of albedo: This is the process where solar irradiation
reflected from the surface of the water potentially returns to
the rear side of the PV modules, thereby providing additional
irradiation.

2. Effect of partial shading: Partial shading which tend to reduce
the overall EY can occur in offshore environments in two distinct
ways as shown in Fig. 16: (1) water overflow leading to partial
submergence and (2) salt deposition due to water overflow.

3. Effect of soiling: In offshore conditions, the accumulation of
bird droppings and ecological matter over time, as depicted in
Fig. 16, can result in localized soiling on PV modules. When
not cleaned regularly, this can create hotspots, causing module
degradation and potentially reducing the overall energy EY of
the system.

In this subsection, an overview of the results observed in the literature
on the above-mentioned processes is provided, offering readers an
insight into the impact of optical changes on the EY. As this area
of research is relatively new, only a limited number of studies have
evaluated the effects of each of the three processes on EY.
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Fig. 16. Change in optical effects that influence the EY of OFPV systems. (1) albedo of sea-water surface, (2) shading due to water overflow and salt deposition, and (3) soiling
due to bird dropping and concentrated algae growth.
4.3.1. Studies on understanding the effect of ocean surface albedo
This part of the review deals with providing an overview of the current
understanding of evaluating the albedo of sea surfaces, commonly
referred to as ocean surface albedo (OSA) [287] (see Appendix B).
The following summary compiles various works of literature that have
provided insights into: (1) methods (experimental and numerical) used
to evaluate the albedo of sea water, (2) factors that affect OSA and (3)
the quantification of OSA in terms of EY.
Initial studies on ocean surface albedo

Initial studies on measuring and proposing empirical correlations
for the OSA began in the late 1900s and early 2000s, with signifi-
cant contributions from researchers such as W. Sellers et al. [288],
J. Willis [289], R. Payne [290], H. Gordon et al. [291], J. Simp-
son et al. [287], K. Katsaros et al. [292], B. Hannabas [293], J. Winckler
et al. [294] and Z. Jin et al. [295]. These studies primarily focused
on in-situ measurements of surface reflectance across various types of
water bodies, such as lakes, ponds, and oceans.

The work by W. Sellers et al. [288] led to the proposal of an
empirical correlation for the albedo of flat water surfaces, derived from
in-situ measurements, as shown in Eq. (24). Although this proposed
equation provides a good starting point for evaluating the albedo of
water surfaces, there are certain limitations associated with it, such as:
(1) the correlation must be calibrated to suit local conditions and serves
only as a general estimate of the global albedo, and (2) it can only
estimate the albedo of stagnant or flat water surfaces, while the albedo
might be three times as high as the value proposed by Eq. (24) when
there are waves.

𝛼𝑓𝑙𝑎𝑡 𝑤𝑎𝑡𝑒𝑟 = 50 ⋅

{

sin2(𝑧 − 𝑟𝑓 )

sin2(𝑧 + 𝑟𝑓 )
+

tan2(𝑧 − 𝑟𝑓 )

tan2(𝑧 + 𝑟𝑓 )

}

(24)

J. Willis [289], R. Payne [290], K. Katsaros et al. [292], and J. Simpson
et al. [287] conducted in-situ albedo measurements at different offshore
locations. The studies by [289,290] performed shortwave albedo mea-
surements on a shipboard for two sea surfaces near Bermuda and in
the mouth of Buzzards Bay in Massachusetts respectively. K. Katsaros
et al. [292] measured the OSA using aircraft and ship data near the
Tropical Atlantic Ocean as part of the JASIN experiment. J. Simp-
son et al. [287] conducted measurements from a floating instrument
platform located in the North Pacific Ocean.
20
J. Willis [289] determined the OSA from radiation measurements taken
over two days for varying wave heights ranging from 1 m to 3 m and
solar heights ranging from 25◦ to 34◦. The study concluded that solar
elevation, wave height, bubbles below and on the water surface, water
turbidity, salinity, and water depth are key parameters that strongly
influence the albedo of the ocean surface. R. Payne [290] studied the
effects of wind speed, water surface roughness, and the presence of
whitecaps on the OSA, reporting that while wind speed and water
surface roughness had a small effect, whitecaps significantly impacted
albedo when wind speeds reached 15 m/s. K. Katsaros et al. [292]
made similar observations, noting that clear or cloudy skies, breaking
waves, and foam and bubbles in wind streaks also affect the OSA.
J. Simpson et al. [287] observed that OSA decreases with increasing
wind speed under clear skies with a solar altitude between 15◦ and
30◦, but found no variation at higher solar altitudes, which contradicts
the observations made by R. Payne [290]. The range of OSA reported
by [287,289,290,292] are listed in Table 4.

H. Gordon et al. [291], J. Winckler et al. [294], B. Hannabas [293],
and Z. Jin et al. [295] explored the effects of OSA through both in-
situ measurements and computational modeling. H. Gordon et al. [291]
estimated the influence of the ocean’s optical properties and wind-
induced sea foams (also known as whitecaps) on the OSA by solving the
radiative transfer equation using a Monte Carlo method. This method
considered the optical properties of various water bodies, including
Crater Lake, San Vicente reservoir, and a totally absorbing ocean. The
study found that the OSA of a clear ocean is at most 10% greater than
that of a highly turbid ocean. Additionally, the presence of even a
relatively small amount of foam on the ocean surface can significantly
increase the OSA – more than doubling it – depending on the foam’s
reflectivity, the solar zenith angle, and wind speed as shown in Table 4.

J. Winckler et al. [294], on the other hand, conducted tests at
Lake Hefner in Oklahoma and observed that cloudiness was a crucial
factor to consider in empirical correlations for accurately estimating the
OSA. The equation proposed by J. Winckler et al. [294] is presented
in Eq. (25).

𝛼𝑙𝑎𝑘𝑒 = 𝑥 ⋅ 𝐵𝑦 (25)

B. Hannabas [293] proposed a single correlation for the surface albedo
for different surfaces such as water, cotton, different colored plywood
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Table 4
Reported albedo values for different water bodies as cited in the literature. (The ranges are approximate values derived from each cited study. For precise value estimation, readers are
encouraged to consult the original references listed in the table.)
Waterbody 𝛼𝑂𝑆𝐴(%) Ref. Waterbody 𝛼𝑂𝑆𝐴 (%) Ref.

Sargasso Sea 7.7–8.2 [289] Clear lake with frequentwhitecaps 2.7–30 [293]
Bermuda 14–49 [289] Lakes with ripples upto 0.02 m,low turbidity, green water 7.6–22 [293]
Buzzards bay 3.5–28 [290] Lakes with no waves, highturbidity, muddy water 11.7–19 [293]
Atlantic Ocean 2–14 [292] Virginia beach, nearshore 3–40 [295]
Lake Washington 2–20 [292] Open ocean 3–27 [296]
North Pacific ocean 0.9–40 [287] Open ocean with sea grass 4–23 [296]
Crater Lake 8–39 [291] Open ocean with ooid sand 9–34 [296]
San Vicenta reservoir 7.6–38.8 [291] Open ocean with varyingturbidity (TSM : 50–1030 gm−3) 6–30 [296]
Totally absorbing ocean 7.5–38.8 [291] South China sea 1–20 [297,298]
Clear lake, no waves 7.19–13 [293] Open ocean 3–23 [299]
Clear lake with ripples upto 0.02 m 4.5–16 [293] Open ocean with varyingturbidity (TSM : 50-1030 gm−3) 6–30 [299]
Clear lake with ripples>0.02 m,occasional whitecaps 3.6–23 [293] North Sea 10–40 [300]
and white polyethylene as shown in Eq. (26) and pointed out that color,
surface roughness and solar angle are important factors that needs to be
included in the surface albedo correlations which were not considered
in the study of J. Winckler et al. [294].

𝛼𝑙𝑎𝑘𝑒 = 𝑝𝐶⋅sin(𝐵)+1 (26)

It was also noted that the wind speed profile plays a crucial role as it
can influence the degree of surface roughness which inturn affects the
surface albedo. The range of the surface albedo values proposed for
different water bodies by [293] is shown in Table 4, and the average
albedo for all the presented water surfaces is depicted in Fig. 17 (a). Z.
Jin et al. [295,301] conducted a comprehensive OSA parameterization
using measurements from a sea platform located 25 km east of Virginia
Beach. The parameterization was conducted by separating different
components of the OSA as shown in Eq. (27).

