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Abstract

Photovoltaic (PV) systems are significant for the transition towards renewable energy.
However, their expansion is constrained by the scarcity of suitable land in proximity to electric
grids. To address this issue, floating PV is a promising solution. Ensuring the robustness of
floating PV installations remains a major concern, particularly regarding the mechanical load
due to strong winds in open water. This study aims to assess the impact of wind on floating PV
modules, by considering real wind speed values occurring at the North Sea. To achieve this
objective, the influence of PV module configuration, such as inclination, is examined.
Moreover, different thicknesses of PV glass are considered to find an optimum between
mechanical stability and material consumption. Lastly, a resonance vibration test is performed
and compared to simulations to estimate the effects of vibration on PV module stress. The
findings indicate that a low inclination installation is preferable, and a glass-glass PV module
with a 2.5 mm glass thickness can withstand static and dynamic mechanical loads, although
long-term durability requires further investigation. Additionally, it is crucial for the standard
Dynamic Mechanical Load (DML) test to include higher pressure values and an extended
vibration test at the resonance frequency with the highest measured acceleration, identified after
a frequency sweep.

1. Introduction

With the growing energy demand and the scarcity of traditional energy sources, there is an
increasing need for renewable energy. Photovoltaic (PV) generation systems play a significant
role in the expansion of renewable energy, with a global cumulative capacity of approximately
~1555 GW (end 0f 2023) [1]. Solar energy accounted for 4.57% of global electricity generation
in 2022 [2], making it the third largest renewable electricity technology after hydropower and
wind [3]. However, the availability of suitable land poses a limitation to further growth [4].
Floating PV presents an appealing solution to overcome this constraint by utilizing unused
water reservoirs for installations and expanding the potential capacity for renewables.

Floating PV offers numerous advantages, including the avoidance of land usage, enhanced
efficiency of PV modules due to reduced thermal impact, minimal shading thanks to a more
open area, decreased evaporation loss, diverse application possibilities such as combining it
with fish farming, and a promising market potential [5]. The grid connection can be co-utilized
with turbines in case of reservoirs, or with wind turbines in offshore use [6,7]. This is primarily
because there is a large availability of water bodies suitable for deploying floating PV systems.
However, the robustness of such installations necessitates further investigation, as they are
susceptible to mechanical loads caused by high wind and wave movements [8], increased
moisture ingress [9], salt presence [10], and bio-fouling [5], impacts which are aggravated
offshore and they are not sufficiently researched. This study will specifically focus on
examining the impact of mechanical loads, as there have already been incidents indicating their
detrimental effects on floating PV installations [11].

The scientific innovation of the presented work is that mechanical simulations for both static
and dynamic load are included and compared to dynamic mechanical load testing. In literature,
either the static [12—14] or dynamic loads [15—17] are studied, but no attention is given to their



respective contribution in the overall reliability of PV modules exposed to real outdoor
conditions, including high wind gusts. Moreover, there is only a small number of publications
correlating the deformation due to wind loading and the internal stress levels generated as a
consequence, and those studies are not looking into high wind gusts, east-west configurations
and different glass thicknesses were not considered [14]. This research attempts for the first
time according to our knowledge to simplify the estimation of the developed internal stress,
caused by multiple sequential wind speeds included within a wind gust, by minimizing the
lengthy and computationally expensive Finite Element Method (FEM)simulations. Another
important outcome of this study is the comparison of the first principal stress that a PV module
would develop when in resonance with this caused by the standard IEC TS 62782:2016 for
Dynamic Mechanical Load (DML) testing. Furthermore, we demonstrate the possibility of
achieving cost savings by reducing the thickness of the glass used in PV modules. This
reduction in glass thickness is particularly important since the cost of glass constitutes
approximately 10-25% of the total cost of a PV module [18]. Additionally, by reducing the
thickness of the glass, the weight of the modules is also reduced, which is crucial for the
installation and Operation and Maintenance (O&M) of a floating PV plant. Finally, this leads
to resource conservation through the reduced utilization of glass, thereby contributing to the
overall sustainability of the technology.

