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Abstract

Solar energy is expected to be one of the main energy sources behind the transition to a sustainably powered
society. One of the main reasons for this is the falling costs of PV modules. With falling capital costs other
factors become key in determining the profitability of solar energy projects. One of these factors is the
degradation of performance through the lifetime of the module. Therefore, it becomes increasingly important to
understand the degradation behaviour of solar modules. One of the main causes of degradation is moisture.
In this work the moisture ingress into PV modules and the degradation it causes are studied.

A moisture ingress model is developed using the FEM software COMSOL. The model uses Fick’s second
law of diffusion to model the diffusion of moisture in the module. The model also reflects the temperature
dependent nature of parameters affecting moisture ingress by using an Arrhenius equation. The model is
validated with experimental and simulated data from literature showing a good agreement. A brief comparison
with alternative models such as analytical models and a simplified numerical model is also made. The model
allows to simulate the moisture ingress into different PV modules in different conditions. The moisture ingress
in 11 different locations with different climatic conditions is simulated. The moisture ingress is also simulated
using 4 different encapsulants and 4 different backsheets. Finally, the model is adapted to simulate the
moisture ingress into impermeable backsheet modules.

These results are used to find a relation between ambient conditions and the results delivered by the
COMSOL model. A simplified relationship is found that holds for the different climates and encapsulants. It is
found that the effective relative humidity in the environment is the key parameter in determining the amount of
water that will be in the module once it reaches equilibrium. The time that it takes for a module to reach its
moisture equilibrium content is determined by the temperature. The presence of these simplified relations
can help in estimating the moisture ingress behaviour of a model without the need of carrying out a full FEM
simulation. However, the dynamics of the system when using different backsheets does not follow the same
simplified relations.

The degradation caused by water in the module is also studied. An analytical model is used to predict
the degradation observed during damp heat tests. Due to the properties of the analytical model a different
approach has to be followed for real life conditions. The degradation model is used to compare the expected
degradation under different conditions. This shows that the expected degradation is larger in hot and humid
climates while it is minimized in colder climates. The general degradation trend observed for the different
climates is: Tropical > Arid > Temperate > Continental > Polar.
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Introduction and literature review

This section will serve as an introduction into the topic of PV modules degradation. A summary of the
information available in literature is presented. In section 1.1 some basic concepts necessary to discuss PV
modules are explained. In section 1.2 the most important stress factors to which the modules are exposed to
will be discussed. In section 1.3 the degradation modes that result from these stress factors and affect the
performance of the PV modules are presented. The modelling approaches found in literature are discussed in
section 1.4. Finally, the knowledge gap and research question and scope of the thesis are defined in section 1.5.

1.1. Introduction to PV technology

Renewable energy generation capacity is expected to increase by close to 2400 GW between 2022 and 2027
[1]- This represents a 75% increase on the current installed capacity. Wind and solar energy are projected to be
the main drivers of the increase in renewable energy capacity representing 90% of the newly installed capacity
[1]. Solar energy alone will jump from 1100 to 2350 GW installed capacity. The installation of renewable
energy has been accelerating for many years. This is attributed to the negative effects of using traditional
energy sources which rely mainly on fossil fuels [2]. Fossil fuels have finite resources and emit greenhouse
gases meaning that a sustainable alternative is needed. More recently, the installation of renewable energy
has been further incentivized by the rise in fossil fuel prices and the threat to energy security posed by the
Russian invasion of Ukraine [1].

Over the years the cost of electricity produced using PV has fallen dramatically. The cost of producing
electricity in a PV plant has fallen by 77% from 2005 to 2018 [3], mostly driven by a decrease in the cost
of manufacturing solar PV modules. This lower capital cost for PV energy means that the degradation
in performance is becoming more important in determining the LCOE of PV produced electricity [4]. The
degradation rates reported in literature range from 0.5 to 2 % depending on the technology type and climatic
conditions it is exposed to [4, 5, 6]. In extreme cases, the yearly degradation rate can reach 4 % [6]. After 20
years of operating lifetime, this large range of yearly degradation rates can result in a degradation ranging from
10 to 40% and up to 80% in extremely cases. This leads to huge differences in performance over the lifetime
of the module. This makes it important to understand the mechanisms behind the degradation in performance
of PV modules and the different parameters that affect the degradation.

1.1.1. Solar module structure and components

The degradation modes affect all parts of the module. However some are more likely to degrade over time or
to cause failure. In this subsection the general structure of PV modules and the most important components
will be presented. A visual representation of a PV module with the most important components labeled is
shown in figure 1.1.
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o Frame
————t Glass
«— Encapsulant

o= Solar cells,
internal circult

Encapsulant
Backsheet

-\\"____-r '-—* Junction box
Figure 1.1: Most common configuration of a crystalline Silicon PV module [4]

Module packaging

In general, the module packaging consists of the glass front cover, the encapsulant, the backsheet, the edge
seals and the module frame. Depending on the module design and technology, some of these components
can change. For example, if lightweight and flexible PV is required the front glass cover will be swapped by a
front-side polymeric sheet [4]. In contrast, in bifacial modules the backsheet is replaced by a glass sheet [7].
These are also called impermeable backsheets.

Low-iron soda-lime float glass is generally used as a front cover in PV modules due to its high transparency,
mechanical robustness, low cost and its good properties as an electrical insulator [4]. Encapsulants are placed
directly in contact with the solar cells to protect them from the environment [8]. Encapsulants must have
high transparency, resistance to UV degradation and good adhesion characteristics [7]. The most common
encapsulant material is Ethylene-vinyl acetate(EVA) [9]. Other materials that can be used as encapsulants
are ionomers (ION), polyvinyl butyral (PVB), polyethylene teraphtalate (PET) and polyvinyl fluoride (PVF)[7].
Polymeric backsheets are used to provide electrical insulation and environmental protection. They are generally
composed of three main layers: an outer layer that is designed to resist weathering, a core layer that should
act as an electrical insulator and an inner layer to adhere to the encapsulant [7]. The most commonly used
materials for each layer are Fluoropolymers, Polyethylene teraphtalate and EVA [4].

Solar cells

The semiconductor device is the main component of the PV module as it is the component that converts
the incident light into electricity. There is a vast array of different technologies. Crystalline silicon (c-Si)
technologies which include mono and multi-crystalline (mono-Si and mc-Si) which represent 95% of the
installed capacity of PV technologies [10], thin film technologies represent the rest of the installed capacity.
Thin film technologies include micromorph solar cells which include amorphous silicon (a-Si), micro crystalline
(ue — Si) technologies, Copper Indium Gallium Selenide (CIGS), Gallium-Arsenide technologies (Ga-As),
Cadmium Telluride (CdTe) cells and perovskite technologies [11].

The degradation mechanisms behind the decrease in performance for each solar cell are unique [4].
Furthermore, the dominant degradation mode can be determined by the manufacturing mode, for example,
c-Si solar cells manufactured using the Czochralski method suffer from light-induced degradation caused by
boron-oxygen defects in the Czorchalski wafer [12].

Other components

The solar cell internal circuitry is composed by solar cell metallization elements and interconnect wiring which
have the purpose connecting the solar cells and strings of cells [4]. Solder interconnections are generally
made from silver contacts bonded to a copper ribbon [13]. The junction is placed at the back of the module for
the electrical connection of the module and protects the connections of the strings, external wiring, and often
the bypass diodes [4, 9].By-pass diodes are used to protect solar cells from overheating in the event of the
presence of current mismatch.
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1.2. Stress factors

Stress factors are elements to which the PV module is exposed to throughout its lifetime and which will cause
degradation modes and eventually lead to failure [4]. These are climatic stresses that are weather and location
dependent. Understanding the effect of each of the climatic stresses is necessary to predict hoe the modules
will degrade under different conditions.

Ambient Temperature

Ambient temperature is an important parameter when assessing the performance of PV modules. Itis one of the
most important factors that determines the operating temperature of the PV module, this influences the instan-
taneous efficiency of the module at any given time [14]. The temperatures at which a module will operate are
also dependent on other ambient conditions (e.g. wind speed and solar irradiance), material dependent param-
eters (e.g. transmittance and absorptance), efficiency of the module and on how the module is mounted [10, 15].

Temperature plays a central role in accelerating many degradation modes [4, 16]. High temperature
accelerates degradation mechanisms that involve chemical reaction and diffusion of chemical species, these
processes are generally modelled to have an Arrhenius dependence on temperature [4]. The Arrhenius
equation is used to describe the temperature dependence of the rate of a given process, the general form of
this equation is given by equation 1.1. Degradation of encapsulants and backsheets also exhibits an Arrhenius
dependence on temperature [4, 16] as they are caused by chemical reactions and diffusion of harmful chemical
species. The dependence on temperature is characterized by a mechanism specific activation energy, E,
[17]. The activation energy is not only mechanism specific but is also dependent on the type of PV module
technology since they use different materials for different layers [18]. In the equation below, k5 is the Boltzmann
constant, 7' is the temperature and k, is the rate constant.

—E,
k:ko-ewp(kB.T) (1.1)

Temperature is also responsible for stress in PV modules due to mismatch of thermal expansion coefficients
[13]. This mismatch in thermal expansion coefficients causes a difference in expansion volume of the different
module components. This results in creep in the material due to thermal cycling which over time leads to
fatigue [19]. This will eventually lead to cracks which will eventually cause the solder joint to be electrically open
[13, 19]. The stress caused by temperature has a cyclic nature due to the diurnal and seasonal temperature
cycles.

Relative Humidity

Humidity plays an important role in determining the lifetime performance of PV modules. The amount of
humidity a PV module is exposed to is dependant on the climate in which it is installed [10]. Arid climates
will expose PV modules to the lowest amount of humidity while tropical climates experience high humidities
depending on the season [10]. Continued exposure of PV modules can cause moisture ingress into the module
[14]. Water ingress into PV modules can be described by Fick’s diffusion equation shown below [5, 7]. The
parameters in this equation are the diffusion coefficient (D) which is a material dependent quantity and the
curvature of the gradient in concentration which is the driving force behind the diffusion process.

6C(z,y,2,t)

50 =D -V3C(x,y,2,t) (1.2)

The rate of ingress of moisture into the module is also dependent on the temperature as both the diffusion
coefficient and the saturation concentration depend on temperature [17, 20]. In some special cases where
the transport mechanism is influenced by the channels within the polymer rather than being determined by
bulk properties other models such as dual transport are a better choice [7, 20]. The physical quantity used to
describe humidity in literature is relative humidity (RH) which is defined as the ratio of the partial pressure
of the water vapour and the water vapour saturation pressure in the ambient atmosphere [21]. After some
time, the water concentration inside the module will reach equilibrium, the time needed to reach equilibrium
and what the equilibrium value is depends on the ambient conditions and module design [4]. For breathable
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modules (glass/backsheet) a few days to a week are enough to reach equilibrium values while for impermeable
constructions a few years are needed [22].

This moisture contributes to a wide variety of degradation processes of the PV module [4, 7]:

» Causes delamination of the encapsulant material and other layers in the PV module by deteriorating
adhesive bonds at interfaces between different layers

» Degradation of polymeric materials

» Accelerates the corrosion of metallization elements

» Causes mechanical stress through freeze-thaw cycles
* Plays an important role in PID

Additionally to its contribution to degradation of PV modules trapped humidity can worsen the performance
of PV modules by decreasing the optical performance as a consequence of a rise in absorption [7].

UV irradiation

Another important parameter in PV module degradation is the amount of incident UV light [4, 8]. Extended
exposure to UV light can trigger chemical reactions and lead to degradation of polymeric materials in PV
modules [9]. Like temperature and humidity, the amount of UV irradiation received is also location dependant.
Areas with high solar irradiance will receive higher UV irradiance. Altitude is another factor in determining the
amount of UV radiation received by a module [23]. This is because at higher altitudes a smaller fraction of the
UV light has been absorbed by the atmosphere when reaching the module. This is due to the fact that the light
has had to travel through a smaller air mass. For this same reason, locations at low latitudes will also receive
a larger amount of UV irradiation compared to higher latitude regions.

Degradation reactions occur because the photons in the ultraviolet region have enough energy to overcome
the dissociation energy of covalent bonds of polymers [9]. The degradation of polymers can lead to the
formation of water and acetic acid, which can in turn accelerate other degradation mechanisms such as
delamination or corrosion of metallic components and can promote PID [7, 9]. There are three distinct regions
in the UV spectrum : UVA (315-400 nm), UVB (280-315 nm) and UVC (100-280 nm). UVB is the most
damaging region [9]. This is because UVA contributes a higher fraction of the power but its photons have lower
energies. The reverse is true for UVC where the photons have higher energies but the fraction of incident
power is lower than for UVB [4, 9]. The mechanism behind polymer degradation inside PV modules is not yet
fully understood [24]. In the presence of oxygen, photo-oxidation takes place [9]. However, not all mechanisms
reported in literature take into account the role played by oxygen [19].

Other stress factors

Mechanical loads are another environmental factor that plays a role in the degradation of PV modules [9,
14]. They can have a wide variety of origins [4, 25]. They can be caused previous to installation during the
manufacturing process. They can arise in transportation or installation processes. Finally, the PV module is
also exposed to mechanical loads during its lifetime. These can come from wind, hail, snow, etc. Due to the
rigidity of the front glass and brittle nature of solar cells and metallization elements mechanical loads can result
in the formation of cracks or in fractures [25].

Soiling is the accumulation of unwanted material on the surface of the PV modules. Soiling can be caused
by dirt, dust, bird dropping and other elements that can accumulate on the PV surface [11]. Contrary to other
stress factors it does not affect the long term reliability of the PV modules but it can affect the power production
at a given point in time [4]. The effect of soiling on the power module can have a large variation, it can range
from 0.03% after rainfall to 10-30% in dry periods (weeks without rain or cleaning) [10]. One way in which
soiling can contribute to the long term degradation of PV modules is by causing partial shading which can
lead to hotspot formation [4]. Another one is by the degradation of the anti-reflection coating, this is a re-
sult of the dirt and dust settling on the solar panel [11]. This results in a lower optical performance of the module.
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High Voltage, PV modules are usually connected in series to increase the system voltage [18]. The module
frames are grounded for safety reasons, this gives rise to a voltage difference between the solar cells and the
module frame [7, 18]. This voltage difference is the main driving force behind PID which will be explained in
the next section.

Internal stress factors, PV modules not only suffer from stress caused by external factors. Internal
factors can also be a source of stress, these can originate from the manufacturing processes, material choices
and design choices [4]. Poor processing can lead to defects in the module which can increase the rate of
degradation [4, 11]. Design choices also have an effect on degradation rates. For example, the choice of
encapsulant and choice of backsheet have an important effect on the permeation rate of moisture [7]. One
could argue that these should not be classified as stresses due to the fact that they are always present
throughout the life of the module. However, they are an important factor to consider when discussing the effect
of stress factors on the degradation of the PV module.

1.3. Degradation modes

The stress factors presented above degrade the performance of the PV modules over their lifetime of 20-30
years [11, 16]. The stress factors will cause degradation modes which are physical/chemical processes
which are responsible for the decrease in module performance. One of the complications when studying
the degradation of PV modules throughout their lifetime is that each stress factor contributes to a variety
of degradation modes [23]. Additionally, some degradation modes have an accelerating effect on other
degradation modes. In this section, the most common degradation modes will be presented. The main
relationships between stress factors and degradation modes are summarized in the figure below.
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Figure 1.2: Diagram showing the relationship between the stress factors, degradation modes and module
components. Only the most important relationships are shown for clarity. Solid lines represent the most
important influences. The dashed lines represent secondary influences. Dashed lines between degradation
modes represent the accelerating effects that can exist between degradation modes

Discoloration

Discoloration is the change of color of a material of the PV module throughout its lifetime that results in a lower
transmittance and therefore decreases the output power [16]. From field studies, it is estimated that between
20 and 40% of PV modules of modules suffer from a form of discoloration at the end of their lifetime [26, 27].
There are two ways in which PV modules can suffer from discoloration, degradation of the encapsulant and
discoloration of the grid fingers [11].

Discoloration of the encapsulant is the gradual change of colour of the encapsulant material which turns
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light yellow at the beginning of the discolouration process and progresses until the encapsulant material is
brown. The origin of the encapsulant discoloration is due to the appearance of chromophores (part of a
molecule responsible for the observed colour) that result from EVA degradation [9, 24]. These chromophores
have been identified as unsaturated bonds and carbonyl groups [9, 24]. The discolouration process is a result
of accelerated by exposure to UV radiation, high temperatures and high relative humidity [11, 16]. Discoloration
of the encapsulant decreases the light transmission of the encapsulant layer [16]. This results in a lower short
circuit current, I,.. A decrease of 6% to 8% is observed for initial discoloration while for complete discoloration,
it can range from 10% to 13% [27]. Additionally, degradation of the EVA produces acetic acid which plays a
role in the corrosion of metallization connections, promotes PID and can accelerate delamination [4].

The source of the discoloration of the grid fingers are four different Silver salts: Ag phosphate, Ag-sulphide,
Ag-acetate, Ag-carbonate [11, 14]. The discoloration of contact fingers is also related to a different degradation
mode called snail trails [11, 14]. These are irregular dark stripes and local discoloration of Silver contact fingers.
They appear close to micro-cracks on the solar cells or close to the solar cell edge, however the reason behind
their formation is still under investigation [14]. A picture of a module suffering from discoloration can be seen in
the left part of Figure 1.3.

Corrosion

Corrosion is the deterioration of materials through chemical reactions with the environment [7, 14]. High
temperatures and humidity are the main factors that accelerate corrosion [14]. These reactions can take place
with a number of reactants: water, oxygen or other compounds such as acetic acid [4]. The moisture diffuses
from the exterior into the PV module while the acetic acid is a degradation product of the EVA encapsulant.
This means that the degradation of the encapsulant and delamination of interfaces will have an accelerating
effect on corrosion due to the formation of acetic acid and the increase of moisture inside the module [27]. At
the same time, corrosion can degrade the adhesion between different layers [16], which can make delamination
worse. This is a perfect example of the reciprocal cause-effect relationship that some of these degradation
modes have [27]. Corrosion can also cause contact failure which reduces the electrical performance of the
module [8]. Metallization elements are susceptible to corrosion and cracking which can be accelerated by high
temperature, moisture and the presence of acetic acid [7].

