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Abstract

Although offshore photovoltaic (PV) systems have attracted increasing interest as a solu-
tion to land-use limitations, the influence of offshore-specific dynamic environmental con-
ditions on PV performance remains insufficiently understood. Existing studies have pri-
marily focused on static operating conditions or general energy yield comparisons be-
tween bifacial and monofacial PV technologies, while the combined effects of wave-in-
duced motion, module tilt-angle, and sea-surface albedo on offshore PV performance
have received limited attention. To address this gap, this study develops a parametric
simulation framework to investigate the sensitivity of offshore bifacial photovoltaic (biPV)
and monofacial photovoltaic (moPV) arrays to key offshore environmental and opera-
tional parameters. Given the scarcity of long-term operational data for offshore PV instal-
lations, a hypothetical offshore plant located in the Yellow Sea, China, is considered using
real meteorological inputs. In this study, 16 kWp offshore biPV and moPV arrays are mod-
eled and compared in terms of their performance through three case studies examining
wave motions, tilt-angle variations, and surface albedo effects. Performance metrics such
as maximum irradiance, total energy yield, energy yield losses, wave-induced power loss,
and bifacial gain (BG) are analyzed and compared. The findings indicate that increasing
wave motion diminishes the total energy yield due to higher tilt-angle fluctuations. Nev-
ertheless, the biPV array regularly outperforms the moPV array because of the effect of
the rear-side irradiance. The tilt angle analysis reveals a trade-off between energy yield
and BG, with BG increasing from 0.05% to over 10% as the tilt angle increases from 10° to
45°. Higher surface albedo further enhances bifacial performance, increasing BG from
4.5% to 17.8% for albedo values of 0.05 and 0.25, respectively.

Keywords: bifacial PV module; monofacial PV module; offshore application;
wave-induced motion; dynamic environmental conditions

1. Introduction

Renewable energy sources (RESs) play a vital role in meeting the growing global de-
mand for sustainable electricity generation. Among these technologies, photovoltaic (PV)
systems have emerged as one of the most promising RESs due to their abundant resource
availability, low environmental impact, and relatively simple maintenance requirements.
Conventional monofacial photovoltaic (moPV) modules have long dominated the solar
market, whereas bifacial photovoltaic (biPV) modules have attracted increasing attention

Energies 2026, 19, 3170

https://doi.org/10.3390/en19133170


https://doi.org/10.3390/en19133170
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Energies 2026, 19, 3170

2 of 26

in recent years. Unlike monofacial modules, biPV technology converts solar radiation in-
cident on both the front and rear surfaces into electrical energy, enabling energy yield
improvements of approximately 25-30% under suitable operating conditions [1]. As a re-
sult, the global market share of bifacial modules is projected to increase significantly,
reaching nearly 70% by 2030, as illustrated in Figure 1 [2].
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Figure 1. Development trend of bifacial PV technology in markets [2].

Despite the rapid expansion of land-based PV installations, several technical and
practical challenges remain. Variations in solar irradiance and ambient temperature
caused by changing weather conditions lead to fluctuations in module operating condi-
tions and power output, ultimately affecting system efficiency and increasing the cost of
electricity generation [3]. Furthermore, utility-scale PV plants require large areas of avail-
able land, which are becoming increasingly scarce because of urbanization and population
growth [4]. To overcome these limitations, researchers and industry have increasingly ex-
plored the deployment of PV systems on water bodies. Offshore floating PV installations
utilize vast ocean areas by mounting PV arrays on floating platforms, thereby reducing
land requirements while providing access to additional reflected solar radiation from the
water surface. This configuration is particularly advantageous for bifacial PV modules,
whose rear surfaces can effectively harvest reflected irradiance to enhance overall energy
production. Consequently, floating and offshore PV systems have gained considerable at-
tention worldwide because of their relatively straightforward installation, lower deploy-
ment costs, simplified maintenance, and improved power generation performance [5].

In offshore environments, water and wind cooling from the sea surface helps enhance
the efficiency of PV modules. The findings of a study conducted in [6] indicated that the
operating temperature of PV modules installed on water surfaces has been 5 °C lower
than that of those installed on land, thereby enhancing the performance of offshore sys-
tems [7]. Another study in Singapore found that the operating temperature of floating PV
systems is 5 °C to 10 °C lower than similar modules installed on rooftops [8]. Moreover,
the wind speeds over open water are higher than land-based, facilitating floating module
cooling [9]. The authors in [10] confirmed that increasing the wind speed by 49% reduced
the operational temperature of the floating PV system by 11.60% and increased the gener-
ated power by 20.28%. However, offshore environments are characterized by harsh con-
ditions, including elevated humidity, high salinity, and strong wave motions, which sig-
nificantly impact the performance and lifespan of PV modules [11]. Wave motions cause
movements in the floating structures that hold the PV panels. These movements change
the orientation of the PV panels and tilt them away from their initial setting, thereby al-
tering the amount of incident irradiance on these panels, resulting in electrical mismatch
power losses [12].
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Several studies have investigated the impact of wave-induced motion on the perfor-
mance of offshore PV systems. Reported power losses vary considerably because they de-
pend on factors such as platform design, sea state, environmental conditions, and the
modeling or measurement approach employed. A comprehensive study presented in [13]
found that wave-induced power losses ranged from 0.4% to 15% based on the floating
structure, simulation approach, and operational conditions. In 2024, an experimental in-
vestigation on catamaran-based floating PV modules helped to build empirical models
that describe the impact of wave motion on system performance. However, comprehen-
sive studies that simultaneously consider wave motion, wind loading, mooring dynamics,
and thermal effects remain limited [14]. In 2021, DNV Global developed a study to assess
mismatch power losses considering platform tilt and azimuth angle conditions [15]. In
addition, the authors in [16] simulated the performance of ground-based and offshore PV
plants, considering the combined influence of wave motion, wind speed, and relative hu-
midity. The results showed that the offshore PV systems produced approximately 13%
more annual energy than comparable ground-based applications. Furthermore, the au-
thors in [17] investigated the influence of wave-induced motion on irradiance levels of
floating moPV modules and discovered that pitch motion had the highest impact, result-
ing in irradiance decreases of up to 2.52%. Another study [18] looked at the effect of irra-
diance fluctuations caused by wave motion on inverter performance and found that in-
verter efficiency dropped by about 2% under wave conditions. In another study [8], the
authors assessed the performance of floating and rooftop PV modules using experimental
data gathered in Singapore. Although the outcomes show useful empirical data, labora-
tory and field-based methodologies are impractical for the preliminary design and pre-
dicting the performance of offshore PV modules. Meanwhile, the authors in [19] examined
the performance and generated power of a PV system installed on a lake under steady-
state conditions using PVsyst 7.0 software. Similarly, the authors of [20] used the System
Advisor Model (SAM) to evaluate the power production capacity of a reservoir floating
PV array in Brazil, taking into account a fixed moPV array and a constant temperature
reduction of 5% compared to land-based PV systems. In [21], the authors proposed a novel
electrical model that focuses on the temperature differential induced by water to compare
the generated power of floating and ground-based PV plants.