The aim of this work is to evaluate and compare the static and dynamic mechanical load that a
PV module encounters due to strong wind gusts, when installed on an offshore PV platform,
and their impact on the stress developed within a PV module. In order to achieve this goal, the
effect of configuration of the PV modules (inclination) is examined for a wind speed of 45 m s”
!, This value was recorded as the highest gust at the Belgian North Sea (Westhinder) within a
period of 7 years (from 2015 to 2022). The highest reported value in Belgium is 55 m s™! in the
Lothar Storm in 1999, however, it was not used as it was assumed a very extreme condition.
Additionally, the thickness of the glass of the PV module was varied, for the identification of
the minimum requirements. Furthermore, a resonance vibration test is carried out and compared
to simulations, in order to estimate the influence of the vibration mode with the highest impact
on the stresses developed. Finally, the maximum first principal stress and deformation occurring
for a PV laminate, due to wind speed variation, was calculated for various wind speeds. The
combination of the results contributed to the assessment of the adequacy of the existing standard
IEC TS 62782:2016 for DML testing.

2. Experimental Section/Methods

For the investigation of the mechanical loads (static and dynamic) that a PV module may
encounter due to wind when installed offshore, a combination of experiments and simulations
were utilized. The computation of the pressure distributions, applied on the PV modules by the
wind, and the estimation of the first principal stress maps on the top and rear sides of glass-
glass PV modules were conducted by FEM simulations with COMSOL Multiphysics. The tilt
angle of the PV modules for all the simulations was defined according to the simulation scenario
and is reported at each subsection. In the case of dynamic mechanical load and for the
identification of the resonance frequencies, a frequency sweep / vibration experiment was
realized. The methodology for all the theoretical calculations and the experimental work are
described in the following sections.



2.1 Vibration Experiment / Frequency Sweeps

In order to identify the resonance frequencies of the studied PV module, a vibration experiment
including frequency sweeps was carried out. A glass-glass n-type bifacial mc-Si PV module
(see specifications in Table 1) with dimensions 1690 mm x 996 mm x 30 mm (frame
thickness), containing 120 (6 x 20) half cells of dimensions 158.75 mm x 79.375 mm and glass
of thickness equal to 2.5 mm, was mounted on a vibration table as shown in Figure 1. Two
aluminum profiles were rigidly attached to the table and the PV module was clamped at four
points, according to the number of the aluminum profiles, the dimensions of the PV module
and the positioning on the vibration table. Two frequency sweeps were applied, one starting
from 3 Hz and finishing at 250 Hz and a reverse. It must be noted that the values obtained below
10 Hz are questionable, due to the inadequate control of the table. More specifically, during the
ascending sweep, the table could not start vibrating below 6 Hz, while during the descending
sweep, the table continued vibrating until reaching 3 Hz. The acceleration applied by the table
was 1 g (see Figure S1 for the details of the sweep). The acceleration of the PV modules was
recorded by an accelerometer ADXL345 of range +16 g and resolution 1 msec. The
accelerometer was attached to the center of the PV module. The experiment was repeated for
two PV modules of the same type, in order to ensure repeatability.

Table 1. Electrical properties of tested PV modules at Standard Test Conditions (STC).

Peak Power (Pmax) (W) 340
MPP Voltage (Vmp) (V) 35.1
MPP Current (Imp) (A) 9.70
Open Circuit Voltage (Voc) (V) 41.8
Short Circuit Current (Isc) (A) 10.17
Module Efficiency (%) 20.20

Figure 1. PV module fixed on the vibration table with aluminum profiles-supports. The exact
position of the clamps is indicated.



