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Abstract

Following successful applications in inland water bodies, floating photovoltaics (FPV)
developers are now targeting offshore sites. This advancement requires numerical tools
that can quantify the hydrodynamic performance of large-scale FPV farms. The existing
wave-diffraction solver DIFFRAC was extended to simulate the response of a large number
of interconnected floating objects on a supercomputer. The applicability is demonstrated
by simulating a 2 MWp offshore solar farm, consisting of 3660 FPV modules moored inside
a protective ring of 32 interconnected floating breakwaters (FBWs). The FPV motions
and loads on FPV connectors in regular and irregular waves are compared to a reference
case without FBW protection. Results show an average reduction in axial FPV connector
loads in the setup with FBW ring, but local load enhancements occur due to dynamic
amplifications of horizontal FPV module motions. Vertical loads and overturning moments
onto FPV connectors are globally reduced by up to 50% in steep irregular seas but are
locally enhanced due to standing waves that develop inside the ring. The insights of the
hydrodynamic behaviour lead to recommendations for improving the farm configuration
to further reduce fatigue and survival loads onto FPV modules and connectors.

Keywords: floating PV; solar energy; floating breakwater; hydrodynamic analysis; linear
diffraction; high-performance computing; very large floating structure (VLFS); offshore
renewable energy

1. Introduction
Floating PhotoVoltaics (FPV) is gaining increasing attention due to the growth in

energy demand, the phasing-out of fossil fuels to limit climate change and the need for
a diverse energy mix to ensure a stable energy supply. FPV systems have been widely
installed on inland water bodies such as reservoirs and lakes [1–3]. Companies are now
targeting offshore waters where space is more abundant and where the integration with
wind parks can offer significant economic benefits [4,5]. Several review studies have
addressed recent advances and key issues for offshore solar [2,6–8], stating the long-term
survivability in harsh environments as a main challenge.

A good understanding of the hydrodynamic behaviour of an FPV design is essential
to assess the structural and mooring integrity and to quantify power losses [8–10]. FPV
designers have adopted different strategies to survive in offshore conditions. Designs can
be classified based on the PV position (directly at waterline or elevated) and on the elastic
properties of a single FPV floater (rigid or flexible) [7]. Rigid FPV floaters are typically
modular and interconnected, forming a very large floating structure (VLFS) whose elasticity
is governed by the stiffness of the connectors. For such modular FPV concepts—the topic
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of the present study—a careful assessment of the hydrodynamic loads on the connectors is
required, since they are prone to fatigue and survival damage [8].

The hydrodynamic design performance can be studied numerically or experimen-
tally (through scaled model testing in a wave basin). The complex mechanical couplings
between modules and the large number of modules/degrees of freedom in the system
make it practically infeasible to perform scale model tests for an entire farm. Therefore,
the design performance has to be evaluated using a combination of (1) basin tests on a
down-sized simplified version of the system; (2) numerical model validation using basin
tests; (3) numerical simulations on the complete system using the validated model.

Researchers have developed different numerical approaches for simulating the wave-
induced FPV loads and motions. For modular interconnected FPV designs, these numerical
approaches can be categorized depending on the treatment of the modules (single- versus
multi-body).

A single-body approach computes the global response of a modular array by treating
it as a single element with flexible properties (e.g., thin plate or beam element) with a
stiffness equivalent to that of the global connector layout [11–13]. This approach copies
hydro-elastic methods developed for continuous flexible (membrane-type) FPV designs
(e.g., [14–16]) and other VLFSs [17]. While the approach is computationally efficient and
allows simulations for large arrays (>1000 PV modules), it requires simplifications and
assumptions on the uniformity of elastic properties [13].

In a multi-body (piece-wise flexible) approach, FPV modules are treated as individ-
ual rigid elements and the connectors are modelled as numerical stiffness joints [18–20].
This offers the advantage that few assumptions are made on the geometric, mass and
elastic properties of modules and connectors. The hydrodynamic interaction between FPV
modules should be considered when computing the wave-exciting forces, added mass
and damping on each body through linear wave diffraction [18]. A better representation
of non-linear effects, for instance due to mooring lines, can be achieved through time
domain [18,21], smoothed particle hydrodynamics (SPH) [22] or computational fluid dy-
namics (CFD) [23] simulations, but the high computational costs make these models less
suitable for large farms.

Past studies on modular FPV farms have shown that the global hydro-elastic response
is governed by the normalized array length to wavelength and the module length to
wavelength, in combination with the natural frequencies of an array [19,24]. Vertical
(heave) and rotational (pitch) motions of FPV modules typically vary across an array,
depending on shielding properties by the fore floater and viscous energy losses [20,24].
For waves much longer than the length of a floater, shielding within an array is minor
and the FPV modules are expected to follow the water surface in terms of both heave
and pitch [25–27]. Coupled horizontal array motions and axial loads can be predicted
analytically for head waves, provided that the axial connector stiffness is high and dynamic
amplification can be neglected [19]. In this case, axial connector loads scale to floater draft,
width, and wave amplitude. The number of FPV modules does not affect the maximum
connector loads, but it does govern the number of horizontal mode shapes and thus affects
the locations of the most loaded connectors [19].

Notwithstanding these relevant insights, some topics have yet remained unexplored.
Predominantly, past studies have focused on small scale farms (up to tens of floaters),
mostly in an academic context (i.e., wave flume setups with head waves only). The FPV
sector requires numerical tools for simulating much larger farms to support their upscaling
ambitions [18]. Moreover, there is a need for insights from assessments of realistic FPV
designs including (surface) mooring arrangements [28].
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This paper aims to extend insights into the hydrodynamic performance of large
offshore solar farms (>1000 FPV modules) through numerical simulations of a conceptual
2 MWp FPV farm with floating breakwater protection (introduced in Section 2). A potential
flow code (DIFFRAC), validated for a small FPV array, is improved to enable simulations of
a large number of bodies on a high-performance computer (methods described in Section 3)
and is validated using basin tests of a down-sized version of the FPV farm (Section 4).
Section 5 presents the global FPV response and connector loads of the 2 MWp farm and
assesses the effectiveness of the floating breakwaters. Section 6 discusses the numerical
approach and presents recommendations for design improvement and further research,
followed by the study’s conclusions in Section 7.

