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ARTICLE INFO ABSTRACT
Keywords: As climate change becomes more critical and renewable energy sources expand, land-based photovoltaic (PV)
Floating photovoltaic systems face limitations due to competition with agriculture and housing. The sea offers a promising location
Finite ?lefnem methods for offshore floating PV (OFPV) systems. Understanding fluid-structure interactions is crucial for these systems.
Monollth.lc This work explores how different parameters affect the structural load on the floating platform and related
Power mismatch losses . . . . . .

L electrical power losses. We develop a multi-physics framework integrating the mechanical model of a large
Hydroelasticity

floating structure with the optoelectrical modeling of PV modules. This framework analyzes a hypothetical
OFPV platform design with various floater configurations, from a single large floater to multiple small floaters
connected with free hinges. The results reveal a trade-off in the number of floaters. Power mismatch loss is
lower for platforms with fewer, longer floaters. However, structural loads vary, with high stresses in longer
floaters due to the elastic response. Young’s modulus impacts longer floaters where the elastic response
dominates, while cross-section fill ratio affects shorter floaters, where the rigid-body response prevails. The

floater-beam thickness has the most significant impact across various floater lengths.

1. Introduction

Climate change is one of the most pressing global challenges and
its consequences can be drastic if no immediate action is taken [1].
The urgency to transition to renewable energy sources has never been
greater. Photovoltaic (PV) power plays a pivotal role in this energy
transition, offering a sustainable and environmentally friendly solution
to meet the growing energy demands. However, large-scale PV instal-
lations have significant land requirements, which can pressure sectors
such as accommodation or agriculture [2]. Land scarcity is even more
pronounced in densely populated areas near the coastline with high
electricity demand [3].

Under this context, the sea presents a promising location for re-
newable energy installations. While offshore wind technology is well-
established, with over 2,600 wind turbines installed in the North
Sea [4], offshore floating photovoltaic (OFPV) systems are an emerging
technology. This technology has an immense potential that could cover
the energy needs of over 11 billion people if only the most favorable
locations are employed [5].

A key factor to consider in OFPV installations is the inherent fluid-
structure interaction (FSI), i.e., the interaction of the floating platform
with ocean waves. This is particularly relevant for the truly offshore
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deployment of floating PV. The consequences of this FSI are twofold:
(1) the FSI results in structural loads within the floaters and joints of
the floating island, depending on both the configuration and properties
of the floater and sea waves; (2) the FSI results in a dynamic change in
the tilt of the individual PV panels, resulting in potential power losses
due to power mismatch and movement [6]. Therefore, the hydroelastic
response of OFPV platform has significant multi-physical structural and
opto-electrical implications.

So far in the literature, the structural analysis of OFPV platforms has
largely been done using simplified approaches, owing to the complexity
of the problem. The structural deformation of OFPV platforms has
been investigated using the Froude-Krylov method for estimating the
wave force [7,8]. This basic method has several limitations, such as
assuming undisturbed waves, disregarding diffraction, lack of hydrody-
namic coefficients for thin-floating platforms, and inability to resolve
the difference in loads between boundaries and inner regions of the
floating PV platform. Alternative simplified methods involve estimating
the rotational motion of a single rigid panel based on undisturbed wave
energy density [9], however, their rudimentary assumptions restrict
their applicability. Recent studies on hydro-elastic interaction between
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small amplitude linear waves and perforated elastic plates using the
arbitrary Lagrangian-Eulerian methodology show limited accuracy for
regular-wave tests compared to the corresponding experiments [10],
thus highlighting the challenges in simulating OFPV structures. Wave
and wind loads can exert significant pressure on the floating and
mooring structure, resulting in loads in the order of mega-Newton
as suggested by a quasi-static analytical model [11]. The stress ex-
perienced by the connection pins and the structural components is
addressed by Sree et al. [10]. These studies contribute to a better
understanding of the mechanical aspects and structural integrity of
OFPV systems.

The literature currently lacks a thorough investigation into the
effects of hydroelastic responses on power generation in OFPV systems.
In [9], the performance of an OFPV system is compared with that of
a land-based one by using a simplified representation of the sea. In a
previous work [6], that study was extended to two dimensions but key
assumptions remained, including that the wave field was unaffected
by the floating structure, the wave force on the floating body was
estimated using the Froude—Krylov approach, and the floating body
was considered rigid. Additionally, power mismatch losses were not
addressed in either of the manuscripts. The measurements conducted by
Dorenkédmper et al. address the mismatch issue in [12]. They reported
power mismatch losses of 3%, 7%, and 9% for median wave heights of
0.1, 0.4, and 1.5 m, respectively. These losses differ from the measured
ones in [13], where the mismatch losses were 1.6%, 2.4%, and 3.7%
for average wave heights of 0.25, 0.5, and 1 m, respectively. These
differences may stem from variations in floater characteristics. How-
ever, none of these studies tackle the origin of this disparity, making it
challenging to identify the source of the discrepancies.

The preceding discussion therefore makes it evident that current
literature lacks a comprehensive multi-physics analysis of floating pho-
tovoltaic (PV) platforms. While some studies address the mechanical
response of floating pontoons, they generally fall into one of two cat-
egories, each with limitations. The first involves complex hydroelastic
analyses of one or a few pontoons, which are not easily scalable to large
platforms or long simulations of irregular sea-state. The second relies
on highly simplified structural models that often neglect hydroelastic
fluid-structure interactions.

Similarly, existing studies on the photovoltaic performance of float-
ing PV systems tend to use overly simplified representations of struc-
tural interactions with waves and wave-induced loads. In offshore
floating PV (OFPV) systems, structural response and photovoltaic per-
formance are inherently interconnected. Oversimplifying either aspect
can result in an incomplete or unreliable analysis.

This research aims to lay the groundwork for a comprehensive,
multidisciplinary analysis of OFPV systems. Specifically, it accounts for
the hydroelastic response of OFPV platforms to irregular wave spectra
and evaluates the resulting power mismatch losses. We develop a multi-
physics framework that allows for an in-depth exploration of how OFPV
configuration—including floater count, material, design properties, and
panel orientation—affects hydroelastic response and power mismatch.
The framework employs a two-dimensional mechanical model incor-
porating the hydro-elastic fluid structure interaction for very large
floating structure (VLFS). The mechanical problem is solved in the
frequency domain using a finite element (FE) method. Once the motion
of the structure is obtained, the time-resolved tilt for every module
in the structure is calculated. With this inclination angle, the incident
irradiance and temperature of every module can be estimated, which
are used to calculate the power output and consequently the mismatch
and movement losses.

Since our analysis is quite focused on the hydroelastic response,
we simplify the problem with several assumptions. We limit external
loads to wave forces, omitting current-induced loads. This is because
currents primarily exert in-line friction and drag forces on thin elastic
structures, thereby affecting station-keeping [7], rather than power
mismatch losses, which are mainly influenced by transverse loads.
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Furthermore, while the mooring and anchoring systems are vital to
station-keeping [11], and structural fatigue is essential for durability
assessment [14], these aspects lie beyond this study’s scope since our
emphasis is on the fluid-structure interaction and associated power
mismatch losses.

Additionally, the designs presented in this work are academic and
are not affiliated with any commercial entities. Therefore, we do not
investigate a specific OFPV platform design. Instead we formulate a
systematic engineering analysis and then investigate the impact of the
structural properties in isolation on the power-mismatch losses. For
example, through our analysis, we will answer fundamental questions
such what happens when you double or half the thickness of the
floater. By narrowing the focus to power mismatch related performance
measure, this study aims to bridge the gap in the literature on the
fundamental correlation between the hydroelastic response of OFPV
platform to irregular sea-states and their power mismatch losses.

This work is structured as follows. The following Section 2 presents
the methodology employed to solve the problem at hand. Section 3
outlines the inputs to the model. The structural and optoelectrical
results for a base case are presented in Section 4. The variations to
this base case and their effect on the results are discussed in Section 5.
Finally, Section 6 concludes this work.

2. Methodology

This section explains the problem at hand and the methodology
developed to solve it. The flowchart presented in Fig. 2 presents the
steps undertaken. The following sections will dive into its details.

The first step consists on defining and solving the structural problem
in Section 2.1. The output of this step will be the elevation at every
position of the floater. It will be used to compute the tilt in Section 2.2,
which serves as a link between the structural and optoelectrical models.
The methodology of the latter will be presented in Section 2.3.

2.1. Hydroelastic fluid—structure interaction model (FE-FSI model)

The structural analysis of the floating PV platform involves a com-
plex hydroelastic problem characterized by a two-way interaction be-
tween the fluid and the elastic structure. We conduct this analysis
using a monolithic finite-element model for fluid—structure interaction,
referred to as the FE-FSI model throughout this manuscript.

