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 A B S T R A C T

Increasing the operating lifetime of photovoltaic (PV) modules is a key factor in further reducing their levelized 
cost of electricity. Analytical degradation models typically use the external relative humidity (RH) as a stress 
factor, rather than the moisture concentration inside the module. This study presents a Finite Element Method 
(FEM) model, built in COMSOL Multiphysics, to simulate the moisture ingress inside a PV module. We 
explore the effects of different encapsulant and backsheet materials, as well as various climatic conditions, 
on moisture penetration. Overall, the impact of the climate has a larger impact on the moisture ingress than 
the choice of material, implying that the PV module design should be adjusted for different climates. As 
FEM simulations are computationally intensive, we also present an analytical model, based on empirically 
determined characteristics, to simulate the moisture ingress. This reconstruction can be done with a deviation 
lower than 0.05 for all conditions. Finally, our findings indicate that the relative moisture content (RMC) 
within the module serves as a more accurate stress factor than outdoor RH. Degradation rates over time found 
in literature are captured more accurately when deploying RMC.
1. Introduction

The levelized cost of electricity for photovoltaic (PV) modules has 
dramatically decreased by 89% from 0.445 USD/kWh in 2010 to 0.049 
USD/kWh in 2022 [1]. A crucial factor in further reducing these costs 
is enhancing the reliability and operating lifetime of PV modules [2]. 
The lifespan of PV modules is significantly affected by various stress 
factors that degrade the performance over time [3]. To optimize energy 
production over the module’s lifetime, understanding how stress factors 
cause degradation is essential.

Research literature has introduced several analytical models that 
describe the impact of stress factors on PV module degradation [4,5]. 
These models typically relate temperature (T), ultraviolet (UV) irradi-
ation, and relative humidity (RH) to performance loss. However, it is 
important to note that degradation is not directly caused by RH but 
rather by the moisture within the PV module. Hassan et al. made a 
review on different failure mechanisms in solar panels, and explained 
that delamination and corrosion is triggered by chemical reactions with 
water in the encapsulant [6]. Similarly, Segbefia et al. made a review 
on moisture ingress in PV modules and argued that moisture ingress 
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is the core of most degradation mechanisms and discuss the different 
techniques for measuring the moisture concentration inside the PV 
module [7]. In other work, Segbefia et al. demonstrated the effect of 
moisture ingress on a field-aged PV module, showing that the effect 
around the solar joints dominates [8]. Lastly, Koehl et al. propose a 
design for appropriate damp-heat tests and discuss how the design of 
the PV module affects the mass transport of water [9]. These studies 
indicates that lifetime prediction models can be improved by predicting 
the moisture content in PV modules.

Several studies have modeled moisture ingress using either Finite-
Element-Method (FEM) models or analytical models to simulate dif-
ferent climatic conditions. Kempe et al. model the moisture ingress 
using finite-element analysis for different locations [10]. Similarly, 
Hulsmann et al. have simulated the water uptake of PV modules for 
different materials and climatic conditions [11]. Mitterhofer et al. used 
a FEM model to simulate the moisture ingress for more than 17,000 
locations, and train a machine-learning algorithm to find correlations 
between climatic parameters and simulation results [12]. In different 
work, Mitterhofer et al. validate their FEM model with simulations 
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Fig. 1. (a) An overview of the considered schematic for the FEM model and (b) the translation into the developed model. The green dashed line indicates which part of the 
schematic is used in the basic model. The glass and solar cell have been removed as these materials are considered to be impermeable. Also, a part of the backsheet and encapsulant 
below the cell has been removed to reduce the computational effort. (c) The advanced model only considers a segment of the basic model (indicated with the green dashed line), 
as it is computationally intensive. For this model, the dual-transport model is implemented as proposed by Mitterhofer et al. [17].
in various climates [13]. In contrast to a FEM model, Coyle et al. 
developed an analytical model to express the relative concentration of 
water in CIGS solar cells [14]. Similarly, Marwaha et al. demonstrated 
an analytical model to quantify amount of moisture ingress in PV 
modules with a breathable backsheet [15]. These models often report 
the absolute water concentration, whereas the relative concentration to 
the saturation point is a more relevant metric for assessing degradation 
in PV modules [14].

This study presents a FEM model to simulate moisture ingress in 
crystalline silicon PV modules over their lifetime. We report relative 
moisture content (𝑅𝑀𝐶) instead of the actual concentration. The sim-
ulations are conducted for various geographical locations to assess 
environmental impacts, and different encapsulant and backsheet ma-
terials to examine material choices. Given the computational intensity 
of FEM simulations, we also develop an analytical model based on 
empirical parameters derived from the FEM simulations. This model 
allows for predicting moisture ingress without needing further FEM 
simulations. Finally, we simulate power loss due to moisture-induced 
degradation across different climates and module materials using RMC 
as the stress factor instead of RH.