Delamination

Delamination refers to the loss of adhesion at the interface between two layers of the PV module [16]. The
interfaces that can suffer from adhesion loss are the encapsulant-front glass, encapsulant-backsheet and
encapsulant-solar cells [11, 14]. It occurs more commonly at the edges of the PV module [9]. Delamination is
observed when the encapsulant loses its adhesive properties due to prolonged exposure of the PV module to
high humidity and temperature conditions [27]. Exposure of the PV modules to salinity is also thought to play a
role [9, 16]. Delamination affects the PV module in different ways. It increases the penetration of water into
the module by compromising the physical insulation and reduces the optical performance of the module by
increasing the reflection of light [11, 16]. Additionally, severe delamination can pose an electrical hazard [9].
To reduce the risk of delamination additives such as hindered amine light stabilizers can be used [9]. However
these additives can worsen the discoloration of the encapsulant [9, 7].
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Figure 1.3: Visual representation of module discoloration. From no discoloration to
yellowing and then to browning of the encapsulant (left) and module delamination
occurring at the edges of the solar cells (right) [4]

Breakages/cracks

Breaks and cracks can appear on the PV module during installation, maintenance and especially the transport of
the module to the installation site [11, 27]. They occur due to mechanical stress on the PV modules throughout
its lifetime [14]. Micro-cracks can also appear during the fabrication process which are not initially detectable
by visual inspection but can grow during the lifetime of the module [11, 14]. Rigid components of the module
are more likely to experience breakage/cracks [25]. Cracks in the glass and backsheet can compromise the
physical insulation of the module which can result in moisture ingress and electric shock [27]. Solar cells are
brittle and rigid which means that they can suffer from cracks [4]. This can result in parts of the cells being
disconnected from busbars [25].

Figure 1.4: Picture of a module where the metallization components have been corroded
(Note that in this picture delamination is also observed)[7] (left). Picture of a module with a
cracked front glass [11](right).

The front glass cover can suffer from Breakage and cracks. These occur due to mechanical stress, hail,
thermal stress and stress suffered during transportation and installation [14]. Micro-cracks formed during
manufacturing are difficult to notice by visual inspection, they can result in the appearance of larger cracks.
Backsheets and frontsheets can also suffer from cracking caused by exposure to high relative humidity and
mechanical stresses [10]. Degradation of the backsheet will compromise the physical insulation of the module
[4]. In the case of the frontsheet, its degradation will affect also the optical performance of the module.
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Hotspots

Hotspots are areas of the photovoltaic module that have high temperatures which may result in degradation of
the solar cells or other module components [11, 27]. Current mismatch between one or more solar cells and
the string current makes the cell that is producing less current operate under reverse bias giving rise to the
temperature rise [11, 14]. The most common cause of mismatch in current can is partial shading from soiling
or other elements blocking one area of the module [14]. Broken cell interconnections can also result in the
formation of hotspots [16]. The high temperatures caused by the hotspots can lead to damaged solar cells and
broken interconnections [16]. Hotsposts are some of the most commonly observed degradation mechanism,
affecting roughly a third of the installed modules [26, 27]. Notably it is the most common degradation mode in
the first 10 years of the module’s lifetime [26].

PID

PID, which stands for potential induced degradation is a result of the high electrical potential difference between
the module frame and the solar cells [4, 16]. The solar modules are generally connected in series to increase
the voltage output of the system and the module frames are grounded to protect people from electrical shocks,
this gives rise to the electrical potential difference [27]. PID is an umbrella term for all degradation mechanisms
caused by the potential difference between the cells and ground [28]. PID-shunting (PID-s) and surface
polarization effect (PID-p) are the mechanisms identified for c-si technologies [18, 29]. PID-s occurs when the
Na cations contained in the soda lime glass migrate into the solar cell causing a decrease in shunt resistance
and a subsequent decrease in power output [18, 30]. Surface polarization occurs when n-type c-Si back-contact
cells are subjected to a high positive potential which results in charges accumulating at the anti-reflective
coating increasing surface recombination [30].

Light Induced degradation (LID)

Unlike other degradation mechanisms, LID affects the performance of the solar cells directly [31]. This means
that the magnitude of the effect and the mechanism behind it will be different for each technology. a-Si
technologies suffer from what is known as the Staebler-Wronski effect which can lower the efficiency of the
cell by as much as 30% after 100 hours of light exposure [31, 10]. Czochralsky-grown monocrystalline silicon
(Cz-Si) are also affected by LID [31]. This effect is linked to boron-oxygen defects in the wafer which results in
a decrease in the minority carrier lifetime [12]. Annealing can help recover the lost performance for a-Si and
Cz-Si [31]. Multicrystalline silicon wafers do not suffer from LID due to the lower oxygen impurity concentration
[12, 31]. CdTe and CIGS technologies show a similar behaviour when exposed to light, they experience an
initial increase followed by a long-term decrease in performance [31]. Differences in module architecture and
fabrication process are also factors determining the extent of LID suffered by these technologies [31].

1.4. Modelling of degradation

There are a number of ways in which degradation is modeled through the lifetime of PV modules. The two
main categories of models that are present in literature are statistical models or analytical models [29, 32]. The
goal of the models is to calculate the degradation in performance suffered by a PV module depending on the
environmental conditions it is exposed to.

1.4.1. Statistical models

Statistical models or data driven models are models that use statistical analysis of measured performance data
to establish the degradation trend of the PV module [32]. The output of these models is generally the percentage
by which a performance metric of the PV module has decreased for a given period of time (year, month, day or
hour) [32]. Most models return the power degradation over time, other models look at the current or voltage
specifically. Statistical models therefore do not the reflect the degradation modes affecting the module [29].
Another drawback affecting all of these methods is that it does not account for different material properties
and in order to use it for different PV modules degradation data for the specific module technology is needed [29].

The most commonly used methods are [32, 29]:

» Simple linear regression (SLR) is the simplest method and it consists of fitting the performance data to a
linear trend
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+ Classical seasonal decomposition (CSD) separates the seasonality and irregular components from the
data to obtain a clear trend over time

» Seasonal trend decomposition using local regression (STL), similar to CSD but is more robust and can
include trends for the first and last 6 months which is a limitation of CSD.

* Autoregressive integrated moving average (ARIMA) is a model which integrates autoregression, differ-
encing and moving average as well as the three previously mentioned methods applied to seasonal
trends. ARIMA is specifically developed for economic analysis.

These methods have different advantages and disadvantages in terms of simplicity, robustness and
accuracy. STL is considered to be the most effective to predict the degradation rate of PV modules as it results
in the lowest uncertainty levels [32]. However, other methods such as ARIMA produce similar results [29].

1.4.2. Analytical models

Analytical models are based on physical/chemical processes that are responsible for degradation of the PV
modules and reflect the effect of the different environmental conditions [29]. However, they still do not include
the effect of different module materials [29]. Analytical models is the use meteorological data to calculate
a degradation rate. Some models focus on one specific degradation mode, they establish the relationship
between the degradation mode and one or more environmental factors [29].

Peck model
The Peck model is the most commonly used model to obtain the degradation of a PV module due to the effect
of relative humidity [33, 34]. The expression used to obtain the yearly degradation is given by equation 1.3:

_E(l n
kro = ko,rH - €pr(kB -T) - RH"?H (1.3)

The effect of temperature is also included in this expression as it is an important parameter in determining
the rate of diffusion of moisture into the module [17]. The pre-exponential factor, ky, and the exponential
constant, nrg, are empirical constants based on module characteristics [34]. Other examples of models used
to determine the degradation rate due to the effect of relative humidity are the Eyring and the exponential
model [29], given in equations 1.4 and 1.5 respectively.

~E, b T
wp-r rr) U4 Ban=hor-eap(GrEn) o (1.5)

kru = ko, ru - exp(

These degradation rates are meant to reflect the degradation in power output due to the degradation modes
that are mainly driven by the effect of relative humidity. These are delamination, corrosion, discoloration and
weaken solder bonds [33, 29]. These models use as input the relative humidity of the environment. However,
the cause of degradation in reality is the presence of moisture in the module. This amount of moisture in the
module is not equivalent to the RH in the environment as the modules are designed to be insulated form the
environment. This causes a discrepancy between the climatic stress and the actual effect of the module. By
using the ambient condition the difference between insulating capacities between different types of modules
is ignored. This difference can be huge for example, if breathable backsheet and glass-glass modules are
compared [22]. In order to assess the amount of moisture that enters the module a physical model that takes
the relevant physics and material properties into account is needed.

The models also take temperature dependence into account. However, unlike for moisture, there are
a number of models that are used to calculate the actual temperature of the module based on ambient
temperature and other factors that will affect it such as wind speed and irradiance. These models can be based
on a heat balance across the module which are normally referred to as fluid dynamic model [22]. Alternatively,
simpler correlations can be used such as the Sandia model [20].

Modelling of UV induced degradation
Exposure to UV radiation is the stress factor that is mainly associated with degradation of polymeric components
[9, 33]. Since both temperature and relative humidity and temperature also play a role in determining the
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degradation rate of polymeric components an adapted form of Peck’s model to include the effect of UV
irradiation [33, 35] as can be seen in equation 1.6.

Ea n n
kUV:kO’UV.exp(kB-T).(1+RH RH)'UV vv (1.6)

Since the degradation of the polymer encapsulant affects the current generated by the module, kyv is
the degradation rate of the I,. [35]. This expression assumes that the degradation is proportional to the UV
intensity at a given moment. This is the term UV [% ] in the above equation. To simplify the process or if the
spectral data of the incident irradiance is missing, the UV intensity can be assumed to be 5 to 5.5% of the
incident irradiance [29, 34].

Modelling Thermomechanical degradation

One way to model the effect of thermal cycles that the PV module is exposed to is to use the Coffin-Manson
equation [29, 34]. This expression gives the number of cycles, N, that the module will undergo before failing.
This is different from the other expressions shown before since it does not return a degradation rate but a
number of cycles to failure instead.

1

N =
ATnr

(1.7)

To model the degradation rate Kaaya et al [33] proposed the following exponential model:

E,
kra = ko - AT - Cy - el‘P(kB -T) (1.8)

As it can be seen from equation 1.8, the degradation rate does not only depend on the temperature variation,
AT, but also on the cycling rate, Cy. The temperature variation can be calculated using either the flui dynamic
model or a simpler correlation [20, 36].

Models for PID
Annigoni et al [37] proposed an adaptation of Hacke’s model to include the effect of Voltage, U, in the
degradation rate due to PID:

Py —E, 2
=1—ko- -RH" -t U 1.9
Pma.r(o) 0 exp( kp - T> ( )
_Ea m
RPID:kO,PID'el'p(kB'T)'RH RH . (1.10)

The above model gives the evolution of the maximal power output. Other models are based on the increase
of leakage currents over time due to PID [29]. These leakage currents are the main way in which PID affects
the performance of module by decreasing the output current [30].

Combined stress models

As already discussed, during its lifetime the PV module will degrade as a result of many mechanisms. These
degradation modes occur at the same time. Therefore, to obtain a complete degradation model the models of
individual stresses/degradation modes have to be combined.

Kaaya et al [33], proposed a unified model in which the effects of Relative humidity, Thermo-mechanical and
UV induced degradation are included. The approach proposed consists of calculating the different degradation
rates (k;) using expressions 1.3,1.6 and1.8 and combining them to obtain a final rate &, in the following way,
where 3 [year 2] is a normalization constant :

3
ktat:B'H(1+ki)_1 (1.11)

i=1
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Subramaniyan et al [34], propose a different approach which consists of combining the expressions (1.3,1.8
and 1.6) to obtain an expression that encompasses all the effects. Combining these expressions yields the
following expression:

_Ea n n: n
ktot:ko'el‘p(kB.T)'(AT) L (UV)" - (RH)™ (1.12)

1.5. Research goals and knowledge gap

In the current literature there is a great deal of information about the different degradation modes. The effect
that stress factors have on the degradation modes is covered qualitatively. There is not much information
about the quantitative effect of stresses on degradation. The most common approach is using analytical
models which reflect the physics of the underlying process without modelling it in detail. These models rely on
experimental data to be calibrated. This is a problem, as it makes it difficult to evaluate the lifetime of the PV
modules if no previous data for a specific module is available. These models have to be calibrated for each
module type specifically. However, they can still be used to assess the degradation performance of a given
module under different conditions. In order to do so, the stresses caused on the module by climatic factors
have to be modeled accurately.

Modelling of module temperature as a function of climatic conditions is an already well understood phe-
nomenon. As already presented, it can be modeled by performing a heat balance over the PV module or using
one of the simplified correlations. The UV irradiance that reaches the module can be approximated using the
incident irradiance. The analytical models are currently using the RH of the environment rather than the actual
moisture concentration inside the PV module. This is can lead to wrong results as the ambient RH does not
reflect accurately the actual quantity of moisture inside the module. Therefore, the goal of this thesis is to
study the moisture ingress into PV modules and its effect on the degradation of PV modules.

In order to answer the research question and achieve the goal of the project the following research goals
have been established:

» Create a detailed model to calculate the moisture ingress into the PV module using COMSOL. This model
will be based on the relevant physical processes that determine the ingress of moisture into the module.
The model will also take into account the effect of material properties on the penetration of moisture into
the module. This model will be validated using the available data in literature.

» The moisture ingress model will be used to model the moisture ingress into different modules under
different conditions. The different conditions will be taken into account by simulating various locations
with different climatic conditions. The effect of different materials will be studied by looking at different
encapsulant and backsheet materials. Finally, moisture ingress into glass-glass modules will be studied.

» Use the moisture ingress COMSOL model to relate the moisture ingress to the degradation of the PV
module. The goal is to find the best way to adapt the existing analytical degradation models to use the
time dependant quantity of moisture in the module instead of using the average ambient relative humidity
of a given location.

1.6. Structure of report

In order to answer the above research question the report is divided in the following chapters. Chapter 2
presents the development of the moisture ingress model based on the relevant physical processes. In this
chapter, the developed model will also be validated using the available data in literature. Following, in chapter 3,
the results of the moisture ingress model for different conditions is presented. The results for different climates
and different materials for the encapsulant and backsheet will be analyzed. These results are analyzed in an
attempt to try and find a correlation between the results for the moisture ingress model and material parameters
and/or climatic conditions. Chapter 4 studies the most suitable approach to use the obtained results from the
moisture ingress model to predict the degradation suffered by the module. Finally, in chapter 5, the conclusions
of the report are summarized and suggestions for possible future work are outlined.



Modelling of moisture ingress into a PV
module

In this chapter the relevant theory to understand the moisture ingress into PV modules will be discussed. Based
on this theory, a model will be developed. This model is used in the next chapter to study the dependence of
moisture ingress on ambient parameters and material properties. Section 2.1 discusses the theory necessary to
understand how water enters a module. Section 2.2 presents the different material properties which determine
the moisture ingress experienced by a module. Section 2.3 discusses the difference in approach between a
breathable and an impermeable backsheet. In section 2.4 the equations that the model uses are presented
and in section 2.5 the results obtained from the model are compared with results found in literature. In section
2.6, analytical models and simplified numerical models are discussed as alternatives to the developed model.
In section 2.7, some limitations and possible improvements for the model are discussed. Finally in section 2.8
a small conclusion is presented.

2.1. Moisture transport mechanism
Transport of moisture through polymeric materials is a complex process which is not fully understood [38]. The
overall process can be described by three steps[38, 39, 40]:

1. Sorption: Uptake of water by material at interface with air

2. Diffusion: Movement of water through the bulk of the polymeric material
3. Desorption: Release of water from the material back into the environment

12
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Figure 2.1: Graphical representation of the moisture permeation process through polymeric materials. The
number in the arrows correspond to the numbers in the list above. Figure adapted from [40].

In figure 2.1 a graphical representation of the permeation process through a polymeric material is given.
When discussing the time scale it takes for moisture ingress into polymeric materials used in PV modules
to take place only the diffusion time is important [39]. This is because the time it takes for moisture to
diffuse is much larger than the one it takes for sorption/desorption to take place. It is also important to
note that in PV modules sorption and desorption do not happen at the same time. This is due to the fact
that the module is in contact only with one environment. It is either gaining or releasing moisture back
into the environment, not both at the same time. Sorption will happen in times where water is entering the
module. Desorption will take place when the module is drying and moisture is exiting the module. However,
the diffusion process alone is not enough to describe the quantity of water that enters the module. The
equilibrium concentration at the interface needs to be defined. This is done using Henry’s equilibrium law [5, 41].

Moisture diffusion in the different layers of PV modules is commonly described using Fick’'s second law
of Diffusion [20, 22]. Fick’s laws assume that the transport of moisture in a given material can be described
by a single diffusion coefficient, meaning that the materials are treated as one homogeneous phase [42].
Additionally, Fickian theory assumes that the diffusion coefficient is independent of concentration [5, 22].

The motion of small molecules is driven by random molecular motion of individual molecules [43]. This will
result in an effective motion of molecules from higher to lower concentration areas. As previously discussed in
section 1.2, Fickian diffusion can be described by equation 2.1 (Fick’'s second law). This equation shows that
the curvature of the concentration gradient (the second derivative with respect to position) within a material
is the driving force behind the diffusion process. In the equation, D is the diffusion coefficient which relates
the rate at which the concentration changes to the driving force for diffusion. C stands for concentration of a
species in a given medium, water in the module in this case.

oC

=~ _D.Vv? 2.1
T vC (2.1)
Not all materials exhibit strictly Fickian behaviour [20, 22]. Non-Fickian models can also be used to describe

the transport of moisture within a material [7]. For example, Dual transport models have been proposed as
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an alternative to Fickian models [42]. These models take into account two main mechanisms to model the
diffusion process. There is a number of theories behind the nature of the two mechanisms. They can be based
on considering the polymer as two heterogeneous phases with different diffusion coefficients or they can be
based on different interactions of the polymer with the water molecules [42]. Dual transport models are a
promising method that provides a better fit to moisture ingress measurements. However, there is not a dual
transport model that can accurately reflect the physical properties of different materials used in PV modules
under different conditions [42]. Therefore, in this work Fick’s laws are used to predict the moisture ingress into
PV modules. This is the approach followed in literature to model the moisture ingress [17, 20, 22].

2.2. Material parameters

One of the objectives of this project is to include the effect of material properties on the degradation of PV
modules. In order to do so, material properties have to be present in the developed model. In this section
the material properties that have an effect on moisture ingress will be discussed and relevant values found
in literature will be presented as they will be used as model input. EVA was chosen as the material for the
encapsulant as it is the most common material for this layer [9]. Choosing a reference material for the backsheet
is not as straightforward. This is because they are composed of different layers with different properties and
there is not one standard composition [7]. The chosen backsheets are PET (Polyethylene terephthalate) based
as it is the most common core layer [7, 44]. Additionally, the role of PET is to prevent moisture ingress [44].
Therefore, it is reasonable to assume that the moisture ingress through the backsheet is limited by the mass
transport through the PET layer.

2.2.1. Diffusion coefficient

Many physical characteristics of materials influence the diffusion coefficient (polarity, free volume, cristallinity,
cross-linking degree...) of water through a polymer network [42, 43]. However, there is not one model that can
describe the dependence on the relevant parameters of the diffusion coefficient [40]. Therefore, it remains an
experimentally determined quantity [5, 40].

Diffusion coefficients are dependent on temperature, and this dependence can be modeled by an Arrhenius
relationship [5, 45]. The general form of this expression is given by equation 2.2. D, is a pre-exponential factor
and E, is the activation energy that will describe the dependence on temperature. Both are experimentally
obtained.

_Ea

D=Dy- exp(R : T) (2.2)
The glass transition temperature is an important parameter in determining the temperature dependence
of the diffusion coefficient [43]. In PV module applications the polymers should always find themselves
below their glass transition temperature for a material used in the backsheet and above the glass transition
temperature in encapsulants [46, 47]. PET and EVA have a glass transition temperature of 77 and -15 °C
respectively. Polymers below their glass transition temperature are harder and brittle and have lower chain
mobility. In comparison, above their glass transition temperature polymers have a higher degree of chain
mobility, unsaturation and free volume [5]. This results in polymers above their glass transition temperature

having higher diffusion coefficients [5, 43].