2.2 FEM Simulations

2.2.1 Mechanical Load (Pressure) due to Wind

The inhomogeneous mechanical load due to wind (pressure in Pa) was estimated as a
consequence of a 2D turbulent air flow. For the simulation of the wind flow, the “Turbulent
Flow” module was used. The “Geometry” included a rectangle of width equal to 6 m and height
of 10 m. The right side of the rectangle was assumed as the “Inlet”, the left side as the “Outlet”,
the bottom as a “Wall” and the top as an “Open Boundary” (Figure 2a). The bottom “Wall”
was considered static, as for this study, the floating structure is assumed large and rigid,
meaning that the movement due to waves is not significant. The wind velocity of the “Inlet”
was varied according to the simulation from 5 to 45 ms™'. The value was constant along the
inlet, since it was assumed equal to what was measured for the respective height of installation.
The “Turbulence’” model applied was k-& with a compressible flow (Ma < 0.3) due to its good
convergence rate, low memory requirements and accuracy for external flow problems [19]. In
order to estimate the pressure variations due to the presence of a PV module, a 2D cross-section
was placed at the center of the bottom wall with dimensions 0.01 m width (approximation
between the thickness of the frame and the PV laminate) and 0.996 m height, assuming that the
installation of the PV modules is in landscape. Two configurations were studied, a south and
an east-west. While a south-facing installation is optimal for energy yield per module area, a
near-horizontal placement ensures best energy yield per area of structure, which takes
prevalence in case of expensive structures or size limitations; a small angle is still required to
ensure water run-off. For the south configuration, the inclination was set to 35° (Figure 2b),
while for the east-west configuration, the inclination was equal to 15° and an additional PV
module was mirrored on the left side (Figure 2¢). The mesh utilized was “Extra Fine” and the
“Study” applied was “Stationary”. In order to obtain the pressure profiles, 2D lines were cut
above and below the PV module. The 2D lines were translated to 3D profiles by extending the
values along the full length of the PV module. Although the 2D model is a significant
simplification over the 3D model, it is sufficient enough to describe our problem, since the PV
modules are assumed to be installed tightly next to each other, without leaving a gap between
the two frames. Moreover, the generated pressures are similar to these obtained for a 3D model
(see comparison between Figure S2 and [14] for wind speed 20 m/s). It must be noted that the
studied scenario is the worst-case, considering the PV modules that are placed on the front row
of an installation [14].
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Figure 2. (a) Full geometry of the 2D wind model including boundary conditions. Specific
design for (b) 35° south and (c) 15° east-west configurations.

2.2.2 First Principal Stress Maps of a PV Module — Static Mechanical Load

For the calculation of the resulting first principal stress within the PV module, the “Solid
Mechanics” module was used. The dimensions of the simulated PV module were assumed
according to the dimensions of existing PV modules in the lab, in order to achieve experimental
validation (see section 2.1). In the future, modules with bigger dimensions will be examined,
according to the industrial trends. As a simplification, the PV module was assumed as a layered
shell including a glass — encapsulant — cells — encapsulant — glass structure. This simplification
is sufficient assuming that we only investigate stationary studies (or in section 2.2.3, time
dependent with very short duration) at constant temperature which do not account for the
viscoelasticity of the encapsulant. Moreover, a realistic interaction between the different layers
(for example defects in adhesion) is not considered since no accurate information can be found.
The space between the cells was equal to 1.5 mm in both directions. The encapsulant was
simulated by an Ethylene Vinyl Acetate (EVA) layer. For the weight - mechanical robustness
optimization, the thickness of the glass (top and bottom simultaneously) was set to three
different values 2, 2.5 and 3.2 mm. The layered shell was in continuity with the silicone edge
sealant and the frame (see details in Figure 3a and Figure 3b). The main mechanical properties
are listed in Table 2. The module was clamped (constrained regions on the rear side of the
frame) at six points over its length, three on each long side (see Figure 3¢ and Figure 3d for
the clamping locations) and not at four as in section 2.1, as the four clamps configuration was
used only due to experimental limitations and six clamps would provide more reliable
mechanical stability. The extracted pressure profiles for the different wind speeds, described in
section 2.2.1, were applied on the front and rear side of the PV module. The effect of gravity
was also considered according to the inclination. Finally, a customized mesh was generated
(Table 3) and a “Stationary Study” was applied.
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Figure 3. (a) Edge sealant and (b) frame cross-sections. (c) PV module geometry with the
location of the clamps indicated. (d) Clamp location and dimensions on the rear side of the
frame.

Table 2. Parameters required for the mechanical simulation of the PV modules. It must be noted
that all the materials are assumed as linear elastic, as they are part of a layered shell, for
simplification. Moreover, the temperature for all the simulations was considered 20 °C.

Materials Model Thickness Density Young’s Poisson’s
(kg m) Modulus  Ratio
(mm) (Pa)

Float Glass Linear 2-3.2 2220 73.7-10° 0.168
Elastic

Silicon (cells)  Linear 0.160 2329 170-10° 0.28
Elastic

EVA Linear 0.425 1760 16.9-10° 0.4995

(encapsulant) Elastic
(temperature
dependent)

Silicone (edge Linear See 1310 2.1-10° 0.49

sealant) Elastic Figure 2a




Table 3. Meshing details of the PV module’s geometry.