2. Methodology

This section outlines the implementation of the (FEM) model using 
COMSOL Multiphysics software [16]. We develop two versions of the 
model: a basic and an advanced model, as illustrated in Fig.  1. After 
describing each model, we compare their results with results from 
literature in two distinct methods.

2.1. Basic model

Both models are based on a two-dimensional representation, includ-
ing a backsheet, encapsulant, solar cell, and glass, as illustrated on the 
left side of Fig.  1. Due to symmetry, the computational burden can 
be reduced by modeling only half of the cell. Since the solar cell and 
glass are considered impermeable [9,10], they are excluded from the 
simulation domain.

Although the model can output the concentration of every point in 
the encapsulant and backsheet, only the concentration above the cell is 
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evaluated as corrosion mostly occurs at the ribbons at the front of the 
cell [18,19]. Consequently, we can exclude a portion of the encapsulant 
and backsheet below the cell from the simulation, as their moisture 
levels do not impact the concentration at the critical evaluation point. 
The exact values for all dimensions are reported in Appendix  A. The 
overall structure of our model is comparable to the one developed by 
Mitterhofer et al. [12].

To simulate moisture ingress in the PV module, we consider water 
molecule diffusion through the backsheet and encapsulant, and we 
apply boundary conditions at the module’s interface with the air. This 
diffusion is governed by Fick’s second law of diffusion [20], written as 

𝜕𝐶
𝜕𝑡

= 𝐷 ⋅ ∇2𝐶, (1)

where 𝐶 is the concentration, 𝑡 is the time, and 𝐷 is the diffusion 
coefficient of the material.

The diffusion coefficient depends on the module temperature (𝑇𝑚𝑜𝑑) 
and follows an Arrhenius relationship [7,21] 

𝐷 = 𝐷0 ⋅ 𝑒
−

𝐸𝑎,𝐷
𝑅⋅𝑇𝑚𝑜𝑑 , (2)

where 𝐷0 is the diffusion pre-exponential constant, 𝐸𝑎,𝐷 is the diffusion 
activation energy, and 𝑅 is the universal gas constant. 𝑇𝑚𝑜𝑑 is the 
module temperature as determined with the Faiman model [22].

In addition to the diffusion coefficient, solubility coefficients (𝑆) are 
crucial for describing moisture ingress. Solubility reflects the amount 
of water a material can absorb and is also modeled using an Arrhenius 
relationship 

𝑆 = 𝑆0 ⋅ 𝑒
−

𝐸𝑎,𝑆
𝑅⋅𝑇𝑚𝑜𝑑 , (3)

where 𝑆0 is the solubility pre-exponential constant, and 𝐸𝑎,𝑆 is the 
solubility activation energy.

At the interface between the backsheet and air, concentration can 
be determined using Henry’s law [23], which states that the absorbed 
moisture in a polymer is proportional to the environmental RH [24]. It 
must be noted that this is a simplification which is more valid for ideal 
polymers, however we do not have experimental data which indicate a 
more suitable model. 
𝐶𝐵𝑆 = 𝑝𝑠𝑎𝑡 ⋅ 𝑅𝐻𝑒𝑓𝑓 , (4)

𝑆𝐵𝑆
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where 𝐶𝐵𝑆 and 𝑆𝐵𝑆 are the concentration and solubility of backsheet, 
respectively, 𝑝𝑠𝑎𝑡 is the saturation pressure (modeled with the Antoine 
equation [25,26]), and 𝑅𝐻𝑒𝑓𝑓  is the effective relative humidity. 𝑅𝐻𝑒𝑓𝑓
differs from RH because the module temperature is different from 
the ambient temperature and can be calculated using the Magnus 
equation [11,27,28].

Similarly, the concentration at the encapsulant-backsheet interface 
is given by 
𝐶𝐵𝑆
𝑆𝐵𝑆

=
𝐶𝑒𝑛𝑐
𝑆𝑒𝑛𝑐

, (5)

where 𝐶𝑒𝑛𝑐 and 𝑆𝑒𝑛𝑐 are the concentration and solubility of encapsulant. 
Eq. (5) is based on the assumption that Henry’s law also applies to this 
interface [14].