2. Design of the Conceptual 2 MWp FPV Farm
2.1. Sign Convention

Throughout this study, a right-handed coordinate system is used, consistent with [27].
The origin of the global coordinate system is located in the centre of the farm and at water-
line. Motions are defined in the body-fixed system (at centre of gravity, CoG). Translations
into longitudinal (x), transverse (y) and vertical (z) directions are termed surge, sway, and
heave. Rotations around the x, y, and z axes are termed roll (ϕ), pitch (θ), and yaw (ψ).

2.2. Global Design of 2 MWp Farm

The present study is part of the Horizon Europe project SUREWAVE that aims to
upscale FPV for offshore environments. Within this project, a conceptual design for a
2 MWp FPV farm was developed for the purpose of research and technology advancement.
The project adopted an existing FPV design (courtesy of Sunlit Sea, Norway) consisting
of interconnected shallow-draft floaters that passed demonstrations in inland waters. For
upscaling to offshore environments, the FPV system is integrated with a protective ring of
external floating breakwaters (FBWs) that reduce direct wave loads on the FPV modules.
In the design, it was anticipated that the FBWs are especially effective in terms of blocking
short waves which were assumed to drive relative motions and loads onto connectors
between FPV modules.

Figure 1 presents the conceptual FPV farm designed in the project, consisting of 3660
connected FPV modules that amount to 2 MWp power, cover an area of 12,936 m2, and
which are protected by a ring of 32 interconnected FBWs. The base size of the FPV arrays
is 14 × 14 modules but smaller arrays are used on the outside edges to fit them into the
breakwater ring. Arrays are connected to other arrays by means of a surface mooring
system that consists of synthetic lines and transition pieces (Figure 1). The arrays on the
outside edge are connected to a ring of transition elements which are in turn connected
to the breakwater ring (Figure 2a). The surface mooring has high horizontal stiffness to
prevent collisions between FPV arrays or between FPV modules and FBWs.

2.3. Floating Breakwaters

Floating breakwaters (FBWs) are floating structures that attenuate the transmitted
wave energy through wave reflection and dissipation by overtopping and viscous losses.
The present study considers pontoon-type FBWs built from concrete (Figure 2a). Such a
pontoon-type design is common and has been studied in terms of attenuation performance,
motions and structural aspects [29–33]. The FBWs may also reduce wind loads on nearby
FPV modules [34]. Table 1 presents the main particulars of a single FBW.
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Figure 1. Top view illustration of the conceptual 2 MWp farm with FPV arrays, FBW ring and surface
mooring (courtesy of CLEMENT Germany GmbH). Blue lines mark transition elements; red lines
mark the polyester surface mooring ropes. Arrows mark angles of wave incidence; a wave direction
of 0 deg is henceforth referred to as normal incidence (with respect to the FPV farm); the other
directions are referred to as oblique incident.

(a) (b) 

Figure 2. (a) Connection between FBW and FPV with surface mooring ring; (b) illustration of FBW
interconnection (courtesy of CLEMENT Germany GmbH).

Table 1. Dimensions and mass properties of floating breakwater.

Designation Value

Length 20.00 m
Width 5.00 m
Height 2.50 m
Draft 2.03 m
Mass 123 t

Vertical CoG w.r.t. keel 1.59 m
Roll radius of gyration 1.81 m
Pitch radius of gyration 6.01 m
Yaw radius of gyration 6.21 m

In the 2 MWp design, 32 FBWs are interconnected through ropes and polymer fenders,
as illustrated in Figures 1 and 2b. This leaves the FBWs free to pitch relative to each other,
but other motions are restricted by the stiffness of the connections. Catenary chains moor
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the breakwater ring to the seabed. The effect of the bottom mooring on wave-frequent
motions is small and is therefore not further considered in the present study.

2.4. FPV Modules and Marine Growth

Throughout this work, the term floating PV module refers to the assembly of a 0.5 kWp
capacity PV panel mounted on top of pressed 1.88 m × 1.88 m aluminum sheets that
provide buoyancy and structural support (Figure 3). Table 2 presents the main particulars
of an FPV module, including a marine growth layer of 60 mm thickness and 1325 kg/m3

density following DNV-GL [9,35]. The marine growth amounts to a total mass of 281 kg
(80 kg/m2), forming a significant fraction of the total floater mass (346 kg). It is noted that
the actual marine growth varies with field sites, time since installation, anti-fouling and
cleaning measures.

 

Figure 3. Design of Floating PV module (courtesy of SunlitSea).

Table 2. Dimensions and mass properties of FPV module, including 0.06 m of marine growth.

Designation Value

Length 1.88 m
Width 1.88 m
Height 0.14 m
Draft 0.10 m
Mass 346 kg

Vertical position CoG w.r.t. keel 0.10 m
Roll/pitch radius of gyration 0.48 m

Yaw radius of gyration 0.62 m

2.5. FPV Connections

The FPV modules are assembled into arrays using polyurethane connectors. A first
generation design of these connectors is shown in Figure 3 and was used and discussed in
a wave basin study [27]. These basin tests revealed frequent connector buckling due to a
lack of compressive stiffness. This motivated a new design of the polyurethane connector,
longer and thicker than the first generation, hence with higher stiffness in all degrees of
freedom. This new design was used in the present study.

Within an array, adjacent FPV modules are connected through a pair of connectors.
Table 3 presents the stiffness of a connection, provided by a pair of connectors in each
degree of freedom (DoF). The values are based on load-elongation tests, except for C22

which is estimated to be of order 100 · C11 based on its dimensions and solid mounting.
The connectors introduce much flexibility in terms of pitch between modules (low C55) but
are relatively stiff in the other rotational DoFs (C44, C66). The transverse stiffness C22 is
much higher than in axial and vertical directions.
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Table 3. 6DoF connection stiffness of a pair of polyurethane connectors between FPV modules.