As previously stated, the analysis of encapsulant and backsheet materials will be limited to EVA and PET
based materials respectively. In order to carry out the simulations the diffusion coefficient of both materials is
needed. An example of the diffusion coefficients for these materials can be seen in figure 2.2. The values for
the parameters is given in table 2.1. The encapsulant has a diffusion coefficient orders of magnitude larger
than the backsheet.
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Figure 2.2: Diffusion coefficients of a PET based backsheet and an EVA encapsulant. Based on data from
[40]

Dq [m?/s] E, [kJ/mol]
Encapsulant (EVA) | 2.46 x 10~* | 38.97
Backsheet (PET) 51 x 1077 | 35.2

Table 2.1: Arrhenius expression parameters from different sources for Diffusion coefficient of EVA and PET
based backsheets [40].

Additionally, the diffusion coefficient from different sources has been collected to use it as an input parameter
in the model and to assess the degree of variability that different values from different sources can present.
The parameters given in different sources can be found in table A.1. The values presented in different sources
is analyzed in the appendix A.1. The takeaway is that the properties from different sources give results which
generally agree with each other. However, in the case of backsheets which can be more varied in nature the
results can be quite different.

2.2.2. Solubility

The diffusion coefficient alone is not enough to model how much water enters the PV modules, another
quantity is needed to describe the absolute amount of water that is transported [40]. That quantity is the
solubility of water in the different components of the PV module. It is important to note that, the term saturation
concentration is used sometimes in literature to describe the same concept [22]. The solubility represents the
maximum amount of water that can be absorbed in a material [5]. This is described by the solubility coefficient
S [45]. This quantity can be given normalized to pressure or not. Depending on this the units of the solubility
coefficient will be —Z5- or -Z;. This coefficient is also temperature dependent. The Arrhenius relation gives its

m3 "

dependence on temperature [5, 44].
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E,
S=25- exp(R : T) (2.3)

Solubility for water in polymers is determined by a number of physical characteristics of polymers. Polarity
of the polymer is an important parameter, polar polymers (hydrophilic) will have cohesive interactions with the
water molecules resulting in a larger solubility [48]. Degree of crosslinking and degree of unsaturation are
other parameters that can influence the water solubility of a polymer.

So and and E, are determined by fitting the above expression to experimental data. One of the drawbacks
of the measurements of solubility is that it is not determined directly, it has to be calculated from the permeation
coefficient and the diffusion coefficient [44]. The permeation coefficient is the product of the solubility and the
diffusion coefficient and is a measure of the absolute quantity of water that is transported through a material
[5]. An example of the values for the solubility parameter found in literature can be found in table 2.2. As
can be seen in figure 2.3, the reported values indicate that the PET backsheet has a higher water solubility
than the encapsulant. When expressed in g/m3, solubility increases with temperature. This is caused by the
increase in the saturation pressure with temperature. When normalizing to pressure, solubility decreases with
increasing temperature [5]. This can be explained as at higher temperatures water molecules will move more
freely resulting in a larger occupied volume leading to a lower solubility [5].
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Figure 2.3: Solubility of a PET based backsheet and an EVA encapsulant. Based on data from [40]

So [g/m?) E, [kJ/mol]
Encapsulant (EVA) | 2.91 x 10° | 12.58
Backsheet (PET) 1.048 x 10° | 12.26

Table 2.2: Arrhenius expression parameters for an EVA encapsulant and a PET backsheet [40]
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As was done for the diffusion coefficient, values form different sources are also collected for the solubility.
The results are analyzed in appendix A.2. Again, the results for the EVA encapsulant show a relatively good
agreement while the solubility of PET backsheets varies more.

2.3. Module configuration

Modules can have different configurations depending on the design requirements for a given application
[4, 7]. With respect to moisture ingress, one can distinguish between two different design approaches:
Glass-Breathable backsheets or Glass-Glass modules [7]. Glass-Breathable backsheets can also be made
impermeable by including a moisture barrier in the backsheet. Modules with polymeric transparent front sheets
could also be considered as a different design approach. However, the moisture ingress into PV modules
of this sort can be understood in a similar way to breathable backsheet modules by including moisture flow
through the front sheet as well.

Glass sheet

Solar cell Glass sheet

Encapsulant Solar cell

Encapsulant
Backsheet

| @OmOd
EOEC

Edge seal

Moisture ingress pathway

|

Moisture ingress pathway

Figure 2.4: left: Schematic drawing of Breathable backsheet configuration; right:Schematic drawing of
Breathable backsheet configuration

The module configuration determines the pathways that are available for moisture ingress into the module.
In both cases, glass and solar cells can be treated as an impermeable barrier [21, 22]. For the breathable
backsheet configuration the dominant moisture ingress pathway is through the backsheet. The only pathway
available for moisture to reach the part of the encapsulant between the solar cell and the glass frontsheet
is through the gaps in solar cells [21]. For glass-glass modules the moisture ingress pathway available is
through the sides of the module. Here, edge seals become an important layer as they are placed in between
the encapsulant and the outside environment. In literature, models that do not take into account edge seals
can be found [45]. However, this can result in over-estimation of the moisture content in the module as the
edge seals serve as protection against moisture ingress. The pathway through the side of the module is also
present for breathable backsheet modules. However, the large difference in available area (sides of module
compared to back surface) for the ingress of moisture makes this flow negligible [22].

2.4. Moisture ingress model

In this subsection the relevant equations that are needed to model moisture ingress into a PV module will be
presented as well as the most important assumptions that were made in order to develop the model. The
implementation of the model within COMSOL is also presented.

2.4.1. List of assumptions
» Ambient pressure is 1 atm and remains constant

» No reaction of water is considered with regards to the moisture ingress

* Interfaces are in equilibrium. Henry’s law is used to describe the equilibrium. Henry’s law states that
there is a linear relationship between the concentration of two phases

+ Solar cells and Glass frontsheet are taken to be impermeable layers

» The Diffusion of water in the module is assumed to be Fickian

» Material properties are assumed to remain the same through the module’s life

» Temperature of module is calculated using Faiman model

» Temperature of module is homogeneous and determines the properties related to moisture ingress
» Backsheet is treated as one homogeneous layer
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2.4.2. Model development

Ambient conditions are needed to simulate the moisture ingress into the module in real world conditions.
For our model, these conditions are ambient temperature, wind speed, irradiance and relative humidity.
The module temperature is calculated taking the ambient temperature, wind speed and irradiance as input
parameter for the Faiman model. This model has been used in other papers modelling similar processes
and is considered to describe the temperature of PV modules accurately [20]. The equation used is given in
equation 2.4 where u, and u; are experimentally determined parameters equal to 32.6 [-}~] and 3.8 [-5% ]
respectively [20]. If data is available for module temperature this can also be used directly as input for the model.

G
Tmod = Tamb + (24)
U + UL * Voyind

The driving force behind the moisture diffusion transport between the module and the environment is the
difference in concentration. This means that it is necessary to calculate the concentration of water at the
interface of the module with the air. This concentration is a function of environmental factors and module
material properties. The relevant environmental parameters are relative humidity (RH) and temperature.
Relative humidity is defined as the ratio between the actual pressure of water in the air to the saturation at
a given temperature [5]. It follows, that the pressure of water in air can the be calculated by multiplying the
saturation pressure and the relative humidity. The saturation pressure is temperature dependant and there
are a number of expressions that can be used to model the saturation pressure like the Antoine equation,
Goff-Gratch equation or the Arden Buck equation [5, 20, 24]. All the previously mentioned formulas give similar
results, in this report the Antoine equation is used [24]:

1435.264

b
Prat.i1s0) = 0 — —— = 101325 - (4.654 — 02202
logi0(Psat,m,0) = a 01325 - (4.65 T — 68.848

T+e ) (2:5)

Ambient pressure also plays a role in determining the water pressure in the air. However, in the model a
constant ambient pressure of 1 atm is assumed. The material depending parameter that affects the water
concentration at the interface is the solubility parameter S. If the solubility of the material is known, Henry’s law
can be used to calculate the concentration at the interface [22, 49].

1 1
) — Sp(T) - peat(T) - RHypp - ———
MHZO BS( ) D t( ) ff ]\/[HQO

CAmbeS = SBS(T) ‘pact(T) (26)

This expression is valid with the solubility that is normalized with pressure. If the saturation concentration is
given without being normalized to pressure the saturation pressure term is removed. In the above equation the
molar mass is used to convert the concentration to molar concentration as that is the unit used by COMSOL.
The above equation is valid for the interface of the backsheet with the environment, to model a glass-glass
module the solubility of the edge seal is taken into account.

RH.; is the effective relative humidity at the interface of the module. This is different than the RH in air
because the module and air are not always in equilibrium due to the temperature fluctuations during the day
[50]. This can be calculated by using the Magnus equation [17, 50].

psat(Taan)

RH.;; = RH - 2.7)

psat(Tmod)

The interface between the environment and the outer layer of the module is not the only interface that has to
be dealt with. In both module configurations, there is a layer (Backsheet/Edge seal) between the encapsulant
and the outside environment. The different layers have different solubilities. By assuming that Henry’s law
applies at this interface as well [49], one can write a relationship for the concentration of the two interfaces
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(Equation 2.8) [22, 49]. The same can be done for the encapsulant and edge seal interface.

Cp=K -Cps=—-—"Cgs (2.8)

To avoid repetition, the formulas above are given for a breathable backsheet module. When dealing with a
glass-glass module the approach remains the same but the properties of the backsheet are interchanged with
the properties of the edge seal.

2.4.3. COMSOL model

The model has been implemented using COMSOL Multiphysics 5.6 . In particular, the "Transport of Diluted
Species” physics node is used to model the transport of moisture into the module. The needed ambient
parameters are all available in the ASHRAE 2017 database which is easily accessible through COMSOL.
The relevant equations (2.2 2.3, 2.4,2.5) are setup as analytical functions. The concentration at the interface
of the backsheet and air is given by equation 2.6. The glass frontsheet and solar cells are considered to
be impermeable which is implemented using the No Flux condition. The difference in solubility between the
backsheet and encapsulant is taken into account by using a partition condition at the interface between the
two materials as is defined in equation 2.8.

The moisture ingress in breathable backsheet modules is modeled in 2D as can be seen from figure 2.4.
Thanks to symmetry, the moisture ingress is simulated only until half the cell width. The moisture reaches the
section between the glass and the cell through the space in between cells. This width of this channel is given
half of the spacing between cells due to symmetry. The geometry is further reduced by removing the sections
of encapsulant and backsheet where the gradient perpendicular to the moisture ingress direction disappears
[20]. A representation of the COMSOL model can be seen in figure 2.5. This is done to decrease computation
time. Please not that the Glass cover and the solar cell are added for clarity but are not actually there in the
COMSOL model.
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Figure 2.5: Representation of the 2D model in COMSOL. 1: External environment, 2: Backsheet, 3:
encapsulant below solar cell, 4: encapsulant above solar cell. Simulation results for a module in Almeria after
1.5 years of simulation are shown as heat map.

The moisture ingress into glass-glass modules is treated as a 1D problem. The moisture ingress is calculated
until the middle point of the module (from the shorter side). A representation of the glass-glass model is shown
in figure 2.6. The environment would be on the left of the figure and the right of the image goes until the middle
of the encapsulant.

° o °

o Outside
o Edge seal
9 Encapsulant

Figure 2.6: Representation of the 2D model in COMSOL. 1: External environment, 2: Backsheet, 3:
encapsulant below solar cell, 4: encapsulant above solar cell

2.5. Model validation

Validation of the model should be done by using an experimental method that allows to measure the amount
of water that enters the module as a function of time. Permeation based techniques measure the transient
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Water vapour transmission rate (WVTR) which allows to determine the diffusion coefficient and saturation
concentration of a given material at fixed temperature and RH [51]. These techniques allow to determine the
parameters for individual materials not at module level. With those parameters it is possible to determine
the permeation and solubility coefficients. If the measurements are carried out at different temperatures, the
temperature dependency of these parameters can be determined [51]. Gravimetric techniques are based on
measuring the weight change of a sample when it is exposed to a given temperature and RH [45]. These
measurements are also usually carried out for individual materials [7]. Techniques based on the presence of
degradation products use chemical analysis (some form of spectroscopy) to determine the concentration of
degradation products formed by the reaction of water and the encapsulant [52]. It is also possible to use digital
humidity sensors to directly measure the amount of water in the modules [53]. These sensors are generally
designed to detect RH levels in air. Therefore, a re-calibration step is necessary to use them to measure the
amount of moisture in PV module components.

In order to validate the model it will be compared to results found in literature. In order to make a valid
comparison to results found in literature the same conditions should be used. This means that the same
input parameters must be set: climatic conditions used (RH and Temperature), material parameters for the
encapsulant and backhseet (Diffusion and Solubility) and sizing of the module (thickness of all layers, width
of module). Not all parameters are always given in literature when results are presented, this makes the
comparison harder to carry out.

2.5.1. Damp Heat conditions

During Damp-Heat tests the module is exposed to a fixed relative humidity and temperature [7]. This makes
the comparison between results easier as the climatic conditions are known. Additionally, the temperature is
fixed, meaning that the material parameters can be considered constant.

One example found in literature is shown in figure 2.7 [54]. In their research they give results for measured
and simulated moisture ingress into a breathable backsheet module. The moisture ingress is measured
using digital humidity sensors. The values needed to run the simulation are shown in table 2.3. The diffusion
coefficient for the encapsulant and the backsheet are given, the thickness of the two materials, the initial
concentration of water in the module (C,) and the concentration at the interface (Ca,.,— 5s) and the module
temperature.

Dg 1.5-1070 m?2/s | tg 0.92 mm Co 26.86 mol/m®, | T 323.88K,
Dps 4.32- 10~12 777,2/8 tgs 0.295mm | Cymp_ps 102.56 mol/mg

Table 2.3: Input parameters for the simulation to replicate the results obtained by Kyranaki et al

The model presented by Kyranaki et al. [54] is a 2D model for the backsheet and encapsulant without the
presence of solar cells. Our model was adapted to simulate this as well. They also run their model in COMSOL.
The results are reported as relative moisture concentration (RMC) [%] which is obtained by dividing the actual
concentration inside the encapsulant by the saturation concentration and expressing it as a percentage or
fraction.

RMC = Cencar (2.9)

encap

This quantity is proposed to be a better suited to represent the amount of degradation compared to water
concentration [41]. This is because an encapsulant which has a high water concentration but has a very low
value for RMC is far from its saturation point. This means that the water in that encapsulant is less likely to
cause harmful reactions. For this reason, special focus will be placed on the RMC in the next chapter when
analyzing the results of the model.
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Figure 2.7: Comparison of experimental and simulated results from Kyranaki et al. [54] and results of the
model presented in this thesis.

The results obtained from both simulations are relatively close to each other. In the results reported by
Kyranaki et al, the moisture ingress into the encapsulant is faster initially. The results are also plotted on a
logarithmic time scale so tha the difference between the models at the beginning is more noticeable (Figure
A.3). The simulated values converge and reach equilibrium faster than the measured values. The three results
converge at the saturation value when the driving force for moisture ingress disappears.

The difference between the simulated and measured can lead to the conclusion that one of the underlying
assumptions of the model is not accurate. As already discussed, the Fickian model is not always the most
suitable model for the diffusion process that takes place in polymers used in PV modules [42, 54]. Moreover,
the sensors themselves are based on a different (unknown) polymers whose behaviour might be affecting the
results [54].

Hulsmann et al. [17] developed a similar model to the one presented in this work. The model is set out in
a similar way to the one that is shown in figure 2.4 for the breathable backsheet. The dimensions used by
them are 350 um, 450 um and 200 pm for the thickness of the backsheet, encapsulant layers and solar cell.
The width of the solar cell is taken to be 16 cm. In their paper they simulate the moisture ingress for 3000
h of a damp-heat test (fixed RH and temperature) at a RH of 0.85 and temperature of 85 °C. The material
parameters are read from the Arrhenius plots provided in the paper. These parameters are given in the paper
with an accuracy of 20% [17]. The solubility of the backsheet is fixed so the same saturation concentration
is achieved, the value taken is still within the 20% range accuracy. The solid lines represent two different
simulations with our model with the lowest and highest diffusion coefficient within the reported range. The
circles represent the data reported by Hulsmann et al. [17]. The blue line represents a point in between the
solar cells and the red lines represent a point in the encapsulant on top of the middle of the solar cell.
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Figure 2.8: Comparison of results of a similar model from from literature [17] and results of the model
presented in this Thesis. Solid lines are the results given by our model, the two lines represent results for the
model using the upper and lower values for the diffusion coefficient in the range reported in the paper.

The results obtained for the point in between the solar cells are pretty close to the values presented in the
paper. For the point on top of the middle of the solar cells the values presented by Hulsmann et al. show a
faster increase in the water concentration than even the highest reported value for the diffusion coefficients.
Even though, it is outside the reported results it is expected that the curves reach the same saturation level.
The important takeaway is that the model shows the correct behaviour when exposed to constant conditions of
temperature and RH.

2.5.2. Real world conditions

One of the goals of this thesis is to model the moisture ingress into a PV module in real life conditions. It has
already been discussed that measuring moisture ingress into a PV module is not an easy task in laboratory
settings. It is not surprising that it is even more challenging to measure it in real life conditions. In the absence
of real life measurements, one way to validate our model is to compare it to the results of other models reported
in literature. For example, Mitterhofer et al. [20], reported simulation values for 10 years for a module installed
in the amazonian rain forest. In this case the sizing of the module is not given [20]. The Diffusion coefficient
and Solubility are taken from [40] which can be found tables 2.1 and 2.2. Miterhofer et al. also use the Sandia
model to calculate the module temperature.



2.5. Model validation

24

1.2

=
co
T

Concentration [kg!mg]
o
(&3}

<
(™)
T
T

o
I

Reference
Simulated

-0.2

Figure 2.9: Comparison of results of a similar model from from literature [20] and results of the model
presented in this Thesis. Simulation for Manaus (Brazil) for a duration of 10 years
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The results show great agreement between the two models. The noise in the results reported from literature
are due to the way in which the data was adapted (manual measurement). This is a very satisfactory result

which confirms that the developed model gives the same results as a similar model given in literature.

2.5.3. Sensitivity Analysis to input parameters
In this subsection the behaviour of the model under different conditions is examined. A temperature range and
50 °C 95 °C is taken. A RH between 0.5 and 0.95 is examined. This is done to understand the behaviour of
the model under different conditions to facilitate the analysis of the results in the next section.
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Figure 2.10: Left: Water concentration for different values of RH at a temperature of 85 °C. Right: Water
concentration for different temperatures at a RH of 0.85. The results are shown for the point in between solar
cells and the point above the middle of the solar cell.