With the widespread adoption of biPV cell technology, interest in assessing its per-
formance has grown, especially under offshore environmental conditions. However, the
majority of previous investigations into moPV and biPV systems have been carried out at
land-based stations. Understanding the performance of offshore biPV modules under dy-
namic conditions requires a comprehensive understanding of electrical settings, solar ir-
radiance, solar angles, temperature, and wave motion models. In [22], the authors exam-
ined the electrical performance model of land-based moPV modules, and the results con-
firmed that sequential operation of each sub-model can predict module output. The out-
comes of a study published in [23] revealed that moPV and biPV modules are compatible
under clear sky conditions. Thermal behavior significantly affects the performance of PV
modules, as temperature fluctuations greatly affect their efficiency and longevity. The au-
thors in [24] comprehensively examined the steady-state operating temperature of biPV
modules. The authors observed that biPV modules exhibit distinct thermal dynamics com-
pared to moPV modules due to their dual-sided exposure. The results showed that the
working temperatures of the biPV modules were 41.5 °C for water surfaces, 44.7 °C for
cement, and 43.2 °C for grass. In [25], the authors introduced the concept of a floating biPV
system and evaluated its performance in comparison to an established simulated floating
moPV system in Water Works, Chandigarh. The outcomes demonstrate that the floating
biPV system provides higher power with a performance ratio of 92.9%, superior to the
moPV system. In [26], the authors demonstrated that the water surface offers evaporation
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cooling, resulting in a lower operating temperature of PV modules and enhancing the
produced power by 5-10% under similar irradiance conditions, while the water reflection
boosts rear-side irradiance of biPV modules, achieving a performance ratio of up to
87.34%. A study in [27] investigated a floating biPV system using several water coolants.
Fresh water showed the best overall performance, yielding the highest power output, per-
formance ratio, and efficiency, as well as the lowest levelized cost of energy and superior
environmental results. In [28], floating biPV and moPV modules were tested for seven
months in landscape and portrait layouts. The findings showed that the landscape layout
of biPV modules resulted in lower operating temperatures and enhanced power output
of 3% compared to moPV modules at 2.8%.

In [29], the authors examined the performance of south- and east-west-oriented float-
ing biPV modules. The findings demonstrated that the floating PV system significantly
lowers peak power demand and enhances output power, resulting in a BG ranging from
17.87 to0 36.08%. A study in [30] indicated that the floating biPV system in a tropical region
contributes energy to the grid with a BG of 6.75%. Furthermore, several studies have ex-
amined the impact of temperature on the cooling and heat transfer of floating biPV instal-
lations across two different climatic zones [31]. A simulation study for land-based and
floating applications of moPV and biPV systems, using the experimental data of a plant
installed at the “Enel Innovation Lab” in Catania, Italy, was implemented in [32]. The sim-
ulation results identified the heat exchange coefficients of the software’s thermal models
and confirmed that the albedo is a sensitive factor for the biPV modules. In [33], the au-
thors carried out a comparative analysis of generated power by simulating different PV
systems to determine the capacity factor (CF) and bifacial gain (BG), as well as monthly
and annual energy yield metrics. The authors elucidated that the BG of ground-based and
floating biPV modules was 2.51% and 4.57%, respectively.

In [34], the authors investigated the impact of constant and dynamic albedo on the
energy generation of an offshore PV system deployed in the North Sea. The findings indi-
cated that dynamic albedo improves system performance by up to 3.04% over constant
albedo. However, the albedo for an open ocean is determined by atmospheric and oceanic
characteristics; solar zenith angle; ocean surface roughness, which is affected by wind
speed; and solar irradiance [35]. For comparison, typical albedo values vary from 0.03 to
0.10 for open ocean water, 0.15-0.25 for vegetation, 0.30-0.45 for dry sand, 0.50-0.70 for
sea ice, and 0.80-0.95 for fresh snow [36]. These values highlight the relatively low reflec-
tivity of open-water surfaces compared with many land-based and cryospheric environ-
ments. Whitecaps generated by breaking waves exhibit a higher effective reflectance, with
reported values of approximately 0.22 in the visible spectrum, considerably exceeding that
of calm water surfaces. As a result, wave-induced whitecap formation may increase the
reflected irradiance available to the rear side of biPV modules [37]. The studies have
demonstrated that horizontal floating PV systems can achieve improved performance un-
der dynamically varying albedo conditions. However, the panel tilt in such systems is
generally limited to 20°, and as shown in [16], tilt angles exceed 10° only under high wind-
speed conditions. Consequently, the contribution of reflected solar irradiance to horizon-
tally mounted PV panels remains relatively small. In contrast, floating PV systems in-
stalled with a permanent non-zero tilt angle are expected to derive greater benefits from
incorporating dynamic albedo effects into performance assessments.

Despite the growing interest in offshore PV systems, several important knowledge
gaps remain regarding their performance under offshore-specific dynamic operating con-
ditions. Previous studies have primarily focused on static operating conditions, overall
energy yield assessments, or general comparisons between biPV and moPV technologies.
However, the combined influence of wave-induced motion, module tilt-angle variation,
and sea-surface albedo on the performance of offshore PV systems has not been system-
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atically investigated. As offshore environments are characterized by continuous platform
motion and varying reflective conditions, a better understanding of how these factors af-
fect irradiance collection, energy yield, and bifacial gain is essential for the design and
optimization of offshore PV installations.

To address this gap, this study develops a dynamic offshore PV simulation frame-
work and performs a parametric investigation of a hypothetical 16 kWp offshore PV sys-
tem located in the Yellow Sea, China, using real meteorological data. Three case studies
are conducted to evaluate the effects of wave motion conditions, module tilt-angle varia-
tions, and sea-surface albedo on the performance of biPV and moPV arrays. Key perfor-
mance indicators, including maximum irradiance, total energy yield (Eyiu), energy yield
losses (Eyiid_ioss), wave-induced power loss (Wr_iss), and bifacial gain (BG), are analyzed
and compared. The main contributions of this work are: (i) quantifying the impact of
wave-induced motion on offshore PV performance under different sea states; (ii) assessing
the sensitivity of bifacial gain and energy yield to module tilt-angle variations; (iii) evalu-
ating the influence of sea-surface albedo on rear-side irradiance collection and bifacial
performance; and (iv) providing design-oriented insights for the optimization of offshore
biPV systems operating under dynamic environmental conditions. The organization of
the reset of this paper is introduced as follows. In Section 2, the offshore biPV system and
wave motion influences, besides the position of the solar angles, as well as the formulation
of various models, are discussed in detail. Section 3 presents the system setup, the climatic
factors of the offshore environment, and the performance analysis results of various case
studies. Finally, concluding remarks are given in Section 4.