To quantify the amount of moisture ingress, we evaluate 𝑅𝑀𝐶 at 
the point in the middle of the cell (indicated in Fig.  1). As described by 
Kyranaki [24], the 𝑅𝑀𝐶 is calculated with 

𝑅𝑀𝐶 =
𝐶𝑒𝑛𝑐
𝑆𝑒𝑛𝑐

(6)

Since both 𝐶 and 𝑆 are expressed in [kgm−3], 𝑅𝑀𝐶 is a unitless 
quantity.

2.2. Advanced model

The basic model assumes homogeneous Fickian diffusion across 
materials. However, literature suggests this may not accurately rep-
resent the behavior of polymeric materials used in encapsulants and 
backsheets [17,29]. Mitterhofer et al. [17] propose a more realistic 
approach by considering two distinct transport mechanisms: diffusion 
in bulk and channels. To simulate this, the encapsulant is split into two 
regions, namely the bulk and channels, as indicated in Fig.  1(c). The 
channels have a higher diffusion coefficient than the bulk, simulating 
the flow in nanochannels [30], which can be written as 

𝐷𝑏 = 𝛼 ⋅𝐷𝑐 , (7)

where 𝐷𝑏 and 𝐷𝑐 are the bulk and channel diffusion coefficients, re-
spectively, and 𝛼 describes the ratio between both coefficient assumed 
to be 3.1 × 10−6 as derived by Mitterhofer et al. [17]. A more detailed 
description on the implementation on the advanced model in COMSOL 
is provided in Appendix  B.

2.3. Validation

We perform two types of validations for our model. For the first 
comparison, we compare our models’ results with measurements and 
simulations conducted by Kyranaki et al. [24], as depicted in Fig.  2. 
The test sample lacks a solar cell, so our model geometry is adjusted 
accordingly. These experiments are performed in a climate chamber 
with a controlled temperature and relative humidity of 50 ◦C and 
80%, respectively. Kyranaki’s simulation assumes Fickian diffusion, 
aligning well with our basic model’s results. In contrast, the advanced 
model using the dual channel approach accurately matches the mea-
sured moisture ingress, suggesting our basic model behaves similarly 
to Kyranaki’s, and any deviations in measurements are due to the 
assumption of Fickian diffusion.

Fig.  3 illustrates a comparison between our basic model’s simulation 
and the model by Mitterhofer et al. [12]. Both simulations evalu-
ate moisture concentration in a PV module in Manaus, Brazil, over 
10 years. Given that literature models assume Fickian diffusion, we 
use our basic model for comparison. The similarity in results indicates 
that our model can also be used for simulating moisture ingress under 
outdoor conditions.
3 
Fig. 2. A comparison of the 𝑅𝑀𝐶 inside the test sample consisting of backsheet and 
encapsulation (without solar cell) in a climate chamber predicted by our models and 
simulated and measured by Kyranaki et al. [24]. The advanced non-Fickan model shows 
better agreement with the experimental data compared to the basic Fickian models.

Fig. 3. A comparison of the water concentration inside a PV module under real world 
conditions (Manaus in Brazil) predicted by our model and simulated by Mitterhofer 
et al. [12].

2.4. Choice of model

While the advanced model demonstrates higher accuracy in climate 
chamber experiments, it demands significantly more computational 
time. For instance, simulating the experiment for 200 h (about 8 days) 
of exposure time with the basic model takes 18 s, whereas the advanced 
model requires 29 min. Considering the impracticality of simulating 
20 years of outdoor conditions with the advanced model, we chose to 
use the basic model for the remainder of this work.

This choice is justified because non-Fickian behavior is more pro-
nounced at higher RH values [31] and elevated cell temperatures [32]. 
Since both temperature and RH are higher in experimental tests com-
pared to outdoor conditions, the error from assuming Fickian diffusion 
is expected to be smaller in real-world scenarios. However, it should be 
realized that although this is the case for ground-mounted PV systems, 
building integrated PV (BIPV) systems can experience temperatures in 
the range of 60-80 ◦C [33]. Therefore, the error from assuming Fickian 
diffusion can be larger when our model is applied to BIPV systems.