The monolithic formulation and the FE model used in this work
are based on the detailed methodology presented in [15]. In this
manuscript, we focus on a frequency domain analysis, because we are
primarily interested in the steady-state solution. This section briefly
outlines the final frequency domain governing equations and the FE
model. The convergence, conservation, and validation analysis for this
FE model, when applied to a similar problem involving a floating beam
with joints, was previously presented in [15].

2.1.1. Definition of the boundary value problem

Fig. 1a presents the schematic of the boundary value problem. Here,
the fluid domain is denoted €. It is bounded by the bottom boundary
Iy, the fluid free-surface I, inlet I}, and outlet I',,. The floating
PV platform is represented by the boundary I',. The end points of this
platform are denoted by A,. This platform may be composed of multiple
floaters, connected by joints, denoted by A;. This boundary value
problem involves three unknowns, (1) velocity potential ¢ defined on
Q, (2) free-surface elevation x defined over Iy and (3) transverse beam
deflection 5 defined over I}.

In the frequency domain formulation, the unknown quantities ¢,
n, and « are assumed to be harmonic. Here, a space and time-varying
quantity, say the beam deflection 5(¢,x), is defined in terms of the
excitation frequency w and a time-independent quantity 7(x) as

n(t,x) = f(x) exp (—iwr) . @
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Fig. 1. (a) Schematic of the boundary value problem, consisting of the fluid domain £ with constant water-depth d, bounded by the bottom I, inlet I}

b) l—‘sb,h

> outlet I, free-surface

I';; and the floating PV platform I,. Here A; represent the free-hinges in the floating PV platform.
(b) Sketch of the discretized geometric entities, with €, representing the discretized fluid domain, and I, Tiyps Touns T'ysn @nd I, representing the discretized boundaries.
Consequently, ¢,, 1, and x, are the discrete solutions to the velocity potential, free-surface elevation and beam deflection, respectively.

Following this harmonic assumption, the governing equations for the
time-dependent ¢, # and x get simplified to governing equations for

time-independent ¢, 77 and . To simplify the notations in this section,
. def _ def def
we drop the over-bar hereafter, i.e., ¢ = ¢, n = 7 and « = k.

We now present the coupled governing equations for the system
in frequency domain formulation. Assuming inviscid, irrotational, and
incompressible flow, the governing equation for the fluid flow within
Q is given by the potential flow theory Eq. (2).

Ap=0 inQ. (2)

The velocity potential ¢ is a scalar measure of the fluid velocity vector
u= V.

We formulate a boundary value problem by specifying conditions
at the boundaries I' of this fluid-flow domain 2. We impose a no-flow
boundary condition Eq. (3a) on the bottom boundary Iy,. The ocean
wave input is given through the inlet boundary I}, using Eq. (3b),
where n is the outward unit normal to the boundary and u;, is the
inlet velocity prescribed using the Airy’s wave theory [16, ch. 3]. At
the outlet boundary I, we impose a radiation boundary condition Eq.
(3c¢) for releasing the waves downstream of the floating PV platform.

n-Vgp=0 on Iy, (3a)
n-Vo=u, onlj, (3b)
n-Vé=ik¢p  on I, (30)

Here k is the angular wave-number for the ocean wave with frequency
, obtained using the dispersion relationship Eq. (4), where d is the
water depth at the inlet boundary.

®® = gk tanh(kd). 4

The free-surface I';; and beam I}, boundaries involve a kinematic
and a dynamic boundary condition. The kinematic free-surface bound-
ary condition Eq. (5a) on Iy implies that the free-surface elevation
moves at the vertical fluid velocity. The dynamic free-surface boundary
condition Eq. (5b) on Iy, is used to impose atmospheric pressure p, = 0

at the fluid free-surface.
¢, +iwk =0 (52)

(5b)

on [“fs,

iopp — pgxk =0 on I'y,.

This is obtained using the linearized dynamic Bernoulli’s equation,
assuming a small free-surface elevation.

p = iwpd — pgk. (6)

Here g is the acceleration due to gravity and p is the density of the
fluid. Therefore, the dynamic boundary condition Eq. (5b) is obtained
by setting the pressure p = p, = 0 along I',.

The kinematic boundary condition Eq. (7) on I, is obtained as-
suming no gap between the deforming beam and the fluid-free surface

underneath the beam.

¢, +ion=0 on I, 7

The dynamic boundary condition on I, requires the introduction of
the beam governing equations. The beam is modeled using the Euler—
Bernoulli beam theory. Consider a beam with mass per unit area m, and
bending stiffness D,. The transverse deflection # of this beam, under the
action of transverse load p is given by Eq. (8).

—myw*n + DyA’n = p. ®

For a beam having a solid cross-section of thickness 4,, and made of
material with density p, and Young’s modulus E, the mass per unit area
is m, = ph, and the bending stiffness is D, = EI,, where I, = éhi
is the second moment of area assuming a unit-width beam. For the
floating beam, the transverse load is due to the pressure from the fluid
underneath the beam. This is imposed by equating the transverse load
in Euler-Bernoulli equation Eq. (8) with the pressure in the dynamic
Bernoulli-equation Eq. (6), thus resulting in the dynamic boundary
condition Eq. (9) on I}.

—mpw2n+DpA2n—ia)¢+gn:O on I. 9

Here m, = m,/p is the normalized mass and D, = D,/p is the
normalized rigidity of the beam.

The beam governing equation requires the specification of its own
boundary conditions on its endpoints I’,. In this manuscript, we restrict
the analysis to free-edge boundary conditions. This is imposed by

setting zero-moment and zero-shear conditions at these boundaries.
(10a)
(10b)

DyAn=0 on A,

V(D,4An)-n, =0  on A,

Here n, is the outward unit normal for the beam edges A,. In case the

platform is composed of multiple floaters, we join the floaters using
joints A;. At these joints, we impose a free-joint condition by setting
the bending moment at the joints to zero.

D,An=0  onA,. an

This completes the definition of the multi-physics boundary value
problem. We additionally place a damping zone £, adjacent to I}, for
absorbing waves reflected by the floating PV platform. Refer to [15]
for a detailed description of the wave generation and absorption.

2.1.2. Numerical formulation

The above-mentioned boundary value problem is numerically
solved using a monolithic finite-element scheme, as defined in [15].
Here, the monolithic term implies that the coupled fluid-structure
governing equations are formulated in a single coupled weak-form.

For the sake of completeness of the work, we describe the formula-
tion of the FE problem. We refer to [15] for a more detailed description
of the steps to reach this final form. Consider a functional space V
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defined in the domain £, with trace space V., on the free-surface I';,,
and trace space Vp, on the beam boundary I'y. The weak form reads as
follows: Find [¢,n,x] € V X vrb X Vrfs such that:

B,(¢,n, k], [w,v,u]) = L,((w,v,u]) V[w,v,u]l € YV x V,-b X V,-fs, (12)

where, w,v,u are the test functions corresponding to ¢, 7, x, respec-
tively, and

B, (.1, k], [w, v,u]) =(V§, Vw)g + (miwd + gk, flu+ aw))r,

= (oK, W, + My + ¢y +gn.0) 13)
2
+(D, V2. Vo).

L,([w,v,u]) =(u;,, w)r,,, + (U w)rm“‘ 14)

In Egs. (13) and (14), we have used the notation (a, b) to denote the
integral operation, i.e., (a,b); = f rabdI'. The weak-form is solved in a
discretized domain, as shown in Fig. 1b. We consider a triangulation £,
of the domain 2, with conformal triangulation of the domain boundary,
Lo ps Ty Lowrps Trs p @and I, . We define the finite-dimensional finite
element spaces for the velocity potential, free surface elevation, and
beam deflection, V), Vrh and Vp, ;, respectively, as follows:

Vi ={w;, € C%RQ) : wylx €PK)VK € 2, }, (15)
Vign = {wnle 1 wy € V. VE € It} (16)
Viyn = {wnlp © wy €V VE € Iy} a7

In this manuscript, P,(K) is the space of Lagrange polynomials of degree
4 in an element K in the 2-dimensional space of fluid domain Q. On the
other hand E are 1-dimensional facets, corresponding to boundaries I,
and I';,. Using this notation, the final discrete form in the frequency
domain reads: Find (¢}, ny. k] € V), X Vryh X vrfy,, such that

B, ([$p: 11y kpls (W, v, up]) = L,([wy,, vg, uy])
VIWp, Upsty] € Vo X Vi 5 X Vi s (18)

with B, and L, as defined earlier.