𝛼𝑂𝑆𝐴 =
[

𝑓𝑑𝑖𝑟 ⋅ 𝛼𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑓𝑑𝑖𝑓 ⋅ 𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒
]

=
[

𝑓𝑑𝑖𝑟 ⋅ 𝛼
𝑆𝑅
𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑓𝑑𝑖𝑟 ⋅ 𝛼

𝑊𝑆
𝑑𝑖𝑟𝑒𝑐𝑡

]

+
[

𝑓𝑑𝑖𝑓 ⋅ 𝛼𝑆𝑅𝑑𝑖𝑓𝑓𝑢𝑠𝑒 + 𝑓𝑑𝑖𝑓 ⋅ 𝛼𝑊𝑆
𝑑𝑖𝑓𝑓𝑢𝑠𝑒

] (27)

Based on this parameterization, a lookup table for the OSA was de-
veloped using a validated coupled ocean-atmosphere radiative transfer
model. The study concluded that OSA is highly variable and sensitive
to five factors which are: solar zenith angle, wind speed, aerosol optical
depth (AOD), atmospheric turbidity, and ocean turbidity (particularly
chlorophyll concentration). It was observed that increasing AOD raises
the OSA at high sun angles but lowers it at low sun angles. Wind speed
exhibited minimal impact at high sun angles but significantly affected
OSA at low sun angles, while ocean turbidity showed only a marginal
effect on OSA. The average range of the OSA as a result of this study
is shown in Table 4.
Recent studies on ocean surface albedo

Recent studies by M. Fogarty et al. [296], C. Huang et al. [297,
298], S. Patel et al. [267,302,303], H. Liu et al. [245], A. Cos-
gun et al. [304], S. Golroodbari et al. [300], H. Ziar et al. [305,306]
and J. Du et al. [299] have attempted to built upon the previous works
to provide a more comprehensive understanding of the variation of
surface albedos. The works of H. Liu et al. [245], A. Cosgun et al. [304]
and H. Ziar et al. [306] deal with field measurements of the albedo at
certain FPV installation zones in the Netherlands, Singapore and Turkey
respectively. The studies have measured the variation of albedo only
during certain months of the year as shown in Fig. 17 (a). On the other
hand, S. Patel et al. [267,302,303], S. Golroodbari et al. [300] and H.
Ziar et al. [305] have worked on providing physical/empirical models
to evaluate the albedo. In the albedo model of S. Patel et al. [267,302,
303], the water surface was assumed to be flat, smooth and only the
surface layer refraction was considered. The effect of wavelength, water
temperature and ambient temperature was studied. It was noted that
the water surface albedo strongly depended on the wavelength of light
and not on temperature.

M. Fogarty et al. [296] studied the surface albedo of dense water
bodies with depths ranging from 0.8 to 3 m, following the methodology
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proposed in [301]. The purpose of this study was to address the gaps
left by earlier research conducted in the 1900s and 2000s. The authors
noted that studies by [287,290,292,293] provided reasonable estimates
of water surface albedo, but only for shallow coastal waters with depths
≥ 1 m. This limitation was due to the exclusion of environments with
bright sand bottoms or highly turbid waters where the total suspended
matter (TSM) concentration is ≥ 50 𝑔𝑚−3. The work of M. Foga-
rty et al. [296] found that factors such as ooid sand bottoms, seagrass
canopies, and turbid waters with high TSM significantly increased the
albedo of the water surface as shown in Table 4.

C. Huang et al. [297,298] proposed empirical correlations based on
measurements taken from a fixed sea platform in the South China Sea
over 152 days. The study covered a variety of atmospheric and oceanic
conditions. It was observed that the solar zenith angle significantly
influences the OSA under clear sky conditions, while its influence
diminishes under cloudy sky conditions. The study also found that the
OSA significantly increased with the solar zenith angle only at low
sun angles, which aligns with the observations made by [295,301].
Other atmospheric and oceanic properties, such as wind speed, wave
heights, and water vapor pressure, were also identified as critical
factors affecting the OSA. The range of albedo values proposed in this
work is listed in Table 4.

J. Du et al. [299] conducted measurements of lake water surface
albedo in Northeast China to understand the driving parameters influ-
encing albedo under clear sky conditions. The study concluded that
lake water surface albedo is influenced by several factors, including
solar altitude angle, water turbidity, and wind speed. Among these,
solar altitude was identified as the primary influencer inline with other
studies. Additionally, the study reported that higher surface albedo
was observed in highly turbid lakes, consistent with observations made
by [296] (see Table 4) and contradicting the observation made by [295,
301]. The authors, therefore, recommend that albedo models should
incorporate the effect of turbidity for more accurate albedo estimation.

S. Golroodbari et al. [300] on the other hand, modeled the dynamic
OSA for North Sea conditions including the effect of waves and pro-
posed a correlation according to Eq. (28) which is similar to the theory
proposed by [295,301]. It was highlighted that the albedo depends on
both atmospheric and oceanic properties such as solar zenith angle,
ocean surface roughness, wind speed and optical wavelength inline
with the observations made by [267,293,302,303]. The results also
showed that the albedo had a non-linear relation with the wind speed.

𝛼𝑁𝑜𝑟𝑡ℎ 𝑠𝑒𝑎 = 𝑓𝑑𝑖𝑟 ⋅ 𝛼𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑓𝑑𝑖𝑓 ⋅ 𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 (28)

H. Ziar et al. [305] developed a physics based model that can evaluate
the albedo as a function of location, time, geometry and weather
conditions. The model can estimate the albedo for complex geometries
with rough surfaces in urban environments. However, the suitability
of this model for offshore conditions is yet unknown. The albedo
predictions made by [245,267,300,302–306] can be seen in Fig. 17 (a).
EY quantification due to ocean surface albedo
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Fig. 17. The impact of optical effects on the performance of FPV systems. (a) Average albedo values for water surfaces, (b) impact on the EY due to salt deposition and bird
droppings. Data extracted using matlab digiplotter package [187].
Up until now, the methods to evaluate the albedo was presented. But
however, the quantification of this parameter with respect to EY is
equally important. The results of S. Patel et al. [267,302,303] and S.
Golroodbari et al. [300] showed a gain of approximately 1% in the EY
of the system due to albedo. Studies by G. Tina et al. [242], A. Cosgun
et al. [304], S. Pinto et al. [273], R. Yakubu et al. [307] and G. Rimon
et al. [308] quantified the effect of albedo on the EY by varying the
albedo from a lower value to a higher value (see Table B.5). G. Tina
et al. [242] observed that monofacial PV modules are nearly insensitive
to the changes in albedo whereas a gain of 5%–8% was observed in the
case of bifacial modules (when the albedo is varied from 5%–20%).
G. Rimon et al. [308] varied the albedo from 10%–90% and noted a
bifacial gain of 4.5% compared to a monofacial PV module. A similar
study by A. Cosgun et al. [304] surprisingly showed a 12% gain in the
EY.
22
4.3.2. EY quantification due to the effect of shading
This part of the review deals with quantifying the effects of shading
caused by salt deposition and water overflow on the EY of OFPV
systems. N. Ravichandran et al. [275], N. Elminshawy et al. [238], B.
Juniato et al. [271], A. Ates et al. [309], and F. Setiawan et al. [310]
reported insights on the effects of shading and its impact on the EY.
F. Setiawan et al. [310] conducted an experiment mimicking the event
of sea salt deposition (see Table B.5) and observed a 2.46% drop in
the EY when compared to a clean module, as shown in Fig. 17 (b).
N. Elminshawy et al. [238], on the other hand, experimented with
partially submerged PV panels in non-saline water. It was observed that
at a submergence ratio of 25%, the EY of the system increased by 3.95%
due to the cooling effect, but when the ratio increased to 50%, the EY
decreased by 4.12% due to the effect of shading, as shown in Fig. 17 (b).
Fig. 18. Factors that needs to be considered to evaluate the ocean surface albedo.
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Fig. 19. Factors that influence the long term degradation of PV modules in offshore environments. Most common attributing factors are relative humidity, corrosion (due to
seawater salinity), moisture ingress, mechanical stress (due to the combined action of wind and waves), UV radiation and thermal stress.
4.3.3. EY quantification due to the effect of soiling
This part of the review deals with quantifying the effect of soiling
caused by bird droppings on the EY of OFPV systems. N. Ravichan-
dran et al. [275], S. Pinto et al. [273], H. Liu et al. [245],
X. Gao et al. [311], S. Ahn et al. [312] and H. Ziar et al. [306] worked
on quantifying the effect of bird-droppings on the EY of FPV systems.
H. Ziar et al. [306], H. Liu et al. [245] and S.H. Ahn et al. [312]
worked on monitoring and detecting bird-droppings on FPV systems.
Bird activity at a test site in the Netherlands with TPWT and RPWT
archetypes was monitored by H. Ziar et al. [306]. They noticed bird
droppings at several spots on the modules, especially those close to the
water when placed at low tilt angle. This led to a drop in the effective
albedo from 68% to 24% in 8 months, resulting in a loss in the EY.
Similarly, a drop in the performance ratio over 10% was reported by
H. Liu et al. [245] due to bird droppings at a test site in Singapore, and
a drop in EY of 2% was reported by N. Ravichandran et al. [275] at a
test site in the Maldives.