Components Type of Mesh Size
Glass Free Tetrahedral Extra fine
Cells Free Extremely
Quadrilateral fine
Encapsulant Free Triangular ~ Extra fine

(between the cells)

Encapsulant Free Tetrahedral Extra fine
(layers)

Edge-sealant Free Tetrahedral Extra fine
Frame Free Tetrahedral Extra fine

2.2.3 First Principal Stress Maps of a PV Module During the Vibration Test

For the simulation of the vibration of the PV module at the resonance frequency with the
maximum acceleration (see section 2.1), an oscillation simulation was performed. The
parameters described in section 2.2.2 were regarded, for a PV module with a glass thickness of
2.5 mm. Moreover, four clamps instead of six were adjusted, for replication of the experiment
described in section 2.1. The center of the clamps was placed at 31 cm from the edge of the PV
module (see section 2.1). A sinusoidal load was regarded with frequency 16 Hz (frequency
value for the maximum recorded acceleration) and amplitude equal to the product of the mass
of the PV module (26 kg) times the maximum recorded acceleration. A time dependent study
was realized for time zero, 774, 7/2, 37/4 and T, where T was the period of the oscillation.
Furthermore, a similar stationary simulation was conducted, with the sinusoidal load replaced
by a uniform load of 1 kPa, for the replication of the standard DML [20] at 3774.

2.2.4 Look-up Table — Translation of Wind Speed to Maximum First Principal Stress
Nine stationary simulations were carried out for wind speeds (5,10,15,..,45) m s™!, according to
the methodology described in section 2.2.1. By using look-up tables in MATLAB, the
maximum first principal stress (MPa) and maximum deformation (mm) were determined using
linear interpolation for the daily wind gust profile of Westhinder location in the North Sea
(51.23°, 2.26°). The data included wind gusts in 10 min resolution for the date 10-Dec-2017
and are publicly available from Meetnet Vlaamse Banken at [21]. The wind gust values were
calculated as the combined wind components and their absolute value (without taking into
consideration the direction) was directly applied on the PV modules, according to the
methodology described in section 2.2.2.



3. Results and Discussion

3.1 Inclination and Glass Thickness Optimization

The first optimization study considered the configuration of the arrays. Figure 4 demonstrates
the pressure distribution around a PV module, due to wind speed 45 m s and direction from
right to left (as indicated by the red arrows), and the resulting first principal stress within the
PV module. We observed that a higher pressure (maximum 1.54 kPa) is applied on the front
side of the PV module for the high inclination south configuration, while the low inclination
east-west configuration undergoes lower pressure (maximum 0.75 kPa) (Figure 4 top row).
Regarding the translation of the pressure to first principal stress distributed within a PV module
with glass thickness 2.5 mm, the highest value of stress is concentrated on the front glass near
the clamps (see Figure 4 bottom right for the location), especially the central clamp located on
the lowest part (which is the left side of the PV module when it is demonstrated as a portrait
configuration) of the landscape installed module (Figure 4 bottom row), since this is where the
pressure due to wind speed is the highest. The maximum first principal stress (see Discussion
S1 and Figure S3 for the calculation procedure, which reports the mean value of a specific area
where stress maxima are detected) is equal to 30.6 MPa and 14.8 MPa for the high and low
inclination, respectively. The resulting first principal stress distribution over the PV module
agrees with the findings of previous studies where the combination of clamps and a frame was
included [14,22], confirming that the highest stress is concentrated near the clamps, but not
extremely localized, since it is additionally regulated by the application of the frame. The
second location of high stress is the center of the rear glass (see Figure S3 which agrees with
[14]). Additionally, it must be noted that pre-stress due to lamination is not included in our
study. The glass theoretically should not break in any case, as the obtained values and their
distributions (Figure 5) are lower than the ultimate tensile strength of the PV glass, which is
~69 MPa [23], although in practice, cracks might be observed in case of non-uniform tensile
stress over the glass plate [24]. Moreover, a higher elastic deformation was estimated for the
high inclination, equal to 4.29 mm over 2.03 mm for the low inclination.