In figure 2.10(left) the results are shown for a range of RH. As is expected, RH has an effect on the
equilibrium reached by the moisture in the module. A higher RH will result in a higher water concentration in
the module. Interestingly, the RH also has an effect on how quickly water reaches the middle of the solar cell
even though it has no effect in determining the diffusion coefficient. This is because a higher RH will result in a
higher concentration gradient curvature which will in turn result in faster diffusion. In figure 2.10 (right) the
results at different temperatures are plotted. It can be seen that the temperature has a bigger effect on the
diffusion speed as the lines between different temperatures are further apart than the ones for different RH.
Temperature also affects the equilibrium concentration reached. This is because the solubility increases with
temperature. In figure 2.11 the results are shown expressed in RMC instead of concentrations. The results
show exactly the same trend for the different RH as the ones for the concentrations. This is because the
solubility is the same for all the curves. This is because 2.11 (left) is 2.10 (left) divided by a constant (the
solubility of EVA at 85°C). On the other hand, the trends are quite different when different temperatures are
examined. This is because in figure 2.11 (right), all curves tend to the same value. That value is the RH of
the environment. The difference is expected as the dependence on the solubility is removed, therefore the
RMC will always tend to the value of the ambient RH. These insights help us understand the results in the next
chapter.
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Figure 2.11: Left: RMC for different values of RH at a temperature of 85 °C. Right: RMC for different
temperatures at a RH of 0.85. The results are shown for the point in between solar cells and the point above
the middle of the solar cell.

2.6. Alternatives to FEM

A FEM analysis is considered the most realistic way to evaluate the moisture concentration inside the PV
module [22]. However, it is also the most computationally expensive. There are some alternatives. The first
one is to use an analytical expression [22, 55]. These functions take as input ambient conditions and material
parameters and can return the moisture concentration in the module at a given position and time. There are
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different analytical functions to represent the different geometries. One example of these analytical expressions
was proposed by Marwaha et al [55] for a breathable backsheet module. This model consists of equations
2.10 and 2.11.

X, _DpsCrinieit (2n + V)mz 2ps(—1)"T1C
C H=C . s 22 BS Amb—BS 210
Bs(z,t) Amb—BS T oo nz:;)e Bs cos( Sps )( @n+ D ) (2.10)

Equation 2.6 gives the concentration of water in the backsheet as a function of time and depth in the
backsheet. In this equation, Igs is the thickness of the backsheet. This form of the equation is valid when
the module is dry initially. If the module has some moisture present at the beginning, the formula needs to be
expanded to account for this. The expansion is given in [55].

s
Cr(t) = STfS - Cps(lps,t) (2.11)

Equation 2.11 returns the concentration in water in the encapsulant as a function of time. The first thing that
can be noticed from this equation is that the concentration in the encapsulant does not have a dependence
on position. In other words, the concentration of water in the encapsulant is considered to be homogeneous.
The justification for this assumption is that the diffusion coefficient of the encapsulant is orders of magnitude
larger than the one of the backsheet [55]. This assumption is valid for the part of the encapsulant between the
backsheet and the solar cell. However, for parts of the encapsulant above the solar cell where the diffusion
length is much larger this assumption should be revised.

Kempe et al [22] proposed analytical models for glass-glass modules both for 1D and 2D approaches. One
limitation of the proposed expressions is that they can only be applied to constant environmental conditions.
These expressions have been developed to be used with fixed conditions [22]. Applying them to changing
conditions such as the ones that affect a PV module in the real world, results in an over estimation of the
daily/seasonal fluctuation of the moisture concentration in the module.

A different approach would be to use a simplified numerical model. Kempe et al [22] proposed a simplified
model for the concentration in the encapsulant by assuming that the concentration is uniform in the encapsulant.
This is a reasonable assumption if the Diffusion coefficient of the encapsulant is larger than the Diffusion
coefficient of the backsheet. The mass balance presented by Kempe et al, is based on the WVTR, this
expression can be adapted to include the diffusion and solubility coefficients [49].

80}5 DBS SBS
- -RH — LEBS 212
o L. lBS(SBS RH - Cg o ) (2.12)

This simplified model will lower the computational time needed. However, it is only valid for the section of the
encapsulant that is between the backsheet and solar cell. On the other side of the solar cell the concentration
can’t be regarded as uniform. For the same reason, this approach can not be applied to a glass-glass module.
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Figure 2.12: Comparing the results for three different models (FEM-COMSOL, Analytic and simplified ODE)
for the location of Delft for 1 year

In figure 2.12 the results using the developed FEM model and the two alternative models presented in this
section are shown. The simulations are carried out for the location of Delft for one year. It is also important
to emphasize that these simulations represent a point at the interface of the solar cell and encapsulant at
the back of the solar cell (in between the backsheet and the solar cell). The results of the analytical model
stand out as they show a much larger variability than the other two. This is not surprising as the analytical
model has been developed to deal with fixed conditions. Applying it to changing conditions over time results in
large jumps in concentration. For example, consider the arbitrary situation in which the module is kept dry
(not exposed to any humidity) for 3000h and after that it is exposed to an atmosphere of RH = 0,85. The
result when time = 3001h will be the concentration of water in the module after 3001h of exposure to an
atmosphere of RH = 0.85. This is of course not representative of the situation that is explained above. This
effect is quite important as both temperature (affects the material parameters) and ambient RH are chang-
ing in real life conditions. One possible way to overcome this difficulty is to take a moving average of the solution.

The results for the FEM model and the simplified ODE model show a similar degree of variability and in
general the trend is similar. However, there is a noticeable difference in the values of the concentration. At
around 2000h the FEM model predicts that the module will dry more than the simplified model, this gives
rise to an offset between the two results. The opposite happens at the end of the simulation where the FEM
model predicts a larger moisture ingress than the simplified model. Additionally, the simplified model reaches
equilibrium faster at the beginning. These differences could be caused by a large number of things. The
models are inherently different, the diffusion coefficient for the encapsulant does not play a role in the simplified
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model (It just needs to be larger than the one of the backsheet to justify assuming the concentration is uniform
in the encapsulant). The simplified model also ignores the presence of a solar cell and the fact that moisture
can diffuse in between the gaps of the solar cells.

2.7. Discussion

2.7.1. Assumption discussion

Some of the assumptions used in the development of the model are extremely robust and there is no reason to
doubt them. For example, the glass and solar cell being treated as impermeable [21, 22]. Assuming that the
ambient pressure is equal to 1 atm seems also pretty reasonable under most operational conditions of PV
modules. Assuming that the temperature is uniform in the whole module is an inherent assumption of using
the Faiman model to obtain the module temperature. This model is widely used in papers which carry out
similar simulations [45, 20]. Using Henry’s law to predict the adsorption at the interface is also a common
approach in literature [5, 41].

Other assumptions are a clear simplification of the reality. For example, assuming that water does not react
is clearly not true as the presence of degradation caused by water depends on water causing harmful reactions.
This assumption just means that the amount of water that reacts is much smaller than the water that diffuses
through the encapsulant. If the reaction speed parameters were available for the relevant reactions were
available these reactions could be included in the model. The assumption that no material ageing takes place
is one of the assumptions that is furthest away from reality. However, no data is available to implement ageing
in the model. Assuming that the backsheets are one homogeneous phase is also clearly false. However, this
can be justified as the moisture permeation properties are measured for backsheets as a whole. The doubts
about Fickian diffusion being an adequate model have already been expressed before. More information is
given in the next subsection about a possible alternative.

2.7.2. Limitations of the model and possible improvements

The model presented in this section presents a fair representation of the physical processes that are responsible
for the moisture ingress into a PV module. The assumptions made in the model development are in good
agreement with what is found in literature. There is a lack of replicable data in literature. The papers that have
been discussed that give the necessary data to run the simulations have shown that the results obtained by
the model developed in this research is in good agreement with what is reported in literature as is discussed in
section 2.5. However, this does not mean that there are no possible improvements that could added to the
model to be more realistic.

Supersaturation: One aspect that is relevant in real-life moisture ingress which is not present in this model
is that of supersaturation [22]. Supersaturation occurs when the concentration of water is higher than the
saturation concentration of water in a given media. This occurs in general when temperatures drop (causing
a decrease in saturation concentration) [56]. This is the same process that causes the formation of dew at
night. Whether supersaturation occurs or not is determined by the actual concentration of water in the module
compared to the saturation concentration at a given time. In particular an important aspect is given by the
temperature dependence of the saturation concentration [41]. A module whose solubility is highly dependant
on temperature is more likely to experience supersaturation than a module with a less variable saturation
concentration. This is because a temperature drop could result in a considerable decrease in saturation
concentration. Supersaturation of water in the module can result in faster degradation and loss of optical
performance of the module if it happened in front of the solar cell [7]. Another way in which supersaturation is
relevant is that it can happen on the surface of the module during the night [22]. The condensation of water on
the surface can be a cause of moisture ingress. This is in general not taken into account in moisture ingress
models. Kempe et al [22], proposed an approach to factor this into moisture ingress modules by calculating
a weighted average in which the driving force of moisture ingress could increase above the allowed limit of
saturation. However, this is considered to be outside of the scope of this research.

Material ageing and degradation: Another way in which the model does not reflect the reality of moisture
ingress through the lifetime of a module is that it assumes that the moisture ingress is homogeneous for the
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whole lifetime of the module. This does not mean that the moisture ingress is constant through the lifetime
of he module. As has been shown, it is dependant on temperature and relative humidity which are time
dependent parameters. It rather means that there is no difference between the moisture ingress behaviour
through the lifetime of the module. For example, the module does not distinguish between moisture ingress
between a day in the first year of lifetime and the 19th year if the environmental conditions are the same. This
is not realistic, as we have seen that modules experience various degradation modes that can compromise
the physical insulation of the modules (delamination,cracking...) [4, 16]. This will mean that moisture can
follow different paths as the module degrades. This could be taken into account by defining a second path
that "opens” as the module ages. This would reflect the loss of physical insulation. However, it is not possible
to predict the rate at which moisture would enter through this alternative path as there is no data to validate
such a phenomenon. A simplification could be made by which the parameters that determine the moisture
ingress (Dy,Sp) could be made time varying representing the expected degradation of the insulating capabilities.

COMSOL model optimization: The COMSOL model has been developed to reflect the physical processes
with reasonable assumptions. However, the model can still be optimized. In particular, in terms of computation
time. For reference, the backsheet model takes around 2 hours to calculate the moisture ingress for 20 years.
In order to decrease the computation time two suggestions are given. Firstly, the meshing should be optimized.
The regions in which the concentration gradient is less pronounced a larger mesh could be used. In our model,
the mesh is uniform for the whole model. Secondly, a combination of geometries could be used. As has been
explained, the moisture ingress into a breathable backsheet module can has to be described by a 2D model.
However, the part above the solar cell could be simplified to a 1D equation. The water concentration becomes
uniform in one of the directions due to the scale difference (thickness vs length of encapsulant). In comparison,
the glass-glass model, takes around 40 minutes to make the same calculation thanks to its simpler geometry.
Nevertheless, this could still probably be optimized by changing the mesh size.

Non-fickian diffusion: As already mentioned earlier, Fickian behaviour is not always a good fit to simulate
moisture diffusion through polymeric materials. This is because these materials can be non-homogeneous
resulting in different regions with different moisture transport properties [57]. The main alternative to a Fickian
diffusion model are dual transport models. These models take into account two transport mechanisms[42,
57]. Mitterhofer et al [42], proposes a dual transport model to be used in FEM. This model consists of dividing
the bulk of the polymer into two regions. The bulk of the material and micro-channels. Diffusion through the
microchannels is faster than through the bulk region. The moisture transport is then calculated in the two
regions according to Fick’s law using two different diffusion coefficients. The moisture transport between
the two regions is also included in the calculation. As acknowledged by the author, this model is only a
mathematical model for FEM simulations. It does not have an origin in the material properties. However, it can
still reflect the reality of diffusion through polymers [42]: The so called micro-channels could be the free volume
in between the polymer matrix. The moisture transport through the free volume is faster than through the
polymer matrix. Alternatively, the definition of two distinct regions could be the reflection of the heterogeneity
of the polymeric materials. For example, EVA is a copolymer composed of two different polymers vinyl-acetate
(VA) and ethylene. VA is more polar than ethylene which can lead to faster diffusion. Additionally VA decreases
the crystallinity of EVA which also results in faster diffusion. The different properties of the copolymers can
give rise to different regions with different transport properties. The model improves the fitting to moisture
ingress measurements. However, it is a mathematical fit of some extra parameters. There does not seem
to be one dual transport model that can predict the moisture transport behaviour of all materials in different
conditions [42].

2.8. Conclusion

In this chapter, the developed moisture ingress model is presented. In section 2.1 the moisture transport
mechanism that is behind the ingress of water into the module are explained. In section 2.2 the different
material properties that determine the rate and amount of water that enters the module are presented. Namely,
these are the diffusion coefficient and the solubility of the materials. Values found in literature are presented
and discussed as they are used as input for the module. In section 2.3 differences in approach when modelling
a breathable backsheet module and a glass-glass module are presented. The main difference is the moisture
ingress path. For a breathable backsheet module moisture enters through the backsheet which is exposed to
ambient conditions. For a glass-glass module moisture enters through the side passing through the edge seal.
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In section 2.4 the relevant equations that constitute the model are presented.

In section 2.5 the model is validated with experimental and simulated data from literature. The model gives
a good agreement with the results presented in literature. This is proof that the developed model is up to the
standards of what is presented in the current literature to model moisture ingress into PV modules. In section
2.6 alternatives to FEM models are quickly presented. These are and analytical model and a simplified model
consisting of one ODE. The analytical model shows difficulty in treating time varying data as input as it was not
developed to do so. The simplified ODE model provide results in accordance with the results given by the
FEM model. However, it is only useful for the encapsulant between the solar cell and the backsheet. It can
not be used for the part of the encapsulant that lies between the cell and the glass sheet. Finally a thorough
discussion of the limitations and possible improvements for the model are presented in section 2.7.



Moisture ingress model results

In this chapter the developed moisture ingress model and moisture induced degradation will be used to
asses performance of PV modules under different climatic conditions. Using the moisture ingress model,
the amount of water entering a module through its lifetime will be modeled. These results will be used in
the next chapter to assess the moisture induced degradation that can be expected under those conditions.
Additionally, the different materials that can be used to influence the moisture ingress will be studied. Four
different encapsulants and four different polymeric backsheets will be analyzed. Moreover, the effect of using
a impermeable backsheet will be modeled.

3.1. Location dependence

The location in which the module is located will determine the climatic conditions it is exposed to. In this section
the effect of installing modules in different climates will be investigated. Climates can be classified according
to their characteristics using the Koppen-Geiger climate classification [10]. The Koppen-Geiger classification
consists of five major climate types [58]:

+ Tropical: Have average temperatures above 18 °C for the coldest month and generally high precipitation.
The chosen locations for Tropical locations are Gran Canaria (Spain), Manaus (Brazil) and Jakarta
(Indonesia)

* Arid: Have very low precipitation (below a certain threshold relative to the worldwide precipitation levels).
There can be hot and cold arid climates. The chosen locations for this type of climate are Negev (Israel)
and Almeria (Spain) and Puno (Chile)

» Temperate: Have temperatures between 0 and 18 °C for the coldest month. There are Temperate
climates that experience high and low precipitation. Los Angeles (USA) and Freiburg (Germany) are
analyzed

» Continental: Temperature above 10 °C' in the warmest month and below 0 °C in the coldest month.
Portland (USA) and Oslo (Norway) are chosen to be studied further

 Polar: The hottest months have a temperature below 10 °C'. Zugspitze (Germany) is chosen to represent
polar climates

It is important to note that the climates are classified mainly according to temperature. Only arid climates
are classified according to the amount of precipitation that they experience. The climate types discussed above
are only the first level of classification. The whole classification is made of one or two more subcategories for
each climate type [58].

The climate data is taken from the ASHRAE 2017 database. This database is already available within the
simulation software COMSOL. The necessary climate data is: Ambient temperature, ambient relative humidity,
wind speed and Global horizontal irradiance (GHI). The GHI is taken as the incident irradiance on the modules,
this means that it is assumed that the modules are installed horizontally. When looking at the input data, it
was noticed that the ASHRAE database does only includes a daily value for the GHI (the value at noon), this
data does not have the daily fluctuation in irradiance that the module will experience in real life application.
Therefore, the GHI is taken from Meteonorm database for all locations.

31
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Figure 3.1: Average RH and ambient temperature for each location

Figure 3.1 shows the average ambient RH and temperature. It can be seen that while some of the locations
have climates that fall within what would be expected for that climate type the distinction is not so clear for
other climates. The tropical climates have the highest temperatures with high relative humidity. Among
the tropical climates, Gran Canaria stands out as it has a relatively lower RH and temperature. This could
be due to the fact that the interior of the island presents characteristics of arid climates. Temperate and
continental climates show similar characteristic ambient conditions. Continental climates have in general
lower temperatures and higher relative humidity than temperate climates. The Polar climate has the lowest
temperature and a relatively high relative humidity. Arid climates are characterized by a high temperature
and low humidity. This is the case for the location of Puno. However, the other two arid locations (Almeria
and Negev) have a higher humidity than expected. This is likely caused by the proximity of both locations to
large bodies of water. The proposed climate classification will be used for the rest of the section. However, it
has to be understood that the classification is not clear cut when it comes to certain locations. Therefore, the
results will be analyzed in terms of average climate conditions rather than according to the climate classification.

Another interesting factor that is important to understand the results for moisture ingress is the range of
temperatures and humidities that the module will experience. The temperatures and humidities can vary during
the day and during the year. Figure B.1 shows the same data as Figure 3.1 but it includes the averages for the
hottest/coldest and most/least humid months as error bars on each point. What stands out from this data is
the small variation in temperature experienced by some locations (Manaus, Jakarta and Puno), this is due
to the proximity of these locations to the equator. Also interesting is the broad range of RH experienced in
the arid location of Puno. This information will enable us to understand the results for the moisture ingress model.

3.1.1. Moisture ingress in different climates
The results for the moisture ingress model for the different climates is shown in figure 3.2. The plots show the
RMC averaged over one day. The actual results without averaging over one day can be found in the appendix
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in figure B.2, this data show the daily fluctuation due to the temperature difference between day and night. This
difference in RMC is not due to an actual change in the concentration of water but rather to a change in water
solubility due to the effect of the change in temperature through the day. This makes it harder to interpret the
overall trend. The results for the concentration over time for the different climates can be found in the appendix

in figure B.3.
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Figure 3.2: Daily averaged RMC for the different climates
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The results for tropical, temperate and continental climates agree well within their respective climate types.
In the arid climates, the results for Puno differ a bit from the other two in two ways mainly: the RMC shows a
much smaller seasonal variation and the saturation level is significantly lower. This is caused by the more
stable temperature through the year and the lower RH values that were highlighted above. The locations that
show the least seasonal variation for the RMC value are the locations with the least variation in temperature.
Similar results are obtained for the concentration of water inside the module. With the difference that the
seasonal variation disappears almost entirely. This is due to the fact that the seasonal variation in the RMC is
accentuated by the seasonal difference in temperature.

In order to analyze in more detail these results and find what correlations exist between the moisture inside
the module and the climatic conditions, the following aspects will be studied:

+ Lifetime moisture ingress: the average values for the RMC and moisture concentration through the life
of the module. This is an indication of the overall effect of moisture ingress through the lifetime of the
module.