X. Gao et al. [311] developed a deep-learning based soiling detec-
tion tool which can detect and report the degree of bird-droppings in a
given FPV farm. Similarly, S. Ahn et al. [312] modeled bird-droppings
based on two situations — (1) hard shading (𝜏 = 0), (2) realistic
shading (𝜏 ≠ 0). The difference in the two cases in terms of loss in
power (a relative difference of about 40% reported) can be visualized
in Fig. 17 (b). This study shows the importance of modeling the bird-
dropping as a partially-transmittive medium rather than a hard shading
object.

Soiling effects also determine the operational and maintenance costs
(O&M) of OFPVs (frequency of cleaning). Studies focusing on the clean-
ing frequency of GPV and IFPV systems suggest that manual cleaning
is typically required every 7–20 days in dusty regions depending on
the location [313–317]. However, the same frequency for OFPVs could
significantly increase O&M costs. Therefore, innovative solutions such
as self-cleaning coatings on PV modules could help extend the dura-
tion between cleaning cycles, reducing O&M costs. However, further
research is needed to evaluate the feasibility and effectiveness of such
coatings in offshore environments [318–320].
Takeaways
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This subsection provided insights into the current state of research
on evaluating the optical effects. From the summary above, it can
be concluded that this area of research is still developing, with only
a few initial but significant findings. Studies on OSA reveal mixed
observations across different research efforts, creating ambiguity in
fully understanding this effect. It remains unclear which parameters
should be included in an albedo model to accurately predict OSA.
To simplify this for the readers and to encourage further research,
Fig. 18 is shown which illustrates the reported factors that need to be
to considered when modeling OSA. Therefore, more experimental and
validated models need to be developed to fully understand the effects of
OSA, shading, and soiling on the EY of OFPV systems. Overall, reported
results suggest: (1) a 1% to 5% EY gain for bifacial PV modules due
to seawater albedo [300,308] can be expected; (2) an EY loss of 1%
to 5% due to salt deposition and water overflow [238,310] can be
expected; and (3) an EY loss of 2% to 40% due to soiling from bird
droppings [245,275,311] can be expected. Further key conclusions
from this subsection are later discussed in Section 5.

4.4. Impact of long-term degradation

This subsection is dedicated to understanding the effects of long-term
degradation on the OFPV module performance. Fig. 19 shows all the
factors that contribute to degradation losses in OFPV systems. These
factors collectively contribute to the overall degradation of OFPV sys-
tems, reducing their efficiency and lifespan. Similar to the area of
optical effects, the field of analyzing degradation effects of FPV (for
both IPFVs and OFPVs) systems is limited. However, few studies have
been compiled in this review, which have solely focused on developing
degradation models to predict the rates of degradation of FPV systems.

S. Golroodbari et al. [321], G. Mannino et al. [322], W. Luo
et al. [323], W. Soppe et al. [40], M. Kumar et al. [324], A. Goswami
et al. [325], and Z. Li et al. [326] studied the long-term degradation
effects of FPV systems. W. Soppe et al. [40] conducted a lab-scale ex-
perimental study with flexible CIGS cells to determine the degradation
rates caused by mechanical strains due to the effect of wave motion.
Tests were performed with the cells oriented inline and oblique to



Renewable and Sustainable Energy Reviews 216 (2025) 115596S. Shanka Vasuki et al.
the wave direction. After testing 1.6 million cycles for each case, a
power loss of 3.5% and 4%–5% were reported respectively. The losses
increased to 20% in certain cases due to high cell temperatures. A.
Goswami et al. [325] monitored a site with an FPV system for 17
months to quantify the effects of system degradation. Multiple factors
led to module degradation in offshore conditions, such as temperature,
wind speed, mechanical failures due to waves, humidity, and UV rays.
Eq. (29) was used to determine the degradation rate of the system with
inputs from real-time measurements.

𝐷𝑅 = 𝑆 ⋅ 12
𝐼

× 100 (29)

It was noted that the degradation rate of FPV system was higher
(4.4% higher) compared to a GPV system due to humidity, water
corrosion and moisture ingression (2.06% lower power output of the
FPV system [325]). M. Kumar et al. [324] used a similar correlation as
Eq. (29) to determine the degradation rate for a canal top PV system
and reported a value of 1.93 ± 0.28%∕𝑦𝑒𝑎𝑟. S. Golroodbari et al. [321],
G. Mannino et al. [322] and Z. Li et al. [326] have worked on different
models to assess the degradation rate of FPV systems. A statistical
approach based on historic data was used by [321] to predict EY of
the system as shown in Eq. (30).

𝐸𝑃𝑉 ,𝑁𝑦𝑒𝑎𝑟 =
𝑁𝑦𝑒𝑎𝑟
∑

𝑛=1
𝐸𝑃𝑉 ,1 ⋅ (1 − 0.005)𝑛−1 (30)

G. Mannino et al. [322] modeled the effect of module degradation on
the EY for offshore conditions using existing degradation models (for
GPV systems) proposed by I. Kaaya et al. [327] and B. Subramaniyan
et al. [328] as shown in Eqs. (31) and (32).

𝐷𝑅 = 𝐴𝑁 ⋅ (1 + 𝑘𝐻 ) ⋅ (1 + 𝑘𝑃 ) ⋅ (1 + 𝑘𝑇𝑚 ) − 1 (31)

𝐷𝑅 = 𝛽0 ⋅ 𝑒
− 𝛽1
𝑘𝐵 ⋅𝑇𝑚𝑎𝑥 ⋅

(

𝛥𝑇𝑑𝑎𝑖𝑙𝑦
)𝛽2 ⋅

(

𝛥𝑈𝑉𝑑𝑎𝑖𝑙𝑦
)𝛽3 ⋅

(

𝛥𝑅𝐻𝑑𝑎𝑖𝑙𝑦
)𝛽4 (32)

The model included the effects of irradiance, temperature, relative
humidity and wind speed [328]. However, [322] observed a lower
degradation rate in offshore condition compared to inland which was
deemed not realistic. Hence, the authors suggested that degradation
models developed for GPV systems cannot be used for FPV systems.
This is due to the fact that parameters such as effect of waves and
salinity have not been included in these models [322]. Following up on
this work, Z. Li et al. [326] proposed a weight based model to evaluate
the degradation of FPV systems. This model includes factors such as
irradiation, temperature cycling, humidity and wind speed which is
similar to the two models shown in Eqs. (31) and (32), the difference
being the inclusion of wind speed. The proposed correlation is given
by Eq. (33).