Afterwards, three different PV glass thicknesses were considered for the 15° east-west
configuration, for the weight-stress optimization. The results show that the maximum first
principal stress is obtained at the same location as for the different inclinations. The maximum
values, calculated as previously stated, are between 20.6 MPa and 9.8 MPa, for the thinnest
(2 mm) and the thickest (3.2 mm) glass sheet, respectively. All the resulting maximum values
(mean over an area where multiple stress maxima were detected) and their deviations are much
lower than the ultimate tensile strength of the PV glass (~42 MPa for the 2 mm glass and
~69 MPa for the other thicknesses) [23,25], making all the thicknesses theoretically compatible
with high wind loads, according to the assumptions made for this current study.

Figure S represents the first principal stress at the highest stress region, for all the examined
scenarios and both front and rear sides of the module. The analysis on top of the front glass
shows that the 35° south installation results in higher stress than a 2 mm glass selection for a
15° east-west configuration. The same trend, but with lower values, is obtained for the bottom
surface of the rear glass. Furthermore, a few outliers are present due to artifacts of the meshing
near the frame. It must be noted that these values were estimated with the clamps assumed as
constrained points. Different values may be obtained for different types of clamping (see
Discussion S2 and Figure S4 for comparison with a more relaxed clamp). Moreover, the
current work includes only the mechanical impact of the wind load, without accounting for the



waves occurring in a marine environment. In future work, a different type of clamping will be
studied, where the modules will be clamped from an aluminum profile attached to the rear side.
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Figure 4. Pressure distribution around a PV module, due to a wind speed of 45 m s™ for south
(S) (top left) and east-west (EW) (top right) configuration. The red arrows indicate the direction
of the wind. The respective resulting first principal stress maps for the upper surface of the top
glass of an exposed PV module are presented at the bottom, left and right. The purple asterisks
on the bottom right map indicate the location of the clamps. The PV module installation is
landscape, meaning that the right side of the maps represents the part of the PV module which
is closer to the installation platform, while the left side is the opposite.
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Figure 5. First principal stress at the highest stress region (near the left central clamp), for all
the examined scenarios and both the front and rear sides of the PV module. The statistical
analysis of the first principal stress values over a studied region is conducted according to
Discussion S1, since the assumption of a single value may be invalid, due to meshing artifacts.

3.2 Identification of Resonance Frequencies and Internal Stress Assessment

A frequency sweep test at 1 g was conducted for the identification of the resonance frequencies
of the PV module. Then the maximum acceleration and respective frequency results (highest
peak in Figure 6) were applied to a mechanical simulation, in order to evaluate the first
principal mechanical stress developed within the PV module. The combination of the frequency
sweep with the accelerometer data (Figure 6) shows that for both tested PV modules the
identified resonance frequencies are 16 Hz, 21.3 Hz and 60.7 Hz. The highest maximum
deflection is observed for the 16 Hz and is equal to 15.3 mm followed by the other two mode
shapes, where the maximum deformation is 5.6 mm and 0.6 mm for the second and third,
respectively. An additional peak is observed below 10 Hz however, it was not analyzed due to
inconsistency caused by the inadequate control of the vibration table (see section 2.1 and Figure
S1 for details). This specific peak was expected to be found according to [26]. The oscillation
simulation showed maximum first principal stress of 77.3 MPa (Figure 7) and maximum
deflection equal to 16.8 mm, which is higher than the one calculated directly from the
acceleration. The maximum values for the front glass occurred at the 3774 of the period 7 of
the oscillation, as expected. Moreover, the maximum first principal stress that the module
experiences is higher than the value obtained when the uniform 1 kPa load from the IEC
standard DML [20] is applied (19.6 MPa), where the maximum deflection is 3.7 mm (Figure
7). This result was expected, since the specific acceleration applies to a PV module maximum
pressure equal to ~2.5 kPa. Finally, although the maximum first principal stress exceeded the
ultimate tensile stress of the tempered PV glass during the 16 Hz vibration, it seems that the
combination of the materials of the PV laminate did not lead to glass breakage, since the
ultimate tensile strength of the glass may vary when it is laminated on different materials.
Another explanation may be that our simulation does not include the effect of the different
interfaces between the materials, which can lead to slightly higher estimated stresses [27].
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3.3 The Effect of Wind Speed Variation — Distinguishment Between Vibration Modes
After the generation of the look-up table, with the aim to match the responsible wind speed to
maximum first principal stress and maximum deformation of a PV module, the resulting
function was applied on wind gust data (absolute value of the combined components) recorded
for the full day of 10-Dec-2017. The first principal stress values and deformations obtained
(Figure 8) are indicative for one day, as certain assumptions have been made (see section 2.2.2)
we do not expect modification of the PV laminate materials due to degradation. In future work,
the degradation factor will be considered in the calculations. The variation of the first principal
stress and deflection values is generally slow over time, leading to low vibration frequencies
due to variation of wind speed. This observation remains valid for relatively high gusts of
~20 m s7!, as such gusts take almost one hour to build up. However, the vibration frequency due
to variation of wind speed changes when the gusts are very strong (~45 m s™), but it is difficult
to define it from the analyzed data, as the data are not continuous around this event, due to a
low resolution (10 min). When the first principal stress values, demonstrated in Figure 8, are
compared to these resulting from a standard DML test (see Figure SS for the results when 6
clamps are applied), it is concluded that the applied load 1 kPa leads to similar stresses to the
stresses observed for high wind gusts [20]. For this reason, the standard DML test is not
sufficient for predicting the robustness of a PV module against significantly high wind gusts,
when additionally taking into consideration that, in the studied case, the inclination of the PV
module is very low and the PV module is not in resonance. Higher loads such as 2.5 kPa and
5 kPa applied by [28] are more appropriate.