» Equilibrium moisture ingress: this is the average values for RMC and moisture concentration for the
20th year that is simulated. This is analyzed to establish which climatic conditions have an effect on the
equilibrium level reached by the module independently of the time it takes for the module to saturate. This
is termed equilibrium because for most modules at the 20th year of simulation the value has stabilized.

» Moisture ingress time: This is defined as the time it takes for the RMC of water in front of the cell to
reach a value of 0.05. This will give us information about the dynamics of moisture ingress in relation to
the ambient conditions. In particular, how much time the module remains dry under different conditions.

» Moisture saturation time: This is defined as the time it takes for the RMC of water in front of the cell to
reach a value of 95% of the equilibrium value obtained in the 20th year. This of course is an indication of
how fast the equilibrium value is reached.
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Figure 3.3: Average RMC through the lifetime of the module as a function of the ambient conditions.

The results shown in Figure 3.3 show the averaged RMC through the lifetime of the module as a function of
the average ambient temperature and relative humidity of each climate. Figure 3.3 shows that there is a clear
correlation between the ambient RH and the RMC of the module. Nevertheless, there is one point that does
not follow this trend, the polar location has a relatively high RH but has one of the lowest RMC. This is due to
the fact that moisture diffuses more slowly in the polar climate due to the lower temperatures. This causes the
average RMC to be lower than the saturation RMC. The connection is less clear when it comes to temperature
and RMC. However, there is a trend that indicates that higher temperatures result higher RMC. Again, this
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is likely due to higher temperatures causing higher diffusion speed which results in a higher RMC when the
average through the lifetime is taken.
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Figure 3.4: Average RMC of the 20th year of simulation as a function of the ambient conditions.

In order to study the connection between the climate conditions and the equilibrium RMC, the average
of the RMC is taken only during the 20th year of simulation. The results are shown in Figure 3.4. The trend
connecting the RMC level to the ambient RH remains and the outlier of the polar climate observed before
conforms to it. On the other hand, when one looks at the results plotted against the average temperature the
appearance of a trend is completely gone. This confirms that the climatic stress that determines the RMC
equilibrium point that is reached is the ambient RH. However,the trend observed in Figure 3.4 (left), raises
another question: what determines the disparity between the equilibrium RMC and the average ambient RH?
One possible source of this discrepancy is the definition of the effective relative humidity in the model.The
effective RH is defined to take into account the difference between the ambient RH and the RH at the surface
of the module. The results are shown in figure 3.5, it can be seen that the effective RH at the surface of the
module is closer to a 1 to 1 equivalence to the module RMC than the ambient RH. However, there is still a
mismatch present.



3.1. Location dependence 36

D.g T T T T T
Tropical
*  Temperate
0.8 0 #*  Arid
Folar
*  Continental
D? 1 5"' =% |
— 0.6 * o) 1
O *
= #* @]
D: D 5 L *_-je { 4
* 0
04 r T
03r T
#* O
D.2 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Effective RH [-] or Ambient RH [-]

Figure 3.5: Average RMC of the 20th year of simulation as a function of Effective RH (*) and Ambient RH (o).

The same analysis is carried out for the average water concentration through the 20 years and in the last
year. The results can be found in the Appendix in figure B.4 and figure B.5 respectively. The major difference
is that when looking at the concentration, a connection to the temperature also appears due to the dependence
of the solubility on temperature.

The results indicating that it is possible to predict the RMC at equilibrium prompt the question of whether it
is possible to do the same with the water concentration. The same approach is followed as for the RMC. In this
case the average equilibrium concentration of water in EVA is taken. The average equilibrium concentration is
given by the effective relative humidity multiplied by the average solubility of the encapsulant. The results are
given in figure 3.6. Again, it can be seen that the average equilibrium concentration of the encapsulant is a
good predictor of the average concentration in the 20th year of simulation.
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Figure 3.6: Water concentration in the 20th year of simulation vs the average equilibrium water concentration
in the encapsulant for the different locations

The above results mean that it is possible to predict the equilibrium concentration or RMC of moisture
that is reached without the need for a FEM analysis. These quantities can be approximated by the effective
ambient RH and the equilibrium concentration of the encapsulant. Still, the big advantage of a FEM analysis
over using such approximations is the ability to predict the time evolution of these quantities. That is why the
next step is to analyze the moisture ingress time and in particular the moisture saturation time.
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Figure 3.7: Time elapsed before a RMC of 0.05 is reached inside the module as a function of average
ambient RH and temperature.

In order to study the connection of the climate conditions to the dynamics of moisture ingress, the time
that it takes for each climate to reach a RMC of 0.05 at the front of the cell is plotted against the RH and
temperature. The results are shown in Figure 3.7. There does not seem to be a correlation between the time
that it takes to reach the indicated concentration and the ambient relative humidity. On the other hand, there is
a clear trend when it comes to the temperature. At higher temperatures it takes less time to reach a given RMC.
The results are plotted for the time it took to reach a different concentration (RMC = 0.01 ), this can be found in
Figure B.6. The results are in accordance with what has been stated. This indicates that it is temperature that
determines the dynamics of moisture ingress. In other words, how quickly the moisture penetrates into the
module. The analysis is repeated for concentrations instead of RMC and the same conclusions are drawn.
The results for concentration can be found in Appendix in Figure B.7 and Figure B.8 for the time it takes to
reach a concentration of 0.05 and 0.01 kg/m? respectively.
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Figure 3.8: Time elapsed before a 95% of the equilibrium value for RMC is reached inside the module as a
function of average ambient RH and temperature.

Figure 3.8 shows the time that it takes for the value of the of the RMC reaches a value of 95% of the value
in the last year of simulation. The same conclusions can be drawn as when the penetration time was studied,
temperature is the climatic stress that determines the time it takes for the module to reach equilibrium value.
In this case the relationship seems to follow a more linear trend than for the penetration time. If the trend is
analyzed for the time it takes to reach 99% of the saturation value the data point for the polar climate no longer
follows the linear trend. That is simply because the linear trend would predict that it takes longer than 20 years
and the simulation time stops at 20 years. The polar climate does not reach equilibrium in the 20 years of
simulation. The time it takes for the concentration to reach 99% of the value in the last year can’t be taken as
the time that it takes to reach equilibrium.

The dependence on temperature of the time it takes for moisture to diffuse into the module is caused by
the dependence of the diffusion coefficient on temperature. At higher temperatures the diffusion coefficient is
higher therefore the diffusion is faster. To try to predict, the time it will take to reach steady state a new quantity
has to be introduced. The characteristic diffusion time. This is the time it takes for moisture to break-through a
membrane [22]. It is proportional to the square of the thickness through which moisture has to diffuse divided
by the diffusion coefficient. Therefore, we will try to equate the saturation time to the following expression:

12 12
teg = A— = 2.003— 3.1

Here A is a constant that will be used to fit the above expression to the simulated saturation times. Only the
modules that have reached equilibrium will be used to fit for A. Therefore, Oslo and Zugspitze are excluded
from the fit. The value for the parameter A that gives the best fit is 2.003. The results are shown in figure
3.9. This shows that a linear relation exists between the saturation time and the characteristic diffusion time.
However, expression 3.1, relies on fitting of the parameter A. It is unclear if this parameter changes depending
under different conditions.
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Figure 3.9: Saturation time vs the predicted saturation time with equation 3.1

3.2. Module materials dependence

In the previous section, the materials of the module that was studied remained constant. The encapsulant is
EVA and the backsheet is a PET based backsheet. One of the objectives of this project is to deliver a model
that can be used to predict the moisture ingress into different modules depending on the respective materials
that are used. Therefore the effect of using different encapsulants and backsheets will be modeled.

3.2.1. Encapsulation material dependence

As already mentioned, EVA has been the main encapsulant used in commercial PV modules [9]. It has
remained the most popular encapsulant because it has a good ratio of performance/costs [59]. This is due in
part to the ease in which it can be processed and applied to the modules. However, it has some properties
that are not ideal for the long-term stability of the PV module. Its degradation gives rise to the formation of
acetic acid which can be harmful to the performance of the module. For this reason, there are new materials
that are being considered. The materials considered for encapsulation of PV modules can be classified in
three different categories [59, 60] according to their physical properties:

» Elastomers: Elastomeric materials need cross linking during the lamination step in order to achieve
the desired mechanical properties. Elastomers are flexible materials which makes them suitable to
be used as encapsulants. The most common elastomers used as encapsulants are EVA and silicone
encapsulants

» Thermoplastics: Thermoplastics on the other hand do not need additional steps to reach the desired
physical properties. They are more brittle than elastomeric materials. Examples of thermoplastic materials
used as encapsulants are lonomers and polyvinylbutyral (PVB)
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» Thermoplastic elastomers: Thermoplastic elastomers are materials that combine thermoplastic and
elastomer polymers in order to give a material with the advantages characteristic of both types of polymers.
Thermoplastic polyolefins (TPO) and polyolefin elastomers (POE) are examples of the thermoplastic
materials considered for the encapsulation of PV modules

Polyolefin based thermoplastic elastomers such as POE and TPO are projected to be the first encap-
sulant type that achieve a significant market penetration [59]. lonomers in particular show great promise
for their application in areas where a higher resistance to water penetration is needed compared to EVA
such as thin film technologies [61]. This is due to the lower diffusion coefficient that these materials exhibit.
Therefore, TPO and lonomers will be the materials that will be studied further. Additionally, an alterna-
tive silicone based elastomer to EVA will be studied: PDMS. In order to model the moisture ingress into
a PV module with this materials as encapsulant their respective diffusion coefficients and solubilites are needed.

Dg [m?/s] Eq[kJ/mol] | Solg/m?] | E4[kJ/mol]
EVA 2.31 x 1074 | 38.1 1.81 x 10% | 16.7
TPO 5.22 x 1072 | 52.9 1.56 x 10 | 24.6
lonomer | 1.5 x 1073 | 55.6 1.78 x 107 | 19.5
PDMS 3.43 x 1075 | 26.8 8.05 x 10% | 11.2

Table 3.1: Arrhenius expression parameters for different encapsulation materials [36]

To be precise, Kempe et al [36] uses a cured EVA ethylene-co-vinyl acetate with approximately 33 wt%
vinyl-acetate. The lonomer is a thermoplastic poly(ethylene-co-methacrylate) with Na*, and Zn2* counter
ions. No information is given about the detailed composition of the TPO. PDMS is a Pt catalyzed addition cure
polydimethylsiloxane.

In figure 3.10 the Diffusion coefficients for the different materials are shown as a function of the inverse of
temperature in what is called an Arrhenius plot. The lonomer encapsulant has the lowest diffusion coefficient
by more than an order of magnitude. EVA and TPO have pretty similar values for the diffusion coefficient.
Finally, PDMS has the highest diffusion coefficient.



3.2. Module materials dependence 42

1078 : : : : : .

109 —_— i

Diffusion coefficient [m2fs]
S

10—‘12 L 4
EVA ~—

1013 F ION T 3
TPO T
PDMS

10_14 | | | | | I
3.1 3.2 3.3 3.4 35 3.6

1T [1/K] «107

Figure 3.10: Diffusion coefficients for different encapsulants as a function of the inverse of temperature (0-60
°C). Based on data from[36]

In figure 3.11 the solubility of the encapsulants as a function of the inverse of the temperature is given.
The lonomer has the highest solubility value. This could be due to the highly polar nature of the encapsulant
since water is also a polar molecule. The second highest is EVA with PDMS having the third highest solubility.
Finally, TPO has the lowest solubility of water. Interestingly, the order is the same at all temperatures. This
can be attributed to a reasonably similar activation energy for all materials.
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Figure 3.11: Solubility for different encapsulants as a function of the inverse of temperature (0-60 °C'). Based
on data from [36]

The parameters above are compared to parameters from another source in figure B.9 and in figure B.10 for
the diffusion coefficient and the solubility respectively. The main takeaway is the difference the difference
between the values given by the two sources. The results for EVA show the best agreement between the
different sources. The results for lonomer and TPO encapsulant differ greatly between the two sources. Two
main possible reasons for the disagreement are proposed. Firstly, the two sources use different methods
to measure moisture ingress. Kempe et al [36] uses water vapour transmission rates measurements using
the MOCON Permatran in combination with a visual method relying on the reaction of water with Ca films.
Mitterhofer et al [40] uses digital humidity indicators and in-situ gravimetric techniques to measure the moisture
ingress into the PV modules. Secondly, the materials could be different. EVA samples could be different due
to composition (different percentages of ethylene and vinyl acetate), different additives, curing conditions
(determines degree of cross-linking). lonomers and TPO are categories of chemical species. Mitterhofer et al
[40] does not provide information about the detailed composition of the samples they analyzed.

Additionally, there is a very surprising result which is the diffusion coefficient that decreases with temperature
for TPO. This is the only measurement that behaves in this way. At higher temperatures higher chain mobility
and free volume are expected making the diffusion of species easier making this result unrealistic. This data is
shown to convey the degree of uncertainty that is tied to the measurement the parameters. Additionally, both
authors express doubts about the Fickian behaviour when it comes to lonomer (at high temperatures) and
TPO. This is one of the key assumptions of the model. The simulations for the different encapsulants will be
carried out with the data given by Kempe et al [36] as they provide more details about the materials used and
there is no unexpected behaviour of the parameters. It is important to note that regarding the dependence on
climatic conditions, the simulations were carried out with different values for the Diffusion and solubility. That is
why the results for the EVA encapsulant differ from the previous section.
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Figure 3.12: Averaged RMC using different encapsulants

To compare the performance, the moisture ingress into PV modules has been modeled using the four
different encapsulants. The simulations were carried out for one specific location (Gran Canaria). Figure
B.11 shows the results of the evolution of the moisture concentration at the front side of the cell while
figure 3.12 shows the results for the RMC at the front of the solar cell. The results that stands out is the
simulation for the lonomer where the module is basically kept dry (the front side of the solar cell). This is
due to the lower diffusion coefficient that characterizes this material. PDMS takes the least time to reach
the saturation point due to having the highest diffusion coefficient. TPO and EVA have similar diffusion
times due to the similar diffusion coefficient. Moisture takes less time to enter in EVA due to the higher
diffusion coefficient of EVA at lower temperatures which is when moisture enters the module. The results
for the moisture concentration follow the same trend but are scaled with the solubility of each encapsu-
lant. Meaning that the encapsulants with a higher solubility will have a higher concentration. This does not
apply to the encapsulant with the highest solubility (lonomer) as it remains dry due to the low diffusion coefficient.

The modules (except lonomer) reach roughly the same RMC at equilibrium. The average values for the
last year are 0.542, 0.532, and 0.573 for EVA, PDMS and TPO respectively. The average RH for GC is 0.676.
As already discussed, the mismatch between those values can be attributed to the definition of an effective
relative humidity that is included in the model to simulate the dynamics at the interface by taking the ratio of
the saturation pressures between the module and the surrounding climate. However, the variation between
the results indicates that the material properties of the encapsulant do play a small role in determining the
equilibrium RMC that is reached. The equilibrium concentration that is reached changes due to the different
solubilities. As has been done in the previous section, the average equilibrium concentration of the encapsulant
is plotted against the average concentration in the last years that is simulated. The results can be seen in
figure 3.13. As can be seen the average equilibrium concentration in the different encapsulants is a good
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predictor for the equilibrium concentration reached by the different encapsulants.
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Figure 3.13: Water concentration in the 20th year of simulation vs the average equilibrium water
concentration in the encapsulant for the different encapsulants

The next step is to find out if the dynamics of moisture ingress can be predicted using equation 3.1. The
results are shown in figure 3.14. This also confirms that the equilibrium time can be approximated using this
approach. The same value for the parameter A is used as was used for the different climates. This means that
this parameter is applicable to different encapsulation materials. The parameter A is likely dependant on other
factors. One example is the geometry of the solar module that is looked at. For example, the spacing between
the solar cells.
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Figure 3.14: Saturation time vs the predicted saturation time with equation 3.1 for the different encapsulants

3.2.2. Backsheet materials

Together with the water transport properties of the encapsulant, the insulating properties of the backsheet
are the other parameter that can determine the amount of moisture ingress when a breathable backsheet is
used. The moisture present in the environment has to travel through the backsheet to reach the encapsulant.
The backsheets are generally comprised of different layers but their properties are reported as one value
valid for the whole backsheet and not different values for the different backsheets [44]. In this work, four
different backsheets will be studied. Three PET based backsheets: PET backsheet (three layers of PET),
TPT backsheet (PET layer in between two polyvinylfluoride (PVF) layers), TPSiO, backsheet(Core PET layer
coated by SiO, with one PVF protection layer and a polyethylene adhesion layer ). For clarification, PVF is also
known as Tedlar, this gives the initial T in the TPT and TPSiO, backsheets. Finally, a polyamide based (PA)
based backsheet will also be studied. It is important to note that the parameters for the PET backsheet are
different than the ones used in the previous section as they have been taken from a different source and has
already been explained, there can be a great difference between the different parameters between different
PET backsheets measured in different ways. Therefore, the data from the same source will be used in order to
compare the performance of the different backsheets. The simulations are carried out for the location of Gran
Canaria and an EVA encapsulant.
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Dg [m?/s] Eq [kJ/mol] | So[g/m?] E, [kJ/mol]
PET 6.02 x 1079 | 39.16 7.08 x 10° | 43.17
TPT 5.97 x 1077 | 33.11 3.03 x 1010 | 44.82
TPSIO, | 1.01 x 107° | 17.15 1.01 x 10 | 69.96
PA 2.27 x 1073 | 53.94 2.98 x 10° | 41.59

Table 3.2: Arrhenius expression parameters for different backsheet materials: PET, TPT, TPSIO,,, and PA [39]

The diffusion coefficients for the different backsheets are plotted in figure 3.15. Unlike what was observed
with the different encapsulants, the backsheets do not present an established order for which has the highest
diffusion coefficient. Instead they present inverse order at higher and low temperatures. PA has the highest
dependence on temperature. At high temperatures it presents the higher diffusion coefficient while at low
temperatures it has the highest. The opposite is true for TPSIO,, . Another interesting feature of the temperature
dependence of the diffusion coefficient is that the values converge at around 300 K.
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Figure 3.15: Diffusion coefficients for different Backsheets as a function of the inverse of temperature (0-60
°(C'). Based on data from [39]

The solubility for the different backsheets are plotted in figure 3.16. The solubility maintains a constant
order for most of the observed temperature range. In order from highest to lowest solubility: TPT, PET, PA

and TPSIO,..
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Figure 3.16: Solubility for different Backsheets as a function of the inverse of temperature (0-60 °C). Based
on data from [39]

In the previous two sections the analysis of the results is done in terms of the ambient conditions and
the material properties of the encapsulant. If these parameters are the only parameters that determine the
moisture ingress, the results for modules with different backsheets but with the same encapsulant and installed
in the same location should be equal. In figure 3.17 the results for the averaged RMC for modules with different
backsheets are plotted. These results show that the curves are not exactly the same. Therefore, the choice of
backsheet does have an effect on the moisture ingress. It can be seen that the equilibrium RMC value is the
same for all the simulations. However, there is a noticeable difference in the rate at which moisture enters the
module between the different backsheets. In particular, the moisture ingress for the TPSIiO,. backsheet is
slower than the other three. To incorporate the effect of the backsheet equation 3.1 is adapted in the following
way:

t —A(é+ lQBS) (3.2)
“"""D.  Dgs '

However, this did not improve the results as the added time from the second term (the time corresponding
to the diffusion through the backsheet) is much smaller than the first term. The next attempt was made with the
minimum value of the diffusion coefficient. This is done because the lowest value for the diffusion coefficient
corresponds to the lowest temperature which is when moisture should be entering the module. This did not
improve the results. A link between the different backsheet properties and the equilibration time has not been
found. One conclusion that can be drawn here is that the parameter A is also affected by the properties of the
backsheet. This is because equation 3.1 does not give accurate results for any of the backsheets. Remember
that the data for the PET backsheet in this section and the previous sections comes from different sources.
That means that they can be effectively treated as different backsheets. Whereas in the section where different
encapsulants are analyzed the same backsheet is used as in the section examining different climates.
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Figure 3.17: Averaged RMC of modules with different BS materials

3.3. Impermeable backsheet

A key aspect that determines how much moisture enters a PV module is the backsheet that is chosen. There is
two main categories when it comes to backsheets. Breathable polymeric backsheets and non-breathable glass
backsheets. The latter are impermeable to moisture ingress. This means the moisture penetrates through
the edge seal on the side. In order to model the ingress through the edge seal the necessary parameters
are needed, they are given in Table 3.3. It is important to note that edge seals often have dissecants and
other additives that interact with water [62]. This means that the materials they are not Fickian materials.
Therefore, the proposed parameters can only be taken as effective parameters used as an approximation of
the real moisture ingress parameters of the material. The two encapsulants that are most commonly used for
glass-glass modules are EVA and polyvinyl butyral (PVB) [5, 63]. The plots of the material properties as a
function of temperature can be found in Appendix B.4. Therefore the simulations will be carried out for those
two encapsulants with PIB edge seals for five different locations: Gran Canaria, Zugspitze, Freiburg, Almeria
and Oslo. One location per climate type is chosen to ensure variability of environmental conditions.