𝐷𝑅 = 𝜂1 ⋅ (1 + 𝑘𝑅𝑇 ) ⋅ (1 + 𝑘𝑈𝑉 ) + 𝜂2 ⋅ (1 + 𝑘𝑅𝑇 )⋅

(1 + 𝑘𝑇𝐶 ) + 𝜂3 ⋅ (1 + 𝑘𝑇𝐶 ) ⋅ (1 + 𝑘𝑈𝑉 ) − 𝜂1 − 𝜂2 − 𝜂3
(33)

Takeaways
This subsection provided insights into the current state of research

on evaluating the degradation effects of OFPV systems. From the above
summary, it is clear that different degradation models have been devel-
oped to estimate the degradation rates of GPV systems. However, these
models cannot be simply used for OFPV systems, and there is a strong
need to adapt or develop models which can predict the degradation
rates for OFPV systems, including all the relevant factors (see Fig. 19).
Therefore from the above studies, it can be drawn that an EY loss of 2%
to 20% can be expected due to degradation effects [40]. Some of the
key conclusions from this subsection are mentioned below in Section 5.

5. Conclusion

In this work, a comprehensive overview of FPV systems is provided
with a prime focus on OFPV systems. Both technological and perfor-
mance aspects of OFPV systems were discussed in great detail. Along
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with an overview, this work also provided a technical review of the
different processes that effect the EY of OFPV systems thereby address-
ing both the review questions (RQ1 & RQ2) formulated in Section 2.
Here, conclusions are given for each section by highlighting the most
important takeaways which are as follows:

1. RQ1: Technological overview of FPV system

• To the best of the authors’ knowledge, this is the only review
article that has proposed a classification matrix comprising 25
different FPV archetypes.

• Among the FPV archetypes included in the classification, the
majority of the designs currently target the moderate eleva-
tion regime, with loop floats and rigid floats being the most
commonly used floaters.

• The Technology Readiness Levels (TRLs) of inland FPVs are
higher than those of offshore FPVs.

• The average TRLs of OFPVs are between 4 and 5, indicating
the need for further research and development.

• Out of the 52 organizations reported in this work, 37% are
focused on OFPVs, while the rest are involved in the IFPV
sector.

2. RQ2: Performance overview of FPV system

(a) Impact of dynamic motion

• Factors such as wave height, wave period, wavelength,
gap between connected archetypes, dimensions of the
archetype, pre-tilt angles, installation angles, mooring
stiffness, connector stiffness, and wave direction strongly
influence the hydrodynamic response of the system and
need to be considered in numerical simulations.

• Out of all the environmental loads, wind and wave
loads exert the strongest influence on the hydrodynamic
response.

• New concepts such as an external floating breakwa-
ter significantly depend on the FPV archetype, and
their effect is not always beneficial indicating that each
archetype has specific operating conditions to ensure
optimal performance.

• Studies noted that rotational responses affect the EY
more than translational responses.

• Overall, an EY loss of 0.4% to 15% can be expected
due to the motion effects, depending on the above-
mentioned factors.

(b) Impact of cooling effect

• Factors such as ambient temperature, module tilt, rel-
ative humidity, water temperature, wind speed, wind
direction, FPV archetype, and irradiance influence the
strength of the cooling effect.

• The U-values in general are higher for FPV system com-
pared to a GPV indicating lower module temperatures.

• Many studies have proposed empirical correlations tai-
lored to specific locations under investigation, leading
to a vast database of equations for module temperature.
This proliferation of equations creates confusion, as
even minor adjustments, such as the inclusion or exclu-
sion of a single parameter, can result in the proposal of
a new equation.

• Overall, an EY gain of −4% to 20% can be expected
due to the cooling effects, depending on the above-
mentioned factors.

(c) Impact of optical effects
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• Factors such as the wavelength of light, cloudiness, solar
zenith angle, atmospheric turbidity, surface roughness
of the sea surface, wind speed, ocean turbidity and
depth of the water significantly influence the surface
albedo of water.

• The impact of salt deposition and partial submergence
due to saline water overflow needs thorough investiga-
tion. The potential gains from cooling and the losses
due to shading should be optimized to enhance overall
system performance.

• Bird droppings should be modeled as partially transmit-
tive elements rather than as non-transmittive elements
to more accurately reflect their impact.

• Overall, reported results indicate that an EY gain of
1% to 5% due to albedo effects can be expected with
bifacial modules. Additionally, an EY loss of 1% to 5%
each can be expected from water submergence and salt
deposition, and an EY loss of 2% to 40% due to soiling
from bird droppings.

(d) Impact of long-term degradation

• The degradation rates for PV modules in offshore condi-
tions depend on the motion due to waves, temperature
effects, wind speed, humidity, and UV rays.

• Current methods for evaluating degradation effects are
based on models designed for GPVs, which significantly
underestimate the rate of degradation for OFPV sys-
tems. This suggests that these models are not suitable
for OFPVs and need to be adapted for offshore condi-
tions.

• Overall, an EY loss of 2% to 20% can be expected due
to module degradation.
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6. Outlook & future direction

Based on the above review, several viewpoints are projected to guide
future research and to accelerate the growth of OFPVs. A few key
outlooks are as follows:

• The current state of research reveals that our understanding of OFPV
systems, particularly in quantifying energy yield (EY), is very limited.
Therefore, increased efforts should be directed towards understanding
the performance of OFPV systems, as energy output is the most
critical aspect of any energy-generating system.

• Most EY quantifications reported in literature are either based on
short-term experimental/in-situ measurements or on simulation re-
sults that are not well validated. This ultimately leads to ambiguity
thereby slowing the field’s progress.

• The majority of simulation work published, relies on commercial PV
modeling tools that are primarily designed for evaluating EY for GPVs
and RPVs, which do not yield realistic results for OFPVs.

• Publications that report experimental validation of numerical mod-
els need to place greater emphasis on both the experimental and
numerical methodologies used, alongside the presentation of results.

• Increased collaboration between industry and research institutions is
highly recommended to foster more effective advancements.

Overall, the outlook for OFPVs in terms of commercial application is
promising, but achieving this potential requires a concentrated focus
on research and development. The OFPV community should empha-
size robust research practices and foster strong collaborations with
industry partners. By doing so, the understanding of this field can
be significantly accelerated, thereby increasing the TRL of various
archetype technologies ultimately pushing OFPV towards large-scale
commercialization.
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their influence on energy yield.

DEh Tool Dur.i EY [%]j Val.k

× ABAQUS × – N
× SolidWorks × – N
× Ansys fluent, Aqwa × – N
× PVLib 1y 3-9↓ N
× Ansys fluent × – 𝑌𝑎
× Ansys Aqwa × – 𝑌𝑒
× Inhouse 1y 0.12–2.5↓ 𝑌𝑒
× Orcaflex, WAMIT × – N
× Orcalfex, Orcawave × – N
× Orcaflex × – N
× OpenFOAM, WAFO × – 𝑌𝑒

× Inhouse × – N
× HydroStar × – N
× SeSam × – N
× MHydro × – 𝑌𝑒
× SIMA × – N
× Ansys Aqwa, Inhouse – 3↓ 𝑌𝑒
× Matlab × – 𝑌𝑠
× Ansys Aqwa, Orcaflex × – N
× Ansys Aqwa × – N
× Orcaflex × – 𝑌𝑒
× Exp. × – –
× Exp. × – –
× Ansys CFX, Ansys Aqwa × – 𝑌𝑒
× SeSam × – N
× WAMIT, NEMOH, WECSim, PVWatts 1y 2-14↕ 𝑌𝑒
× Capytaine × – 𝑌𝑒 , 𝑌𝑠
× Ansys Aqwa, Orcaflex 1y 1.4-15↓ N
× Ansys Aqwa, Orcaflex × – 𝑌𝑎
× Ansys Aqwa × – N

(continued on next page)
Table B.5
Comprehensive review of studies investigating motion response, cooling effects, optical effects, and degradation effects across various floating photovoltaic archetypes and

Study Arch.a

Dimension [m]b Met.c Control Parameters [SI units]d MEe CE f OEg

Loads Response
𝐸𝑎 𝐸𝑤 𝑇𝐶 𝑈𝑉 𝐴𝑙. 𝑆ℎ. 𝑆𝑜.

