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Abstract

A fundamental challenge with solar energy is improving the reliability, and increasing the
lifetime, of photovoltaic modules. Typically, photovoltaic module manufacturers guarantee
80% of the nominal power of their modules for 25 years, but this type of guarantee is not based
on a deep comprehension of the degradation mechanisms of the modules. Moreover, the
current target is to extend lifetimes to 30-40 years. For these reasons, accurate predictions of
the lifetime of modules are needed. This doctoral work fits directly into this problematic, by
developing test sequences and models that allow for the prediction of the electricity produc-
tion of modules in the long term, taking into account the climates in which they operate. We
consider the technology of crystalline silicon (c-Si), which largely dominates the market of
photovoltaic modules.

In Chapter[I|we identify two main degradation mechanisms, potential-induced degradation
(PID) and interconnection failures, which are of particular interest as they can occur not only
in harsh environments such as desert or tropical regions, but also in temperate climates.

The main topic of this dissertation is the PID failure mechanism. Chapter [3|offers an intro-
duction to PID for conventional p-type c-Si cells and modules. Chapter [3|also includes a
description of the power regeneration mechanism.

In Chapter[4} we develop a predictive model for PID. This model is based on empirical equa-
tions between the variation of the module’s power and the stress factors for PID (e.g. tempera-
ture or humidity), obtained from a matrix of accelerated tests in the laboratory. The result is
a set of equations that describe the main phases of the evolution of PID as a function of the
stress parameters.

In Chapter[5} we apply the model developed in Chapter[4]to predict the evolution of PID for
mini-modules operating in real conditions (outdoors) in different climates. One difficulty is
that, in this case, the stress levels vary continuously according to the meteorological conditions.
We overcome this issue by using a mathematical method based on the concept of equivalent
time. Moreover, suitable thresholds on the weather conditions are set to properly simulate the
different phases of PID. In Chapter[6} we evaluate the effectiveness of some strategies that are
currently available on the market to obtain “PID-free” modules.

Chapter([7)is devoted to interconnection failures, the second degradation mode under study in



this dissertation. In particular, we validate experimentally a model developed in LT-SPICE that
simulates the performance of a module with disconnections in the electrical circuit.

In summary, this thesis proposes a combination of a dedicated sequence of accelerated tests
and a mathematical model that allow us to predict, for a given location, the effect of PID on
the power output of a module. We are confident that, in general, this methodology can be
applied to other degradation mechanisms, therefore leading to an improved prediction of
reliability of photovoltaic modules in different climates.

Key words: Photovoltaics, Solar cell, Silicon, Module, Reliability, Accelerated lifetime test (ALT),
Degradation, Failure mode, Modeling, Simulation, Prediction, Lifetime, Climate, Potential-
induced degradation (PID), Encapsulant, Interconnections, Water ingress, Water vapor trans-
mission rate (WVTR), Finite elements method (FEM), LCOE, Durability
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Résumé

Alors que l'efficacité de conversion de certains modules commerciaux dépasse désormais
les 22%, un des défis majeurs de I'industrie photovoltaique consiste a améliorer la fiabilité
des modules afin d’augmenter leur durée de vie. Généralement, les fabricants de modules
garantissent 80% de la puissance nominale pendant 20 a 25 ans. Cependant, ce type de garantie
n’a pas de réel fondement scientifique et n’est pas basé sur une compréhension détaillée des
mécanismes de dégradation affectant les modules. L'objectif actuel étant de prolonger la durée
de vie des modules au-dela de 30 - 40 ans, il est absolument nécessaire de pouvoir réaliser des
prévisions détaillées du rendement énergétique d'un module sur le long terme. Ce travail de
doctorat s’insére directement dans cette thématique en développant des séquences de tests
et des modeles prédictifs permettant de quantifier la durée de vie des modules en fonction
de leur environnement climatique. Les travaux présentés ici portent sur la technologie du
silicium cristallin (c-Si) qui domine largement le marché des modules photovoltaique.

En premier lieu, il s’est agi d’identifier les principaux mécanismes de dégradation. Deux ont été
retenus comme critiques pour la technologie c-Si : le « PID » (potential-induced degradation)
et les défaillances liées aux interconnections électriques. En effet, ces deux mécanismes de
dégradation ne concernent pas seulement les modules implantés dans des régions avec climat
extréme (par ex. désertique ou tropical) mais aussi dans les zones tempérées.

La majeure partie de cette thése étant consacrée au PID, le Chapitre[3|offre tout d’abord une
introduction au mécanisme de PID pour les cellules solaires en c-Si de type p. Ce chapitre
contient également une description du processus de régénération de la puissance propre au
PID.

Le Chapitre [4] est ensuite dédié au développement d'un modele prédictif pour le PID. Ce
modele est basé sur des relations empiriques entre la variation en puissance du module et
les parametres influenc¢ant le PID (par ex. température ou humidité), obtenues a partir d'une
matrice de tests accélérés réalisés en laboratoire. Le résultat est un ensemble d’équations qui
décrivent les phases principales de I’évolution du PID en fonction des parameétres de stress.

Dans le Chapitre[5} le modele ainsi développé est appliqué pour prédire I’évolution du PID
dans des mini-modules fonctionnant en conditions réelles (extérieures) sous différents climats.
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Mais, dans ce cas, les conditions de stress changent continuellement en fonction du temps, ce
qui a nécessité des adaptations mathématiques. De plus, nous avons fixé des seuils spécifiques
sur les conditions météorologiques afin de simuler de facon précise les différentes phases
du PID. Dans le Chapitre[6} nous évaluons enfin I'efficacité de certaines stratégies qui sont
actuellement disponibles sur le marché pour obtenir des modules «sans PID».

Finalement, le Chapitre[7|porte sur le deuxieme mode de dégradation étudié dans le cadre de
cette these, les défauts aux interconnections. En particulier, nous validons expérimentalement
un modele développé en LT-SPICE qui simule la performance d’'un module présentant des
interruptions dans le circuit électrique.

En résumé, cette these propose, en combinant une séquence de tests accélérés dédiée au
PID et un modele mathématique adapté, de prédire, pour un lieu donné, I’effet du PID sur la
production électrique d'un module. Nous sommes convaincus que, de maniére générale, cette
méthodologie pourrait étre appliquée a d’autres mécanismes de dégradation, permettant
ainsi d’améliorer les prédictions de fiabilité des modules photovoltaiques dans différentes
conditions climatiques.

Mots clefs : Photovoltaique, Cellule solaire, Silicium, Module, Fiabilité, Test de durée de vie
accélérée (ALT), Dégradation, Mode de défaillance, Modélisation, Simulation, Prédiction,
Durée de vie, Climat, Potential induced degradation (PID), Encapsulant, Interconnexions,
Entrées d’eau, Taux de transmission de la vapeur d’eau (WVTR), Méthode des éléments finis
(FEM), LCOE, Durabilité
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1] Reliability of photovoltaic modules

1.1 Introduction

1.1.1 Solar photovoltaic electricity

Within the challenge of covering worldwide increasing energy needs while maintaining limited
CO- emissions, renewable energies are now becoming major actors on the scene. Not only do
they offer energy, and more particularly electricity, with reduced environmental and health
impacts, but they can also increase energy security, and improve energy access for developing
countries. Energy sources such as solar and wind energy, biomass, and hydropower offer
sustainable solutions to meet our energy needs as an alternative to fossil fuels. Photovoltaics
(PV) — i.e. the direct conversion of sunlight into electricity — has, in particular, experienced
rapid growth over the last few decades.

According to the International Energy Agency [53], the total capacity of PV installed worldwide
by the end of 2016 was 303 GW, and the average annual growth rate in the period 2010-2016
was 40% (see Figure[L.1). PV adoption has also shown a rapid increase in Switzerland, with a
total installed capacity of more than 1500 MW at the end of 2016, and is one of the pillars of
the 2050 energy strategy of the Swiss Confederation. Reasons for this market expansion are the
increasing competitiveness of photovoltaics, driven by the increase of solar cell efficiencies
and by the steady reduction of PV module costs that have dropped by approximately 80%
since 2010.

Photovoltaics is employed in power systems that range from residential installations (rooftop-
mounted PV systems), with capacities of a few kilowatts, to large utility-scale systems (ground-
mounted PV plants) with capacities of tens/hundreds of megawatts. The Tengger Desert Solar
Park built in China in 2017, currently the largest solar power plant in the world, has a capacity
of 1500 MW. The involvement of electric utilities i.e. electricity producers and retailers) is
playing a role in the development of the PV market.
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Figure 1.1: Photovoltaic global capacity and annual additions (reproduced from [138]).

1.1.2 Solar photovoltaic electricity: cost reduction

A factor to consider when evaluating whether to invest in a photovoltaic installation is its
energyyield, i.e. the amount of electricity (in kWh) that the system will produce over its lifetime.
The electricity generation cost is strictly related to the energy yield. Therefore, its estimation is
particularly relevant for PV plant owners. The levelized cost of electricity (LCOE) is a quantity
generally used to compare electricity generation costs among different technologies [150].
The LCOE is a present value assessment of the total system costs over its lifetime and the
system returns. There are different formulas to calculate the LCOE, however they are all based
on the same principle: the total lifecycle system cost (from building the plant to operation,
maintenance, and decommissioning) is divided by the total energy yield of the system over its
lifetime (Equation (1.1)):

Lifecycle cost

LCOE = (1.1)

Lifetime energy yield

The LCOE is therefore expressed in €/Wh. Financial factors such as inflation or the cost of
capital are also taken into account and discounted depending on the LCOE formula in use. To
give an example, we refer to the formulas used in [150] and express the lifecycle cost and the
lifetime energy yield in the following way:

N
OPEX-RV
Lifecycle cost = CAPEX+ Z — (1.2)
= A+r)
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N Yy-(1-D)"
Lifetime energy yield = Z M . (1.3)
= a+n”

The formula for the LCOE becomes:

OPEX-RV
N
CAPEX+3},_, —(1 o

vy Yo-a-p"
Ln=1 1+r)"

LCOE =

(1.4)

where:

N is the number of years in operation [years]

CAPEX is the total initial investment [€/kWPp]

OPEX is the sum of the annual operation and maintenance expenses [€/kWp]
RV is the residual value [€/kWp]

r is the discount rate [%]

Yy is the initial yield [kWh]

Dis the system annual degradation rate [%]

The LCOE can be reduced by acting on different levels ([66] provides a detailed analysis of the
impact of all the input parameters on the LCOE). At the module level, two key elements drive
the cost. One is the efficiency with which the module converts sunlight into electricity: the
higher the efficiency, the higher the initial (or nominal) energy yield, Y. The second element
is the module’s ability to maintain a high energy yield over many years. A low system annual
degradation rate D and a low risk of module failure (implying low operation and maintenance
expenses), as well as a long lifetime N, reduce the LCOE, making the PV system financially
competitive. PV module degradation rate (affecting the system degradation rate D) is defined
as the power decline over time. As we will see in Section[1.3.1} the degradation rate is strictly
linked to the climate conditions in the PV plant site.

Considering the huge investments that companies and utilities are making on large solar
plants all over the world, including locations with harsh climate conditions such as the MENA
(Middle East and North Africa) region, the tropical zones of India or desert regions in South
America, an accurate estimation of the LCOE of a PV plant should take into account the specific
climate conditions of the installation site. This second aspect for the reduction of the LCOE is
the motivation behind this work, which focuses on the lifetime and reliability of PV modules.
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In the following sections we describe the composition of a PV module with special attention
to the packaging scheme. We then introduce the concepts of lifetime and reliability for PV
modules, give an overview of the degradation rates of PV installations worldwide, and give
a brief overview of the main failure modes for PV modules. Finally, we describe accelerated
aging tests, a tool employed to study module reliability in a reasonable time frame, and briefly
discuss different uses of such tests as well as their limitations.

1.2 Photovoltaic module technology

The focus of this thesis is on PV modules with crystalline silicon (c-Si) cells, which represent
the dominant technology with over 90% of the market share and of cumulative installations.
The core device inside a c-Si PV module is the solar cell, a semiconductor material able to
convert the energy of light into electricity by the photovoltaic effect. Solar cells are very thin,
with typical thicknesses of around 200 um, and brittle. Therefore, they are very fragile. In order
to be deployed outdoors without breakage, damage or safety issues, they must be protected
from environmental elements such as as rain, snow or wind. A PV module (or solar panel) is
the assembly of several solar cells that are (i) electrically interconnected (typically in series,
in order to increase the voltage output), and (ii) encapsulated between some materials that
protect them from the environmental stress factors, and provide electrical isolation of the
electrical circuit.

1.2.1 PV module electrical interconnections

Different levels of electrical connections are present in a PV module. For the terminology used
in this thesis we refer to [51], Chapter 4.6, where clear definitions of the module parts are given
which should be used with consistency in PV module reliability research.

Starting from the cell, “gridlines” (also called “fingers”) are metallic lines <0.4 mm thick that are
directly in contact with the front silicon surface of the cell. Current collected in the gridlines
makes its path towards the “busbars”, also directly in contact with the cell. The back surface of
the cell is completely metalized and also features busbars, arranged in correspondence to the
front ones. A typical cell has two or three busbars (even if the industry trend is to increase this
number to four or five). This metalization on the cell is shown in Figure

Cells are then connected one to another by metallic ribbons, referred to as “cell interconnect
ribbons”. Each ribbon is soldered on the cell busbar (which therefore becomes not visible), and
connects the top of one cell with the rear of the next one. A line of serially interconnected cells

“y

is called a “string”. Multiple strings are then connected together with a “’string interconnect’
(see Figure|1.2b). In general, commercial PV modules are made of three substrings of 20 cells

each.
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Figure 1.2: Schematic of the metalization in a c-Si PV module. |(a)|Metalization on the silicon
cell: gridlines and busbars are in direct contact with the silicon. [(b)|Illustrative example of cells
connected to one another with cell interconnect ribbons, forming a string; multiple strings
are then connected together by means of a string interconnect. Images from [51].

1.2.2 PV module packaging

Figure[L.3|shows the typical packaging for c-Si cells. The stringed cells are generally protected
on the front side by a glass. The rear cover can be either a polymer-based material (in this case it
is called the backsheet) or glass. These configurations, typically referred to as “glass/backsheet”
and “glass/glass”, take 90% and 10%, respectively, of the c-Si module market [61]. Finally, the
different layers are encapsulated together by means of a polymer foil on each side of the cells,
called the encapsulant.

o ——————— Al frame

Glass
Front encapsulant
Stringed solar cells

Rear encapsulant

Backsheet / Glass

Junction Box

Figure 1.3: Packaging scheme of a c-Si PV module. The stringed cells are protected by glass in
the front and a backsheet or glass in the rear. The different layers are encapsulated together by
means of a polymer foil on each side of the cells. Image adapted from [95].

The purposes of PV module packaging are multiple [134], [21]. The front glass gives mechanical

5
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support against wind and snow loads, hail impact, and transport and installation damages. It
must ensure at the same time good light transmittance to the cell surface. The encapsulant
provides adhesion between the cells and the top and rear covers of the module. Properties
required for a good encapsulant material are a high optical transmission, stability to high UV
exposure and to elevated temperatures, good adhesion, and a coefficient of thermal expansion
that limits the stresses due to thermal excursions. The encapsulant also has to maintain
electrical insulation and to prevent moisture ingress. In some cases, the module is sealed
around all its edges. The edge sealing provides a very high moisture barrier and makes the
module packaging almost impermeable. The main functions of the rear cover are to provide
electrical insulation (protecting people from dangerous high voltages and preventing current
leaks from the circuit) and to prevent the ingress of moisture. The junction box is installed at
the back side of the module, where the electrical connections exit the package. It is a plastic
box that protects the connections from the environmental factors and hosts the bypass diodes,
used to protect substrings from reverse biasing that may be caused by shading. A good sealing
of the junction box to the backsheet is required to ensure good adhesion throughout the
module lifetime. Finally, a metal frame is often added along the module perimeter. Glass/glass
modules are often frameless. The role of the frame lies in its mechanical characteristics that
bring benefits to the handling, storage, fixation, and grounding of the modules, and improves
their resistance against mechanical loads such as wind or snow.

Good packaging is therefore essential to ensure a long lifetime of the PV module.

1.3 Reliability in photovoltaics

1.3.1 PV module degradation modes

As discussed in Section[1.1.2} increasing the lifetime of PV modules is a crucial factor for
minimizing financial risks and is therefore of great importance for all stakeholders (investors,
system owners, financial institutions, etc.). Modules operate outdoors for several years, ex-
posed to a variety of environmental stresses. Weather factors such as temperature, humidity or
wind loads can degrade the module materials reducing their power performance. PV module
aging and degradation mechanisms have been documented over the past decades from field
inspections worldwide. The main degradation modes are known and their causes have been
identified in most cases. We recall that the focus of this thesis in on c-Si PV modules: in the
following of this thesis we will always implicitly refer to this technology unless differently
specified.

Typically, in reliability engineering, the failure rate of a system or component throughout
its operation time is pictured with the so-called bathtub curve (Figure[1.4) (see [117] or [72]
among others). The bathtub curve illustrates the idea that the operation of a device can be
considered as composed of three periods:
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1. An infant mortality period, with catastrophic failures occurring at the very initial stage
of deployment, mainly due to defective items and causing the end-of-life of the product.

2. A midlife failure period, where failures are generally random and occur at a constant
rate.

3. A wear-out period, where the failure rate increases again.
Generally, well-designed qualification testing should prevent or mitigate severe failures in

the early life stage. Midlife and wear-out failures will strongly depend on the specific climatic
conditions of the installation site.

Failure
Rate
Infant Wearout
Failures Midlife Failures
(Random)
, Failures
! :
i Al
' )
[ '
0 0
Time

Figure 1.4: The bathtub curve.

In the case of a PV module, the main failure mechanisms at each of these three stages are
shown in Figure[1.5} from a 2014 report of the International Energy Agency (IEA) dedicated
to PV module failure modes in the field [51]. Their effect is typically quantified in terms of
module “power degradation”, referring to the relative loss in the module maximum power
Prax, i.e. the decrease of Ppax with respect to the nominal power, normalized by the nominal
power. For example, a degradation of 60% means that the module maximum power is the 40%
of the nominal power.
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Figure 1.5: Three typical failure scenarios for c-Si modules. Source [51].

In this thesis, we examine two specific degradation modes: potential-induced degradation
(PID) and power degradation due to defects in the module electric interconnections. Both
of them fall into the category of midlife failures, even if PID can be considered as an infant
failure. However, for the sake of completeness, we include here a short description of the other
degradation mechanisms.

1. Infant failures occur at the beginning of the outdoor exposure of a PV module. Light-
induced degradation (LID) is normally not considered to be a failure mechanism, as it
occurs in the very first hours of operation and the module power then stabilizes. Infant
failures are caused mainly by manufacturing defects of the module, transportation,
or installation, or could be caused by poor design or selection of materials. Some of
the most frequently observed infant failures are junction-box failures, glass breakage,
defective cell interconnects, and loose frames. Note that PID can be considered as an
infant failure as it was detected in some PV plants after less than three years of operation.
We address this topic in greater detail in Chapter[3]

2. Failures relative to the midlife of PV modules were described in a study by DeGraaf [22].
PV modules in operation for eight years were inspected and showed defects mostly in
the internal electrical circuit (detachment of ribbons and interconnects) and glass (e.g.
delamination of the anti-reflecting coating).

3. Wear-out failures occur after many years of deployment, as a result of the steady degra-
dation of materials due to continuous exposure to stresses. Typical examples are delami-
nation and the corrosion of the metallic cell interconnections, both requiring long-term
exposure to moisture ingress, and discoloring of the encapsulant. Wear-out failures
determine the maximum lifetime of PV modules.

The module aging and the decrease in performance with time are complex processes that
involve the interaction of several factors, namely:

8
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Service use weather conditions;

—

ii Module materials (cell technology, encapsulant material, etc.) and design;
iii Module mounting system; and

iv Module manufacturing process and quality control practices.

—

The degradation processes that can affect PV modules are linked to climate conditions
[88]. As recently confirmed by Jordan from NREL in an extensive literature survey on
PV module field reliability [68], discoloration of the polymeric encapsulant is the most
frequent degradation mode in hot climates. In tropical areas, a high relative humidity acts
as preponderant stress factor and the most frequent degradation modes like delamination
of the backsheet from the rear encapsulant are caused by water ingress. One degradation
mode can be caused by a combination of various environmental stresses. For example, the
delamination between the encapsulant and the front glass depends on the combination
of UV irradiation, temperature, and relative humidity conditions [104]. As we discuss in
Chapter[3} PID is triggered by a combination of high temperature and relative humidity.
Furthermore, some degradation mechanisms are interdependent. Backsheet delamination,
for instance, enhances moisture diffusion into the encapsulant which in turn increases the
risk of corrosion of the metallic interconnects in the long term.

ii The materials employed in the module sandwich clearly play a prominent role in minimiz-
ing the risk of power degradation. For example, as we discuss in Chapter|[6} encapsulants
with a high volume electrical resistivity are very effective at limiting PID. The choice of
materials should be based on the specific climate where the modules are to be installed, as
two modules with the same bill of material (BOM) are not likely to suffer from the same
failures in temperate locations, such as Continental Europe, or in desert climate countries,
such as Saudi Arabia.

iii Module mounting systems (such as roof-mounted or building-integrated) that lead to
a higher module temperature than the standard open-rack configuration will generally
result in higher degradation rates.

iv Finally, quality control during the module manufacturing process is essential to ensure
a good performance in the long run. For instance, a bad soldering of the metallic inter-
connections on the solar cells might induce damages in the cells’ metallic fingers, which
might then further degrade during exposure to thermal cycles.

In view of these considerations, it is evident that a proper estimation of the module aging
requires a clear understanding of the degradation mechanisms as well as their impact on
module power output.
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Failure modes and effects analysis for PV modules

In the first phase of our work, we studied and analyzed in detail the most relevant papers in
the literature, understanding the possible consequences of the various failure modes on the
performance of PV modules. We also examined the likelihood of such failures to occur as a
function of climate and module technology.

Among studies that report inspection of failures in old PV installations, SunPower’s analysis
[22] of more than 1.5 gigawatts (GW) of installations of various types of silicon modules from
21 manufacturers showed that the major failure mode observed is failed solder bonds (e.g.
interconnect ribbons breakage, solder creep, etc.).

However, these analyses are mostly based on visual defects observed on modules; a quantifi-
cation of their effect on power reduction is rarely available. In fact, not all failure modes have
severe effects on the performance of PV modules. Moreover, the real impact of each failure
mode on module performance depends on the climate where the module is installed. For
instance, encapsulant yellowing in Switzerland does not significantly affect the power output
[137], but it becomes a serious concern in hot and dry regions like Arizona where effect of
UV radiation is harsher. There, it was estimated to be responsible, together with solder bond
fatigue, for relative power drop as high as 42% [7].

Finally, failure modes are directly related to module materials and they, hence, continuously
evolve with the material adjustments made by module manufacturers. For instance, the
backsheet detachment observed on 95% of the modules in the 26-year-old PV plant at SUPSI
[29] is not likely to happen in more recent installations, as that specific backsheet design by
Arco Solar (Tedlar-aluminum-Tedlar) was particularly brittle.

Our analysis, which included participation in workshops, visits to research centers, and
discussions with PV module reliability experts, led to the identification of two dominant failure
modes to be considered for a prediction of long-term performance: PID and failures in electric
interconnections. These degradation modes are of great interest in that they occur not only
in extreme climatic conditions (e.g. tropical climates) but in temperate climates, such as in
Switzerland, as well.

In the above-mentioned statistical survey of 2017 [68], Jordan et al. extensively analyzed the
photovoltaic field reliability literature and deduced a ranking of the degradation modes based
on both their frequency (number of affected modules) and their effect on power loss (severity).
For the younger installations, those with less than 10 years of operation, the most observed
degradation modes are hot spots and internal circuitry discoloration (both related to electric
interconnections), encapsulant discoloration, broken cells, and PID (see Figure[1.6). Among
these, encapsulant discoloration, though the most noticeable degradation mode, in fact has
a low severity. Hot spots and PID are instead identified as the highest severity degradation
modes for PV systems less than 10 years old.

10
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Figure 1.6: Pareto chart of the most significant degradation modes for systems installed in the
last 10 years. PID is ranked as a high-severity degradation mode. Interconnection failures,
which include hot spots and internal circuitry (IC) discoloration, also play a large role in
degradation. Image adapted from [68].

These findings further justify our choice for the work carried out in this thesis, whose main
goals are (i) to predict PID in different climatic conditions and identify module encapsulation
architectures that prevent or limit the occurrence of PID, and (ii) to improve the understanding
of the failures in the module electrical interconnections.

1.3.2 PV module reliability

The performance degradation described in the previous section must be quantified, and this
is typically done in terms of loss of module maximum power with respect to its nominal
power. The module maximum power, P, .y, is the maximum power output of the module
when measured at standard test conditions (STC), i.e. irradiance of 1000 W/m?, solar spectrum
AM1.5G, and temperature of 25°C. The nominal power, Ppon,, indicates the initial maximum
power of the module measured by the manufacturer (i.e. the nameplate value). More details
on module performance characterization are provided in Chapter[2}

Presently, PV module manufacturers typically guarantee 80% of the nominal power for 25
years. If we assume a linear power degradation rate, this corresponds to an annual degradation
rate D of 0.8%/year. Many manufacturers also give a double warranty of 90% of the initial
maximum power for the first 10 years, and 80% of the initial maximum power for 25 years.
Some top-tier companies started in the last few years to propose their own warranty curves.
Some of the warranty curves that can be currently found in the PV market are presented in

Figure

There are reported cases of PV installations in which a high percentage of modules is still

11
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Figure 1.7: Typical power warranties for c-Si PV modules (black lines). The module maximum
power P, is expressed as percentage of the nominal power value, Pyom, i.e. the maximum
power rated by the manufacturer (red line). The green line shows the warranty provided by
Sunpower, which guarantees a higher energy yield during 25 years.

performing well after 20 or 30 years, with power performance exceeding the warranty criteria
of 80% of the nameplate power [141], [29]. On the other hand, some PV plants have shown
high power losses at the module level or safety concerns after only a few years of operation
[71], [7]. On average, however, c-Si PV modules meet the traditional warranty specifications, as
the mean degradation rate is in the 0.8-0.9%/year range and the median in the 0.5-0.6%/year
range [68].

We remark that applying a linear degradation rate D for LCOE estimations (Equation (I.1)),
though a reasonable preliminary approximation, may not be sufficiently accurate to give good
predictions. In [66] Jordan et al. show how the power decline follows non-linear curves when
caused by certain degradation modes, for example solder bond fatigue. Furthermore, we
point out that, as already discussed in the previous section, the degradation rate is strongly
dependent on the technology, module location, and year of installation (older PV modules
tend to degrade more).

The period of 25 years guaranteed from the manufacturers is normally referred to as module
“lifetime”. It would however be restrictive to define a PV module lifetime as the period in
which the power output is at least 80% of the nominal power: if the energy production is still
satisfactory to the user, then the module has not yet reached the end of its lifetime. In the
remainder of this section we elaborate on the terms “lifetime”, “failure”, and “reliability” and
on how they should be used for PV modules.

In reliability engineering, the lifetime (or useful life) of a product is defined as the “time interval
from first use until user requirements are no longer met, due to economics of operation and

12
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maintenance, or obsolescence” (from the standard IEC 60050-191 [54]). Lifetime is typically
linked to the occurrence of a failure, i.e. “the loss of ability to perform as required”. Creating a
consistent definition of failure for a PV module is challenging as its aging is generally char-
acterized by a gradual degradation rather than a catastrophic event determining a complete
interruption of its performance. The term “failure” is often used in publications in an unclear
way, and modules are said to have “failed” without a definition of the term.

In this work, failure is defined as any effect that degrades the module power and that occurs
under conditions that the module normally experiences.

Reliability is a research field in many industries. The term is defined in [54] as the “ability [of a
system or component] to perform as required, without failure, for a given time interval, under
given conditions®. Failure is “the loss of ability to perform as required”. Reliability is described
by a probability function, R(t), called the reliability function, that expresses the probability
that a product performs properly (or “survives”) by time ¢. Survival is the complementary
event to failure. Reliability at time ¢ is therefore given by R(¢) = 1 — F(t), where F(t) is the
cumulative failure distribution function (i.e. the probability that the product fails by time ¢).

A slightly different term often used is durability. The durability of an item is the “ability to
perform as required, under given conditions of use and maintenance, until the end of useful
life”, where useful life (or lifetime) is the “time interval from first use until user requirements
are no longer met, due to economics of operation and maintenance, or obsolescence”. Dura-
bility is often measured as a time (e.g. years or cycles) and can be thought of as the expected
value for the useful life. As noted in [161], whereas a reliability test is performed with the aim
of reproducing failures in order to fix the issues and improve the device design, a durability
test is performed to determine the length of the maximum failure-free period. A reliability
test might turn out to be a durability test if the stress conditions are too weak to induce un-
scheduled failures. The tests performed to assess PV modules’ resistance against degradation
modes generally fall into the category of durability rather than reliability testing. Nevertheless
throughout this work the term module reliability is often used in reference to module quality
and long-term performance.

In the next section we briefly describe some of the accelerated aging testing procedures
currently regulated by international qualification standards for PV modules, and discuss how
the PV reliability community is working in order to improve such tests to obtain accurate
lifetime predictions.

1.3.3 Accelerated aging testing

As do many other industries (e.g. electronics, space, automotive), photovoltaics addresses
the topic of reliability by employing accelerated life tests (ALTs), whose aim is to reproduce in
a short time the failure modes observed during a product’s operational life. A test is said to
be accelerated when the level of at least one stress factor that causes degradation is kept at a
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higher level with respect to the service situation.
Accelerated tests are performed in the PV industry with different purposes.

Qualification tests are used by manufacturers to certify modules before selling them on the
market. For c-Si PV modules, the set of design qualification tests that modules should pass
to enter the market is described by the current International Electrotechnical Commission
(IEC) standard “IEC 61215: Terrestrial photovoltaic (pv) modules — design qualification and
type approval” [56]. A module passes the qualification if, at the end of the tests, it satisfies
some prescribed requirements on power output, visual appearance, and safety. Such tests to
identify, as we saw in Section[1.3.1} the main degradation mechanisms and the stress factors
that cause them are based on more than 35 years of field experience. Several studies describe
how accelerated tests such as those in IEC 61215 affect a module’s power output; see [155]
and [39] among others. It has been demonstrated that they are able to reproduce some of the
failure modes observed in the field (see Tablefor a summary). For instance:

e Damp Heat test: modules are exposed to a temperature (T) of 85°C and a relative
humidity (RH) of 85% for 1000 h. This test, included in IEC 61215, aims at determining
the ability of the module to withstand the effects of long-term penetration of humidity.
Failures such as corrosion of metallic components of the module and delamination can
be reproduced. A module passes the test if its power Pp,,« at the end of the 1000 hours is
not less than the 95% of the initial Py ax.

¢ Thermal Cycling test: modules are subjected to 200 cycles with T from —40°C to 85°C
(with injection of a current equal to the STC peak power current of the module). This
test, included in IEC 61215, simulates the stress induced by thermal variations, and is
particularly useful to duplicate failures in the electrical interconnections or cell cracks.
Here again the threshold to pass the test is a power loss of less than 5%.

e PID test: this test is not included in the IEC 61215 standard but in a dedicated test
specification that was developed recently and is currently in the status of a technical
specification “IEC 62804-1:2015: Photovoltaic (pv) modules - test methods for the
detection of potential-induced degradation - part 1: Crystalline silicon” [59]. The goal
is to make it a qualification test that certifies the resistance of PV modules against PID
when operated in outdoor conditions. One of the two accelerated test methods proposed
to replicate PID is to subject the module to 60°C, 85% RH in a climatic chamber with a
voltage of —1000 V applied between the cell’s circuit and the grounded frame, for 96 h.

These qualification tests have been essential to identify materials that lead to early failures
in the field and to achieve a high reliability for PV modules. However, they present some
limitations if one wants to interpret them as reliability — predictive — tests. As specified in
the IEC 61215 standard, qualification tests aim at showing “that the module is capable of
withstanding prolonged exposure in general open-air climates. The actual lifetime expectancy
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Table 1.1: Summary of the main accelerated tests for c-Si PV modules. Adapted from [158].

Accelerated Stress Test Failure mode International regulation

Thermal cycling Broken interconnections

Cell cracks

Solder bond failures
Module open-circuit - po-
tential for arcing

Junction box adhesion

Damp heat Corrosion

Delamination
Encapsulant loss of adhe-
sion & elasticity

Junction box adhesion
Inadequate edge deletion

Humidity freeze Delamination

Junction box adhesion IEC 61215, [56]

Inadequate edge deletion

UV exposure Delamination

Encapsulant loss of adhe-
sion & elasticity
Encapsulant & backsheet
discoloration

Ground fault due to back-
sheet degradation

Static Mechanical Load Structural failures

Broken glass

Broken interconnect rib-
bons

Broken cells

Solder bond failures

Dynamic Mechanical Load | Broken glass

Broken interconnect rib-
bons

Broken cells

Solder bond failures

PID test Potential-induced degra- | IEC 62804, [59]
dation

of modules so qualified will depend on their design, their environment and the conditions
under which they are operated.” (cit. from [56]). Their major limitations are thus:

1. They are not climate-specific. Two module types could pass the same test but later
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Chapter 1. Reliability of photovoltaic modules

experience very different degradation rates if installed in different climates.