The finite element formulation was numerically implemented in
the Julia programming language [17], using the Gridap finite element
library [18]. This library allows for a high-level implementation of the
formulation, closely resembling the mathematical notations in weak
form. The Gridap library efficiently assembles internal loops based
on this notation-based expression, optimized for the high-performance
Julia Just-In-Time (JIT) compiler. A comprehensive software implemen-
tation of Gridap can be found in [19]. These features facilitate rapid
prototyping of the finite-element program and offer excellent com-
putational performance. Notably, Gridap can assemble finite-element
formulations over mixed dimensions and mixed orders. This capability
is crucial because the monolithic floating beam problem requires a
formulation over both a fluid domain and the attached beam surface.
The program used to generate the results for this manuscript is similar
to the registered Julia package [20].

The presented FE model has been thoroughly validated for problems
involving floating beams with joints in our previous work [15]. This
includes validation against a standard test case of a floating platform
composed of beams with different properties, connected by either free
or elastic joints [21]. The model was also validated against results for
floating beams in irregular bathymetry [22] and against experiments
involving a 2D rectangular plate floating in a 3D domain [23]. These
validations demonstrate that the FE model is particularly suitable for
studying the floating PV platforms considered in this manuscript.

2.2. Link between fluid-structure interaction and optoelectrical analysis

The FE-FSI model does a frequency domain analysis of the hydroe-
lastic response of the floating solar platform to incoming ocean waves.

Energy 335 (2025) 137656

This model yields complex-valued solutions for the unknowns, assum-
ing unit amplitude waves, thereby encompassing information about
both the amplitude and phase. However, to conduct the optoelectrical
analysis, it is necessary to evaluate the time series of the tilt of each
panel on the platform. This section describes the process of obtaining
this time series of tilt for each photovoltaic (PV) panel. It is also
summarized in Fig. 2.

The inputs required for the FE-FSI model include the platform
properties and the description of the fluid domain. The model returns
complex-valued solutions of the velocity potential ¢ throughout the
fluid domain, free-surface elevation x along the ocean free-surface, and
transverse beam deflection # along the entire floating PV platform. The
solution is obtained for the entire range of the ocean wave spectrum,
assuming unit-wave amplitude. This solution is referred to as the
complex-valued response-amplitude operator (RAO) RAO(x, w) for each
point x and frequency w. This RAO is computed for the given floating
PV platform properties and sea-bed topography.

We next use these RAOs along with the environmental conditions to
compute the time series of the tilt at each panel. We source the environ-
mental conditions from KNMI, the Dutch Meteorological Institute [24].
The hourly mean wind speed is obtained from reanalysis dataset of
meteorological measurements provided by the KNW KNMI North Sea
Wind atlas [25]. This time resolution corresponds to the highest one
we could find for the Dutch North Sea. Using the hourly mean wind
speed, we calculate the hourly sea state. This is done by calculating
the Philips constant, peak frequency and peakedness parameter of the
JONSWAP spectra based on the wind speed, as described in [26].

We now have the structural response in frequency domain and the
hourly sea-state as well. However, optoelectrical analysis requires a
time-domain representation, as it depends on both irradiance and the
local tilt of each panel at every time step. The irradiance information is
obtained from measurements. For this study this information is given
in Section 3. To compute the local tilt of each panel over time, the
structural response must be transformed from the frequency domain
to the time domain using the complex-valued RAOs and the hourly
sea-state spectrum.

The hourly sea-state spectrum is first converted to a wave elevation
time-series using an inverse Fourier transform procedure. This is done
using 2401 frequencies in range f € [0,2]Hz, with randomized phase
for each frequency, as most of the wind-generate wave spectrum energy
is contained in this interval. Since our cut-off frequency is 2 Hz, our
sampling frequency is 4Hz, as per the Nyquist sampling theorem.
Therefore, the wave-elevation time-series is evaluated at Ar = 0.25s.
As the irradiance is not expected to vary significantly within this time-
step, At = 0.25s is adopted as the time resolution for the analysis.
In order to obtain the local panel response, we utilize the complex-
valued RAO to obtain the complex valued deflection #(x,t) at each
panel. The corresponding the tilt is then calculated by taking its spatial
derivative, i.e., 0(x,t) = % (n(x,1)). The deflection and tilt time-series
can now be used for opto-electric and structural analyses. The above
mentioned algorithm is summarized in Fig. 2 and in Algorithm 1. To
capture annual variations in system response, the process is repeated
hourly for the entire year.

2.3. Optoelectrical

Once the time series data for tilt measurements at each position
along the beam is collected, the optoelectrical modeling phase begins.
As varying tilts will affect the incident irradiance on the PV modules,
the initial step consists of calculating this irradiance in Section 2.3.1.
Section 2.3.2 will continue by implementing the most suitable module
temperature model from the literature. Finally, the power output and
system losses can be obtained using the approach in Section 2.3.3.



A. Alcafiiz et al.

Energy 335 (2025) 137656

Environmental Inputs

[ SRR

Wave Spectrum | Spectral Density

Platform Properties

o i e Sy o sl =

Updated every 1 hour

0.8
0.6
0.4
0.2
005 1 2

w(rads

<=

1)
FE Fluid-Structure Interaction

SIS
e vmnq'
RSARR

pavh

>
SRR

D T e T L

1 RAO from
FE-FSI

Inverse Fourier
Transform
Updated every 10 mins -
1
O :
) : :
6
1
4
' 2
1 L _
Sun Position Cloud Cover 1 E o
1 =
-2
----------- a "
' -4
]
1 . -6
: % 10 20
1
1
1 1
1
o= o= I= = = = = = = = = -

Opto-Electrical Analysis

Incident Irridiance

o N & o

0(deg

R ——

30
#(s)

=

Tilt o

40 50 60

Slope
_20
8(tx) = = (n(t)

Structural Analysis

Bending Moment BM

-2
-4
-6
0 10 20 30 40 50 60
t(s)

Analysis at every PV panel location on the FPV platform

Fig. 2. Schematic of the solution procedure for the multi-physics problem.

2.3.1. Incident irradiance

The change in tilt affects the incident plane-of-array irradiance
Gpoa of a PV module [W m~2], which was obtained with the isotropic
Perez model [28] implementation of pvlib [29]. It consists of three
components: the direct G;,, diffuse G,;,,, and ground-reflected G,,,
irradiances. Their relation is expressed in Eq. (19).

Gpoa =Guir + Guisy + Greyp as

These variables depend on the various components of solar irradi-
ance: Global Horizontal Irradiance (GHI), Diffuse Horizontal Irradiance
(DHI), and Direct Normal Irradiance (DNI). GHI represents the total
irradiance received by a horizontal surface. This irradiance can be split
into direct and scattered components. The direct component DNI is the
irradiance that arrives straight from the sun to a surface normal to it.
The sun altitude ag tackles this difference in angle between the plane
normal to the sun and the horizontal one. The diffuse component DHI
represents the irradiance received by the horizontal surface scattered
due to clouds and particles in the atmosphere. These three components
are related as in Eq. (20).

GHI = DHI + DNI - sinag (20)

2.3.2. Module temperature

One key advantage of OFPV, leading to increased energy yield and
system lifetime, is the lower module temperature caused by higher
wind speeds and the heat sink behavior of the sea [30]. The operating
efficiency of PV modules is higher when they function at a lower
temperature.

The increase in yield depends on the local conditions and the system
design [31]. This is reflected in the wide variety of results obtained
by several researchers, in which the maximum difference in module
temperature between FPV or land-based PV can range from 1.4 °C [32]
to 12 °C [33]. Considering the impact of module temperature on PV
power output and the varying results documented in the literature,
special attention needs to be paid to modeling this quantity.

In literature, the most commonly used model to estimate the tem-
perature of FPV systems is pvsyst’s module temperature model [34] (see
Eq. (21)). This model is derived from the heat balance proposed by
Faiman [35] and its success lies in its simplicity.

@-Gpog - (I = fyoa)
U +U, ws
Where T is the cell temperature [°Celsius], which will be used as

module temperature T),, T, is the ambient temperature [°Celsius], «
is the absorption coefficient [-] (the default value of 0.9 will be used in
this work), 7,,,4 is the module power efficiency [-], U, is the combined
heat loss factor coefficient [Wm=2K~!], U, , is the combined heat loss
factor coefficient affected by wind [Wsm= K~!], and ws is the wind
speed measured at a 10 meter height [ms™'].

An overview of the U, and U,, values of FPV systems in the literature
has been provided in the review by Micheli [30, Table 1]. Considering
the similarity in conditions and the OFPV system design, the study by
Dorenkamper et al. [36] has been selected as a reference.

Dorenkamper et al. extracted the temperature coefficient of 5 FPV
systems: 2 in the Netherlands and 3 in Singapore. Amongst these
systems, the one denoted as NL2 is the most similar to this work. This
system is closed (meaning that the back surface of the PV modules is

Te =Ty + @D
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Data: Wind speed U, updated every hour. Irradiance and temperature updated every 10 minutes.
Result: Structural analysis: Bending moment, shear force, and longitudinal stress within the platform. Optoelectrical analysis: time series of

module temperature and power production.