2. Offshore PV Systems

Offshore PV systems are an emerging application of floating solar technology specif-
ically developed for deployment in marine environments. Although their overall config-
uration is comparable to that of conventional land-based PV systems, they differ primarily
in that the PV modules are installed on buoyant platforms rather than fixed foundations,
as shown in Figure 2. These floating platforms are typically fabricated from high-density
polyethylene (HDPE) or fiber-reinforced plastic (FRP) because of their excellent buoyancy,
durability, and resistance to the corrosive marine environment. The PV modules are
mounted on structural support frames that distribute their weight and transfer loads to
the floating platform. Electrical components, including inverters and power converters,
are integrated to convert and manage the generated electricity. In addition, mooring and
anchoring systems are employed to maintain the platform’s position and orientation
while limiting drift and excessive movement caused by environmental forces such as
waves and currents [38,39].

An offshore moPV installation in the Dutch North Sea has recently been assessed by
researchers from the Copernicus Institute at Utrecht University. The outcomes validated
the technical feasibility and future scalability of offshore solar technology, with an esti-
mated development to around 100 MW by 2030 and 500 MW by 2035. These estimates are
supported by the operational benefits and competitive performance of offshore PV com-
pared with conventional land-based installations [40]. Despite these promising prospects,
offshore PV systems operate under continuously changing marine conditions, including
fluctuations in wind, waves, and ambient temperature. A comparative investigation pre-
sented in [41] showed that wind loading is generally the dominant factor for floating PV
installations on sheltered inland waters, whereas wave-induced forces become the pri-
mary load in offshore environments, contributing nearly 50% of the total structural load-
ing. Consequently, offshore PV platforms require robust floating structures together with
reliable mooring systems capable of withstanding severe ocean conditions. Nevertheless,
the surrounding water provides a natural cooling effect that helps maintain lower operat-
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ing temperatures than those typically observed in ground-mounted PV systems. Experi-
mental findings reported in [42] confirmed that both floating and offshore PV arrays ex-
hibit reduced module temperatures, which can enhance energy conversion efficiency. Fig-
ure 2b presents an example of a pilot offshore PV installation developed by Oceans of
Energy in the Dutch North Sea. Under wave action, the floating platform experiences con-
tinuous motion, leading to variations in the tilt angle and orientation of the PV modules.
These dynamic changes alter the amount of incident solar irradiance received by the mod-
ules, resulting in fluctuations and reductions in power generation. The effects of these
dynamic behaviors on offshore PV performance are discussed in greater detail in the fol-
lowing sections.

PV box DC/AC

umbiner

Inverter

(a) (b)

Figure 2. (a) The main components of an offshore PV system and (b) offshore PV system installed
in the Dutch North Sea by Oceans of Energy [42].

3. Mathematical Modeling

Figure 3 displays the main models used for modeling offshore biPV modules, con-
sisting of four different model types: electrical, temperature, irradiance, and wave motion
models. These models require installation parameters and meteorological data, such as
tilt angle, albedo, solar angles, ambient temperature, wind speed, global horizontal irra-
diance (GHI), direct normal irradiance (DNI), and diffuse horizontal irradiance (DNI).
Satellite observations, ground measurement stations, or a combination of both can be used
to gather meteorological data. It can also be obtained from databases provided by busi-
nesses such as Solargis, NASA, Meteonorm, and the PV Geographical Information System
(PVGIS).

In this study, the PV array is assumed to be installed on a pontoon; therefore, both
the tilt angle and the orientation are altered across dynamic conditions. The mathematical
modeling of the offshore biPV system will be explained as the weather data is converted
into critical electrical model parameters by the front and rear irradiance, temperature,
wave-induced motion models, tilt angle, and solar angles. At the beginning, the wave-
induced motions are modeled under different characteristics over the Yellow Sea. The
system is modeled more precisely by evaluating the solar and tilt angles in each time in-
terval based on wave motion conditions. Then, the front and rear irradiance are evaluated
based on dynamic changes in the tilt angle of offshore PV modules. Finally, an operating
temperature model for PV modules in offshore environments is determined.

https://doi.org/10.3390/en19133170


https://doi.org/10.3390/en19133170

Energies 2026, 19, 3170

7 of 26

Weather parameters
Tamby Ws Power output
Temperature models ToodH 11 P
GHI, DHI, DNI, - Faiman model E
solar angles
= e |
Irradiance
[@ level
Irradiance model Electrical model ipy
Lirr
Direct i in % Performance
Installation irradiance g/ Diffused D sp s, calculation
parameters irradiance Y 3% e
- Reflected 6 ip {ip R N .
7.0, albedo =" ‘ diffused
Water [ Daily
albedo energy yield
PV module parameters

Figure 3. Modeling process of the biPV module.

3.1. Wave Motion Influences

The deployment of PV modules on floating structures results in dynamic motion re-
sponses that considerably influence solar irradiance capture and power generation. There-
fore, understanding the relationship between wave-induced motion, PV module orienta-
tion (tilt and azimuth angles), and the position of the sun is essential for accurately eval-
uating offshore PV system performance, as direct sunlight exposure maximizes energy
yield. In contrast to idealized regular waves, actual ocean conditions are more accurately
depicted by non-uniform waves, modeled as a superposition of various uniform wave
components characterized by randomized amplitudes, phases, and frequencies. As out-
lined in [43], the complex wave elevation offers a practical basis for modeling the hydro-
dynamic forces exerted on floating PV systems [16]. The uniform wave motion can be
determined as

w() = %cos (,ZT—:t + 01) (1)
where W(t) is the wave motion, Hs is the high of wave motion (m), T} is the wave period
(s), and 6 is the phase shift angle.

The complex wave motion in the time domain can be expressed as

W(t) = Zﬂcos (2—”t+91> @)
- 2 T,

The tilt angle of the offshore PV panel under wave-induced motion can be expressed

as [44]

d
B: = tan™" ( Mgft)) + Bro 3)

in which Br and fr indicate the tilt angle and the initial tilt angle of the PV module.

The wave model serves as a tool to evaluate the forces acting on offshore PV systems,
which in turn influence the dynamic tilt angle (8:) of the modules’ solar zenith angle (6s)
by wave angle (Ouwae). Figure 4 illustrates the impact of wave motions on the tilt angle.
From Figure 4a, the initial solar zenith angle (0s) is stable when waves are not present. The
movement of the wave causes a tilt by Owwe, and thus the solar zenith angle is modified to
(Os + Ouwaxe) (see Figure 4b). When the pontoon tilts in the opposite direction, the angle is
adjusted to (Os— Owme) as shown in Figure 4c. Finally, the system returns to stability when
the wave goes away, so the solar zenith angle returns to 6s. In addition, the periodic vari-
ation in tilt angle influences the module’s effective irradiance, necessitating integration
with solar angle models for a comprehensive performance analysis.
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Figure 4. Effect of wave motions on the solar zenith angle and tilt angle of PV modules. (a) no

wave motion; (b) during wave motion; and (c) after the wave has passed.

3.2. Position of the Sun and Solar Angle Models

Due to biPV modules receiving solar irradiance from both sides, accurate solar position-
ing plays an important role in modeling their performance. Solar angles such as the azimuth
angle, inclination angle, and zenith angle affect solar irradiance and the power output of PV
modules. To model different sun angles, the sun’s path relative to the location and orientation
of the PV system is taken into account. Figure 5 depicts the various sun angles incident on a
tilted PV panel surface. This section covers the major sun angle models.