2. Itisnot clear how to interpret the output of the tests in terms of module lifetime, because
we do not know how the parameters of the tests (duration, stress levels) are related to
the real stress conditions in the field (i.e. it is difficult to calculate an acceleration factor
for such tests).

3. Two different module types might both pass a given qualification test but show very
different performances if the stress conditions are increased, for example if the test is
prolonged. An example is shown in Figure from [46]. The power degradation of
different module types is very similar after the 200 cycles prescribed by the IEC 61215,
and the power loss is lower than 5% of the initial power so that all modules pass the test.
However, if the test is extended beyond 200 cycles, a very different behavior is observed
among the module types. From these results, one imagines that such modules might
perform very differently when exposed in the field.

The general problems in industry of interpreting accelerated tests are addressed in detail in a
paper by Meeker and Escobar [101].

10%

0% S

0% 4 —————— - L - — -

20% + | —am2

-30% | | M4 - f - -

-40% - TMOL Lo

—— M7

Pmax change related to initial power

-50%

Initial TC200 TC400 TC600 TC800

IEC Test level

Figure 1.8: Change in maximum power P4 of different module types during an extended
Thermal Cycling (TC) test. The x-axis represents the number of cycles. Image from [46].

Correlating indoor accelerated testing with outdoor exposure: towards lifetime testing of
PV modules

In the last few years, the PV reliability community has begun to address the issue of correlation
between indoor accelerated testing and outdoor prediction, as well as the need to differentiate
the products. Even though the qualification tests prescribed in IEC 61215 are not suitable
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1.3. Reliability in photovoltaics

for lifetime predictions, they are still a good basis for lifetime tests. A lot of effort is aimed at
developing new accelerated test programs (see Table and [88]), based on IEC 61215, that
will allow for increased confidence in long-term investments. For instance one target is to
introduce comparative and lifetime tests in the assessment of module reliability.

* Comparative tests differentiate products according to their expected long-term durabil-
ity in a specific use environment. They provide a relative quantification of the perfor-
mance of different modules.

* Lifetime tests aim at predicting the performance in the long term in the desired location,
providing an absolute quantification of a module’s “lifetime”.

Table 1.2: Three types of accelerated tests employed in the PV industry, adapted from [88].

’ ‘ Qualification Comparative Lifetime ‘
Minimum design | Comparison o . .
Purpose . Lifetime estimation
requirement of products
Quantification Pass/fail Relative Absolute
Climate Not differentiated | Differentiated Differentiated

Great progress has been made in recent years towards the development of climate-specific
and lifetime testing procedures. The International Photovoltaic Quality Assurance Task Force
(PVQAT) gathers the efforts of many research groups worldwide in order to improve the un-
derstanding of the reliability of PV modules. One goal is to propose a test protocol climate
specific. Three representative climates were identified based on the IEC standard for climate
designation 60721-2-1: temperate (or moderate), tropical (warm damp, equable), and desert
(extremely warm and dry). For example, Task Group 2 is focusing on failures of cell intercon-
nects and solder bonds and seeks to define climate-specific conditions for the thermal cycling
test.

The topic of reliability has been addressed in different industries for many decades, and
some mathematical models for lifetime prediction of products are available. A review of
accelerated test models is provided in [27]. Modeling in reliability engineering is typically
based on statistical methods, where reliability functions are used and modeled with probability
distributions such as the Weibull or Lognormal distributions; see for instance [116] and [72].
Failure modes dependent on others can be modeled with methods as multivariate survival
analysis or competing-risks analysis [99]. Such techniques are applied in many industry
sectors; for instance to study the reliability of MEMS (Micro-Electro Mechanical Systems), see
e.g [42] and [145].

Mathematical modeling is an emerging area of reliability in photovoltaics as well. Here
reliability is addressed mostly by means of empirical lifetime models, such as the Peck model,
that can be used for mechanisms that depend on humidity and temperature [124]. We briefly
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Chapter 1. Reliability of photovoltaic modules

illustrate two examples where a correlation between accelerated testing and outdoor exposure,

as well as a lifetime prediction, can be easily obtained because the kinetics of the degradation

are completely known.

18

1. In [77], Kempe estimates the numbers of years that are equivalent to the Damp Heat

test exposure for the particular degradation mode of PET hydrolysis (PET is commonly
used as a backsheet material). For PET, the degradation kinetics & are known to follow a
relation of this type:

D=A-t-RH? et

where A has units 1/time, T is the temperature, RH the relative humidity, ¢ time, and
E, the activation energy of the chemical reaction. Kempe then shows how the Damp
Heat test (at the standard Damp Heat conditions, 85°C, 85% RH for 1000h) extremely
overstresses the module, as the hydrolysis induced is comparable to about 530 years of
exposure of the module to the hot and humid climate of Miami.

. Suppose that the power of a PV module, installed in a given location, is affected by

a single degradation process. Suppose also that this process is caused by a chemical
reaction that depends on temperature T only, and whose rate % follows the Arrhenius
law:
%= A-exp (_—Ea)
xk-T

where x = 8.6171 x 1072 is the Boltzmann constant [eV/K], Ais a parameter independent
of T and characteristic of the module materials, with units [1/time], and E, is the
activation energy of the chemical reaction. The degradation at time ¢ is then D(t) =% - ¢
and the consequent module power P(t) = 1 — D(t). Let us suppose a value for the
activation energy of E; = 0.7 eV, and take A = 10° h! (arbitrary values). If the time

interval is divided into subintervals (At);, i = 1,... N, each with a module temperature
of T;, one way (see e.g. [85]) to express the module power degradation at time j is

J ~E,
Pj—l—i:Z‘i(At)i.A-exp(K.Ti). (1.5)

Supposing for example that the module is installed in Miami, and using as inputs the
Typical Meteorological Year (TMY) data for this location (we will talk in detail about
TMY in Chapter, where the time intervals have the length of 1 h, we can predict the
evolution of the module power. We obtain, with the hypothetical values assumed for the
Arrhenius parameters, that the module power after 25 years is 77% of the initial power
(thus below the warranty limit of 80%).



1.4. Structure of this thesis

In general, however, the study of PV module reliability cannot be addressed by simple re-
lationships as in the two examples above. Factors that make the prediction of the power
performance challenging include the fact that the kinetics of the degradation mechanisms are
in general not so well known, the dependency of degradation on time-varying weather factors,
and the interplay of multiple mechanisms.

This doctoral work fits directly into these open problems in PV module lifetime prediction.
The goal of the research conducted here is to improve the understanding of module reliability,
especially by providing a correlation between the indoor performance of modules during
accelerated testing and their expected power output in different climates. The main focus
is on the degradation mechanism of PID, for which peculiar challenges come from the fact
that PID is caused by multiple stress factors (temperature, voltage, etc.) and from the non-
monotonous behavior induced on the power evolution of the module. This follows, indeed,
different phases (of degradation and regeneration, depending on the weather conditions), thus
approaches that use cumulative damage or acceleration factors are inappropriate for lifetime
prediction in the case of PID. Here, we propose a test sequence to be performed in laboratory,
specifically developed here, that when applied in combination with a mathematical model
and a simulation procedure allows for the prediction, for a given installation site, of the effect
of PID on the electricity production of a PV module in the long term.

A second degradation mode, i.e. failures in the module electrical interconnections, is then
analyzed. We contribute to the understanding of this failure mechanism by quantifying exper-
imentally its effect on module electrical output. This data is then used to develop an electrical
model that allows the simulation of the performance of a module with disconnections in the
electric circuit.

1.4 Structure of this thesis

Following this chapter, introducing to the topic of reliability of solar modules, this thesis is
organized as follows.

Chapter 2] provides a short review of the experimental techniques employed throughout this
thesis. The setups for the characterization of module electrical performance and defects diag-
nostics, as well as some tools to measure material properties relevant to module reliability, are
presented. The procedure for accelerated testing to reproduce potential-induced degradation
(PID) in PV modules is then described.

In Chapterwe introduce the main subject of this dissertation, PID, to which we devote
Chapters and[6] For an easier reading of the chapters on PID, their structure and their
interdependency is illustrated schematically in Figure We start by offering in Chapter
a literature review on PID. The twofold effects that PID has on power performance (i.e.
degradation and regeneration) are described and the most accepted physical model for such
mechanisms is explained.
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Chapter 1. Reliability of photovoltaic modules

In Chapter[4] the experimental work aimed at developing a predictive model for PID is pre-
sented. First, by performing a matrix of laboratory-performed accelerated PID tests, on
two-cell mini-modules, at different stress levels, we extract an empirical equation that de-
scribes the power loss due to PID as a function of temperature, relative humidity, applied
voltage, and time. Secondly, with dedicated matrices of accelerated tests, we derive empirical
equations to describe the nighttime power recovery (in the dark, with no voltage bias applied)
and the daytime recovery (under illumination and with voltage bias).

In Chapter[5|we then apply the equations described above, obtained from indoor testing, to
simulate the outdoor performance of the two-cell mini-modules with respect to PID assuming
that they are installed in different climatic conditions.

In Chapter[6} our last chapter on the topic of PID, we conduct an analysis on the effectiveness
of some strategies currently available on the market to limit or prevent PID at the module
level. By manufacturing and testing materials with different properties in terms of both PID
and water diffusion, we investigate how the module architecture could be reinforced to limit
or delay the occurrence of PID. We use an accelerated PID test method in the IEC 62804-
1:2015 (Test Method (a), described in Chapter[2.5) to differentiate the resistance against PID of
various encapsulation schemes and materials. By extending the duration of the tests and by
optimizing the stress conditions to the specific materials, we apply a qualification test as a
comparative test.

Chapter([7]is devoted to disconnection failures. We assess experimentally for the first time the
impact of one or more disconnected ribbons on the electrical performance of strings made
of six serially connected cells. We then apply these experimental results to validate a model
that we develop in LT- SPICE, which simulates the performance of a string with disconnected
ribbons. A good agreement is found between the simulations and the measurements.

1.5 Contribution of this thesis to the research field

The work presented in this thesis led to the following contributions to the research field of PV
module reliability and lifetime prediction:

1. We proposed a new sequence of accelerated tests that can be used as a lifetime testing
protocol for PID.

2. An empirical model for PID as a function of the main stress factors was developed,
starting from accelerated tests, which takes into account both the power degradation
and regeneration mechanisms and contains new elements in respect to previous work.
For the degradation mechanism, we introduce the dependency of power loss on voltage,
which will allow for the prediction of PID in a PV plant at the string level.

3. For the regeneration mechanism, we demonstrated that, under irradiance, power re-
generation can occur even with very high negative voltages applied. These effects were
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1.5. Contribution of this thesis to the research field

previously observed in outdoor monitoring only in very few cases. Moreover, they were
never included in general PID predictive models. Our study of the daytime regeneration
led thus to a model that is more complete than previous work in that it covers all the
different phases of PID during outdoors operation. Moreover these findings led to the
conclusion that a complete matrix of lifetime tests for PID should include regenera-
tion tests under illumination and with negative voltage bias (for reproducing the real
operating conditions of modules during daytime).

4. When going from indoor testing results to outdoor performance prediction, the use of a

mathematical method based on the concept of equivalent time allows us to “concatenate”
the key equations at different time-steps in a consistent way alongside the time line,
thereby obtaining a “piece-wise” model that approximates the continuous one. A similar
approach was used in [15]. Here it is explained in detail, along with a mathematical proof
of its validity, and employed to simulate a complex mechanism such as PID, constituted
by different phases each described by a different equation. We believe that this approach
could be employed to simulate the effect of other degradation mechanisms on PV

module performance, thereby offering a possibility for improved lifetime predictions.

5. Special attention is given to the treatment of meteorological data. We propose some
thresholds on, e.g. relative humidity or module temperature, to discriminate which
phase of the PID mechanism is occurring in each time interval. In particular, our model
employs a threshold that determines whether the module surface is wet, a condition
mostly occurring during early morning and evening hours and that is responsible for
harsh degradation. This threshold is identified from the literature on PID and is included
for the first time in a PID predictive model.

6. By observing that the formation of dew on the surface is caused by the module tem-
perature dropping below the dew point during the night, we remark that an accurate
estimation of module temperature over the nighttime is required to properly simulate
PID. King’s model is not sufficient for this purpose, and we propose for example to
combine it with a model by Myers and Kempe, this last one to be used for calculating
module temperature at night.

7. At the module materials level, some strategies are now known to prevent PID, such as
the use of “PID-free” cells. By performing accelerated tests on one-cell mini-modules
manufactured with different combinations of materials, we evaluate the effectiveness of
such strategies, identifying cost-effective solutions to obtain “PID-free” modules. An
important finding is that the use of “PID-free” cells does not guarantee a “PID-free”
module. Indeed, the encapsulant material also plays a crucial role. It turns out that
devices consisting of a standard cell and laminated with a good encapsulant (i.e. with
a high volume resistivity) are more PID-resistant than devices with a “PID-free” cell
laminated with a low-resistive encapsulant. We also show how limiting water ingress
into the module sandwich reduces the occurrence of PID.
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Chapter 1. Reliability of photovoltaic modules

8. We contribute to the understanding of failures in the electric interconnections by es-
tablishing a link between ribbon damage and module performance loss. By means of
experimental measurements, we quantify the impact on the electrical performance of
one or more broken ribbons for standard cells with three busbars. These measurements
are then used to validate a model in LT-SPICE. The good agreement obtained is promis-
ing for the application of our model to new interconnection solutions such as four or
five busbar cells or multiwires.

At the time of writing, two publications were submitted to Progress in Photovoltaics (see [152]
and [3]). The technique used in Chapter[|to simulate water diffusion into PV modules was
also employed in the frame of an experimental work in collaboration with the University of
Ljubljana. This work led to a peer-reviewed publication as a co-author [63]. The experimental
validation of the water diffusion simulations was presented with a poster, which received a
“Best Poster Award”, at the 2015 NREL Photovoltaic Reliability Workshop. The outcomes of
this research also led to presentations at various international conferences: a complete list of
presentations and conference proceedings is given in the Curriculum Vitee section.
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4 Experimental methods

In this chapter we present the experimental tools used in this thesis. We describe the setups
employed for the fabrication of mini-modules used for the experimental work, the character-
ization techniques and some additional measuring tools, and some accelerated-aging test
methods.

2.1 Lamination process

The assembly of the different elements of a PV module is done through the encapsulation, or
lamination, process. As discussed in Chapter 1} this step is crucial to ensure a high quality
and reliability of the PV module. The samples used for the accelerated testing in this work are
mainly mini-modules (i.e. small modules, with typically 1 or 2 cells) that we manufacture at
PVLAB. The solar cells are commercially available c-Si cells. The first step is called stringing
and consists in connecting the cells electrically. This is done by manually soldering cell inter-
connect ribbons on the cell busbars. These ribbons are made of a metallic material, typically
copper-based and tin-coated. The next step consists in stacking the module components: the
stringed cells are placed between a glass (in the front) and a backsheet or glass (in the rear).
An intermediate layer of encapsulant is added on both sides that acts as adhesive. The module
lay-up is then placed into the laminator to undergo the encapsulation process.

The encapsulation is done with a typical flat-bed vacuum-bag laminator. An illustration
of this type of laminator is given in Figure The laminator is composed of two cham-
bers separated by a flexible silicon membrane. Below the lower chamber, a heating plate
allows controlling the temperature of the lamination process. The lamination parameters
(temperature-pressure-time profile) generally depend on the encapsulant material only. The
module stack is introduced into the laminator. Vacuum is created into the chambers to remove
the air between the materials, which could result in voids in the encapsulated module. The
temperature is set to the prescribed lamination. For a standard EVA, temperatures between
145°C and 165°C are used. The module stack is initially lifted from the heating plate by some
metal pins for around 300 s. This pre-heating step allows the glass to heat up gently minimizing
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the risk of warping or breakage. The pins are then retracted, so that the stack lays directly on
the heating plate, and a pressure, of typically 1 bar, is applied into the upper chamber and
consequently by the silicon diaphragm onto the lay-up.

At this point, the curing process starts and typically lasts from 300 to 900 s. Curing is the
process of crosslinking of the polymer chains. Its purpose is to increase the mechanical and
thermal stability of the encapsulant. Moreover, during the curing the encapsulant becomes
transparent. Curing is a critical step in module fabrication for module reliability. To ensure
a good performance in the long term, a gel content (the ratio between the crosslinked and
the non-crosslinked mass of polymer) of at least 80% is generally required in the industry.
Whenever needed, we adjust the temperature-pressure-time profile of the lamination process
of our samples in order to obtain a sufficient gel content.

Upper
Chamber
Silicone
Diaphragm
Lower
Chamber

Heating Plate

Opening/
Closing

PV Module
Layup

Figure 2.1: Schematic illustration of a flat-bed vacuum-bag laminator. Image reproduced from
[95].

2.2 Characterization of the module performance

2.2.1 IV measurements
Current-voltage relationship for a solar cell

In a first approximation, a solar cell is a bipole (i.e. a two-terminal electronic component)
that, under irradiance and with the two terminals connected, generates a current. The current
intensity (from now on simply “current”) is proportional to the irradiance hitting the surface
of the cell. We can picture the effect of the light-generated current I} by means of an electric
circuit with a generator and in short-circuit conditions.

Because of the presence of the p-n junction, current can flow in one direction only. In terms
of electric circuit, this can be described as a diode: the cell does not allow current flow when
the voltage across it is negative, and has very low (for an ideal diode, zero) resistance against

24
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current flow when the voltage is positive. In the dark, the current-voltage (IV) curve of a
solar cell is indeed the typical IV-curve of a diode. In particular, the current in short-circuit
conditions is zero. Under light, the current I of the cell is the sum of the diode current Ip and
the light-generated current I, (superposition principle of the IV-curve of the diode in the dark
with the light-generated current):

I=1;-1Ip, (2.1

where Ip is given by the IV-curve of the diode:

)
In Equation , q is the elementary charge (g =1.602x107!% C), Vp is the voltage through

the diode, k is the Boltzmann constant (k =1.3801x10723 J/K), n is the ideality factor of the
diode, I is the diode saturation current, and T is the temperature of the cell in degrees Kelvin.

Ip=1y (exp kT

Compared to the curve of Equation (2.1, the measured IV-curve of a solar cell can show a lower
derivative in a neighborhood of Vp = 0. This behavior reflects the presence of alternate paths
that the light-generated carriers might follow within the cell, mainly because of recombination
processes due to manufacturing defects. This point is represented in the electrical circuit by
means of a resistance in parallel with the diode, called shunt resistance, Rj,. In order to have a
good cell, the Ry, must be high: the higher the shunt resistance, the lower the current flowing
through the shunt, I, and therefore the higher the current I delivered by the cell. Applying
Kirchhoft’s current law we have I = I} — Ip — I;,. Substituting the expressions for the currents
we get:

qVp

KT (2.2)

)_ﬁ

I1=1; - Ig(exp Ron
S

However, this is still not an accurate electrical representation of a cell. Indeed, when a current
is flowing through the cell, then for each value of current the corresponding measured value
of voltage is lower than that predicted by the equation. This is due to the presence of some
resistance in series with the previous components of the circuit. Such series resistance, Rj,
is the result of a variety of contributions: (i) contact resistances (between the silicon and the
metallic busbars, between the busbars and the interconnect ribbons), (ii) resistances of the
top metal contacts, i.e. fingers, busbars and ribbons, and of the rear metal contacts, and (iii)
the resistance of the lateral conduction in the emitter. The voltage that one actually measures
between the cell’s terminals is therefore V := Vp — RI, and consequently the equation that
describes the equivalent circuit becomes:

(2.3)

V+ R V+ R,
I=IL—IO(eXp gV + 5)] ) MR

25



Chapter 2. Experimental methods

Equation (2.3) is known as the single-diode model or one-diode model (see [149] among others).
The final equivalent circuit of a solar cell described with this approach is illustrated in Figure

2.2
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O

Figure 2.2: Equivalent circuit for a solar cell modeled with the single-diode model.

A more accurate representation of the solar cell is provided if a second diode is assumed, in
parallel with the first one:

(2.4)

q(V+RSI)] ) (
AL DU D B
kT 02| &XP

I:IL_IOI(eXp q(V+RSI)]_1)_V+RSI_
I’lsz Rgp,

In Equation (2.4), called double-diode model or two-diode model, 1y, Iy2, n1, and n, are,

respectively, the diode saturation currents and the ideality factors of the first and second

diode. We use Equation (2.4) in Chapter[7|to build a model that simulates the presence of

disconnections in the module’s electrical circuit.

Current-voltage relationship for a PV module

The single-diode model is used not only for a solar cell but also for a PV module or an array. A
PV module is composed of several cells connected in series. Let us denote with Ng the number
of cells in series, for example N =60 for most commercial c-Si modules. Then the module
current is described by the following relationship, where n, R;, and Ry, are the values of a
single cell:

(2.5)

q(Va + NsRs 1) ] _ 1) _ VM + NgRgIy

Iy =1~ 1
M= O(eXp NonkT N.Rq;

Measurement of IV curve characteristics

As with many other electrical devices, a fundamental electrical characterization method for
PV modules is given by the IV measurement. The International Electrotechnical Commission
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(IEC) norm 60904-3:2016 [55] defines the standard test conditions (STC) for PV module IV
measurements: the module is at 25°C, illuminated by a simulated light (close to AM1.5G) of
intensity 1000 W/m?, with AM1.5G being the reference solar spectrum.

We perform IV curves measurements indoors with a solar simulator that was developed within
ajoint project between EPFL PV-LAB and PASAN. The device (PV module, mini-module or solar
cell) is placed horizontally over a glass table, with the cells facing downwards. In the bottom
part of the simulator, a system combining halogen and LED light sources illuminates the device
with a spectrum replicating the AM1.5G. The temperature of the device is controlled with a
temperature sensor (e.g. a PT100 or a thermocouple) placed in contact with the backsheet, in
correspondence to a cell. The IV curve is corrected by the software to STC for temperature
deviations using the measured temperature and the temperature coefficients for Vj, Isc, and
Prpp. No mismatch factor correction is applied to the measured curve to compensate for
spectral deviations from AM1.5. The measurement uncertainty of the setup is estimated at
+3%, and the reproducibility at +1% [106]. An example of IV curve is shown in Figure[2.3]
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Figure 2.3: IV and power-voltage curve of a PV module, with relevant electrical characteristics.

From the IV measurements, the following parameters, indicative of the device performance,
can be obtained. Some of them are reported in Figure[2.3]

¢ The short-circuit current, Ig.

* The open-circuit voltage, Vj.

* The current at the maximum power point, Impp.
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* The voltage at the maximum power point, Vipp.
* The maximum power, Pppp.

* The efficiency, ), defined as 1 := PPL:’ where Pj, is the power incident on the device.

e The fill-factor, FF, defined as FF := w
» The series resistance, R;, extracted from a linear fit of the IV curve in proximity of the
Vo point.

¢ The shunt resistance, Ry}, extracted from a linear fit of the IV curve in proximity of the
Iy point.

2.2.2 Electroluminescence

Electroluminescence (EL) is a common non-destructive technique for PV module characteri-
zation. It allows performing a qualitative analysis and a diagnosis of the cells defects, and is
therefore very useful as a complementary tool to IV measurements to evaluate the degradation
of a PV module. The module is supplied with a DC current (typically of the value of the I
current of the module) that induces a radiative recombination of electrons and holes in the
solar cells. This results in emission of photons, which are detected by a high-resolution camera.
The camera used is a NIKON with fixed focal length and a pixel resolution of 1660 x 1252. EL
images are taken in dark conditions to reduce the background noise. A number of defects can
be detected with EL imaging, for instance cell cracks, breakage of metallic interconnections,
and cell shunts due e.g. to PID. An EL image is shown in Figure[2.4] For a more exhaustive list
of failures detectable by EL the reader may refer to [51].

Figure 2.4: EL image of a commercial module after accelerated aging testing, revealing shunted
regions (mainly in the cells close to the perimeter), cell cracks, and disconnected cell fingers.

28



2.3. Electrical resistivity measurements

2.3 FElectrical resistivity measurements

The encapsulant materials are characterized in terms of electrical resistivity based on Method
B in the standard that was recently developed specifically for PV materials, IEC “62788-1-2:
Measurement procedures for materials used in photovoltaic modules - part 1-2: Encapsulants
- measurement of volume resistivity of photovoltaic encapsulants and other polymeric ma-
terials” [58]. We use a Keithley 8009 resistivity test fixture and a Keithley 6517B electrometer.
The samples are 55 mm x 55 mm squares of encapsulant (EVA) made of two layers laminated
together with the standard lamination process for the given EVA. After measuring the sam-
ple thickness with a micrometer, the sample is preconditioned at the required conditions.
Measurements of volume resistivity at high temperatures are carried out with the test fixture
inside the climatic chamber where the samples are preconditioned. The sample is then placed
between the two electrodes inside the test fixture. The electrometer is turned on and the
voltage is cycled between +1000 V and —1000 V in 5 cycles of 1 min each. The current measure-
ments are recorded at the end of each cycle, and a final averaged current value is calculated as
described in [58].

2.4 Procedure for simulating water ingress into PV modules

Water vapor ingress into a material is a diffusion phenomenon. Diffusion is the process by
which matter is transported from one part of a physical system to another as a result of random
molecular motions. The mathematical theory for diffusion [20] was first developed by Fick
(1855), who recognized an analogy with the process of heat conduction, also due to random
molecular motions. He adopted the mathematical equation for heat conduction derived some
years earlier by Fourier (1822): the rate of transfer of the diffusing substance through the
unit area of a section is proportional to the concentration gradient measured normal to the
section. The physical property which governs this relation is the diffusion coefficient D of the
substance into the material (letters in bold denote vectors):

Jx, 1) =—-DVc(x,1) (2.6)

With J we denote the rate of transfer per unit area of section (or flux) [g/ (m?- s)], ¢ is the
concentration of diffusing substance [g/ m3], and x is the space coordinate measured normal
to the section. Here the diffusion coefficient D [m?/s)] is assumed to be constant in all
directions (i.e. isotropic material). Equationis known as Fick’s first law of diffusion.

The time evolution of the solute concentration inside the material is described by the solute
conservation equation. In the case of water diffusing into a PV module (no source term, no
velocity field) it is given by Equation[2.7]

oc(x, 1)
ot

+V]J(x, 1) =0. (2.7)

29



Chapter 2. Experimental methods

The flux J can be expressed according to Equation (2.6) in terms of a physically measurable
quantity: the diffusion coefficient. Equation (2.7) takes the following form:

oc(x, 1)
ot

-V(D-Ve(x, 1) =0. (2.8)

Here we assume Fickian diffusivity, i.e. the diffusion coefficient does not depend on the
concentration. With this hypothesis the solute conservation equation is linear, and can be
written in a more compact form:

dc Dazc 2.9)

ot ox2’ ’
Equation[2.9]is known as Fick’s second law of diffusion. It is a linear parabolic partial differ-
ential equation of the second order. Solutions of this equation give the time evolution of the
concentration of diffusing substance into the material.

We first characterize the water diffusivity properties of the EVA and the backsheet needed
as inputs in our simulations by means of water vapor transmission rate measurements as
described in the next subsection.

2.4.1 Water vapor transmission rate measurements

A typical way to characterize the properties of a polymer (e.g. an encapsulant or a backsheet)
with respect to water diffusivity is to measure its water vapor transmission rate (WVTR). The
WVTR is defined as the flux of water through a material, i.e. the amount of water flowing per
unit time through a unit area of the material surface. Units for WVTR are typically [g/m?/day].

WVTR measurements are performed in two laboratories: (i) the Packaging Laboratory (LEC) of
the University of Applied Sciences of Western Switzerland (HEIG-VD) based in Yverdon-les-
Bains, Switzerland, and (ii) the Laboratory for Processing of Advanced Composites (LPAC) at
EPFL. The measurements are carried out on a Mocon Permatran twin 3/33. The EVA sample, of
thickness L, is set between two chambers. Some hydrogen with a controlled amount of water
vapor inside is flowed into one chamber to keep a constant relative humidity of RH = 90%. The
other chamber is kept totally dry (RH = 0%) by means of a constant flow of dry hydrogen. The
water concentration inside the sample is initially null. As the test starts, the sample begins to
absorb water from the wet chamber, while the water concentration on the dry side is kept null.
The concentration gradient within the polymer film evolves (transient regime) and eventually
reaches a linear profile. The WVTR is measured at every time interval from the beginning of
the test until the stationary regime is reached. At this point the test is stopped.
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2.4. Procedure for simulating water ingress into PV modules

The measured WVTR data can then be fitted with the equation for the WVTR curve:

D- 0 _D-n?- g%t
WVTR(t)z% 1+2- Y (—1)"exp(%)), (2.10)
n=1

where ¢ is time and cg, is the water saturation concentration of the polymer, expressed in
[g/m3]. Both D and cg depend on the measurement temperature. Equation can be
obtained by solving Fick’s first law of diffusion (Equation (2.6)) with a Fourier series, imposing
the boundary and the initial conditions as given by the WVTR measurement setup.

The steady-state value of the WVTR is calculated by taking the limit of Equation for t — oo:
D - csat

WVTR(steady-state) = tlim WVTR(t) = T 2.1
—0Q0

An example of a typical WVTR curve with the fitting line is displayed in Figure
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Figure 2.5: Typical WVTR curve of a backsheet as measured (black dots) and its fitting curve
(red line) obtained with Equation (2.10). After an initial increase (transient regime), the WVTR
values eventually reach a steady-state value.

2.4.2 Extracting the diffusivity properties needed as inputs for the simulations

With the purpose of simulating water diffusion at any environmental temperature, we measure
for each material the WVTR at three different temperatures. The diffusivity properties of the
materials (encapsulant and backsheet) and their dependency on temperature can thus be
extracted. The procedure we use, described in this subsection, was previously set up by two of
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my colleagues, Valentin Chapuis and Federico Galliano. A similar procedure is used in some

work where the topic of water diffusion into PV modules is addressed by means of simulations,
e.g. [73l, [79], and [85].

For each of the three measurement temperatures, we calculated the diffusion coefficient, the

permeability, the solubility and the saturation concentration.
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By fitting the measured curve of the WVTR with Equation (2.10), the diffusion coefficient
D and the factor D - csy; are extracted. The latter is the value of the plateau of the curve,
WVTR((steady-state).

We use the following definition of permeability P:

P:=D-S§,

§ ] 2.12)

m-s-mbar
where S is the solubility of the material. By expressing the concentration of water at the
surface of the polymer film in Equation (2.10) with Henry’s law and denoting by pn,0
the water vapor partial pressure:

Csat = S* PH,0 [%] (2.13)

we get

PH,0

WVTR (steady-state) = P 7

(2.14)

The water pressure inside the wet chamber of the WVTR setup is computed using the
definition of relative humidity

._ PH,0
RH:= sat

Pu,0

(2.15)

where the water saturation pressure plsfzto (expressed in [mbar]) is calculated as a func-

tion of the temperature T with the Arden Buck equation:

Piio(T) = 6.1121 - exp ((18.678—

T
. ) . (2.16)
T +257.14

234.5
The permeability can now be calculated:

_wvl R(steady-state) - L
) RH-p ;?zto

p

The solubility S is computed from the permeability definition (Equation (2.12)).

The saturation concentration cgy; is obtained from the fitted value of D - cgyt.



2.4. Procedure for simulating water ingress into PV modules

2.4.3 Finite elements method simulations

The diffusivity properties obtained and their dependency on temperature (Arrhenius relation-
ship) are then used as inputs in our simulations of water diffusion into the module packaging.
The moisture ingress is modeled as a diffusion problem using the Transport of Diluted Species
interface in Comsol Multiphysics (version 4.4). For the purpose of this work, finite elements
method (FEM) simulations are employed to model the water ingress into a glass/backsheet
one-cell mini-module exposed to specific accelerated-aging conditions (i.e. temperature and
relative humidity). The two-dimensional geometry employed in Comsol represents a vertical
cross-section of the mini-module (see Figure.

156 Sizes in (mm)
3! Glass|
0.45} EVA
—Cell ________ E=wi
0.454 Eva /018
0.17) BS
200

Figure 2.6: Schematic representation of a 2D geometry used in Comsol Multiphysics for
simulating the diffusion of water into a one-cell mini-module. Water penetrates from the
exposed surfaces of the EVA and BS. The maximum amount of water able to penetrate depends
on the solubility S of the material. The diffusion through the materials is fast or slow depending
on the value of the diffusion coefficient D of the material. An interface condition is added in
Comsol that takes into account the different solubilities of the BS and EVA.

We impose the following conditions for the FEM simulations:

* Initial conditions
We assume that the EVA and the backsheet are initially dry.

* Boundary conditions
We suppose that the external surfaces of the EVA and of the backsheet are in equilibrium
with the environment. Therefore the concentrations in the boundaries are calculated
using Henry's law (Equation (2.13)).

It is important to notice that the backsheet (BS) and the EVA have different water
solubilities. The model developed in this thesis takes this into account, by specifying a
condition at the interface between the two materials. As proposed in [133], we impose a
continuity of the mass flux across the interface while a discontinuity in the concentration
is set.