Step A: Calculate the ocean-wave input for the hour
begin

based on the approach described in [26].

« U, ~ (H,,T,) = S().

s 4p

end

Step B: Compute the transverse deflection in the PV platform
begin

for 1h at the resolution of 4r = 0.25s.
* n(x,1) = L7 RAO(X, ))/28(@)dw exp (i(k;x = w;t + ).

* Here, k
phase.

J

end

Step C: Get tilt time-series at each panel location
begin

+ Calculate the values of significant wave height H, and peak time-period T, for fully developed sea-state from the hourly wind speed U,,,

+ Calculate a JONSWAP spectrum [27] for these values of H, and T), to describe the wind-driven sea state. This spectrum is the power-spectral
density function S(w) [m?s], which measures the intensity of each wave frequency in the sea state.

» Compute the transverse deflection time series from the input spectrum and RAO using inverse Fourier transform. Evaluate the time series

is the wave-number for frequency w;, calculated using the dispersion relationship, while «; is the uniformly randomized initial

J

» Compute slope time series at each location on the PV platform by taking the derivative of the deflection time series.

< 0.0 = L (n(x.1).

end

Step D: Structural analysis
begin

+ Use the tilt and deflection time series to compute the bending moment, shear force, and longitudinal stress within the platform.

end

Step E: Optoelectrical analysis
begin

+ Use the tilt time series, along with the irradiance and ambient temperature (updated every 10 minutes), to calculate the module temperature

and the power produced by the modules.

end

The wind speed information is updated every hour. Consequently, the algorithm is repeated every hour;
Algorithm 1: Algorithm for conducting the structural and optoelectric analysis of the floating PV system.

not directly exposed to the water surface), has a high footprint, can
be categorized as a pontoon made of HDPE or similar material, and is
located in the Netherlands. For this system, U, is 25.2 Wm™2K~! and
U,is 3.7Wsm—=3 K1,

2.3.3. Power output

The power output of a PV module may deviate from the value
indicated on the datasheet, which is specified under standard test
conditions (STC). In operating conditions, the incident irradiance, tem-
perature, and wind speed experienced by the PV module may vary.
As a result, the power output will differ from the STC value. This
environmental effect can be modeled by considering how the main

electrical characteristics of a PV module are impacted. Therefore, Egs.
20.4-20.5 and 20.21-20.22 from [37, ch. 20] have been implemented
to model the effect of irradiance and temperature on the open circuit
voltage V¢ [V], and short circuit current I¢- [Al.

The power produced by each module is the maximum power point
(MPP) of the current-voltage (IV) curve. This curve can be modeled
using the ideal one-diode model expressed in Eq. (22) [37, ch. 20]. This
equation ignores the effect of the series and shunt resistances.

I'=1I;—1Iy-(expv—1) (22a)
0= 4 (22b)
Vin -1+ N
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where V}, is the thermal voltage equal to 25.85 mV and Ny is the

number of cells in the module [-]. The unknowns of this equation,
which are the light-generated current I; [A], the dark saturation
current I, [A], and the ideality factor n, can be found by evaluating
the curve in the three points reported by the module manufacturer: the
open circuit, the short circuit, and the MPP points.

Isc=1; (23a)
0=1I; -1y (expvgc— 1) (23b)
Iypp =1p — Iy (expoypp — 1) (230)

By rearranging these equations, one can express the voltage as a
function of the current relying only on the known parameters, obtaining
Eq. (24a). The ideality factor n is found by iteratively solving Eq.
(24b). This curve is computed for each series-connected module, and
the voltages are added up to obtain the system’s IV curve. By finding
the MPP point of this curve, one can estimate the DC power output of
the system [W].

sys

V =

n-Ng-kp-Tsrc -ln<<
q

1- IL> - (expogc —1) + l> (24a)

sc
expuypp = 1 > (24b)
expvpgc — 1

When each module operates at its MPP, like when connected to an
optimizer with an MPP Tracker (MPPT), the system’s DC power output
is the sum of P, pp of each module. Due to the high cost associated with
this approach, it is common to connect the PV modules in series before
pairing them with an inverter. Since the MPP conditions of each module
will differ due to the varying incident irradiance, not all modules will
operate at ideal conditions and the system DC power output will be
lower than when using the MPPT strategy. The losses associated with
this phenomenon are the power mismatch losses, which in the context
of this research, are caused by the different tilts and orientations of the
series-connected modules positioned along the structure.

By comparing the produced power output by the series-connected
floating system Py, to the power produced by the system when
each module is connected to an MPPT P,,ppy, the waves-induced
mismatch power loss L,,;, can be calculated using Eq. (25).

Iypp = Isc- <1 -

Ly =(- Drtoatng 1000, (25)
Pyppr

Similarly, one can quantify the power loss due to the movement of
the waves as in [6], where the power produced by a system subjected
to waves is compared to that produced by a horizontal one P,,.. Py,
is Py, ppr with all modules placed at a tilt of 0°. These three scenarios
are graphically represented in Fig. 3. The expression of the movement
power loss is that of Eq. (26).

mouv

Ly = (1 = DMPPT 1000, (26)
P, hor
The optoelectrical formulation was numerically implemented in
Python programming language, with the help of the PV library pvlib
[29]. The library has been extensively applied in several works and
validated under different conditions [38-40], ensuring the accuracy of
the optoelectrical methodology.

3. Case study description

This section presents a hypothetical design of the floating PV plat-
form. The proposed platform has a length of L, = 100m. It is con-
structed using High-density polyethylene (HDPE). For our analysis, we
consider that HDPE has density pyppr = 952kgm™, Young’s modulus
Enppe = 500MPa, and tensile yield strength of 27 MPa. The platform
is divided into individual identical floaters, interconnected with free
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Table 1

Table listing the properties for the base case PLA.
Property Symbol Value
Floater beam thickness hy, 0.20 m
Cross-section Moment of Inertia per unit width 1= %hz 6.667 x 1074 m?
Young’s Modulus E=Eyuppg 500 MPa
Mass per unit area (incl. PV modules) m 192.956 kg m~2
Characteristic hydro-elastic length Eq. (28) Ae 15.076 m
Floater orientation A 180° (South)

joints, as shown in Fig. 3. The weight of the auxiliary connectors is
ignored in the present analysis.

GA-F200T c-Si PV modules [41] are selected due to their flexibility
which facilitates their placement on a floating structure without imped-
ing the structure’s deformation or adding any resistance. The weight of
the PV modules is negligible compared to that of the platform, even if
they were not lightweight modules.

The PV modules are placed horizontally on top of the floating
platform. This decision is made to ensure that the mechanical stability
of the platform is not compromised by wind load, although optimal
production would require the PV modules to be tilted. The modules are
placed in a landscape orientation relative to the platform at a regular
spacing of 2m between the center of the panels. Therefore, a total of
50 modules are connected in series. Since the modeling is done in two
dimensions, the sea waves income parallel to the string of modules to
emphasize the mismatch losses experienced by the modules.

We examine several scenarios, varying the number of floaters, the
thickness of the floaters, and the rigidity of the floaters. We first exam-
ine the case of floaters having a solid rectangular cross-section, assumed
to be a beam thickness of 4, = 0.20 m, denoted as case PLA. The 100 m
long platform is divided into a number of floaters, ranging from a single
floater NF =1 of length L ¢ =100m (PLA-NF01), to N F = 50 of length
L, = 2m each (PLA-NF50). The platform characteristics for PLA are
summarized in Table 1. The platform properties form the required input
for the FE-FSI model.

The analysis is conducted for the PV platform floating in an offshore
environment with a water depth d = 30 m. The temperature and wind
data were obtained for a location in the North Sea near the coast, with
coordinates 53° 24'42"N, and 6° 11’57"E for the year 2017. The data
was taken from the KNW KNMI North Sea Wind atlas [25], which is a
public reanalysis dataset of meteorological measurements. Specifically,
we have taken the dataset named KNW-CSV-TS-UPDATE at the ID
064-116. The GHI was not measured offshore thus it was taken from
the nearest ground station, 160 km from the offshore location. The
dataset was sourced from KNMI dataset of automatic weather stations
in the Netherlands [42]. Specifically, we have taken the dataset named
ActuelelOmindataKNMIstations at station-ID 277. Assuming that this
irradiance data is valid for offshore conditions can lead to some discrep-
ancies in the results. However, we expect this impact to be relatively
small, especially in an annual analysis. Moreover, in a flat country
like the Netherlands, irradiance generally has a low geographical daily
variability.