3. Case study

We simulate The moisture ingress for PV modules with different 
encapsulant and backsheet materials in various climates. As encap-
sulant, we have selected ethylene-vinyl acetate (EVA), thermoplastic 
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Table 1
The parameters of the different materials. The first three materials are encapsulants obtained from [34]. The latter four materials are used as 
backsheet and the values are obtained from [35].
 𝐷0 𝐸𝑎,𝐷 𝑆0 𝐸𝑎,𝑆  
 [m2 s−1] [kJ mol−1] [g m−3] [kJ mol−1] 
 EVA 2.32 × 10−4 38.1 1.81 × 106 16.7  
 TPO 5.22 × 10−2 52.9 1.56 × 106 24.6  
 PDMS 3.43 × 10−5 26.8 8.05 × 104 11.2  
 PET 6.02 × 10−6 39.2 7.08 × 109 43.2  
 TPT 5.97 × 10−7 33.1 3.03 × 1010 44.8  
 TPSiOx 1.01 × 10−9 17.2 1.01 × 1014 70.0  
 PA 2.27 × 10−3 53.9 2.98 × 109 41.6  
Table 2
The effective RH, average module temperature, and change in module temperature of each location. The change in module 
temperature represents the seasonal fluctuation of the module temperature.
 effective RH [-] Average 𝑇𝑚𝑜𝑑 [◦C] 𝛥𝑇𝑚𝑜𝑑 [◦C] 
 Manaus 0.59 33 4.4  
 Jakarta 0.56 33 6.6  
 Los Angeles 0.51 22 12  
 Freiburg 0.57 14 25  
 Dubai 0.40 33 18  
 Almeria 0.50 23 18  
 Portland 0.64 11 26  
 Oslo 0.61 9.4 28.2  
polyolefin (TPO) and Polydimethylsiloxane (PDMS) used as material. 
For the backsheet, polyethylene terephthalate (PET), Tedlar-PET-Tedlar 
(TPT), Tedlar-PET-SiOx (TPSiOx), and Polyamide (PA) are used. The 
properties of all the encapsulants and backsheets are obtained from 
Kempe et al. [34] and Hülsmann et al. [35], respectively. Each ma-
terial’s properties are characterized by parameters shown in Table  1, 
which are used in the simulations.

We also analyzed how different climatic conditions affect moisture 
ingress. Simulations were conducted for eight geographical locations 
representing various climate zones according to the Köppen-Geiger 
(KG) classification [36]. The hourly climate data for all locations are 
obtained from Meteonorm version 7.2 [37].

The selected climates were:

• Tropical, which is represented by Manaus (Brazil) and Jakarta 
(Indonesia).

• Temperate, which is represented by Los Angeles (United States) 
and Freiburg (Germany).

• Arid, which is represented by Dubai (United Arab Emirates) and 
Almeria (Spain).

• Continental, which is represented by Portland (United States) and 
Oslo (Norway).

Each location can be characterized by different stress factors, sum-
marized in Table  2, which are all factors relevant to the moisture 
ingress. This includes the average effective RH, which is also used in Eq. 
(4), the average module temperature, and the seasonal deviation in 
temperature. The latter stress factor is explained more in Appendix  C.

4. Results

To assess the impact of different materials and climates on the 
moisture ingress in PV modules, we simulate these conditions over a 
period of 20 years. We examine how variations in the materials used for 
encapsulant and backsheet, as well as different geographical locations, 
influence the moisture behavior in the modules.

4.1. Effect of materials

First, we analyze the impact of the material choice on the moisture 
ingress. As example, we show the simulations under operating con-
ditions typical for Freiburg, Germany. Fig.  4 illustrates the simulated 
moisture ingress for each material.
4 
Fig. 4. The moisture ingress for different encapsulants (A) and backsheets (B). The 
reference scenario is a PV module with EVA and PET as encapsulant and backsheet, 
simulated in Freiburg.

To facilitate a more quantitative comparison, we define and evalu-
ate several characteristics for each simulation:

• The equilibrium relative moisture content (𝑅𝑀𝐶𝑒𝑞), which is 
defined as the average 𝑅𝑀𝐶 value in the last year.

• The saturation time (𝜏95%), which is defined as the time it takes 
for 𝑅𝑀𝐶 to reach 95% of 𝑅𝑀𝐶𝑒𝑞 .

• The seasonal deviation (𝐴), which is defined as the largest differ-
ence in 𝑅𝑀𝐶 within one year.

• The ingress time (𝜏0.01), which is defined as the time it takes 
before the 𝑅𝑀𝐶 reaches a value of 0.01.

Fig.  5 shows these characteristics for each situation. For all materials 
the 𝑅𝑀𝐶𝑒𝑞 is relatively similar for all simulations ranging from 0.48-
0.59. This is because this value is mostly dependent on the climatic 
conditions, which will be discussed further at the end of this section.

The choice of encapsulants significantly affects the moisture ingress 
rate. PDMS, due to its low activation energy for diffusion, has a 
higher diffusion coefficient, resulting in faster moisture ingress and 
lower values for 𝜏95% and 𝜏0.01. This suggests quicker moisture related 
degradation for modules encapsulated with PDMS.
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Fig. 5. The moisture ingress characteristics for all situations. The dashed line separates 
the trends for varying encapsulants (on the left) and varying backsheets (on the 
right). The choice of encapsulant affects 𝜏95%, 𝐴, and 𝜏0.01, whereas the backsheet only 
significantly affects 𝜏95%.