𝐿 𝑊 𝐻 𝐷 𝑆𝑖 𝐸𝑥 𝑈∞ ℎ 𝑇𝑝 , 𝜆𝑤 𝑆(𝜔) 𝜃𝑝 𝑃𝑉 𝑇 𝑇𝑎 𝑇𝑤 𝐹𝑤
𝐹𝑤𝑣 𝐹𝑐 𝑆𝐵 𝑀𝐵 𝑀𝐿

𝑅 𝐼𝑅
[217] HPOT(R) 29.99 22.41 – – ✓ × 36–70 – – – 12 – – – ✓ × × × × × × × × × × × × ×
[329] FP(F) 600 200 0.05 – ✓ × 25 14.8 212* – – – – – ✓ ✓ × ✓ ✓ × ✓ × × × × × × ×
[330] RP(R) – – – – ✓ × 45 0.1, 0.65 3.22,16.2* – 6 – – – ✓ ✓ × × ✓ × × × × × × × × ×
[331] LRP(R) – – – – ✓ × – 0.1, 0.4, 1.5 – – 12 mc-Si – – × ✓ × × × ✓ × × × × × × × ×
[211] HPIT(R) 2 1 0.3 0.75–2 ✓ × – 0–10 8–23 – – – – – × ✓ × × ✓ × × × × × × × × ×
[218] HPOT(R) 13.19 6.294 0.2 – ✓ × 6,25 0.2,0.75 1.4,8 JS 10 – – – × × ✓ × ✓ × ✓ × × × × × × ×
[230] RP(R) – – – – ✓ × – – – – 0,30 mc-Si – – × × × × × × × × × × × × × ×
[209] RP(R) 7.10 4.6 0.4 – ✓ × – – 0–8 – – – – – × ✓ × × × ✓ ✓ × × × × × × ×
[226] VPIT(R) 37 37 2.3 2 ✓ × – 5.5,8.7 1–30 JS – – – – × × ✓ × × ✓ ✓ × × × × × × ×
[208] RP(R) 1.23 0.69 0.4 – ✓ × 40 0.9 0–25 JS 10 – – – × ✓ ✓ × ✓ ✓ × × × × × × × ×
[212] HPIT(R) – 0.965 – 0.11 ✓ × – (0.025,0.05,

0.075)**
2,1.33,1 JS – – – – × × ✓ × ✓ × × × × × × × × ×

[228] TPT(R) 60 – – 4 ✓ × 46.1 4.5** 10 s JS – – – – ✓ × ✓ ✓ × ✓ ✓ × × × × × × ×
[332] RP(R) 2.5 2.5 0.4 – ✓ × – (0.5–5)** 2.8–8.9 JS 0 – – – × × ✓ × × ✓ × × × × × × × ×
[204] HPOT(R) 12 4.4 0.8 – ✓ × 25 0.5** 1–20 JS – – – – ✓ × ✓ ✓ ✓ ✓ ✓ × × × × × × ×
[205] RP(R) 0.4 0.25 0.2 – ✓ × – – 0.44–3.04* – – – – – × ✓ × × × ✓ ✓ × × × × × × ×
[227] VPIT(R) 49.3 49.3 14 4 ✓ × – 1.9,5.69** 4.9,13.72 JS 10 – – – × × ✓ × × ✓ ✓ × × × × × × ×
[229] BUF(R) – – 1.5 3 ✓ × 0.012–1.2 1.2–10.6 – 30 mc-Si – – × ✓ × × ✓ × × × × × × × × ×
[333] RP(R) 1 0.4 0.2 – ✓ × – – 3,4,5 – – – – – × ✓ × × × × × × × × × × × ×
[224] LPWT(R) – – 2 2 ✓ × – 1.5** 3.48 JS – – – – × × ✓ × ✓ × ✓ × × × × × × ×
[334] LPWT(R) 10 10 2.43 1.5 ✓ × 5 0.5–2.3 4.2–17.1 – – – – – ✓ ✓ × ✓ × ✓ ✓ × × × × × × ×
[225] VPIT(R) 4.7 2.9 0.6 – ✓ × – 1.9–15.3** 7.8–12 PM – – – – × ✓ ✓ × × ✓ ✓ × × × × × × ×
[335] HPIT(R) 4.5 1.16 0.11 0.11 × ✓ – 0.056–0.11 0.8–2 JS – – – – × ✓ ✓ × ✓ × × × × × × × × ×
[219] HPOT(R) 1.27 1.21 0.495 – × ✓ – 0.1–0.5 1.12–3.15 JS 12 – – – × ✓ ✓ × × ✓ ✓ × × × × × × ×
[336] HPOT(R) 1.3 0.86 0.23 – ✓ × 55 0.625 3.48 PM 15 – – – ✓ ✓ ✓ × × ✓ ✓ × × × × × × ×
[337] BF(R) 8.6 8.6 1.3 – ✓ × 7–10 – 0.8–1.2rad/s MS – pc-Si – – × × ✓ × ✓ × ✓ × × × × × × ×
[338] RP(R) 500 100 – – ✓ ✓ 2.2,13.6 0.03–0.2** 0.6–3 JS 10 – – – × ✓ ✓ ✓ ✓ ✓ ✓ × × × × × × ×
[188] FP(F) 300 60 2 – ✓ × – 0.75–3.25** 5.45–8.29 JS 0 – – – × ✓ ✓ × × ✓ ✓ × × × × × × ×
[221] HPOT(R) – – – – ✓ × – 0.1-1** 3 – 33 – – – × ✓ × × × ✓ ✓ × × × × × × ×
[202] HPOT(R) 80.62 50.7 – – ✓ × 10 4** 10 JS – – – – ✓ × ✓ × × ✓ ✓ × × × × × × ×
[215] HPIT(R) 36 7 – 1 ✓ × 0,30 0.5,1 5,7 – 30 – – – ✓ ✓ × × ✓ ✓ ✓ × × × × × × ×
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× × × WAMIT,Matlab × – 𝑌𝑒
× × × WAMIT × – 𝑌𝑒
× × × Inhouse × – N
× × × Ansys Aqwa × – 𝑌𝑠
× × × Ansys Aqwa, inhouse × – 𝑌𝑠
× × × Orcaflex × – 𝑌𝑠
× × × Exp. × – –
× × × Exp. × – –
× × × Inhouse × – N
× × × Riflex × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒
× × × HydroD, Orcaflex × – N
× × × Inhouse × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒
× × × Exp. × – –
× × × WAMIT, Abaqus × – N
× × × OpenFOAM × – N
× × × Inhouse × – 𝑌𝑒
× × × Inhouse × – N
× × × Inhouse × – 𝑌𝑠
× × × Fortran × – N
× × × Inhouse × – 𝑌𝑒
× × × Matlab × – N
× × × Inhouse × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒
× × × Exp. × – –
× × × Inhouse × – 𝑌𝑒 , 𝑌𝑠
× × × WAMIT, ABAQUS × – 𝑌𝑒
× × × Inhouse × – 𝑌𝑒 , 𝑌𝑠
× × × Ansys Aqwa × – 𝑌𝑒 , 𝑌𝑠
× × × Ansys Aqwa × – 𝑌𝑒 , 𝑌𝑠
× × × Inhouse × – 𝑌𝑒
× × × Matlab, PVMDtoolbox 1y 18-32↓ 𝑌𝑒
× × × Inhouse 1y 8-9↓ N
× × × PVsyst 1y 8↓ N
× × × inhouse 1y 4↓- 20↑ N
× × × Matlab 1y 13↑ N
× × × Matlab 1 h 0.2-3↕ N
× × ∽ Ansys Aqwa,PVGIS × – N

(continued on next page)
Table B.5 (continued).

