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ARTICLE INFO ABSTRACT
Keywords: Floating photovoltaic (FPV) modules operate above water, leading to concerns about increased humidity-induced
Finite element method degradation compared to ground-mounted PV (GPV) modules. However, data to assess FPV degradation are
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Relative humidity
Reliability

limited. This study addresses this knowledge gap by analysing multi-year meteorological datasets from seven
inland water bodies and nearby locations on land and subsequently calculating module temperatures, relative
humidities (RH), and moisture ingress profiles. Ambient and module temperatures over water and land were
similar (absolute mean differences of under 2 °C), while RHs over water surfaces could be higher or lower than
over land (absolute mean differences of up to 9 percentage points), depending on location. Over land, diurnal
fluctuations in temperature and RH were higher than over water, attributed to the stabilizing influence of water
bodies. Modelled internal moisture contents were almost always higher in GPV modules than in FPV ones (up to
37% higher mean concentration). Lastly, the effects of FPV system design on humidity-induced stress were
studied by varying module height above water and system heat transfer efficiency. This led to changes in internal
moisture contents (up to 47% and 42% differences in mean moisture concentration, respectively) that often
exceeded the observed water-land differences, indicating the importance of FPV system design on humidity-
induced stress. This study challenges the commonly held assumption of universally greater humidity-induced
stress in FPV systems and highlights the critical role of site-specific factors and system design, thereby
advancing the understanding of FPV reliability.
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Nomenclature

PV Photovoltaic

FPV Floating photovoltaic

GPV Ground-mounted photovoltaic

FEM Finite Element Method

GLEON  Global Lake Ecological Observatory Network
ERA5 Fifth-generation ECMWF atmospheric reanalysis
TMY Typical Meteorological Year

EVA Ethylene vinyl acetate

POE Polyolefin elastomer

TOPCon Tunnel oxide passivated contact

SHJ Silicon heterojunction

RH Relative humidity (%)

Tir Ambient air temperature (°C)

Twater Surface water temperature (°C)

Trnod Module temperature (°C)

ws Wind speed (m/s)

up Wind-independent heat loss coefficient (W/m3C)
u; Wind-dependent heat loss coefficient (W/m?C-m/s)
€ Emissivity of glass

c Stefan-Boltzmann constant (W,/m2C%)

F View factor

a Module tilt angle (°)

SSRD Surface solar radiation downwards (J/m?)
SSR Surface net solar radiation (J/m?)

FDIR Direct solar radiation at surface (J/m?)

STRD Surface thermal radiation downwards (J/m?)
GHI Global horizontal irradiance (W/m?)

DHI Diffuse horizontal irradiance (W/m?)

DNI Direct normal irradiance (W/m?)

Gpoa Plane-of-array irradiance (W/m?)

qar Down-welling thermal radiation (W/m?)

ay Hellmann exponent

C Moisture concentration (g/cms)

D Diffusivity coefficient (cm?/s)

S Solubility coefficient (g/cm?/Pa)

Py Partial vapour pressure (Pa)

Dsat Saturation vapour pressure (Pa)

Dy Pre-exponential diffusivity factor (cm?/s)
Ep Activation energy for diffusivity (kJ/mol)
So Pre-exponential solubility factor (g/cm>/Pa)
Eg Activation energy for solubility (kJ/mol)

R Universal gas constant (J/mol-K)

1. Introduction

The floating photovoltaic (FPV) market, where solar modules are
installed on buoyant structures floating on a water body, is a niche PV
sector that is rapidly growing. The global installed FPV capacity reached
9.1 GW by the end of 2024 [1], marking a greater than 17-fold increase
in installations since 2017 [2]. This growth can be attributed to several
benefits of FPV over conventional ground-mounted PV (GPV) in-
stallations. Most importantly, FPV systems use water surfaces for solar
power generation and thus avoid land-use competition, which is
particularly relevant for regions where suitable land is scarce or costly
[2,3]. A prominent example is coastal areas, which have the highest
population densities [4] and are experiencing rapid population growth
[5]. Thus, (nearshore) FPV installations in these regions could provide
power generation close to high-demand areas [6,7]. Other potential
benefits of FPV are lower site preparation costs [2,8], lower rent of water
than land [2], and reduced costs of electrical infrastructure in the case of
co-location or hybridization with hydropower [9,10] or offshore wind
systems [11]. Additionally, FPV can potentially lead to water evapora-
tion reductions by blocking radiative energy [7,12]. Lastly, FPV systems
can possibly have lower module operating temperatures compared to
GPV [13,14], leading to increased power production and potentially
lower degradation rates [15].

Due to these benefits, the FPV market is expected to continue to
grow, but market projections vary widely. This is exemplified by the
Trends in Photovoltaic Applications report series, which changed its
forecast of global installed FPV capacity by 2030 from 60 GW in 2023
[16] to under half of that in 2024 [6]. Such a large change reflects
considerable unpredictability in the FPV market’s future. One likely
contributing factor is uncertainty concerning FPV system reliability.
This stems from the expectation that FPV systems can encounter
significantly different stress levels than GPV ones. However, both
qualitative and quantitative information on stress levels and degrada-
tion- and/or failure rates on FPV systems is severely limited. This is
related to the high competition within the sector, limiting open data
sharing. Additionally, it is difficult to generalize information about FPV
system reliability because module stresses can vary significantly
depending on the FPV system design and the characteristics of the water
body. The challenge is compounded by the fact that, as of late 2024, over
75% of FPV capacity was installed in the previous five years [1]. This

means that FPV performance data provide limited insight into mid- to
end-of-life degradation and failure modes that have yet to emerge. Given
these challenges, an alternative approach to build knowledge on FPV
module reliability is by using climatic data to assess differences in
module stressors for locations over water and on land. Degradation
modelling frameworks established for modules in GPV installations
which relate key environmental stressors, e.g. irradiance/UV, temper-
ature (variations) and humidity, to degradation metrics or lifetime, can
then be used to assess the effects of the stressor differences between GPV
and FPV installations on module stress and/or degradation. Examples of
these frameworks can be found in [17,18]. Such use will allow evalua-
tion of how far design principles and stress-testing frameworks estab-
lished for GPV are transferable to FPV, and, if this is not the case, what
adjustments may be needed.