The wind data is updated hourly and serves as the input for ob-
taining the hourly JONSWAP ocean-wave spectrum [27]. The wave-
spectrum input along with the complex-valued hydro-elastic response
from the FE-FSI model will then provide the tilt of each panel at a
resolution of 0.25 s, as summarized in Section 2.2. The temperature and
irradiance data are updated every 10 min. These are the inputs for the
optoelectrical model. These environmental parameters are interpolated
to match the 0.25 s resolution of the tilt using cubic spline interpolation.
Applying the BRL model [43], the components of DNI and DHI are
derived from the GHI. Despite the weather data not originating from
an offshore location, it is presumed that the irradiance profiles ob-
served along the coast are comparable to those encountered in offshore
settings, providing a reasonable representation.
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Horizontal PV platform
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Floating MPPT PV platform

Floating Series PV platform

Fig. 3. Schematic of the floating PV platform. (a) Horizontal PV platform not subjected to the movement of waves. (b) Floating PV platform, with individual optimizers containing
an MPP tracker and a DC-DC converter for each PV module. (c) Floating PV platform with all the modules connected in series and a single central inverter.

4. Numerical results: Base case
4.1. Setup of the numerical domain

The structural analysis of the floating PV platform is carried out
using the monolithic FE-FSI model from Section 2.1. The presented
FE model is capable of solving 2D and 3D problems, as demonstrated
in [15]. However, in this manuscript, we restrict ourselves to a 2D
analysis in the vertical plane. We consider a rectangular numerical
domain, with a constant water depth of d and total length of 5.5L,,
spanning between x € [-4L,, 1.5L,], where L, is the length of the
floating platform. The floating PV platform is placed in x € [0, L,]. The
wave input is prescribed using the inlet boundary I;,. We additionally
place a wide damping zone between x € [-4.0L,, —0.5L ) for absorbing
any waves reflected by the floating PV platform.

This numerical domain is discretized using 4th order rectangular
elements, with constant 4x = 0.01L,, while the vertical mesh size
varies exponentially from 0.484 near the bottom to 0.04d near the
free-surface, to capture the high-gradients near the free-surface. The
choice of 4th order polynomial basis functions enables us to use coarser
mesh size and also allows us to compute the bending moments from
the beam deflection. As per the convergence analysis from [15], the
selected mesh size is notably smaller than necessary for capturing the
beam deflection. However, our choice is dictated by the necessity to
accommodate the highest wave frequency with non-zero amplitude in
the chosen wave spectrum.

4.2. Platform response to monochromatic waves
The above-mentioned numerical setup is used to calculate the

complex-valued response of the floating PV platform. We first inves-
tigate the case PLA-NFO01 (see Section 3), which is made of a single

floater of length L, = L, = 100m. We study the response of PLA-NF01
to wave-frequency w = 1.5rads™' and wave-amplitude x, = 1m. Fig.
4a-b present the solution obtained from the FE-FSI model for the beam
deflection #, free-surface elevation x and the velocity potential ¢ in the
fluid domain. It should be noted that the FE model returns a complex-
valued solution for all unknowns, thus containing information about
both the amplitude of the response and the phase of the response.

For the purpose of the floating PV analysis, we are primarily in-
terested in the deflection 5 of the beam. In Fig. 5, we present the
magnitude of the complex-valued solutions for deflection, slope, bend-
ing moment, and shear force, along the length of the platform. The
results are presented for two wave excitation frequencies w = 1.5rads™!
and w = 2.0rads™". These frequencies were selected to demonstrate the
significant impact that excitation frequency can have on the structural
response. In each sub-figure of Fig. 5, we compare the results for cases
PLA-NF01, PLA-NFO05, and PLA-NF25 (see Section 3), thus showing the
influence of changing the number of floaters in the platform.

Let us first analyze the response for the single floater case PLA-
NFO1. The solution in Fig. 5a-b highlights that the magnitude of deflec-
tion of the beam is maximum at the endpoints. Secondly, the magnitude
of the motion is larger for the lower frequency w = 1.5rads™! compared
to w = 2.0rads~'. However, in both cases, the response in the leading
and the trailing portion of the platform is quite similar.

Next, we study the response for the 5-floater case PLA-NFO05. In
this case, the free joints connecting the floaters are located at x €
{0.2L,,04L,,0.6L,,0.8L,}. In Fig. 5a-b, we observe distinct cusps at
these locations, along with local peaks in the magnitude of the deflec-
tion. This highlights that the heave motion of the platform is maximum
at the endpoints and the free joints. Once again, the overall response of
the platform PLA-NFO5 is lower for the frequency w = 2.0rads™' com-
pared to @ = 1.5rads™!. However, for = 2.0rads™!, we can notably
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Fig. 4. Contour plot of ¢ and line plots of x and #, obtained from the FE-FSI model, due to the interaction of PLA-NFO1 platform with ocean wave of frequency w = 1.5rads™ .

(a) Real values of the solution. (b) Imaginary values of the solution.

observe that the magnitude of the response is larger in the upstream
portion of the platform compared to the downstream portion. This is
due to the partial reflection of the incoming waves by the platform,
resulting in a gradual decrease in the wave energy propagating along
the length of the platform.

Finally, we consider the case PLA-NF25 with 25 floaters. Fig. 5a-
b once again highlights cusps and local peaks at the joints, consistent
with the previous observation. However, here the response for v =
2.0rads™! is notably higher compared to @ = 1.5rads™!. Finally, there
is no notable decay in the response in the downstream section of the
platform, an indication of little reflection of the incoming wave energy
for this frequency.

4.2.1. Tilt, bending moment, shear force and longitudinal stress

The complex-valued solution of deflection n can be used to calculate
the tilt, bending moment, shear force, and longitudinal stress within
the floater beams. The local tilt (§) of the floater beam is given by
Eq. (27a), the bending moment (BM) is given by Eq. (27b) and the
corresponding shear force (V) in the cross-section is given by Eq. (27¢).
The longitudinal stress (¢) in the cross-section is calculated using Eq.
(27d). Here y. is the normal distance between the rotation axis for
bending and the location on the cross-section.

0=n, (27a)
BM = Eln,, (27b)
V =Eln,, (27¢)
6 =BM yT (27d)

Fig. 5c-d present the magnitude of the complex-valued solution for
slope (or tilt) along the length of the platform, for w = 1.5rads™! and
= 2.0rads™. Firstly, it is notable that for cases with joints, such as
PLA-NF05 and PLA-NF25, a discontinuity in the slope is evident across
the free joints. This behavior is expected, as the joints offer no bending
resistance. Next, for PLA-NFO1 and PLA-NFO05, we note that the slope
varies continuously within each floater, indicating the presence of an
elastic response for the floater beam. In contrast, the plots for PLA-NF25
show a nearly constant slope within each platform. This indicates that

M

1 "
05 0.75 1.0 1.25 15

P

Table 2

Table listing the mean of the magnitude of the shear-load on the joints.
Case = 1.5rads™ ®=20rads™"
PLA-NF05 13.45kN 15.74kN
PLA-NF25 0.83kN 2.39kN

the response of PLA-NF25 for both @ = 1.5rads™ and @ = 2.0rads™ is
not elastic.

In Fig. 5e—f we report the magnitude of the complex-valued solution
for bending moment along the length of the platform, for w = 1.5rads™!
and @ = 2.0rads”!. The bending moment is reported assuming unit
width platform and unit-slope wave input k x, = 1. Here k is the wave
number for ocean-wave frequency w, obtained from Eq. (4). For the
corresponding cases, Fig. 5g-h report the magnitude of shear force |V|
and Fig. 6 reports the magnitude of longitudinal stress ¢ at y, = h,/2 in
the cross-section of the floater beam. We obtain zero bending moment
at the end points of the platform because of the application of free-edge
boundary condition. Also, given our choice of free joints, we obtain
zero bending moment at the joints for cases PLA-NO5 and PLA-N25.
The structural response for PLA-NO1 and PLA-NO5 exhibit significant
bending moment, shear force, and longitudinal stresses, indicating
strong elastic behavior. On the other hand, the 25-floater PLA-NF25
is observed to have a relatively small bending moment, indicating a
largely rigid body response. Further, the bending moment and stresses
for case PLA-NFO5 once again highlight the gradual decay in the
structural response along the length, owing to the partial reflection of
the incoming waves by the platform.

The shear force plot in Fig. 5g-h also provides us with information
about loads on the joints connecting the floaters in the platform. PLA-
NFO5 consists of 4 joints, at x/Lp = {0.2,0.4,0.6,0.8}. The magnitude
of shear load on these joints is given by the value of plot at these four
locations. In Table 2, we report the mean of the load at these 4 joints.
Similarly, we can obtain the magnitude of the loads at the 24 joints
in PLA-NF25. The mean of these loads at the 24 joints of PLA-NF25
is also listed in Table 2 for the tested frequencies w = 1.5rads™' and
®=20rads™"
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Fig. 5. Plots of the structural response of PLA-NFO1, PLA-NF05 and PLA-NF25 floating platforms to monochromatic ocean-wave excitation of w = 1.5rads

-1 —1

and w = 2.0rads

(a-b) Magnitude of beam deflection and (c-d) magnitude of tilt, along the length of the platform. (e-f) Magnitude of bending moment (BM) and (g-h) magnitude of shear force

in the cross-section, per unit beam-width for unit-slope wave excitation.