The seasonal deviation 𝐴 is higher with TPO, indicating more 
significant fluctuations in 𝑅𝑀𝐶. These fluctuations are driven more 
by changes in solubility than by changes in concentration. TPO’s high 
activation energy for solubility makes its solubility more sensitive to 
temperature, leading to pronounced seasonal variations in 𝑅𝑀𝐶.

The backsheet material predominantly impacts the moisture satura-
tion time. TPSiOx, with a lower pre-exponential factor, exhibits a longer 
𝜏95% and 𝜏0.01. However, the encapsulant’s influence is more significant 
overall, as moisture travels a longer path through it than through the 
backsheet.

4.2. Effect of climate

Next, we vary the climate and examine its effect on the moisture 
ingress. In all simulations, EVA was used as the encapsulant and PET as 
the backsheet. Fig.  6 presents the simulated moisture ingress for these 
locations. As with the materials, Fig.  7 provides a detailed comparison 
of the characteristics for each climate.

𝑅𝑀𝐶𝑒𝑞 is highest in continental locations, driven by their high 
effective relative humidity. Despite outdoor conditions not being con-
stant, the average 𝑅𝐻𝑒𝑓𝑓  serves as a good indicator of 𝑅𝑀𝐶𝑒𝑞 . Moisture 
ingress occurs fastest in tropical climates, evidenced by the smallest 
𝜏95% and 𝜏0.01 values. This is due to the higher module temperatures in 
these regions, which increase the diffusion coefficient and accelerate 
moisture ingress.

Finally, the seasonal deviation is most pronounced in continental 
climates, which have the largest seasonal temperature variations. These 
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fluctuations cause significant changes in solubility over the seasons, 
leading to varying 𝑅𝑀𝐶.

Comparing the effect of material and climate, it can be seen that 
climate choice produces a wider range of 𝑅𝑀𝐶𝑒𝑞 and 𝐴 values than 
material variation just in Freiburg. If PDMS is excluded then this also 
holds for saturation and ingress times. This indicates that it might be 
reasonable to adjust the PV module design to the climates rather than 
trying to find a one fits all global solution as the PV industry grows in 
the future.

5. Analytical model

In the previous section, we identified clear trends between the 
moisture ingress characteristics and the operating conditions of PV 
modules. This opens up the possibility of predicting these characteris-
tics and modeling the moisture ingress without relying on computation-
ally intensive simulations. This section introduces an analytical model 
that uses empirically determined parameters for simulating moisture 
ingress.

5.1. Analytical equation

From our observations, the yearly average 𝑅𝑀𝐶 starts at zero and 
gradually approaches an equilibrium value, 𝑅𝑀𝐶𝑒𝑞 , over time. This 
relationship can be expressed as 

𝑅𝑀𝐶(𝑡) = 𝑅𝑀𝐶𝑒𝑞

(

1 − 𝑒
− 𝑡

𝜏95%
ln(20)

)

, (8)

where the term ln(20) is included to ensure that 𝑅𝑀𝐶(𝑡) = 0.95 ⋅𝑅𝑀𝐶𝑒𝑞
at 𝑡 = 𝜏95%.

Additionally, there is a seasonal trend in moisture ingress, which 
can be described using a sinusoidal function with an amplitude of 𝐴2 . 
By incorporating this seasonal variation, the equation extends to 

𝑅𝑀𝐶(𝑡) =
(

𝑅𝑀𝐶𝑒𝑞 +
𝐴
2
⋅ cos (2𝜋(𝑡 − 𝜙))

)

⋅
(

1 − 𝑒
− 𝑡

𝜏95%
ln(20)

)

, (9)

where 𝜙 represents the phase shift and is equal to the coldest moment 
of the year, as 𝑅𝑀𝐶 tends to peak on colder days. It should be noted 
that both 𝑡 and 𝜙 are expressed in years.