One important stressor where such an approach can be relevant is
humidity. High relative humidity (RH) around a PV module can lead to
moisture ingress into the module, which is known to contribute to
several degradation mechanisms, such as delamination [19,20] and
corrosion [21,22]. For GPV modules, these mechanisms have been
identified as some of the main reasons for mid-to-end-of-life module
degradation and failure [23]. This is one likely reason why several large-
scale studies on PV field performance have found higher degradation in
hot and humid climates compared to cold or moderate climate zones
[24,25]. At the same time, tunnel oxide passivated contact (TOPCon)
and silicon heterojunction (SHJ) cells, which are expected to become the
most popular cell technologies in the coming decade [26], are reported
to be particularly sensitive to humidity-induced stress [27,28]. Due to
the constant presence of water in the vicinity of FPV modules, it is often
assumed that humidity levels around FPV modules are higher than
around GPV ones [29-33], potentially leading to increased rates of
moisture ingress and associated degradation. This assumption has led to
suggestions of using more severe humidity-related accelerated stress
tests, including extended IEC tests [34], such as damp heat [35] and
humidity freeze [36], as well as pressure cooker tests [35,37] and water
immersion [36]. In addition, FPV module designs with low moisture
transmission have been suggested [36,38], including those using glass-
glass, low permeability encapsulants and edge sealants. However, to
what extent such additional measures and their associated costs are
warranted remains uncertain, as the validity and generality of the
assumption of higher humidity-induced stress is currently unclear.
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There are only a few studies [39-41] suitable to test this assumption,
as they have compared measured climatic time-series data around a FPV
system with those from land or land-based PV systems, including the
most important parameters for moisture ingress: humidity and temper-
ature. In [39], only modest differences were observed between the
temperature and RH at the FPV system and on land in a temperate
climate, but mean differences are not indicated. In contrast, in [40,41],
which were in tropical climates, lower temperatures and higher RH
values were found around FPV systems compared to nearby land-based
systems. For [40], the mean ambient temperature at the FPV system is
1.2 °C lower than on land, while the mean RH is 4.7 percentage points
higher. For [41], the mean FPV module temperature is 11 °C lower,
while the mean RH is 11 percentage points higher. However, all three
studies have significant shortcomings when trying to use their com-
parisons to draw conclusions on module stress and/or degradation, since
this was not their focus. First, by comparing only daytime and/or daily
mean values, they miss important information about stress dynamics
during nighttime and at shorter timescales. Second, by comparing RH
and temperature separately, they miss crucial information on the
coupling between the two. This is important as both moisture diffusion
and the associated degradation mechanisms are typically thermally
activated. Third, there might be seasonal bias in some of the compari-
sons due to datasets being shorter than a full calendar year. Fourth, the
studies only evaluate the ambient temperature and RH, while module
temperatures and RH at and/or inside the module determine moisture
ingress [42] and degradation [18,43]. And finally, each study consid-
ered a single location only, making the results hard to generalize. As a
result, there is thus still a fundamental knowledge gap on humidity-
induced stress and degradation in FPV and how it compares to that of
GPV.

In this work, this knowledge gap is addressed by gathering and
analysing multi-year meteorological datasets from seven inland water
bodies and nearby on-land locations spread across three different
climate zones. All datasets are based on on-site measurements rather
than satellite or reanalysis products. This is important because such
products cannot resolve local differences between water and nearby
land areas. They lack the required spatial resolution, and provide only
spatially averaged near-surface conditions. With these datasets, the
ambient data are analysed to assess differences in local stressors a PV
module can experience when over water compared to on land. Estab-
lished analytical models are then used to translate the ambient tem-
perature and humidity to parameters at the module level, enabling a
more relevant comparison for assessing module stress and degradation.
To quantify humidity-induced stress levels, numerical modelling of
moisture ingress is used to assess the resulting differences in moisture
concentration inside a PV module over its lifetime. In addition, it is
examined how stressor and stress differences relate to PV system design,
specifically module height above the water and heat transfer efficiency.
From these analyses, one can assess how big the effect of placing a PV
module on water is on humidity stress levels compared to other factors
such as system design, site-specific conditions, or climate zone. As a
result, this work advances the understanding of FPV module reliability
and provides an important step towards developing FPV-specific module
testing protocols and/or material selection criteria - both imperative for
the continued growth of the FPV market.

2. Methods
2.1. Module temperature and humidity calculation

Time series of measured air temperature (Tai;), RH, and wind speed
(WS) above inland water bodies and nearby on-land locations, as well as
surface water temperature (Tyater) fOr selected sites, together hereafter
referred to as on-site measured data, were collected via an open solici-
tation to the Global Lake Ecological Observatory Network (GLEON).
GLEON is one of the primary international networks for sharing of long-
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term, high-quality in situ measurements at water bodies. Given the
importance of removing seasonal bias in the data, sites were required to
have at least one year of data in all seasons. This resulted in seven of the
participating GLEON sites being suitable for this study, which happened
to all be present in relatively cold climates (Fig. 1). The number of
available sites reflects the limited global availability of sites that met the
study requirements. Throughout the work, the sites will be referred to by
the abbreviations indicated in Fig. 1. Their relevant metadata are given
in Table 1. None of the sites had PV systems installed on them, except in
some cases where individual modules powered the measurement
equipment.

Time series of module temperature (Tpeq) and RH at the module
were calculated using the on-site measured data in combination with
relevant irradiance data from the fifth generation ECMWF atmospheric
reanalysis of the global climate (ERAS) [44] at the respective locations.
Reanalysis data were used for irradiance as this was not measured on all
sites. In contrast to T, RH and WS, irradiance is less sensitive to spatial
averaging and to whether the surface is water or land, making the use of
reanalysis data appropriate. The ERA5 dataset was chosen over the
combination of multiple satellite products to ensure spatial and tem-
poral consistency across the study's geographically diverse sites. Module
temperatures were calculated from the on-site measured and irradiance
data using the Faiman model with a radiative loss term [45]:

Gpoa - F'e'(U'Tzir - er)

(€]
Uug +uy - WS

Tinoa = Tair +

where Gy, is the plane-of-array irradiance, F is the view factor, which
can be expressed in terms of the module tilt angle a via F = ”eﬂ%, €is
the emissivity of glass, which is assumed to be 0.88, ¢ is the Stefan-
Boltzmann constant, g4 is the down-welling thermal radiation, and ug
and u; are the wind-independent and wind-dependent components,
respectively, of the heat loss coefficient, often referred to as the U-value.

U-values are a measure of how effectively the system transfers heat
with its surroundings (while attempting to exclude the effects of the
local climate). U-values of 20.74 W/m?>C for up and 2.91 W/m?C-m/s for
u; were used for both water and land to ensure a consistent comparison
between FPV and GPV. These values were previously found with the
module temperature model used in this work [45]. However, as previ-
ously mentioned, lower operating temperatures are an often-reported
benefit of FPV systems over GPV ones. Higher U-values indicate more
efficient heat transfer between the system and the environment, thus
leading to lower operating temperatures. As both the RH at the module
and moisture ingress and related degradation mechanisms are temper-
ature dependent, a temperature lowering for the FPV compared to the
GPV system affects the comparison of humidity-induced stress and
degradation.