Designation Symbol Value

Axial C11 3.9 × 103 kN/m
Shear, transverse C22 387 × 103 kN/m

Shear, vertical C33 22 × 103 kN/m
Torsional (roll) C44 185 kNm/rad
Bending (pitch) C55 0.31 kNm/rad
Bending (yaw) C66 2.4 × 103 kNm/rad

3. Methods
3.1. Linear Diffraction Model

For the FPV farm of interest, the wave attenuation by the breakwater and the buildup
of standing waves within the breakwater ring are of key interest. For these hydrodynamic
processes, wave diffraction and radiation are of high importance. Therefore, we adopt a
linear multi-body diffraction solver, DIFFRAC [36], which is developed by the Maritime
Research Institute Netherlands (MARIN) and is available following subscription.

Diffraction theory is based on potential flow, so it neglects viscous effects and vorticity.
Viscous effects can be added as damping in the equation of motions or as dissipation on
the water surface [36,37]. The theory further assumes that motions of waves and floating
structures are small, so boundary conditions on the floats and on the free surface can be
linearized. A Boundary Element Method (BEM) is used to solve the Laplace equation and
boundary conditions on free surface, seabed and surfaces of submerged bodies.

To simulate modular connected arrays, floating bodies are each represented as a
mass element (mass and rotational inertia) with a surface representation of the float inside
the water, subdivided into mesh elements, to compute hydrodynamic loads. The bodies
are interconnected through numerical joints with 6-DoF stiffness. The model solves the
linearized equation of motion considering (added) mass, damping, wave exciting forces,
and spring terms due to hydrostatics, connectors and mooring. Appendix A presents a
more detailed description of linear diffraction theory.

The diffraction model has been previously validated for shallow-draft interconnected
floaters, e.g., a floating island with 87 modules [38] and an FPV system comprising up
to 12 floaters [19]. These studies showed good agreement with basin measurements in
terms of motions as well as connector loads. For the present study, before scaling up to the
2 MWp farm, the model was further validated to ensure a good reproduction of the FBW
motions and attenuation and of the FPV module motions (Section 4).

3.2. Numerical Model of 2MW Farm

Following validation (Section 4), the numerical model was extended and applied to
the 2 MWp farm. Each FPV module is modelled through 45 panel mesh elements and each
FBW through 1500 elements, leading to a total of 212,700 mesh elements for the combined
mesh (Figure 4). The connections between FPV modules were modelled as 6DoF stiffness
joints (see values in Section 2.4). These joints were also used to model the surface mooring
(shown in Figures 1 and 2a) and the connections between FBWs (see Figure 2b). The
connections between FBWs were modelled as springs with high stiffness in all DoFs except
pitch, allowing relative pitch between FBWs but restricting the other relative motions. No
mechanical damping on the stiffness joints was considered. The total (potential plus viscous
contributions) heave and roll damping for each FBW was derived from decay tests in the
basin [27], amounting to 8.9% (heave) and 3.4% (roll) of critical damping.

https://doi.org/10.3390/en19071609

https://doi.org/10.3390/en19071609


Energies 2026, 19, 1609 7 of 26

Figure 4. Boundary element mesh on FPV modules and ring of FBWs.

It is expected that standing waves inside the closed breakwater ring may start to
develop at certain frequencies [39], as is also observed in floating fish farms [40,41]. These
standing waves are exaggerated in linear diffraction theory and additional free-surface
wave damping, to account for viscous losses, should be applied to obtain realistic wave
amplitudes (see also Section 3.1). This is also common practice, for example, in vessel
side-by-side simulations [36,42]. Therefore, a free surface damping lid was applied between
the breakwater ring and the FPV system and between the FPV arrays (for its definition,
see [42]). A non-dimensional damping value of ε = 0.025 was used, based on earlier research
on the tuning of diffraction theory results to experimental data for vessels in close proximity,
where similar standing waves develop [36].

After computing the source strength vectors, velocities and pressures are calculated
on all surface mesh elements (Appendix A). The diffraction and radiation potential result
in wave forces, added mass and damping coefficients, including interaction terms between
floats. These are subsequently used to compute the motions of the FPV modules and FBWs
and the loads on the connections and surface mooring.

The challenge in these simulations is the large number of mesh elements and the large
number of degrees of freedom (DoFs). Each floating body can move in 6 DoFs, resulting in
a total of 22,152 DoFs. For each DoF, a radiation potential has to be calculated, resulting in
an additional right-hand-side vector in the (linear) system of equations. For such a large
number of DoFs and right-hand-sides in the linear system of equations, the most efficient
solver is a direct solver (LU-decomposition). The LU-decomposition has to be made once
(per wave frequency) and the calculation of the solution vector (source strength on mesh
elements) for each right-hand-side is relatively cheap. The direct solver requires the matrix
to be kept in shared memory, so the size of the problem is restricted by the memory of a
single compute node of the high-performance computer used for the simulations. Different
wave frequencies can be run in parallel on multiple nodes.

The diffraction analysis was run for a wave frequency range from 0.1 rad/s to 3.0 rad/s
with a step of 0.1 rad/s, and for multiple wave directions with a wave direction step of
15 degrees (see Figure 1). Simulations were performed with and without the breakwater
ring to quantify its effect on the wave transmission and the resulting FPV motions, con-
nection loads and wave drift loads. The simulations without FBW ring still included the
surface mooring elements that interconnect the FPV arrays, but the connections to the
FBWs were removed.

3.3. Post-Processing

The diffraction calculations result in linear response amplitude operators (RAOs) of
floater motions and loads in mooring and FPV connections for unit amplitude waves per
wave frequency. For design assessment in a certain wave condition, the RAOs can be
combined with the wave spectrum to compute a response spectrum. This can subsequently
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be used to compute the most probable maximum (MPM) value of the response parameter
using the following equations:

m0 =
∫

Sw(ω)·RAO(ω)2·dω (1)

MPM =
√

2·ln N·m0 (2)

Here, Sw(ω) is the wave spectrum; m0 is the zero-order spectral moment of the
response spectrum; and N represents the number of wave cycles in a 3 h sea state
(N = 10,800/Tz), where Tz is the zero up-crossing period.