Upon closer inspection, we notice that moisture ingress deviates 
from this pattern in the initial years. Due to the time required for 
water to permeate through the backsheet and encapsulant, there is a 
delay before RMC reaches significant values. This delay, characterized 
by 𝜏0.01, can be incorporated into the equation by applying a time shift 
in the exponential term. Thus, the final form of our analytical equation 
is: 

𝑅𝑀𝐶(𝑡) =
(

𝑅𝑀𝐶𝑒𝑞 +
𝐴
2
⋅ cos (2𝜋(𝑡 − 𝜙))

)

⋅
(

1 − 𝑒
− 𝑡−𝜏0.01

𝜏95%
ln(20)

)

. (10)
Fig. 6. The moisture ingress of a PV module with an EVA encapsulant and PET backsheet for different locations. The locations represent four different climates.
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Table 3
The coefficients for the moisture ingress characteristics for all materials.
 𝑅𝑀𝐶𝑒𝑞 𝜏95% 𝐴 𝜏0.01%
 𝑐1,𝑅𝑀𝐶 𝑐2,𝑅𝑀𝐶 𝑐1,𝜏95% 𝑐2,𝜏95% 𝑐1,𝐴 𝑐2,𝐴 𝑐1,𝜏0.01 𝑐2,𝜏0.01 
 [-] [-] [y/K] [y] [-] [-] [y/K] [y]  
 EVA 1.23 −0.170 −0.456 144 0.0140 −0.0303 −0.0455 14.1  
 TPO 1.28 −0.149 −0.509 161 0.0221 −0.0474 −0.0543 16.8  
 PDMS 1.16 −0.158 −0.110 35.2 0.00818 0.0317 −0.00176 0.575 
 PET 1.23 −0.170 −0.456 144 0.0140 −0.0303 −0.0455 14.1  
 TPT 1.28 −0.187 −0.383 121 0.0145 −0.0336 −0.0423 13.0  
 TPSiOx 0.892 −0.0170 −0.501 160 0.0116 −0.00759 −0.0541 16.9  
 PA 1.17 −0.160 −0.495 156 0.0134 −0.0293 −0.0484 15.0  
Fig. 7. The characteristics for the different locations. It can be seen that the moisture 
enters faster for tropical locations (lower 𝜏95% and 𝜏0.01), but reaches a higher 
equilibrium for continental climates.

5.2. Characteristic trends

To utilize this analytical model as a substitute for the FEM model, 
we need to determine the specific characteristics of the PV module for 
a given location. From the previous section, we know that 𝑅𝑀𝐶𝑒𝑞 and 
𝐴 are related to the effective RH and 𝛥𝑇𝑚𝑜𝑑 , respectively. Meanwhile, 
𝜏95% and 𝜏0.01 are linked to 𝑇𝑚𝑜𝑑 .

Fig.  8 demonstrates the relationship between these characteristics 
and their corresponding stress factors for a PV module with EVA en-
capsulant and PET backsheet. Each characteristic can be approximated 
by a linear fit in the form 𝑦 = 𝑐1⋅𝑥+𝑐2. As discussed, these characteristics 
are influenced not only by location but also by the materials used. 
Therefore, the coefficients 𝑐1 and 𝑐2 differ for each material, as shown 
in Table  3. These coefficients enable us to predict the moisture ingress 
characteristics under various operating conditions.

5.3. Analytical model development

Using the coefficients provided in Table  3, we can predict the neces-
sary characteristics for our analytical model in Eq.  (10) and reconstruct 
the moisture ingress under specific conditions.

Fig.  9 illustrates the reconstructed moisture ingress for a PV module 
with EVA encapsulant and PET backsheet in Freiburg. The predicted 
characteristics, derived from the corresponding coefficients and stress 
factors (shown in Table  2), align closely with the simulated results. To 
quantify this accuracy, we define the reconstruction error (𝜖) of the 
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reconstruction as 

𝜖 =
∫ 𝑁𝑦𝑒𝑎𝑟𝑠
0 |𝑅𝑀𝐶𝑠𝑖𝑚(𝑡) − 𝑅𝑀𝐶𝑟𝑒𝑐 (𝑡)|𝑑𝑡

𝑁𝑦𝑒𝑎𝑟𝑠
, (11)

where 𝑁𝑦𝑒𝑎𝑟𝑠 is the simulated lifetime, and 𝑅𝑀𝐶𝑠𝑖𝑚(𝑡) and 𝑅𝑀𝐶𝑟𝑒𝑐 (𝑡)
are the simulated and reconstructed 𝑅𝑀𝐶, respectively. The value 
of 𝜖 represents the average deviation between the reconstructed and 
simulated 𝑅𝑀𝐶.

We applied this reconstruction method to various materials and 
locations. Fig.  10 displays the average deviation for all materials. 
Across all cases, the average 𝜖 remains below 0.05, indicating that 
the moisture ingress can be accurately reconstructed with a deviation 
of less than 0.05. This demonstrates that our empirical model can 
effectively predict moisture ingress in new locations without resorting 
to computationally intensive FEM simulations.