To illustrate the order of magnitude of the effect of higher U-values
on module temperature and RH over water, module temperature and RH
are re-evaluated for all sites under elevated U-values in Section 3.4.(ii).
Several studies have calculated U-values for FPV systems, with over-
views provided in [14,15]. The re-evaluation in this study was based on
the U-values from [46], which were the highest values reported in the
aforementioned overviews. However, the U-values from [46] were
determined using a different temperature model that did not include
radiative losses and were therefore adapted to align with the tempera-
ture model employed in this work. This resulted in the increased U-
values used in Section 3.4.(ii) being 45 W/m?C for upand 10 W/m?C-m/
s for uj.

After the module temperature has been determined via Eq. (1), the
RH at the module was calculated as well [47]:

psat(Tair)

RH Tmo =RH Tair D 2
( d) ( )psat(Tmod) ( )

where RH(Tp,q) is the RH at the module temperature, representing the
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Fig. 1. World map with locations of the sites analysed in this study. Taupo has two sites on land, one south and one northeast of the lake, that are treated as separate

comparative cases: Taupo_S (TAU_S) and Taupo_NE (TAU_NE).

RH at the outer module surface, RH(Ty;r) is the RH in the ambient air,
and ps,(T;) is the saturation pressure at temperature T;. The saturation
pressure is solely a function of temperature and is in this work calculated
using the 1996 Arden-Buck equation [48]. Eq. (2) allows for RH(T;p0q) to
exceed 100%, which is when moisture condensation occurs. In these
cases, values were capped at 100%. The effects of liquid water are not
considered in this work.

The use of a temperature model with a radiative loss term allows for
more accurately modelled module temperatures during low or no irra-
diance, compared to simpler temperature models typically used for
performance analysis [45]. This is important for a more precise stressor
quantification as radiative losses can lead to module temperatures that
are lower than the ambient air temperatures. Eq. (2) shows that this
corresponds to higher RH at the outer module surface compared to the
ambient.

2.2. Data processing

The section details how the on-site measured data and the irradiance
data were processed and combined to create time series of module
temperature and RH at hourly resolution. An overview of this process is
given in Fig. 2.

The surface solar radiation downwards (SSRD), the total sky direct
solar radiation at the surface (FDIR), the surface net solar radiation
(SSR), and the surface thermal radiation downwards (STRD) made up
the acquired irradiance data from ERAS5. All data were at hourly reso-
lution and represented the total accumulated radiation during the hour.
By dividing by 3600 and placing the time stamp in the middle of the
hour, the data represented the average irradiance during the hour. This
yields the mean hourly global horizontal irradiance (GHI) from the SSRD
and the mean hourly down-welling thermal radiation (g4 ) from the
STRD. From the FDIR, one then gets the mean hourly direct irradiance
on a horizontal plane. This was transformed to the direct normal irra-
diance (DNI) by dividing by the cosine of the solar zenith angle. This
angle was determined using the NREL SPA algorithm [49], as imple-
mented by the python library pvlib (version 0.10.4) [50]. To avoid
unphysical values for the DNI, the DNI was set to O for solar zenith angles

larger than 87, which is done by default in most DNI estimation models
in pvlib. The diffuse horizontal irradiance (DHI) was calculated by
subtracting the FDIR from the GHI. Lastly, the albedo was calculated at
each timestamp via albedo = (SSRD — SSR)/SSRD, per instruction of the
ERAS5 documentation [44]. For timestamps where the SSRD was zero or
where the found albedo was negative, the albedo was set to 0.

With the GHIL, DHI, DNI and albedo as input, the irradiance in the
module plane of array (Gpoa) was calculated using the Perez trans-
position model [51-53] in pvlib. Other necessary inputs for the Perez
transposition model are the solar position at each timestamp and the
module azimuth and tilt. The solar position was determined with the
same algorithm as previously used for the determination of the solar
zenith angle in the DNI calculation. The module azimuth was assumed to
be south-facing (180) for sites in the northern hemisphere, and north-
facing (0) for sites in the southern hemisphere. The module tilt (see
Table 1) was the optimized angle for maximum annual energy produc-
tion in each location as determined by PVGIS version 5.2 using the ERA5
solar radiation database [54]. To make water and land cases at a single
site as comparable as possible, the same module tilt angle was used for
both. This was despite the fact that for some sites, the optimal module
tilt for the location over water differed marginally (maximum 1) from
the one on land, and that the optimal tilt angles over water exceeded
typical FPV module tilt angles [55].

To be consistent with the irradiance data, on-site measured data were
also used at hourly resolution, with the timestamp in the middle of the
hour. As shown in Table 1, for most sites, on-site measured data were
already at hourly resolution, with the values representing the average
over the hour. For some sites, on-site measured data were instantaneous
values at hourly resolution, with values at other instances than in the
middle of the hour. In these cases, the data were transformed to the
middle of the hour via linear interpolation. Sub-hourly data were only
aggregated to hourly data after filtering, as described later.

For several sites, the height at which the wind speed was measured
above water or land differed from the heights of the air temperature and
RH measurements (see Table 1). To ensure measurements of all on-site
measured parameters at the same height, the wind speed measure-
ments were corrected to the same height as that of the air temperature
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Table 1
Metadata of included GLEON sites. Coordinates are latitude and longitude, given in decimal degrees. Koppen-Geiger climate zone was calculated based on the coordinates of the land station using [74].
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Lake Taupo_NE -38.8,176.0 356 -38.7,176.1 402 Cfb 620 163/92 2 2 1.2 10 Water RH and T instantaneous, rest hourly Hourly +12 7 19.8 36 1.1 Two measurement stations on land treated as
(TAU_NE) average separate cases.
Lake Taupo_S -38.8,176.0 356 -39.0,175.8 360 Cfb 620 163/92 2 2 1.2 10 Water RH and T instantaneous, rest hourly Hourly +12 7 30.0 36 2.2 See comment Lake Taupo_NE. Water T
(TAU_S) average measurements also used since this site used for the
Lake Heat Flux Analyzer.
Harp Lake (HAR) 45.4,-79.1 327 45.2,-789 316 Dfb 0.7 38/13 1.75 1.75 2 10 Hourly average Hourly -4 2 1.3 39 227 Many other lakes between water and land station.
Washington Lake 47.6,-122.3 5  47.4,-122.3 113 Csb 88 65/33 3 3 1.2 1.2 Water average of 5 min interval, land RH  Hourly -8 15 2.8 40 9.0 Height of air T and WS measurements over land
(WAS) and T instantaneous , land WS average of 2 estimated based on photographs.
min interval
Erssjon (ERS) 58.4,12.1 73 58.4,12.2 80 Dfb 0.06 5/2 1.5 1.5 2.2 2.2 30 min average 30 min +1 2 99 46 0.8
Erken (ERK) 59.8, 18.6 13 59.8,18.6 15 Dfb 24 21/9 2 10 1.6 10 Water RH and T instantaneous, water WS 10 Hourly +1 6 149 47 0.4 Water station on small island on lake.
min average, land hourly average
Stortjarn (STO) 64.3,19.8 284 64.2,19.8 180 Dfc 0.04 7/3 1.4 1.51 1.7 10 Water 30 min average, land 10 min average Water 30 +1 6 13.3 49 32
min, land 10
min
Almbergasjon 68.3,19.2 380 68.4,19.0 351 ET 0.06 6/3 2.3 2.3 2.5 2.2 Water 10 min average, land 30 min average Water 10 +1 2 7.6 48 5.0 Water station at lake shore,both water and land
(ALM) min, land 30 station next to larger lake.
min
Bangkok (BAN) - - 13.7,100.5 10 Aw - - - - 2 10 Hourly average Hourly +7 1 0 17 - Land data are TMY. RH height not given, but