Study Arch.a

Dimension [m]b Met.c Control Parameters [SI units]d MEe CE f

Loads Response
𝐸𝑎 𝐸𝑤 𝑇𝐶 𝑈𝑉 𝐴

𝐿 𝑊 𝐻 𝐷 𝑆𝑖 𝐸𝑥 𝑈∞ ℎ 𝑇𝑝 , 𝜆𝑤 𝑆(𝜔) 𝜃𝑝 𝑃𝑉 𝑇 𝑇𝑎 𝑇𝑤 𝐹𝑤
𝐹𝑤𝑣 𝐹𝑐 𝑆𝐵 𝑀𝐵 𝑀𝐿

𝑅 𝐼𝑅
[339] MR(F) – – 0.0011 1 ✓ × – 0.5 0–2 rad/s – – – – – × ✓ × × ✓ × × × × × × ×
[340] MR(F) – – 0.0011 1 ✓ ✓ – ℎ

𝜆
= 1

30
, 1

60
– – – – – – × ✓ ✓ × ✓ × ✓ × × × × ×

[341] FP(F) 300 – 5 – ✓ × – – 2–20 – – – – – × ✓ × × × ✓ × × × × × ×
[342] RP(R) 100 50 5 – ✓ × – – 1.45–2.06 – – – – – × ✓ × × × ✓ ✓ × × × × ×
[210] RP(R) 100 50 5 – ✓ × – 2 0.01–2.41rad/s – – – – – × ✓ × × × ✓ ✓ × × × × ×
[343] SP(R) 4.7 2.9 0.6 1.3 ✓ × – 2.1–5.1 3.9–14 – – – – – × ✓ × × × ✓ ✓ × × × × ×
[207] RP(R) 38 5 2.5 – × ✓ – (0.67,1.01,3.06)** 2.4–11.8 WN,JS 0 – – – × × ✓ × × ✓ ✓ × × × × ×
[344] VPIT(R) 4.7 2.9 0.6 × ✓ – 0.156 1.83 – – – – – × ✓ × × × ✓ ✓ × × × × ×
[206] RP(R) 16.5 5.8 1.3 – ✓ × 20,39.1 0.2,0.88 4 – – – – – ✓ ✓ × ✓ ✓ × ✓ × × × × ×

[213,214] HPIT(R) 3 3 6 0.5–1 ✓ × – 0.25, 1** 2–8 JS – – – – × ✓ ✓ × ✓ × ✓ × × × × ×
[213,216] HPIT(R) 4.58 – 0.11 0.11 ✓ ✓ – (0.049–0.056)** 0.8–2 JS – – – – × ✓ ✓ × ✓ × × × × × × ×
[345] LPWT(R) 50 50 4.5 – ✓ × 30 7,10,13 1–20 JS – – – – ✓ ✓ ✓ ✓ ✓ × ✓ × × × × ×
[346] PR(F) – – – – ✓ × – 0-0.05 0–7.5* – – – – – × ✓ × × ✓ × × × × × × ×
[347] PR(F) – – – – ✓ × – 0-0.06 0.1–20 rad/s – – – – – × ✓ × × ✓ × × × × × × ×
[222] HRP(R) 0.2 0.2 0.69 – × ✓ – 4–8 0.7–5.11 JS – – – – × ✓ ✓ × ✓ × ✓ × × × × ×
[193] FP(F) 60 60 2 – ✓ × – 2.7–8.3 – – – – – × ✓ × × ✓ × ✓ × × × × ×
[203] PR(R) – – – 100 ✓ × – 0.1 1 – – – – – × ✓ × × ✓ × ✓ × × × × ×
[348] FP(F) 1200–4800 1000 2 – ✓ × – – (38.9–271)* – – – – – × ✓ × × ✓ × ✓ × × × × ×
[349] FP(F) 5000 1000 5 – ✓ × – – (125–250)* – – – – – × ✓ × × ✓ × × × × × × ×
[189] FP(F) 5000 1000 5 – ✓ × – – (100–250)* – – – – – × ✓ × × ✓ × × × × × × ×
[350] PR(F) – – 2–5 50–200 ✓ × – – 50* – – – – – × ✓ × × ✓ × × × × × × ×
[190] FP(F) 400 60 3.7 – ✓ ✓ – 2** 5.6 JS – – – – × × ✓ × ✓ × ✓ × × × × ×
[351] PR(F) – – – 4 ✓ × – – 2.09* – – – – – × ✓ × × ✓ × × × × × × ×
[352] RP(R) 2/10 0.5 0.038 – ✓ × – 0.02 0.5–2 – – – – – × ✓ × × × ✓ × × × × × ×
[191] FP(F) 4 1 0.03 – ✓ × – (0.04–0.06)** 0.8 BM – – – – × × ✓ × ✓ × ✓ × × × × ×
[353] FP(F) 10 0.8 0.01,0.02 – ✓ × – 3–5 0.8–16 JS – – – – × ✓ ✓ × ✓ × × × × × × ×
[197] RP(R) 3 0.6 0.04 – ✓ ✓ – – 1.8* – – – – – × ✓ × × × ✓ ✓ × × × × ×
[354] FP(F) 4.95 1.02 0.005 – × ✓ – 0.02–0.04 0.563,0.796 – – – – – × ✓ × × ✓ × ✓ × × × × ×
[198] RP(R) 300 60 2 – ✓ × – (0.75–3.25)** 5.45–8.29 JS – – – – × ✓ ✓ × × ✓ ✓ × × × × ×
[199] RP(R) 300 60 2 – ✓ × – – 0–2 rad/s – – – – – × ✓ × × × ✓ × × × × × ×
[192] FP(R) 300 60 2 – ✓ × – – (120–240)* – – – – – × ✓ × × ✓ × × × × × × ×
[200] RP(R) 300 60 2 – ✓ × – 2 (60–300)* – – – – – × ✓ × × × ✓ ✓ × × × × ×
[201] RP(R) 300 60 2 – ✓ × – 0.5 (120–300)* – – – – – × ✓ × × × ✓ ✓ × × × × ×
[194] RP(R), FP(R) 300 60 2 – ✓ ✓ – – (60–300)* – – – – – × ✓ × × × ✓ ✓ × × × × ×
[232] LRP(R) 32 32 0.4 – ✓ × 0–25 0–19.3 0–13.9 JS 0 mc-Si – – × × ✓ × ✓ × × ✓ × × × ×
[233] LRP(R) 45 15 15 – ✓ × – 0.25,0.79 1.63–9.4 JS 0 mc-Si – – × × ✓ × ✓ × × ✓ × × × ×
[231] RP(R) – – 0.6 – ✓ × – – – – 5 mc-Si – – × × × × × × × ✓ × × × ×
[258] RP(R) – – – – ✓ × – – – – – mc-Si M – × × × × × × × ✓ ✓ × × ×
[259] RP(R) – – – – ✓ × 5.55–25 0.5–19.3 3.2–13.9 JS 0 mc-Si – – × × ✓ × ✓ × × ✓ × ✓ × ×
[220] HPOT(R) – – – – ✓ × 5.5–16.6 0.5–7.1** 3.2–9.9 – 0–15 mc-Si – – × ✓ ✓ × ✓ × ✓ × ✓ × × ×
[223] HRP(R) 6 6 30 – ✓ × 5,30 1,4 7,14 JS 40 mc-Si – – ✓ × ✓ × ✓ × ✓ ✓ × × × ×
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× × Ansys fluent – – 𝑌𝑎
× × Inhouse 1y – N
× × – 1y 1.44↑ –
× × PVsyst 9 m 0.7↑ N
× × Open Modelica 24d 0.8↑ 𝑌𝑒
× × – 1d – –
× × Comsol 1y 3↑ 𝑌𝑒
× × Inhouse – 11.5↑ 𝑌𝑒
× × Inhouse – – N
× × PVsyst Sandia 1y 6-8↕ 𝑌𝑒
× × Comsol – – N
× × Inhouse – – N
× × Ansys fluent 1y 2↑ N
✓ × Helioscope 1y 7↓ N
× × – 4d 10-17↓ –
× × Ansys fluent – – 𝑌𝑎
× × PVsyst SAM Helioscope 1y 0.83-3↕ N
× × PVsyst 4 m 0.6↑ 𝑌𝑒
× ✓ PVsyst 1y – N
× × – 1d 10↑ –
× × – 1d 24↑ –
× × Ansys fluent, Matlab 5 h 7↑ 𝑌𝑒
× × Inhouse – – N
× × Matlab – – 𝑌𝑒
× × Inhouse 1y 9↑ 𝑌𝑒
× × PVsyst, SAM 5d 3.4–7.3↑ 𝑌𝑒
× × Matlab 12 h 2.54↑ N
× × PVsyst 8 m 10-12↑ N
× × Inhouse – – 𝑌𝑒
× × Inhouse 4 m 1.75↑ N
× × Inhouse – – 𝑌𝑒
× × PVsyst 3 m 5-7↑ 𝑌𝑒
× × – 6 m 0.43↕ –
× × – 13 h 11↑ –
× × PVsyst 1y 3-6↑ –
× × PVsyst 5 m 8.76↑ N
× × Matlab Simulink 1y 1.66↓ N
× × Comsol 13 h 6.25↑ N
× × Inhouse – – N
✓ × PVsyst 1y 1.8–2.5↑0.3–0.46↑ N
× × – 14 h 1.2↑ N

(continued on next page)
Table B.5 (continued).