Besides having a low average deviation 𝜖 for the tested cases, 
the analytical model introduced in form of Eq.  (10) is also more 
simple than the analytical models found in literature [38] or two 
dimensions [15]. As, these literature models rely on lengthy equa-
tions involving infinite summations, making their implementation more 
complex. Furthermore, they use fixed values for diffusivity and sol-
ubility, while our model accounts for their temperature dependence. 
In addition the literature models calculate concentration rather than 
RMC, which our results indicate to be the more useful measure. This 
highlights some clear advantages of our analytical model over those 
commonly used in the literature.

6. Impact on degradation

Lastly, we examine how the degradation profile of PV modules 
due to moisture ingress changes when replacing 𝑅𝐻𝑒𝑓𝑓  with 𝑅𝑀𝐶
as the stress factor. We use the Peck model [4,5,39] to calculate the 
moisture-induced degradation rate, written as 

𝑘(𝑡) = 𝐾0 ⋅ 𝑒
−

𝐸𝑎,𝑑𝑒𝑔
𝑘𝑏 ⋅𝑇𝑚𝑜𝑑 (𝑡) ⋅𝑋(𝑡)𝑛, (12)

where 𝑘(𝑡) is the degradation rate at time 𝑡, 𝐾0 is the degradation pre-
exponential constant, 𝐸𝑎,𝑑𝑒𝑔 is the degradation activation energy, 𝑘𝑏 is 
the Boltzmann constant, 𝑛 is a model parameter, and 𝑋 is either 𝑅𝐻𝑒𝑓𝑓
or 𝑅𝑀𝐶.

To determine the parameters in Eq.  (12) we fit the equation to the 
damp-heat experiments performed by Zhu [40]. The used values for 
𝐴, 𝐸𝑎,𝑑𝑒𝑔 , and 𝑛 are 8 ⋅ 107 %∕h, 0.809 eV, and 1.5 respectively. It 
should be realized that this fitting is performed for PV modules with 
EVA encapsulant and PET backsheet.

The calculated degradation rate can be used to determine the nor-
malized power of the PV module (𝑃𝑛𝑜𝑟𝑚) throughout its lifetime. This is 
calculated by iterating 
𝑃𝑛𝑜𝑟𝑚(𝑡 + 𝛥𝑡) = 𝑃𝑛𝑜𝑟𝑚(𝑡) ⋅ (1 − 𝑘(𝑡) ⋅ 𝛥𝑡) , (13)

where 𝛥𝑡 is the time step, which is set at 24 h in this study. It is 
important to note that 𝑘(𝑡) only accounts for degradation caused by 
moisture ingress, excluding other degradation mechanisms. However, 
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Fig. 8. The relation between the different characteristics and the stress factors. For each characteristic, a linear trend can be made with respect to the corresponding stress factor. 
Only the trend lines for the reference PV module (EVA as encapsulant and PET as backsheet) is shown.
Fig. 9. The comparison between the reconstructed and simulated moisture ingress for 
the reference PV module in Freiburg. It can be seen that the reconstruction closely 
matches the simulation.

Fig. 10. The average RMC deviation between FEM simulation and analytical model 
for the different materials. For each material, this is applied for all locations and the 
average deviation is shown.
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this approach allows us to directly compare the impact of using 𝑅𝐻𝑒𝑓𝑓
versus 𝑅𝑀𝐶 as the stress factor.

Fig.  11 illustrates 𝑃𝑛𝑜𝑟𝑚 across various climates. The dashed lines 
represent 𝑃𝑛𝑜𝑟𝑚 calculated using 𝑅𝐻𝑒𝑓𝑓 , while the solid lines use 𝑅𝑀𝐶. 
Using 𝑅𝐻𝑒𝑓𝑓  as the stress factor results in a consistent annual degra-
dation rate, causing a linear decline in normalized power over time. 
Conversely, when 𝑅𝑀𝐶 is used as the stress factor, the normalized 
power remains relatively stable in the initial years because the mois-
ture has not yet penetrated the module fully. As moisture ingress 
progresses, the degradation rate accelerates, leading to a faster de-
cline in normalized power. This aligns with literature, which indicates 
that degradation mechanisms associated with moisture ingress tend to 
increase over time [41].

This comparison demonstrates that using 𝑅𝑀𝐶 as the stress factor 
could potentially be more accurate for the prediction of physical degra-
dation in PV modules. Further work including additional validation is 
needed to fully compare the two stress factors.

7. Conclusion

In this study, we developed and validated a model to simulate and 
analyze moisture ingress in PV modules. Using COMSOL Multiphysics, 
a FEM model is built, which incorporated Fickian diffusion and Henry’s 
law. We validated the model with indoor experiments and outdoor 
simulations from literature.