Figure 5. Sun angles over tilted surface, where 0s, as, ys, ¥, and p: are the solar zenith, altitude, so-

lar azimuth, PV panel azimuth, and tilt angles, respectively.
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Diverse irradiance types, like GHI, DNI, and DHI, are related to the tilt angle and

different sun angles, which may be elucidated as [45]:

a.

The declination angle (6) is the angle between the plane through the equator and the
earth-sun line (through their center). The solar declination angle is assumed to re-
main constant during a specific day, while it varies from -23.45° to + 23.45° on 21
December and 21 June, respectively. The solar declination angle may be estimated as
360(24 + n)] @
365
where n refers to a Julian day, starting from January 1st.

8§ = 23.45°sin[

Solar zenith angle (0:) is the angle formed by the local vertical (zenith) at a given
position on the Earth’s surface and the line from that location to the sun’s center. It is
one of the basic solar geometry properties used to characterize the sun’s location in
relation to a PV module. It is a significant element in defining the amount of solar
irradiance incident on the panel surface, which may be written as

8 =90" - ag )

a; = sin"1(cosScosLcosw + sindsinL) (6)

where as is the altitude, L is the latitude, and w is the solar hour angle, which is de-
termined as

w = 15(ST — 12) %)

in which ST represents the solar time.

Solar azimuth angle (ys) is the angle between a line due south and the projection of
sun rays on a horizontal plane. Generally, s is negative in the morning, zero at noon,
and positive in the afternoon. The solar azimuth angle may be evaluated as

tsi [ 1 <cos€ssinL — sin6>] >0
_ s |cos sinfscosL @ ®)

Vs = cosO,sinL — siné
)] ,w <0

; -1
—Sme [COS < sinfgcosL
The angle of incidence (0) is the angle created between the incoming solar irradiance
and the normal perpendicular to the PV module surface. It is an important quantity
for estimating the amount of solar irradiance collected by the module, with maxi-
mum irradiance occurring when the angle of incidence is zero, which can be com-
puted as

6 = cos'(cosf; — 12) )

with y denoting the azimuth angle of the tilted surface.

3.3. Irradiance on Tilted biPV Panels Models

The irradiance model for a tilted PV module requires meteorological data, specifi-

cally GHI, DNI, and DHI, which are the major inputs for estimating irradiance. These data

can be obtained from established solar radiation databases, such as SolarGIS and NASA.

Based on these parameters, the total solar irradiance incident on the front and back sur-

faces of a biPV module can be calculated. Figure 6 depicts the component of solar irradi-

ance on the front and back surfaces of a bifacial PV module [46].
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Figure 6. Front and rear-side irradiance components of the biPV module.

3.3.1. Front-Side Irradiance

The front-side irradiance of a tilted PV panel can be obtained by considering the com-
bined contributions of direct beam irradiance, diffuse sky irradiance, and ground-re-
flected irradiance. The magnitude of each component depends on the solar position, mod-
ule orientation, tilt angle, and environmental conditions such as albedo. Accordingly, the
total front-side irradiance can be evaluated as

Ip = I peam + IF,diff + IF,rgrd (10)

where F refers to the front side and Ivem, Liif, Irgra Tepresent the beam, diffuse, and the
ground reflected irradiance, respectively. The beam irradiance is determined as

(11)

Iz peam = IpniRFpeam
with Ipni being the direct normal irradiance and Rt being the ratio of front tilted irradi-
ance and horizontal irradiance, that may be obtained as

cos6r

T« +7r
Y—5=w=yTg

T T
0 ,w<y—§ or w>y+§

cosOp s

RF,beam -

in which y is the azimuth angle of the PV panel, Or is the incident angle, Ors is the front
solar zenith angle, and w is the hour angle. The ground reflected irradiance can be ex-

pressed as
IF,rgrd = aIGHIVF,rgrd (13)
1 — cospB;
IF,diff = (Igu — IDNI)VF,sky (15)

in which IcHr is the global horizontal irradiance, Vrsky is the view factor of the front side to
the sky, Vg is the view factor of the front side to the ground, and a is the surface albedo.

The diffuse irradiance (Ir.4if) is more complicated than Ivesn and Irgr and it has attracted
researchers to develop models such as the Liu and Jordan (L]) model, HDKR model, and
Perez model. The three models of diffused irradiance can be modeled as presented in Ta-
ble 1.
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Table 1. Various diffuse irradiance models. Here, Io denotes the extraterrestrial solar irradiance; a
and b are the coefficients that account for the effect of the circumsolar incidence angle on the diffuse
irradiance of the tilted and horizontal panels; F1 and F: represent the circumsolar brightness coeffi-

cient and the horizon brightening coefficient, respectively.

Model Equation No.
Liu and Jordan (L]) 1 — cosB;
model [47] IF,diff = (Igur — Ipn1) (f) (16)

IDNI
IF,diff = (IDHI) (1_) Rg peam

0
HDKR model [37] Ipnr (1 — cosB, Ioni ., (B a7
+ Ipuy (1 - _) (—) 1+ [ sin? (_)
Iy 2 Iou 2

1+
%Sﬂ) Fy S Bysing, (18)

Perez model [48] Irgirr = Ug — Ipy) + (1 = Fp) ( b

3.3.2. Rear-Side Irradiance

Accordingly, the rear-side irradiance Iz can be obtained as

I = IR,beam + IR,diff + IR,rgrd
= IDNIRR,beam + (IGHI - IDNI)VR,sky + aIGHIVR,usgrd (19)
+ algur — Ipn)Vrsgra

Here, R refers to rear side, Vzsk is the view factor of the rear side to the sky, Vrusgra is
the view factor of the rear side to the unshaded ground, Vs is the view factor of the rear
side to the shaded ground, and Rruem is the ratio of rear tilted irradiance and horizontal
irradiance, which can be calculated as

Rp peam = cosOy (20)

with Ors being the rear solar zenith angle.

The view factor is an important term in estimating the rear-side irradiance. Figure 6
depicts three view factors (Vrsky, Vrsgrd, and Ve unsgrd) for a biPV module based on length (L),
elevation (H), and tilt angle (f:). These factors represent the rear panel’s view to the sky,
unshaded ground, and shaded ground, respectively. Additional information can be found
in [49].