In this study, the RAOs of the connection loads between FPV modules were translated
to MPM loads along the 50-year return period wave contour at a projected installation site
in the Mediterranean Sea (Table 4). Although this linear approach does not account for
nonlinear processes that occur in harsh sea states (wave overwash, wave breaking and
nonlinear mooring loads), the obtained MPMs still shed insight into the order of magnitude
of connection loads for varying sea states and incidence angles.

Table 4. Sea states along 50-year return period contour: significant wave height Hs and peak period
Tp. Adopted from [43].

Hs [m] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Tp [s] 1.2 1.9 2.7 3.6 4.5 5.4 6.2 7.0 7.8 8.6 9.3 10.0 10.8

4. Numerical Model Validation
The model was validated by comparing against wave basin tests at geometric scale

1:10 of a simplified, down-sized version of the FPV farm, comprising a 3 × 5 array of FPV
modules with an FBW that covers the width of the rectangular basin. A first test series was
carried out with FPV connectors that lacked sufficient compressive stiffness, resulting in
frequent buckling [27]. A second test series was carried out with an improved connector
design with higher compressive stiffness (see Section 2.5). Results of this second campaign
(measured motions of FPV modules and breakwater) are used for numerical model valida-
tion. The FBW and FPV model, basin setup, environmental conditions and data analysis
were the same in both test series and are described by van der Zanden et al. [27]. For the
present validation, the RAOs from the white noise wave condition (see [27]) were used.
The diffraction analysis considered the basin walls through a panel mesh.

Figure 5 compares the measured and computed motions of the FBW. Apart from
a slight mismatch in heave motions at frequencies around and above the heave natural
frequency (1.7 rad/s), which is likely caused by wave overwash, the results match closely.

The motions in head seas of the five FPV modules along the centre of the array are
presented in Figure 6 (without FBW) and Figure 7 (with FBW). The secondary horizontal
axes denote the normalized array length over wavelength La/λ (with La = 10.0 m). The
surge RAOs in head seas are approximately 0 at La/λ = 1, consistent with [19]. The pitch
RAOs are normalized by wave steepness kai, where k = 2π/λ is the wave number and
ai is the incident wave amplitude. The normalized heave and pitch RAOs without FBW
(Figure 6b,c) of approximately 1 indicate that the FPV modules tend to follow the water
surface. With FBW, the motion response at ω > 1.3 rad/s is clearly reduced (compare
Figure 6b,c to Figure 7b,c) due to the wave attenuation by the FBW. For a more detailed
discussion of the hydrodynamic behaviour, see [27].
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Figure 5. Motion RAOs of floating breakwater, basin test (solid black) and numerical (dashed red)
results: (a) surge; (b) heave; (c) roll.

Figure 6. Motion RAOs in head seas without FBW, DIFFRAC (dashed) and basin results (solid) with
different colours marking the five instrumented FPV modules (FPV 1 to FPV 5 is fore to aft): (a) surge;
(b) heave; (c) pitch.

Figure 7. Motion RAOs in head seas with FBW, DIFFRAC (dashed) and basin results (solid) with
different colours marking the five instrumented FPV modules (see legend in Figure 6): (a) surge;
(b) heave; (c) pitch.

For both setups (without and with FBW), the numerical results closely follow the
measurements. For very short waves (ω > 2 rad/s), the numerical motion amplitudes are
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higher than the experiments. This suggests that the diffraction analysis underestimates
the attenuation by the FBW, possibly because viscous losses are not considered, and that it
overestimates motions and connector loads for these high frequencies (i.e., results can be
considered conservative).

Finally, Figure 8 extends the comparison to oblique waves and additional DoFs. For
this case, waves are at normal incidence onto the FBW but are at a 45 deg oblique angle
with respect to the FPV array (see setup in [27]). Again, measurements and simulations
are generally close, with a slight but distinct overestimation by the numerical model for
ω > 2 rad/s. The high yaw amplitudes in the basin tests for ω < 1 rad/s are explained by
dynamic amplification through the soft-mooring layout that keeps the model in place in the
basin and which was not included in the diffraction analysis. The increase in measured roll
and pitch response towards low frequencies (ω < 0.8 rad/s) is attributed to measurement
uncertainties that are amplified in the present visualization when the wave number k
is low.

Figure 8. Motion RAOs in quartering seas (45 deg) without FBW, DIFFRAC (dashed) and basin
results (solid) with different colours marking the five instrumented FPV modules (see legend in
Figure 6): (a) surge; (b) heave; (c) pitch; (d) roll; (e) pitch; (f) yaw.

5. Results 2 MWp Farm
5.1. FPV Module Motions

The present section discusses the motions of the 2 MWp farm. Figure 9 visualizes the
motions in time domain for normal incident regular waves without and with FBW ring
for wave frequency ω = 1.5 rad/s. The wavelength λ = 27 m corresponds approximately
to the length of one 14 × 14 array. Without FBW (Figure 9a), the FPV modules follow the
water surface as wave shielding within the farm is minor at this frequency. With FBW
ring (Figure 9b), the vertical motions are on average somewhat reduced. Local nodal
patterns can be identified due to interference of incident, diffracted and radiated waves
(see dashed marking).

https://doi.org/10.3390/en19071609
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(a) (b) 

Figure 9. Motion response for unit amplitude waves, ω = 1.5 rad/s and 0 deg heading. (a) Without
floating breakwater ring; (b) with floating breakwater ring. Colour code indicates the dynamic fluid
pressure; the same colour scaling is used in panels (a,b). Black arrows indicate the wave direction;
dashed circles indicate anti-nodes of standing waves.

To shed more insights into the wave-attenuating performance and wave patterns
inside the FBW ring, the RAOs of the vertical module motions are explored. Figure 10
shows the vertical motion amplitude az, normalized by the undisturbed wave amplitude ai,
of all floaters with and without FBW ring, for the same wave frequency ω = 1.5 rad/s as in
Figure 9. Without FBW ring, the FPV modules move more or less up and down with the
waves at this wave frequency, resulting in RAOs close to 1 (Figure 10a). With FBW ring,
the FPV vertical motions are on average reduced but are locally amplified at anti-nodes of
the standing wave pattern that develops due to interference of the undisturbed incident
waves and the waves that are diffracted and radiated by the FBW ring (Figure 10b). The
high amplifications at x = 50–70 m relate to wave reflection at the inner side of the concave
FBW ring. The distance between anti-nodes is approximately equal to λ/2.