assumed to be 2 m (equal to T). Constant albedo of
0.25 assumed.
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Fig. 2. Flowchart of the data processing steps to go from time series of on-site measurements and irradiance data to module temperature and RH. Rectangles indicate
data, while ovals indicate data processing operations. Dotted rectangles indicate time series data. Definitions for abbreviations used in the figure can be found in the

main text.

and RH measurements using the Hellmann exponential law [56]:

hy\ “
WS, = <Fl) WS, 3)
2

where WSy, is the wind speed at height h;, and ay is the Hellmann
exponent. This exponent was set to 0.2 for measurements over land [57]
and 0.1 for measurements over water [56].

After correcting the wind speed values, the on-site measured data of
the respective sites were merged with the irradiance data (G;) at the
corresponding timestamps. Following the removal of duplicate time-
stamp records, outlying values were filtered out based on the physical
limits specified in [58]. Firstly, for the data at higher resolution than 15
minutes, measurements were removed if the air temperature changed by
more than 4 °C or if the wind speed changed by more than 10 m/s be-
tween consecutive datapoints. Secondly, all datapoints outside of the
following physical limits were removed: 0 < G; < 1300 W/mz, -40 < Tair
<60°C,0 <RH <100%, 0 <WS < 32 m/s. Lastly, visual inspection of
the data was applied to confirm that no more outliers were present. To
preserve the physical relationship between the different variables, all
variables were removed for each timestamp at which a single variable
was missing or filtered out.

After filtering, sub-hourly data were aggregated to hourly values
with the timestamps in the middle of the hour. Leap days were removed
from the data. To avoid seasonal bias in the data, the time series were cut
to span full calendar years. The length of the time series and the pro-
portion of missing data for the respective sites are given in Table 1. To
further mitigate seasonal bias, missing data were filled according to a
method specified in IEC 61724-1 [59], whereby each missing value was
imputed with the mean value from the same day-of-year and hour-of-
day across all other available years of the timeseries for that param-
eter. The timeseries of mean data at each unique timestamp in the year
will from hereon be referred to as the mean annual cycle. For some sites,
the mean annual cycle also contained missing values, meaning that in
the original time series, no data were present at any of the years at the
given day-of-year and hour-of-day. As with the original time series, all
measurements were removed at timestamps with any missing data in the

mean annual cycle. They were filled by linear interpolation for gaps of
up to two consecutive hours, and by repeating values from the corre-
sponding hours of the previous day for gaps longer than 2 hours.

The resulting time series were on-site measured and irradiance data
spanning full calendar years without missing data. From this, the mod-
ule temperature and RH were calculated using Egs. (1) and (2),
respectively. It was confirmed that no module temperatures were
outside the physical limits of -40 < Tpoq < 100 °C as set by [58].

2.3. Moisture ingress modelling

As a means of quantifying humidity-induced stress based on the time
series of module temperature and humidity from Section 2.2, moisture
ingress into a PV module was modelled for selected sites. Diffusion of
moisture was assumed to be Fickian, meaning that the materials’
diffusivity coefficient D is independent of the moisture concentration C.
Under this assumption, moisture transport is described by Fick’s second
law:

% _pyec 4
ot

This law assumes a continuous concentration, which is not valid at in-
terfaces between dissimilar materials, restricting its use to homogeneous
domains only [60]. In PV modules, which often consist of dissimilar
materials like backsheets and encapsulants, modelling of moisture
ingress with Fick’s second law therefore requires additional boundary
conditions to impose moisture concentration discontinuities at the in-
terfaces. This is done by assuming that the two sides of each interface
(either internal solid-solid or external air-solid) are in equilibrium,
meaning that the partial vapour pressure py, is continuous across it [61].
Assuming that Henry’s law,

C=Sp, (5)
where S is the solubility coefficient, applies to all materials in the

module, the equilibrium condition at the internal boundary between
materials 1 and 2 then becomes
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Similarly, the application of continuous py, and Henry’s law allows the
moisture concentration at the outer module boundary C, to be deter-
mined from the py in the adjacent air. Given thatp, = ps(T)-RH(T), this
concentration then depends on the solubility of the bordering material,
the module temperature, and the RH at the outer module surface:

Cn = S'psat(Tmod) 'RH(Tmod)

Other assumptions in the model were that temperature was uniform
across the module and that the inflow on one side of an internal
boundary was equal to the outflow on the other side.

Using Eq. (4), three-dimensional moisture ingress was simulated
using the finite element method (FEM) with the in-house developed
software SiSim [62]. Ingress was simulated for two different module
architectures with differing resistance to moisture ingress. The archi-
tecture with higher resistance was a glass-glass module with a polyolefin
(POE) encapsulant, while the architecture with lower resistance was a
glass-backsheet module with an ethylene vinyl acetate (EVA) encapsu-
lant and a backsheet consisting only of Tedlar. In the former architec-
ture, moisture ingress can only occur through the sides, while in the
latter, the entire backside is available for this.

The solubility and diffusivity coefficients of all materials were
assumed to have an Arrhenius dependency on temperature:

(7EX)
RT
X = XO €

where X is the pre-exponential factor, Ex is the activation energy, R is
the universal gas constant, and T is temperature. The relevant material
parameters, obtained from the materials library in [63], are given in
Table 2.