Our simulations revealed critical insights into the effects of material 
selection and climate conditions on moisture ingress. By comparing 
different encapsulant and backsheet materials, we identified that the 
choice of material significantly impacts the rate at which moisture 
enters the module, but also the seasonal fluctuations. Specifically, 
materials like PDMS and TPO show faster moisture ingress and higher 
fluctuations in 𝑅𝑀𝐶 due to their diffusion and solubility characteris-
tics. The backsheet material, while influential, has a smaller effect on 
the RMC at the front compared to the encapsulant, primarily due to the 
longer diffusion path through the encapsulant.

Further, we examined the impact of varying climatic conditions 
on moisture ingress using eight geographically diverse locations. The 
results showed that moisture ingress and its effects are highly sensitive 
to climate, with tropical climates experiencing the fastest moisture pen-
etration due to higher ambient temperatures. In contrast, continental 
climates showed the highest equilibrium moisture content due to high 
𝑅𝐻𝑒𝑓𝑓  in these locations. Overall, the impact of the climate has a larger 
impact on the moisture ingress than the choice of material, implying 
that the PV module design should be adjusted for different climates.

To simplify the prediction of moisture ingress without relying on 
complex and time-consuming simulations, we developed an analyti-
cal model. This model uses empirical relationships between the char-
acteristics and the stress factors. We show that we can reconstruct 
the moisture ingress results with a deviation lower than 0.05 for all 
conditions.
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Fig. 11. The effect of the degradation profile due to the replacement of 𝑅𝐻𝑒𝑓𝑓  with 𝑅𝑀𝐶. The dashed line indicates the degradation trend calculated with RH, and the solid line 
represents the degradation trend calculated with 𝑅𝑀𝐶.
We also explored the implications of using 𝑅𝑀𝐶 instead of 𝑅𝐻𝑒𝑓𝑓
as the stress factor in degradation models. The Peck model is used to 
calculate the normalized power through the module’s lifetime.

Our findings show that using 𝑅𝑀𝐶 as stress factor leads to the 
degradation rate increasing with time, which is more consistent with 
literature. This suggests that degradation models can improve the 
physical accuracy by including 𝑅𝑀𝐶 as stress factor.
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Appendix A. Exact geometry of basic model

The main text has introduced both the basic and the advanced 
model. As the basic model has a rather complex geometry, the exact 
values for the different dimensions are shown in Fig.  A.1, allowing the 
model to be easily recreated.

Appendix B. Implementation of advanced model

The exact dimensions in the advanced model are shown in Fig.  B.1. 
As mentioned in the main text, the encapsulant is divided into bulk 
and channel regions. The channel is composed of 15 by 32 units, where 
each unit has a length and width of 62.5 μm. It should be noted that the 
width of the horizontal and vertical channels (𝑊𝐻  and 𝑊𝑉 ) used in the 
model are slightly larger than the width of the diagonal channels (𝑊𝐷). 
Other than having different values for the diffusion coefficient, the bulk 
and channel regions are considered to be identical in the COMSOL 
simulation.

Appendix C. Calculation seasonal change module temperature

In Section 4, 𝛥𝑇𝑚𝑜𝑑 is introduced as stress factor. This stress factor 
represents the seasonal fluctuations throughout the operating lifetime. 
It is calculated by defining 𝑇𝑢𝑝𝑝𝑒𝑟 and 𝑇𝑙𝑜𝑤𝑒𝑟, which represent, respec-
tively, the maximum and minimum temperature in a certain time 
window (see Fig.  C.1). 𝛥𝑇𝑚𝑜𝑑 is then calculated as 

𝛥𝑇𝑚𝑜𝑑 =

(

max(𝑇𝑢𝑝𝑝𝑒𝑟) − min(𝑇𝑢𝑝𝑝𝑒𝑟)
)

+
(

max(𝑇𝑙𝑜𝑤𝑒𝑟) − min(𝑇𝑙𝑜𝑤𝑒𝑟)
)

2
. (C.1)

Data availability

We have included the data from all simulations from COMSOL as 
supporting information. Any other data is available upon request.
Fig. A.1. The exact value of the dimensions used in the basic model. Please note that the drawing is not too scale.
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Fig. B.1. The exact value of the dimensions used in the advanced model. Please note that the drawning is not too scale.
Fig. C.1. The calculation of the 𝛥𝑇𝑚𝑜𝑑 . Based on 𝑇𝑚𝑜𝑑 , 𝑇𝑢𝑝𝑝𝑒𝑟 and 𝑇𝑙𝑜𝑤𝑒𝑟 are determined, 
which are used for 𝛥𝑇𝑚𝑜𝑑 . As example the temperature profile of Freiburg is selected.
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