4.3. Response for a wide range of monochromatic waves

In the previous section, we restricted the analysis to just two ex-
citation frequencies. In this section, we repeat the analysis for a wide
range of excitation frequencies to better understand the differences in
the total structural response for 1, 5, and 25 floater cases.

We repeat the analysis for @ € [0.5,5.0], which corresponds to
ocean-wave length 4 € [2.5,190]m for the assumed water-depth d =

10

30m. This results in the contour plot Fig. 7a, c, e for PLA-NFO1, PLA-
NFO05 and PLA-NF25, respectively, which are analogous to Fig. 5a. In
these contour plots, the x-axis is the position along the platform, the
y-axis is the excitation frequency and the contour levels are for the
magnitude of the complex-valued solution of beam deflection 5. The
arrows in the plots highlight @ = 1.5rads™ and w = 2.0rads™!, which
were studied in the previous section. Similar contour plots are prepared
for the calculated slope response, bending moment, and shear force.
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Fig. 6. Plots of the structural response of PLA-NFO1, PLA-NF05 and PLA-NF25 floating platforms to monochromatic ocean-wave excitation of w = 1.5rads™' and w = 2.0rads™.
(a-b) Magnitude of longitudinal stress in the cross-section, at y, = h,/2. Here y, is the normal distance between the rotation axis for bending and the location on the cross-section.
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Fig. 7. Contour plots of the structural response along the length of the platform for ocean-wave frequency in range » € [0.7,5.0]. (a—b) Magnitude of deflection and slope for
PLA-NFO1. (c-d) Magnitude of deflection and slope for PLA-NF05. (e—f) Magnitude of deflection and slope for PLA-NF25. The arrows indicate the two frequencies that were plotted

in Fig. 6.
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Fig. 8. Contour plots of the structural response along the length of the platform for ocean-wave frequency in range w € [0.7,5.0]. (a-b) Magnitude of bending moment and shear
force for PLA-NFO1. (c—d) Magnitude of bending moment and shear force slope for PLA-NFO05. (e-f) Magnitude of bending moment and shear force for PLA-NF25. The arrows

indicate the two frequencies that were plotted in Fig. 6.

The contour plots Fig. 7b, d, f present the magnitude of slope for unit-
magnitude wave excitation. The contour plots Fig. 8a, c, e present the
magnitude of bending moment for unit-slope wave excitation. Finally,
the contour plots Fig. 8b, d, f present the magnitude of the shear force
for unit-slope wave excitation. Note that the contour levels for PLA-
NF25 are different compared to PLA-NFO1 and PLA-NFO5 across Fig. 7
and Fig. 8.

There are certain common observations across the plots, (1) the
deflection magnitude is highest at the endpoints of the platform and
at the free joints, (2) the slope is discontinuous at the free joints, (3)
the bending moment and longitudinal stress are zero at the endpoints
and the free joints.

In order to further explain the specific observations for each case,
we recount the classification of the global response of floating struc-
tures in Fig. 9, based on the works of [44,45]. The response can be
classified using two ratios, length of floater vs ocean-wave length L /4,
and length of floater vs characteristic hydro-elastic length L,/4 . Here
the characteristic hydro-elastic length 4. is defined as Eq. (28) [44,45].
For the structural properties of PLA, given in Table 1, the characteristic
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hydro-elastic length A, = 15.076 m.

1/4
Ao =2m <2>
g

In Fig. 9, we have indicated the response regime in which the 1, 5,
and 25 floater cases are situated. For case PLA-NFO01, the length of the
floaters is the longest, i.e., both L,/A. and L,/4 are large. This indi-
cates a very flexible floating structure response, which is evident in the
results. Fig. 8a shows a significant bending moment across the length of
the platform and for all frequencies, thus highlighting the presence of
the elastic response. This elastic behavior however provides a stiffness
against the wave excitation, thus resulting in smaller motions, as seen in
lower deflection magnitudes in Fig. 7a. Therefore, PLA-NO1 is observed
to have lower motions, but higher structural loads.

On the other hand, PLA-N25 with 25 floaters has the smallest values
of L;/4, and L/4, suggesting a rigid body response. The deflection
contour in Fig. 7e highlights that the motion of PLA-N25 is larger com-
pared to PLA-NO1. This motion of PLA-N25 is particularly large within
the critical wave frequency range of [0.5, 3] rad s~!, which encompasses

(28)
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the majority of fully developed wind-generated sea-states. The contour
plot in Fig. 8e shows that the bending moment for PLA-N25 is at
least one order of magnitude lower than PLA-NO1 and PLA-N25. This
indicates that a reduced elastic response leads to overall larger motions
in the platform. Finally, we also observe that the leading floaters have
higher magnitudes of motion, especially for high frequencies. This
suggests that the leading floaters act as sacrificial barriers and reflect
the incoming wave energy for the high frequencies. Overall, the PLA-
N25 platform is expected to have large motion but smaller structural
loads.

The case PLA-NO5 has intermediate values of L, /A, and L,/A. Fig.
7c and Fig. 8c show a larger magnitude of deflection and bending
moment in PLA-NFO5 compared to PLA-NF01. Hence this design choice
would have worse motion and structural loads compared to PLA-NFO1.
Furthermore, the plots highlight a gradual decay of the response along
the length of the platform due to successive partial reflection of the
incoming wave energy.

Lastly, we examine the loads on the joints for cases PLA-NF05 and
PLA-NF25. In Table 2, we provide the average magnitude of the loads
across the joints, for two excitation frequencies. In Fig. 10, we present
the average magnitude of loads for excitation frequency w € [0.5,5.0].
We also present the maximum magnitude of loads, among the joints.
In general, we note that the PLA-NF25 has significantly lower loads on
joints compared to PLA-NFO05. Secondly, for low frequencies, the mean
and maximum of the loads across joints is quite similar. However, for
higher frequencies, notable differences emerge in the mean and maxi-
mum joint loads. This disparity arises due to the increasing reflection of
higher frequencies along the length of the platform, resulting in higher
loads in the upstream portion and lower loads in the downstream
portion. This phenomenon is particularly pronounced in the case of
PLA-NF25 for @ > 2.7rads”', where the majority of the structural
response is borne by the upstream floaters, leading to large loads on
the upstream joints.

In summary, based on these observations, we can infer that increas-
ing the number of floaters amplifies the platform motion. However, the
structural loads exhibit a non-monotonic trend. This occurs because
increasing the number of floaters results in a shorter length for each
floater, causing the structural response to shift from elastic to rigid
body behavior. Since structural loads depend on both the extent of the
elastic response and platform motion, a non-monotonic trend emerges.
Therefore, there is a trade-off in selecting the optimal number of
floaters.

Finally, we would like to use these results to highlight the signif-
icance of the hydro-elastic natural frequency of the floating system.
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In Fig. 7, we can see that the response of PLA-NF25 peaks around
w = 2.8rads”!, response of PLA-NF05 peaks around @ = 1.95rads™
and the response of PLA-NFO1 peaks around @ = 1.5rads™'. These
frequencies correspond to the natural hydro-elastic frequencies of the
floaters, which are inversely proportional to the length of the floater.
In the interest of brevity, we refrain from delving into the natural
frequencies of the floating elastic system in this manuscript. However,
the readers are directed to [46,47] for the discussions on the natural
frequencies of such a floating elastic system.

4.4. Tilt distribution

As mentioned in Section 2.2, the tilt is the link between the struc-
tural and the optoelectrical models. Fig. 11(a) shows the standard
deviation of the tilt along the platform for PLA with 1, 5, and 25
floaters. As expected from the previously presented results, the vari-
ation in tilt is larger for a higher number of floaters. In the case
of 5 floaters, the highest deviation is experienced at the hinges of
the platform and the lowest one at the center of the platform. In
contrast, for the case of 25 floaters, the location of the hinges is not
appreciated. The highest deviation is experienced at the beginning and
the lowest one at the end of the platform. This is due to the already-
mentioned effect of wave reflection. For the single floater case, the
highest deviation is experienced at the extremes but it undergoes in
general the lowest deviation in tilt. The modules at such unstable
positions should be replaced by fake ones or glass to observe the same
mechanical behavior without compromising the power output.

After having explored the variation of the tilt along the platform,
Fig. 11(b) shows the distribution of tilt values over time at a specific
position. One can observe again that the variation in tilt is larger for a
higher number of floaters. In particular, while the tilt oscillates within a
range of + 10° for a single floater, it doubles to + 20° when the platform
is composed of 50 floaters. Along time, the tilt values oscillate around
0°; however, when fixing the time instant, the median values of the tilt
along the platform may be positive or negative.