The view factor of the rear side to the sky Vzst can be calculated as

Vesiy = (o) @

The view factor of the rear side to unshaded ground Vrusgn is expressed as

Vrusgra = Vr-pg + Vr—cr (22)

where Vr pq and Vr_cr are the view factors of the rear side to the DQ and CF, respectively
(see Figure 7), which can be expressed as

v _ Vror-p0)OF — Vgap-pg)AF 23)
R-DQ —

0A

VR—CF _ VR(OF—CF)OF;VR(AF—CF)AF (24)
OF

in which Vreor-rg is the view factor of the OF to DQ rear side, Vrurrg is the view factor of

the AF to DQ rear side, Vror_cp is the view factor of the OF to CF rear side, and Vrwr_cr is

the view factor of the AF to CF rear side (refer to Figure 7). These can be calculated as
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Vacor-50) = Vator-nay — Vator—roy = 1+ (;osﬁt _AF +2F;iF— oD (25)
Vrr-po) = Vrar-ro) = Vror-rp) = 1Y ;Osﬁt _AF +2Fj%_ b (26)
Vror-cr) = %LF_% (27)
VrR@ar-cry = W (28)
The view factor of the rear side to shaded ground Vrsg is given in [50]:
Visgra = 0C+4D — (4c + D) (29)

204

Figure 7. View factors of a biPV module, where Vi being the view factor of the front side to the
sky, VErgais the view factor of the front side to the ground, Vrsky being the view factor of the rear
side to the sky, Vrusgriis the view factor of the rear side to the unshaded ground, Vrsgis the view
factor of the rear side to the shaded ground, L bing the biPV module length, H being the elevation,
and f: being the tilt angle.

3.4. Electrical Model of biPV Module

Accurate electrical modeling of PV modules is required to anticipate the operational
characteristics and energy performance of PV systems under changing environmental
conditions. In general, biPV modules are designed using the same electrical principles as
traditional moPV modules, with the addition of solar irradiance incident on both the front
and back surfaces. The irradiance contributions from both sides are integrated using bifa-
ciality coefficients to produce an effective irradiance, which defines the generated photo-
current and acts as the input current source in the corresponding electrical circuit. To rep-
resent the electrical behavior of PV modules, several equivalent circuit models have been
created, including the single diode model (SDM), double diode model (DDM), and triple
diode model (TDM), as presented in Figure 8 [3]. The main difference between these mod-
els is their portrayal of semiconductor recombination mechanisms, which affects their ac-
curacy and computational complexity. Among them, the SDM has become the most used
model for PV performance analysis because it strikes a good balance between modeling
accuracy, computational efficiency, and implementation simplicity while requiring mini-
mal electrical parameters.

https://doi.org/10.3390/en19133170


https://doi.org/10.3390/en19133170

Energies 2026, 19, 3170

13 of 26

Yirr

ipy iirr ANAA iPV iirr AN A iPV
R * R + R +

. N . N

v R v ‘R iF R v
D PV . . 1 D PV # ’ P PV

YRR, D ip1 | 'p2 ip3 »

(b) (c)
Figure 8. Equivalent circuit of the biPV cell. (a) SDM; (b) DDM,; (¢) TDM.

In the present study, the electrical behavior of both the moPV and biPV modules is
modeled using the SDM. Although offshore deployment introduces dynamic environ-
mental conditions through wave-induced motion, varying irradiance distributions, and
changing operating temperatures, these factors primarily influence the environmental in-
puts to the PV model rather than the intrinsic semiconductor behavior of the solar cells.
Consequently, the SDM remains an appropriate and widely validated framework for eval-
uating the electrical performance of offshore PV systems.

The PV module’s outputs are calculated using a well-known equivalent circuit with
five parameters of the SDM, which can be represented as

ipy = ljpr —lpy —ip = Ip T ig — o1 [exp (%:PVRS) - 1] - %;PVRS (30)
where iir = ir + ir represents the total irradiance current while ir and iz are the front- and
rear-side currents; ip1, io1 are the diode current and diode reverse saturation current; iy is
the current via the parallel resistance; Rs is the series resistance; Ry is the parallel resistance;
vt is the diode thermal voltage [v: = npiksTc/q]; np1 is the diode ideality factor; q is the elec-
tronic charge (1.602 x 10" C); ks is Boltzmann’s constant (1.381 x 102 J/K); and T is the
solar PV module temperature (°C).

It is clear that five unknown parameters must be examined, including iir, o1, Rs, Ry,
and vi, which are not available to manufacturers. As a result, parameters must be extracted

under standard test circumstances (STCs) first, followed by non-STCs (refer to [51-53]).

3.5. Operating Temperature Model

The operating temperature of biPV modules significantly affects their electrical per-
formance and energy conversion efficiency. In the literature, numerous temperature mod-
els have been developed to estimate the cell’s operating temperature under various envi-
ronmental conditions. This subsection reviews the most commonly used temperature
models for PV modules.

The Sandia temperature model, which can be achieved as in [54]:

Trmoa = TambITe(sl+52WS) (31)
I
T, = (Tpoalre1+52%9)) + —— x AT (32)
Isrc

Here, T, Tmoi represents the PV cell and PV module temperature (°C), respectively;
Tamy represents the ambient temperature (°C); AT is the temperature difference between
the module and solar cell (°C); It and Isrc are the total irradiance and irradiance under
STCs of the PV module; ws is the wind speed (m/s); and s1 and s2 are empirical parameters
that depend on the PV module construction, material properties, and mounting configu-
ration.

The Faiman temperature model is another extensively used approach for calculating
PV module operating temperature, particularly in outdoor and marine environments
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where solar irradiance and convective heat transfer are important. In this model, the mod-
ule temperature is given as a function of ambient temperature, incoming solar irradiance,
and wind speed [55], which may be defined as
apily X (1 —ny;
bi'T ( Um) IT (33)
Uy + Uyws

where ani, nni denote the absorptivity and the electrical conversion efficiency of the biPV

Te = Tomp +

module, respectively; Uo (25 W/m?2K) represents the overall heat transfer coefficient under
zero wind conditions; whereas Uz (1.2 W/m3 sK) is the wind-dependent convective heat
transfer coefficient that accounts for the cooling effect of airflow over the PV module.

3.6. Energy Yield and Performance Metrics

The total energy yield of the biPV and moPV array is the sum of hourly average
power output during the specified time period, assuming that the system works at its
maximum power point (MPP). The resulting energy yield is then standardized in relation
to the installed peak power, allowing for a consistent comparison of different system con-
figurations. Accordingly, the total energy yield can be represented as

n
_ Pypppi(t)At

By = y —PRb 7 (34)
=1 PMPP,bi
C Pyippmo ()AL
E,, = Z “MPPmol ) (35)
t—1 PMPP.mo

with Ewi, Emo being the total energy yield of the biPV and moPV panel (kWh), respectively;
and Pwmrpi, Pmpre.mo being the MPP of biPV and moPV array at time (t).

The bifacial gain (BG) is used to quantify the energy gain of a biPV system in com-
parison to a moPV system, which is described as

Ep —E
BG = 2% % 100% (36)

Emo
The wave-induced power loss is determined as the ratio of the difference in total en-
ergy yield of the PV array with no wave effect and the total energy yield of the PV array

under wave conditions, which can be given as

Eref - Ewave

Wh 10ss = X 100% (37)

Eref
in which Wr_iss is the wave-induced power loss, Ersis the reference energy yield of the PV
array with no wave, and Ewwe refers to the energy yield of the PV array under the wave
effect.