Dimensions of the computational domain (Fig. 3) were based on
those of typical commercial crystalline silicone (c-Si) modules. Due to
symmetry considerations, the domain is only a quarter of a full module.
The glass and PV cells were assumed to be impermeable to moisture and
were thus excluded from the diffusion domain. The time step size in the
simulation was between 500 and 1000 seconds and depended on the rate
of change of the moisture concentration between consecutive time
stamps, with a lower rate leading to larger time steps. Since the input
data were at hourly resolution, linear interpolation was used to obtain
values at the required time intervals. The final finite element model
consisted of 42480 elements, which provided sufficient spatial resolu-
tion to capture moisture concentration gradients while keeping
computation times within practical limits.

To model ingress throughout a module’s expected lifetime, the ac-
quired time series from Section 2.2 were repeated until they spanned
exactly 25 years. The model's final output was the absolute moisture
concentration as a function of time at the midpoint of the encapsulant
layer directly above the geometric centre of a cell located near the
middle of the module. This location is indicated with an A in Fig. 3(a).
For the glass-backsheet module, the moisture concentration in this
location will be roughly similar to the same location above other cells,
because the dominant diffusion direction is through the backsheet. For
the glass-glass module, where diffusion only occurs from the sides, the
concentration in location A will typically be lower than that above cells

Table 2
Solubility and diffusivity coefficients of materials used in the moisture ingress
model

Material Ep (kJ/mol) Do (cm?/s) Es (kJ/mol) So (g/cm>/Pa)
EVA 38.14 2.31 16.73 1.79 x 10°°
POE. 28.19 0.26 39.49 3.79 x 1072
Tedlar 58.72 113.53 11.77 9.67 x 10°°
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Fig. 3. Computational domain of the moisture ingress model, showing relevant
dimensions and the location (A) where moisture concentration was analysed.
(a): Top view of a glass-glass module with POE encapsulant. (b): Side view of
the first 1.5 cells from the edge of a glass-backsheet module with EVA encap-
sulant and Tedlar backsheet (not to scale). The backsheet is indicated in grey.
Since the modules in (a) and (b) consist of different materials, identical colours
in (a) and (b) do not necessarily indicate the same moisture concentrations.
Thus, the colour bar serves here only as a visual guide to indicate how moisture
concentration can vary within the module.

closer to the module edges.

2.4. Lake heat flux analysis

To assess the effect of module height over water on the on-site
measurements, the Lake Heat Flux Analyzer [64] is employed, which
simulates dynamic heat and water exchanges between a water body and
the atmosphere. Using measurements of air temperature, RH, and wind
speed at their respective heights, along with surface water temperature
(all at the same timestamp) and lake altitude and latitude, the Lake Heat
Flux Analyzer calculates vertical stability profiles of these variables
above the water. This calculation step is done through an iterative
routine (20 iterations) for turbulent flux calculations following [65].
Examples of estimated vertical profiles are shown in Fig. 4. As can be
seen, the air temperature converges towards the water temperature as
the height above water decreases. At the same time, the relative hu-
midity increases towards to 100%, which is the value right at the water
surface, while the wind speed decreases, which is in line with Eq. (3).
From this, vertical profiles of the module temperature and RH can then
be calculated for a time series using the procedure described in Section
2.2.

Since the Lake Heat Flux Analyzer requires the input of the surface
water temperature and was developed for heat fluxes for ice-free lakes,
vertical profiles of the stressors can only be calculated when the water
body is not frozen. When lakes have a frozen surface, additional heat
fluxes for melting and freezing need to be considered. In our dataset,
most lakes freeze during winter. To have a year-round comparison of
humidity-induced stress at different heights above the water, the Lake
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Fig. 4. Example of vertical profiles (blue lines) of air temperature, RH and wind speed above a water body at the same timestamp as calculated by the Lake Heat Flux
Analyzer. Red crosses indicate measured air temperature, RH and wind speed at their given heights used as inputs to the Lake Heat Flux Analyzer. Additional inputs
are the surface water temperature (indicated in blue in the left subfigure) and lake altitude and latitude. Profiles are calculated down to 1 cm above the water surface.
The water surface (height = 0) forms the boundary condition, and here the air temperature becomes equal to the surface water temperature, the RH becomes equal to

100% and the wind speed becomes equal to 0 m/s.

Heat Flux Analyzer was therefore applied to only one site, TAU (TAU_S),
which did not freeze.

To assess the maximum effect of changing the module height above
water on humidity-induced stress, the on-site measured parameters at
the instrumentation height of TAU_S (2 m) were compared with those at
1 cm above water, as derived by the Lake Heat Flux Analyzer. For this
calculation, it was assumed that the environmental variables at 1 cm
above water were uniform around the entire module. In reality, different
parts of the module are at different heights over the water due to the
module tilt, which can lead to variations in environmental conditions
that are not accounted for here.

The Lake Heat Flux Analyzer calculation of the parameters at 1 cm
requires surface water temperatures as one of its inputs. These were not
present on TAU, as instead water temperatures were measured at 1 and
5 m depths. It was found that the temperature difference between these
two depths was minimal, with absolute differences of under 1 °C for 98%
of the times for which both were measured. This is due to TAU being a
deep lake (mean depth 92 m) with a deep mixed layer (typically 20 m or
more). The on-site measured parameters at 1 cm as calculated by the
Lake Heat Flux Analyzer also showed minimal differences depending on
what water temperature was used, with absolute air temperature dif-
ferences of under 1C for 99.8% of times where measurements at both
depths were present, absolute RH differences of under 1 percentage
point for 99.99% of datapoints, and absolute wind speed differences of
under 0.1 m/s for 100% of times. As there were much more missing data
at 1 m depth than at 5 m, the 5 m water temperature measurements were
therefore used as the surface water temperature.

3. Results and Discussion
3.1. Ambient environment

To help understand how humidity-induced stress and degradation
differ between FPV and GPV systems, the ambient stressors over water

and land are compared first. Fig. 5 shows distributions of the air tem-
perature (a), RH (b), and wind speed (c) over water (filled plots) and
land (open plots) for the entire time series at hourly resolution utilizing
violin- and boxplots. In addition, the distributions of absolute differ-
ences between water and land values are plotted for air temperature (d),
RH (e), and wind speed (f).

The air temperature is relatively low on all sites, with mean values
between 0 and 14 °C. This can be explained by the climate zones rep-
resented in our dataset, which are polar, continental, and temperate
(Table 1), being relatively cold. The distribution of air temperature
values is similar over water and land on all sites (Fig. 5(a)), with most of
the distributions of the water-land differences centred close to 0 °C
(Fig. 5(d)). The mean water-land difference in air temperature for the
respective sites is between -0.5 and 1.9 °C.

The RHs are distributed around relatively high values (means be-
tween 72 and 87%; Fig. 5(b)). While for some sites, the RH distributions
over water and land are similar, others show differences not centred
around 0, with absolute mean differences of up to 9.0 percentage points
(Fig. 5(e)). Notably, the differences in RH are in either direction, with
some sites showing higher humidity levels over water than over land,
while the opposite is the case for other sites. This indicates that the
common assumption of increased humidity levels over water compared
to over land is not generally true.