Study Arch.a

Dimension [m]b Met.c Control Parameters [SI units]d MEe CE f OE
Loads Response

𝐸𝑎 𝐸𝑤 𝑇𝐶 𝑈𝑉 𝐴𝑙. 𝑆ℎ
𝐿 𝑊 𝐻 𝐷 𝑆𝑖 𝐸𝑥 𝑈∞ ℎ 𝑇𝑝 , 𝜆𝑤 𝑆(𝜔) 𝜃𝑝 𝑃𝑉 𝑇 𝑇𝑎 𝑇𝑤 𝐹𝑤

𝐹𝑤𝑣 𝐹𝑐 𝑆𝐵 𝑀𝐵 𝑀𝐿
𝑅 𝐼𝑅

[283] ∽ – – 0.25–3 – ✓ × 1–5 – – – 0–75 mc-Si 20–40 20–40 × × × × × × × ✓ ✓ × × × ×
[279] ∽ – – – ✓ × 1-3.9 – – – 27 mc-Si 20–27.8 – × × × × × × × ✓ × ✓ × × ×
[260] RP(R) – – – – × ✓ M – – – 5 mc-Si M M × × × × × × × ✓ ✓ × × × ×
[261] RP(R) – – – – ✓ ✓ 2.78 – – – 11 mc-Si M M × × × × × × × ✓ ✓ ✓ ✓ × ×
[246] HPOT(R) – – – – ✓ ✓ M – – – 30 mc-Si M – × × × × × × × ✓ × × ✓ × ×
[247] HPOT(R) – – – – × ✓ 1.39 – – – 16 mc-Si 16.6 – × × × × × × × ✓ × × ✓ × ×
[248] HPOT(R) – – – – ✓ × 0.96–1.64 – – – 150 mc-Si 11.70–21.19 15.62–25.04 × × × × × × × ✓ ✓ ✓ × × ×
[262] – – – – – ✓ ✓ M – – – M mc-Si M M × × × × × × × ✓ ✓ ✓ × × ×
[280] – – – – – ✓ × – – – – – MF,BF – – × × × × × × × ✓ × × × × ×
[263] PR(R) HPIT(R) – – – – ✓ ✓ M – – – – mc-Si PERC – – × × × × × × × ✓ × × ✓ × ×
[236] HPIT(R) – – 0.2 – ✓ × 4 – – – 10 mc-Si 25 22 × × × × × × × ✓ ✓ × × × ×
[355] TR(R) – – – – ✓ × – – – – – – – – × × × × × × × ✓ × ✓ ✓ × ×
[264] RP(R) – – – – ✓ × 1.5 – – – – pc-Si 28 – × × × × × × × ✓ ✓ × × × ×
[275] RP(R) – – – – ✓ × 2–6 0.7–1 – – 5–10 mc-Si M M ? ? ? ? ? ? ? ✓ × × × × ✓

[249] HPOT(R) – – – – × ✓ M – – – 0,15,30 mc-Si pc-Si M M × × × × × × × ✓ ✓ × × × ×
[276] RP(R) – – – – ✓ × 1–5 – – – 15 mc-Si 25,30 20,25,30 × × × × × × × ✓ ✓ × ✓ × ×
[250] HPOT(R) – – – – ✓ ✓ M – – – 16 mc-Si M C × × × × × × × ✓ ∽ ✓ × × ×
[265] HPIT(R) – – – – ✓ ✓ 1–7 – – – 15 pc-Si M 10,30 × × × × × × × ✓ ✓ × ✓ × ×
[284] – – – – – ✓ × 3.62 – – – – mc-Si 25.05 C × × × × × × × ✓ ✓ ✓ × × ×
[266] HPOT(R) – – – – × ✓ 3–5 15 pc-Si 31–32 31–32.5 × × × × × × × ✓ ✓ × × × ×
[239] HPIT(R) – – – – × ✓ 0.32–0.43 – – – 25 pc-Si 20–21 20–21 × × × × × × × ✓ ✓ × × × ✓

[238] HPIT(R) – – – – ✓ × – – – – 25 pc-Si 20–21.8 17.5–18.3 × × × × × × × ✓ ✓ × × × ✓

[241] HPIT(R) – – – – ✓ × 0–2 – – – 30 pc-Si 16–30 23.5–26 × × × × × × × ✓ ✓ ✓ × × ×
[356] HPOT(R) – – – – ✓ × M – – – – – M M × × × × × × × ✓ ✓ × × × ×
[243] HPIT(R) – – – – ✓ × – – – – 20 MF,BF M 14.85–59.85 × × × × × × × ✓ ✓ × × × ×
[242] RP(R) – – 0–1.5 – ✓ × – – – – 5–30 MF,BF 10–26.6 – × × × × × × × ✓ ∽ ✓ × ✓ ×
[251] HPOT(R) – – – – ✓ × C – – – – mc-Si C C × × × × × × × ✓ × ✓ × × ×
[267] MR(R) – – – – ✓ × M – – – 0–60 mc-Si M 20 × × × × × × × ✓ ✓ × ✓ ✓ ×
[281] – – – – – ✓ × M – – – 26 mc-Si, HIT,CdTe M M × × × × × × × ✓ ✓ ✓ × × ×
[268] – – – 0.075 – ✓ × M – – – – – M M × × × × × × × ✓ ✓ × × × ×
[277] MR(R), HPIT(R) – – – – ✓ × M – – – – – M M × × × × × × × ✓ ✓ × ✓ × ×
[237] MR(R) – – – – ✓ ✓ M – – – 0 mc-Si M M × × × × × × × ✓ ✓ × ✓ × ×
[252] HPOT(R) – – – – × ✓ 0.05–15 – – – 13–31 pc-Si −5 to 33 – × × × × × × × ✓ ∽ × ✓ × ×
[240] HPIT(R) – – – – × ✓ 0.08–4.16 – – – 30 pc-Si M M × × × × × × × ✓ ∽ × × × ✓

[244] HPIT(R)HPOT(R) – – – – ✓ ✓ M – – – 7–12 pc-Si M M × × × × × × × ✓ ✓ × ✓ × ×
[357] HPOT(R) – – 1 – ✓ × M – – – 0–15 MF,BF – – × × × × × × × ∽ ∽ × × × ×
[269] – – – – – ✓ × 6.72 – – – – mc-Si 28.75 C × × × × × × × ✓ ✓ ✓ × × ×
[270] HPOT(R) – – – – ✓ × 1 – – – 10 mc-Si 10–35 10–15 × × × × × × × ✓ ✓ ✓ × × ×
[253] HPOT(R) – – – – × ✓ M – – – – – M M × × × × × × × ✓ ✓ × × × ×
[273] PR(R),RP(R) – – – – ✓ × M – – – 0–22 mc-Si M M × × × × × × × ✓ ✓ × × ✓ ×
[271] RP(R) – – – – × ✓ M – – – 10 pc-Si M M × × × × × × × ✓ ✓ × × × ∽
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✓ × ✓ × – – 5-10↑ –
× × × × PVsyst TRNSYS – 2-6↑ N
× × × × – – – –
× × × × – – 10↑ –
× × × × Ansys fluent – 2↑ N
× × × × MS Excel – – N
× × × × – – – –
× × × × PVlib – – N
× × × × PVlib – – N
× × ✓ × Inhouse – – 𝑌𝑒
✓ × × × PVsyst 1y 12.04↑ N
× × ✓ × Matlab – – 𝑌𝑒
✓ × × × Inhouse – 14-24↑ N
✓ × × × PurdueView Factor 6 m 2-6↑ N
✓ × × × Inhouse 1y 1.03↑ N
× ✓ × × Inhouse 1y 4-30↓ N
✓ ✓ ✓ × PVMD toolbox 1y 17.3↑ –