4. Case Study and Performance Analysis

Since utility-scale offshore PV installations in offshore environments are still at an
early stage of development, comprehensive long-term operational and environmental da-
tasets are currently limited. The Yellow Sea, China, was selected as a representative case
study due to its growing interest for offshore renewable energy deployment and its rela-
tively shallow coastal waters. However, because large-scale offshore PV projects in this
region are still emerging, long-term operational measurements remain scarce. Therefore,
this study adopts a parametric simulation approach using real meteorological inputs com-
bined with representative wave and albedo scenarios to systematically investigate the sen-
sitivity of offshore PV performance to these environmental factors.

This study investigates the impact of these parameters on the performance of a 16
kWp offshore moPV and biPV array. The analysis utilizes environmental data collected
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from an offshore site in the Yellow Sea, China, located at 38° N and 123° E. The environ-
mental data for the proposed location is obtained from the NASA database, allowing for
the extraction of daily, monthly, and yearly datasets that encompass the required envi-
ronmental parameters for the performance analysis. As illustrated in the coupling frame-
work presented in Section 3 (see Figure 3), the integrated model is implemented in
MATLAB/Simulink R2024a. Simulations are conducted to evaluate the system’s perfor-
mance under offshore conditions by altering essential weather and installation parame-
ters. Special focus is directed towards the dynamic impacts of wave motions, which cause
continuous variations in module tilt angle and surface albedo, thereby influencing system
performance.
Various models of the biPV module incorporate the following inputs:

- Weather parameters: incident irradiance (GHI, DNI, and DHI), ambient temperature,
and wind speed, as displayed in Figure 9.

- Installation parameters: tilt angle, sun angles, and albedo.

- PV module specifications: datasheet parameters of the Bi72-445 bifacial module, with
the key specifications summarized in Table 2 [56].

Table 2. The biPV and moPV module (BI72-445) specifications [56].

Bifacial .
Parameters Front Side Rear Side Monofacial

Maximum power (Puax) 350 W 315 W 350 W
Open circuit voltage (Voc) 483V 483V 474V
Short circuit current (Isc) 953 A 8.58 A 9.64 A
Voltage at MPP (Vmrr) 389V 389V 3893V
Current at MPP (Imrr) 9.0 A 8.1A 912 A
Number of cells in a module 72 72
Temperature coefficient of Iscrs 0.0413%/°C 0.044%/°C
Temperature coefficient of Vocrer -0.29%/°C -0.29%/°C
Bifacial factor (¢oi) 90-95%

1000
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DNI o
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= = g
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o g ]
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= 3 =
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(@) (b)

Figure 9. Weather dataset for 24 h: (a) GHI, DNI, and DHI (W/m?) and (b) ambient temperature (°C)
and wind speed (m/s).

4.1. Case 1: Different Wave Motion Conditions

To investigate the influence of wave-induced motion on offshore PV performance,
four representative wave scenarios were considered. These scenarios were classified as
calm, moderate, rough, and severe conditions, corresponding to significant wave heights
(Hs) of 0.5, 4, 6, and 8 m and peak wave periods (Tp) of 4, 6, 10, and 12 s, respectively. The
selected values were not intended to represent a specific historical record but were chosen
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to span a broad range of plausible offshore operating conditions and to facilitate a system-
atic sensitivity analysis. The adopted significant wave heights encompass both typical and
extreme conditions reported for the Yellow Sea in previous wave-climate and offshore
engineering studies [57,58]. As wave height and wave period increase, larger platform
motions are expected, resulting in greater variations in module orientation and incident
solar irradiance. Consequently, these scenarios enable the assessment of offshore PV per-
formance under progressively more challenging dynamic conditions. The analysis was
performed for both moPV and biPV arrays using real meteorological inputs. The offshore
PV system has an initial module tilt angle of 15°, an azimuth angle of 180° (south-facing),
a latitude of 38°N, and a fixed sea-surface albedo of 0.07. For each wave scenario, the dy-
namic module tilt angle and the corresponding irradiance components were continuously
updated throughout the day to account for the effect of wave-induced motion on the in-
cident solar irradiance received by the PV modules.

Figure 10a—d present the generated power and irradiance profiles of the offshore
moPV and biPV arrays under different wave motion conditions. Figure 10a,b show that
the generated power under calm and moderate wave conditions is relatively similar for
both PV technologies. However, the biPV array consistently produces more power than
the moPV array due to the additional contribution from rear-side irradiance. Under calm
and moderate wave conditions, the biPV array generates approximately 0.4 kW more
power than the moPV array. As wave severity increases, the generated power decreases
for both technologies because larger wave-induced motions cause greater deviations from
the optimum module orientation. Under rough wave conditions, the moPV and biPV ar-
rays achieve maximum power outputs of approximately 7.5 kW and 7.9 kW, respectively,
whereas the lowest power outputs are observed under severe wave conditions, reaching
approximately 7.3 kW for the moPV array and 7.7 kW for the biPV array.

The irradiance results presented in Figure 10d further explain the observed reduction
in power generation. As wave severity increases, the maximum front-side irradiance de-
creases from 849.4 W/m?2 under calm conditions to 843.4 W/m?2, 834.8 W/m?, and 822.7
W/m? under moderate, rough, and severe wave conditions, respectively. This reduction is
attributed to the larger dynamic tilt-angle variations induced by stronger waves, which
increase the deviation of the module surface from the optimum solar incidence angle and
consequently reduce the amount of direct irradiance received on the front surface.

9.0 : w 9.0 -
—Calm (moPV) —Calm (biPV)
—Moderate (moPV) — Moderate (biPV)
Rough (moPV) Rough (biPV)
§ 6.0 — Severe (moPV) § 6.0 —Severe (biPV)
=2 =2
& 30 &~ 30
0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hour) Time (hour)
(a) (b)
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Figure 10. Case 1 results of the offshore PV array under different wave motion conditions: (a) the
moPV array-generated power (kW), (b) the biPV array-generated power (kW), (c) the moPV array
irradiance (W/m?), and (d) the front and rear-side irradiance of the biPV array (W/m?).

In contrast, the maximum rear-side irradiance exhibits an increasing trend with wave
severity, rising from 44.8 W/m? under calm conditions to 56.8 W/m?, 64.2 W/m?, and 73.3
W/m? under moderate, rough, and severe wave conditions, respectively, as illustrated in
Figure 11. This behavior is associated with the increased module-angle excursions under
rougher sea states, which enhance the exposure of the rear surface to reflected and diffuse
irradiance from the sea surface. Although the rear-side irradiance increases by approxi-
mately 64% between calm and severe conditions, the reduction in front-side irradiance
remains the dominant effect. Consequently, the maximum total irradiance decreases from
880.0 W/m? under calm conditions to 862.2 W/m? under severe conditions, leading to a
corresponding reduction in the total energy yield. Nevertheless, the additional rear-side
irradiance enables the biPV array to maintain a performance advantage over the moPV
array under all investigated wave conditions.
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Figure 11. Maximum values of front-side, rear-side, and total irradiance of the biPV array under
Case 1.