- Continuity of the mass flux:

Dis Ocgs(x, ) _ DEVAaCEVA(x; 1) ’
0x 0x
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for x belonging to the interface backsheet/EVA, where the equation for the flux
comes from Fick’s First Law of diffusion.

- Discontinuity of the concentration:

cps(x, 1) = Keq - CrvA (X, 1),

for x belonging to the interface backsheet/EVA. K, is the partition coefficient,

which is defined as the ratio of the solubilities K, := SSEBVSA .

The simulation is run with a time step of 3600 s over the time interval of interest. The output
of the simulation is the time evolution of the water concentration inside the mini-module
encapsulation materials.

We should point out that this procedure was applied to samples made of glass, encapsulant,
and backsheet (no cell), exposed outdoors in Neuchétel (Switzerland) using real meteorolog-
ical data as inputs. In the same samples, some commercial humidity sensors (SHT25 from
Sensirion) were encapsulated, soldered on a strip made of a printed circuit board communi-
cating with an electronic interface. This in-situ monitoring technique for RH in PV modules
was developed by Marko Jankovec (University of Ljubljana), and more details can be found
in [63]. A good agreement between the simulated results and the outdoor monitoring was
achieved. These results were presented at the 2015 NREL Photovoltaic Reliability Workshop
(see Curriculum VitzeSection) but are not included in this dissertation.

2.5 Accelerated aging test for detecting PID in c-Si modules

The measure of a module sensitivity to PID is addressed in the IEC Technical Specification
“62804-1:2015: Photovoltaic (PV) modules - test methods for the detection of potential-induced
degradation - part 1: Crystalline silicon” [59], where two test methods are proposed.

Method (a) prescribes to test in a climatic (or environmental) chamber at 60°C and 85% RH
for 96 h. As prescribed by the technical specification, temperature and humidity are applied
as depicted in Figure First, the chamber temperature is ramped from ambient to the
specified stress temperature. Then, when the chamber and the module temperature reach
the specified value, the relative humidity is progressively increased to the set value. When
both the temperature and the relative humidity are at the set points, the module is still left
without any voltage for 12 hours to 24 hours to stabilize the environmental conditions. At the
end of this period, the voltage is switched on at the selected stress level and throughout the
prescribed test duration.

Method (b), a dry test, instead, consists in covering the module’s glass surface with a grounded
conductive electrode (e.g. an aluminum plate) while the module is kept at 25°C and a RH of
less than 60% for 168 h.
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2.5. Accelerated aging test for detecting PID in c-Si modules

In both methods, the module leads are short circuited and a negative voltage is applied to
the cells by means of a high-voltage supply (Iseg ECH 224), while the frame is grounded (see

Figure[2.8).

The two methods differ not only in the stress conditions but also in the type of degradation
induced in the module. In Method (a), the high temperature enhances the sodium ions
diffusion within the module, while in Method (b) it is the presence of a conductive material
all over the module surface that accelerates the PID process. In Method (a), the climatic
conditions are such that there is no condensation layer on the module glass, even if the high
air humidity can provide a conductive pathway over the glass surface. As a consequence, this
test tends to stress less in the center of the module and the PID is more pronounced close to
the edges. Such PID pattern, with the cells in the module edges more degraded than those
in the center, is frequently observed in PID-affected modules outdoors, mostly in temperate
climates. On the other hand, in Method (b) the cells degrade more uniformly independently
of their position in the module. Such degradation has been observed in some installations
located in hot and humid climates. In general, results of Method (b) are harsh compared to the
degradation found in the field, and are more difficult to correlate with real outdoor climatic
conditions, as there is no direct assessment of the impact of humidity on PID.

In this thesis, we make use of climatic chambers (a WEISS C180-40 and an ATT DY250) and
apply Method (a). We chose this method because it allows us to evaluate the effect of ambient
relative humidity on the power degradation, thereby providing useful information for modeling
the evolution of PID for modules exposed to real outdoor conditions.
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Figure 2.7: Profile of the stress factors — temperature, relative humidity, and voltage — during
the PID test in a climatic chamber as prescribed in IEC TS 62804, Test Method (a) [59].
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R1 R2

Figure 2.8: A voltage is applied to the short-circuited module leads that replicates the system
voltage. The module’s frame is grounded. The leakage current is measured by a voltmeter
across a resistor R1 of known resistance. A second resistor R2 may be added to protect the

voltmeter from over-voltage. Picture reproduced from [40].
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8] Potential-Induced Degradation

This chapter is an introduction on the topic of potential-induced degradation (PID). It is an
introduction to the experiments and modeling of PID that will be presented in Chapters4]to[6]

We first give evidence of the occurrence of PID in PV plants and explain the importance of
addressing this topic to improve PV module reliability.

We then describe in Section[3.2]the physical mechanism that leads to the power degradation,
by reporting the most widely accepted physical model for PID in c-Si cells. The multiple
factors that may lead to the appearance of PID in a PV plant, such as the electrical layout of
the installation or the module mounting system, are listed and briefly described.

Because PID is a reversible process, i.e. a module’s degraded power can regenerate under
some specific circumstances, we describe in Section the physical mechanism behind
regeneration according to the most accepted physical model.

The current IEC testing procedure to assess the PID resistance of commercial PV modules
already presented in Chapter[2]is further discussed in Section[3.4]with reference to the use of
the test for the prediction of PID outdoors.

In the last section, we give an overview of the main predictive models for PID available in the
literature and anticipate the main elements of novelty of the model we present in Chapters 4]
and[l

3.1 Introduction and motivation

Among the different failure mechanisms that can affect PV modules, the so-called potential-
induced degradation (PID) has caught much attention in recent years as it can be particularly
detrimental. PID is a critical issue for PV plant reliability as the degradation of a module’s
power output can be rapid and severe. As reported in [8], module power losses of up to 27%
were detected in a PV plant in Spain after only 4 months, while in a PV plant in southern Italy
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the modules’ power degradation reached 50%. For this work, we retrieved field inspection
data from a large owner of PV plants, where inspection reports revealed module power losses
of up to 66% in a PV plant in Greece (as shown in Figure[3.6) and of even 85% in an installation
in central Italy. Both the PV systems were in operation for less than 3 years.

The effects of PID in a PV plant are not visible to the naked eye, which might be one reason
why it went mostly unnoticed until recently. The rising awareness of the problem has led to an
increased number of reported cases of PID in PV plants worldwide. The growing system size,
making PV modules operate at higher voltages, is another reason for the increasing frequency
of the phenomenon. While PID was first observed mostly in hot or coastal climates, in the last
few years it has been reported in moderate climates too [8]. The map in Figure[3.1] (from [10])
shows some c-Si technology PV plants in Europe affected by PID.

Figure 3.1: PV plants in Europe affected by PID and the subject of study by PI-Berlin. Thisimage
shows that PID was detected in various regions in Europe having different climatic conditions,
but it does not provide any quantitative information on the impact of the phenomenon on the
performance of the PV plants. Image from [10].

Depending on the module or cell technology, different forms of PID can occur. (An exhaustive
review is given in .) A phenomenon of module performance degradation caused by the
electric potential was reported in 1985 by the Jet Propulsion Laboratory for both c-Si and
amorphous silicon (a-Si) thin-film modules. NREL also conducted numerous studies in the
early 2000s on the risks related to high-voltage bias on different types of modules (see e.g.
[231). In thin-film modules, PID is attributed mostly to sodium ion migration within the
module materials towards the semiconductor layer. This leads to charge recombination
or, in presence of moisture, to non-reversible electrochemical corrosion of the transparent
conductive oxide (TCO) layer between the front glass and the cell surface [105]. In 2005,
Swanson et al. [144] discovered a degradation induced by high voltages for n-type back-
contact c-Si cells in Sunpower modules. This specific mechanism was called the surface
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3.2. The physical mechanism of performance degradation

polarization effect. In 2010, some works by Pingel and Hacke ([129] and [33]) started to clarify
the physical mechanism of PID for the standard technology of p-type c-Si cells, and introduced
the term “PID”. The PID process that occurs more often in p-type cells is a PID of the shunting
type, sometimes denoted by PID-s. Other types of PID in p-type cells are the dissolution of the
anti-reflective coating and the corrosion of the cell fingers [33].

In this thesis, we focus on the most deleterious and frequent type of PID for p-type c-Si cells,
which is the shunting-type PID, and from now on we always refer with the term “PID” to the
PID-s mechanism exclusively. The physical phenomenon behind this degradation mode is
reviewed in Sections[3.2]land

After the first publications on PID, especially [129] and [33], PID has generated a considerable
interest in the PV reliability community and has been intensively investigated. Some research
groups examined the phenomenon and investigated it at the microscopic scale (see [6], [83],
[115], [90], among others), while others focused on developing suitable testing procedures to
reproduce PID in the laboratory (e.g. [40], [35], [84], [10], [L09]). We comment further on the
PID testing procedure, already presented in Chapter[2} in Section3.4}

3.2 The physical mechanism of performance degradation

We give in this section an overview of the physical mechanism of PID in the mainstream
technology of p-type c-Si cells.

PID occurs when a potential difference between cells and other module materials induces a
migration of ions between the semiconductor material and other elements of the module. The
higher the potential difference, the stronger the degradation of the module performance.

In a PV plant, modules are commonly connected in series, in groups called strings, in order to
increase their total voltage output. In the standard case of framed c-Si modules, the module
frame is typically grounded, for safety reasons, while the module (i.e. the set of cells) operates
at a certain voltage relative to ground that depends on the module’s position in the string. This
voltage difference between the cells and the frame may give rise to leakage currents, caused by
mobile ions in the electric field, inside the module materials (see Figure[3.2).

Conventional p-type cells, in particular, are sensitive to negative voltages with respect to
ground. The physical mechanism is shown more in detail at the cell level in Figure
The most widely accepted explanation of the physical mechanism behind PID assumes that
sodium ions, Na*, play a major role in the process (see [33], [40], and [6] among others). The
driving force for PID is the electric field E in the anti-reflective coating layer SiN,, caused
by the potential difference between the cell and the frame. Such field E drives Na* from the
external surface of the anti-reflective coating layer SiN, towards the interface with the bulk
silicon Si, where they accumulate in the SiO, layer. From there, they may diffuse into the bulk
silicon, mainly through favored diffusion paths given by stacking faults (i.e. crystal defects),
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causing shunts when such stacking faults penetrate the p-n junction [110].

= olass
water E =

panel Al frame
h B e e S o e Lo S S R S -( (‘,Il()ﬁll)slll?lti()ll
R R | (ENC) foil
T e M A 8 e 8 ~ solar cells
+

back sheet foil

1000 V PV +

€ +M_

DC voltage source

Figure 3.2: Illustration of the physical mechanism causing PID, at the module level. Image
from [129].
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Figure 3.3: Close-up illustration of the PID mechanism inside a p-type c-Si cell. The image is a
schematic representation of a cross-section of the cell. The driving force for PID is the electric
field E in the anti-reflective coating layer SiN,, caused by the potential difference between the
cell and the frame (see Figure. Such field E drives Na* from the SiN,, layer towards the
interface with the bulk silicon Si. From the SiO they diffuse (as Na atoms) into stacking faults.
If the Na concentration in a stacking fault that crosses the p-n junction reaches a certain level,
a shunting will be caused. Image reproduced from [115].

The factors leading to PID are multiple and related to the PV plant at various levels:

1. Module design aspects related to the mounting solution (such as the presence or absence
of a frame or of back rails).

2. The electrical layout (i.e. mostly the grounding and polarity) of the PV array/string.

3. The inverter choice.

4. Module materials (encapsulants, solar cells, glass, backsheet, etc.) used in the fabrica-
tion of the sandwich.
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5. The climatic conditions of the installation site.

We briefly discuss each of these points in the following subsections.

3.2.1 Role of the module mounting solution

As mentioned, the grounding of the metallic module frame is the reason for the appearance
of PID. The potential difference between cells and the frame is the highest for the cells next
to the frame while it decreases away from the module perimeter due to the glass surface
resistivity. However, if the glass surface resistivity is reduced by factors like the presence of a
water film (dew or rain), salt particles, or soiling, then the ground potential of the frame may
be more uniformly distributed over the module surface, therefore exposing a wider portion of
cells to a high potential difference to ground. In recent years it has been observed, through
electroluminescence imaging in fielded modules, that in dry climates the PID occurs mainly on
the edge cells, while in humid conditions the PID-affected cells are distributed more uniformly
in the module (see e.g. [10]).

Hacke et al. performed accelerated PID tests on 60-cells commercial modules with different
mounting designs [36]. The authors find that modules with a modified frame placed on only
two edges degrade slower that modules with a standard four-edge frame, and that a third
module design, with fiberglass rear support rails as the mounting system and no metal frame,
does not degrade at all even after very long test (22 days).

Mounting structures alternative to the four-edge frame, such as for example the use of
clamps, could constitute a solution to prevent or mitigate PID. With regard to new appli-
cations of PV technology, especially building integrated photovoltaics (BIPV) as well as some
new lightweight solutions where the glass is replaced by lighter materials like a polymeric
frontsheet, we remark that modules are generally frame-less and therefore less susceptible to
PID.

3.2.2 Role of the PV plant’s electrical layout

During its operation, each module is affected not only by its own operating voltage (of the
order of the module Viy,pp, generally around 30 V for a 60-cell module), but also by the cumu-
lative voltage of the previous serially connected modules in the string. Considering that the
maximum system voltage allowed in Europe is 1000 V and in U.S. 600V, this translates into
cell-frame voltage differences of potentially hundreds of volts (for modules at the extremity of
a string). As already mentioned, since there is no perfect insulation between the frame and
the cells, this high negative bias causes a leakage current within the module materials, which
can have a detrimental impact on module performance.

The electrical layout of the PV plant is therefore an important factor for PID, in particular
the length and polarity of the strings. In Figure[3.4 we show the possible grounding schemes
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available depending on the possibilities provided by the inverter (this aspect is addressed
in Section. In Figurewe report from [129] an interesting electroluminescence (EL)
image of a string with floating potential, which shows clearly that the module degradation
is more pronounced moving towards the positions exposed to a higher negative potential

relative to ground.
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Figure 3.4: Module voltage as a function of its position within the string, for the three possible
grounding schemes: negative or positive pole grounded, and no grounding (floating potential).
Image re-adapted from [129].
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Figure 3.5: EL image of a string with floating potential (image adapted from [129]). PID-

affected modules are on the negative side only, and the strongest degradation is observed for
modules at the string’s extremity (i.e. with the greater negative voltage towards ground).

Another case of PID in the field is shown in Figure@ where the measured Pp,4 is plotted
against the module voltage for two strings of the PV plant. These data, which were shared by a
private company, concern an open-rack PV system in Greece. It is striking that such modules,
installed for less than three years, show such extreme levels of degradation, of up to 66% of
their Ppax. As a first approximation, the dependency of relative power on (negative) voltage
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can be described as linear (see the dashed line in Figure, arelationship that we also obtain
from our accelerated tests in Chapter[d] However, in general it is more difficult to identify
a pattern because of the variability among the module’s performance that might follow, for
instance, from the cell variability (defects in the silicon that could lead to the formation of
stacking faults), the presence of degradation modes other than PID, or from the actual use of
different material formulations in the modules.

The current trend of the PV industry to increase the maximum system voltage to 1500 V [100]
is an additional source of concern, and further justifies the effort to understand PID and to
find countermeasures to its appearance [14].
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Figure 3.6: Module power loss with respect to the nominal power as a function of the module
voltage for a string with floating potential. Data were shared by a company and refer to an
open-rack PV system in Greece).

3.2.3 Role of the inverter

If a transformer-based inverter is used, which allows for grounding of the negative or positive
system pole, PID can be prevented in p-type modules by grounding the negative pole. However,
transformer-less inverters are increasingly employed in the PV industry, which results in a
floating potential in which part of the modules in the string are negatively biased with respect
to ground (see Figure.

3.2.4 Role of the module materials

PID is the result of a shunting of the solar cell caused by stacking faults penetrating the p-n
junction and that become decorated with sodium. Naumann et al. found that the stacking
faults are not necessarily already present in the cell but can be formed during PID stress, and
they grow through penetration of Na. The authors hypothesized that stacking faults develop in
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correspondence to surface defects on the silicon surface. The quality of the silicon is therefore
of primary importance for the prevention of PID. Moreover, such sensitivity to cell surface
defects make PID very cell-dependent and brings to a high variability in cells resistance against
PID. Modules of the same type can indeed show different susceptibility to PID, as it is the case
for some of our tests in Chapter[4] Often a high variability in the degradation of the single cells
in a module is observed, and can be seen for instance in the electroluminescence image in
Figure where for example the cells in the module perimeter did not degrade all the same
way.

The origin of the Na* was also largely investigated in the last few years. While it was first
speculated that Na* originate from the soda-lime glass used as front cover, it was later found
that Na (or other metals) ions in the glass are in fact not necessary for PID. Indeed, Na* can
already be present at the cell surface, as the result of contamination of the solar cell during the
manufacturing process. In Ref. [114] the authors showed that PID can occur at bare silicon
solar cells without the use of a glass cover.

In fact, the driving force for PID is the electric field E in the anti-reflective coating SiN layer,
which causes the drift of Na* through the SiN| layer (see Figure. The stronger this electric
field, the stronger the possible degradation of the cell performance. The strength of such
field results from the potential difference between the cell and the frame, and from how such
potential difference is distributed over the various electrical paths for the ions within the
module (given by the glass and the front encapsulant). As explained in [112], the electric field
in the SiN layer can be assumed, with some assumptions, to be linked to the leakage current
J by
E=J- PsiN

where pg;y is the resistivity of the SiN, layer. A detailed explanation of the relationships
between leakage current and material properties is provided in Ref. [112]. What we want
to highlight here is that there exist different approaches at the materials level to reduce the
electric field E.

* One approach is to reduce the leakage current J. This can be achieved by employing
materials that limit the mobility of ions, namely using a glass with increased resistivity
(e.g. sodium-free glass) or an encapsulant with increased resistivity. As discussed in
Section|[3.2.2} leakage currents can also be prevented at system level by avoiding high
negative voltage bias of the cells with respect to the module frame.

¢ The second approach is to act at the cell level, by reducing the resistivity ps; of the
SiNy layer. Indeed, if the SiN, layer had a low electronic conductivity this would cause
a reduction in the mobility of the drifting ions, with a consequent pile up of charges
at the SiN, surface. This charge pile up would increase the potential across the SiNy,
enhancing the drift of existing Na* across the SiNy layer. On the contrary, a SiN, with
high electronic conductivity would allow the leakage current to drain away without
building up a high voltage.
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3.3. The physical mechanism of performance regeneration

In particular, we point out that the effect of a sodium-free glass is twofold. On the one hand
the amount of Na* available for PID is reduced. On the other hand, as mentioned, thanks to a
higher glass resistivity the leakage current is reduced and so is the electric field in the SiN,
layer. In this case, even if the sodium resulting from the contamination of the solar cell surface
was enough for causing the PID effect, the reduced electric field E would limit the drift of such
ions towards the interface with the bulk silicon (see Figure[3.3).

The role of the encapsulant material is also fundamental. Encapsulant materials with high
resistivity such as polyolefin or ionomer have been shown to prevent or significantly delay the
occurrence of PID compared to standard EVAs ([94], [9]). We address this aspect in Chapter@],
where we evaluate the PID resistance of different combinations of materials in the module
(cell, encapsulant, and rear cover).

PID can be critical for many of the solar parks built in the early phase of PV deployment (2000-
2012), however it can still occur in modern modules when lower grade materials are used
in PV manufacturing (e.g. encapsulants), a choice often driven by the need for cheap solar
electricity.

3.2.5 Role of the climatic conditions

PID is strongly dependent on the climatic conditions in which modules operate. High temper-
atures accelerate the phenomenon due for example to reduced resistivity of the glass and the
encapsulant material. As discussed in Section 3.2.1} high relative humidity conditions, rain
events, or the presence of dew over the module surface also lead to harsher degradation by
making the glass surface equipotential to the frame. We address these points in Chapter [4}
where we investigate with accelerated testing the relationship between power loss and the
environmental stress factors. In Chapter [5|we then simulate the PID for modules installed in
sites with different climatic conditions.

3.3 The physical mechanism of performance regeneration

A peculiarity of PID with respect to other degradation modes is that it is reversible. The module
shunt resistance and thus the power can indeed recover, partly or completely, under certain
weather conditions. The reversibility holds for the PID of the shunting type (the focus of our
thesis) but does not apply to the other degradation modes related to high potential such as
the corrosion of the metallic fingers.

Some studies on samples exposed outdoors (see [81] among others) showed that regeneration
(or recovery) can happen:

* atnight, when the cells’ operating voltage is null. We refer to this case as regeneration in
the dark or thermal recovery;
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¢ during hot and dry days (regeneration during light exposure), when the low conductivity
of the glass surface limits the leakage currents and the high potential difference remains
limited to the cells in the perimeter of the module.

Power recovery can also be induced by applying a positive voltage bias between the cells and
the grounded frame during the night by means of dedicated electrical devices [130]. In the
remainder of this section we describe these three kinds of power recovery from PID.

3.3.1 Regeneration in the dark

At night, in the absence of a voltage, regeneration is purely a diffusion mechanism, therefore
driven by temperature. This process of thermal recovery was extensively examined in the last
few years, with major contributions especially by Lausch and Naumann from Fraunhofer CSP.
By means of microscopic investigations, they proved that thermal recovery is due to diffusion
of the Na* out of the stacking faults [91]. In the absence of a bias voltage, indeed, the Na™
current towards the cell surface stops and the Na atoms diffuse from the stacking fault back
into the oxide (SiOy) layer where now the Na concentration is lower (see Figure[3.7). Once in
the silicon oxide layer SiO,, Na spreads laterally. Diffusion of Na into the SiN layer can also
take place (and Na converts to Na* again), even if the diffusivity of Na in SiN is lower than
in the SiO,. The thermal recovery process was also studied through accelerated laboratory
testing, where previously degraded modules are tested in conditions of regeneration. For
instance, in an equation for regeneration in the dark, with no bias voltage, as a function of
the temperature is proposed.

stacking fal}f\\

Figure 3.7: Schematic drawing of a p-type c-Si cell cross-section and illustration of the physical
mechanism of thermal recovery from PID. The Na atoms diffuse out of the stacking faults back
into the oxide (SiO,) layer, where they spread laterally. They may also diffuse into the SiN layer
(and convert to Na* again), a slower process. The white arrows indicate the paths of the Na*
and Na atoms (green circles). Image reproduced from

i Si
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3.3.2 Regeneration during light exposure

The mechanism of recovery that occurs during the day, when the cells are exposed to negative
voltages towards ground, is less known. In [82], the authors show that regeneration can
be affected by irradiance. We further analyze the regeneration mechanism in Chapter 4] by
reproducing in the laboratory the power recovery under irradiance and with applied negative
voltage. The complex interaction between degradation and regeneration still requires further
investigation, and one aim of our work is to improve the understanding of this aspect and of
how to model it in simulating the performance of PV modules outdoors.

3.3.3 Methods to recover PID affected modules in the field

In addition to the previous power recovery processes, which occur during natural operating
conditions, methods to artificially recover modules affected by PID in a PV plant exist.

* One method consists in applying a high positive voltage (e.g. +1000 V) to the modules
(see e.g. [130]). As proposed for solar cells in [91], the process that allows for power
recovery can be explained with the out-diffusion model also in this case. Indeed, in
correspondence to the positive voltage applied, an electric field results inside the SiN
layer and is such that the Na* accumulated at the interface between SiN, and bulk Si
(i.e. in the SiO,) are driven out of the Si bulk, towards the cell surface. The reduction
of Na™ concentration at the interface inverts the concentration gradient between the
interface and the stacking faults decorated by Na, which now starts to diffuse out of the
stacking faults. With respect to a purely thermal recovery, the process of out-diffusion
with a reverse bias applied is accelerated because a greater concentration gradient of Na
is induced.

Some industrial products (“offset kits”) are available on the market use this principle
and apply a positive voltage to the full module string during the night (e.g. iLUMEN’s
PID box [60] or Pidbull [128]). The module power is thus recovered during the night,
thereby limiting the impact of PID.

* Another method to recover degrade modules or strings is to proper ground the strings:
by grounding the negative pole of the inverter all the modules would be exposed to
a positive potential relative to ground (see Figure[3.4). However, this is not possible
when the inverter is transformerless, a topology that is increasingly employed in the PV
industry.

The effectiveness of these methods was analyzed in some recent studies. For example, in [47]
the authors compared the recovery ability of PID-affected strings of modules treated with the
first and second method. They found that the grounding solution proved less efficient than
the use of anti-PID devices. All the modules treated with the anti-PID device showed a power
recovery over the 70 days of test, even if in some cases the level of recovery was lower than
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expected and in partial contradiction with the device supplier announcements. In particular,
the recovery for the severely degraded modules was very slow, which highlights the importance
of an accurate monitoring of PV plants for an early detection of PID.

A drawback for the use of such anti-PID devices is primarily the addition of costs. Secondly, it
has been pointed out that applying a high voltage to modules always induces leakage currents
that may cause other degradation modes in the modules, such as electrochemical corrosion
138].

In this work, we are interested in studying and modeling the natural evolution of PID. The
use of these recovery devices will therefore not be considered. We will on the contrary focus
on the thermally-driven power recovery that occurs during the night (Section[4.2.2) and at
daytime (Section3.3.2). From the methodology that we propose in Chapters[4|and[5] starting
from indoor accelerated tests on a given module type it is indeed possible to predict the effect
of PID on the module in normal operating conditions in the field. In the planning phase,
these predictions should allow an investor to evaluate whether a given PV module type is
suitable to resist PID for a specific climate condition. The need of recovery devices would
increase the OPEX and therefore the LCOE of the PV plant. Additionally, no information
about the performance and safety of these kits on the long-term is generally available. Further
experience is thus required before envisaging a large-scale adoption of these devices. Moreover,
as mentioned, if PID is detected in field modules at an advanced state, the use of recovery
devices might not be sufficient to recover the module performance to its initial level. The use
of modules resistant to PID is therefore recommended, and in Chapter|[6|we treat this topic in
detail by identifying combinations of materials that allow us to manufacture modules with
good resistance against PID.

3.4 PID: accelerated stress test

The ability of a module to withstand high system voltages is currently assessed by means of
the accelerated tests prescribed by the IEC Technical Specification 62804-1:2015 [59]. The
stress conditions of the Method (a) test (the method used throughout this thesis) originated
from the case of a module design that degraded by 5% during the test (with a bias voltage of
—600 V applied) and showed a similar range of degradation in the Florida environment for
over 28 months with the same bias voltage applied during daylight [36].

Even though this testing procedure is very effective in reproducing PID effects on PV modules,
it does not provide sufficient information to predict the performance of the modules in the
field. It presents, indeed, the typical limitations of any qualification test that were discussed
in Chapter[L.1] Modules that degrade by the same amount during the PID test might exhibit
different values of power loss in different climatic conditions, as our simulations of outdoor
PID in Chapter [5|indicate. As pointed out in the TS [59]: “The actual durability of modules
to system voltage stress will depend on the environmental conditions under which they are
operated. These tests are intended to assess PV module sensitivity to PID irrespective of actual
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3.4. PID: accelerated stress test

stresses under operation in different climates and systems.”

Some module manufacturers have started to sell modules labeled as “PID-free”, meaning that
the module exhibited a power variation of less than —5% after the PID test. However, “PID-free”
is a purely commercial label as the PID testing TS [59] does not provide any threshold in the
power loss that guarantees that the module will not suffer from PID in the field. In addition,
some modules that are sold with such label by some Tier 1 companies were shown not to pass
the proposed standard test. We purchased indeed a commercial module type labeled as being
“PID-free” under 85°C/85% RH. After the test at the same conditions and with the standard
value of voltage bias (—1000 V), we measured a power variation of —69% (see Figure[3.8a),
by far stronger than the value of —5% considered as the limit to be labeled “PID-free”. The
module does not prove to be “PID-free” even at 60°C (Figure|3.8b).

PID test at 85°C / 85% RH /-1000 V PID test at 60°C / 85% RH /-1000 V
10 T T T 10 T T T
R
8 sh¢ 4 8 L .
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Figure 3.8: Two commercial modules, of the same type, that are sold by a Tier 1 company as
“PID-free” at the 85°C/85% RH condition, were tested in our laboratory with —1000 V voltage
bias applied for 96 h and at two environmental conditions. [(a)]IV curves of the module before
and after the test at 85°C/85% RH show instead a power loss of ~ —69%, much larger than the
limit of 5% considered as threshold to be labeled as “PID-free”. The power loss is mainly due
to a reduction in the shunt resistance Rgp, confirming that the test actually reproduces the
typical effect of PID. |(b)| The module does not prove to be “PID-free” even at 60°C.

The shunting effect typical of PID is evident in the EL pictures of the module after the test as
shown in Figure

In Chapterwe start from the Method (a) test to build a matrix of tests at different stress levels,
in order to develop a lifetime model for PID that allows us to simulate PID in different climates.
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Figure 3.9: EL image of the module tested at 85°C / 85% RH / —1000 V / 96 h, related to the IV
curves in Figure[3.8al This image illustrates that the PID test actually reproduces the effect
caused by PID, as the degradation mode detected from this image is a darkening of the cells
that is a consequence of shunting.

3.5 Modeling PID

3.5.1 An overview of the different attempts to model PID

Empirical models of PID based on indoor accelerated aging testing have been proposed in
recent years (see [97] and [52] for a review). The models express the PID effect as a function of
the four stress factors, and have been used to predict PID in real outdoor conditions.

In [50], Hoffmann and K6hl derive a model for the module leakage current. Leakage currents
on the order of microamperes are indeed present in modules subjected to PID testing, and are
known to be linked to relative humidity and temperature. However, the correlation between
the leakage current and the power degradation is not clear, as we also show from results of our
accelerated tests in Chapter[4]

Taubitz et al. in [146] model the time evolution of the shunt resistance Ry}, of one-cell mini-
modules during indoor testing at high temperature. When a voltage of —1000 V is repeatedly
switched on and off, the shunt resistance is found to experience three phases: a shunting
phase under bias voltage, a transition phase when the bias is switched off, and a consequent
regeneration phase. This model shows quite a good correlation when compared to outdoor
measurements of the Ry, however a quantification of the module power degradation is not
explicitly provided.

Koch et al. also develop a model for the shunt resistance, for which a logistic function is em-
ployed to describe the degradation process and an exponential function for the regeneration
182].

Hattendorf er al. propose a PID model based on the module maximum power Ppy,pp [45]. A
matrix of accelerated degradation tests at different stress levels is performed, assuming that
the stress factors for the power degradation are the applied voltage, the temperature, the
ambient relative humidity, and the time. The degradation curves follow a sigmoid shape,
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reaching a stabilization level — dependent on the value of the applied voltage — after which
the power stops degrading. The same authors investigate the regeneration mechanism in
[44] by subjecting pre-degraded modules to tests with no applied voltage. The regeneration
model they extract describes the temperature-driven power recovery in dark conditions with
no bias voltage. The final predictive model including both degradation and regeneration has
10 parameters to be determined experimentally. It is finally applied to simulate PID in outdoor
conditions in different climates.

In 2015 [37], Hacke et al. extracted a model based on accelerated degradation testing that does
not include the regeneration mechanism. In this case the power loss is described as parabolic
in time and its dependency on temperature and humidity is based on the Peck equation.

3.5.2 The contribution of this work

Even though the understanding of PID has made important progress since the issue was first
identified, some aspects still need to be further investigated. Our work addresses two areas:
the prediction of module power degradation in different climates and the identification of
module materials (e.g. cell, encapsulant, backsheet) combinations that prevent or limit the
occurrence of PID.

About the first point, we propose a mathematical model to predict PID as a function of the
stress factors (T, RH, and voltage), which takes into account both the degradation and the
regeneration processes. The model we present here contains new aspects with respect to
those described above. First, we investigate the regeneration mechanism under irradiance
and with applied bias voltage with accelerated testing and obtain a set of equations to model
it. To the best of our knowledge, this issue was not addressed before. Our predictive model is
therefore able to treat with two different equations the power regeneration that occurs at night
and the one that, under some specific conditions, takes place during daytime. Moreover, we
improve the understanding of the influence of weather especially by integrating a condition
for the module surface to be wet. In contrast with some previous approaches, we use a
mathematical adaptation that allows a consistent way to apply the equations, obtained at
indoor constant conditions, with real outdoor conditions, where the stress factors (weather)
vary continuously. This approach also allows us to consider the environmental stress factors
with a time resolution of one hour, in contrast with some other works where for example day
average values are used.

With regard to the role of module materials in PID, we test mini-modules manufactured
with different combinations of cell, encapsulant and rear sheet materials and show that,
for instance, the use of PID-free cells is not always the best option to prevent PID. We also
investigate the role of the rear sheet as well as the impact of water ingress into the sandwich
on the occurrence of PID.
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3.6 Structure of the chapters on PID

Our discussion of PID develops in the following three chapters as illustrated in the diagram in
Figure[3.10] Each block of the diagram will be further developed in the corresponding chapter.
To briefly anticipate, Chapter[4and[5|concern, respectively, the development of a predictive
model for PID obtained from indoor laboratory testing, and the application of the model to
simulate the power evolution of modules in various climates.