  
(a) (b) 

Figure 10. RAOs of vertical motions of floating bodies for normal incident waves (0 deg),
ω = 1.5 rad/s. (a) Without FBW ring; (b) with FBW ring.
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The coloured markers on the centre of FBWs in Figure 10b denote each FBW’s heave
response. It follows that the FBWs aligned with the incident wave direction (around
x = 0, y = ±89 m) hardly move in vertical direction (az/ai ≈ 0), whereas az/ai > 1 for the
perpendicular FBWs (x = ±89 m, y = 0). This illustrates that the interconnected rigid FBWs
form a flexible ring, which at this frequency bends out-of-plane.

Figure 11 extends the analysis of vertical motions to different wave frequencies. The
figure presents the normalized heave RAO (az/ai) of the FPV modules along the centreline of
the farm (x position denoted by vertical axis). The horizontal axis denotes the length of the
interconnected FPV arrays along the centreline (La = 153.2 m), normalized by wavelength
λ, with the secondary axis denoting the wave frequency ω for reference.

Figure 11. Contour of vertical motion RAOs along the centreline of the farm (y = 2.52 m) for calculation
with FBW, wave incidence 180 deg. Vertical axis denotes x position normalized by array length La;
horizontal axis denotes the relative array to wavelength La/λ, with secondary axes depicting the
wave frequency for reference.

Three regimes of FPV motions can be classified, each dependent on the attenuation
performance of the FBW ring. For long waves (La/λ < 2, ω < 1.0 rad/s), the FBW ring is
hardly effective and FPV modules across the farm follow the water surface (az/ai ≈ 1 m/m).
In an intermediate regime (2 < La/λ < 8), the FBW ring is partially effective: motion
amplitudes are locally reduced, but at other locations enhanced as wave diffraction and
radiation lead to standing waves inside the ring. The number of nodes and anti-nodes
increases as the wavelength reduces. Finally, (very) short waves (La/λ > 9) lead to a
reduction in FPV motions by 60–80% and standing wave modes are less distinct.

5.2. RAOs of Connection Loads
5.2.1. Horizontal Loads

The connectors between FPV modules are susceptible to fatigue loading and ex-
ceedance of ultimate strength and are therefore explored in detail. Figure 12 presents the
RAOs of connection loads in earth-fixed surge direction for ω = 1.5 rad/s, without and
with FBW. Following [19], the RAOs are normalized by 2ρgBT, where ρ = 1025 kg/m3

is the sea water density; B is the FPV module width; and T is the FPV draft. The pre-
sented loads are the forces on the full connection between FPV modules (i.e., on the pair of
polyurethane connectors).
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(a) (b) 

Figure 12. Normalized RAOs of horizontal connection loads for ω = 1.5 rad/s (λ = 27.3 m, La/λ = 5.6)
and 0 deg wave incidence: (a) without FBW; (b) with FBW.

For any floater or array length, in absence of nonlinear or dynamic amplification
effects, normalized axial connection loads Fx/2ρgBTai within an array are expected to vary
between 0 and 1 [19]. For the situation without FBW (Figure 12a), the results are consistent
with this prediction. The figure further shows a pattern of local minima and maxima in
axial connection loads. The number of maxima is approximately equal to La/λ (=5.6), which
is again consistent with the theory described in [19]. The stiff surface mooring transmits
loads between the 14 × 14 FPV arrays.

The layout with FBW ring changes the connection loads strongly (Figure 12b). For
the presented frequency, axial loads are locally reduced but increase at other locations,
particularly at the edges where the FPV arrays are connected to the breakwaters. The
spatial distribution of these loads shows little relation to the vertical FPV module motions
(see Figure 10b). This implies that the axial load response is not governed by the standing
waves in the ring (in spite of their expected effect on wave excitation). Likely, other factors
such as the change in horizontal vibration modes due to the surface mooring connections
to the FBW ring have a larger effect on the axial connection load response.

The analysis of axial loads is extended to other frequencies through Figure 13, through
a similar data representation as Figure 11 and as [19]. Without FBW ring (Figure 13a), for
La/λ = 1, a single maximum of Fx/2ρgBTai = 1 is found in the centre of the farm (x = 0).
When La/λ increases, higher mode numbers are excited, leading to an increased number
of peaks. This peak count equals the value of La/λ (most evident for La/λ = 1, 2, 3, 5,
and 6). The normalized load amplitudes remain in a range of Fx/2ρgBTai = 0 to 1. These
observations are all consistent with the theory and analytical formulations by [19] for
stiff connections.
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(a) (b) 

Figure 13. Contour of normalized loads on FPV connections near centreline of the farm (y = 2.52 m).
Vertical axes denote x position normalized by array length La; horizontal axes denote the array to
wavelength, with secondary axes depicting the wave frequency for reference. (a) Without FBW ring;
(b) with FBW ring.

Figure 13a reveals a change in axial load response for La/λ > 7, with a normalized
response that is well above 1 along the full array for La/λ ≈ 9 (ω = 1.9 rad/s). Model
analysis of the system showed that this frequency corresponds to the PV farm’s first
axial compression mode in x direction. Consistent with [19], wave excitation of this axial
vibration mode leads to dynamic amplification (resonance) and results in high connector
loads throughout the farm. Because no damping is applied on the connections, the resonant
load response may be overestimated by the model.

With FBW ring (Figure 13b), the axial loads reduce for La/λ < 4 (compared to the
situation without FBW). Because the attenuation performance of the FBW ring is limited
at these wavelengths, this reduction in loads is attributed to the inclusion of the surface
mooring connection between FPV arrays and FBW ring, which increases the horizontal
stiffness and the natural frequencies of axial vibration modes. The higher surface mooring
stiffness also explains why the main resonance peak in connection loads shifts towards
higher frequencies, from La/λ ≈ 9 (without FBW) to La/λ ≈ 10 (with FBW).

To study the FBW effectiveness on FPV connection loads for the full farm and for
different angles of wave incidence, Figure 14 presents the spatially averaged Fx RAOs
without and with FBW.