This greater variation in tilt for a higher number of floaters indicates
that the power losses will also increase with the number of floaters.
A wider variation in tilt translates into a greater range of irradiance
values. This has a high influence on the power mismatch losses as the
wider the range, the larger the losses.
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4.5. Power losses

The power output of the floating PV system is computed following
the approach developed in Section 2.3. To obtain a time series of the
tilt and azimuth, the negative tilts are transformed into positive ones
after considering that the azimuth during those instants of time would
be the opposite of that which the system faces.

Table 3 shows the annual energy yield for the OFPV system with
a single inverter (referred to as floating), for the OFPV system with
MPPT at the module level (MPPT), and for the one laying horizontally
not subjected to the effect of waves (horizontal). These systems are
facing South hence they are denoted as PLS. The values have been
normalized to the nominal power of the system. As expected, the
floating system produces the least of the three scenarios. In particular,
the energy produced is 0.7% to 2.6% lower than when all modules are
laying horizontally. The MPPT scenario generates slightly less energy
than the horizontal scenario, with a difference ranging from 0.1% to
0.2%, depending on the number of floaters. Production decreases as
the number of floaters increases, with the floating system being more
impacted than the MPPT system. The horizontal scenario is not affected
by the number of floaters.

The results from Table 3 can be better analyzed by computing the
mismatch and movement losses. Fig. 12(a) shows how the mismatch
losses experience an increase of 0.6% to 2.4% as the number of floaters
increase, while the movement losses are almost negligible. The latter
can be attributed to the fact that, on average, the oscillations are
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Table 3
Annual energy yield for the floating, MPPT connected, and horizontal PV systems for
different numbers of floaters.

Yield [kWh/W,] PLS-NFO1 PLS-NF02 PLS-NFO5 PLS-NF10 PLS-NF25 PLS-NF50

Floating 1.001 1.001 1.000 0.999 0.991 0.982
MPPT 1.007 1.007 1.007 1.007 1.007 1.006
Horizontal 1.008 1.008 1.008 1.008 1.008 1.008

centered around 0°. Due to the wave effect, the modules will face
the sun at one time instant, increasing productivity. However, at the
next time instant, the modules will look away from the sun, decreasing
the production. If each module produces at its MPP, any extra power
generated at some time points is offset by lower power generation at
others. Similar results were reported in [6].

This phenomenon can be seen in Fig. 12(b), which shows the power
produced by the floating, MPPT, and horizontal systems on the day with
the highest mismatch losses. The case of 25 floaters has been chosen
as an example. The system with MPPT presents oscillations in power
that are centered around the power produced by the horizontal system.
With a higher magnitude of the oscillations and shifted down, one
can encounter the power produced by the series-connected modules.
In that same figure, the dip at around 11:30 shows the effect of a
passing cloud on the power generation. The three systems produce a
similar output during that cloudy instant since the mismatch losses
occur mostly during sunny moments.
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Three phenomena explain why December 28th is the day with
the highest mismatch losses. First, it is a sunny day. Mismatch losses
are higher on sunny days when there is a high portion of DNI than
on cloudy ones. Out of the three irradiance components explained
in Section 2.3.1, the direct one G;., which is directly proportional
to the DNI, is most affected by whether the module is facing the
sun or not. Second, it is a windy day. The waves considered in this
work are generated by wind. A stronger wind generates a higher tilt
variation [6]. Third, it is a winter day. The mismatch is a relative value
that depends on the power production. Since the production is higher
in summer than in winter, the same losses will be relatively larger in
winter than in summer.

For considerable oscillations to occur, all three phenomena must
coincide simultaneously. It should be a sunny windy winter day. To
showcase this, the power produced during three more days is plotted
in Fig. 13. December 10th is a windy winter day but with a low DNI
component. January 22nd is a sunny winter day but with a low wind.
July 9th is a sunny windy day but during the summer. For the three
days, the generation by the three cases under study is equivalent.

In terms of production, these findings are favorable as most of the
losses will be reported during periods of low generation. These findings
also add a benefit to the symbiosis between offshore photovoltaic and
wind electricity, as the mismatch losses caused by a greater wind can
be compensated by a higher production of wind power.

Before ending this section, we would like to comment on the tilt of
the PV modules. To enhance the mechanical stability of the system,
the modules have been placed horizontally on top of the platform.
However, the optimal tilt for the North Sea is around 34° [48]. If the
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system under study were installed at this inclination, the mismatch
losses would be relatively lower. The magnitude of the oscillations
would remain similar, resulting in equivalent power loss. However,
since the overall power production would be higher, the relative power
loss would be smaller.

5. Variations to the base case

In this section, we systematically alter the characteristics of the base
case PLA to analyze the impact of changing structural properties, such
as Young’s modulus, thickness and cross-section, and panel orientation
on power mismatch losses.

5.1. Orientation

This subsection explores how the power losses are affected when the
PV system faces East instead of South. Therefore, the system is denoted
as PLE.

The movement and power mismatch annual losses for the two
orientations are shown in Fig. 14(a). The movement losses experience
the same increase from 0.1% to 0.2% for the two orientations. This
indicates that orientation appears to have no appreciable impact on the
annual yield in the case of the MPPT connection. The power mismatch
losses stay in the range 0.6% to 2.6% for the two orientations. The
losses are slightly lower for the East-facing system for platforms with
10 floaters or less, but higher for 25 floaters or more.

The distribution of mismatch loss for the two orientations, shown
in the boxplots in Fig. 14(b) for an increasing number of floaters,
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Fig. 14. (a) Plot of annual power losses and (b) boxplots of the daily mismatch for the systems facing South (PLS) and East (PLE) for an increasing number of floaters.

shines a light on this behavior. The South-oriented system experiences
a wider range of daily mismatch values, reaching on some days higher
losses than the East-oriented system. For instance, the maximum daily
mismatch loss of 1 floater is close to 18% for the South-oriented system
but lower than 6% for the East-oriented system. This behavior occurs
independently of the number of floaters. However, in terms of the
median, the losses of the system facing East are higher. These systems
experience the highest losses when they face the sun (in other words,
when the sun’s azimuth equals the system’s orientation). Therefore, the
South facing system will experience higher losses at noon while the
East facing one will experience them in the morning and afternoon.
Since the irradiance is higher during noon, the relative losses are more
evenly distributed throughout the day for the East-facing system. This
is because the mismatch losses are low when the irradiance is high and
high when the irradiance is low. However, the difference in median
values between the two systems depends on the number of floaters.
For a low number of floaters, when the oscillations are small, the
median loss for the two orientations is similar. The outlying values of
the South-oriented system make that, throughout the year, the system
experiences slightly higher losses. On the other hand, when the number
of floaters is 25 or 50 and the oscillations are higher, the considerable
difference in median loss between the two orientations compensates for
the outlying daily losses of the South-oriented system. This makes that
the East-oriented system experiences a higher annual mismatch loss.

The plots in Fig. 15 help understand this difference in the distri-
bution of mismatch losses for the two orientations. Fig. 15(a) shows
the power production on the day with the highest mismatch for the
East-oriented case, January 14th. The power losses for this East-facing
PV system occur mostly in the morning and afternoon instead of during
noon as for the South-facing system. One can also note that this is again
a sunny winter day. However, as opposed to December 28th, there is a
drop in production near noon due to clouds passing.

The difference in orientation also affects the daily loss throughout
the year, as shown in Fig. 15(b). A South-facing floater, which loses
most of the power at noon, faces relatively high losses in the cold
months when the days are short and most of the irradiance is centered
around noon. An East-facing floater during those months is beneficial
as most mismatch losses will occur when the irradiance is not so high.
During the long summer days, the losses occurring at noon by the
South-facing floater are not so detrimental because the irradiance is
also high at noon. However, for the East-facing floater, the losses are
relatively larger as the irradiance is still high in the hours around noon.
However, the highest daily mismatch losses still occur in winter due to
the higher wind speeds and lower produced power.
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5.2. Young’s modulus

We start with the base case PLA, as defined in Table 1, and vary only
the Young’s modulus of the material. We explore three scenarios: E =
05Eypprs E =10Eyppp, and E = 2.0 Eppg. Fig. 16(a) illustrates
the annual mismatch and movement losses, for platforms with various
number of floaters, for these three values of Young’s modulus. Fig.
16(b) presents the distribution of the daily mismatch losses.