First, in Chapter[4we present the experimental work performed in order to develop a model of
PID as a function of its stress factors. Results of accelerated degradation tests at different stress
levels are shown, from which we deduce an equation that describes the power degradation at
constant stress conditions and the values of the relative parameters for our samples. We then
present two sets of tests that we carried out in order to investigate, respectively, regeneration
at night and regeneration during the daytime. In this case as well, we deduce a mathemat-
ical equation to describe these mechanisms at constant stress conditions, and extract the
parameters for our module type. In Chapter[5} we apply these equations to simulate the power
performance in outdoor conditions, using weather data as inputs as well as the parameter
values from the accelerated tests. In Chapter[6|we continue our investigation into PID with a
closer study on the role that module materials and their combination play in preventing PID.
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Figure 3.10: Flowchart visualizing the structure of the chapters dedicated to the topic of PID.
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PID: Indoor accelerated testing at
constant stress conditions

In this chapter, we develop empirical equations that describe PID as a function of the stress
factors. This is done by performing a matrix of accelerated tests at different stress levels on
two-cell mini-modules. The equations we obtain describe PID at constant stress conditions,
as it is the case during indoor testing. In Chapter[5|we employ these equations to develop a
model that predicts PID in real outdoor conditions, and the parameters extracted here are
used as inputs in our simulations. Both the degradation and the regeneration mechanisms are
investigated experimentally in this chapter.

The leakage current, used by some authors as a physical quantity representative for PID, is not
found to be strictly correlated with the performance loss, and we decide to consider instead
the mini-module maximum power Py, as the physical quantity to model.

Concerning the degradation mechanism, we perform a matrix of tests at different combina-
tions of the stress factors (temperature, relative humidity, voltage, and time) and derive a
dependence of the P ,¢ on temperature, relative humidity, and time in agreement with that
proposed by Hacke et al. in 2015 for 60-cells commercial modules. Here, we add the influence
of the applied voltage, a key parameter for predicting the PID in field modules, where the
extent of voltage varies depending on the module position in the string.

The regeneration (or recovery) mechanism is investigated by means of two sets of tests. First,
we expose degraded samples to different temperatures in the dark with no voltage applied,
in order to reproduce the recovery occurring in the field during the night. We obtain an
exponential dependence of the recovery on T in the form of what proposed by Lechner et al.
in 2015 [93]. Secondly, we contribute to the understanding of the regeneration during light
exposure and clearly show that, when the ambient conditions are favorable (high temperature
and low relative humidity), a power recovery can occur even for samples exposed to very high
negative voltages. We finally derive an equation for power recovery during light exposure.

The equations obtained in this chapter hold for stress conditions that remain constant in time.
As mentioned, we then apply these equations and their parameters in Chapter[5} where we
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simulate what the effect of PID would be if these mini-modules were exposed to real outdoor
stress conditions continuously varying in time.

The structure of this chapter and its relation with Chapter[j|is illustrated in Figure

The results in Section[d.I|were included in the conference proceeding in Ref. [2] and some of
the results in Section[d.2|were presented in [4].

Block A

PID: indoor accelerated testing
(constant stress conditions)

Degradation Regeneration
[Sec. 4.1] [Sec. 4.2]

/\

Degradation tests

Regeneration tests
in the dark

(no voltage applied)
[Sec. 4.2.2]

Regeneration tests
under illumination
(voltage applied)
[Sec. 4.2.3]

Parameters for Pmax
degradation
Equation (4.3)

Parameters for Pmax
nighttime regeneration
Equation (4.7)

Parameters for Pmax
daytime regeneration
Equation (4.8)

A, B, E, B, 7, Eq(D) BT,

y
Input to Block B.3
Simulating PID in outdoors conditions

Figure 4.1: Outline of the chapter. The parameters of the PID degradation equation, A, B, and
E, are defined in Section[4.1]and in Table The parameters for regeneration, 8,7, E,4 (1),

and A are defined, respectively, in Section[4.2.2} Table[4.3]and in Section[4.2.3} Table

4.1 A mathematical model for PID: power degradation

In this section, we derive an equation that describes the power loss of a module due to PID as
a function of the main stress factors for PID: temperature T, relative humidity RH, voltage V,
and time t.

4.1.1 Experimental work

The experimental tests described in this chapter are done on two-cells mini-modules such as
that depicted in Figure Testing such mini-modules (size 20 cm x 40 cm) in place of full-
size commercial modules (typically 100 cm x 160 cm) offers the clear advantage that a larger
number of samples can be tested simultaneously to collect sufficient data in a non-prohibitive
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time.

The mini-modules are manufactured with a standard lamination process as presented in[2.1]
All the samples are encapsulated with a 3-mm-thick, 200 mm x 400 mm solar-grade soda-lime
glass at the front, and a 0.360-mm-thick polymer-based sheet at the rear (backsheet). Each
mini-module consists of two monocrystalline silicon p-type cells with a single p-n junction.
Before lamination, we manually solder three ribbons (standard copper-based and tin-coated)
over the three busbars of the cells and connect the two cells in series. The encapsulant
material is a standard EVA (ethylene vinyl-acetate) for PV applications, from Bridgestone (EVA
model S88). The backsheet is from Dunmore, model PPE+, and is comprised of two layers
of polyethylene terephthalate (PET) laminated to a single layer of adhesion-promoting film.
After different trials on ways to simulate the presence of a metallic frame (by e.g. covering
the entire surface or only edges with an aluminum (Al) foil as in [136], we decide to use an
electrically conductive aluminum tape on the four sides, as done for instance in [50].

Figure 4.2: Example of a two-cell mini-module used for our PID tests. The aluminum tape
simulates the frame assuring a good and homogeneous adhesion on the glass surface.

To degrade their performance, the mini-modules are tested in climatic chamber according
to the procedure prescribed by the IEC TS 62804-1:2015-08 [59] and described in Chapter
In order to model the contribution of each stress factor, we vary the stress levels in each
test sequence, as illustrated in Table Between two and four samples are tested at each
stress condition. Moreover, the test duration is extended from the 96 h prescribed by the TS to
192 h in order to gain more information on the degradation process. Electrical parameters of
the mini-modules are determined (i) initially, (ii) after 96 h, and (iii) at the end of the test, by
means of [V measurements at standard test conditions (as described in Chapter[2.2.1).

Throughout this section, the mini-module’s initial maximum power (i.e. before the degrada-
tion) is denoted by Pj,j; the maximum power at time ¢ by P« (2), or simply P(¢) in the plots;
the power loss at time ¢ is defined as AP := Pjy; — P(1).
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Table 4.1: Matrix of accelerated-aging test conditions to investigate PID dependence on
temperature T, relative humidity RH, and voltage V. Duration of all tests is 192 h, and the bias
voltage applied to the cells with respect to the grounded frame is —1000 V. Tests at 85°C / 85%
RH are repeated with additional bias of —600 V, —400 V, and —200 V. Between two and four
samples were tested at each condition.

| T/RH | 65% 75% 85% 95%
45°C -1000V
60°C | —1000V | —1000V | —1000V | —1000V
-1000 V
o ~600V
85°C ~400V
—200V

4.1.2 Leakage current

In an initial phase of the PID investigation, some authors proposed the leakage current flowing
through the module as a possible indicator for PID ([50, 15]). It is well documented that
the leakage current increases at higher temperature, higher ambient humidity and with the
module’s surface wetness. However, some studies ([62} 36]) show that the leakage current is
not always proportional to the actual power degradation, and is therefore not a good indicator
of PID when the focus is performance prediction.

Nevertheless, we measured the leakage current during our tests to validate our test setup. In
agreement with published studies, the leakage current demonstrates an Arrhenius dependence
on temperature (see Figure[4.3). The activation energy we determined equals 0.69 eV, well
in line with the published values in [136] for their one-cell mini-modules. Also the leakage
currents absolute values are very similar. We should mention that leakage current values up to
10 times higher were also reported in [50] for their 4-cells mini-modules. Such a difference
can be attributed not only to the different module size (accumulated charge) but also to the
use of a different bill of materials (glass, encapsulant, and cell type).
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Figure 4.3: Semi-log plot of the leakage current measured on our mini-modules tested at
85% RH and —1000V, as function of the inverse of the temperature. An Arrhenius behavior is
observed.

In addition, we confirmed that a higher leakage current is indeed not always correlated with a
stronger power loss, as shown in Figure[4.4]
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Figure 4.4: Power loss after 192 h of PID test versus leakage current (obtained as the average of
the leakage current measured all over the test duration): no correlation is observed.

4.1.3 Temperature

As documented in several studies, [36] among others, temperature is one of the degradation
factors for PID. Indeed, at high temperatures both the glass surface and the encapsulant
become more electrically conductive, which facilitates the ion migration from the glass to the
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cell. The experimental tests performed in this work show an Arrhenius dependence of the
power loss on temperature (see Figure 3). The activation energy E, we derived for the power
loss is 0.86 eV.

Power degradation after 192h

Ea=0.86 eV

In(AP/P,) [-]

RH=85%
V=-1000 V

&
o (&)
1

0.00280 0.00285 0.00290 0.00295 0.00300

Inverse temperature 1/T [1/K]

Figure 4.5: Normalized power loss after 192 h of PID test at 85% of RH and —1000 V applied.
Error bars denote the standard deviation. An Arrhenius behavior is deduced with respect to
temperature, with an activation energy E, of 0.86 eV.

4.1.4 Relative humidity

A complete description of PID requires modeling the effect of relative humidity on the power
loss. Monitoring of modules in outdoor conditions reveals a strong degradation during periods
of high relative humidity ([81], [50]). Relative humidity affects the process of PID in different
ways.

1. Itis known that the electrical conductivity of glass depends on the air relative humidity
[11]. In dry conditions, the PID mainly affects the cells close to the module edges, as
they are more equipotential to the grounded frame than the cells in the center of the
module. The higher the conductivity of the module glass (humid conditions), the more
the ground potential of the frame is distributed over the glass surface. This leads to
high leakage currents also for the cells in the center of the module, and the PID effect
on the module is stronger as it concerns more uniformly all the cells. A particularly
harsh case is when a water film is created over the glass. In [81], for instance, outdoors
PID measurements revealed a relevant reduction in shunt resistance together with high
values of leakage currents during the mornings, when water condenses on the module
surface, and during rainy days.

2. Under humid conditions, moisture can penetrate into the encapsulant material, reduc-
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4.1. A mathematical model for PID: power degradation

ing its resistivity and thus accelerating the Na ions transport through the material.

3. For EVA encapsulants, moisture is also considered to be related to PID in that it can
result in formation of acetic acid, which enhances the release of ions from the glass
(1531, [143], [119].

Here, we perform PID tests on two-cell mini-modules at different relative humidity levels in
order to model the dependence of the power degradation on RH. We assume that the main
effect of RH on PID during the 192 h of our tests is mainly the one in point 1 (i.e. increased
glass surface conductivity at high RH), and we suppose the effects in points 2 and 3 negligible.

In Figure[4.6)we show the results of our tests by plotting the power loss against the RH level.
Even though results present some variability, we can describe the dependence of power loss
on RH with a polynomial curve (see Equation in Section[4.1.7). We observe that the value
of RH=40% appears to be the minimum RH level to detect an effect of PID, at least after 192
h of testing at these stress levels. We apply this consideration in our simulations of PID on
modules in operation in Chapter[5|as a criterion to distinguish the phase of power degradation
and power regeneration during daytime hours.

Power degradation after 192h
0.201 V=-1000 V I
0.18 - s
0.16 -
0.14
0.12 -
0.10 -
0.08 -
0.06 -
0.04 -
0.02 -

0.00 ' T
0 20 40 60 80 100

Relative Humidity RH [%]

Relative power loss AP/P_ [-]

Figure 4.6: Normalized power loss after 192 h at 60°C and —1000 V exhibits a polynomial
dependence on relative humidity.

4.1.5 Time

As mentioned, mini-modules are characterized by means of IV curve measurements before
the test and after 96 h and 192 h in climatic chamber. In agreement with what found in [37] for
commercial modules, the evolution of the maximum power of our mini-modules is quadratic
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Chapter 4. PID: Indoor accelerated testing at constant stress conditions

in time, in our case at least during the first 192 h, as shown in Figure and reported in
Equation (4.3).

This parabolic function provides a good description of the initial phase of the PID curve.
Some authors (e.g. [45]) showed that for long testing times the power rather follows a logistic
function behavior, tending to stabilize to a minimum value. However, describing the power
time evolution with a parabolic function, although with some mathematical limitations, has
the advantage of avoiding the need of very long accelerated tests and makes the realization of
the whole test matrix for PID power degradation less prohibitive in terms of time costs.
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Figure 4.7: Evolution in time of maximum power Ppax for some of the test conditions per-
formed: the behavior in the first 192 h can be fitted with a quadratic curve.

4.1.6 Voltage

A necessary condition for the occurrence of PID is the presence of an electric field across the
materials constituting the module sandwich. Several inspections on PV plants (we showed
some examples in Chapter[3) clearly indicate that the degradation of modules within a string
is stronger when moving towards higher negative potentials with respect to ground. This
latter term is, therefore, needed to approach real field conditions, as field PID degradation
will depend on the module’s position within the string. Here, we perform tests at several
voltage levels and observe that the power losses at a fixed time (e.g. after 96 h) vary linearly as
a function of the applied voltage, as Figure[4.8|shows.
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Figure 4.8: A linear behavior is observed for maximum power P ax after 96 h of PID tests at
85°C/85% RH as a function of the voltage.

4.1.7 Mathematical equation for the power degradation

We finally combine the effect of all distinct contributions and propose a simplified relation,
Equation (4.1), describing the power degradation as function of PID at constant stress test
conditions:

Poax® _y_ ¢y “.1)
Pin;

where P« (£) is the module’s measured maximum power after ¢ hours of exposure to constant
stress levels, Pjy; is the initial power, and Cy is a coefficient for the voltage, which includes
the effect of T, RH, and ¢. The coefficient Cy represents the equation previously proposed by
Hacke et al. in [37], which was established based on PID tests on commercial modules with
60 monocrystalline silicon p-type cells. We recall this relationship hereunder in the form of
Equation where k =8.6173-107° eV-K™! is the Boltzmann constant.

Cy(T,RH,1):= A-V-RHB.e <% . 12 4.2)

By fitting Equation for our mini-modules, we obtain the following values for the parame-
ters: A=6.0188-10"°h~2V "1, B=4.43 [-], and E, = 0.86 €V, reported in Table[4.2] Note that
E, is interpreted here as the activation energy of the power loss. Other authors concentrate,
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instead, on the activation energy of the time to reach a certain level of power loss (what we
define here “time to failure”). It is possible to mathematically verify that Equations and
imply that the activation energy of the power loss is twice the activation energy of the
time to failure. Values reported by Hacke et al. in [37] and Raykov et al. in [136] are 0.85 eV
and 0.75 eV respectively: this would therefore mean an activation energy of 1.7 eV and 1.5 eV
for the power loss. We conclude that the value of 0.86 eV obtained by us is lower compared
to the mentioned references. Reasons for this might lie for instance in the particular type of
encapsulant employed or in the samples configuration (e.g. sample size, shape, etc).

To conclude, for a mini-module with initial maximum power Pj,j, subjected to constant
temperature T, relative humidity RH, and voltage V, the maximum power P4 at time ¢ is
given by the following equation, which has the form of a classic Peck model with a linear
contribution of the voltage:

Prax (1) :Pini~(1—A-V-RHB-e‘%-tz). 4.3)

Table 4.2: The parameters obtained for Equation describing the power degradation due to
PID.

| A2V [ BI-] | EqleV] |
| 6.0188-107> [ 443 | 0.86 |

4.1.8 Summary

We subjected test devices (two-cell mini-modules) to accelerated PID tests at different stress
levels. From the matrix of tests, shown in Table[4.1} we developed an empirical mathematical
model that describes the power degradation as a function of the main PID stress factors, i.e.
temperature, relative humidity, voltage, and time. On the one hand, tests results suggest that
mini-modules behavior can be described by the model that Hacke et al. developed in [37] for
commercial modules, based on the Peck model where in particular the power degradation
is described with a parabolic behavior over time. On the other hand, we contributed to the
modeling of power degradation by adding a term that describes the dependence of degradation
on voltage, obtaining the final expression in Equation (4.3). The values of the parameters
appearing in Equation (4.3), reported in Table are extracted by fitting the experimental
results, and are specific to the mini-modules considered here in the accelerated testing.

4.2 A mathematical model for PID: power regeneration

In this section, we complement the model presented above by including the contribution
of a regeneration term. First, we subject two-cell mini-modules to PID tests in order to
degrade their performance. Then we use a similar approach as the one used for modeling
the degradation: regeneration tests are performed at different conditions, from which we
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extract an empirical equation describing the recovery of the maximum power Ppax. The same
method is used in other contributions, e.g., [93] and [44]. As mentioned, one contribution of
our work is to analyze of the regeneration process that occurs during light exposure, when
samples are exposed to negative voltages towards ground resulting in an interaction between
the degradation and the regeneration mechanisms.

4.2.1 Experimental work

For the regeneration tests we use the same type of coupons employed in the degradation tests,
i.e. two-cell mini-modules laminated at PVLAB, of size 20 cm x 40 cm. All samples feature the
same materials as those described in Section[4.1} commercial mono crystalline silicon p-type
cells, soda-lime glass at the front, a polyethylene-based backsheet, and a commercial EVA as
encapsulant material. The same electrically conductive aluminum tape is placed on the four
sides to simulate the presence of a metallic frame.

All the samples for regeneration tests are prepared with the same processes, the same bill of
material, and in a single batch. To degrade their performance, we subject the mini-modules to
PID tests in climatic chamber at 85°C and 85% RH (or 85/85). The temperature is increased to
85 °C instead of the specified 60 °C in order to accelerate the degradation. The mini-modules
are characterized electrically by IV measurements initially (the initial power is denoted by
Pini) and at the end of the degradation tests (96 h, Pp,). After the degradation, the same mini-
modules are subjected to regeneration tests. On the one hand, to investigate the regeneration
occurring at night, tests are performed at different temperatures in dark and with no applied
voltage (Section[4.2.2). On the other hand, to reproduce daytime regeneration (that may occur
during hot and dry periods), the samples are exposed to different irradiance levels (Section
. We also investigate for the first time the effect that load conditions (open-circuit (OC),
short-circuit (SC), and maximum power point (Mpp)) have on the regeneration under light
exposure. We do this to investigate regeneration under conditions close to those experienced
by modules in a field (Mpp vs OC). In addition we simulate the effect of applying a negative
bias voltage to the samples during the exposure to light at high temperature.

4.2.2 Regeneration in the dark

For the study of nighttime recovery, we subject pre-degraded mini-modules to recovery in
dark. Regeneration tests are performed in an oven, at different temperatures and under dry
conditions (RH around 8%). Samples are kept in open-circuit conditions.

Let us define, as done by Lechner et al. in [93], the relative recovery at time ¢ as:

P 1) — P
RR(1) := M, (4.4)
Pini_Pmin
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where we recall that Pj,; and P are the mini-module maximum power at, respectively,
the beginning and the end of the degradation test. We obtain the following relation for the
relative recovery as a function of the temperature, see Figure[4.9} in agreement with the results
obtained in [93] (on commercial 60-cell modules):

_ t )P _ E,v) (1 1
RR(t)=1-exp| - m , where 7 (T) = Tref- €Xp —T- T~ T ) (4.5)
re

The parameter 8 seems to be independent from temperature and has an average value of 0.55
[-]. The parameter 7[h] follows an Arrhenius law with respect to temperature T (expressed in
[K]), with an activation energy E, of 0.52 eV (x is the Boltzmann constant [eV/K]). A summary
of the parameters found from the fittings is given in Table[4.3]
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Figure 4.9: Relative recovery over time for mini-modules during indoor testing in the dark at
different temperatures, with fitting curves according to Equation (4.5).

Table 4.3: The parameters obtained experimentally on our mini-modules for Equation (4.5)
describing the relative recovery in the dark.

| TrCl| b [ E.m)[eV] ]| BI] |

21 4805.79
60 277.65 0.52 0.55
85 137.87
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The fact that higher temperatures induce a faster power recovery is consistent with the theory
of the regeneration as an out-diffusion process of Na atoms from stacking faults in the pn
junction. As previously suggested in [93], this indicates that, under dry conditions, power
regeneration might be more pronounced during daytime, with higher temperatures, than
during nighttime, even in the presence of a negative applied bias to the modules. This is the
main motivation for the work presented in the next section.

4.2.3 Regeneration during light exposure

Here we aim at modeling the effect of irradiance on power recovery. As for regeneration in the
dark, all the samples are pre-degraded in climatic chamber at 85/85/ —1000 V for 96 h. The
recovery is then performed at different irradiance levels, in dry conditions (relative humidity
around 15%) in a temperature-controlled light-soaking chamber (Honle sun simulation sys-
tem, a solar simulator of class C for spatial homogeneity). The temperature can be set in the
range of 40°C to 60°C and can vary during operation with an error of +£5°C.

Effect of load conditions

While the samples regenerating in the dark are kept at open-circuit conditions, here we want to
reproduce the conditions in which field modules are kept during daylight. For this reason, we
apply to some of the samples a negative voltage (simulating modules at the negative extreme of
astring). In order to assess the impact on regeneration of irradiance only, other samples are left
with no voltage applied. Additionally, for a specific set of conditions (1000 W/m?, 60 °C, - 1000
V) we investigate the effect of load conditions as well, by exposing the modules, respectively,
in short-circuit (SC), open-circuit (OC), and, by applying a resistive load, maximum power
point (Mpp). The experimental matrix is summarized in Table[4.4]

Table 4.4: Experimental matrix for the first set of tests to investigate the regeneration mecha-
nism during light exposure. Temperature T is the set chamber temperature.

T [°C] | Irradiance [W/m?] Lo.afi Voltage [V]
conditions
PID (SC) —1000
SC /
1000 oC ]
60 Mpp /
800 PID (SC) —1000
Mpp /
PID (SC) —1000
640 Mpp /

Figure shows the recovery over time of the samples regenerating under 1000 W/m? at
different load conditions. On the left (Figurel4.10a), the complete power evolution is shown,
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with the initial degradation induced by the PID test and the subsequent regeneration at low
humidity. Two samples were tested per each condition but only one representative sample
per condition is shown for the sake of clarity. A slight difference among the samples can be
seen in the regeneration speed and in the extent of maximum recovery. This difference is
more clear if we look at the relative recovery, plotted in Figure For instance, samples
in OC conditions show the strongest recovery, which we tend to ascribe to the slightly higher
temperatures (a few degrees) experienced by these devices.

Degggation Regeneration
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Figure 4.10: Power evolution of mini-modules normalized to their initial power (before
degradation). PID degradation is performed at 85 °C / 85% RH / —1000 V for 96 h. Regeneration
starts at time 0 h, with samples exposed to 60 °C and at different load conditions. Relative
humidity was low to enhance the regeneration (around 15%). Lines are a guide to the eye.
Relative recovery, defined in Equation (4.4), referred to the same samples as in the figure on
the left.

Note that, under these test conditions, even samples with a high negative applied voltage are
regenerating. This means that daytime regeneration can occur in the field even for modules in
strings exposed to high negative voltages towards ground, at least when humidity is low or
in the absence of rain. A recovery of the performance during hot and dry periods was also
observed in [81], where the shunt resistance of a mini-module kept at —1000 V negative bias
voltage first decreased in the early morning hours under humid conditions, followed by an
increase (corresponding to a recovery) during hot and dry hours. This phenomenon can find
an explanation in the frame of the theory for PID regeneration. Indeed, when the glass surface
is dry it becomes less conductive and as consequence the leakage current through the module
materials drops. If it is low enough, the electric field across the SiN layer is reduced, and
the out-diffusion process of Na out of the stacking faults can take place and prevail over the
inwards drift of Na ions that would cause performance degradation.
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4.2. A mathematical model for PID: power regeneration

Effect of irradiance

Regeneration under different irradiance levels is shown in Figure[4.11} Dotted lines are for
samples with —1000 V applied, while full lines represent samples in Mpp conditions. The
effect of irradiance on the power regeneration seems not to be very pronounced. For the
same samples, also the values of relative recovery, as defined in Equation (4.4), suggests that
irradiance may have a secondary relevance in promoting the regeneration compared to load
conditions (see Figure[4.11|on the right).

In addition, even if—in order to avoid contradictory results — particular care has been dedicated
in sample processing (same bill of material, processes, and processing time), the samples
show different level of degradation or “pre-damage” (i.e. not all samples degrade by the same
amount), as can be seen in Figure (left). This variability then translates into different
levels of recovery or of relative recovery (plot on the right in Figure[4d.11). As we show later on
for another set of tests, the level of degradation has a considerable impact on the recovery. It is
indeed widely observed (and reported in the literature, e.g. [44]) that the samples undergoing
amore severe degradation tend to recover less.
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Figure 4.11: Power evolution of mini-modules normalized to their initial power (before
degradation). PID degradation is performed at 85 °C / 85% RH / —1000 V for 96 h. Regeneration
starts at time 0 h, with samples exposed to 60 °C and different irradiance levels. Relative
humidity was low to enhance the regeneration (around 15%). Lines are a guide to the eye.
Dotted lines are for samples with a —1000 V bias voltage applied, full lines are for samples in
Mpp conditions. Relative recovery for the same samples as in the figure on the left.

Effect of temperature

A second set of tests is then performed to further understand the mechanism of power re-
generation under irradiance by investigating the role of temperature. Here again, two-cell
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mini-modules are first subjected to power degradation at 85/85/ —1000 V and subsequently
exposed to irradiance. The irradiance level is fixed at 1000 W/m?, and temperature and applied
voltage are varied according to the experimental matrix in Table[4.5] The temperature of each
sample is monitored throughout the test with PT100 sensors placed on the samples’ backsheet.

Table 4.5: Experimental matrix for the second set of tests to investigate the regeneration
mechanism during light exposure. Temperature T is the sample temperature.

Irradiance [W/m?] ‘ T[°C] ‘ Voltage [V] ‘

40
50 —1000
1000 —400
60 -600
—1000

In Figure[4.12|we show the relative recovery RR of the samples regenerated at different temper-
atures (time ¢ = 0 h is the time at which the regeneration test starts). Values for the conditions
at 40°C and 60°C are the averages of two samples, the bars representing the standard devia-
tions; values for the condition at 50°C refer instead to one sample only.
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Figure 4.12: Relative recovery of samples exposed to 1000 W/m? / —1000 V at different temper-
atures. The values at 50°C refer to one sample only, while for the 40 and 60°C the values are
averages of two samples, the error bars indicating the standard deviations. The dependence of
the RR on temperature is not very clear from these results, and we approximate the three sets
of data (at 40, 50, and 60°C) with the same fitting function (blue curve).

The impact of temperature on RR is not very evident: even if samples at 40°C seem to regener-
ate faster than the others, the very slight difference between the three sets of values does not
allow us to establish a model for the dependence of RR on temperature. We therefore deduce
from these tests that the RR is independent of the sample temperature, and fit these datasets
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with one single curve. A good fitting is obtained with the following function:

r\B
RR(t)=A-[1—exp —(;) , (4.6)

where the values extracted for the parameters are T =800 h, § =0.50 [-], and A = 0.65 [-].

The fact that temperature does not have a pronounced effect on regeneration when a voltage
is applied might be due to a counterbalance between the Na* drift from the glass towards the
cell surface (responsible for performance degradation and enhanced by high temperatures)
and the temperature-driven out-diffusion of Na from the staking faults. Tests at a wider
temperature range could possibly provide further information on this aspect.

Effect of voltage and of degradation level

For a fixed temperature of 60°C, we then regenerate samples applying different voltage levels.
This is done to assess the distribution of the daytime recovery process as a function of the
position of the module in a string. The results, in Figure[4.13} show that differently from what
was expected the extent of voltage is not clearly related to the dynamics of the recovery process.
For example, one of the two samples exposed to —400 V shows a slower relative recovery (plot
on the right) than the samples exposed to —600 V and even than those at —1000 V. For the
second sample with —400 V applied, instead, the RR curve follows closely the curves of those
at —600 V.

By looking at the plot of the relative power (on the left in Figure[4.13), we see that the quantity
that affects mostly the RR and in particular its maximum extent for ¢ — oo is the relative power
at the end of the degradation period (i.e. the extent of the degradation). We observe that, for
samples with a lower P,/ Pip; (i.e. samples that degraded more), the RR occurs more slowly
and tends to stabilize at a value A < 1 meaning that the power will not fully regenerate to its
initial conditions. By fitting these data with Equation with the values for parameters 7 and
B previously found (r =800 h, f=0.50 [-]), we extract the parameter A, and we attribute the
difference in the value of A to the pre-damage level exclusively. We draw a twofold conclusion
from these data: (i) the voltage does not seem to affect the daytime regeneration, and (ii) the
pre-damage level seems to be the quantity that affects the RR dynamics the most, in terms of
both the speed and the maximum extent A of recovery.
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Figure 4.13: Power evolution of mini-modules normalized to their initial power (before
degradation). PID degradation is performed at 85 °C/ 85% RH / —1000 V for 96 h. Regeneration
starts at time 0 h, with samples exposed to 60 °C, 1000 W/m? and different (negative) voltage
levels. Relative humidity is low to enhance the regeneration (around 15%). Lines are a guide to
the eye. Relative recovery RR of the same samples. Lines are fittings with Equation (4.4).
The top green curve is used to fit the three sets of values corresponding to the samples with
the highest ratio Ppyjn/ Pini (plot on the left).

In view of the observation above, we look at the dependence of the parameter A on the pre-
damage. In Figure[d.14]the values of A obtained from our fittings are plotted against the relative
power at the end of the degradation Pp,in/Pini. We find that, if the power at the end of the
degradation is higher than 50% of the initial power, then the recovery will be complete at
infinite time; otherwise, the maximum extent of recovery A is <1 and we can approximate it
with the relation A = 2+ Prin/ Pini.
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Figure 4.14: Maximum level 1 of relative recovery (Equation ) as a function of the PID
damage level of the sample at the beginning of the regeneration test (i.e. Ppin/Pini). Samples
for which the degraded power was less than 50% of their initial power will not regenerate
completely.

The values of the parameters obtained for the daytime recovery are summarized in Table[4.6]

Table 4.6: The parameters describing the relative recovery under irradiance.

[t | B | AL
1, if Pmin/Pini > 0.5
2+ Pmin/ Pini, if Pmin/Pini < 0.5

800 | 0.50

4.2.4 Mathematical equations for the power regeneration
We collect here the final equations that model the process of power regeneration in the dark

and under light exposure.

Equation for the nighttime (dark) regeneration

B
RR(t) =1-exp (_(TtT)) ) where $=10.55 [-] and

E,r) (1 1 )
T(T) =7 (Tref) - €Xp e ?—Tf , with

Ea(1) = 0.52 €V, Tpef =30 +273.15 K. @.7)
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Equation for the daytime (light) regeneration

i
RR(t)=A- (1 —exp (—(;) )) where 7 =800 h, f=0.50 [-],and

1 if Pmin/ Pini > 0.5
A/ — min mi (4.8)
2 Pmin/Pini otherwise

The final goal of this work is to model the evolution of the PID phenomenon and the impact
on module performance as a function of different climatic conditions. In the next Chapter
we apply the equations obtained from indoor testing (Equations (4.3), (4.7), and (4.8)), in
combination with a set of input meteorological data for specific locations, to predict the time
evolution of PID on modules in operation.

4.2.,5 Summary

We analyzed by means of accelerated tests the mechanism of power recovery on mini-modules
previously degraded in laboratory. In dark conditions (replicating nighttime recovery), our
results are in agreement with [93]: power regeneration is promoted by higher temperatures
and follows a stretched exponential law with a time coefficient that depends on temperature
through an Arrhenius law (Equation (4.7)). The parameter values of the equation extracted
for our mini-modules are listed in Table Our contribution consists in investigating in
greater detail the mechanism of power regeneration that occurs during daytime, when the
modules are exposed to a negative potential towards ground. Our findings indicate that, under
illumination (daytime recovery), the level of irradiance, temperature, and applied voltage do
not seem to affect the recovery. The starting level of degradation of the samples plays, instead,
a major role and the regeneration mechanism during daytime can, in conclusion, be modeled
with a stretched exponential with a pre-factor that depends on the degradation level (Equation
(4.8)). Table[d.6|reports the values of the daytime regeneration parameters obtained for our
mini-modules.

4.3 Conclusion

In this chapter, we subject test devices (two-cell mini-modules) to accelerated PID tests at
different levels of the stress factors. At each test condition, the stress levels are maintained
constant throughout the duration of the test.

No direct correlation is found between the value of leakage current measured during the test
and the final extent of power loss of the mini-modules. We therefore confirm that leakage
current is not a good indicator of PID when the aim is performance prediction, and decide to
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consider instead the P4 as the physical quantity to model.

4.3.1 The power degradation

Ppax of the mini-modules is measured initially and at fixed time intervals during the tests.
We correlate the P, degradation to each stress factor by obtaining the following empirical
relationships.

1. With respect to temperature, the power loss after the degradation tests has an Arrhenius
dependence, with an activation energy E, of 0.86 eV.