Additional to the vibration due to varied speed, a PV module experiences another vibration
mode, when its resonance frequency is reached. In literature [15,29] it is reported that a
vibration frequency of 16 Hz, which was identified also in this study and causes the highest
stress to the PV module among the resonance frequencies due to the highest acceleration, can
be reached during stormy weather. According to the results presented in section 3.2, this
vibration may lead to more severe stress within the PV module, and it can be much more
frequent, as a regular storm occurs more frequently than an extremely high wind gust. For this
reason, the robustness of a module during extended vibration at the resonance frequency with
the highest measured acceleration during a frequency sweep should be examined, since it is not
included also in the relevant standard for transportation of PV modules [26], where the vibration
frequencies are applied by a random sweep.



pal Stress

2.0 :

(m

o
o]

Max Deformation pax First Princi

50
(% 40
5 <30 .
£ v LY
S E20 . g
S 10] m e ¥ UN
= s -
0

Time (Hrs)

Figure 8. Wind gust data plotted simultaneously with the resulting maximum first principal
stress (calculated according to Discussion S1) and deformation over a period of one day on
10-Dec-2017.

4. Conclusions

The purpose of the present research was to quantify the static and dynamic mechanical load due
to wind gusts, when a PV module is installed offshore. Initially, the installation configuration
has been varied, to evaluate the effect of the inclination on the mechanical stress. It was found
that an east-west configuration with a 15° inclination reduced the first principal stress by 52%
when compared to a south 35° installation. Moreover, the PV glass of 2.5 mm thickness
performed adequately for both static and dynamic mechanical load. However, the long-term
durability against vibration of the PV module at 16 Hz and 1g (~2.5 kPa sinusoidal) is
questionable, since the maximum first principal stress exceeds the ultimate tensile strength of
the tempered PV glass by 5%. Furthermore, the vibration modes due to varied wind speed and
due to resonance were distinguished, with the second leading to significantly more severe first
principal stress. Finally, it is highly recommended that the resonance frequencies of the PV



modules are identified and they are tested with DML at higher pressures, such as 2.5 kPa or
5 kPa, since the 1 kPa load is not enough to evaluate the r of a PV module at high wind gusts,
which are more frequent and severe offshore. A longer resonance test at the frequency with the
highest measured acceleration during a frequency sweep should be added, since the standard
for the transportation of the PV modules includes only a random frequency sweep. In addition,
the installation could be designed considering the resonance frequencies of the PV modules in
order to prohibit occurrence of resonance. In future work, we will study different types of
clamping, such as aluminum profiles glued on the rear side of the PV module, in order to
mechanically compensate for further reduction of the glass thickness. Additionally, higher
resolution of wind gust data will be analyzed, including their direction, and the degradation of
the other components of a PV laminate will be studied, so their contribution is considered.
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