The absolute wind speed is generally higher over water than over
land (Fig. 5(c) and (f)). This is in line with the reported expectation that
wind speeds will be higher over open areas with lower surface roughness
such as water bodies [15,56], while larger diurnal thermal fluctuations
over land can promote circulations that advect air from water bodies
[66]. The wind speed and direction can possibly affect RH differences
between water and land, for example by land sites downwind of the lake
potentially experiencing elevated RH levels. Due to the diverse distances
and topologies between the respective water and land sites in this study,
investigation of such effects is complicated and was beyond the focus of
this study. The only case that could easily be compared were the two
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Fig. 5. Distributions of air temperature (a, d), RH (b, e) and wind speed (c, f). Subfigures a-c show absolute values over water (filled) and land (open) for all sites.
Subfigures d-f display absolute differences calculated by subtracting land values from water values at all timestamps throughout the time series. The distributions are
given by violin plots with boxplots inside them. The white diamonds indicate the means. Sites are given unique colours to distinguish between them more easily. This

colour coding is preserved in the other figures in the results section.

land stations around TAU. Here air temperature and RH distributions
were similar, despite the relatively large distance between the sites, and
even though the North-Eastern station experiences higher wind speeds
than the Southern one.

With the air temperatures over water and land being similar, higher
wind speeds over water could possibly lead to lower module tempera-
tures for FPV compared to GPV. As mentioned before, stressors at the
module rather than in the ambient air determine moisture ingress and
module degradation. The module temperature and module RH over
water and land are therefore the focus in the next section.

3.2. Module environment
In Fig. 6, the absolute values and water-land differences of the

modelled module temperature (a, ¢) and module RH (b, d) are plotted in
the same way as was done for the measured ambient parameters in

Fig. 5.

For each site, the distributions of module temperatures and water-
land differences (Fig. 6(a) and (c)) are similar to those of the air tem-
peratures. Exceptions are datapoints that correspond to high irradiance
conditions, which cause a larger upward tail in module temperature,
reaching up to 60 °C for most sites. The highest water-land module
temperature differences, which are larger than the corresponding air
temperature differences, also occur during these conditions. Mean
water-land differences in module temperature are between -1.6 and
1.1 °C.

Just like the air and module temperatures, air and module RHs are
relatively similar. Due to the mean module temperatures being higher
than air temperatures, mean module RHs are slightly lower than the
mean air RHs (Eq. (2), with values between 63 and 77%. Water-land
differences in module RH are still in either direction for the different
sites, with mean differences between -7.5 and 5.4 percentage points.
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Fig. 6. Distributions of module temperature (a, ¢) and module RH (b, d). Subfigures a-b show absolute values over water (filled) and land (outlined) for all sites.
Subfigures c-d display absolute differences calculated by subtracting land values from water values at the corresponding timestamps throughout the time series. The
distributions are given by violin plots with boxplots inside them. The white diamonds indicate the means.
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This confirms that humidity levels are not necessarily increased at FPV
modules compared to GPV ones. For TAU, the two land stations once
again have similar distributions and minimal differences in mean
parameters.

With the module temperature being similar over water compared to
land and with the RH being higher in either direction, humidity-induced
stress and degradation are not expected to be consistently higher for FPV
modules than for GPV ones. However, the module temperature and RH
will differ between day and night, and it is hypothesized that these
diurnal changes might be different over water compared to over land. To
get a better insight into this, Fig. 7 shows the distributions of Fig. 6 split
into distributions during the day (hours 6-18 in local time) and night
(hours 18-6 in local time).

For both module temperature and RH, significant diurnal fluctua-
tions are found. As expected, the module temperature is higher during
the day than during the night for all sites (Fig. 7(a)), while the module
RH is higher during the night (Fig. 7(b)). For almost all sites, day-night
fluctuations in both module temperature and RH are larger over land
than over water. Smaller day-night fluctuations in air temperature (and
thus module temperature) over water reflect the higher heat capacity
and heat storage of water, reducing diurnal temperature variations in
the air above it. Lower module temperature fluctuations can decrease
thermomechanical-related degradation and failure rates, such as solder
bond failure [67]. As RH increases with decreasing temperature, the
module RH shows less diurnal variation over water than over land as
well.

A similar exercise to the diurnal fluctuations was performed to
inspect differences between summer and winter (Fig. S1). Although a
clear seasonality was seen on all sites, with higher module temperatures
and lower module RHs in summer than winter, no clear seasonal trends
were observed in the differences in module temperature and humidity
between water and land.

In summary, the land-water stressor differences uncovered by in-
spection of the timeseries of ambient and module temperature and RH
are modest and site dependent. However, module stress in the form of
moisture ingress and related degradation have a simultaneous depen-
dence on both temperature and humidity, making it hard to intuitively
assess what the observed differences mean for degradation. To under-
stand how the module stressors translate to internal moisture concen-
trations, the moisture ingress modelling results are therefore examined.

3.3. Moisture ingress modelling

The sites on which moisture ingress modelling was performed for

Solar Energy 316 (2026) 114923

water and land were HAR, ERK, TAU_S, and TAU_NE. These sites were
selected as they displayed some of the largest water-land differences in
module temperature and RH (Fig. 6(c) and (d)).

The modelled moisture content in location A (see Fig. 3) as a function
of time is shown separately for the glass-backsheet (Fig. 8(a)) and the
glass-glass architecture (Fig. 8(b)). As expected, the absolute concen-
tration at location A is always lower for the glass-glass than the glass-
backsheet architecture. In the glass-backsheet architecture, moisture
concentration reaches an equilibrium value within 5 years. Inspection of
the moisture concentration together with module temperature and RH
as a function of time reveals that after equilibrium, the moisture con-
centration decreases in summer and increases in winter. This is caused
by higher temperatures and lower RHs in summer, causing moisture to
diffuse out of the module, while the lower temperatures and higher RHs
in winter cause moisture to diffuse in again. Similar, although smaller
fluctuations are seen at the diurnal level, with higher temperatures
during the day leading to faster ingress/egress than during the night. As
expected from their similar module temperature and RH distributions,
the ingress curves of the two TAU land stations are similar too.

For the glass-glass architecture, concentrations have not yet reached
equilibrium conditions after 25 years. Small seasonal fluctuations exist
here too, with faster ingress during summer than during winter. Once
again, the two TAU land stations give similar results.