2. The power loss is related to the relative humidity through a polynomial dependence.

3. The evolution of the maximum power of our mini-modules is quadratic in time, at least
during the first 192 h. This is in agreement with [37] for commercial modules. Even if
some authors observed a behavior similar to a sigmoid function, with a stabilization
level at infinite time, here we assume that the power loss is parabolic, keeping in mind
that this approximation might be good only in the initial phase of the curve. Using
this model has the advantage of making the realization of the whole test matrix for PID
power degradation less prohibitive in terms of time costs.

4. By performing tests at different voltage levels, we find that P,y varies linearly as a
function of the applied voltage.

The relationships in points 1, 2, and 3 were previously proposed by Hacke et al. in [37] and
were based on accelerated PID tests on 60-cell commercial modules.

Here, first we confirm experimentally this empirical model for two-cell mini-modules, and
determine the values of the coefficients specific to our sample materials.

We then add a contribution in complementing the model by establishing the dependence of
power loss on the applied voltage. This is a crucial factor for predicting the effect of PID in
field modules, as the voltage to which a module is exposed during its operation depends on its
position in the string.

We also observe that a RH of 40% appears to be the minimum level to detect an effect of PID.
This observation is exploited in Chapter[5} where we simulate PID in outdoor conditions, as a
threshold to establish if degradation or regeneration are taking place during daytime.

4.3.2 The power regeneration

With respect to the power regeneration process, the accelerated tests presented in this chapter
lead to the following findings.
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i. Inthe dark and with no voltage applied (conditions representative of nighttime recovery

in the field), the power relative recovery RR is strongly promoted by high temperatures.

A “stretched-exponential” function gives a good fitting of the experimental data, as also
found by Lechner et al. in 2015 [93]. The dependence on temperature enters through an
Arrhenius relationship for the time-related coefficient 7.

ii. Under illumination, and at low humidity:

(@)

(b)

(c)

Regeneration remarkably takes place as well for the samples exposed to a consid-
erable high negative bias-voltage (—1000 V). In the field, this means that daytime
regeneration can occur also for modules at the extremity of the negatively biased
side of the string, provided the necessary ambient conditions are present (i.e. low
humidity, high temperature).

The effect of temperature is less pronounced than for tests in the dark. A possible ex-
planation may lie in a counterbalance between temperature-enhanced degradation
(due to a lower resistivity of the encapsulant layer) on the one hand and thermally-
driven out-diffusion of Na from the stacking faults (leading to performance recovery)
on the other. We simplify the modeling by assuming that the temperature has no
effect on the daytime regeneration.

According to our tests, a higher negative bias voltage is not always correlated to a
slower regeneration. The voltage is then also assumed to have a secondary effect in
the daytime recovery.

(d) A major role on the power relative recovery is played by the degradation level of

the sample. In particular, we determine a threshold of 50% of power degradation,
such that mini-modules that degraded more than this amount are not going to fully
regenerate.

The equations and parameters obtained here (Equations (4.3), (4.7), and (4.8)) are applied
in Chapter|5} in combination with a set of input meteorological data for specific locations,

to predict what would be the time evolution of PID for the same mini-modules if they were

operated in real outdoor conditions.
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5] PID: prediction of outdoor module
performance as a function of climatic
conditions

In this chapter, we apply the results obtained in Chapter[4]to simulate the occurrence of PID
in real outdoor conditions. We consider the two-cell mini-modules that were subjected to
accelerated PID test in Chapter[4} and simulate the effect that PID would have on such devices
if they were installed outdoors. The empirical equations obtained in Chapter[4)are applied
here with a set of meteorological data as inputs, together with the PID parameters extracted in
Chapter[4)and characteristic of such devices. In order to assess the impact of climate on the
evolution of PID, we perform the simulations in four locations, representative of four different
climatic conditions.

First, we calculate in Section [5.2] the mini-module instantaneous nominal power, i.e. the
mini-module performance in the absence of degradation, as a function of meteorological
factors such as irradiance and temperature and of the electrical properties of the module type
under study.

In Section5.3} we define some thresholds on the meteorological conditions in order to properly
simulate the different phases of PID. The implementation of the PID empirical equation
obtained at constant laboratory conditions with time-varying stress factors as inputs (such as
relative humidity and temperature) is not straightforward. We show a method, based on the
concept of “equivalent time”, that allows us to apply our equations with varying stress levels in
a mathematically consistent way.

In Section 5.5} we show the time evolution of the mini-module power with respect to PID re-
sulting from our simulations. By comparing the results in the different geographical locations,
we evaluate the impact of the climate conditions on the PID effect. An example of application
of this model to the case of a string of commercial “full-sized” modules is then shown, where
in particular the voltage that causes the PID is the actual instant voltage of each module as a
function of the module position in the string.

The prediction model was developed for mini-modules and an adaptation to “full-sized”
modules (e.g. 60-cell commercial modules) is not trivial. Nonetheless, we propose a way to
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estimate the power loss of a full-size module starting from results of accelerated PID tests on a
mini-module manufactured with the same bill of materials.

In conclusion, recalling the experimental work presented in Chapter 4} we propose a new
sequence of accelerated tests dedicated to PID to be performed in laboratory. By combining
this test sequence with the simulations methodology presented in this chapter, a prediction of
the effect of PID on a PV module will be obtained, as a function of the climatic conditions.

5.1 Introduction

This is the second chapter dedicated to the prediction of PID for modules in operation. In
Chapter [4] we developed mathematical equations that describe PID as a function of stress
factors when the stress conditions are kept constant in time (as it is the case during indoor
accelerated testing). Here, we apply the equations to simulate the effect of PID on the power
performance of a mini-module in operation in the field. For the sake of brevity we will some-
times refer to the device as “module” (such as in the flowcharts), however all the simulations
are performed assuming a two-cell mini-module, of the same type as those subjected to
accelerated aging testing in the laboratory in Chapter[4] Only the simulations of PID at the
string level are performed for a commercial 60-cell module (Section[5.5.2). The software we
use for the simulations is Matlab, version R2016b.

In order to evaluate the impact of the climate on PID, we perform simulations assuming
that the two-cell mini-modules are operating in different climatic conditions. As reference
locations we chose: Riyadh, Saudi Arabia, for a hot and dry, desert climate; Catania, Italy,
for a hot Mediterranean climate; Miami, U.S.A., for a hot and humid, tropical climate; and
Neuchatel, Switzerland, for a temperate climate. As explained in the following sections, for
each location we proceed according to the schema in Figure[5.1]
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Predictive model for PID

Input
meteorological Block B.1
data

A 4

Module
instantaneous Block B.2

Chapter5 | — performance
outdoors

\4 v
Simulating PID in outdoors
conditions Block B.3
(time-varying stress
conditions)

Figure 5.1: Building blocks of the PID model and outline of the chapter: the equations obtained
in Chapter [4] (Block A) are applied here to simulate PID on modules in operation, and the
parameter values for the PID equations extracted in Chapter [4] are used as inputs in our
simulations (gray dashed line, Block A). First the module instantaneous nominal power is
calculated (Block B.2), with meteorological data as inputs. The PID equations are then applied
to the nominal power, with stress factors depending on the local meteorological parameters,
and the impact of PID on module performance is simulated.

5.2 Calculating the module instantaneous nominal power

We first calculate the maximum power Pp,,« that the module would have without any degrada-
tion. We refer to it as “nominal power”, Phom. This section corresponds to Block B.2 in Figure

b1

For these calculations we use the PV_LIB Toolbox for Matlab developed by Sandia National
Laboratories. This toolbox is a set of functions to simulate the performance of PV systems. It
allows us to simulate the module instantaneous nominal power (and electricity production)
as a function of the (1) meteorological data of the selected site, (2) array characteristics (tilt,
orientation), (3) mounting structure (ventilated vs non ventilated), and (4) module structure
(number of cells, encapsulation scheme).
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The nominal power varies at each instant according to the meteorological conditions. We
employ Typical Meteorological Year (TMY) data, which are are commonly used in PV as they
offer a representative picture of the local weather [154]. TMY data include such meteorolog-
ical parameters as irradiance, ambient temperature, and relative humidity, with an hourly
resolution. They are obtained by using time series of meteorological data and averaging
them (long-term averages (LTA)). The higher the numbers of years used in building LTA, the
higher the accuracy of the TMY data series. We obtained them from the software Meteonorm.
The LTA are calculated over the period 2000-2009 for temperature, humidity, precipitation,
and wind speed, and over the period 1986-2005 for radiation parameters. For locations in
the U.S., TMY data are also available for free http://rredc.nrel.gov/solar/old_data/
nsrdb/1991-2005/tmy3/by_state_and_city.html#F. Alternatively, TMY data, generally
derived from satellite meteorological data, can be acquired for most locations on the globe.
TMY are generally more accurate for some regions (e.g. Europe and North America) and less
for others (e.g. Africa).

A flowchart of this algorithm is shown in Figure[5.3| (we denote this diagram by Block B.2). The
inputs are constituted by the following sets of data.

¢ Geographical characteristics of the PV plant location, which include the Coordinated
Universal Time (UTC) of the site, site latitude, site longitude, and site elevation.

* Properties of the array where the module is located in the PV plant, which include the
azimuth of the module’s array and the array tilt.

* Module specifications, which include:

- Encapsulation scheme (glass/glass or glass/backsheet structure) and mounting
configuration (open-rack, roof-mount or full-integration).
We consider here a module with a glass/backsheet encapsulation scheme and that
is open-rack mounted. These properties define the coefficients a and b to be used
in King’s equation for the module temperature (as we will show in Section/5.2.1).

— Module electrical properties such as the temperature coefficients of the short-

circuit current I, of the open-circuit voltage V., of the current at the maximum
power point, I,,, and of the voltage at the maximum power point V.
The values of these module parameters can be found for certain commercial
module types in some databases included in PV_LIB, for example SandiaModule-
Database_20120925.xlsx. As our simulations consider the two-cell mini-modules
used in Chapter[4/for the indoor accelerated testing, we needed to determine the
parameters for such specific devices. The parameters of the electrical performance
at STC were obtained from our IV curve measurements (e.g. Voc, Vinpp). The tem-
perature coefficients of Iy, and V. were known from the cells’ datasheet. Other
parameters, such as those related to the spectral air mass influence, were taken
from standard values for c-Si suggested in SandiaModuleDatabase_20120925.xlsx
as default values.
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5.2. Calculating the module instantaneous nominal power

* Temporal interval: the number N of years for which the simulation is run, using TMY
data as the input meteorological data for each year.

* TMY meteorological data for the installation site in consideration, also shown in the
diagram Block B.1a (Figure[5.2), inlcude:

— The irradiance incident on the module surface, or plane-of-array (POA) irradiance,
which is computed from the global horizontal irradiance (GHI), [W/m?] and the
diffuse horizontal irradiance (DHI), [W/m?]. We assume no contribution from the
ground reflected irradiance.

- The module temperature, calculated from ambient temperature [°C ] (generally at
2 m height), wind speed [m/s], dew point [°C ], and atmospheric pressure [atm].

The dew point and the atmospheric pressure values are used to calculate the module
temperature over the night. Details about calculating the module temperature (Ty,0q)
are given in Section[5.2.1

Block B.1a

Input meteorological data
for module instantaneous nominal power

TMY dataset of the specific location

| oHi | | pHi | . ! _
! A . | . A h
— ' temm:rlaetrt]]tre Wind speed | Dew point trr;zssspureem
i POA irradiance P ! P
v v
Module temperature Module temperature
during daytime during nighttime

A4

Input to Block B.2
Module instantaneous nominal power

Figure 5.2: Block B.1a flow chart showing the meteorological data used as inputs to estimate
the module instantaneous nominal power Py, (see Block B.2 in Figure i .

The module nominal power is then calculated with the above data as inputs (shown in Figure
and with a time resolution of 1 h. The output is thus a vector, Pyom, with a length
corresponding to the number of hours over 25 years, i.e. N :=25:365-24 =219000. The
flowchart in Figureillustrates in more detail the algorithm to calculate Py, (Block B.2 in

Figure[5.1).
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Block B.2
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Figure 5.3: Block B.2 flowchart illustrating the calculation of the module instantaneous nom-
inal power. The calculations are performed using the Matlab library PV_LIB, developed by
Sandia National Laboratories.

5.2.1 The module temperature

A good estimation of the module temperature is essential to predict the occurrence of PID.
Temperature is a stress factor for PID not only because it promotes the migration of sodium
ions through the encapsulant (by reducing the resistivity of the encapsulant, as proven experi-
mentally in Chapter[6) but also because it is linked to the formation of dew on the module
surface.

In the absence of the film of water, when a strong negative field is present between the frame
and the solar cell, the PID effect will generally affect only the cells (and the part of the cell)
close to the module edge. Conversely, in general the presence of a thin film of water (dew or
rain water) over a module’s glass surface evenly distributes the potential from the grounded
frame towards the center of the module, aggravating the PID effect. This was experimentally
observed in [82], where for a one-cell mini-module installed outdoors sudden drops in the
shunt resistance were observed that corresponded to periods when the surface conductivity,
measured with a sensor, was higher (i.e. in the presence of dew or rain). The condensation
of dew over the module surface will generally occur during the night, or, in sunny days, at
dawn and during the evenings, when the module temperature cools below the dew point.
During overcast days a layer of dew (or of rain) can be present as well during daytime. At
night, this phenomenon is related as well to the sky temperature. On clear-sky nights, indeed,
the sky temperature is generally lower than the earth (or module) temperature. The module
(and earth) will then cool down by radiative heat transfer to the sky and its temperature will
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decrease below the air temperature [1], [64], [25].

A thin layer of water will be present on the module surface:

1. On clear-sky days: in the early and late hours of day when the temperature is below
(equal to or just above) the dew point, as long as there is no direct sunshine light on the
module surface, which will make the water immediately evaporate;

2. When it rains;

3. On cloudy or overcast days, the film of water formed by rain or by dew can remain for a
much longer time over the module surface. We should stress that, during daytime and
under this condition, the PV modules will be under tension (Vinpp), so that these are the
conditions which will mostly trigger PID degradation.

In Section|5.3.1|we will introduce some thresholds on temperature that are used in the model
to discriminate between a wet or dry surface. We continue instead this section presenting the
models that we selected from the literature to obtain an accurate calculation of the module
temperature at night and during the day. The calculated daily module temperature is then
used as an input parameter to estimate the module instantaneous nominal power and to
model the evolution of the PID effect.

King model

An empirical relation commonly used to compute the module temperature is that proposed
by King in [86]:

Emod

TEM8 = T+ =2 exp (a+ b vy), (5.1)
where:
Ti?dg is the module temperature, estimated at the module back surface, [°C |;

Tair is the ambient air temperature, [°C |;

Emod is the plane-of-array irradiance [W/m?];

Ey = 1000 W/m? is the reference solar irradiance on the module;
v, is the wind speed measured at a height of 10 m, [m/s];

a, b are coefficients that depend on the mounting configuration and module type (refer
to Table 1 in [86]). For a glass/backsheet module with an open-rack mounting configu-
ration, as we consider here, a = —3.56 [-] and b = —0.0750 [-].
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Although King’s model gives a good estimation for the module temperature during the day
under stable climatic conditions (i.e. not during transients), this relation might overestimate
Tmod during nighttime by setting for E,oq = 0, Tmod = Tair, Which is however still a good
approximation for cloudy/overcast nights. For this reason, we consider a second model for
the module temperature at night: the Myers/Kempe model.

Myers/Kempe model

In this model, implemented by Kempe (NREL) in [73] using a physical model proposed by
Myers in [108], the module temperature is the result of thermal exchange by solar radiation,
convection, and thermal radiation to the sky, according to Equation[5.2] The Excel code that
implements this model was shared by Mike Kempe for this work. More details about this
model are given in reference [73].

QEmod + 2 Tairh + €0 (Ts‘lky + Tér)

TKempe _

= , 5.2
mod 2h+eoT? (5-2)
mod

where:

a =€ = 0.6 are, respectively, the module thermal emissivity and absorptivity, [-];
h is the convective heat-transfer coefficient, [-];
0 =5.6703-10~8 W/(m2K?) is the Stefan-Boltzmann constant;

Ty is the sky temperature, [°C ], computed using the dew point and the atmospheric
pressure. We point out that the implementation proposed by Kempe and used here
always assumes clear-sky conditions. For more precise estimations, further parameters
such as cloud cover factor should be integrated as well, which however are not included
in typical meteorological datasets;

Tc: is the ground temperature, assumed equal to Ty, [°C];

Comparison of models

In order to evaluate the King and Myers/Kempe models, we compare their outputs to module
temperature data measured over five months on fielded modules in a PV plant in Greece,
shared with us by a private company. The measurements were recorded on the rear side of the
modules (with a glass/backsheet structure) with an hourly resolution over several months. We
apply the two models using as inputs weather data collected for the same location and period
from Solargis. Figure[5.4shows the results over a restricted period of four days. The yellow line
represents the plane-of-array irradiance. As we can see, the measured module temperature

84



5.2. Calculating the module instantaneous nominal power

(black line) can indeed drop below the dew point (blue dashed line) during the night and early
morning hours. The model by Myers/Kempe (green line) is better able to simulate the lower
module temperature (compared to Ty;;) during these hours of the night/day than the model
by King (red line), which sets instead the module temperature to the ambient temperature
when the irradiance is null. The King model however still gives a better approximation for the
daily module temperature when the sun shines.

60
55| 1800
50

45 | Measured Myers/Kempe King
40 Tmod \v Tmod Tmod | 1600

35
30
25

400

Temperature [°C]
POA irradiance [W/m?]

200

Figure 5.4: Measured temperature T,0q of @ module installed in Greece (black line) compared
to the outputs of the King model (red line) and the Myers/Kempe model (green line). During
the night and the early morning hours (as distinguished by the yellow line of the POA irradiance
on the right axis) the module temperature can drop below the dew point (blue dashed curve).
The Myers/Kempe model gives a more realistic prediction of Ty,,q during such hours, while
the King model is more accurate in the daylight hours when the sun shines.

For the same set of data, we then calculate the absolute error between each model and the
measured temperature and plot it against the POA irradiance (Figure[5.5), confirming that the
Myers/Kempe model is less accurate at high POA irradiance levels.
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Figure 5.5: Absolute error with respect to the measured values of the two models used to
estimate the module temperature Ty,o4. The high errors at null irradiance correspond to some
outliers in the measured values, probably due to sensor malfunctions.

Module temperature

Based on the above considerations, we calculate the module temperature at each hour i as
follows:

o Trmoali) = Ti‘jjgpe(i) if POA(i) < 200 W/m?;

N mod(i) _ TKing

mod (i) otherwise.

5.3 Applying the PID model to field modules

Having calculated the mini-module nominal power, in this section we simulate the effect of
PID, as a function of the meteorological conditions for the selected locations, on the mini-
module performance if it were installed outdoors. This section corresponds to Block B.3 in
Figure[5.1] To do this, we use the coefficients of the distinct aging contributions (e.g. tem-
perature, relative humidity, time) as determined in Chapter[4]by means of indoor laboratory
testing and specific to our devices.

As PID results from the interplay between power degradation and regeneration and is linked
to the meteorological conditions in a complex way, we first define some thresholds on the
weather data that allow us to distinguish the different phases in the PID mechanism (i.e
degradation or regeneration).
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5.3.1 Thresholds

PID at daytime vs nighttime

At night, when when there is no built-up voltage in the module, we assume that the module
undergoes a temperature-dependent regeneration (this mechanism was analyzed in Chapter
4.2.2). Night is defined as any time interval in which module nominal power Ppom is zero.

Daytime: PID degradation vs regeneration

As we showed in Chapter[4} the module performance can undergo a certain extent of regener-
ation not only during the night, when there is no potential difference between the cells and
the module frame, but also during the day, provided that specific weather conditions are met
(typically, during hot and dry periods). During daytime, two phases of PID can thus occur: a
degradation and a daytime regeneration. We model here the trade-off between degradation
and regeneration by assuming an alternation between the two processes.

The surface conductivity of the glass is a key factor for PID, and it is increased by a high
ambient relative humidity. The dependency of module power loss on the relative humidity
was investigated through accelerated tests in Chapter[4] In Figure[4.6), the mini-modules power
loss after 192 h was plotted against the RH level of the test and fitted with a polynomial curve.
Such curve indicated that the value of RH = 40% seems to provide a threshold of humidity
above which power degradation starts to be observed. In our simulations of outdoors PID we
therefore assume that, during daily hours, power degradation occurs whenever the ambient
relative humidity is RH > 40%, otherwise daytime regeneration occurs.

Other authors apply different thresholds. In [44], for instance, degradation is applied when
it rains or when the relative humidity is above 95%, otherwise regeneration is assumed
(thermally-driven, with no voltage bias assumed).

Threshold on wet module surface

The dew point Tp p is defined as the air temperature, at a fixed vapor pressure px, o, such that
the saturation vapor pressure at Tp p equals the actual vapor pressure, i.e. p;ZtO(TD,p,) = PH,0
[123]. From the definitions of dew point and of relative humidity it follows that if, at a fixed
pressure pm,0, the air temperature is lower than the dew point then RH> 100%, i.e. liquid
water is also present in addition to saturated vapor (with formation of dew, or frost if the
dew point is below the freezing point of water). As mentioned, we can thus assume that
condensation occurs over the module surface when T,0q < Tpp. However, the transition
phase between the condensed state and the dry state is typically not immediate, and a dew
layer may remain over the module surface for a certain time after the module temperature
has increased above the dew point, at least as long as there is no direct light impinging on

the surface o f the module. This period can have a considerable extension, e.g. in cloudy and
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overcast days, or, for modules affected by shading, during the full year or during parts of the
year (typically in winter) and for the early/late hours of the day.

Defining when the module surface is wet starting from weather data is therefore not straight-
forward. This aspect was investigated by Peter Hacke et al. in a paper of 2016 [34], where
they analyze different indicators for the surface wetness of a c-Si module. One criterion that
they identify is that the module surface is wet whenever the module temperature satisfies
Trmod < Ipp + 10°C.

Figure shows time-lapse photographs we took on a commercial PV module installed
in our outdoors testing facility in Neuchatel, Switzerland, on 15/11/2017 during morning
hours. In parallel, the ambient and module temperature, relative humidity and irradiance
were monitored. The dew point was calculated from the ambient temperature and relative
humidity, using Arden Buck equation to calculate the saturation vapor pressure (see Figure
. Before the sunrise the module was fully covered with frost (not dew in this case as it
was a cold day), as shown in Figure[5.6(a). The module temperature increases above the dew
point at about 08:30 (see the zoom-in at the early morning hours in Figure[5.7b). However, the
module surface does not immediately dry as one could expect. Instead, a phase change from
frost to liquid state occurred starting 1h 34min later (see (b) and (c)), and the module surface
was completely dry only at 10:02 (d). By comparing with the calculated dew point in Figure
we see that a water film is present on the module surface until the module temperature
is ~10°C to ~15°C above the dew point, consistent with what found by Hacke et al. [34].

Figure 5.6: Time-lapse photographs of a PV module installed in PV-Lab’s outdoors facility in
Neuchatel. (a) The surface is initially covered by dew/frost, (b) and (c) a phase change from
frost to liquid occurs starting from 09:34, and (d) at 10:02 the module is completely dry. The
photos were taken by Jarle Austbe as part of his Master’s project at PV-Lab [5].

88



5.3. Applying the PID model to field modules

w
o

Module Temperature [°C]
—— Dew Point [*C]

Module Temperature [°C]
—— Dew Point [°C]

n
@
N
a

Irradiance [W/m2] [ Irradiance [W/m2]

20 20
g [ g
EREES [ | @ 151 o
2 =1 e
g 1 g SV
20l | 0 Sioh /
g0 [ £
o | \ o /
= | | = /

f )i
5 [ 5 /
|
/
/
e et \ s e
0 A PSSR AS oF. e ~
Mo A B
5 . L . 5L i . . L . . .
00:00 06:00 12:00 18:00 00:00 06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00
Nov 15, 2017 Nov 15, 2017

(a) (b)

Figure 5.7: Irradiance and module temperature values over one winter day for the commer-
cial module in Figure[5.6] [(b)| The first hours of the morning show the correspondence with the
phase changes observed in Figure[5.6| The module temperature drops below the dew point
over night, leading to the formation of frost (Figure[5.6|(a)); it then increases as the sun rises
and at 10:00 its value is ~15°C above the dew point. Only at this time is the module surface
completely dry (Figure (d).

This threshold does not consider the presence of direct sunlight, but it provides a reasonable
assumption. We therefore adopt it in our model and assume in our simulations that conden-
sation is present over the module surface, and set RH= 100% in Equation[4.3] if at least one of
the following conditions is satisfied:

1. Rain;

2. Tmod <Tpp+ 10°C.

These thresholds provide a more accurate description of the situation of a wet module surface
than what we found in other works. In [82], for instance, the presence of dew is assumed for
each hour of the morning and in general the module surface is assumed to be wet whenever
the relative humidity exceeds 70%. The threshold in point 2, instead, is able to capture the
transient dew behavior as the module temperature increases from its overnight condition.

The flowchart Block B.1b, in Figure[5.8} illustrates the meteorological data representing the
stress factors for PID (both degradation and regeneration). Such data constitute some of the
inputs in the final simulations for PID as shown in Block B.3 (Figure[5.9).
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Block B.1b
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Input to Block B.3
Simulating PID in outdoors conditions

Figure 5.8: Block B.1b flow chart showing the meteorological data used as input stress factors
in our simulations of PID for PV modules exposed outdoors (see Block B.3 in Figure.

5.3.2 Introduction to the PID simulations

We finally simulate PID for a two-cell mini-module, as those tested in Chapter installed
outdoors in the four different climatic locations selected. As a preliminary approximation we
assume that the module is constantly exposed to a voltage of -1000 V during daytime. Later,
in Section[5.5.2} we will simulate the performance of a string of several modules and the real
instantaneous operating voltage of each module, Vinpp, will be used as PID stress factor.

The mini-module (sometimes we refer to it as “module”, for the sake of brevity) is supposed
to be mounted on a South/oriented and optimally tilted array for each location, with an
open/rack mounting solution.

We now apply to the module nominal power the PID equations that we obtained empirically
in Chapter[4|from indoors accelerated testing on our mini-modules:

e Equation is applied during the daily degradation phase;
¢ Equation is applied during the daytime regeneration phase;

e Equation (4.7) is applied for the nighttime regeneration.

The values of the parameters appearing in the above equations were determined from the

90



5.3. Applying the PID model to field modules

accelerated tests matrices. Note that such values, resumed in Tables and [4.6] are
specific of the materials and encapsulation configuration of the samples we tested (two-cell
mini-modules, with a glass/backsheet encapsulation scheme and specific encapsulant and
backsheet materials).

Using Equations (4.3), (4.7), and to model PID in outdoors conditions is not straight-
forward. These empirical relations, and the corresponding parameters for our test devices
were obtained from indoor laboratory testing. Modules were placed in climatic chambers and
subjected to accelerated aging testing with specific stresses applied (e.g. temperature, RH, and
voltage). We should stress, that during indoor testing the level of the stresses are kept constant
throughout the whole duration of the test. Moreover, the value of the parameter we want to
model (Ppax) is described mathematically by a monotonously decreasing (or increasing) curve,
starting at time ¢ = 0 from a given nominal power (i.e. the module power at initial conditions,
before the degradation). In contrast, when considering the performance of a module outdoors,
there are two main differences with respect to indoor laboratory conditions, namely:

e The module nominal power (what corresponded to the initial point in the curve) is
not fixed, but fluctuates continuously, depending on the instant irradiance, module
temperature, and other environmental parameters (as discussed in Section|5.2).

* The stress levels that induce the PID (e.g. the temperature and the relative humidity, see
Figure also vary continuously in time.

The idea behind our approach consists in dividing a long temporal horizon (i.e. 25 years in
our case, corresponding to the typical lifetime of a PV module) into smaller time intervals: 1
hour in our simulations. The advantage of this approach is that we can assume with a good
approximation that in each one-hour interval the stress levels are constant. We can therefore
model the degradation and the regeneration in each time interval using Equations (4.3), (4.7),
and (4.8). A global simulation is then obtained by concatenating the local simulations with
each other, using a mathematical method based on the concept of “equivalent time” (see

Section/5.3.3).

The module power as consequence of PID is calculated with a time resolution of 1 hour and
is thus a vector, P, of the same length as the nominal power vector, Phom- This implies in
particular that the time can be expressed in terms of (cumulative) hours. We thus define
the time vector ¢ := (1,2,..., N), where N is the number of hours over 25 years as previously
mentioned. In particular, the length of each time interval, #(i) — (i —1) =i — (i — 1), is 1 hour
and the general component #(i) is the value of cumulative hours until time #(i) and can be
simply written as i.

Our model operates by applying the different equations and thresholds introduced earlier for
the different parts of the day (night and day) and as a function of the input meteorological
data. As already mentioned, we say that at time i it is nighttime if Ppom (/) = 0 W. A simplified
conceptual flowchart of the code used in Matlab is provided in Figure
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Figure 5.9: Flow chart for Block B.3 illustrating the code used to simulate the PID effect on
modules in operation, using the meteorological data of the specific installation site and the
PID equations and parameters derived in Chapter[d] Diamonds represent decision symbols,
and the thresholds used in the PID model are highlighted in bold. In the first diamond, if i < N
and it is nighttime, then the algorithm sets P (i) = Ppom = 0 W and updates the index i = i + 1.
If instead i < N and it is daytime, the second decision diamond applies (“Is i the first instant
of the day?”) and the algorithm continues. Results of these simulations are shown in Figures

F-andp13
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5.3.3 Equivalent time

As mentioned, the concatenation of the local simulations with each other is realized by a
method based on the idea of “equivalent time”, as follows. A similar approach has been
previously applied by Braisaz in [15]. Here, we show in details how we use it and provide a
mathematical proof of the consistency of such approach.

Consider two consecutive time intervals [¢;_», t;_1] and [#;_1, ¢;] and suppose the temperature
is different in the two intervals, respectively T;_; and T;, with e.g. T;_; > T;. We want to
model the power degradation over the two intervals. To simplify this example, let us suppose
that the other stress parameters for power degradation (RH and V) are the same in the
two time intervals. The power evolution is described in each interval by a continuous and
monotonously decreasing function, Pr, (corresponding to the power curve observed during
indoor accelerated testing). At the end of the first interval the power has reached a a certain
value Pr, , (t;—1). In the next interval, the power degradation curve follows a different function,
Pr,(1) (in blue in the plot). The equivalent time at time i, f.4(i), is defined as the time required
at temperature T; to reach the power value Pr, , (f;—1), see Figure The two curves are
then concatenated each other by considering as starting point in the curve Pr,(¢) the value
corresponding to Z.4(i) (i.e. the curve Pr, () is shifted in the time-axis by #,,(i)), see Figure
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Figure 5.10:|(a); Schematic illustration of the definition of the equivalent time at time i, f,4(i).
Application of the equivalent time to concatenate two curves relative to two different
temperatures, T;_; and Tj.

In the case where the power function is given by the degradation equation found in Chapter[4]
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(Equation|5.3), it is possible to show that the equivalent time at time i is given by:

P(i-1)
1 B Pnom(i_l)

A-exp (—%) -RH(i)B

feq(i) = (5.3)

In Equation (5.3), k is the Boltzmann constant and A, E,, and B are the parameters that appear
in the equation for the power degradation found in Chapter[4] (Equation (4.3)).

This technique provides a “piece-wise” function that approximates the continuous one in
that it tends to the continuous function for stress variations that tend to zero. Such method
assures therefore a mathematically consistent implementation of an equation obtained at
constant stress levels (Equation (4.3)) with time-varying stress levels as inputs. We provide a
mathematical proof of this argument in Appendix|A]

5.4 Bringing everything together: predicting PID in real outdoor
conditions

Daytime

During daytime, when the module is exposed to a high negative voltage, the PID effect might
take place. Depending on the ambient RH, either the module power degrades or it undergoes
daytime regeneration.

* Degradation phase

If RH (i) > 40% then we apply Equation for power degradation, taking the instanta-
neous stresses, i.e. module temperature Ty,04(i) and air relative humidity R H (i) values
and supposing a constant voltage of -1000 V. The values of the parameters A, B and E,
appearing in the equation are those reported in Table[4.2]

When it rains or Tihoq < Tpp + 10°C (i.e. the thresholds determined in Section|5.3.1|are
satisfied) then the module surface is considered to be wet, and we set RH = 100% in

Equations (4.3) and (5.3).

Per each time interval (i, i + 1), the starting point on the degradation curve is calculated
as the equivalent time Z, (i) using Equation|5.3]

* Daytime regeneration phase
If RH < 40% we apply Equation[4.8]for daytime regeneration. As we found in Chapter|4}

the maximum extent of power regeneration depends on the damage level Prin/ Pnom
at the beginning of the regeneration period. Let us suppose that regeneration starts at
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time i. We determine the power degradation level at time i and, for each i > i such that
RH(i) < 40%, we apply Equation[4.8} setting A = 1 or A = 2 Pyyin/ Pnom = 2 P(i)/ Prom (i)
depending if P(i)/ Poom (1) is, respectively, greater or lower than 50%.