Dy [m?/s] | E, [kJ/mol] | So[g/m3] | E4 [kJ/mol]
PIB | 1.7-1072% | 54.8 3.26-10* | 5
PVB | 2.81-1078 | 9.39 1.43-10% | 34.03

Table 3.3: Arrhenius expression parameters for polyisobutylene based (PIB) edge seals [62] and PVB [5]

The results for the averaged RMC for a module with EVA encapsulant and PIB edge seals for the five
locations can be seen in Figure 3.18. The results are consistent with what has already been discussed in the
first section of this chapter. The locations with higher temperatures (and therefore higher diffusion coefficients)
have a higher degree of moisture ingress. The coldest location (Zugspitze) remains practically dry. This is
not in the case when a breathable backsheet is used. This is because with a glass-glass backsheet the area
through which the moisture can penetrate is reduced significantly and the diffusion coefficient of edge seals is
smaller than the one of the backsheets. Comparing the two different encapsulants we can observe that the



3.3.

Impermeable backsheet

encapsulant with a lower diffusion coefficient, EVA, limits the moisture ingress more compared to PVB, which

has a higher diffusion coefficient.
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Figure 3.18: Averaged RMC for glass-glass modules with EVA encapsulant and PIB edge seals in the five
different locations

In figure 3.19, the results for the simulations of a glass-glass module in different location are shown. These
results again conform what has been observed previously. PVB has a higher diffusion coefficient than EVA
which results in a faster moisture ingress. Still, the modules do not reach equilibrium even with an encapsulant
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Figure 3.19: Averaged RMC for glass-glass modules with PVB encapsulant and PIB edge seals in the five
different locations

Due to the difference in geometry of the impermeable backsheet simulations with the other breathable
backsheet model, it is difficult to compare the two. What is clear is that an impermeable backsheet limits the
moisture ingress into the module. The results show that the modules are far from reaching equilibrium. This is
due to the limited moisture ingress thanks to a lower inlet area and low diffusion coefficient of the edge seal.
Therefore, analyzing the equilibrium concentration/RMC or the time that it takes to reach those values is not
possible.

3.4. Conclusion

The goal of this section was to analyze the results of the moisture ingress model under different conditions.
Results analyzed for different climates extensively. In doing so, a relationship between the environmental
conditions and material parameters to the results given by the model is found. This relationship can predict
the equilibrium value attained in the simulations both in terms of the RMC and water concentration relatively
accurately. A relationship is also found between the diffusion coefficient and the time that is necessary for the
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system to reach equilibrium. These relationships also hold for system that deal with different encapsulants.
These results give reason to believe that it is possible to use these simplified relationships to predict the results
of the FEM analysis.

However, the relationship for the time needed to reach equilibrium does not hold for the simulations using
different backsheets. This is reminds us that this is a complicated system with variables that change in time and
affect each other. The FEM analysis carries out a detailed calculation of all the relevant water flows through
the necessary equations. Therefore, it is not surprising that the simplified relationships do not provide an
accurate prediction of all the results. Finally, results for simulations involving impermeable backsheet models
are carried out. However, these models are far from reaching equilibrium. Therefore a different analysis is
needed to better understand these results. The results obtained in this chapter are used as input for the next
chapter where the degradation due to moisture ingress is simulated.



Modelling power degradation caused by
moisture ingress

4.1. Introduction

Now that the moisture ingress has been successfully modelled and results are available for different conditions
(climates, materials) this chapter will study how those results can be converted to results for the power
degradation of the module through its lifetime. In order to do this the origins of power degradation due to the
presence of moisture and the expected degradation behaviour are studied. Following, the possible approaches
proposed in literature in order to model the degradation caused by moisture are explored in order to assess
which gives the best results in combination with the moisture ingress model. The different models will be used
to fit to available degradation data during accelerated lifetime tests. Finally the models will be evaluated based
on their capacity to model power degradation during the lifetime of the module.

4.2. Origin of power degradation in DH tests

Understanding the origin of the degradation in performance of PV modules is a complicated issue due to the
wide array of materials used in PV modules [64]. Published literature is mainly focused on the degradation
of EVA encapsulated solar modules during Damp-Heat tests [64, 65, 66]. Other papers focus on different
encapsulants such as polyolefin elastomers (POE) or thermoplastic olefins (TPO) [67], the composition of the
encapsulant has an effect on the underlying mechanism behind the degradation. Different encapsulants will
result in different degradation products and in different quantities, these different products can be more or less
harmful to the PV module components resulting in different degradation behaviour [68]. Other papers focus on
other aspects of the PV module design. For example, Karas et al [68], studied the difference in degradation
between traditional Ag-based contacts and alternative Cu-based contacts.

4.2.1. Degradation reactions

To understand degradation caused by moisture ingress, the reactions in which water takes part need to be
understood. The reaction investigated in literature can be separated into two categories [64]: Reactions with
the encapsulation material and reactions with "active” elements of the PV module. These active elements are
given this name because they are directly related to the performance of the module unlike the encapsulant
[69]. In the reactions with the encapsulant , water reacts with the material through a hydrolysis reaction that
will result in smaller chain hydrocarbons [66]. Among these reactions, the most commonly reported is the
hydrolysis of EVA to give acetic acid. The reaction is given by equation 4.1. The acetic acid can then react
with other elements of the PV module which eventually results in the loss of performance.

53
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Other encapsulants such as polyolefin elastomers don’t degrade into harmful chemicals for the PV module
which makes them an interesting material for encapsulation [67]. The degradation of the encapsulation material
is not directly related to a loss in power output but can lead to loss of optical properties or a breach in the
physical insulation of the module [7]. This also compromises the durability of the module. Water can react
with elements of the module that play an active role in the performance of the module. These elements are
the solar cell, the anti-reflective coating, the solder bonds and grid fingers [69]. The degradation of the solar
cell and the anti-reflective coating is not well understood [64]. When investigating this issue, Peike et al [64]
did not observe any degradation of the solar cell or the anti-reflective coating. This led to the conclusion that
the degradation of the solar cell or the anti-reflective coating is not at the origin of loss of performance during
damp heat tests. This is in accordance with other papers, where the loss in performance is often attributed
to the corrosion of the metallization elements (solder bonds and grid fingers) [66, 70]. The reaction of the
metallization elements is given in equation 4.2. However, in other studies, the parameters corresponding to
solar cell performance also show degradation of the solar cell [68]. Overall, the results found in literature show
that the degradation in performance is most likely caused by the degradation of the metallization elements but
the exact mechanism still needs to be investigated [64, 69]

X
Me+ XH' — MeXt + 5 Ho 4.2)

There is a number of metals used in solar cells: Ag, Cu, Sn, Pb and Al [66]. All these metals can react
with water or acetic acid as is shown in the above reaction (equation 4.2). The cation (H ™) can come from
the dissociation of water or acetic acid. X is used as a coefficient to balance the equation depending on the
oxidation number of the metallic element. Me is general term denoting a metallic element, in the real reaction
this term should be replaced by the metal that is being oxidized and the corresponding oxidation nhumber.
There are some metals that get oxidized more easily, these metals have lower oxidation potentials [66]. For
example, Al has the lowest oxidation potential among the metals mentioned above, therefore it will be corroded
first.

The corrosion of metallization elements is generally associated to an increase in series resistance of
the cells [64]. This is caused by the corrosion of the ribbon in solder joints and the grid fingers [71]. The
corrosion decreases the area of electrical connection which results in an increased series resistance [66]. This
is confirmed by |-V measurements [64]. |-V measurements are used to determine the performance of a solar
cell, they consist of measuring the current that flows through the cell at different voltages. Some studies have
reported a decrease in the current generated by the solar cells after damp heat tests [70]. However, this is
thought to be related to the discoloration of the encapsulant rather than the corrosion of metallization elements.
The performance of the module can be described by an equivalent circuit equation [69]. The evolution of the
equivalent circuit parameters depends on the materials that are used in the module [69]. How these parameters
evolve over time is also different depending on whether the backsheet is breathable or non-breathable [69].
This has an important implication for our research as it implies that a degradation model can only be used for
predicting the loss of performance of a module in different conditions. It is not possible to use the model that
has been calibrated using one module to predict the degradation behaviour of another module.
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4.2.2. Degradation behaviour

As has been discussed, there is a lot of variation in material parameters. This will affect the amount of moisture
that enters the PV module and the reactions that this moisture can cause. However, there is still behaviours
that are common in the degradation during accelerated lifetime tests. The degradation process can generally
be described by the same three stages [68, 69, 70]:

1. Diffusion of moisture: During the first stage the moisture diffuses to where it can react with elements of
the PV modules. During this stage there is no degradation of performance. The duration of this stage
depends on how well the module is insulated to moisture ingress.

2. Reactions causing losses in performance: Moisture (or other reactants like acetic acid) react with the
elements of the module susceptible to degradation. The loss of performance is observed in this stage.

3. Saturation of degradation: In the last stage, the degradation reaches a limitation. This can be due to
an exhaustion of the module components that are susceptible to moisture induced degradation or due to
diffusion limitations of water/acetic acid to the reaction site.

The explanation given above is a good generalization of the degradation behaviour of PV modules during
accelerated lifetime tests. However, there are instances in which the modules do not follow this behaviour
[69]. For example, if the module is less permeable to moisture ingress, the modules can get through the test
showing minimal degradation. Alternatively, if the module is tested at higher temperatures the module can
experience complete failure. This was observed by Zhu et al [69], when testing a module with a thermoplastic
silicon as encapsulant where the encapsulant melted during testing resulting in complete failure of the module.

4.3. Modelling of power degradation

The most important models used to describe the degradation effects of climatic stresses have been presented
in section 1.4.2. In this section the application of these analytical models to the modelling of power degradation
in accelerated lifetime tests will be presented.

This study is focused around degradation caused by the effect of relative humidity (RH), the accelerated
lifetime test that reflects this effect best is the Damp-heat test [69, 70]. Damp heat tests consist of exposing
the modules to a fixed high temperature and relative humidity for a certain amount of time [21]. During these
tests there is no temperature cycling and the effect of UV irradiation is minimal. Therefore, the degradation
caused by those stresses is neglected. The degradation rate caused by relative humidity can be expressed
using the Peck equation for moisture induced degradation [33, 34].

E
kry = ko - RMC™ - exp(kB ) (4.3)

In the equation above, & is the rate constant, E, is the activation energy that gives the dependence on
temperature. This expression reflects the effect of relative humidity on degradation as well as the dependence
of temperature. It has to be noted that the RH term in this expression represents the ambient relative humidity
[33]. The results of the COMSOL model give the concentration of water in the module. Coyle et al [41],
proposed to use the relative moisture content (RMC). That is why the ambient RH value is swapped by the
module RMC in the equation above. This represents the degree to which the encapsulant around the solar cell
is saturated with water. This quantity is used in microelectronics packaging literature to describe degradation
[41].To obtain RMC, the concentration of water in the encapsulant is divided by the saturation concentration of
water in the encapsulant. Using this value means that it is assumed that the absolute amount of water is not
relevant for the degradation. Additionally, using this quantity means that in an accelerated lifetime test where
the ambient RH and temperature are fixed RMC and the ambient RH will eventually reach the same value.

Using expression 4.3 with ambient RH (fixed) results in a fixed value for kry. If this is taken directly as
the degradation rate, it will result in a linear degradation trend. As discussed in the previous subsection, the
degradation during accelerated lifetime tests can be understood as a three stage process. The degradation
curve can be fitted using a sigmoidal function [70]. Kaaya et al [33], proposed the following equation to model
this three stage process and include equation 4.3.

Pupp(t) exp(—(—D
Pypp(t=0) (1 P

") (4.4)
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Where B is the power susceptibility which is assumed to be a material dependent parameter and u is
the shape factor [33]. Pypp(t)/Pupp(t = 0) is the relative maximum power output at time t. The power
output is relative to the maximum power output at time 0. Therefore Py pp(t)/Pypp(t =0) att=0is equal
to 1. This expression will reach 0 at longer values for time. This is not observed in accelerated lifetime tests
unless complete failure occurs. Therefore, a small modification is proposed to include a maximum amount of
degradation by using the parameter L. Other authors have used a similar approach where a limit to degradation
is included [70]. Combining equation 4.4 with a limit has not been researched yet. Doing so results in equation
4.5.

PMpp(ﬁ) — L (1— ern(— B
Pypp(t=0) =L-a P~

)+ (-1) (4.5)

Four approaches will be used to try and fit the results of accelerated lifetime tests. Equation4.4 and equation
4.5 will be used in combination with 4.3 will be the equations that will be used to try and validate the degradation
model using the COMSOL results as they are the equations used in literature to model degradation during
damp heat tests.

1. Results of the FEM model with degradation equation without limit (equation 4.4).
2. Constant ambient RH with degradation equation without limit (equation 4.4)

3. Results of the FEM model with degradation equation with limit (equation 4.5).

4. Constant ambient RH with degradation equation with limit (equation 4.5).

There are alternative equations that can be used instead of equation 4.3 to obtain a value for kg . Some
examples are the other models found in literature that can be used to take into account the effect of relative
humidity. For example, the Eyring and the exponential models [29] already presented in 1.4.2. Another option is
given by equation 4.6. This expression uses the Brunauer-Emmett—Teller (BET) model to give the dependence
of the degradation rate on the RMC [41]. The BET model gives the relation between the surface coverage of
water and the RMC. This model has been proposed for scenarios where the degradation reaction is the rate
limiting step whereas the Peck model (expression 4.3) is valid when the diffusion of moisture is the rate limiting
step [41]. The kinetics of the degradation reactions are outside of the scope of this thesis. Therefore, it is not
possible for us to establish which of the two models should be used. For this reason both models will be used
to study the degradation of PV modules in different conditions. Equation 4.6 will be used in the modelling of
degradation in real life conditions.

RMC =
1—RMC +e “Pp-T

krg = ko (4.6)

4.4. Validation with accelerated lifetime tests

In this subsection, the fitting of the degradation model to experimental data will be presented. It was not
possible to carry out these measurements in the laboratory. Therefore, data from literature will be used. The
data from Zhu et al [69] will be used as they present clear data for the degradation of one module under
different conditions (T and RH).

The fitting is carried out using MATLAB’s global optimization toolbox. In particular, the function "pat-
ternsearch” is used. This is chosen over other alternatives as it gave better results than alternative functions
like 'fminsearch’, 'fmincon’ or 'ga’. The lack of data made the fitting complicated. In particular, a strong
dependence on the initial guesses provided for the parameters is observed. Therefore, an iterative fitting
process is used to try and avoid local minima which do not reflect a good solution for the parameters. The
logic of this process is represented in figure 4.1
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Figure 4.1: Representation of the logic of the fitting process

The fitting process is divided into three steps: Initializing, fitting and updating the input. In the first step the
input parameters are specified, these are initial guesses based on values found in literature [33, 69]. This initial
guesses are used to generate 100 random guesses around these values. This is done to minimize the effect
of the initial guess on the final results. Boundaries are also specified for the parameters. These are chosen
based on properties of the parameter to avoid solutions that are unrealistic. For example, the parameter L is
bound between 0 and 1. Outside these boundaries the parameter loses its physical significance, resulting in
either a performance above 1 (above 100%) or negative performance (below 0%). The allowed deviation for
the 100 guesses is between 20 and 200% of the original guess.

ko (1] | Eq [kJ/mol] | n[-] |u[-] | L[]
Initial guess | 6.11 -10* | 87.8 1.8 1 0.7
boundaries | [0,+0c0] | [0,40o0] [0.1,10] | [0.1,10] | [0,1]

Table 4.1: Input for the fitting script

The other input parameter to the fitting process is the experimental conditions, Temperature and relative
humidity. The input for moisture is different depending on whether the results of COMSOL or the fixed
conditions are used. In teh first case it is the RMC returned by the model, which changes with time, and in the
other is the ambient RH which is constant. The difference can be observed in Figure 4.2. In the second step
the fitting is carried out using the ’patternsearch’ function and the 10 best results are saved. These 10 results
are used to update the input for the next iteration of the fitting. The values that give the best fit for each of
the models is taken as the initial guess of the next iteration. The boundaries for the parameters are set as
the highest and lowest guess for each parameter with a certain margin. A 10% margin is included above and
below the new highest and lowest boundaries at each iteration to prevent that the fitting gets stuck on the
boundary condition. The process described above is repeated 5 times, after this amount of iterations good
convergence is observed in the fitting.
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Figure 4.2: Difference in input when using the COMSOL model and the fixed RH. The lines at a constant
value are the input when the climatic RH is used. The lines that change value over time are the input from
COMSOL. Legend gives the experimental conditions T [K]/RH [-]

The procedure described above explains the fitting procedure to experimental data. However, to check
whether the power degradation model is able to predict degradation under different conditions not all the
available data will be used for training the model. There are 5 different experimental conditions, they consist of
different combinations of RH and temperature. For each set of conditions Zhu et al [69], carried out two sets of
measurements. Both sets are included in the calibration, this is done to account for variation of degradation
under the same conditions. Three of the five available datasets will be used for training the model. The
remaining two datasets will be used to check whether the trained model is able to predict degradation behaviour
in different conditions. For clarity, in the next sections 'Fitted’ is used for the results obtained from the data
used to train the model and ’'Predicted’ is used for the results obtained for the data that are not used for the
training of the model.