The performance of the offshore moPV and biPV arrays is significantly affected by
wave motion conditions. Figure 12 presents the daily performance estimation under dif-
ferent wave motion conditions, highlighting the benefits of the offshore biPV array. Figure
10 indicates that the biPV array yields greater energy than the moPV array across all wave
motion conditions. The biPV array records an energy yield under calm wave conditions
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of 60.3 kWh, higher than the moPV array of 57.7 kWh, with a BG of 4.5%, reflecting stable
module orientation and reducing the effect of tilt on the rear-side irradiance. The total
energy yield of the biPV and moPV arrays diminishes as the wave motion changes from
moderate to rough conditions, which is linked to a heightened tilt angle. Consequently,
diminishing the effective irradiance of moPV and the front side of biPV modules leads to
a modest enhancement in the BG of 4.8% under rough wave motion conditions, due to the
rear-side irradiance capture. In severe wave motion conditions, PV modules attain a max-
imum tilt angle of 45.8°, resulting in an energy yield of 57.1 kWh and 54.4 kWh for the
biPV and the moPV arrays, with a peak BG of 5%. This trend highlights the strength of
biPV modules in offshore environments, as the input from the rear side contributes to
reducing front-side losses caused by wave motion. The results indicate that although ex-
treme wave conditions diminish total energy output, biPV modules exhibit a comparative
performance edge over moPV modules, highlighting their appropriateness for offshore
PV installations affected by fluctuating wave dynamics.

62r B Energy yield (biPV) 5 150
B Energy yield (moPV)
——Bifacial gain
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< =
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Figure 12. Case 1 performance results of the offshore moPV and the biPV arrays under different

wave motion conditions.

4.2. Case 2. Variable Tilt-Angle Conditions

In this case, the generated power of offshore moPV and biPV arrays is examined to
determine the impact of various tilt angles. A full-day simulation is carried out utilizing
the weather data presented in Figure 9 together with site-specific solar angle calculations
for latitude 38°N. The power generation is evaluated at four tilt angles (10°, 25°, 35°, and
45°) under uniform wave-induced motion conditions with Hs =2 m and Ty = 6 s, while
maintaining a constant albedo of 0.07. This case evaluates the potential advantage of dy-
namic tilt adjustment in offshore contexts and measures the impact on energy production.

Figures 13a and 13b demonstrate the relevant power output curves of the moPV and
the biPV arrays in offshore environments across various tilt angles, respectively. From
Figure 13, it can be seen that the offshore biPV and the moPV arrays achieve their maxi-
mum power of 8.2 kW and 7.8 kW, respectively, at the lowest tilt angle of 10°, while the
biPV and the moPV arrays generate a maximum power output of 7.8 kW and 7.3 kW,
respectively, when the PV modules are tilted at 25°. Additionally, an increase in the tilt
angle from 10° to 35° and 45° results in a more significant reduction in power production.
The lowest power production of the biPV and the moPV arrays is 6.2 and 5.6 kW at a tilt
angle of 45°. These findings reveal that the biPV array outperforms the moPV array in
energy production under different conditions.
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Figure 13. Case 2 results of the generated power of the offshore PV array under various tilt-angle
conditions for 24 h: (a) the moPV array and (b) the biPV array.

The respective total energy yield, which reflects the tilt angle (10°, 25°, 35°, and 45°),
as well as the BG of the offshore biPV and moPV arrays, is presented in Figure 14. From
Figure 14, it can be observed that the differences in total energy yield among the biPV and
moPV arrays, and the BG, increase as the tilt angle increases. The biPV array records the
highest energy yield at 60.4 kWh, while the moPV array yields 58 kWh, with the lowest
BG value being 0.04% under a tilt angle of 10°. When the tilt angle rises to 25° and 35°, the
total energy yield decreases to 57.5 and 53.0 kWh for the biPV array and 54.3 and 49.0
kWh for the moPV array, respectively. This is due to a reduction in the effective irradiance
of moPV modules and the front-side irradiance of biPV modules. However, the BG in-
creases to 6.0% and 8.2% because of the effect of the rear-side irradiance from biPV mod-
ules. The biPV and the moPV arrays reach the lowest energy yield at 46.4 kWh and 42
kWh, respectively, at the highest tilt angle of 45°. The BG records the maximum value of
10.5%, highlighting the rear-side effect of biPV modules. The outcomes exhibit that the
lower tilt angle increases the total energy yield, whereas the higher tilt angle enhances the
BG. Optimal offshore PV systems require a balance between the energy yield and the BG,
considering the wave motions and structural limitations.
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Figure 14. Case 2 performance results of the offshore moPV and the biPV arrays under different tilt-

angle conditions.

4.3. Case 3. Affect of Albedo Fluctuations

Different albedo levels are utilized in this case to predict the power generation and
energy yield of offshore biPV and moPV arrays over 24 h. PV modules are adjusted at a
fixed tilt angle of 15°, 180° facing south, and the latitude is 38°N. Then, the generated
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power and irradiance of the biPV and moPV arrays are evaluated across four different
albedo levels (0.05, 0.07, 0.15, and 0.25), under wave motion conditions at Hs=2 m and T
=6s. Both biPV and moPV arrays are simulated utilizing real weather inputs, as illustrated
in Figure 9.

Figure 15 presents the irradiance characteristics of the offshore biPV modules under
different albedo conditions. As expected, the front-side irradiance remains nearly un-
changed across all investigated albedo values because it is primarily determined by the
incident solar radiation and module orientation. In contrast, the rear-side irradiance is
highly sensitive to surface reflectivity. The maximum rear-side irradiance increases sub-
stantially as the albedo rises from 0.05 to 0.25, reaching approximately 185.2 W/m? under
the highest albedo condition. This behavior occurs because higher surface reflectivity in-
creases the amount of reflected irradiance incident on the rear surface of the bifacial mod-
ules. Consequently, the total irradiance received by the biPV modules increases with al-
bedo, demonstrating the strong dependence of bifacial performance on rear-side irradi-
ance collection.
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Figure 15. The front-side biPV and moPV modules’ irradiance and the rear-side irradiance of biPV

modules under albedo fluctuations.

The increase in rear-side irradiance directly affects the generated power of the bifacial
modules, as illustrated in Figure 16a,b. The difference in power production between the
biPV and moPV arrays becomes increasingly pronounced with increasing albedo. At an
albedo of 0.05, the maximum power advantage of the biPV array is approximately 0.33
kW. This difference increases to 0.93 kW and 1.61 kW at albedo values of 0.15 and 0.25,
respectively. The enhanced power generation is primarily attributed to the additional
rear-side irradiance captured by the bifacial modules, while the moPV array remains
largely unaffected by albedo variations because only the front surface contributes to
power generation.
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Figure 16. Case 3 results of the generated power of the offshore PV array under albedo fluctuations
for 24 h: (a) the moPV array and (b) the biPV array.