In addition to the degradation level, there exists a second factor that can mitigate the capacity
of the performance to fully regenerate and it is given by the number of “cycles” of PID. In [82],
samples were successively degraded down to 40% of their initial shunt resistance Ry, and
then left at null voltage for about 20 hours. It was observed that the maximum extent of Ry,
regeneration decreases after each cycle, and that this was mainly due to a reduction in the
slope of the Ry, regeneration curve. This dampening effect is not considered in the algorithm
proposed here, as dedicated experimental tests would be required in order to quantify it.
However, we suggest later a possible way to take this into account in our simulations, consisting
in applying a dampening factor to the regeneration equations.

Nighttime

During the night, when no voltage affects the module, the module power regenerates. Regener-
ation at night is the result of a diffusion mechanism, therefore it is only driven by temperature.
The model sets the instant module power to P (i) = Pnom (i) = 0 W. The power recovery is thus
not directly translated into the instant module power but is rather reflected in the power
value at the first instant of the next day. We say that time i is the first instant of a day if the
module nominal power at time i is not null but Py, at the previous time, i — 1, is. For such i,
the power P(i) is calculated as a fraction of the nominal power Ppop, (i) that accounts for the
level of degradation reached at the final instant (before night) of the previous day, and for the
fraction of power regenerated over the night, according to Equation (4.7). The parameter 7(T)
in Equation (4.7) is calculated at the average temperature during the night, T = T,,.

5.5 Results

After having run the algorithm explained above and represented in Figure[5.9} we obtain as
output the vector of the module degraded power, that we denote by P. We then calculate at
each hour i the normalized power P(i)/Pyhom (7).

5.5.1 Evolution of PID in different climatic conditions

The results of the simulations for the different climates are shown in Figure|5.11} where for the
sake of clarity we plot the monthly average values of the normalized power vector P/ Ppom.

As we can observe, the evolution of PID strongly depends on the weather conditions. In the hot
and humid climate the module shows the maximum extent of power degradation. A certain
extent of PID occurs in hot Mediterranean climates too, as indeed was extensively observed
from field inspections in southern Europe [8]. In the desert climate the module power does
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not degrade at all thanks to the very low relative humidity (the yearly average in Riyadh is
26%).

Furthermore, the seasonal effect that was observed by some researchers in modules monitored
outdoors is replicated by our simulations and reflects in the yearly cyclic behavior of the
simulated power. To have a closer look on the effect of seasonality on power evolution,
in Figure [5.12| we focus on the results for the first 3 years in Miami. The rainy season in
Miami spans from May to September. This high humidity period corresponds well to the
phase of power degradation obtained by our simulations. Afterward, the trend inverts and a
regeneration phase occurs from October to April, months that correspond to the dry season in
Miami.

We should mention that for Riyadh (and all other locations) we are not considering the
effects of other contributions that could have a significant effect in triggering PID, such as the
presence of soiling made of “conductive” particles, as the case of some typologies of sands
(rich in metal-like particles) or of salt mist (close to coastal areas).
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Figure 5.11: Time evolution of a c-Si two-cell mini-module power as consequence of PID
for four locations representative of four different climates, as simulated with the algorithm
shown in Figure[5.9] The values of the parameters for the power degradation and regeneration
are those obtained experimentally for the same mini-modules in Chapter[4 The seasonal
behavior that was observed e.g. in [36] is well reproduced. No dampening factor is considered
thus the maximum level of recovery does not decrease in the long term and the time evolution
repeats cyclically over the 25 years (here the first 10 years are shown).
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Figure 5.12: Focus on the first three years of Figure for the climate of Miami. The power
degradation occurs during the rainy season (May to September), also characterized by high
temperatures (open squares) and higher humidity (solid squares).

In [36], Hacke et al. installed some modules all of the same type in Florida with -600 V applied
during the hours of daylight, and they monitored their performance over 28 months. The
results are shown in Figure[5.13|(adapted from [36] with the data generously shared for this
work by Peter Hacke). A rapid degradation is observed during the hot and humid late summer
months (from July to September), partially recovered subsequently during the winter months
(the dry season in Florida typically spans from October to May).

Note that modules of the same type as those monitored in Florida were subjected in [36] to
accelerated PID testing at standard conditions (60°C, 85% RH, -600 V) and showed a very pro-
nounced degradation, with a power loss of 50% after less than 40 hours. Our samples, instead,
degraded by only 1.5% after the accelerated test at 60°C, 85% RH, -1000 V. This difference in
the performance during indoor accelerated testing is well reflected in our simulations, where
our samples degrade by at most 3% (in the harshest climate of Miami), while a power loss of
almost 50% was measured for the modules in Reference [36]. Our simulations indicate that a
degradation of 1.5% after the standard PID test conditions assures a maximum power loss of
only 3% even in the hot and humid climate. The power performance will therefore remain
above the warranty limit of 80% after 25 years, if we consider PID to be the only degradation
mechanism affecting the PV module. Results of the simulations are not shown over the 25
years in Figure[5.11]because the behavior repeats cyclically over the years.

A final comment on the results of our simulations in Figure concerns the behavior of the
power recovery, which cyclically reaches the same maximum level every year. As the module
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Figure 5.13: Power measured in [36] for c-Si modules installed in Florida with —600 V applied
during the hours of daylight (figure adapted from [36]). The effect of seasonality is evident
in the degradation and regeneration, especially in the second year of exposure. The much
greater extent of power degradation of these modules compared to our mini-modules (Figure
5.12) is attributed to the very different susceptibility to PID of the two types of devices, which
was observed during indoor accelerated testing.

power never decreases below 50%, our equation for daytime regeneration is always applied
with A =1 and the effect of an incomplete recovery due to the damage level never applies (for
these specific combinations of module PID parameters and climate conditions). The recovery
being incomplete every year is thus exclusively attributed to the effect of the meteorological
conditions.

As previously mentioned, we now show an example of the same simulation procedure where
an additional dampening factor is applied to the equations for power regeneration, that
accounts for the number of PID cycles (e.g. the number of days) experienced by the mini-
modules. Figure[5.14]shows the simulated performance of our mini-modules in the climates
of Neuchatel and Miami where we apply dampening factors DF of hypothetical values of
1%/year and 5%/year as an illustrative example. The coefficient representing the dampening
factor is included in parameter § in Equations and (4.8), as we imagine that the quantity
affected by the number of cycles will be the slope of the relative recovery function RR(¢) close
to ¢ =0, which is mostly affected by the parameter . This argument seems to provide more
realistic performance simulations that predict a decreasing trend in the module power in the
long-term. This point would require further investigation.
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Figure 5.14: Simulated time evolution of a c-Si two-cell mini-module power as consequence
of PID with a dampening factor (DF) applied to the regeneration equations, which accounts
for the decreasing regeneration capacity of the performance as a consequence of the number
of PID cycles. As an example we consider, for the climates of Neuchatel and Miami, two
hypothetical values of DF of 1%/year and 5%/year. However experimental work is required in
order to correctly quantify the dampening effect.

5.5.2 Simulation of PID at the string level

The simulations presented above refer to a single module. As discussed in Chapter[3} the extent
of PID depends on the position where the module is located in the string: as the modules
are serially connected, the voltage that affects each of them depends on the voltages of the
modules in the previous positions in the string. If m is the module position in the substring
exposed to a negative voltage, the operating voltage of the module, at standard test conditions
(STC), is Vinpp (M) = Vinpp - M.

A second approximation we have done in the simulations for two-cell mini-modules is as-
suming that the module is constantly exposed to a negative voltage (-1000 V) during daytime.
In fact, the operational voltage of a module varies in time depending on the meteorological
conditions, particularly on the irradiance G and on the temperature T. We should stress that,
because V. (and to a larger extent Vin,p) have a logarithmic dependence on the irradiance
G (Vo ~ In(G)), a considerable voltage is applied to the internal module circuit even for low
levels of irradiance. Therefore the PID phenomenon can progress even under these conditions.

In this section, we show an example of how our simulations can be applied to predict the
performance of an entire string of commercial modules. The degradation of each module
is taken into account as a function of its position in the string (thus, the voltage to which it
is exposed) and exploiting the linear relationship between power loss and voltage found in
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Section[4.1.6] We consider a string with the positive pole grounded and made of 34 serially
connected modules with 60 cells. This example represents a realistic situation, as here the
voltage that triggers the PID is actually given by the cumulative operating voltages of the
modules in the string (up to ~-1000 V for the module at the extremity), rather than being
artificially applied. The module electrical properties needed for the simulations are taken
from the PV_LIB module database SandiaModuleDatabase_20120925.xlsx, where we select a
standard 60-cells c-Si module with a Viypp at STC of 29.52 V. As we do not have the parameters
for the PID equations specific to such module type, we assume that the parameters of these
modules have the same values as those of the two-cell mini-modules considered so far.

We then simulate the performance of the entire string of 34 modules in the climate of Miami.
The algorithm used is analogous as that in Figure[5.9] but here the output is a matrix, with
N lines (i.e. the number of hours in 25 years) and 34 columns. Each column m=1,...,34 is
the vector representing the power output of the module in position m at each time instant
i (also denoted by t;). As mentioned, the PID is induced here at every time instant #; for
a module in position m by its actual operating voltage at that instant, i.e. Vinpp(#;)-m. In
Figure [5.15| we show some results of power degradation of the string at two time instants
(corresponding to two different seasons). The linear behavior obtained was also observed in
some field inspections, such as shown in Figure[3.6|or reported in [8].
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Figure 5.15: Simulated relative power of a string with positive pole grounded, installed in
Miami. The string is assumed to be made of 34 commercial c-Si modules with 60-cells. As an
example, the parameters of the PID equations for such module type are assumed to have the
same values as those obtained for the two-cell mini-modules we subjected to the accelerated
tests. The results are shown for two time instants #; and #,, corresponding to two different
phases in the seasonal PID evolution. The linear behavior reproduces what observed in some
field inspections, such as shown in Figureor in [8].
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5.6 Test sequence for PID prediction

The aim of Chapter[4]was to extract a set of equations that allow to describe PID. Our exper-
imental work and the simulations were performed on two-cell mini-modules. In general,
however, our approach should be directly applicable on commercial modules, which would
be subjected to the same matrix of accelerated tests performed in Chapter[4]and for which the
set of parameters for the PID equations would be derived. Such parameters, specific to the
module type under consideration, would then be used as inputs to simulate the PID effect on
the given module type once installed in a specific climate.

The matrices highlighting the minimal set of tests required to characterize the devices, in
order to simulate the evolution of PID as a function of specific climatic conditions, are shown
in Table and Table Due to the variability in the PID susceptibility among modules,
even if of the same model, each test condition should be ideally performed on e.g. 4 modules
in order to obtain statistically representative results, even if testing such amount of modules
might not always be possible due to costs constraints. We believe however that one module
per conditions can potentially already provide the information needed for an estimation of the
performance prediction. Such test sequence would require therefore the use of 12 modules.

The degradation tests we suggest last 192 h but an extended duration might be required
for modules types in which the PID effect on the power appears later. For the regeneration
tests, both in the dark and under irradiance, we provide indicative durations that should be
sufficient to identify a trend in the power regeneration curve, however, the duration is likely to
depend on the module type under consideration.

Table 5.1: Matrix of accelerated-aging tests proposed to model modules power degradation due
to PID. For all conditions, a minimal duration of 192 h is recommended. Module performance
characterization should be done initially, after 96 h, after 192 h (and further if applicable).

Degradation ‘
T/RH 75% 85% 95%
60°C | —1000V | —1000V | —1000V
o —-1000V
85°C / 500V /

In Chapter[3.3.3] we discussed the possibility that is available on the market to use “offset kits”,
i.e. electrical devices that apply a high positive voltage to the modules during the night to
regenerate their performance. Our predictive model does not consider this solution, since we
were rather interested in modeling the natural evolution of PID on field modules. However, a
possible way to simulate the performance of a module treated with this type of device is to
perform the regeneration tests in the dark (in Table[5.2) with a high positive voltage applied to
the modules (e.g. +1000 V) in place of keeping the modules in open-circuit conditions.
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Table 5.2: Matrices of accelerated tests proposed to model power regeneration on modules pre-
stressed in PID conditions at, e.g., 85°C / 85% RH / —1000 V / 192 h. Modules characterization
should be performed at the beginning of the regeneration test and throughout the test at
intervals of ~100 h. On the left: For the tests in the dark, samples are left in open-circuit
conditions with no voltage applied, for 1000 h (indicative duration). On the right: For the tests
under irradiance and with bias voltage, a duration of 700 h is suggested for each condition
(indicative duration). The different degradation levels suggested can be reached by performing
the pre-degradation tests at different stress severities.

] Daytime (light) regeneration

Nighttime
i D dation level
(dark) regeneration T [°C] | Irradiance [W/m?] | Voltage [V] cgradation eve
o Pin/ Pini [%]
T[°C] n
20 20
60 60 1000 -600 0
85 =0

5.7 Discussion and outlook

In this section, we comment on possible future improvements of our PID prediction model.

Model validation

In parallel with the development of the model we contacted several PV companies in order
to collect field data that could be used to validate our simulations. Unfortunately, we en-
countered some difficulties: (i) companies are often reluctant in sharing their monitoring
data due to confidential reasons; (ii) it is difficult to retrieve reliable field data (e.g. from
regularly maintained irradiance and temperature sensors, time series with no gaps in data
acquisition,...); (iii) in large plants, electricity production data are typically acquired at central
inverter level thus including averages from several strings or subarrays. The performance of
the single module (or string) is therefore difficult to assess and to compare to the simulated
one.

We want to stress that so far none of the PID models presented in the literature have been
validated against real field data. The only exception is the model by Taubitz that predicts the
evolution of the module shunt resistance and has been compared to outdoor experiments
with quite a good correlation [146]. However, the Taubitz model does not provide the impact
on the real power degradation.

To have some preliminary and qualitative indications on the goodness of our model, we have
referred to the data monitored in Florida in reference [36]. However, an appropriate validation
of our model against real data is required. An extensive validation should comprehend:
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1. performing the full matrix of accelerated tests (see Tables[5.1jand[5.2) on a set composed
by a minimum number of 12 modules, thereby extracting the PID parameters specific to
that module type;

2. installing some modules of the very same type and monitoring their performance over a
minimum interval of 12 months. This should be carried out along with a reliable and
accurate acquisition of the meteorological parameters (and of module temperature) at
the installation site;

3. acquire meteorological data for the location under investigation not available from
the measurements (e.g. precipitation data) and run the simulations according to the
model/approach illustrated in this thesis and iteratively tune the parameters in the
model (such as the damping factor).

An accurate way we foresee to achieve this goal is to perform this procedure on mini-modules
(or large-area modules) manufactured in our laboratory with a known bill of materials. One
option is to directly employ samples of the same type as the mini-modules considered so
far in this work. If this was not feasible, for instance due to the relatively high resistance
of our mini-modules against PID that might require long exposure times before detecting
significant degradation, a second option is to perform the entire procedure on mini-modules
manufactured with PID-prone materials (cells and encapsulant). This should allow one to
detect, during outdoor operation, a significant effect of PID in a non-prohibitive time.

We also point out that a model validation was planned and has been attempted using two sets
of reliable monitoring data, extending for over 3 years, from two large installations (one in
Greece and one in Italy) severely affected by PID (courtesy of an independent power producer
(IPP)). Unfortunately, it has not been possible to retrieve and subject to indoor accelerated
testing the very same typologies of modules installed in the field. The set of modules delivered
for indoor testing by the IPP (of the same brand, similar type, but very likely manufactured
with a different bill of materials) has exhibited only a very moderate degradation under the
harshest (95/85/-1000 V/192h) PID testing conditions. Therefore, it has not been possible to
validate the model using these data sets and the modules delivered for the purpose.

Extending test results on mini-modules to full-size modules

Ideally, in order to extract the parameters needed to simulate the long-term performance of
“full-size” (i.e. commercial modules with e.g. 60 cells) modules in a given climatic condition, the
matrices of indoor tests proposed in Section[5.6/should be performed on the full-size modules.
If this was not possible, for example due to space constraints in the climatic chamber, one
option could be to test mini-modules (with e.g. 1 or 2 cells), manufactured with the same
materials as the full-size modules.

An important remark is that the performance of mini-modules during PID accelerated tests
is in general not the same as that of a ‘full-size” module . In general, a full-size module will
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degrade less than a mini-module because the PID effect on each cell depends on the position
of the cell within the module: the cells close to the perimeter experience a stronger electric
field towards the glass, and a consequent stronger degradation, compared to the cells close to
the center.

A way to extend the results of accelerated tests obtained on mini-modules to full-size modules
includes simulating the distribution of the frame-to-cell voltage over the glass surface of the
module. There exist methods to simulate the potential difference between a cell in a given
position and the glass surface above the cell, proposed e.g. in [10] and [44]. Briefly, the module
is represented as an electrical circuit, whose extremes are, respectively, the frame at 0 Vand the
cells circuit at negative potential towards ground (the applied voltage bias V,, e.g. V, = —-1000
V), see Figure[5.16} The glass and the encapsulant are described as resistors against the leakage
current flow: (i) an equivalent vertical resistor Ry is given by the vertical resistance of the glass
and the vertical resistance of the encapsulant combined in series, and (ii) an equivalent lateral
resistor Ry is given by the resistances in parallel of the glass surface (or if present, of the water
film that covers it), of the glass, and of the encapsulant. By applying a simple voltage divider
relation it is possible to calculate the voltage difference V between the glass surface and the
cell as a function of the cell distance x to the frame:

Ry

V() =V, —t
Ry + Ry (x)

(5.4)

In [10], voltage simulations based on this approach and using encapsulants with different
volume resistivities were also validated experimentally.
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Figure 5.16: Schematic representation of a cross section of a module in PID conditions, with
the possible paths for leakage current represented as resistors: a vertical resistor Ry and three
parallel resistors: surface Ry, f, glass bulk Ry g4, and encapsulant Ry p,c. Image reproduced
from the Master thesis of Jarle Austbe at PV-Lab [5].

We propose now a method that leads from these simulations to finally estimating the power
loss of the full module:

1. Simulate the voltage distribution over the one-cell mini-module surface using Equation
b.7|with the mini-module materials properties as inputs (sizes and resistivities).

2. Calculate an average voltage over the cell, Vipini-mod, by integrating the voltage curve over
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the cell width and then multiplying the value by the cell width. As a first approximation,
we consider a one-dimensional simulation over a vertical cross-section of the module
along the shortest edge (supposing the longest infinite).

3. On the full-size module (suppose a 60-cell module), divide the cells into groups depend-
ing on their distance to the frame. In a 6x10 module, three groups would be identified:
the cells on the perimeter, the central cells, and the intermediate ones.

4. For each group, consider a cell in that group (any cell equivalently) and calculate the
average voltage over that cell as done for the one-cell mini-module.

5. Calculate the power loss of the cell by exploiting the linearity of the power loss on voltage
found in Chapter AP; = V; - APpini-mod/ Vmini-mod- The power loss of each single cell
is now known.

6. Sum the power loss of each cell depending on the group it belongs to and divide by the
number of cells to obtain an average power loss for the full module.

In Figure 5.17] we show an example. We suppose that the same materials as the two-cell
mini-modules subjected to the accelerated testing are employed in a 60-cell module, and we
use the results of the PID test at 85/85/-1000 V/96h for one of the mini-modules to estimate
the power loss that the 60-cells module would experience if subjected at the same PID stress
test. The resistivity properties of the encapsulant at 85/85 are derived from the measurements
that we will describe in Chapter[6} The resistivity of the glass at 85°C was instead obtained by
data provided by the manufacturer making some assumptions. With the aim of simulating the
humid conditions on the module surface, we assume the presence of a water film on the glass,
with a thicnkess of 5 um, to provide a distributed grounding over the module surface, as it was
done in [44]. However, the knowledge of the glass surface resistance as function of the relative
humidity would be required.
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Figure 5.17: Local potential on the glass surface for a 60-cell module exposed to environmental
conditions of 85°C/85%RH and with a bias voltage of -1000 V between the cells and the frame
(grounded). Half module is considered out of symmetry. Cells are divided into 3 groups
depending on their distance to the frame. The average voltage over each cell is used to
calculate the power loss of the cell applying the linear relation found in Chapter[4] The two-
cell mini-module showed a power loss of 50% after the same test conditions (results shown in
Figurein Chapter, which translates into a power loss of 42% for the 60-cell module.

By performing this procedure for each test condition in the matrix of degradation tests, the
dependency of power loss on the stress factors (temperature, relative humidity, and time)
could in principle be extracted and the parameters A, E;, and B in Equation for the
full-size module calculated. We point out that same mathematical law that we found for our
mini-modules also holds for full-size modules (a Peck model with a quadratic dependency
on time). This was indeed the equation obtained by Hacke from tests on 60-cells modules,
and was further confirmed by some tests we performed on commercial 60-cells modules (not
shown in this thesis).

This method requires the knowledge of the volume resistivity of the encapsulant as function
of the testing temperature (and relative humidity if the water diffusion into the module is also
taken into account). As we will show in Chapter[6} we are able to perform such measurements
on a given encapsulant. Modeling the effect of temperature and of relative humidity on the
surface resistivity of the glass, instead, is an aspect that still requires further investigation.
The daytime regeneration could then be treated in an analogous way, while the nighttime
regeneration can be assumed to be independent on the module size as it is exclusively driven
by temperature and not linked to the voltage.

Such an approach would provide a model for PID that takes into account intrinsic parameters
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of the module (resistivity of the encapsulant and the glass) and would thus constitute an
interesting development for PID modeling, according to what pointed out in a report by the
IEA 0of 2017 [52].

Finally, this method could find a more immediate but interesting application. Restricted
to the standard PID test conditions (60°C, 85% RH, -1000 V), it would allow to estimate,
starting from results on one-cell mini-modules, the power loss that a commercial module
manufactured with the same materials would have if tested at the same conditions. The
possibility to test mini-modules and extend the results to full-size modules would be strategic
for manufacturers in the phase of identification of materials combinations that would result
in a (commercially-labeled) PID-free module.

5.8 Conclusion

In this chapter, we attempt at simulating the evolution of PID for the very same devices that
were subjected to indoor laboratory testing in Chapter[4] supposing that they are installed at a
constant negative voltage (-1000 V) in sites representative of different climatic conditions. To
do this, we employ the PID equations developed in Chapter[4|from indoors accelerated testing,
together with the values of parameters extracted from the tests and which are characteristic of
these devices.

The meteorological data we use as inputs in our simulations are typical meteorological year,
TMY, data with hourly resolution. For a given climatic location, we first calculate the module
nominal power Py, i.e. the maximum power the module would have if no degradation was
present. We then simulate the PID effect on the module power at each hour by applying the
equations derived in Chapter[4]

We set to 40% the relative humidity RH threshold above which degradation is assumed to
prevail over daytime regeneration, based on the results of our degradation tests at different
RH levels shown in Chapter[4.1.4] To estimate when the module surface is covered by dew, we
exploit a relation, determined in [34], between the module temperature and the dew point. A
feature of our model that is new respect to previous works is that it distinguishes when the
module surface is dry or wet (dew or rain) based on an accurate threshold, the wet condition
being particularly harsh because it makes the ground potential more uniformly distributed
from the frame towards the center of the module.

We integrate for the first time in a PID prediction model a condition of wet module surface
based on an accurate threshold that allows one to take into account not only rain hours but
also the presence of a condensation layer. We find that a combination of King’s model for
daily hours (i.e. hours of sunshine) and of a model proposed by Myers/Kempe (for night
or low-irradiance conditions) is more suitable than only the standard King’s model, as it
allows more accurate estimation of the module temperature especially during the hours
when condensation typically occurs (even though the module temperature at night is still
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overestimated also by the Myers/Kempe’s model).

The results of the simulations lead to the following main observations:

* The evolution of PID strongly depends on the weather conditions. In the hot and humid
climate the module shows the maximum extent of power degradation. A certain extent
of PID occurs in hot Mediterranean climates too, as was indeed extensively observed
from field inspections in southern Europe. In the desert climate the module power does
not degrade at all thanks to the very low relative humidity.

¢ The known effect of seasonality on PID is well reproduced by our simulations. For
instance, in Miami degradation occurs in the hot and humid months, while a subse-
quent partial recovery takes place during the dry and cooler season. This trend is in
agreement with the monitored performance of some modules installed in Florida PID
stress conditions [36].

¢ The maximum extent of power loss in our samples modeled for the climate of Miami is
3%, much lower than the power loss of almost 50% of the modules exposed in Florida
in [36]. This is consistent with the extremely different performance during indoor
accelerated PID testing, where our samples degraded by only 1.5% after the standard
test (96h) at 60°C, 85%, -1000 V while the modules in [36] lost 50% of their power after
less than 40 hours at 60°C, 85% RH, -600 V.

We show, as an illustrative example, some simulations where a hypothetical dampening
factor is applied that accounts for the number of PID cycles experienced by the mini-module.
The resulting performance curve, though still reproducing the seasonal variations, shows
a decreasing trend in the long-term, as it is probably a more realistic situation in the field,
based on some recent results by [82]. Further experimental tests would however be required
to assess the actual impact of the number of PID cycles on the regenerative capacity of the
mini-modules and determine the value of such a dampening factor.

By exploiting the dependence of power loss on the voltage found in Chapter[4} we finally give
an example of how our simulations can be applied to simulate the instantaneous performance
of a string affected by PID constituted by any number of modules. Here the simulations
realistically apply, at each time, the actual instant operating voltage Vinpp of the module as
PID stress factor (such voltage being calculated for each module as function of its position in
the string).

In conclusion, recalling the experimental work presented in Chapter [4} we propose a new
sequence of accelerated tests to be performed in laboratory specifically dedicated to PID
prediction. The general methodology we finally propose to achieve a prediction of the effect
of PID on the electricity production of a PV module is: (i) subject a set of modules to the
test sequence presented in Section[5.6} (ii) extract the values of the parameters of the PID
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equations, and (iii) perform the simulations described in this chapter with such parameters
values as inputs, together with the set of meteorological data for the given location.

We conclude the chapter suggesting a possible procedure to estimate what the power perfor-
mance of a full-size module would be after accelerated PID testing, starting from test results
obtained on one-cell mini-modules. This method combines simulations of the voltage distri-
bution over the module surface, as proposed by some authors, with the dependency of power
loss on voltage that we established in Chapter[3]

Some points require further investigation. First, the simulations should be validated against
data from the field. For example, mini-modules manufactured by us with a particularly PID-
prone assembly could be tested according to the test matrices in Section|5.6|and in parallel
a set of the same mini-modules could be installed and monitored outdoors. Second, addi-
tional experimental work could be foreseen to gain more insight on the daytime regeneration
mechanism, especially on its dependence on temperature and voltage, its interplay with the
mechanism of degradation, and its relationship with the number of PID “cycles”.

If validated, this model could constitute a strategic tool for PV plants owners as it would
allow the prediction of the long-term performance of a certain module type, thereby giving
the possibility to select the appropriate type of module for a given location with respect to
the possible occurrence of PID. For example, estimating the energy yield and the resulting
levelized cost of electricity would allow to make a balance between the module cost and the
actual risk of PID for the given module type for the specific PV plant location.
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Preventing PID: the role of the Bill of
Material

The factors leading to PID degradation are multiple and concern different aspects of a PV
installation (electrical layout, mounting system,...), as described in Chapter[3] In this chapter,
we concentrate on the module level, and investigate the relationship between PID and the
bill of material (BOM), i.e. the list of materials, employed in the module. As in the rest of the
thesis, we consider the mainstream technology of p-type c-Si solar cells.

We manufacture one-cell mini-modules using different combinations of the following materi-
als: two different types of cell (PID-free cells and standard cells), two types of EVA materials
(with, respectively, low and high electrical resistivity, p), and two types of backsheets (BS) with,
respectively, low and high water breathability. We then compare their performance under
accelerated PID testing. Some tests are performed at 60°C, 85% RH, conditions prescribed in
the IEC TS 62804-1 [59] as the minimum severities to detect PID, and other tests are performed
at 85°C when harsher degradation is sought or when samples are expected to be particularly
PID-resistant. With reference to Table[1.2]in Chapter|[I} the work presented in this chapter is
an example of employing accelerated aging tests based on an international standard (or, in
this case, technical specification) as comparative accelerated tests.

First, by testing samples laminated with the same (standard, polymer-based) backsheet,
we observe that to have a “PID-free” module the combination of PID-free cells and an EVA
encapsulant with high electric resistivity is the most recommendable choice. The choice of the
encapsulant plays a very important role in contrasting the PID effect. For example, with the
materials we tested, combining a PID-free cell with a low resistivity EVA proves less effective
than using a standard cell with a high resistivity EVA.

We measure the electrical resistivity of the two encapsulant films at different temperatures
and relative humidity levels. As p is reduced by increased water concentration in the film,
we are initially surprised to observe that the breathability properties of the backsheet have
apparently no influence on PID degradation. An observation that we are later able to explain
by running some simulations of water diffusion in the encapsulant for different sandwich
structures.
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We then run a second set of experiments on some encapsulation schemes with an improved
resistance to water ingress (i.e. glass and backsheet with barrier layers as rear covers and an
edge sealant). Results show that, in fact, preventing or reducing the diffusion of moisture in
the front encapsulant layer also contributes to further mitigate the impact of PID.

Finally, we observe that, for the cell type used in our tests, i.e. p-type c-Si with an aluminum
back surface field (Al-BSF), having a glass layer at the rear of the cell does not add to the
PID effect compared to having a rear sheet as well impermeable but not containing Na (i.e.
the BS with Al layer). On the contrary, our tests indicate that a glass/glass construction is
more PID-resistant than a glass/backsheet one, result that we attribute to the higher barrier
against water diffusion provided by the double glass configuration and the consequent higher
encapsulant resistivity as shown by our simulations.

The findings obtained in this chapter are the subject of a paper that has been submitted to
Progress in Photovoltaics, see [152].

6.1 Introduction

When coming to module assembly, several strategies related to the choice of the materials are
offered to manufacturers, and their customers, to suppress or minimize the negative impact
of PID on framed modules. In particular, the use of:

i Specific PID-free cells. As discussed in Chapter[3.2.4} one strategy to suppress PID is to
deposit dielectric anti-reflective coatings (ARC) with increased conductivity on the solar
cells, in a way that the electric field in the SiN, responsible for the drift of Na ions towards
the bulk silicon is reduced (see [112] and [114]). However, a trade-off exists between
cell efficiency and PID sensitivity when modifying the composition of this layer. Other
strategies at the cell level focus on increased doping profiles, surface treatments (such as
growing an intermediate SiO2 layer between the Si and the AR coating) or ion implantation
in the cell’s emitter [14], [41].

ii Encapsulating polymers with higher electrical resistivity (p) to prevent the diffusion of
alkali metal ions from the glass cover into the cell. Several materials such as thermoplastic
polyolefin (TPO), ionomer or high-quality EVA have been shown to prevent or strongly
moderate the occurrence of PID [70], [9], [14], [2].

iii Special cover glasses with increased resistivity, such as glass with reduced Na content or
quartz glass [33], or different processing, such as chemically strengthened glasses [14],
169].

However, the efficacy and the cost-effectiveness of the single strategies (or their combination)
is frequently unknown. Here, we investigate how PID degradation of encapsulated (and
framed) solar cells is affected by the choice of the solar cell and of the encapsulating polymer.
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In view of the industrial application of the results and considering the constant market pressure
to significantly reduce module-manufacturing costs, we focus on what we believe to be the
most cost-effective solutions only, and do not investigate for example the use of special cover
glasses. For the same reason, as EVA is currently used in > 90% of the modules manufactured
today, we focus on this encapsulant only.

As the properties of the backsheet (BS) may have a strong impact on the physical properties
of the encapsulant material (water content and resistivity), in our study we consider as well
backsheets with different breathability properties, i.e. with different Water Vapor Transmission
Rates (WVTR). To interpret some of the experimental results, we then run a second set of
experiments, and in parallel perform some simulations, focused at investigating the influence
on PID degradation of moisture ingress in the module sandwich.

6.2 Experimental work and modeling

6.2.1 Influence of solar cell, encapsulant, and backsheet properties on PID

The materials we use for assembling our test devices are all commercially available. These
include two types of c-Si solar cells (conventional vs PID-free c-Si solar cells, both p-type),
two types of EVA films from the same supplier with, respectively, low and high electrical
resistivity, and two types of backsheets (BS) from the same supplier with, respectively, low
and high breathability, i.e. BS with different Water Vapor Transmission Rates (WVTRs). We
then investigate all possible combinations (i.e. 23 = 8) of this bill of material (BOM) list and
assemble our one-cell mini-modules according to the matrix shown in Table[6.1} by means of
a conventional lamination process. In order to simulate the presence of a frame, the edges of
the mini-modules are covered with a conductive aluminum (Al) tape.

Additionally, we measure the volume resistivity of our encapsulants as a function of humidity
and temperature. Before each measurements, the cured samples were pre-conditioned in a
climatic chamber. Measurements are performed according to the IEC 62788-1-2 standard
(Method B) [58] using a Keithley electrometer and a 8009 resistivity test fixture.
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Table 6.1: Overview of the different materials (cells, encapsulants, backsheets) used in the first
part our study.