4.4.1. Fitting results

In this subsection, the results of the fitting will be presented. These results are used to establish whether
using a changing RH profile is possible to predict power degradation behaviour in accelerated lifetime tests.
Additionally, these results will show whether using a physical model to reflect the actual behaviour of moisture
ingress into PV modules offers any advantage for predicting power degradation behaviour under different
conditions. Finally, these results can be used to determine whether the addition of the parameter L to the
degradation model improves the fitting and predicting ability of the model.

The parameters that gave the best fit for each of the models are given in table 4.2. In general, the different
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parameters are all in the same order of magnitude for all the models and no major disagreement between
the models is observed. The best agreement between all models is in the activation energy. This is can
be explained by the physical meaning of the activation energy which gives the temperature dependency of
the degradation rate. There is no reason for which this should change between models. Additionally, the
exponential dependence on this parameters means that the function is likely highly sensitive to a variation in
this parameter. Therefore, the correct solution has to be found to get a good fit. The parameter n determines
the effect of the concentration on the degradation rate. Therefore, it makes sense that this parameter changes
depending on whether the model uses a fixed RH or the results from the moisture ingress model. This is
what is observed from the results where the two models using COMSOL results and the two models using
a fixed RH have a very similar value for n respectively. The value of u seems to be higher for those models
that include a degradation limit by using the parameter L. When L is included, the curve does not tend to 0 at
higher times anymore. This makes it possible for the curve to become more "steep” (higher value of u) without
decaying to 0. As already discussed a decrease until 0 gives bad fit at higher times as it does not reflect the

real degradation behaviour. Finally, L is pretty similar between the two models that employ it as would be
expected.

Model ko [1/A] E, [kJ/mol] | n[~] |u[-] | L[]
COMSOL 1.4918 -10* | 52.706 0.5182 | 3.6021 | -
Fixed RH 1.1764 -10* | 52.227 0.4522 | 4.0549 | -
COMSOL +limit | 1.605 -104 52.721 0.5142 | 5.3638 | 0.8031
Fixed RH + limit | 8.5664 -10% | 51.089 0.4416 | 6.4309 | 0.7846

Table 4.2: Parameters that give the best fit for each model

The results of the fitting and prediction are given in figures 4.3 and 4.4. From the figures, it can be seen that
all models give an acceptable fit and prediction for the power degradation. The model proposed by Kaaya et al
[33] captures the degradation behaviour of modules in Damp-Heat tests. One general observation that is valid
for all the models is that a poor fit/prediction is obtained for the beginning of the curve at higher temperatures.
The experimental data shows a gradual decrease that starts earlier than the one given by the model.
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Figure 4.3: Fitting results using equation 4.4. Left: Fitting results using the results of the moisture ingress
model. Right: Fitting results using the fixed RH. Lines represent the fitted or predicted trend. Crosses
represent the data used to train the model. Circles represent the data that the model will attempt to predict.
Legend gives the experimental conditions of each in the form T [K]/RH [-]
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predicted trend. Crosses represent the data used to train the model. Circles represent the data that the model
will attempt to predict. Legend gives the experimental conditions of each in the form T [K]/RH [-]

At first glance, the results of all models seem quite similar. The error between the experimental data and
the fit/prediction is analyzed. This is done by looking at the mean absolute percentage error (MAPE) and root
mean square error (RMS). These results allow us to conclude that the moisture ingress COMSOL model can
be used with the model proposed by Kaaya et al [33]. However, it does not improve the results obtained by
using a fixed RH. Additionally, it can be seen from these results that including a limit to degradation improves
both the fitting and predicting capabilities of the model. This is true when using a fixed RH and a changing RH.

Model MAPE fit [%] | RMS fit [-] | MAPE predict [%] | RMS predict [-]
COMSOL 3.0540 0.0313 6.8435 0.0435
Fixed RH 3.3641 0.0348 7.0785 0.0458
COMSOL + limit | 2.6607 0.03088 | 5.1288 0.0372
Fixed RH + limit | 2.7097 0.0312 5.0260 0.0358

Table 4.3: Statistical analysis of fitting and prediction

Another parameter that could provide variation to the obtained results is which experiments are used to
train the model and which experiments are predicted by the model. In all of the results above, the last three

experiments are used to train the model. The results when the model is trained with the first three experiments
can be found in the appendix.

4.5. Power degradation in real life conditions

In this section the modelling of power degradation during the lifetime of the module in outdoor conditions will be
studied. It needs to be underlined that unlike in damp heat tests it is not possible to ignore the effects of other
types of degradation. The module will experience temperature cycling, exposure to UV radiation and other
causes of degradation. This means that it is not possible to calibrate the moisture induced degradation model
independently with outdoor performance data. Additionally, there is a lack of data for degradation through the
whole life of a module. This means that it is not possible to accurately calibrate the humidity induced degrada-
tion model. Most studies report a yearly degradation rate [6]. However, it is still possible to use the results
of a degradation model (without calibration) to compared the degradation that is expected in different conditions.
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4.5.1. Input for lifetime degradation model

In order to decide which method is better suited to model the power degradation using the results of the
moisture ingress model, the input needs to be analyzed. The input to the model is the relative moisture content
inside the module and the module temperature as a function of time. The temperature is given by the Faiman
model. For the rest of this section, the term moisture ingress model will be used to refer to the results of module
relative humidity and module temperature. The results will be compared to the fixed ambient conditions that
were used previously. The results will be shown in comparison to the input used by Kaaya et al [33] for their
model for different locations. The chosen locations are Zugspitze (Germany), Negev (Israel) and Gran Canaria
(Spain). These locations are meant to represent variability among different climates. Zugspitze represents an
alpine climate, Gran Canaria a tropical/maritime climate and Negev an arid climate.

The results from the moisture ingress model can be seen in figure C.3. As can be seen in the figure, the
data shows a large variability on the daily scale. As has been shown previously in section 2.5.2 the moisture
content at the front of the cell does not show daily fluctuations as the diffusion time is too long. The daily
variation in the results of the moisture ingress model are caused by a variation in the saturation concentration
in the encapsulant due to temperature changes throughout the day. During the day, when solar irradiance
is heating the module up, the saturation concentration of the module increases. This results in a decrease
in the relative humidity of the module. The opposite is true for the nighttime when the module reaches lower
temperatures. These daily trends can be seen in Figure 4.5.
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Figure 4.5: Daily trends in module relative humidity and module temperature for the three chosen locations.
Results are shown for the first two days of January on the 11*" year

The daily trends described in literature seem to agree with the results of our model. Moisture enters
at night and the module dries up during the day [22, 41]. However, It is important to underline the trend
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observed in the above results is mainly due to the change in solubility of the encapsulation material. Figure
C.5 shows the same figure with concentration instead of relative humidity. It can be seen that the same trend
is followed. However, this also confirms that the change in saturation concentration is the main driver behind
the change in relative humidity as opposed to a true change in concentration. To truly assess whether the
model behaves as would expected one has to look at what times water is leaving the module and at what
times water is entering the module. This can be observed in figure C.6. Here, the concentration profile under
the cell ((air-Backsheet-encapsulant)) is plotted for various times during the day. When there is a negative
concentration gradient at the interface between air and the backsheet is when moisture is entering the module.
This happens in the colder hours of the day. On the other hand if there is a positive concentration gradient
water is leaving the module which happens in the hot hours of the day. This figure allows to confirm that in fact
the model follows the expected trend.

In figure 4.6, a moving average over the day is applied. This is done so that the trend followed by the
relative humidity inside the module can be observed more clearly. Zugspitze, has the highest ambient RH.
However, when looking at the relative moisture in the module it is the lowest throughout most of the module’s
life (Until 12 years of operation). This is caused by the lower temperatures experienced by the module in
Zugspitze compared to the other two locations. The module temperatures can be found in C.4. These results
show that temperature plays a key role in determining the rate at which moisture enters the module.
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4.5.2. Modelling lifetime degradation of PV modules

A similar approach to accelerated lifetime tests is possible [33]. In this way, the RH is used in a rate equation
(e.g. equation 4.3) which is then placed within a function with a predetermined shape that resembles the
expected shape of the degradation of a module in real life conditions. In order to achieve this, the shape
factor (u) needs to be changed. This is because in comparison, in accelerated lifetime tests degradation is
much faster compared to the timescale that is being observed. This means that the shape factor decreases to
make the degradation less steep. The value for the shape factor proposed for real life modelling is 0.19 [33].
This smoother degradation over the lifetime of the module is the reason why it is common to see in literature
that a linear degradation is considered to be a good approximation for the behaviour through the lifetime of
the module [72]. This makes it possible to model degradation without use of an analytical function with a
predetermined shape. Three approaches will be investigated to model the degradation of modules under real
life conditions:

» Power degradation function with model results: Predetermined power degradation function (equation
4.4) with moisture ingress model results. This approach is similar to the one that gave good results for
the accelerated lifetime tests.

» Power degradation function with averaged model results: Predetermined power degradation function
(equation 4.4) with average moisture ingress model results. This approach is more similar to the approach
used in [33]

* No degradation function: Using kry directly as the degradation rate [41]. This eliminates the need for
an analytical shape determining function.

As has been shown, in section 4.4.1 the parameter n changes significantly depending on whether a fixed or
changing RH is used. This is because the input for the relative humidity is quite different when the results from
the moisture ingress model are used. In order to take this into account the value for the parameter n proposed
by Kaaya et al [33] is re-calibrated. This is done by solving the equation below. RMC,, .41 is the average
RMC returned by the model. The equation is solved for the location of Gran Canaria as it is the location used
to train the model originally [33]. The new value for n is 0.9315.

RH ot = RMCnaty! (4.7)

Power degradation function with model results:Using the same approach that was used for the
accelerate lifetime tests presents a challenge. As already mentioned, the input for RH and temperature are
meant to be constants. By using time varying values the function can predict an increase in performance if the
module has a lower RH or Temperature at a given moment than in previous time steps.
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Figure 4.7: Left: Power degradation predicted by equation 4.4 using the results from the moisture ingress

model. Right: Power degradation predicted by equation 4.4 with RMC from moisture ingress model and the
fixed temperature proposed by [33].
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The results shown in figure 4.7 confirm that the power degradation function in combination with the results
of the moisture ingress model results in unrealistic behaviour. Figure 4.7 (right) shows the results of modelling
using a fixed temperature and the changing relative moisture of the module. This is done to assess whether
the fluctuation observed in figure 4.7 (left) is mainly caused by the temperature changes. It can be seen that
the cooling/heating is the main cause of fluctuation in the model. However, using a fixed temperature still
results in a relative power output that increases at certain moments. Even if it is a much smaller fluctuation
than is obtained when using a changing temperature. This does not reflect the expected trend in degradation.

Therefore, this approach is discarded as an option to model the degradation of modules in combination
with a moisture ingress model. This was not an issue with the accelerate lifetime tests as the conditions (RH)
in the module eventually converge to the values in the environment. Additionally, the module is assumed to be
in thermal equilibrium with the environment as there is no external radiation on the module. More importantly,
there is no instance in which the module dries up or cools down that could lead to a predicted increase in
performance. If the accelerated lifetime test included multiple cycles or instances of drying/cooling then a
different approach would have to be considered also for accelerated lifetime tests.

Power degradation function with averaged model results: An alternative to this approach is to use a
fixed value for the conditions RH and Temperature that reflect the results of the moisture ingress model. The
motive for exploring this approach is that equation 4.4 is used as was intended by the author. The input would
become a fixed value for RH and Temperature. The main benefit of this approach is that it takes into account
material properties to determine the input to the power degradation function which is not done in when using
the average climate conditions. Nevertheless, this approach will not include the seasonal dependence that is
given by the moisture ingress model. By computing the average values the information about the dynamics of
the system is lost. For example: how much time it would take for moisture to reach the front of the module is
ignored.
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Figure 4.8: Power degradation predicted by equation 4.4 with RMC from averaged moisture ingress model
results and the fixed temperature proposed by [33].
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As can be seen from the above figures, the behaviour is much closer to what is expected. Figure 4.8
presents the results when the fixed temperature proposed by [33] is used in combination with the averaged
RMC results of the moisture ingress model. The results for Gran Canaria are the same, this is due to the way
in which the new value for n is determined. The predicted degradation rate is a bit higher for Negev and the
degradation is significantly slower for Zugspitze when using the module RH. This difference is due to how
much time it takes for RH of the module to reach steady state.

No degradation function: The last approach is to take directly kry as the degradation rate, eliminating
the need for the analytical expression that determines the trend followed by the degradation. This approach
has also been used by Coyle et al [49] in combination with module RH moisture. However, they used the
simplified model given by equation 2.12 which as has already been discussed in the previous chapter can be
used to calculate the concentration of water behind the cell not in front. Moreover, they use a different way to
formula to model kry (equation 4.6). The relative power output is then calculated in the following way:

Prpp(t) = Pupp(t —0) — ky - At (4.8)
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Figure 4.9: Left: Power degradation predicted by equation 4.8 and 4.3 using the results of the moisture
ingress model and the fixed conditions for reference. Right: Power degradation predicted by equation 4.8 and
4.6 using the results of the moisture ingress model and the fixed conditions for reference (fixed conditions still
using equation 4.3).

It is important to note that this approach differs substantially from the previous two. Therefore, the value
of the constant k is adapted to give a similar amount of degradation after 20 years as the previous models.
Namely, the value of k is taken to be 5% of what it was originally. Using the results from the moisture ingress
model gives results that are closer to what is expected from degradation through the module’s life. Firstly,
there is a period of time where the degradation is 0 which is the time it takes for moisture to reach the front of
the solar cell. Secondly, there is a periodicity to the degradation. It is higher in summer months where the
temperatures are more elevated and it decreases in winter when the temperatures drop. The linear degradation
that is predicted using the ambient fixed conditions is also shown. The advantages of this approach is that it is
taking into account the effect of material parameters by using the results of the moisture ingress model and it
does not use an analytical expression to set the shape of the degradation. This approach, is considered to be
the most suited approach to combine results from the moisture ingress model which vary heavily through time
with a degradation model.

The difference between the two models comes from a difference in the degradation rate that originates
from the two different ways of taking into account the relative humidity. In equation 4.3 the degradation rate
has an almost linear relationship to the Relative humidity inside the module (n = 0.9315). Whereas in equation
4.6 the degradation rate experiences an exponential increase. Meaning that at higher values of RMC the rate
predicted by equation 4.6 will be significantly higher. In figure 4.10 the behaviour of the models as a function
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of module temperature and RMC. The figure reflects the exponential dependence of the degradation rate on
temperature. The dependence on the RMC is less pronounced. It can be seen that at higher values of RMC
the two models behave differently. The Peck model (right) becomes more dependent on this value. This is due
to the value in the denominator getting closer to 0. At lower values of RMC the models behave in a similar way.
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Figure 4.10: Left: Degradation rate given by equation 4.3 as a function of module temperature and RMC.
Right: Degradation rate given by equation 4.6 as a function of module temperature and RMC.

4.5.3. Sensitivity analysis of degradation models

As already mentioned, the degradation model has not been calibrated using real life degradation data. The
proposed model parameters are derived from the proposed values in literature [33]. The value of these
parameters determines the predicted degradation rate. Therefore, a sensitivity analysis will be carried out on
the values of these parameters in order to better understand the results given by the model. In this section,
the sensitivity analysis will focus on the power degradation rate, k;, predicted by the different models. When
analyzing the power degradation as a function of temperature the RMC is considered constant with a value of
0.5. On the other hand, when the results are presented as a function of RMC the temperature is taken to be
constant with a value of 303 K.

The first thing that is analyzed is the value of the parameter n in the Peck model. This value determines the
effect of the RMC on the degradation rate. The results can be seen in figure 4.11. On the right, the effect on
the degradation as a function of RMC is shown. The chosen values of n are 0.5, 0.9315, 1,4 and 1.9. 1.9 is the
value given by the author that develops the model [33]. 0.9315 is the value obtained in the previous section
when adapting the model to be utilized with a variable RMC. 0.5 is chosen to show what happens if the value
is decrease even further and 1.4 is taken as a value in between the two. As the values of RMC is between 0
and 1, a higher value of n results in a slower degradation. This is shown in both images in figure 4.11. In figure
4.11(right), it can be seen that n determines the shape of the dependency of the degradation rate on the RMC.
The value closest to 1 (n = 0.9315) presents an almost linear relationship between the degradation rate and
the RMC. Values of n above 1 give a convex relationship and values below 1 a concave relationship. This
means that a value above 1 will minimize the degradation rate at low values of RMC with a fast increase of the
degradation rate at higher values. This is similar to the behaviour given by the BET model.
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Figure 4.11: Sensitivity analysis for the parameter n in the Peck model. Power degradation after rate k;, n.
Left: as a function of temperature. Right: as a function of RMC

One of the goals of the sensitivity analysis is to better understand how the two different models are affected
by a change in the parameters. Therefore the results are presented for the sensitivity analysis of both models
together. As can be seen in figure 4.12, the effect of changing k¢ on both models is the same. A higher kg
results in a linear increase in the degradation rate. The results as a function of RMC are given in the appendix
in figure C.7. They confirm the linear relationship between k&, and the degradation rate.
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Figure 4.12: Sensitivity analysis of ky parameter as a function of temperature. Left: Peck model. Right: BET
model

The results of the sensitivity analysis with respect to the parameter E, as a function of temperature are
given in figure 4.13. The results are plotted in the logarithmic scale. This is because the degradation rate has
an exponential dependency on the activation energy. A lower activation energy results in an exponentially
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higher degradation rate. This is true for both models. The results for the sensitivity analysis as a function of
RMC are shown in the appendix in figure C.8. They confirm the exponential dependency of the degradation
rate on the activation energy.
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Figure 4.13: Sensitivity analysis of E, parameter as a function of temperature. Left: Peck model. Right: BET
model

4.6. Power degradation under different conditions

This analysis for different encapsulants and glass-glass modules is not possible because the mechanisms
behind the degradation will be completely different, therefore it is not possible to compare the results as the
values of the constants are would change for each module in those categories. The degradation for different
climates will be analyzed. The sensitivity analysis revealed that the difference between the models stems
from the way the RMC is taken into account. The degradation for different climates will be analyzed in three
different cases:

* Peck model with n=0.9315
 BET model
* Peck model withn=1.9

These options are picked to analyze the effect of the different degradation models in different climates. The
third option is picked as it is the value for the n parameter given in literature. This should also give results
more similar to those delivered by the BET model. The results of the first case (Peck model with n = 0.9315)
are shown in figure 4.14. The figure shows the predicted power degradation by the Peck model for the 11
locations which are grouped by climate type.
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Figure 4.14: Predicted power degradation in different climates using the Peck model

The results for the BET model and the Peck model with n = 1.9 can be found in the appendix in figures C.9
and C.10. As has already been explained, the degradation predicted by these models is completely dependant
on the value that is chose for the parameters. These parameters have to be calibrated with real life data which
is not available. Therefore, analyzing these results and how the different models compare does not give useful
insights. However, what these results can provide is useful insights to compare the different locations. In order
to be able to compare the models a new quantity is defined, the relative amount of degradation (RD). RD is
calculated by dividing the amount of degradation at the twentieth year (1 — P(t = 20years)) by the maximum
amount of degradation predicted for any climate for a given model 1 — (P, (t = 20years)).