Figure 17 shows the total energy yield of the biPV and the moPV arrays, as well as
BG, in offshore environments under albedo fluctuations. In Figure 15, it is evident that the
biPV array generates a total energy yield of 56.02 kWh, surpassing the moPV array output
of 53.6 kWh, resulting in a modest BG of 4.5% under the lowest albedo value of 0.05. The
total energy yield of the biPV and the moPV arrays is slightly increased to 57.5 and 54.3
kWh, respectively, with a BG of 6% across an albedo of 0.07. The biPV array achieves the
total energy yields of 63.8 kWh and 72.2 kWh, while the moPV array yields total energy
of 57.4 kWh and 61.3 kWh with BG of 11.1% and 17.8% at albedo 0.15 and 0.25, respec-
tively. Such an increase indicates that reflected and diffuse irradiance on the rear side of
biPV modules becomes more effective. These outcomes prove that biPV modules are more
effective than moPV modules due to their rear-side irradiance under high albedo levels.
Overall, this case confirms that the albedo value plays an important role in enhancing the
performance of offshore biPV systems, highlighting the importance of surface reflectivity
in system design optimization.
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Figure 17. Case 3 performance results of the offshore moPV and the biPV arrays under albedo fluc-
tuations.

4.4. Comparative Analysis

After evaluating the effects of wave-induced motion, module tilt angle, and surface
albedo on offshore biPV and moPV arrays, several important observations can be drawn:

*  Wave-induced motion significantly influences the irradiance received by offshore PV
modules. As wave severity increased from calm conditions (Hs = 0.5 m) to severe
conditions (Hs = 8 m), the average dynamic tilt angle increased from approximately
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2.5° to 45.8°. Consequently, the maximum front-side irradiance decreased from 849.4
W/m? to 822.7 W/m?, leading to reductions in total energy yield for both technologies.
The daily energy yield of the biPV array decreased from 60.3 kWh to 57.1 kWh, while
the moPV array decreased from 57.7 kWh to 54.4 kWh. These results demonstrate the
importance of minimizing excessive platform motion when designing offshore PV
systems.

Although increasing wave motion reduced the front-side irradiance, the maximum
rear-side irradiance increased from 44.8 W/m?2 under calm conditions to 73.3 W/m?
under severe conditions. This increase is attributed to the larger wave-induced tilt-
angle variations, which improve the exposure of the rear surface to reflected and dif-
fuse irradiance. As a result, the bifacial modules partially compensated for front-side
irradiance losses, maintaining the BG between 4.3% and 5.0% under all investigated
wave conditions.

The tilt-angle analysis revealed a trade-off between total energy production and bi-
facial performance. Lower tilt angles favored higher energy yield because the module
surface remained closer to the optimal orientation relative to the sun. In contrast,
larger tilt angles enhanced rear-side irradiance collection and increased the bifacial
gain from approximately 0.05% at 10° to more than 10% at 45°. Therefore, the selec-
tion of the optimal tilt angle should balance overall energy production and bifacial
performance.

The surface albedo was found to be one of the most influential parameters affecting
offshore bifacial PV performance. Increasing the albedo from 0.05 to 0.25 substan-
tially increased the rear-side irradiance contribution and enhanced the bifacial gain
from approximately 4.5% to 17.8%. This result highlights the strong dependence of
bifacial energy production on reflected irradiance and demonstrates the importance
of considering local surface reflectivity during offshore PV system design and site
assessment.

Overall, the results consistently demonstrate the superior performance of biPV sys-

tems compared with moPV systems under all investigated operating conditions. The ad-

ditional rear-side irradiance collection enables bifacial modules to maintain higher energy

yields and improved resilience to offshore environmental variations. These findings con-

firm that wave-induced motion, module tilt angle, and sea-surface albedo should all be

considered during the design and optimization of future offshore PV installations.

Table 3 summarizes the performance analysis of the offshore moPV and biPV arrays

across three case studies, considering factors such as the maximum irradiance (W/m?2),

total energy yield (Eyie) (kWh), energy yield losses (Eyicid_toss) (kWh), wave-induced power
loss (Wr_iss) (%), and bifacial gain (BG) (%).

Table 3. Summary of the performance analysis of the offshore moPV and biPV arrays under three

case studies.

Performance Parameters

Maximum Total Irradiance

Case Study (W/m2) Eyield (kWh) Eyield_1oss (KWh) WP _loss (%) BG (%)
biPV moPV biPV moPV biPV moPV biPV moPV

Reference No wave 972.2 927.2 75.6 72.7 - - - - -
Calm 880.0 849.0 60.3 58.1 15.3 15.0 20.2 20.6 3.8
Case 1 Moderate 877.7 843.4 59.5 57.0 16.1 15.7 21.3 21.6 4.4
Rough 871.5 834.8 58.5 55.8 17.1 17.0 22.6 23.4 4.8
Severe 862.2 822.7 57.1 54.4 18.5 18.3 24.5 25.2 5.0
Tilt (10°) 884.0 854.4 60.4 58.0 15.2 14.7 20.1 20.2 0.04

Case 2 Tilt (25°) 856.8 818.6 57.5 54.3 18.1 18.4 24.0 25.3 6
Tilt (35°) 813.4 768.2 53.0 49.0 22.6 23.7 30.0 32.6 8.2
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Tilt (45°)

751.4 698.5 46.4 42.0 29.2 30.7 38.6 42.2 10.5

Albedo (0.05)
Albedo (0.07)
Albedo (0.15)
Albedo (0.25)

Case 3

845.7 818.0 56.0 53.6 19.6 19.1 26.0 26.3 4.5
856.8 818.6 57.5 54.3 18.1 27.4 24.0 37.7 59
901.5 821.0 63.8 57.4 11.8 15.3 15.6 21.0 11.1
957.4 827.5 72.2 61.3 3.4 11.4 4.5 15.7 17.3
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5. Conclusions

This study developed a dynamic simulation framework to compare the performance
of a 16 kWp offshore biPV array and a moPV array under varying wave motion condi-
tions, module tilt angles, and sea-surface albedo levels. The results demonstrated that
wave-induced motion significantly affects offshore PV performance by altering module
orientation and reducing front-side irradiance. As wave severity increased, the daily en-
ergy yield decreased from 60.3 kWh to 57.1 kWh for the biPV array and from 57.7 kWh to
54.4 kWh for the moPV array. Despite these losses, the biPV system consistently outper-
formed the moPV system, maintaining a bifacial gain of approximately 4.3-5.0% due to
the contribution of rear-side irradiance. The tilt-angle analysis revealed a trade-off be-
tween maximizing total energy production and maximizing bifacial gain. Lower tilt an-
gles favored higher energy yield, whereas larger tilt angles enhanced rear-side irradiance
collection and increased bifacial gain to more than 10%. In addition, surface albedo was
identified as a key parameter affecting bifacial performance, with bifacial gain increasing
from approximately 4.5% to 17.8% as albedo increased from 0.05 to 0.25. Overall, the find-
ings confirm the potential of bifacial PV technology for offshore applications and highlight
the importance of jointly considering wave-induced motion, module tilt angle, and sea-
surface reflectivity during system design and optimization. Since this work represents a
parametric simulation study, future research should focus on validating the proposed
framework using measured offshore PV data and investigating additional offshore-spe-
cific factors, including platform dynamics and module elevation effects.
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