Bill of Material * from datasheet
Standard c-Si PID-free cell
Cells
(std-cell) (PID-free)

EVA high resistivity EVA low resistivity
Encapsulants (EVA-high-p) (EVA-low-p)
*0>1-10% Q-cm *0>6-10" Q-cm

BS high WVTR BS low WVTR
Backsheets (BS-high-B) (BS-low-B)
*WVTR ~ 1.8 g/m?/d | *WVTR ~ 0.7 g/m?/d

In a second set of experiments, we further investigate the role of the backsheet and of encap-
sulation schemes with improved resistance against water ingress. To do this, we manufacture
mini-modules using conventional (std-cell) cells only and EVA with high volume resistivity
(EVA-high-p) and make use of structures with increased resistance properties to water ingress:
(1) glass/glass (G/G), and (2) glass/glass with edge sealant (G/G-seal). The rear glass and the
edge sealant are used to prevent moisture ingress in the module sandwich. In order to verify
that the rear cover glass is not contributing in worsening the PID effect, we manufacture an
additional sample (3) using a fully impermeable backsheet that includes a laminated Al foil
barrier (G/BS-bar). All samples use a solar-grade front cover glass. An overview of the rear
covers used in this study is given in Table[6.2]

Table 6.2: Overview of the rear covers used in this study. All modules use a solar-grade front
cover glass sheet. Values from datasheet.

Rear cover WVTR (g/m2/d) | Edge sealant | Acronym
BS with high breathability ~1.8 No BS-high-B
BS with low breathability ~0.7 No BS-low-B
BS with Al foil barrier _3
(no breathability) =5-10 No BS-bar
Glass

(no breathability) 0 No GIG
Glass with edge sealant

(no breathability) 0 Yes G/G-seal
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6.2.2 PID stress tests

The samples are subjected to a PID stress test as prescribed by the relevant IEC Technical
Specification for c-Si modules (IEC TS 62804-1:2015 [59]), using a climatic chamber (see
Chapter [2.5). Besides the conventional stress level (i.e. 60°C, 85% RH, -1000 V, or 60/85),
we increase in a set of samples the stress level to 85°C, 85% RH (85/85) to accelerate the
degradation. The test is run beyond the conventional 96 h up to 192 h, and for a much longer
time in the second round of experiments. Before and after the degradation, the modules are
characterized by means of IV measurements at standard test conditions and EL imaging.

6.2.3 Modeling water ingress in the sandwich structure

To interpret some experimental findings and investigate further the role of the backsheet and
of water ingress on the evolution of PID, we finally run some simulations of moisture diffusion
in the sandwhich structure using the two different configurations shown in Figure[6.1] (b): a
glass/backsheet structure and a glass/glass one.

156 Sizes in (mm)
3} Glass
0.45} EVA
— [ - (O
0.45} Eva '0-18
0.17} BS
200
Glass
S Cell  E=EwN
EVA
Glass
(a) (b)

Figure 6.1: (a) Top view of the one-cell mini-modules used in this work, with an Al tape applied
to the edges simulating the presence of a frame. (b) Cross-sections of the two encapsulation
configurations considered for simulating the water diffusion into the sandwich. Top: 2D
geometry employed in the FEM simulations for the G/BS construction. Bottom: G/G structure.
In this last case, a simple 2D geometry of 200x200 mm? given by the only encapsulant is in
fact considered in the simulations, thanks to vertical symmetry (impermeable front and rear
cover).

The general procedure that we employ to determine the diffusivity properties of the materials
and to perform the simulations was described in Chapter[2.4]

In a G/G sample, water is able to penetrate from the open sides of the encapsulant. We solve
the diffusion equation in a 2D domain of length L, and width L, equal to 0.2 m (the size of
a one-cell mini-module) using Fourier series (Equation (6.1)) an approach previously used
by authors in [74] and [63]. The resulting value is the water concentration c in a certain point
(x, ) of the domain at time ¢. In the equation, ¢;n;; and ¢y,  are, respectively, the initial and
the surface concentration of the encapsulant, and D its diffusion coefficient.
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The relative humidity (%) in the encapsulant is finally calculated as the relative saturation
(Equation ), as also done in [19]. The saturation concentration, ¢4y, is the product of
the EVA solubility and the water vapor partial pressure in the air at the testing conditions,
according to Henry’s law.

c(x, 510

RH(x,y, 1) =
Csat

-100 (6.2)

With respect to the G/BS configuration, the lack of vertical symmetry and the fact that we are
interested in the RH in the front encapsulant make it necessary to employ Finite Elements
Method (FEM) simulations. An analytical 1D equation like the one proposed in [73] would,
indeed, not be applicable here as it is rather suitable to estimate the RH in the encapsulant
below the cell. The FEM simulation are run with the software Comsol Multiphysics (version
4.4), with a 2D geometry as depicted in Figure (b) at the top.

6.3 Results

6.3.1 Resistivity measurements

Figure[6.2]shows the volume resistivity measurements performed on the EVA-high-p and EVA-
low-p encapsulants as a function of relative humidity. At room temperature (25°C) and RH
40% the two encapsulants have a measured volume resistivity of 5-10'°Q- cm and 8.5-10'4Q-
cm respectively, slightly higher than datasheet values. The volume resistivity is moderately
reduced by increasing humidity. The effect of temperature on p is much more pronounced
than that of humidity, with p decreasing by approximately one order of magnitude over a 30°C
interval (see Figure[6.2). A similar behavior has been observed in other works (see e.g. [131]
and [9]).
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Figure 6.2: Volume resistivity for the EVA-high-p and EVA-low-p encapsulants as a function of
(a) temperature at fixed RH (20%), and (b) of relative humidity at fixed temperature (25°C).

6.3.2 PID testing at 60°C / 85% RH

Table[6.3]shows the extent of power degradation of our samples after PID testing at 60°C / 85%
RH. For standard cells, the choice of the EVA polymer has a drastic impact on PID degradation.
Whereas the cells processed with a low resistivity polymer show a huge degradation (~ —80%
after 96 and 192 h), those processed with high-p EVA show nearly no degradation. This is true
irrespective of the BS used in sample processing. Conversely, for the PID-free cells, the choice
of the EVA, as well as of the BS, at 60°C / 85% RH seems negligible, and for all the possible
combinations of materials, the degradation after 96 and 192 h is limited to < 1%.
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Table 6.3: Power degradation of the different test samples after 92 and 192 h of PID testing (60

°C, 85% RH, —1 kV).

BS-high-B BS-low-B
Cells EVA (96 /192h) | (96/192h)
(%] (%]
Std Highp | -0.7/-0.1 | -0.8/-0.4
cells Lowp | —-85/-83.5 | =779/ -76
PID-free High 1Y =-2.710 -03/0
cells Low p -0.7/-1 -1.7/-1

6.3.3 PID testing at 85°C/ 85% RH

The picture changes when applying more severe test conditions (85°C / 85% RH) and acceler-
ating the degradation. In Figures[6.3|(a) and (b) and Table[6.4} we show the results of extended
85/85 PID testing on our samples manufactured, respectively, with standard and PID-free c-Si
cells.

For standard c-Si cells, the choice of the EVA polymer has a drastic impact on PID degradation.
Whereas the cells encapsulated with a low resistivity polymer show a huge degradation (~
—90% after 96 h), the ones processed with high-p EVA degrade by only —6.9% and —11.7%
after, respectively, 96 and 192 h (for the BS-high-B samples). Surprisingly, in the extended
testing (85/85) too, the effect of using BS with different WVTRs is nearly negligible. This aspect
will be further investigated in Section[6.3.4}

Table 6.4: Power degradation of the different test samples after 92 and 192 h of PID testing (85
°C, 85% RH, —1 kV).

BS-high-B BS-low-B
Cells EVA (96 / 192 h) (96 / 192 h)
[%] [%]
Std Highp | -69/-11.7 | -9.2/-10.9
cells Lowp | —89.1/-88.2 | —96.6/-96
PID-free | Highp -1.6/1.3 -1.8/-1.2
cells Lowp | -12.1/-18.1 | -11.7/ -15.4

For the PID-free cells (see Figure[6.3] (b)), the choice of the EVA polymer still has a significant
impact on PID degradation. Whereas the cells encapsulated with a high resistivity polymer
show nearly no degradation (~ —1.5% after 96 and 192 h), the ones with low-p EVA degrade by
—12.1% and —18.1% after, respectively, 96 and 192 h (for the BS-high-B samples). It is remark-
able to observe that this degradation is larger than that experienced by the conventional c-Si
cells encapsulated with the high-p EVA polymer. For this set of samples too, the progression of
PID degradation is not affected by the breathability properties of the BS (see as well Section
6.3.4).
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Figure 6.3: Degradation after PID test (85°C/ 85% RH, —1 kV) of (a) standard (std) c-Si solar
cells, and (b) PID-free solar cells. For both set of samples, two different EVA encapsulants with
respectively a low and high resistivity p, and two types of backsheets (BS), with a high and low
breathability (B), are used.

As the choice of the BS has apparently a negligible effect on PID degradation, to summarize
we bring together in Figure[6.4} for the BS-low-B samples only, the results obtained for the
samples with the conventional cell using high-p EVA and for those including a PID-free cell
(with high-p and low-p EVA).

The results of extended testing at 85/85 conditions indicate that the use of PID-free cells is
by far the best option to prevent the occurrence of PID, but only if the sandwich is laminated
with a highly resistive EVA polymer.

The use of a standard cell in combination with a high-resistivity EVA encapsulant still needs to
be favored to the use of PID-free cells in combination with a low-quality EVA encapsulant.

Nevertheless, note that these results were obtained on one-cell mini-modules, so that, by
considering the evolution of the PID phenomenon from the module edges (as is frequently
reported for the different climatic conditions), they should represent a sort of worst-case
situation, exhibiting a particularly pronounced degradation. The application of these results
to 60- or 72-cell large-area modules is not straightforward, nevertheless the results give already
a clear indication on the possibilities that are offered to mitigate the PID phenomenon at the
module level.
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Figure 6.4: Degradation after PID test (85°C/ 85% RH, —1 kV) of a standard cell encapsulated
with a high-p EVA, and of two PID-free cells with a low- and a high-p EVA encapsulant. All
samples have a low breathability BS.

Another result worth highlighting is that, apparently, the breathability properties of the
backsheet have no significant influence on PID degradation at least in constant and harsh
accelerated-aging testing conditions. As Figure (b) shows, the volume resistivity of EVA
is reduced by increased water content in the film, so that the latter finding is a bit counter-
intuitive (see [140]), but is clarified with the water ingress simulations results presented in
Section[6.4] We show therein that, with the high levels of humidity used in the PID test (i.e.
85% RH), the water diffusion dynamics experiences a moderate delay only of ~10 h for the
mini-modules encapsulated with, respectively, backsheets with high and low WVTR.

6.3.4 Influence on PID degradation of moisture ingress in the module sandwich

To better understand the effect on the evolution of PID of the backsheet and of moisture
ingress in the module sandwich, we run a second set of experiments manufacturing module
structures with increased resistance properties against water ingress: (1) glass/glass (G/G),
and (2) glass/glass with edge sealant (G/G-seal). The rear glass is used to prevent water ingress
from the back, and the edge sealant (desiccant-filled polyisobutylene- (PIB-)based) to perfectly
seal the module edges. In this respect, the latter sample can be considered as a reference
sample fully impermeable to water ingress, at least for the first several hundreds of hours of
exposure in a climatic chamber, before the edge seal is completely saturated with water [74],
[76].

In order to verify that the rear glass is not contributing in worsening the PID effect as an addi-
tional source of Na, we manufactured an additional sample (3) using a backsheet impermeable
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to water that includes a laminated Al foil barrier (G/BS-bar). The full set of mini-modules
used in this second run of experiments is made using standard cells only, and (in order to
avoid the risk of an accelerated degradation, which would not allow us to distinguish the
contributions of the different rear covers) the EVA with high volume resistivity (EVA-high-p).
All these samples are tested at 85/85 test conditions (i.e. 85°C, 85% RH, —1 kV) with a duration
extending up to 576 h. The results are shown in Figure[6.5]
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Figure 6.5: Degradation after exposure to PID test (85°C, 85% RH, —1 kV) of the mini-modules
built with structures with different water-resistance properties: a glass/glass (G/G), glass/glass
with edge sealant (G/G-seal) and a glass/backsheet that includes a laminated Al barrier foil
(G/BS-bar). All samples are manufactured with standard solar cells and a highly resistive EVA.

A clear difference is observed between sealed and non-sealed samples: with a power loss
limited to —4.9%, the edge-sealed glass/glass experiences only a minor degradation after 576
h of test. In the absence of an edge sealant, the power loss of the glass-glass sample is already
—4.6% after 192 h, and reaches —26%, at 576 h (i.e. more than 5 times the degradation of the
edge-sealed samples). We attribute this difference to moisture penetration from the edges
and diffusion over time into the front EVA encapsulant of the unsealed G/G sample. This is
consistent with the observations of Figure[6.2| (b) that the resistivity of EVA is affected to some
extent by the inclusion of water in the encapsulant layer.

In addition, we want to stress that by preparing a mini-module with conventional c-Si cells
and EVA with high volume resistivity in a G/G configuration, in combination with the use of
an edge-sealant, we are able to realize a device that withstands the harsher 85/85 PID stress
test conditions without nearly any observable degradation during the first 300 h of test, and
reaching -5% only after 576 h. Because the time required for water to penetrate beyond a
desiccant-filled PIB-based edge sealant at 85/85 conditions is typically around 5000 h [74],
[76], we attribute this power degradation to (i) an ingress of water due to a possible loss of
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adhesion between the edge sealant and the glass or (ii) a late activation of the PID process in
presence of a very high resistivity encapsulant, or a combination of the two options.

Further, by comparing the impact of PID testing on the G/G and the G/BS-Al samples, we high-
light as well that the samples with a rear glass sheet do not suffer from increased degradation.
In fact, the degradation is slightly lower. The p-type Si Al-BSF solar cells exposed to a negative
voltage with respect to ground will still drive a migration of Na ions from the rear glass pane to
the cell. Nevertheless, these Na+ target the rear Al metalization of the cell, with no impact on
PID, and not the anti-reflective coating (ARC) of the cell’s front side nor the p-n junction. In
this type of cells, it is in fact the drift of Na ions from the ARC layer that can lead to the creation
and decoration of stacking faults by the alkali metal ions. This will in turn induce a severe
shunting of the p-n junction with a consequent degradation of overall cell performance as
we described in Chapter (43], [115], [111], [113]. This physical model, for which consensus
exists in describing PID degradation in mainstream Al-BSF p-type solar cells, does evidently
not apply when the positively charged ions target the rear side metalization of the solar cells.

Finally, to summarize these last findings we plot in Figure[6.6|the results for the first 192 h of
PID testing, highlighting the strong impact that the rear cover and the use of an edge sealant
have on the evolution of the PID phenomenon.
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Figure 6.6: Evolution of the PID degradation during the first 192 h (85°C/ 85% RH, —1 kV)
for all the mini-modules manufactured with conventional p-type c-Si solar cells and a highly
resistive EVA. The different sandwich structures are: glass/glass (G/G), glass/glass with edge
sealant (G/G-seal), glass/backsheet including a laminated Al barrier foil (G/BS-bar), and the
two samples with a conventional polymeric backsheet (with, respectively, a high and a low
breathability B).

On the long run (~580 h of PID testing), nearly no difference could be observed in the degra-
dation of the samples with an impermeable rear cover without the edge sealant (G/G and

122



6.4. Modeling water ingress in the sandwich structure

G/BS-bar, see Figure 5). For shorter stress times (192 h), however, for these same samples, we
observe a discrepancy that we cannot fully explain (see Figure[6.6).

6.4 Modeling water ingress in the sandwich structure

In order to better understand the role of the backsheet and the results of Figure[6.5/and 6.6} we
run simulations of water ingress into the module sandwhich as described in Section[6.2.3 For
both the G/G and G/BS configurations, we remark that the simulated water concentration is
overestimated as the samples are framed by an aluminum tape.

For the G/G sample (cross-section displayed in Figure (b) at the bottom), we simulate
the water diffusion from the edges through the encapsulant during the PID test, where the
samples are exposed to environmental conditions of 85°C, 85% RH for 591 h (i.e. 576 h+15 h of
preconditioning). To do this, we apply Equation (6.1) on a 2-dimensional domain of width and
length equal to 0.2 m (the size of a one-cell mini-module). As the high-resistivity EVA used in
this work was not characterized in terms of diffusivity properties, we consider the diffusion
coefficient D and the solubility S of an EVA polymer of which we measured the WVTR with a
Mocon Permatran twin 3/33, as described in Chapter[2] We obtain a value of D = 8.13-1071°
m?/s at 85°C, in the range of what found by other authors for standard EVA materials [73],
[85]. The encapsulant is assumed to be initially dry (c;;;=0 g/ m?). As boundary conditions,
we set the four exposed surfaces in equilibrium with the chamber environmental conditions
obtaining ¢y, f = Csar = 4192 g/rn3 (Henry law at 85°C, 85%).

These data are used to model the water concentration, and the relative humidity with Equation
(6.2), in the EVA layer of the G/G sample as a function of the distance from the edges. The
results are shown in Figure The corresponding resistivity p of the encapsulant is then
obtained as function of the internal RH according to the relation displayed in Figure[6.2} and is
presented in Figure showing a considerable gradient from the edges (~6x10'3 Q-cm) to the
center (~1.3x10'* Q-cm) of the mini-modules. For the G/G-seal sample (with edge sealant),
we assume no water ingress throughout the whole duration of the test. The resistivity p of the
encapsulant is therefore assumed to be constant all over the sample during time and equal to
~1.62x10"Q-cm (i.e. p(85°C, 0%RH)).
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Figure 6.7: Simulated water concentration (expressed as RH) in the encapsulant as a function
of the distance x from the edge in our one-cell mini-modules (G/G and G/G-seal samples)
after 576 h of PID testing, and the corresponding EVA volume resistivity p.

For the case of a G/BS sample (BS-high-B), we simulate the water diffusion into the sandwich
during the first 192 h of PID testing by means of FEM, as described in Section[6.2.3] The back-
sheet diffusion coefficient and solubility were determined by means of WVTR measurements
with a 7001 Water Vapor Permeation Analyser. The backsheet and encapsulant are assumed
initially dry, and their exposed surfaces in equilibrium with the chamber environmental
conditions.

We then calculate the corresponding resistivity of the encapsulant along a line in the front EVA,
at half distance between the EVA and the glass (see the red line in the cross-section presented
in Figure[6.1] (b)). As shown in Figure the mismatch in the distribution of p along the
encapsulant layers for the two samples explains why the PID dynamics in the G/BS sample is
faster than for the G/G samples.

Similarly, for the same geometry of the G/BS sample we simulate the case of two backsheets
with respectively low and high breathability. The results (not shown here) show that at the
stress conditions used in the PID test (85°C/ 85% RH), the water diffusion dynamics experi-
ences only a moderate delay of approximately 10 h for the mini-modules encapsulated with a
BS with lower WVTR, compared to those with a higher WVTR BS. This observation explains
why, during the execution of test at 60/85 and 85/85 stress conditions for 96 h and longer, no
difference can be noticed for the samples having a BS with a high or low breathability.
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Figure 6.8: Encapsulant volume resistivity p as function of the distance x from the frame after
192 h of PID testing (85°C, 85% RH). The red and the blue curve refer, respectively, to the G/BS
and the G/G configuration.

6.5 Discussion

We briefly highlight some cost considerations that might enable to select the best strategy
to minimize PID, especially considering the industry downward pressure on costs. These
include:

1. The potentially high cost for modified module glass, which makes this option difficult
to be adopted;

2. The great commercial advantage for module manufacturers to offer solutions inde-
pendent on the inverter choice and the electrical layout and, therefore, suitable for all
systems. A sort of one-type-fits-all module;

3. Attoday’s prices, the relatively low cost for using EVA encapsulants with higher volume
resistivity (approximately, a +1-5% cost at module level), which, independently from
the cell selection, has a considerable impact in preventing PID;

4. Even if alternative encapsulant materials known to prevent PID due to their high volume
resistivity (such as PO, ionomer, etc.) are considerably gaining momentum, EVA is
still the encapsulant with the longest track-record and the widest market share in the
industry (=90%), which makes it difficult to compete with in terms of prices;

5. At the cell level, the cost to manufacture in-house PID-free cells or to buy such cells
might vary, even considerably, from one manufacturer to the other;

6. The additional potential advantage that the selection of materials/components less
prone to favor water ingress in the sandwich structure (e.g. glass/glass vs glass/back-
sheet, the use or not of edge seals) have on delaying PID dynamics.
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6.6 Conclusion

When using breathable backsheets based on polymeric materials, our results clearly indicate
that to have a “PID-free” module the combination of PID-free cells and a high-resistive EVA
encapsulants is the most recommendable choice. Remarkably, the use of a conventional c-Si
cell in combination with a high-resistive EVA encapsulant is more effective (and possibly
constitutes a cheaper solution) than the use of PID-free cells in combination with low-quality
EVA.

The strong acceleration in PID degradation promoted by 85/85 rather than 60/85 stress condi-
tions can be easily explained by the considerable dependency on temperature of the volume
resistivity p of the EVA encapsulant, which drops by approximately one order of magnitude
over a 30°C interval.

As our resistivity measurements on EVA films indicate that p is reduced as well by increasing
the water concentration in the film, we are initially surprised to observe that the breathability
properties of the backsheet have apparently no influence on PID degradation. An observa-
tion that we are later able to explain by running some simulations of water diffusion in the
encapsulant for different sandwich structures.

A second set of experiments using sandwich structures with increased resistance to water
ingress (i.e. glass and backsheet with barrier layers as rear covers and an edge sealant) indicates,
in fact, that preventing or reducing the diffusion of moisture in the front encapsulant layer
plays arole in further mitigating the impact of PID. We highlight, for example, that by preparing
a mini-module with conventional cells and high resistivity EVA in a glass/glass configuration,
in combination with an edge-sealant, we are able to realize a device that withstands the harsh
85/85 PID stress test conditions without nearly any observable degradation during the first
300 h of test, and reaching —5% only after 576 h.

For the cell types used in our tests, p-type c-Si Al-BSE having a glass layer at the rear of the
cell does not add to the PID effect compared to having an impermeable rear sheet but not
containing Na (i.e. the BS with Al layer). The results of our tests indicate on the contrary
that a glass/glass configuration is more PID-resistant than a glass/backsheet one, at least
during the first 192 h testing hours. We attribute this difference to the higher barrier against
water ingress provided by the double glass construction, and the consequent higher front
encapsulant resistivity as shown by our simulations.
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7d Module interconnection failures

As discussed in Chapter|[1} we identified two degradation modes that are of high concern for
PV modules reliability: PID and failures in the electric interconnections. In this chapter we
address the second topic. We quantify experimentally for the first time the effect of broken
interconnection ribbons on the power performance of a PV module, and propose an electrical
model able to reproduce the experimental results. For the terminology used, the reader may
refer to Chapter[1.2} where the different metalizations and electrical interconnections of a PV
module are introduced.

The results shown in this chapter are presented in a paper that has been submitted to Progress
in Photovoltaics. The complete list of coauthors is reported in Ref. [3].

To perform the experimental work, we manufacture two strings of six cells each and analyze
different configurations of disconnected ribbons. The cells have three busbars and are serially
connected. We observe that the power loss strongly depends on the ribbon’s position with
respect to the cell (external versus central ribbon). For example, if one of the two external
ribbons is disconnected from every cell in the string, the power variation for the string with
respect to the initial condition (i.e. all ribbons connected) is —10.24%. If, alternatively, we
disconnect the central ribbon from all the cells the power loss is limited to —5.91%.

Then, we present a model in LT-SPICE to simulate the performance of a string with discon-
nected ribbons, and utilize the results presented in the first part of the chapter to validate it.
This model was developed by Jacques Levrat from CSEM (Centre suisse d’électronique et de
microtechnique). Each three-busbar cell is described as a network of three parallel sub-cells,
each sub-cell being modeled with a two-diode equation. The series resistance is accurately
represented by the full set of front and rear cell metalization, front and rear interconnect
ribbons, and string interconnects.

The simulation results agree with the measured values, for the different configurations of
disconnected ribbons. The relative variation in the electrical parameters (maximum power
Pmax, fill-factor FE and series resistance Rg) after each cut is reproduced with good accuracy.
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In addition, simulated current-voltage (IV) curves show a round shape at the maximum power
point, which is typical of a Rg affecting only one part of the cell, and closely follow the measured
IV curves.

We then use the model to demonstrate that these results are scalable irrespective of the number
of cells connected in a string, and show that the results are directly transferable to the case
of large-area modules composed of 60 or 72 cells. Finally, we analyze the case when the
disconnections are distributed randomly in the module. As a first approximation, we conclude
that a module with 10% of disconnections has a power variation between —1.34% and —2.75%
in average, while 20% of disconnections lead to a power variation in the range of —2.83% and
—5.64%.

7.1 Introduction and motivation

As discussed in Chapter([I.2} failures in the internal circuitry of a PV module have a major effect
on its performance [51]. A R increase is often observed in field modules (see, e.g., [71] and
[22]) and can originate from different degradation mechanismes.

Interconnection failures are generally caused by thermo-mechanical fatigue. Because of the
different coefficients of thermal expansion of the materials in the module sandwich (e.g., cells,
encapsulant, glass, backsheet), thermal variations result in a displacement of solar cells in the
module. The same effect can occur when the module is exposed to mechanical stresses, e.g.,
due to wind or snow loads.

The stress induced by thermo-mechanical loads induces fatigue on the contact (solder bond,
also called solder joint) at the interface between the cell interconnect ribbons and the cell
busbars. In the long term, the solder joints can develop micro cracks and ultimately fail (i.e.
partially or completely detach). In extreme cases, fatigue can cause a complete rupture of the
ribbons with a consequent complete disconnection from the circuit. Resistive solder bonds
can also lead to the formation of hot spots ([107] and [67]).

Besides thermo-mechanical stresses, the performance of the interconnections can also be
affected by the presence of moisture or acids in the encapsulant, such as the acetic acid
generated by the photo-thermal degradation of ethylene vinyl acetate (EVA). Such stress
factors can cause corrosion of the copper core and the tin coating of the ribbons, as well as of
the solder bonds or the cell fingers (see e.g. [68] and [52]). In [24] the authors show that, in hot
& humid climates, the loss in Py, is directly correlated to the loss in FF (whereas this is not
the case for other climates). As mentioned in Chapter|[I} browning of internal circuitry due to
corrosion was directly correlated with significant power losses in [68].

The reliability of ribbons has gained increasing attention in the last few years. In [102], the
authors investigate the fatigue behavior of copper ribbons resulting from temperature cycles
and obtain a relationship between a temperature cycle’s amplitude and the number of cycles to
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failure (i.e. to a ribbon’s breakage). Finite Elements Method (FEM) simulations are employed
in [26] to reproduce the cell displacement and stress distribution within module materials
resulting from thermal variations. In [12], Bosco et al. propose a climate-dependent number
of thermal cycles (according to the IEC 61215 standard [56]) as a stress test for modules in
order to obtain an equivalent amount of solder fatigue damage as simulated by FEM. In [121],
the authors simulate with FEM models the plastic strain energy accumulated by the ribbons
during cyclic mechanical loading due to wind.

However, to our knowledge, there is no experimental study directly assessing the actual
impact of broken cell interconnect ribbons on the electrical output of the module. In this
chapter, we investigate how the module performance is affected when one or more ribbons
are broken. We quantify by experimental measurements the actual impact on the electric
performance when one or more ribbons connecting adjacent cells are disconnected. We
propose a simplified electrical model in LT-SPICE that is able to reproduce experimentally
measured IV characteristics, and the variation in the module’s electrical parameters induced
by the breakage of the cell interconnect ribbons.

7.2 Experimental work

To perform the experimental work, we manufactured two equal strings (String A and B), each
with six solar cells connected in series with commercially available 1.70 x 0.17 mm copper
ribbons coated with Sng,Pb3sAg,. The cells are monocrystalline silicon (c-Si), p-type, with
three busbars. The encapsulation is done with a glass/backsheet construction with EVA as
the encapsulant. For the backsheet we employed a 50- um-thick ethylene tetrafluoroethylene
(ETFE) sheet, a thin layer that can be easily removed allowing us to cut the selected ribbon
without the risk of damaging adjacent cells.

Each string is employed to analyze a specific configuration of disconnected ribbons. We
characterize initially the single strings by means of IV measurements using a LED-halogen-
based sun simulator that replicates the AM 1.5 spectrum. We also take electroluminescence
(EL) images, for which a DC current (corresponding to the module’s short-circuit current)
is supplied in order to stimulate radiative recombination of carriers and consequent light
emission. EL images allow us to observe the path that the light-generated carriers follow in
presence of disconnected cells.

After the initial characterization of the module, we cut the interconnect ribbons from one or
more cells using an iterative process. When needed, disconnected ribbons can be repaired by
soldering before proceeding with the following step. For each cell, we distinguish between the
central ribbon and one of the two external ribbons, for which the side is irrelevant due to their
symmetry. The change in the string performance is measured after each step by means of IV
and EL measurements.
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7.2.1 One disconnected ribbon per cell

We compare here the impact on the module’s electrical performance of a broken external
versus the central ribbon. String A, for which we cut the central ribbon, is illustrated in Figure
The positions where the ribbons are cut are labeled by progressive numbers (1,...,7).
After initial electrical characterization of the strings we cut the external or the central ribbon,
starting from position 1 and progressing through position 7. Because the front and the rear
contributions to the cell series resistance have different values (see Section[7.3), it is important
to note that the ribbon is disconnected starting from the front of the cell. In Figure[7.2|we
plot the change in FF and P4« of the full string after progressively removing one ribbon at a
time. The loss in Ppyax (circles) follows, as expected, the same trend as the loss in FF (triangles).
With a power loss per cut of, respectively, —1.51% and —0.85%, we observe a more pronounced
degradation when the external ribbon is disconnected.

Figure 7.1: Scheme of one of the six-cells strings. In this case, the central ribbon is sequentially
cut between consecutive cells (from position 1 to position 7). The same type of string is
manufactured to analyze the case where one of the two externals ribbons is removed (String B,

shown in Figure[7.4).
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Figure 7.2: Change in P« (circles) and in FF (triangles) with respect to the initial values
(all ribbons connected) as function of the number of cumulative cuts. For instance, two
disconnected points means that the ribbon was cut in both positions 1 and 2 (see Figure[7.I).
Dotted lines are linear fits of Ppax.

The difference is reflected in the EL images in Figure[7.3] When we cut the central ribbon (top
image), a smaller part of the cell is dark, i.e. contributing less to carrier collection, than when
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we cut an external ribbon (bottom image). As a general observation, denoting by ¢ the distance
between the central ribbon and an external one, in the first case the maximum distance that
light-generated carriers have to travel through the metallic fingers from the center of the cell
to the closest connected ribbon is ¢. In the second case, instead, the maximum distance
that carriers have to travel from the external part of the cell to the closest connected ribbon
increasesto ¢ +¢/2.

Figure 7.3: EL images of the six-cell strings: (top) The central ribbon is cut at positions 1 and 2,
and (bottom) an external ribbon is cut at positions 1 and 2. The dark area indicates where less
carriers are being collected. The string is supplied by a current of the value of the string’s short
circuit current, Ig.

7.2.2 Two disconnected ribbons per cell

After having completely disconnected the external ribbon for all cells in String B (positions 1
to 7), we continue removing iteratively a second ribbon (the central one), as shown in Figure
Figure[7.5a]shows the corresponding Pmax variation. Here, the cuts in the central ribbon
are plotted as consecutive to the previous cuts in the external ribbon (i.e. a cut in position
n of the central ribbon corresponds to the x-coordinate 7 + n). In this case, each cut in the
central ribbon reduces the power by 3.76%, whereas with the external ribbon still connected
the power reduction was only 0.85%/cut (Figure[7.2).

?-x=x- - - - T External and central
0 o 3 o S 3¢ S [

a4 5 6 7 ribbon

String B

Figure 7.4: Scheme of String B. First an external ribbon is cut sequentially from position 1 to
position 7, and then the central ribbon is cut sequentially from position 1 to position 7.
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Figure 7.5: (a): Change in Pp,ax with respect to the initial values (i.e. all ribbons connected)
of the Ppax of String B as a function of the number of cumulative cuts. First the external
ribbon is cut sequentially from position 1 to position 7, and then the central ribbon is cut
sequentially from position 1 to position 7. (b): Measured IV curves for configurations from 0
to 14 disconnected points, corresponding to the Py« values in (a).

The corresponding variation of the R; for the discussed configurations is shown in Figure([7.6]
These values refer to the R of the full string in consideration (and not the R of a single solar
cell). They were obtained from the one-sun IV curve by means of a linear fit in proximity of
the open-circuit voltage (V,.), which provides the slope 1/R. We use this value (R,¢), which
is generally higher than the true Rs of the device, as an approximation for Rg. Fitting the IV
curve with the one-diode equation, indeed, resulted to be an inaccurate method to extract
the R;. This can be related to what was observed by Bowden and Rohatgi in [13]: when only
part of the cell is affected by a high R (inhomogeneous distribution of the series resistance)
the effects of this high R on the IV curve may be erroneously attributed to other electrical
parameters of the curve instead, for instance to a low shunt resistance. As can clearly be
observed by the peculiar shape of the IV curves displayed in Figure our case, with the
disconnections affecting only a limited portion of the cells, falls within the cases described in
[13] and would therefore require specific measuring procedures and a dedicated R extraction
method. Nonetheless, here we are mainly interested in observing a trend for the variation of
Rs, rather than measuring absolute values, and a linear fit in proximity of V. provides us with
more robust and reproducible results.
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the series resistance
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Figure 7.6: Change in series resistance, R, as a function of the number of cumulative cuts.
Black and blue circles refer to String B. For the blue circles, 7 disconnected ribbons means that
the external ribbon was cut in positions 1 to 7, and the central ribbon was cut from position 1
to n. Lines are linear fits.