From the plots, an interesting trend emerges, which can be ex-
plained, based on our analysis in Section 4. For 25 and 50 floaters,
there is no discernible difference in the mismatch losses across the three
Young’s modulus values. In scenarios with a high number of floaters,
the length of each floater L, is small, resulting in small ratios L /4 and
L; /4., indicative of a rigid body response. As observed earlier in Fig.
8e-f, under the rigid body response regime, the bending moment within
the structure is minimal. This emphasizes that the bending stiffness
of the beam has little influence on the structure’s response, hence
altering the Young’s modulus of the material yields little difference in
the mismatch losses.

Conversely, scenarios with a low number of floaters will have higher
values of L;/4 and L,/4., implying an elastic response. As per our
observation in Fig. 8a-b, in these instances, the elastic response of the
floater dominates. As a result, we observe distinct differences in the
mismatch losses when the Young’s modulus is altered for scenarios with
a low number of floaters. Moreover, increasing the Young’s modulus
enhances the bending stiffness of the structure, thereby reducing the
platform’s motion and consequently diminishing the overall mismatch
losses. This explains the observed reduction in losses with increasing
Young’s modulus, for cases with fewer number of floaters.

5.3. Thickness

In this section, we revisit the base case PLA, varying only the
thickness of the beam. Case PLA has a thickness of 4, = 0.2m. We
additionally test scenarios with thicknesses #, = 0.1m and A, = 0.4m.
Fig. 17(a) presents the annual mismatch and movement losses for
platforms with 1-50 floaters, for these three floater thickness values.
Fig. 17(b) presents the distribution of daily mismatch losses for the
same thickness values. These plots reveal a curious trend. For scenarios
with 1, 2, 5, and 10 floaters, an increase in platform thickness leads to
a reduction in mismatch losses. However, for 25 and 50 floaters, an
increase in thickness conversely results in increased mismatch losses.

The observation for fewer floaters is easily explained. In cases
with fewer floaters, the structure operates in the elastic regime due
to high values of L,/A, and L,/A. Therefore, the elastic response
dominates. Since the bending stiffness ET « hg, an increase in thickness
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Fig. 18. Contour plots of the longitudinal stress in the floater beam cross-section. (a-c) PLA-NFO1 with A, = 0.1m, 0.2m, 0.4m. (d-f) PLA-NF25 with #, =0.1m, 0.2m, 0.4 m.

significantly enhances the bending stiffness, resulting in substantially
smaller motions for /1, = 0.4m compared to h, = 0.1 m, thereby leading
to lower mismatch losses.

The reversal of this trend for 25 and 50 floater scenarios can be
explained by examining the influence of 4, on the characteristic hydro-
elastic length of the structure, i.e., 4, « (h,,)3/ * For a given floater
length L,, changing the floater thickness alters the ratio L,/1, «
(hb)_s/ *. Consequently, a thinner beam exhibits a higher L 7/ 4, indi-
cating an elastic-dominant response, while a thicker beam results in a
lower L,/A., leading to a rigid body response.

This distinction is further supported by the contour plots of longitu-
dinal stress in the floater cross-section, as presented in Fig. 18. In Fig.
18a-c, we present the contour plots of the magnitude of stress for a
platform composed of a single floater of L, = 100m (PLA-NF01) with
floater thicknesses h, of 0.1 m, 0.2m, and 0.4m, respectively. In Fig.
18d-f, we present the contour plots of the magnitude of stress for a
platform composed of 25 floaters of L s =4m (PLA-NF25), with floater
thicknesses h, of 0.1 m, 0.2m, and 0.4 m, respectively. In the PLA-NFO1
scenario, there is significant stress across a wide range of excitation
frequencies for all thicknesses, indicating elastic response. In the PLA-
NF25 scenario, we observe nearly zero stress for the 0.4m floater,
indicating a rigid body response; while strong stresses are observed for
the 0.1 m floater, indicating an elastic response.

As h, = 0.4m for PLA-NF25 has very little elastic response, there
is no additional stiffness against wave excitation, resulting in large
motions and mismatch losses for 25 and 50 floater cases. Conversely,
h, = 0.1 m exhibits significant elastic response even for 25 and 50
floater scenarios, providing additional stiffness against wave excitation
and resulting in smaller motions and mismatch losses.

5.4. Fill ratio

In this test, we modify the cross-section of the floater. The base
case PLA has a solid cross-section. We test scenarios, where the middle
portion of the cross-section is hollowed out, to minimize weight with
limited influence on the bending stiffness. We quantify this using a “fill
ratio” y. In addition to solid cross-section having y = 1, we test cases
with y = 0.5 and the lightest y = 0.25.

Fig. 19(a) presents the annual mismatch and movement losses for
platforms with 1-50 floaters, for these three fill-ratio values. Fig. 19(b)
presents the distribution of daily mismatch losses for the same. Similar
to Section 5.3, the obtained trend is dependent on a interplay be-
tween rigid-body and elastic response, driven by the change in bending
stiffness, mass and characteristic hydro-elastic length.
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6. Conclusion

In this work, we have analyzed the interaction of an OFPV system
with surface waves focusing on the structural loads of the platform
and the mismatch losses experienced by the system. Using a combined
framework to study this multi-physics problem, we have examined
how the number of floaters, orientation, platform’s Young modulus,
thickness, and fill ratio affect the structural and optoelectrical response
of the OFPV system. The main key findings are:

+ A trade-off exists in selecting the number of floaters for an off-
shore floating PV system. From an optoelectrical perspective,
minimizing motion is desirable to reduce the tilting of PV panels.
This favors designs with a single or a few large floaters, such
as PLA-NF05, which tend to exhibit smaller overall motions.
However, such configurations typically operate within the elastic
response regime, leading to higher structural stresses and po-
tential fatigue-related issues. In contrast, using a larger number
of smaller floaters, such as PLA-NF25, tends to shift the sys-
tem response toward rigid-body behavior. This transition reduces
elastic stresses in the floaters, mitigating structural concerns.
However, these configurations experience greater tilting motion,
which increases optoelectrical losses.

The system orientation shows a limited effect on the mismatch
losses. This was expected considering the original horizontal po-
sition of the PV modules. However, North-South oscillations are
preferred over East-West oscillations as the losses in the latter
case are relatively higher for most of the year except for winter.
The structural properties of the platform can have a significant
influence on the overall power mismatch losses. A change in
Young’s modulus, thickness, or cross-section of the floater beam
can alter the hydro-elastic response from a rigid body response
to an elastic dominant response. This influence depends on the
number of floaters of the platform.

The scenarios with up to 10 floaters were observed to have an
elastic dominant response. As a consequence of this, the power
mismatch loss is observed to reduce with an increase in Young’s
modulus of the material, with an increase in the thickness of
the floater beam, or with an increase in the fill ratio for the
cross-section.

For the 25 and 50 floaters scenarios, we observed a rigid body
response for all tested values of Young’s modulus. Therefore,
Young’s modulus did not have a significant impact on the power
mismatch losses. On the other hand, the 25 and 50 floaters
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Fig. 19. (a) Plot of annual power losses and (b) boxplots of the daily mismatch for systems with varying fill factors for an increasing number of floaters.

scenarios showed an elastic dominant response for low floater
thickness and a rigid body response for high floater thickness.
As a result of this, a thinner floater resulted in lower mismatch
losses, due to added resilience from the hydro-elastic response.
A similar trend was seen when varying the fill ratio, where a
low fill ratio offered lower power mismatch losses due to the
hydro-elastic response.

Based on these observations, a hybrid design approach may be
suitable for offshore floating PV platforms. Panels located near
the periphery of the platform can be designed to exhibit rigid-
body response, thereby reducing structural loads in these floaters.
Additionally, the peripheral panels would scatter incoming wave
energy, limiting its transmission to the inner regions of the plat-
form. The inner floaters, in turn, could be designed to operate
in the elastic regime to minimize motion. This approach of-
fers a balance between structural integrity and energy yield.
However, further research is required to determine the optimal
configuration for such a hybrid design.

Overall, the manuscript highlights the interplay between the hydro-
elastic response and the design and properties of VLFS such as a floating
PV platform. The manuscript further presents the consequence of this
hydro-elastic response on the potential optoelectric performance of the
floating PV platform in offshore conditions.

This manuscript establishes a foundation for progressively exploring
additional components of a floating photovoltaic (PV) platform. In
our future work, we will include targeted investigations, such as the
influence of mooring lines on the structural response and the resulting
impact on photovoltaic performance. A three-dimensional analysis will
also be undertaken to accommodate irregularly shaped floating PV
platforms and various mooring configurations. In addition, the hydro-
elastic model will be extended to incorporate non-linearities in both
ocean wave dynamics and structural response. The study could also
benefit from using the data from irradiance sensors located offshore
for increased accuracy. Exploring alternative deployment locations and
different types of floating structures, such as membrane-based systems,
is also worthwhile. Furthermore, economic factors will be integrated
to estimate the levelised cost of energy (LCOE), combining structural
and photovoltaic performance with cost analysis to support informed
decision-making.
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