The FBW ring and its surface mooring reduce axial loads by ~20% for ω = 0.5 to
0.8 rad/s (compare dashed to solid lines). For ω > 1.0 rad/s, the axial load response
varies distinctly with wave heading. Normal incident waves (0 deg) lead in the situation
without FBW ring to resonant amplifications at ω = 1.9, 2.4 and 2.7 rad/s. With FBW
ring, these peaks reduce in magnitude and shift to higher frequencies. Oblique incident
waves generally lead to higher axial loads than normal incident waves (except at resonant
frequencies), with 45 deg incidence leading to the greatest loads. The FBW ring leads to a
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reduction in spatially averaged axial connection loads of a factor of 2 to 3 for oblique waves
at these high wave frequencies.

Figure 14. RAOs of spatially averaged connection loads Fx for varying angle of incidence; without
FBW (solid) and with FBW (dashed).

5.2.2. Vertical Loads

Figure 15 presents the spatial distribution of the FPV connection load RAOs in vertical
direction (Fz). For consistency with the axial loads described in the previous section, the
RAOs are again normalized by 2ρgBTai. Because the vertical load in connectors is small for
waves much longer than the FPV module length, results are shown here for a high ω of
2.0 rad/s. Later, results are presented for a wider range of frequencies.

  
(a) (b) 

Figure 15. Cont.
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(c) (d) 

Figure 15. Contour of normalized vertical loads Fz on FPV connections, ω = 2.0 rad/s (λ = 15.4 m).
(a) 0 deg incidence, without FBW ring; (b) 0 deg incidence, with FBW ring; (c) 45 deg incidence,
without FBW ring; (d) 45 deg incidence, with FBW ring.

Normal incident waves without FBW ring lead to small Fz loads (Figure 15a). This
is explained by the low pitch stiffness of the connectors between FPV modules, allowing
an almost free rotation that results in a good wave-following capability of the modules.
Quartering waves, however, result in high vertical loads on connections (Figure 15c). For
this heading, motions of the individual FPV modules are restricted due to the torsional stiff-
ness introduced by the pairs of connectors, which enhances stresses in multiple directions
including the vertical direction.

With FBW ring, the vertical loads vary spatially leading to local maxima and minima
in response (Figure 15b,d). These results illustrate that in contrast to the axial loads (see
previous section), the vertical loads are affected by standing waves inside the FBW ring.
On average, the vertical loads increase slightly for normal incidence waves but decrease
substantially for 45 deg incidence for this wave frequency.

The spatially averaged vertical FPV connection loads for varying wave frequency are
shown in Figure 16. Without FBW (solid lines), the vertical loads are small for ω < 1.0 rad/s
and gradually increase towards higher frequencies. This trend is consistent with the
results by [12] and is explained as waves that are much longer than the floater length (i.e.,
λ/Lf >> 1) lead to small phase differences in vertical wave excitation between floaters; the
relative vertical motions between FPV modules are naturally small and so are the vertical
loads on the connections.
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Figure 16. RAOs of spatially averaged vertical connection loads Fz for varying angle of incidence;
without FBW (solid) and with FBW (dashed).

The dashed lines in Figure 16 represent the loads with FBW. For oblique incident
waves (15, 30, 45 deg), the average vertical loads for ω > 1.5 rad/s with FBW are reduced
by up to a factor of 3 compared to the setup without FBW. For normal incident waves, the
loads increase slightly, but the magnitudes are small compared to the other headings.

5.2.3. Overturning Moments

Next to translational loads, the wave-induced moments are also relevant for assessing
the structural integrity of the connections. To understand their spatial distribution, Figure 17
presents RAOs of overturning moments along the horizontal plane (Mxy) on the connections
for ω = 1.5 rad/s and oblique (45 deg) incidence. A similar normalization to that for the
translational loads is adopted (see Section 5.2.1), now also including the floater length Lf.

Without FBW (Figure 17a), loads for each 14 × 14 array follow a similar spatial
distribution; moments are clearly smaller for the connections to outwards FPV modules
than for the connectors further inward. This is explained as the overturning motions of the
inward modules (which are each connected to four other modules) are more restrained than
those of the outer modules (which are connected to two or three other modules). Figure 17b
shows the Mxy distribution with FBW ring, revealing a global load reduction but local
amplifications. Further analysis showed that these peaks in Mxy are located at nodal points
of the standing wave.

Figure 18 presents the spatially averaged roll moments on the FPV connections for
varying angles of incidence, without and with FBW ring. Moments increase with wave
frequency and are higher for oblique than normal incidence waves. These results are quali-
tatively similar to the vertical load RAOs presented in Section 5.2.2 and to the results by [12].
The FBW ring is effective in reducing moments at high wave frequencies (ω > 1.5 rad/s),
which is again similar to results for vertical connection loads (c.f. Figure 16).
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(a) (b) 

Figure 17. Contour of Mxy loads on connections, ω = 1.5 rad/s, 45 deg incidence. (a) Without FBW
ring; (b) with FBW ring.

Figure 18. RAOs of spatially averaged roll moments Mx onto connections for varying angle of
incidence; without FBW (solid) and with FBW (dashed).

5.3. Maximum Connection Loads in Irregular Seas

The previous sections showed response amplitudes for regular waves with unit am-
plitude. To study connection loads in the more realistic case of irregular seas, this section
presents the most probable maxima (MPMs) along the 50 y return period wave contour
at a Mediterranean Sea site following the methods explained in Section 3.3. Because no
mechanical connector damping was assumed, the obtained MPM loads are expected to
be conservative, especially in the axial direction that was demonstrated to be affected by
resonant amplification (Section 5.2.1).

Figure 19 presents the MPM axial loads for one sea state (normal incident waves
with Hs = 4.0 m and Tp = 7.0 s), revealing distinct spatial variation. Without FBWs, the
connections in the centre of the farm receive the greatest loads. With FBW ring, the loading
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generally reduces for the FPV connections in the middle of the farm but increases for the
outward FPV connections. The latter is consistent with results discussed in Section 5.2.1.

  
(a) (b) 

Figure 19. MPM axial connection loads for normal (0 deg) wave incidence, Hs = 4.0 m and Tp = 7.0 s:
(a) without FBW; (b) with FBW.