To better investigate the differences in moisture ingress between
water and land, the mean moisture concentration of the entire period is
given in Table 3 for the investigated locations. In all but one case, the
mean moisture concentration is higher over land than over water, with
differences of up to 37.2%, showing that humidity-induced stress can be
worse for GPV than FPV modules. Interestingly, the module architecture
has a considerable effect on the water-land differences. In all locations,
the water-land difference is skewed more towards land for the glass-
glass compared to the glass-backsheet architecture.

To contrast the ingress in these temperate and continental climate
zones with that in a tropical climate zone, moisture ingress was also
modelled for a GPV module in Bangkok (hereafter referred to as BAN),
with the mean concentration given in Table 3. Modelling was based on
time series of module temperature and RH for BAN, which were calcu-
lated using the typical meteorological year (TMY) of the period
2005-2020 from PVGIS version 5.2 using the ERA5 solar radiation
database [54]. To determine module temperature and RH from this, the
same method as described in Sections 2.1 and 2.2 was applied, with
some slight adaptations. Firstly, as the GHI, DNI, and DHI were included
in the TMY, they did not need to be calculated. Secondly, as the albedo
could not be calculated from the TMY data, it was assumed to always be
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Fig. 8. Modelled moisture concentration as a function of time for selected sites. Modelled module architectures are a glass-backsheet module with EVA encapsulant
and Tedlar backsheet (a) and a glass-glass module with POE encapsulant (b). As indicated by the ‘A’ in Fig. 3, the moisture concentration is modelled in the midpoint
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Table 3

Mean moisture concentration throughout 25 years of exposure for different lo-
cations over water and land, and the difference therein. A positive difference
means that the mean concentration over water is higher than over land.

Module Location ~ Case Mean C (x107° Water — land
architecture g/cm®) difference (%)
Glass-backsheet HAR Water  2.44 -17.2
Land 2.94
ERK Water 2.64 6.5
Land 2.48
TAU_NE Water 2.70 -5.5
Land 2.85
TAU_S Water  2.67 -8.4
Land 2.92
BAN Land 8.37 -
Glass-glass HAR Water  2.89 x 1072 -37.2
Land  4.60 x 1072
ERK Water  2.82 x 1072 -8.8
Land  3.09 x 1072
TAUNE  Water 3.49 x 1072 -11.6
Land  3.94 x 102
TAU_S Water  3.40 x 1072 -18.0
Land  4.14 x 1072
BAN Land  2.45x 107! -

equal to the default value in the irradiance transposition model (0.25).
BAN had a higher mean module temperature (32 °C) than the other sites,
while the mean module RH of 64% was on the low end of the sites.

For both module architectures, the mean concentration for BAN is
much higher than in any of the other sites (Table 3): for glass-backsheet,
the concentration is 2.9-3.4 times higher, while for glass-glass, it is
5.3-8.7 times higher. This is explained by the higher module tempera-
ture in tropical climates. The glass-backsheet differences between
tropical and moderate climates align with those found in other model-
ling studies [42], although exact differences depend highly on the
temperature dependence of the diffusivity and solubility of the modelled
module materials. This analysis demonstrates how differences in mois-
ture ingress between FPV and GPV modules in the same climate zone can
be much lower than between GPV modules in different climate zones.
This suggests that when designing and/or testing modules for humidity-
induced stress, the climate zone of deployment should be of greater
concern than deployment on land or over water.

3.4. Effects of FPV system design

(i) Module height over water

11

So far, the analysis has assumed that the module height above water
or land is equal to that of the instrumentation on the respective sites,
which ranges between 1.2 and 3 meters above the surface (Table 1).
However, the module height above water can vary significantly
depending on the FPV system design. As mentioned in Section 2.4, to
assess the maximum effect of changing the module height above water
on humidity-induced stress, the on-site measured parameters at the
instrumentation height (2 m) were compared with those at 1 cm above
water, as derived by the Lake Heat Flux Analyzer for TAU.

Distributions of the on-site measured parameters for TAU at 2 m and
1 cm over water and their absolute differences are shown in Fig. 9 in the
same style as Figs. 5 and 6. The air temperature (Fig. 9(a) and (d))
generally increases when getting closer to the lake surface, although
there are occurrences of decreasing temperatures. This is explained by
the fact that for this site, the water temperature was higher than the air
temperature for 80% of the time series. Lower water than air water
temperatures occur mostly during spring, when the air temperatures
increase faster than the water temperatures. For other water bodies
where water temperatures do not exceed air temperatures as often, more
instances of decreasing air temperature when getting closer to the water
surface can be expected. The RH (Fig. 9(b) and (e)) always increases
when going from 2 m to 1 cm above the lake surface, while the wind
speed always decreases (Fig. 9(c) and (f)).

Following the changes in on-site measured parameters when getting
closer to the water surface (Fig. 9), both the module temperature and RH
generally increase as well (Fig. 10). The mean module temperature is
1.3 °C higher at 1 cm than at 2 m, while the mean module RH is 8.6
percentage points higher. These numbers are similar to the highest re-
ported water-land differences (Section 3.2). This indicates that a change
in the module height over water can have a similar, if not greater, effect
on these module stressors compared to the effect of installing modules
over water instead of on land. It should be noted that the gradient in
stressor level is typically highest close to the water surface (Fig. 4).
Stressor differences will thus be smaller when compared at different
heights further above the water. This also means that as all sensors are
relatively high above water and land (Table 1), the difference in sensor
height for measurements of the same type between water and land are
expected to have a minimal effect on the measurements.

To assess the effect of the difference in module temperature and RH
on humidity-induced stress, moisture ingress modelling was performed
for the 1 cm case as well and compared to the 2 m case that was pre-
sented in Section 3.3. In a similar fashion to Fig. 8, modelled moisture
concentrations for the glass-backsheet and glass-glass architectures are
shown in Fig. 11. Due to the increased module temperature and RH at 1
cm compared to 2 m, internal moisture concentrations are higher as
well. For the glass-backsheet architecture, the mean concentration is
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29.7% higher, while for the glass-glass architecture, it is 47.0%. This is
larger than the water-land differences at the respective sites (Table 3),
further confirming that the module height over water can have a larger
impact on humidity-induced stress than whether the module is installed
over water or on land.

(i) Enhanced module cooling

As mentioned in Section 2.1, this section illustrates the effect of
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higher U-values on FPV module temperature and RH by re-evaluating
these variables under elevated U-values of 45 W/m?C for ug and 10
W/m2C-m/s for uy, opposed to the default values 20.74 W/m?C for ug
and 2.91 W/m?C-m/s for uj used so far.