As Figure[7.6|shows, the increase in Ry is higher when disconnections are in the external ribbon
rather than in the central ribbon. This justifies the corresponding trend for the loss in FF and
the Py« seen in Figure When the external ribbon is already completely disconnected
for all cells in a string, each cut in the central ribbon increases the Rg by around 13%, with
an impact on Rg approximately three times higher compared to when the external ribbon is
disconnected.

7.3 Modeling the performance of cells/strings with an inhomoge-
neous distribution of the series resistance

In the following, we present a simplified model that was implemented in LT-SPICE (version
4.23]) to simulate the electrical performance of a string with disconnected ribbons. The
experimental results presented in Section are utilized here to validate the model. This
model was set up by Jacques Levrat from CSEM [3].

7.3.1 The electrical model

In the previously described experiments, ribbons are cut sequentially forcing the electrical
current to be collected through the neighboring ribbon(s). The symmetry of the three-busbar
H-pattern invites us to consider the cell as three sub-cells connected in parallel, each being
represented by a two-diode model featuring one internal R, one shunt resistance Ry, and
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two saturation currents (Ip; and Iy,) with ideality factors n; = 1 and n, = 2, respectively. To
reproduce the current redistribution within the cell when one ribbon has been severed, the
internal series resistor has been removed from the grid resistance terms, i.e. Rg ¢ and Rg p,
for the front and the rear side, respectively. The reason is that these terms relate to lateral
transport and should be considered separately as they are involved differently when one
ribbon path is missing. The exact scheme considered is depicted in Figure

To extract the diode parameters experimentally, one of the cells was measured in the four-
terminal configuration within the module environment. A nonlinear fit of the IV curve provides
the following diode parameters: Jo; = 5.2- 1071 A/cm?, Jo, = 1.1- 107° A/cm?, Rgp, = 40 Q cm?.
The internal series resistance (free of the grid contribution) is derived from the fitting of the
full module measurement yielding Rs = 4 mQ cm?. As the cell is monofacial, Rg ¢ corresponds
to the resistance between two front busbar and Rg p, to the rear metal blanket resistance value
between two backside ribbons. A four-terminal measurement yields Rg =25 mQ and Rgp =1
mQ . As all ribbons are the same size, they are modeled by a single-value contribution Ryjphon
=3 mQ. The only adjustable parameter of the model is the parasitic resistance Reonnector
induced by the crocodile connectors used during the IV measurement. Experimental data
were accurately fitted with Reonnector = 3 mQ.

Cell 1 ____Celt2 ___ po-Cell3____ Cell 6
______________________ .
! 1 ! | 1 | ! |
s | ! ! | | | ! |
=, '
[ I [ ] [} [
2 | 1 1
8 , : | 1 1 1 . 1
2 i i ! 1 [ 1 K 1
= ! ! | | | | ! |
173
! ' ! | ' | ! |
1 | 1 1
1 1 1 1
! H :)— ! ! -(:)— | 1 L :)— | ! H :}- |
Rrigpon ! 1 Ripbon ! I Reibbon 1 ] Rrisbon | [
ot >t 1 1 | \ ' > R | P |
! >t ! ! mam 1 1 e | ! > |
! —w— ! ! —w— | 1 —w— | ! —wm— 1
I =Rep Rei= 1 I ZRep Rerz I =Rep Rer = I =Rgp Rers |
1 | 1 T
C ( > 1 1 C 1 C 1
Rieny n: : Riibbon : :Rnbbcn : : Riibbon : : Ribbon
I >+ + L Pt > TS >
= 1 > | 1 > : : ! H 1 > |
3 ! e ] oL e L L p L ! e
8 | =Rep Resr= | =Rep Rer : : = Rep Res : I =ZRep = :
1 | 1 1
1 1 1 1
Ribbon'! -@ I R ! -@— 1 Riippon ! -@— 1 Riibbon ! _@— Riibbon 1 Rubbon
| : > 1 | >t L ' P ! o IV L —
o ! ! P | 1 P I ! Dt I
: L] ! : e | 1 e 1 : ) 1
1
! P Lo | ! |
b e | | | b e mm e = n o ____ )

Figure 7.7: Schematic representation of the LT-SPICE model considered to simulate the 6 x 1
cell string.

7.3.2 Comparison of experimental and simulation results

When only the central ribbon is disconnected (String A), the simulated IV curves fit the
measured ones with good accuracy for the different steps, as can be seen in Figure[7.8] The
variation of the P ¢ and of the FF obtained from the simulations also closely reproduce the
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the series resistance

measurements, with a relative error always less (in absolute value) than 1% for the Pp4x and
0.50% for the FE For the R the relative error is around —10% in the extreme cases of 6 and 7
cuts, where the simulated curves are slightly above the measured ones, whereas for the other
cases it is on average —7.22%. This discrepancy can be attributed to the fact that, as mentioned,
the value of series resistance estimated from the measurements is the R, , which is generally
higher than the true value of Ry determined by fitting the IV curve with the two-diode equation
and obtained from the simulations.
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Figure 7.8: IV curves of String A: measured (dots) and simulated (lines). The central ribbon is
sequentially cut between consecutive cells.

In the configuration in which both an external and the central ribbons are disconnected (String
B), our model also predicts the variation of the electrical parameters with a good accuracy.
Figure[7.9|illustrates the relative change of Pmay and Rg with respect to initial values at each
step. As we proceed in cutting the external ribbon, the trend of the simulated values closely
follows the measured one. Further, the model is able to reproduce with a good approximation
the change in the slope observed experimentally as soon as the central ribbon starts to be
disconnected too (corresponding to points 8 to 14 in the x-axis). In this case as well, the
overlap of simulated and measured IV curves is very good (see Figure[7.10). It is worth noticing
that our model is able not only to reproduce the variation in the curve slope close to the
open-circuit point (correlated with Rg), but also the peculiar shape of the IV curve of a cell in
which part of the cell is affected by a high series resistance as discussed in Section[7.2.2} Table
summarizes the P2 and R values obtained from simulations and measurements, and
their differences normalized by the measured values.
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Figure 7.9: Relative variation of Pp,ax (top) and of R (bottom) for String B with respect to initial
values as a function of the number of disconnected points. The values from 0 to 7 cuts are the
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Figure 7.10: IV curves of String B: measured (dots) and simulated (lines). First the external
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7.4. Extension of the results to large-area modules

Table 7.1: Summary of the maximum power P, and series resistance Rg values of String B
as simulated and measured, and their relative differences (Diff.). The differences in the FF
are not reported as they are similar to those in the Ppax, in both the value and the trend. The
measured and simulated values of the short-circuit current and of the V. remain unvaried
after the disconnections of the ribbons (as can also be seen in the IV curves, Figure.

Prmax [W] Rs [Q)]
Number . . . .
of cuts Config. | Simul. Meas. Diff. [%] | Simul. Meas. Diff. [%]
Q]

0 Initial 22.13 22.17 -0.18% | 0.050 0.055 -9.09%

1 1Extcut | 21.85 21.80 0.23% 0.053 0.059 —-10.17%

3 3 Ext | 21.20 21.21 —-0.05% | 0.058 0.064 -9.38%
cuts

5 5 Ext | 20.57 20.42 0.73% 0.063 0.071 -11.27%
cuts

7 7  Ext | 20.22 19.90 1.61% 0.066 0.075 -12.00%
cuts

8 7 Ext +| 19.35 19.21 0.73% 0.073 0.082 -10.98%
1 Cen
cuts

10 7 Bxt +| 17.52 17.09 2.52% 0.089 0.103 -13.59%
3 Cen
cuts

12 7 Ext +| 15.93 15.48 2.91% 0.106 0.122 -13.11%
5 Cen
cuts

14 7 Ext +| 15.14 14.39 5.21% 0.115 0.135 —14.81%
7 Cen
cuts

7.4 Extension of the results to large-area modules

In this last section, we comment about the extension of these results and of the model to large-
area modules, such as devices made up of 60 or 72 cells (i.e. typical commercially-available
modules). The results previously presented, where the cuts are induced progressively in the
same ribbon (external or central), are scalable irrespectively of the number of cells connected
in a string. From the simulations we see, for example, that if an external ribbon is disconnected
from all cells with three busbars in a string of say 6, 12, 18, ..., 60 or 72 cells, the overall power
variation will always be approximately —10%. Similarly the overall power variation will be
~ —5.9% if the disconnected ribbon is the central one.

We finally analyze the case where disconnections are randomly distributed in the module. In
view of the considerations above, we consider a module of six three-busbar cells connected in
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series. The number of disconnections is expressed as a percentage of the maximum number
of possible disconnections, so that the results presented can be also interpreted in terms of
large-area modules. The maximum number of disconnections, corresponding to the con-
figuration with 100% of cuts, depends on: (i) the number of cells in the module, and (ii) the
number of busbars in the cells. For our mini-module made of six cells with three busbars,
the configuration corresponding to 100% of disconnected ribbons corresponds to 21 cuts
(i.e. 7 x 3 =21). For 60 or 72 cells module, with six strings made of respectively 10 and 12
cells with three busbars, 100% of disconnection would correspond to 198 and 234 cuts (i.e.
(n+1) x b xm, where n, b, and m are, respectively, the number of cells, the number of busbars,
and the number of strings). For the sake of brevity, we present two particular cases with10%
and 20% of overall disconnections (i.e. respectively 2 and 4 randomly distributed cuts in our
mini-module) and asses the overall power reduction. For each case, we analyze 10 random
configurations, some of which are represented in Figure[7.11]

A) 10% of disconnections B) 20% of disconnections
16 17 11 19 20 r],
g 9 1 il 1 1 1.
T —"
1A) 2 ribbons per cell 1B) 1 ribbon per cell
_ % B % B
1 % %
1 2 3 4 5 6 7 1 2 3 4 5 6 7
2A) 2 ribbons per cell 2B) 2 ribbons per cell

Figure 7.11: Some of the 20 configurations employed to analyze the impact on power loss of
disconnections in random points. We consider a string of six cells with three busbars having 2
or 4 disconnected points. The results can then be applied to the general case of a large-area
module having 10% and 20% of disconnected points. As the effect on power variation is
strongly linked to the number of disconnections per cell, we denote with different colors the
configurations where a cell is affected at most by one disconnection (in green) or can present
two disconnections (in blue).

The resulting power loss is shown in Figure[7.12] (10 values for the 10% case and 10 values for
20%) where, as in the string images (Figure[7.11), we additionally distinguish the cases where
the cuts concern one or two ribbons per cell (green and blue dots, respectively). The two
cases considered in the sections above, where the disconnections are induced sequentially
in the central or in an external ribbon, are also reported as reference. For the configurations
considered here, the averages of the power loss lie within the band comprised between the
lines for the central and Ext ribbon disconnections (orange and black), i.e. between —1.34%
and —2.75% for 10% of cuts, and between —2.83% and —5.64% for 20% of cuts. We can thus
conclude as a first approximation that the lines corresponding to disconnections in the central
and external ribbon identify a sort of upper and lower boundary (or oscillation band) for the
power loss of random configurations. We also observe that when two disconnections concern
the same cell two possibilities occur. If the cuts are at the string end (e.g. configuration 1A in
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Figure[7.11) the power loss is contained and generally lies inside the band or even above. Big
deviations below the band are observed instead if the cuts are internal in the string (such as in
configurations 2A and 2B). We should point out that ruptures at the extremity of the string
are likely to be the most frequent the field, due to the fact that the thermal variations induce
larger displacements on the cells close to the module edges and thus higher strain amplitudes
on the ribbons.
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Figure 7.12: Relative variation of Pyax as a function of the percentage of overall disconnected
ribbons in the module. All the results are obtained from simulations, and the values for the
external ribbon with the dashed fitting line are the same as in Figure[7.5] For the cases of 10%
and 20% of overall disconnections, results for configurations with random distributions of
cuts are shown. For a 60 or 72 cells module, with six strings made of respectively 10 and 12
cells with three busbars, 10%/ 20% of disconnection would correspond to, respectively, 19/39
cuts and 23/46 cuts. Green dots denote configurations where a cell is affected by at most one
cut ribbon, blue dots the cases where two ribbons can be disconnected for the same cell. The
configurations where an external ribbon and the central one are progressively cut identify a
band within which most of the random cases fall. Big deviation below this band are observed
when two cuts affect a single cell and are not at the string extremity (configurations 2A and
2B).

7.5 Summary

As Table[7.1]clearly shows, our model shows its limits when the induced series resistance be-
comes very high, in particular when two ribbons per cell are disconnected. Our approximation
using three sub-cells connected in parallel and connected by the lateral grid resistance is not
able to fully reproduce the voltage distribution between terminals. The current generation is
assumed to be point-like and not distributed spatially between the ribbons. A more accurate
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description would distribute a continuum of sub-cells with a discretized current generation.
Moreover, alternative paths to lateral conduction, like transport through the wafer are not
envisaged and might play a role in the high resistance-limit.

Still, the good agreement between our approach and the experimental results, even for two
missing ribbons, is encouraging and provides an indication that the main physical mecha-
nisms have been accounted for.

Finally, we use the model to demonstrate that these results are scalable irrespective of the
number of cells connected in a string. These results are not shown here, but, as an example, if
an external ribbon is disconnected from all cells with three busbars in a string of say 6, 12, or
18 cells, the overall power loss will be approximately —10%. Similarly the overall power loss
will be —5.9% if the disconnected ribbon is the central one.

A complete rupture of interconnect ribbons is a relatively extreme event not frequently ob-
served in field modules, although it could still be triggered by heavy or non-homogeneous
loads and by consistent and repeated temperature variations over time. More often, problems
with interconnections may involve a partial de-soldering and consequent loss of adhesion of
the ribbon from the busbar or from the string interconnect, or corrosion of the metal contacts.
All events that lead to an increase of Rg with a consequent loss in FF and Pp,a. The exper-
imental work performed here, with a complete disconnection of the cell’s ribbons, should
therefore be considered a sort of “worst-case” scenario in assessing the impact of damage to
cells’ interconnect ribbons to the overall module performance.

Regarding this matter, this model could be adapted to reproduce the impact on device perfor-
mance of less severe damages such as resistive solder bonds, thereby providing an assessment
or prediction of the module performance in more realistic conditions.

Furthermore, considering the industry shift towards high-efficiency cells and the quest for
extended module lifetime, one current trend is to increase the number of busbars to e.g. four
or five busbars (see [17] for example). The main advantages are in enhancing the carrier
collection, and reducing the power loss in case of cracks appearing beyond the external busbar
and the edge of the cell. An increased number of busbars in fact corresponds to a smaller area
at the edge of the cell that would be disconnected from the circuit in case of the appearance of
a crack [31]. In addition, advanced busbar-free technologies are getting a foothold in the PV
industry. An example is Meyer Burger’s SmartWire Connection Technology SWCT®, [142], [28].
Here, multiple wires are bonded to the cell bringing several advantages such as minimization
of cell-to-module losses and cost reduction (by avoiding the need for silver for the busbars).
Prospectively, our model, validated experimentally with three-busbar cells, should be easily
adaptable to the use of more busbars or multi-wire configurations.
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7.6 Conclusion

In Section[7.2] we assessed experimentally for the first time the impact of one or more discon-
nected ribbons on the electrical performance of strings with six cells serially connected. We
considered mono c-Si cells with three busbars. If one of the two external ribbons is removed
between all the cells, we measured a power variation for the string of —10.24% with respect
to the initial condition (i.e. all ribbons connected). A reduced power variation, —5.91%, was
instead found if the central ribbon is disconnected from all cells in the string. Finally, we
measure performance losses of up to —35.08% when two ribbons per cell are disconnected
from all cells in the string.

In Section[7.3|we used these experimental results to validate a model developed in LT-SPICE
that simulates the performance of a string with disconnected ribbons. Good agreement was
found between the simulations and the measurements. The relative variation in the electrical
parameters (Phax, FE and Rg) after each cut is well reproduced. Moreover, the simulated IV
curves closely follow the measured ones, also replicating the round shape at the maximum
power point typical of inhomogeneous distribution of R in the cells.

We then used the model to demonstrate that these results are scalable irrespectively of the
number of cells connected in a string, and showed that the results are directly transferable
to large-area modules composed of 60 or 72 cells. Finally, we analyzed the case in which
the disconnections are distributed randomly in the module. As a first approximation, we
concluded that a module with 10% of disconnections has a power variation between —1.34%
and —2.75% in average, while 20% of disconnections lead to a power variation in the range of
—2.83% and —5.64%.
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General conclusions and perspectives

8.1 General conclusions

* Based on the findings of the work carried out in Chapter |4, we propose a lifetime
accelerated test sequence for PID. During the design phase of a PV plant, a certain
number of modules should be subjected to such test sequence (at least 12 modules).
The parameters of the PID equations characteristic of the specific module type would
then be extracted, and used as inputs in the proposed simulation model to predict
the long-term performance of the modules in the climate conditions of the planned
installation site.

* From our accelerated PID tests, we found the module power degradation to be lin-
early dependent on the level of applied voltage bias. This was also indicated by some
inspections of string performance in PV plants.

* The regeneration curve for samples exposed to illumination depends on the load condi-
tion of the sample. Particularly relevant is our observation that regeneration takes place
as well for samples exposed to a high negative bias voltage (—1000 V), in conditions of
low humidity and high temperature. This effect, for which little evidence existed from
field monitoring, is clearly proven by our experimental tests. These results indicate that,
besides power degradation during the day and thermally-driven regeneration during the
night, daytime regeneration is an additional phase of the PID mechanism that should be
included in PID predictive modeling. Regeneration tests under irradiance and voltage
should therefore be included in a test sequence aimed at predicting PID. We then found
that the degradation level previously reached by the sample plays a major role in the
power recovery. For our devices, a threshold of 50% of power degradation is found
beyond which the samples do not regenerate completely.

* In Chapter[5} we present simulations of outdoor PID in different climatic conditions
based on the proposed model and on the indoor-determined coefficients for the devices
tested. Using typical meteorological year (TMY) data for four different locations as
inputs, we calculated the nominal power of the mini-modules over 25 years, employing
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the Matlab PV_LIB Toolbox developed by the Sandia National Laboratories. We then
applied to the nominal power the set of equations determined in Chapter[4|with a time
resolution of 1 h, obtaining a prediction of the performance as consequence of PID.

The prediction of PID cannot be addressed by a single relationship between power loss
and climatic data. It is indeed a complex mechanism, which manifests as different
phases (power degradation and power regeneration), where for each the initial power
conditions depend on the final condition of the previous phase. Therefore, it is not
trivial to apply a model developed from accelerated tests (at constant stress conditions),
and composed by a set of equations each describing a different phase of the degradation
mechanism, to real outdoor conditions where the stresses vary continuously in time.
This goal is achieved by making a mathematical adaptation that uses the idea of equiva-
lent time. This method allows us to concatenate equations referred to consecutive time
intervals, where the stress conditions may be different, in a consistent way.

In our simulations, particular attention was paid to the treatment of the meteorological
data. Specifically, we introduced some thresholds that distinguish between the different
phases of the PID mechanism. By setting a threshold on relative humidity being lower
or higher than 40% (based on the results of our accelerated tests), we were able to
differentiate the phases of regeneration and degradation occurring during daytime.
Furthermore, the integration of a threshold that determines whether the module surface
is wet or dry, found by Hacke et al. in [34] also constitutes an improvement for the
modeling of PID, as a harsh degradation was detected in the field when modules are
covered by a film of water.

The simulation results show a clear impact of relative humidity on the different degra-
dation levels reached in the four climates. Moreover, due to the interaction between
temperature and humidity, a similar extent of power loss can occur in a hot climate such
as Sicily’s and in a temperate climate as in Switzerland. An interesting results is that our
simulations are able to reproduce the effect of seasonality that was observed in some
modules in operation. Even if further improvements would be needed to our model,
such as adding the contribution of irradiance on power degradation, these results are
encouraging as they indicate that the general trend of PID on weather conditions is
caught by our simulations.

The work presented in Chapter[6|contributes to a further understanding of PID at the
material level. The strategies to prevent PID at the module level are investigated. By
testing one-cell mini-modules manufactured with different combinations materials
sold as “PID-free” (cells and encapsulant) we assessed the effectiveness of the solutions
available on the market and identified some cost-effective possibilities that are offered
to module manufacturers to obtain modules with good resistance against PID. We also
investigated how the encapsulation structure of a module could be reinforced to mitigate
the occurrence of PID, finding for instance that module architectures with increased
resistance against water diffusion into the sandwich are less prone to PID.
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¢ In Chapter [/}, we focused on the problem of failures in the module electrical inter-

8.2

connections. We assessed experimentally for the first time the impact of one or more
disconnected ribbons on the electrical performance of mini-modules made of six se-
rially connected cells. The results of the measurements were used to validate a model
implemented in LT-SPICE, finding a very good agreement between the simulations and
the measurements.

Perspectives

The research conducted to develop a model for PID set the basis for realizing predictions
of the effect of PID on the long-term performance of modules in operation in different
climates. A crucial point that has to be targeted is the validation of the model with
outdoor performance data.

Even though several aspects related to the meteorological conditions are taken into
account in our predictive model for PID, further improvements should include other
elements that trigger PID, such as the presence of soiling made of “conductive” particles,
as is the case with some types of sand (rich in metallic particles) or of salty mist (close to
coastal areas).

A further improvement of our predictive model would be to investigate the effectiveness
of the solutions to recover the performance of PID-affected PV modules in the field
(such as “offset kits” that apply a high positive voltage to the full string during the night).
For example, the accelerated test sequence that we proposed in Chapter [5|should be
easily adapted to include regeneration tests in the dark at different temperatures and
with the mini-modules subjected to a high positive voltage.

The approach presented in Chapter|[5|to simulate the effect of PID on modules in opera-
tion in different climates can be employed to simulate other degradation mechanisms.
The PV_LIB Toolbox by Sandia National Laboratories is a useful tool to calculate the
performance of PV modules or systems of given properties (e.g. module electrical param-
eters and cell technology, module mounting configuration) in a given installation site.
Meteorological data inputs can be of the typical meteorological year (TMY), useful e.g.
for making performance predictions, as well as real data series from a certain time pe-
riod, particularly useful to validate predictive models. Once the nominal module power
over the time period of interest is calculated, one may apply the empirical equations
previously extracted for the considered degradation mode from suitable accelerated test
matrices and concatenating them in the different time intervals with the method shown.
We stress, however, that each degradation mode requires a dedicated study.

For the case of PID, we have considered the module Py, as the parameter to model. An
advantage of our approach is that the performance prediction could be based also on
the time evolution of other parameters. For example, if a degradation mode requires
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modeling the Ry, instead, then the equation relating the R; to the stress factors (e.g.
temperature or number of thermal cycles) would be applied in the PV_LIB Toolbox
simulations, thus providing directly the link with the power loss.

In order to study in detail the complex mechanism of PID, we have restricted our model-
ing to PID only. However we recognize that PID might also interact with other effects,
for instance water diffusion into the module sandwich. A first relationship between
humidity inside the encapsulant and the occurrence of PID has been investigated in
Chapter[6|for the case of indoor accelerated testing. Moreover, in Chapter[5|we discussed
a possible method to calculate power loss, starting from simulations of the voltage dis-
tribution over the module surface, where humidity inside the encapsulant is taken into
account through the parameter of the encapsulant resistivity. However, these are only
preliminary ideas and more work is required to develop a model for outdoor prediction
that combines PID and water ingress.

The prediction model presented in this work considers only the single degradation
mode of PID. Clearly the power degradation of a PV module over time is affected by
multiple interacting degradation modes. In general, developing predictive models that
take into account the interplay between two or more degradation modes is complex and
constitutes a critical task to be accomplished in order to quantify PV module lifetime.

For a degradation mode independent of PID, instead, our model could be applied as
it is and the effect of the other model simply added to the effect of PID. For example,
degradation of the electrical interconnections is independent of PID. As mentioned in
Chapter[3] a recent study by Nick Bosco et al. [12] proposed how to adapt the thermal
cycling (TC) test, based on the standard test proposed in IEC 61215, to be climate specific
by varying the number and the temperature range of the cycles. If a set of modules is
subjected to a combination of TC tests as proposed in [12] specific to the climate of
the site chosen for the installation, and in parallel other modules of the same type are
subjected to the PID test sequence proposed in this thesis, an estimation of the modules’
lifetime that considers these two degradation modes is achieved.

We observe that, even if some strategies to prevent or mitigate PID in modules us-
ing conventional aluminum back surface field (Al-BSF) p-type c-Si solar cells are now
well known, given the strong and constant market dynamics to reduce module man-
ufacturing costs, we cannot guarantee that PID is not going to be observed in future
field-deployed solar modules or systems. For this, we stress the importance that consis-
tent and reproducible module manufacturing practices, which start with a strict control
of the bill of materials, have in preventing the occurrence of PID in the field.

With regard to new cell technologies, we expect that in PERC cells (passivated emitter
and rear cell), where the only differences with respect to standard p-type cells lay in
the rear surface, the mechanism of PID is in general the same as for the standard p-
type cells considered in this dissertation. We expect therefore that our study of PID
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mitigation strategies is applicable to PERC cells as well. The mechanism of PID in
silicon heterojunction (SHJ) cells is instead very different in that it does not consist of
cell shunting but corrosion of the transparent conductive oxide (TCO) layer (similar to
thin-film modules) and requires a different study.

The work carried out in Chapter[7]on interconnection failures focused on the complete
rupture of the cell interconnect ribbon. However, more often the increase in module
series resistance is caused by defects such as the loss of adhesion between a ribbon
and the cell busbar or by resistive solder bonds. The experimental validation of our
model is promising and we foresee as a continuation of this work an adaptation of our
model to simulate series resistance increase due to these less extreme defects. A further
implementation of our model may concern cells with four or five busbars and multiwire
interconnection solutions, which are a current trend in the PV industry.

The continuous evolution in cell technologies and the implementation of new encapsu-
lation materials will lead to the appearance of new degradation modes, which might
require years before being detected in the field. The case of the so-called LeTID (light-
and elevated temperature-induced degradation) effect that was observed in PERC cells
only in 2015 [78] is an example. Also new applications of PV such as building-integrated
photovoltaics (BIPV) lead modules to operate in new conditions (resulting e.g. in higher
module temperature excursions) and employ new materials, which may result in a
different evolution of the typical degradation modes as well as in the appearance of new
degradation modes.

PVis increasingly being deployed in regions with extreme climatic conditions: PV plants
were installed in the last few years in desert zones in Africa and at high altitudes in
South America. In such environments, modules are exposed to harsher stresses, e.g.
higher doses of ultraviolet radiation or stronger thermal excursions. If modules will
continue to be certified by the current qualification standard IEC 61215, which was
developed mainly for temperate climates, a good performance in the warranty period
is not guaranteed. To conclude, PV module reliability remains a crucial topic in the
industry of photovoltaics, and the efforts of the international community towards an
improvement of the understanding of module reliability is fundamental to provide
meaningful estimations of power performance and to continue to improve module
lifetime.
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YA mathematical justification of the
equivalent time

In the simulations of PID in outdoor conditions in Chapter[5} we apply a method based on the
concept of “equivalent time” to overcome the difficulty of applying the empirical equations
for PID obtained at indoor (constant) stress conditions to simulate the effect of PID on a
PV module installed outdoors (stress conditions that vary in time). Here, we show with a
mathematical argument that this method provides indeed a consistent way to describe a
phenomenon on a discrete time-interval.

Following the introduction to equivalent time given in Chapter[5.3.3} let us consider a module
subjected to accelerated PID test in the laboratory. The stress levels (temperature T, relative
humidity RH, and voltage V) are constant in time during the test. In Chapter[4]we observed
that the effect of PID on the degradation of the module power at time ¢ in these conditions
can be described by Equation (4.3), which we recall:

a

E
P(t) = Py - l—A-V-RHB-exp(—ﬁ)-tz) (A.1)

In particular, the power evolution is described by a monotonous function defined over a
continuous time interval. This equation is then applied in Chapter[5|to simulate the effect of
PID in real outdoor conditions. The time interval [0, ¢] in this case is discrete, divided into n
subintervals all of the same length At (for our TMY meteorological dataset, At =1 h):

[0) t] = [to’t]’n-) tn] .

To simplify the discussion, let us assume that the only stress factor that varies in time is
temperature, T;, for i = 1,..., n. For a clearer notation, let us group in Equation (A.1) all the
terms that contain the PID stress parameters in one term, C(T;), which depends on time only
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through the parameter T;:

E,

C(T):=A-V-RHB.e ™~

A natural choice would be to implement Equation (A.1) in each subinterval in a piecewise
manner, i.e. applying the equation over a time duration of At. However, this type of imple-
mentation is not mathematically consistent, whereas the use of the equivalent time provides a
solution to the problem. In order to prove this, let us consider the following two situations.
(1) The stress levels are constant over the time interval, i.e. we are in the case described by
Equation . (2) The stress levels vary infinitesimally at each interval [#;_;, t;]. We expect
that the power values at the final time t;,, obtained in case (2) are very close to the values
obtained in case (1).

1. Constant stress conditions
Letussuppose T; = T;_; =: T foreach i = 2,..., n, in particular one has C(T;) = C(T1)Vi =
2,...,n. The module power at the time ¢; is given by:

P(1;) P(tg)-(1-C(T1) - 17) (A.2)

P(ty)-(1-C(TD) - (i-AD?)

2. Infinitesimal variations of the stress conditions
We assume that at every time interval the stress conditions vary infinitesimally with
respect to the previous one:

T;=T;_1+€¢ foreachi=1,..,n.

In the following we compare the two types of implementations.

¢ Piecewise approach

The power at time ¢; is calculated with a piecewise approach as follows.

P(t) P(ti-1)-(1-C(TY) - (ti — ti-1)?)
= P(ti-1)-(1-C(Ti_1 +6€) - At?)

P(ti—3) (1= C(Ti—2+€)-At*)- (1 - C(Tj_1 +€) - At?)

For € — 0 we obtain:
lir%P(ti) =P(t0)-(1—C(T1)At2)i. (A.3)
€—

We observe that Equation (A.3) represents a different mathematical law respect to
the one that describes the power evolution at constant conditions (Equation (A.2)).
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This is a contradiction, as we are assuming that the stress conditions tend to be
constant.
Equivalent time

As mentioned in Chapter the equivalent time at time i, denoted by f.4(i), is
defined as the time required at temperature 7T; to reach the power value Pr, , (f;_1).

We use now this concept to calculate the power at the time #;, as follows.

P(t) = Plto)-(1=C(T))- (i = tiot + tog Ty, P(ti-1)))°) (A4)

Pty)- (1= C(Tioy +€)- (ti = ti-y + tog (Tic1 + € P(1i-1))’)

Let us now suppose that € — 0, i.e. the stress conditions tend to be constant (in
particular, T; — T} foreach i =2,..., n).

lil% teq(Ti-1+€,P(ti-1)) = teq(T1, P(ti-1)) (A.5)
By definition of equivalent time it follows that:
teq(T1, P(ti-1)) = ti—1 .

Therefore Equation (A.4) becomes:

P(ty)- (1= C(T) (t; — ti—1 + ti—1)?) (A.6)

lim P(t;)
e—0

P(ty) - (1-C(T) (t)?)
= P(tp)-(1-C(TD) (i-AD?)

In this case, when temperature values tend to be constant the power function P(¢) (Equa-

tion (A.6)) tends to the same mathematical law as in Equation (A.2), as one would expect.

We have thus shown that the equivalent time allows thus to “concatenate” equations
at different time-steps (having different stress levels) in a consistent way alongside the
time line, obtaining a “piece-wise” model that approximates the continuous one.

We can conclude that the equivalent time approach gives a consistent way of implementing

an equation obtained at constant stress conditions in a case where the stress conditions vary

As a general remark, we observe that a general definition of the equivalent time for a given

degradation mechanism can be given as follows.

Definition A.1. Consider a physical system subjected to a certain time-varying stress . (¢).
We want to study a specific property of the system, say &, that changes according to time and
to the applied stress. The property &2 is then modeled as a function of the form

t— P(t,L(1)).
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Suppose that for every stress .# the functions have the same value in ¢ = 0. Suppose that,
whenever % () = . is constant in time, the function ¢ — 2(t,.%) is continuous and bijective
(i.e., injective and surjective). Now fix values 22 and . for the property 22 and the stress level
&, respectively. The equivalent time associated with 22 and ., denoted by feq, is the time
instant such that:

P(SL leq) = P.

In other words, fq is the time instant at which the property &2 reaches the value &2 at constant
stress conditions ..

Observe that the continuity and the surjectivity of the functions are needed to guarantee the
existence of Z,4; the injectivity to assure its uniqueness.
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