1 — P(t = 20years)

RD =
1 — (Pmin(t = 20years))

(4.9)

The results for the three models are shown in figure 4.15. It can be seen that all models predict the highest
degradation for the tropical climates of Manaus and Jakarta. The lowest degradation is obtained for the polar
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climate of Zugspitze. Differences arise for the rest of the data points but the same general trend is followed.
The climates can be organized in the following fashion form the highest degradation to the lowest: Tropical >
Arid > Temperate > Continental > Polar.
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Figure 4.15: RD for all the climates by the three models

4.7. Conclusions

In this chapter, the degradation modelling using the results of the moisture ingress model as input is studied.
Firstly, the degradation under accelerated life tests is studied. Damp heat tests are chosen as it is the test
that allows to study the degradation caused by relative humidity independently. This is because there is
not temperature cycling or UV exposure. The data found in literature allows to calibrate the model and the
calibration is validated using data at different temperature or RH values. The results using the RMC obtained
from the model and the ambient relative humidity provide similar results. This validates the use of the moisture
ingress model to predict degradation in damp heat conditions. However, it does not offer an advantage over
using the fixed ambient RH. This is because the accelerating nature of the degradation is captured by the
analytical model presented by Kaaya et al [33] (equation 4.4). In this work, an addition to the analytical model
proposed by Kaaya is put forward by adding the parameter L. This is a measure of the limit to the degradation
caused by water.

The degradation in real life conditions is also studied. Here it is not possible to combine the analytical
degradation model with the results of the moisture ingress model. The analytical model was developed to be
used with fixed inputs and not time varying parameter. Alternatively, the usage of k;, directly as the degradation
is proposed. This eliminates the need for an analytical model. The dynamics of the system are captured by
the moisture ingress model. The problem is that there is not enough data to calibrate the parameters of the
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model. Without proper calibration the degradation model can still be used to assess the degradation under
different conditions. This is done for the simulation results for different climates where the degradation models
show that the modules degrade differently in different climates. The degrade faster in hot and humid tropical
climates and the slowest in cold polar climates. The general trend is summarized by this sequence: Tropical >
Arid > Temperate > Continental > Polar.

In this chapter the first steps in modelling the degradation rate as a function of moisture are taken. If this
work is to be continued the following aspects should be considered for future research:

Modelling of specific mechanisms: The modelling of specific degradation mechanisms such as
corrosion, delamination or discoloration could eliminate the need for an analytical model such as the
Peck or BET model to model degradation.

Spatial dependence of degradation: In this chapter the degradation rate is assumed to be uniform for
the whole module. This is not what is observed in reality where the degradation is localized. For example
delamination tends to occur closer to the edges [9]. One of the possible explanations is the accumulation
of moisture in these locations. The moisture ingress model allows to evaluate the moisture distribution
inside the module. It would be interesting if this can be used to predict the localisation of degradation in
the PV modules

Approximate calibration of degradation model: The power degradation profile of a module is not
available in literature. However, there are studies that provide a yearly degradation rate for a given
module in certain conditions. It would be interesting to check whether this data can be used to provide
an approximate calibration of the degradation model.

Damp Heat tests experiments: A climate chamber could be used to carry out damp heat tests on
different modules to better understand the degradation in different types of modules



Conclusions and future work

Degradation is caused by a large variety of factors. The most important of which are temperature, humidity
and Ultraviolet light. Modules are installed in different locations worldwide. This means that they are exposed
to wide range of climatic conditions. Understanding how the different climatic conditions affect the PV module
is important to assess the viability of projects in different locations. The exact physical processes that cause
degradation are not fully understood. Degradation processes are generally modeled using analytical functions
that reflect the nature of these processes. These models use the environmental conditions as input. However,
the environmental conditions are not always a fair representation of the stresses suffered by a PV module.
The temperature of the module and its relationship with environmental conditions is well understood. It can
be modeled using a detailed approach like the fluid dynamics model or a simplified relation like the Sandia
model. UV light exposure throughout its lifetime can be assessed as it is proportional to the irradiance incident
on a PV module. On the other hand, the ambient relative humidity is not a good indicator of the amount of
moisture inside a module. The ingress of water into the module is affected by the design of the module and the
materials it is comprised of. Currently, the ambient relative humidity is used as an indicator of the stress posed
by moisture on the solar module.

In chapter 2, A FEM model is developed in order to calculate the amount of moisture inside of a module.
The model takes into account all the relevant physical processes. The moisture propagates through the module
thanks to diffusion which is modeled using Fick’s second law of diffusion. The equilibrium at the interface of
the module is modeled using Henry’s law. This model takes into account the different material properties that
affect moisture ingress. Namely, the diffusion coefficient of materials as well as the solubility. The model
therefore can be used to model the moisture ingress into different modules in different climates. The geometry
of the model is modified in order to be able to model the moisture ingress into glass-glass modules. The model
is validated using experimental and simulated values from literature.

In chapter 3, the developed model is used to simulate the moisture ingress into different modules in different
climates. Precisely, the ingress in five different climates is simulated. The effect of material choice is studied
by simulating modules with different encapsulants and different backsheets. Finally, glass-glass modules
are also analyzed. These results are used to draw a relationship between the model parameters and the
results of the model. The most interesting results is that the modules end up reaching an equilibrium with the
surrounding environment. This equilibrium is predicted by the effective relative humidity of at the interface
of the module. The second interesting result is that the dynamics of moisture ingress can be linked to the
diffusion coefficient and length of the path through which the moisture has to propagate. These approximations
could provide good estimates of the moisture ingress into a PV module through its lifetime. Although, there are
some limitations in the prediction of the results for different backsheets.

One of the goals of this research is to improve our understanding of the link between moisture and
degradation, The moisture ingress model calculates the amount of water that enters a module. It provides no
insight into how the modules degrade. The best way of combining the results with the analytical degradation
model is analyzed in chapter 4. Degradation data for PV modules is available for accelerated lifetime models.
The results of accelerated lifetime models is used to validate the compatibility of the moisture ingress model

72
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with analytical models. The results show that it is possible to use the model in combination with analytical
degradation models to predict the results of accelerated lifetime tests. On the other hand, the analytical models
can’t be combined with the model to predict the degradation through the lifetime of the module. This is because
the analytical models are built to use a constant value for the ambient relative humidity. Swapping this with
the time changing value of moisture inside the module which is a time varying value that fluctuates does not
give good results. Therefore, a different approach has to be followed for modelling the degradation in real life
conditions. The Peck and BET model are studied as alternatives for real life degradation. These models differ
in how they relate the amount of moisture to the degradation rate. Due to the lack of data it is not possible to
calibrate these models correctly and use them to predict an amount of degradation. It is still possible to use
them to compare the degradation under different conditions. The degradation in different climates follows the
general trend (higher degradation to lowest degradation): Tropical > Arid > Temperate > Continental > Polar.

5.1. Future work

There are three areas in which the work presented in this thesis can be continued: Improving the moisture
ingress modelling, Experimental data collection and improving the degradation modelling. The possible
improvements for the moisture ingress modelling and the power degradation modelling are already discussed
in the corresponding section in Chapter 2 and in Chapter 4. Here, they are just outlined for the sake of
completeness

* Moisture ingress modelling

— Improving the efficiency of the COMSOL model

— Non-Fickian diffusion

— Material ageing
+ Experimental data collection

— Damp heat experiments on different modules

— Approximate calibration of degradation model with literature data.
* Power degradation modelling

— Modelling of specific mechanisms

— Spatial dependence of degradation
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Moisture ingress model development

A.1. Diffusion coefficient from different sources
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Figure A.1: Left: Diffusion coefficient from different sources for EVA ; Right: Diffusion coefficient from
different sources for PET Backsheets. Sources: A = [17], B = [40], C =[36], D =[45], E =[44]

The diffusion coefficients found for EVA show good correlation for the range of temperatures that are relevant
for the model. At higher temperatures the values for the values reported in [45] deviate from the other values
reported. This should be taken into account but these high temperatures are reached less frequently. Similarly,
for backsheets the diffusion coefficients from different sources have similar values. However, the values
reported in [44] deviate significantly at higher temperatures. The higher deviation for backsheets can be
explained due to the different layouts and components that can compose the backsheet. All the data shown
in figure A.1 (right) corresponds to PET based backsheets. However, they have more layers which can be
different and have different properties.
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A.2. Solubilities from different sources

80

Dqy [m?/s] | E, [kJ/mol] | Source
Encapsulant (EVA) | 4.22-10~* | 40.12 [17]

2.46-10~* | 38.97 [40]

2.31-107% | 38.1 [36]

8.41-107% | 30.64 [45]
Backsheet (PET) 3.84-1077 | 33.35 [17]

5.1-1077 | 35.2 [40]

6106 42.18 [40] (White PET)

8.13-1073 | 58.43 [44]

Table A.1: Arrhenius expression parameters from different sources for Diffusion coefficient of EVA and PET
based backsheets

A.2. Solubilities from different sources
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Figure A.2: Left: Solubility coefficients for EVA encapsulants from different sources. Right: Solubility
coefficient for PET based backsheets from different sources. B = [40], C =[36], D = [45], E =[44], F = [39]

The values from the paper of Hulsmann et al [39] are not given because they do not provide solubility
measurements. The curve is obtained by using the Diffusion coefficient and the Permeation coefficient. The
values reported for the EVA encapsulant show a relatively good agreement. However, the values for the
solubility in the backsheet differ more. This could be caused by a greater variability in the chemistry of the
backsheets used as they are comprised of multiple layers. The backsheets are called by the composition of the
core layer (PET) but the other layers can have a different composition and still be referred to as PET backsheets.



A.3. Model validation 81

So [g/m?] E, [kJ/mol] | Source
Encapsulant (EVA) | 2.91 - 10° 12.58 [40]

1.81- 106 16.7 [36]

8.41-10°6 30.64 [45]
Backsheet (PET) | 1.048 - 10° 12.26 [40]

So [g/(m? - Pa)] | E, [kJ/mol] | Source
Encapsulant (EVA) | 4.92-104 —16.836 [45]
Backsheet (PET) 3.81-1077 —38.44 [44]

Table A.2: Arrhenius expression parameters from different sources for Solubility coefficient of EVA and PET
based backsheets

A.3. Model validation
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Figure A.3: Comparison of experimental and simulated results from literature and results of the model
presented in this thesis. [A] = [54]



Moisture ingress model results

B.1. Moisture ingress for different climates

In the figure below the ambient conditions for the different locations are given together with the values for the
hottest/coldest and most/least humid months. This gives an idea not only about the average conditions but
how varied they are through the year.

305 T T T T T .

300 r _ A

295 r - .
¥ I e |
® 290 | : S8 — |
= I 5 1]
o H—— |
© 285 e | ]
o r =n 1
E
m 1 ]
= 280 I 1 7
E -
R
ﬂ [ - -
= 275
< Tropical 1

270 1| 1 Temperate i

HH  Arid
265 r Polar 7
FHPH Continental
260 1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ambient RH [-]

Figure B.1: Average RH and ambient temperature for each location with error bars representing the
hottest/coldest and highest/lowest RH months for each location

In figure B.2 the results for the RMC inside the modules without applying an averaging over the day are
shown. These results are included as they are the actual results delivered by the moisture ingress model.
however, these graphs are ot easily readable that is why they are included in teh appendix and not in the main
body of the report.
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Figure B.2: RMC for the different climates
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Figure B.3: Concentration of water in module for the different climates

The trend when looking at concentration instead of RMC is less clear with respect to the dependence on

ambient RH. This can be seen in figures B.4 and B.5 In general, a higher RH results in a higher concentration.
However, the same can be said for the dependence on temperature. A higher temperature results in a higher
concentration of water in the module for most samples. This can be explained by the dependence of the
solubility on temperature, which follows the same behaviour.
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Figure B.4: Average module concentration through the lifetime of the module as a function of the average
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Figure B.5: Average module water concentration in the module during the last year simulated as a function of
the average ambient conditions.

Figures B.6,B.8, B.7 are included to show that the conclusions for the penetration time are valid for different

values of concentration or RMC which confirm the insights discussed in the main body.
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Figure B.8: Time elapsed before a moisture concentration of 0.01 kg/m? is reached inside the module as a
function of average ambient RH and temperature.

B.2. Moisture ingress for different encapsulants

In the next two figures the difference between the diffusion coefficient and solubility for the same materials
coming from different sources are shown. This is done to show that there is intrinsic uncertainty with using
values from literature for the moisture ingress parameter as there can be a large discrepancy from different
sources as the materials can vary and different measurements techniques can be employed.
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Figure B.9: Diffusion coefficients for different encapsulants from different sources as a function of the inverse
of temperature (0-60 °C'). Mit = [40], Kempe = [36]

In the figure below the results in terms of water concentration for the different encapsulants are included.
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temperature (0-60 °C). Mit = [40], Kempe = [36]
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Figure B.11: Moisture concentration using different encapsulants

B.3. Moisture ingress for different backsheets

In this section appendix results in terms of RMC (without averaging) and water concentration are shown for
completeness.
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Figure B.12: Averaged RMC for modules with EVA encapsulant and different BS
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Figure B.13: Water concentration for modules with EVA encapsulant and different BS

B.4. Moisture ingress for glass-glass modules

The next two figures give the temperature dependence of the moisture ingress parameters for the glass-glass

modules simulations.
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The next four figures give the results for the moisture ingress simulations for the glass-glass modules
expressed in concentration and RMC (without averaging).
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Figure B.16: RMC for glass-glass modules with EVA encapsulant and PIB edge seals in the five different
locations
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Figure B.17: Water concentration for glass-glass modules with EVA encapsulant and PIB edge seals in the

five different locations
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Figure B.18: RMC for glass-glass modules with PVB encapsulant and PIB edge seals in the five different
locations
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Figure B.19: Water concentration for glass-glass modules with PVB encapsulant and PIB edge seals in the
five different locations



Fitting power degradation

C.1. Fitting accelerated lifetime tests: Training with other three experi-

ments
Model k[1/h] Eu[kJ/mol] | n u L
COMSOL 7.1957.10* | 57.228 0.5388 | 3.2193 | -
Fixed RH 2.4487-10* | 54.265 0.4673 | 3.7848 | -
COMSOL +limit | 6.9165-10* | 57.029 0.4370 | 4.7892 | 0.8083
Fixed RH + limit | 3.7653-10* | 55.384 0.4421 | 5.4519 | 0.8028

Table C.1: Parameters that give the best fit for each model when trained with the first three experiments

o
@

Relative MPP
o o
S w

=]
w

95/70
75/85
85/85
95/85
90/50

o
[S]

o

0 . .
0 1000 2000

3000 4000 5000 6000 7000

Relative MPP
o o o o ©
~n w = (&2 @

e

0 L .
0 1000 2000

95/70
75185
85/85
95/85
90/50

3000 4000

5000 6000 7000

Figure C.1: Fitting results using equation 4.4. Left: Fitting results using the results of the moisture ingress
model. Right: Fitting results using the fixed RH. Lines represent the fitted or predicted trend. Crosses
represent the data used to train the model. Circles represent the data that the model will attempt to predict.

Legend gives the experimental conditions of each in the form T/RH

96
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Figure C.2: Fitting results using equation 4.4 with the addition of parameter L. Left: Fitting results using the
results of the moisture ingress model. Right: Fitting results using the fixed RH. Lines represent the fitted or
predicted trend. Crosses represent the data used to train the model. Circles represent the data that the model

will attempt to predict. Legend gives the experimental conditions of each in the form T/RH

Model MAPE fit [%] | RMS fit [-] | MAPE predict [%] | RMS predict [-]
COMSOL 3.5695 0.0304 6.9104 0.0728
Fixed RH 3.5901 0.0301 6.6203 0.0694
COMSOL + limit | 2.6923 0.0249 7.5563 0.0842
Fixed RH + limit | 2.6092 0.0243 7.2833 0.0806

Table C.2: Statistical analysis of fitting and prediction when training with the first three experiments
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C.2. Results for the moisture ingress model used as input for the life-
time degradation modelling
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Figure C.3: Difference in input when using the COMSOL model and the fixed RH for different locations. The
lines at a constant value are the input when the climatic RH is used. The lines that change value over time are
the input from COMSOL
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Figure C.4: Module temperature at different locations. In brackets is the input for the fixed conditions model
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Figure C.5: Daily trends in water concentration in the encapsulant below the solar cell and module
temperature for the three chosen locations. Results for two first days of January of the 11" year
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Figure C.6: Concentration profile in backsheet and encapsulant under solar cell. Results for Gran Canaria,
the 01/01 of the 10th year of simulation

C.3. Sensitivity analysis of degradation models

The next two figures represent where the data points in figure 4.15 come from. They show the degradation
through the lifetime of the module in the different climates using the BET and Peck (n = 1.9) models.
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Figure C.7: Sensitivity analysis of k parameter as a function of RMC. Left: Peck model. Right: BET model



C.3. Sensitivity analysis of degradation models

102

Iog(kh [1/hour])
&

&

Figure C.8: Sensitivity analysis of F, parameter as a function of temperature. Left: Peck model.

Peck model
T T T

Ea=0.8Ea
Ea=0.9Ea
Ea=Ea
Ea=0.1.1Ea
Ea=0.12Ea

-
/

0.4 0.5 0.6
RMC[]

model

Iog(kh [1/hour])

BET model
T T

Ea=0.8Ea
Ea=0.9Ea
Ea=Ea
Ea=0.1.1 Ea
Ea=0.12Ea

0.1

0.2

0.3

04

0.5
RMC []

0.6

07

0.8

0.9

Right: BET



C.4. Degradation modelling for different climates

103

C.4. Degradation modelling for different climates

Relative power output [-] Relative power output [-]

Relative power output [-]

0957}

08}

085}

0.8

0957}

08}

0.85¢}

0.8

sy

0957}

2
©
.

0.85¢

=
o3}

Tropical climates

A

",

N\

GC \
Manaus
Jakarta
0 5 10 15 20
time [years]
Polar climate
0 5 10 15 20
time [years]
Continental climates
Portland
Oslo
0 5 10 15 20
time [years]

Relative power output [-]

Relative power output [-]

0957}

09F}

085}

0.8

—_

0957}

o
©

085}

o
o

Temperate climates

LA
Freiburg
0 5 10 15 20
time [years]
Arid climates
[ '““":_,___"———_____'
_““-—\__\ —
‘h“\q__\ e —
“—\___‘\
S
“—HH_\KN-
Negev
Puno
Almeria
0 5 10 15 20
time [years]

Figure C.9: Predicted power degradation in different climates using the BET model
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Figure C.10: Predicted power degradation in different climates using the Peck model with constantn = 1.9
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