Fig. 12 shows the distributions of module temperature (a) and RH (b)
over water with default (filled) and increased (open) U-values, and the
absolute differences between the two (c, d). As expected, for all sites the
module temperature is generally lower for increased U-values (Fig. 12
(a) and (c)), with absolute mean differences between default and
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increased U-values being up to 3 °C. This is far greater than the mean
module temperature differences between water and land (Fig. 6). Due to
the decrease in module temperature, module RHs are generally higher
for increased U-values compared to default values (Fig. 12(b) and (d)),
with mean differences of up to 4.9 percentage points. While substantial,
this is lower than the mean module RH differences between water and
land (Fig. 6).

The distributions of the differences (Fig. 12(c) and (d)) show a broad
area with small differences for both variables. These are positive for the
module temperature and negative for the module RH. This area is
combined with a narrower tail of larger differences in the opposite di-
rection. Inspection of Eq. (1) shows that the small positive module
temperature differences occur when the ambient temperature exceeds
the module temperature, which is during low irradiance conditions. As
the fraction in Eq. (1) is negative during these times, an increase in U-
values leads to a higher module temperature. As mentioned previously,
the increase in module temperature causes a decrease in module RH
(Fig. 12(d)). The tails of larger negative module temperature and posi-
tive module RH differences occur during high irradiance conditions
when the module temperature exceeds the air temperature, which is
when an increase in U-values causes a decrease in module temperature.
By increasing module temperatures during low irradiance conditions
and decreasing them during high irradiance conditions, an increase in U-
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values thus decreases diurnal module temperature and RH fluctuations.

As most of the data in the respective time series are at low irradi-
ances, there are more occurrences of small module temperature and RH
differences than large ones, causing relatively modest mean module
temperature and RH differences between default and increased U-
values. For locations with a larger fraction of higher irradiances, mean
differences are therefore expected to be larger.

Once again, to quantify the effect of higher U-values on humidity-
induced stress, moisture ingress was modelled for higher U-values and
compared to the default ones for the sites selected in Section 3.4
(Fig. 13). As TAU_S water and TAU_NE water are essentially identical
(same measurements, but different removal and filling of data depen-
dent on the respective land stations), only TAU_S water was included in
this analysis. Fig. 13 shows that for all three modelled locations, ingress
is higher for the default U-values than for the increased ones, indicating
that the decrease in module temperature has a higher effect on ingress
than the increase in module RH. Furthermore, seasonal concentration
fluctuations are higher for the default compared to the increased U-
values. Differences in mean concentration between default and higher
U-values are between 20.7 and 24.5% for the glass-backsheet architec-
ture, and between 38.0 and 42.0% for glass-glass. These are once again
larger than the differences between water and land (Table 3). This in-
dicates how, similar to module height over water, the operating module
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temperature can have a larger effect on moisture ingress than whether
the module is installed on land or over water.

3.5. Implications and limitations of study

Several aspects of the study’s scope affect the obtained results. Most
importantly, no PV systems were present on any of the sites. As a result,
discrepancies might be expected between modelled and real-world
module stressors, as the physical presence of PV modules might affect
the ambient parameters. Modules can act as wind barriers [68], likely
leading to temperature variations within a single system due to differ-
ences in wind speed [69]. Moreover, the presence of FPV systems can
influence the RH in the air. Especially for FPV systems with closely-
packed modules that are mounted close to the water surface without
intermediary buoyant structures, there is a chance of high humidity
levels directly underneath the modules as evaporation is obstructed.
This effect is especially important for the vertical translation of the on-
site measured parameters. Furthermore, to ensure a consistent com-
parison between FPV and GPV, module tilt angles were identical and
optimized for maximum annual energy production at each location. In
reality, FPV modules are typically installed at reduced tilt angles to
minimize wind-induced uplift and drift forces [70]. A lower than
optimal tilt angle generally decreases the plane of array irradiance and
with it the module temperature, thereby increasing module RH. To
quantify the impacts of these assumptions, comparisons of modelled
module temperatures and RHs with measurements around real FPV and
GPV systems are recommended.

Beyond the effect of the physical presence of the PV system on
module stressors, the module material properties will significantly affect
moisture ingress. While the ingress modelling was based on material
parameters from a standardized library, it is important to recognize that
common module material types, such as EVA and POE, can span a wide
range of different products with varying solubility and diffusivity co-
efficients [63]. Therefore, the specific material selection used in
modelling can significantly alter simulated moisture concentrations.

This study focused specifically on water vapor effects, but liquid
water can affect module degradation too. The presence of liquid water in
or on modules is for example reported to accelerate delamination [71],
potential induced degradation (PID) [35] and corrosion [72]. FPV
modules may thus experience additional water-induced stress and
degradation that is not considered here.

Lastly, while the study included diverse sites with varying charac-
teristics such as lake size, all sites were present in relatively cold cli-
mates. Similar analyses in warmer climates could possibly reveal larger
differences between water and land, as well as a larger impact of
increased U-values, and are therefore recommended.
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4. Summary and conclusion

This study has aimed to help fill the research gap on humidity-
induced stress in FPV modules and how this compares to GPV. This
was done by comparing multi-year meteorological datasets over seven
inland water bodies located in relatively cold climates with those over
nearby land locations. While ambient and calculated module tempera-
tures were comparable above water and land (mean differences of
maximum 1.6 °C), larger RH differences were found (mean differences
of up to 7.5 percentage points), with some sites showing higher values
over land, and others over water. This challenges the common
assumption of universally higher humidity levels for FPV modules
compared to GPV ones, and rather shows that site to site differences can
have a larger impact on these stressors than being on water or land.
Diurnal fluctuations in both module temperature and RH were stronger
over land, attributed to the stabilizing influence of water.

To quantify the impact of these differences on humidity-induced
stress, moisture ingress was modelled towards the centre of two
different module architectures for the sites with the largest water-land
differences. Modelled internal moisture concentrations were generally
lower over water (mean differences of up to 37%). However, these
water-land differences were much smaller than those observed on land
between cold climates and a tropical one (up to 8 times higher mean
moisture concentration). This suggests that the climate zone of
deployment, rather than installation over water or on land, should be the
primary consideration for module design and testing related to
humidity-induced degradation.

Lastly, analysis of FPV system design parameters, specifically the
module height above water and enhanced module cooling, revealed a
substantial impact on humidity-induced stress. Both reduced module
height and increased cooling led to changes in modelled moisture con-
centrations that exceeded the observed water-land differences (up to
47% and 42% higher mean moisture concentration, respectively). This
indicates that FPV system design can have a larger influence on
humidity-induced stress than the choice of FPV versus GPV.

By providing these nuances, the present work advances the under-
standing of humidity-induced stress for FPV, and thereby in more gen-
eral that of FPV module reliability. However, it is limited by the absence
of operational PV systems and sites in warmer climates. To corroborate
and extend our findings, measurements on real FPV systems are rec-
ommended, particularly in warmer climates where water-land differ-
ences might be more pronounced.
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