The MPM loads are further explored through Figure 20, which presents connection
loads for different DoFs and wave headings. The horizontal axes represent the sea states,
denoted here by the peak period; note that a higher Tp also means higher Hs. The colour
contours in each panel mark the envelope of spatial minimum to maximum connection
loads; the solid lines mark the spatial mean.

For the axial loads (Figure 20a,b), the spatially averaged MPM loads without FBW
protection (blue line) increase from Tp ≈ 1 to 4 s, and are roughly constant for Tp = 4 to
11 s despite these waves being up to a factor of 4 higher (Table 4). The reason why loads
do not increase for higher Tp is that these longer waves do not lead to a higher excitation
of the main horizontal vibration modes in the FPV farm (as described in Section 5.2.1).
Compared to the results without FBW ring (blue lines), the spatially averaged MPM axial
loads with FBW ring (green lines) are similar for 0 deg incidence but they reduce by 20–50%
for 45 deg incidence.

For both incident angles the spatial maximum MPM axial loads, represented by the
contour envelope in Figure 20a,b, increase for the configuration with FBW ring, meaning
that some connections receive greater loads and are more likely to break than without
FBW ring. This is consistent with the results in Figure 19, which showed an increase in
loads for the outward FPV modules. Optimization of the surface mooring between FPV
arrays and FBW ring can alleviate these large loads. A simulation with softer surface
mooring, performed as a sensitivity check, showed that a lower surface mooring stiffness
reduces the spatial maximum and spatial mean MPM loads, but also leads to a higher
risk of collision between FPV arrays and between FBW and FBW ring due to increased
horizontal relative motions.
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 20. Most Probable Maximum (MPM) FPV connection loads along 50-y return period contour
at Mediterranean Sea location, for 0 deg (left) and 45 deg (right) incidence. (a,b) Axial loads Fx;
(c,d) vertical loads Fz; (e,f) overturning moments Mx. Colour coding indicates FBW presence (blue:
without FBW; green: with FBW). The contour surface marks the envelope of spatial minimum to
maximum loads; solid lines mark the spatially averaged MPM.

The vertical loads and overturning moments show similar trends (Figure 20c–f).
Despite higher wave height, the longest waves do not lead to the greatest loads. In-
stead, the greatest Fz and Mx loads occur for sea states with relatively short waves
(Tp = 3–5 s). This is consistent with the large response amplitudes for high ω as discussed
in Sections 5.2.2 and 5.2.3. Compared to the results without FBW ring, the setup with FBW
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ring leads to some increase in Fz and Mx loads for normal incident waves (Figure 20c,e) but
to a clear reduction for 45 deg waves (Figure 20d,f). For the latter, the spatially averaged
loads reduce by 50% for Tp ≈ 4 s and 30% for Tp ≈ 10 s. Hence, the FBW ring and surface
mooring design is more effective in reducing the vertical loads and overturning moments
than in reducing the axial connection loads.

6. Discussion
The results above are obtained from linear wave diffraction calculations (potential

flow). The diffraction code does not resolve nonlinear processes such as wave breaking,
overwash, viscous energy dissipation due to friction, or non-linear dynamics of the mooring
arrangement or FPV connections. While these processes could be included in time domain,
SPH or CFD simulations, the simulation of such a large number of bodies is generally not
feasible or would be extremely computationally expensive with such higher fidelity tools.
Hence, although diffraction calculations are considered low-fidelity, they are at present
stage the best available tool to study the wave-induced response of such a large number of
floating bodies.

For the present 2 MWp design, the configuration with FBW ring reduces FPV motions
and connector loads through wave attenuation by the FBWs, and because the surface
mooring connection between FPV arrays and FBWs reduces the horizontal motion response
at dominant wave frequencies. At the same time, the FBW ring introduces standing wave
modes that locally enhance FPV module motions and vertical loads and moments on the
FPV connections. Because the FBWs are slim compared to the array size, they hardly
attenuate the waves with frequencies corresponding to the lowest horizontal motion modes
of the FPV array. The FBW ring is instead more effective in attenuating the high-frequency
content of the incident wave spectrum, which does lead to a distinct reduction in maximum
vertical loads and overturning moments on the FPV connectors.

The simulated conceptual farm design leaves room for improvement. The axial
connector loads, which are a critical design element, could be reduced by lowering the
ratio of the array size to FBW width. This would reduce the transmission of waves with
lengths that excite the first horizontal modes of the FPV array. Furthermore, optimization
of the horizontal stiffness of FPV connectors and surface mooring can shift axial mode
shapes away from frequencies with high wave excitation, hence also contributing to the
reduction in connector loads. When reducing the surface mooring stiffness, it needs to be
investigated if the gap between the breakwater ring and the FPV field is always maintained
and collisions are avoided.

The axial connector loads scale linearly to floater draft. A reduction in FPV mass
would reduce connector loads, but may be difficult to realize for designers. For light-
weight FPV modules, marine growth forms a significant contribution to the total mass.
Field observations on fouling on FPV farms (e.g., [44,45]) are key to obtaining realistic
marine growth values and improving design guidelines. For reference, field observations
of a near-shore FPV pilot in the Dutch North Sea [45] found a marine growth mass that is
considerably lower than what is used in the present study based on class guidelines. The
marine growth assumption, but also the exclusion of mechanical damping and of viscous
attenuation by the FBWs, may have led to conservative estimates of connector loads in the
present study.

Even after design improvement, it is not evident that the proposed FBW ring solution
would be economically viable. The FBW ring attenuates high-frequency wave energy,
leading to reduced FPV module motions and lower dynamic (fatigue) and survival loads
on FPV connectors and power cables. Wave-frequent structural loads (e.g., bending mo-
ments) on FPV floaters are also reduced, although it is noted that such loads are small for
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the simulated floaters as they are short compared to incident wave lengths (see [10,17]).
Furthermore, the FBWs reduce the crest heights of steep and breaking waves [27], which
likely reduces the occurrence and intensity of overwash and high-frequency slamming
impacts that form structural risks for the PV panels and electric components (inverters,
transformers). Hence, the wave-attenuating performance of the FBW ring increases the
lifetime of system components and reduces operation and maintenance costs.