✓ × × × Inhouse – – N
× ✓ ✓ × – 3d 1.3W ↑ –
✓ × × × Inhouse – – –
× × × ✓ Inhouse 1y – N
× × × ✓ Inhouse 1y – N
× ✓ ✓ ✓ – 3y 0.5–1.1↓ –
× × × ✓ – – >1.5↓ –
× × × ✓ Matlab 16 m 1.5↓ 𝑌𝑒
× × × ✓ – – – –
× ✓ ✓ ✓ – 17m – –
× × × ✓ Inhouse – – 𝑌𝑒

𝜆𝑤 in (m), 𝜆: Wavelength (m), 𝜔: Wave frequency (rad/s), 𝑆(𝜔): Wave spectrums — JS:
𝑉 𝑇 .: PV technology — mc-Si: Monocrystalline silicon module, pc-Si: Polycrystalline module,
Table B.5 (continued).

Study Arch.a

Dimension [m]b Met.c Control Parameters [SI units]d MEe CE f

Loads Response
𝐸𝑎 𝐸𝑤 𝑇𝐶 𝑈𝑉

𝐿 𝑊 𝐻 𝐷 𝑆𝑖 𝐸𝑥 𝑈∞ ℎ 𝑇𝑝 , 𝜆𝑤 𝑆(𝜔) 𝜃𝑝 𝑃𝑉 𝑇 𝑇𝑎 𝑇𝑤 𝐹𝑤
𝐹𝑤𝑣 𝐹𝑐 𝑆𝐵 𝑀𝐵 𝑀𝐿

𝑅 𝐼𝑅
[245] HPIT(R)HPOT(R) – – – – × ✓ M – – – 5–15 MF,BF M M × × × × × × × ✓ ✓ × ✓

[278] MR(R) – – – – ✓ ✓ 1.92–6.96 – – – 0 mc-Si M 4 × × × × × × × ✓ ✓ ✓ ✓

[255] HPOT(R) – – – – × ✓ M – – – – – M M × × × × × × × ✓ ✓ ✓ ×
[254] HPOT(R) – – – – × ✓ M – – – – mc-Si M M × × × × × × × ✓ ✓ ✓ ×
[285] – – – – – ✓ × 1 – – – – mc-Si 25 – × × × × × × × ✓ × × ×
[256] HPOT(R) – – – – ✓ × 1.1–3.3 – – – 15 – 10–40 – × × × × × × × ✓ × ✓ ×
[272] PR(R)HPIT(R) – – – – × ✓ M – – – 12,15,25 mc-Si M M × × × × × × × ✓ ✓ × ✓

[274] RP(R) – – – – ✓ × E – – – 0 – E E × × × × × × × ✓ ✓ ✓ ×
[282] – – – – – ✓ × E – – – 10,20 – E E × × × × × × × ✓ ✓ × ×
[311] – – – – – ✓ × – – – – – – – – × × × × × × × × × × ×
[304] LRP(R) – – 1 – × ✓ 2.1–3 – – – 36 MF,BF 0.2–25.2 – × × × × × × × ✓ ✓ × ×
[312] – – – – – ✓ × – – – – – mc-Si – – × × × × × × × × × × ×
[307] RP(R) – – 0 – ✓ × M – – – 5 MF,BF M M × × × × × × × ✓ × × ×
[308] RP(R) – – – – ✓ × E – – – 15 MF,BF E – × × × × × × × ✓ × × ×
[300] RP(R) – – – – ✓ × 5.55–25 0.5–19.3 3.2–13.9 JS 0 mc-Si E – × × ✓ × ✓ × × ✓ × × ×
[309] – – – – – ✓ × – – – – – mc-Si – – × × × × × × × × × × ×
[306] TPWT(R)RPWT(R) 4.55

6.62
2.02
7.78

2.01 – × ✓ M – – – 15 MF,BF M – × × × × × × × ✓ × × ×

[302] – – – – – ✓ × – – – – 33.5 – – – × × × × × × × × × × ×
[310] – – – – – × ✓ M – – – – mc-Si 25–34 – × × × × × × × ✓ × × ×
[303] – – – – – ✓ × – – – – – – – – × × × × × × × × × × ×
[321] RP(R) – – – – ✓ × M – – – – mc-Si M – × × × × × × × ✓ × × ×
[322] – – – – ✓ × E – – – – mc-Si E – × × × × × × × ✓ × × ×
[323] HPOT(R) – – – – × ✓ M – – – 7–12 mc-Si M M ✓ × × × × ✓ × ✓ ✓ × ×
[40] FP(R) – – – – × ✓ – 0.8–13 4.5–58.2 NorthSea 0 CIGS – – × × ✓ × ✓ × × × × × ×
[324] – – – – – ✓ ✓ M – – – 26 mc-Si M – × × × × × × × ✓ × × ×
[358] HPIT(R) – – – – ✓ ✓ M – – – – mc-Si M M × × × × × × × ✓ ✓ × ×
[325] VPIT(R) – – – – × ✓ M – – – – mc-Si M – × × × × × × × ✓ × × ×
[326] – – – – – ✓ × M – – – – mc-Si M – × × × × × × × ✓ × × ×

a 𝐴𝑟𝑐ℎ.: FPV Archetypes, Abbreviations according to Fig. 7

b 𝐿: Length, 𝑊 : Width, 𝐻 : Height, 𝐷: Diameter

c 𝑆𝑖 : Simulation based study, 𝐸𝑥 : Experimental study

d 𝑈∞ : Wind speed (m/s)- M: measured based on the location, C: calculated using correlations, ℎ: Wave height (m) — numbers with ** represent the significant wave height, 𝑇𝑝 : Wave period (s) — numbers marked with * refer to the wavelength,
JONSWAP spectrum, PM: Pierson–Moskowitz spectrum, MS: Mediterranean Sea wave spectrum, BM: Bretschneider-Mitsuyasu spectrum, 𝜃𝑝 : Pre-tilt angle (deg) — numbers with superscripts ‘v’ and ‘t’ indicate tracker system and varied tilt angle respectively, 𝑃
MF: monofacial panels, BF: bifacial panels, 𝑇𝑎 , 𝑇𝑤 : Ambient and water temperature in Celsius respectively.

e 𝑀𝐸: Motion Effects, 𝐹𝑤 : wind load, 𝐹𝑤𝑣 : wave loads, 𝑅: regular waves, 𝐼𝑅: irregular waves, 𝐹𝑐 : current loads, 𝑆𝐵: response of a single unit archetype, 𝑀𝐵: response of multi-connected archetypes, 𝑀𝐿: mooring line inclusion.

f 𝐶𝐸:Cooling Effects, 𝐸𝑎 : effects of ambient conditions considered, 𝐸𝑤 : effects of water considered, 𝑇𝐶: temperature correlations proposed, 𝑈𝑉 : U-value proposed.

g 𝑂𝐸: Optical Effects, 𝐴𝑙𝑏.: effect of changes in albedo, 𝑆ℎ𝑎𝑑.: effect of shading, 𝑆𝑜𝑖𝑙: effect of soiling

h 𝐷𝐸: Degradation Effects, ∽: An approximation is made to account for the degradation losses.

i 𝐷𝑢𝑟.: Duration of simulation. h — hours, d — days, m — months, y — years

j The gain or loss of EY observed due to each of the four processes

k 𝑉 𝑎𝑙.:Study validation, 𝑌𝑒 : Experimental validation performed, 𝑌𝑎 : Analytical validation performed, 𝑌𝑠 : Simulation validation performed, N: No validation performed.
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