In addition, the FBW ring is expected to positively affect the power uptake of the
FPV farm. Firstly, because the reduced risk of component damage improves the energy
production reliability. Secondly, the FPV panel efficiency improves when overturning
motions in steep seas are reduced [46]. However, it is noted that such motion-induced
power losses may be small at annual basis [10].

On the other hand, the FBW ring introduces higher costs for materials (FBWs, con-
nections between FBWs, surface mooring), installation, and decommissioning. Moreover,
the FBW ring receives substantially higher wave drift, wind and current forces than the
FPV farm, which drives up the costs of the seabed mooring. A quantitative analysis of the
lifecycle costs and energy yield is recommended to evaluate the economic viability of the
simulated concept.

Future studies may focus on advancing higher-fidelity tools (time-domain simulations,
SPH, CFD) to enable the assessment of such large farms with better accuracy. Alternatively,
multi-fidelity approaches could be considered, combining high-fidelity simulations for
detailed assessment of small arrays with lower fidelity modelling of the larger farm. In
addition, the validation of numerical models for large FPV farms (hundreds to thousands
of FPV modules) using basin or field data is recommended. Particular topics of relevance
are the amount of viscous energy dissipation in large farms and the mechanical damping
in FPV connections.

7. Conclusions
A wave diffraction model (DIFFRAC) was extended to enable the hydrodynamic mod-

elling of large floating PV (FPV) farms. The applicability of the model was demonstrated
through simulations of a 2 MWp offshore FPV farm without and with a protective ring
of floating breakwaters (FBWs). The simulations shed insights into the wave-induced
motions and the spatial distribution of loads and moments on FPV connectors for varying
wave frequencies and incident angles. Results were also used to shed insights into the
effectiveness of the FBW ring solution in steep (50-year return period) sea states.

Three wave frequency regimes of the FPV farm’s motions inside the FBW ring are
distinguished: (i) a low-frequency regime in which the FBW is hardly effective and FPV
modules tend to follow the water surface; (ii) an intermediate regime in which the FBW
is partially effective and standing waves (sloshing) are formed in the FBW ring; (iii) a
high-frequency regime in which the FBW attenuates the majority of wave energy and FPV
module motions are clearly reduced.

Axial loads on the connectors are affected by wavelength to farm size and by resonant
amplification of axial motions. The axial connector loads are not evidently affected by
standing wave modes. The FBW ring with surface mooring reduces axial loads for some
frequencies but leads to a local and global increase in response at other frequencies. In
irregular seas, spatially averaged axial connector loads are reduced by up to 20%.

The responses of vertical load and overturning moments on connectors are largest
for high wave frequencies. The FBW ring is effective in attenuating wave energy at these
frequencies and, as such, in reducing vertical loads and overturning moments on FPV
connectors. In irregular seas, this reduction amounts to up to 50%.
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The FBW ring configuration offers a reduction in fatigue and survival loads onto FPV
modules and connectors and leaves room for further design improvement. It is not evident
that these reductions outweigh the additional costs for material, mooring, installation
and decommissioning.

In future studies, better estimates for viscous wave and mechanical damping inside
the farm are needed to prevent overly conservative outcomes. Validation data for large
farms (basin tests or field pilots) or advanced numerical modelling (CFD) may support in
accomplishing this.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD computational fluid dynamics
CoG centre of gravity
BEM boundary element method
DoF degree of freedom
FBW floating breakwater
(F)PV (floating) photovoltaics
JONSWAP Joint North Sea wave project
MPM most probable maximum
RAO response amplitude operator
RMS root mean square
SPH smoothed particle hydrodynamics
VLFS very large floating structure

Appendix A. Linear Diffraction Theory
Linear multi-body diffraction theory is used to simulate the response of the FPV

system to waves. Because of the linearity assumption, the velocity potential can be split
up into individual potentials describing incident waves, radiated waves (added mass,
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damping effects) and diffracted waves. The potential is then a superposition of these
individual potentials:

φ = φinc + φdif +
NDoF

∑
i=1

φrad,i (A1)

where NDoF is the number of degrees of freedom in the system (i.e., 6 times the number of
floats). Due to the assumption of linearity, a transformation can be made from time domain
to frequency domain through a Fourier transform:

φ̂(ω) = φ(t)e−iωt (A2)

where ω is the frequency of the incident waves. A boundary element method (BEM) is
used where each velocity potential (except the incident wave potential, which is known) is
described as a surface integral of source strengths and a Green function G:

φ̂
(→

x , ω
)
=

x

S

σ

(→
ξ , ω

)
G
(
→
x ,

→
ξ , ω

)
dSξ (A3)

The zero-speed Green function is used [47], which satisfies the linearized condition on
the free surface and the no-flux condition on the seabed. The surface S on which sources
are distributed is then reduced to the surfaces of the floats. These surfaces are discretized
into N surface mesh elements and the source strengths are assumed constant on each mesh
element. This results in the discretized version of equation (6):

φ̂
(→

x , ω
)
=

N

∑
i=1

σi

x

Si

G
(
→
x ,

→
ξ , ω

)
dSξ (A4)

The magnitude of the source strengths on the mesh elements follows from applying
the boundary condition for the radiation and diffraction potentials (no flux: water cannot
go through the surface mesh) in the middle of each of the surface mesh elements. From
the source strengths, pressures and velocities on surface mesh elements can be calculated.
These are used to calculate wave forces and added mass and damping coefficients (A, B)
which are then fed into the equation of motion of the floats to calculate the motion response:(

−(M + A)ω2 − iBω + Chydro + Cmoor

)→
x =

→
F (A5)

Here,
→
x is a vector with the 6DoF motion response of all floats; M, A, B, Chydro are

matrices with the dry inertia of the system, added mass, damping and hydrostatic restoring;
→
F is a collection of external forces (e.g., wave forces). Cmoor is the stiffness matrix due
to the surface mooring and interconnectors between the FPV modules. Connector and
surface mooring loads can be obtained by calculating relative motions between floats and
multiplying with the appropriate stiffness.
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