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Successful service life predictionmodels require
good, time-parsed information about use
conditions, knowledge of how environmental
variables affect the rate of degradation, and
good rate data under at least one set of
accelerated conditions. There are various
ways this information can be sliced and put
into different models or approaches, but all
the pieces must be present in some form. In the
three-step approach, one can establish the
kinetics for a material and use those kinetics
to calculate service life from accelerated test
data for a particular formulation using that
material. The approach is not without risk
since one cannot know when a formulation
change is drastic enough to change the
kinetics, but it may be the best that can be
done with limited time and resources.

J. E. Pickett [1].

3.1 Introduction

The continued robust adoption of PV systems re-
quires significant technological and market de-
velopments, not only in terms of increasing cell or
module efficiency and decreasing manufacturing and
levelized PV electricity costs [2e4], but also
increasing reliability and sustainability for increasing
long service lifetimes. In today’s PV market, mod-
ules are typically sold with 25 year power production
warranties with less than 1% power loss each year
(for example, at least 75% power production after

25 years) [5,6]. A problem arises because this war-
ranty applies for modules deployed in all Köppene
Geiger climatic zones [7,8] even though these PV
modules face very different environmental exposure
conditions such as extreme hot or cold, dry or humid,
heavy snow loads or high-speed and gusty winds.
Material selection and module design are therefore
key parameters for climate sensitive degradation, and
there is a strong research need in the PV community
to address climate- and weather-induced reliability
and degradation issues. Improving the lifetime per-
formance of PV systems requires a better under-
standing of the active degradation mechanisms of the
materials, components, and systems, under real-
world exposure conditions.

Reliability of engineering systems falls into three
main regimes in the well-known bathtub curve as
seen in Fig. 3.1: infant mortality, intrinsic random
failures, and wear-out failures at the end of life
[9,10]. Infant mortality failures usually occur due to
manufacturing flaws, such as improper lamination,
and during transportation and installation, such as
glass or cell breakage due to mechanical impact, and
affect modules immediately and dramatically in the
beginning of their operation. Intrinsic failures are
mostly related to defective metallization, cell, or
string interconnections during module construction
and failures due to junction box, bypass diode, and
glass and frame breakage. The end-of-life wear-out
failures are often associated with delamination and
highly discolored and/or cracked encapsulants
and backsheets due to strong weather degradation,
and failures due to cracked solar cells and serious

Durability and Reliability of Polymers and Other Materials in Photovoltaic Modules. https://doi.org/10.1016/B978-0-12-811545-9.00003-3

Copyright © 2019 Abdulkerim Gok, Devin A. Gordon, Menghong Wang, Roger H. French & Laura S. Bruckman.

Published by Elsevier Inc. All rights reserved. 47

https://doi.org/https://doi.org/10.1016/B978-0-12-811545-9.00003-3


metallization corrosion. Some examples of observed
field degradation mechanisms in various environ-
ments can be found in these references [11e44].

Lifetime and degradation science (L&DS) is a
robust scientific approach to reliability of long life-
time engineering applications based on developing a
network structural equation model (netSEM) that
encompasses the active degradation pathways and
mechanisms present in these complex systems
[45e61]. This new approach is based on linear
response theory and a stressor (S) and response (R)
framework and includes both predictive <SjR>
models and inferential <SjMjR> mechanistic (M)
pathway models. These <SjMjR> models, based on
structural equation modeling (SEM) [62,63], in-
troduces functional forms beyond simple linear re-
lationships, so that characteristic functional forms
derived from physics and chemistry can be identified
in the degradation of complex systems. This netSEM
approach involves developing metrics, metrology,
and tools to quantify, compare, and cross-correlate
the response of PV modules, components, and ma-
terials to a variety of, and combinations of, envi-
ronmental stressors (e.g., light, heat, and humidity) in
both accelerated and real-world studies. With the
incorporation of large-scale engineering epidemio-
logical studies and statistical data analytics,

predictive and inferential/diagnostic mesoscopic
evolution models which describe functional de-
pendencies and degradation characteristics can be
developed, using the netSEM package [64]. In this
way, different regimes in degradation processes (i.e.,
initial stress, transitions due to induction period and
change points, growth, and end-of-life failure) can be
determined and modeled from the active degradation
mechanisms. Then these can be joined together for a
network of degradation mechanisms along a number
of pathways. These network models highlight the key
mechanisms and pathways that impact the perfor-
mance of a PV system. This approach can ideally be
helpful to provide valuable information for initial
material selection and system design and perfor-
mance prediction over its useful lifetime. In addition,
the network and pathways of mechanisms provide to
the materials designer, multiple opportunity areas for
stopping or decreasing specific degradation pathways
by neutralizing specific mechanisms, and their pro-
gression. The resulting enhanced performance, reli-
ability, profitability can lead ultimately to successful
and sustainable commercialization of products and
hence widespread adoption of PV systems.

It is to be noted that the following sections will
include discussions for crystalline silicon (c-Si) PV
modules unless otherwise noted.

Figure 3.1 Bathtub curve in reliability engineering of photovoltaic (PV) systems. Some degradation

mechanisms observed in PV modules are included for the three regimes of failure.

48 DURABILITY AND RELIABILITY OF POLYMERS AND OTHER MATERIALS IN PHOTOVOLTAIC MODULES



3.2 Polymer-Related Failures in PV
Modules

A PV module consists of several components,
including a front glass, solar cells with metallization
elements such as silver grid lines, bus bars, string
interconnects, embedded between two layers of
encapsulant polymers, a polymeric backsheet, a
junction box, and a frame (Fig. 3.2). The packaging
components, such as the encapsulant and backsheet
polymers, of PV modules deliver electrical insulation
and environmental isolation and mechanical stability
to the solar cells and interconnect metallization ele-
ments. Polymers used for packaging should therefore
be elastomeric and flexible to protect the solar cells
from mechanical impact and cyclic fatigue; stability
against UV light, heat, and humidity, and high light
transmission, particularly for encapsulant polymers,
for cells to produce maximum power possible under
illumination, and high dielectric strength, particularly
for backsheets, for safe operation [66e72]. Ethylene-
vinyl acetate (EVA) is the most common encapsulant
material used in crystalline silicon PV modules, yet
silicone elastomer-, ionomer-, and polyolefin-based
polymers are employed as alternative encapsulants
[73e79]. A common backsheet structure consists of
multilayer films such as a fluoropolymer layer, either

polyvinyl fluoride or polyvinylidene fluoride, on the
outer (air-side) surface of the PV module (chosen
for their high environmental stability [80]), a
polyethylene-terephthalate (PET) core layer for high
dielectric breakdown strength, and an EVA layer on
the inner surface for good adhesion to the polymer
encapsulant (i.e., FPE backsheet). In some backsheet
applications, the inner EVA layer is replaced with a
fluoropolymer layer (i.e., FPF-type backsheet), or the
outer layer or both outer and inner layers are
composed of stabilized PET films (i.e., PPE- or PPP-
type backsheets), or other polymeric materials are
used such as single-layer PET, polyamide, or poly-
imide films to avoid high cost of fluoropolymers
[81e87]. Water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) (or acetic acid
transmission rate (AATR)) are also important prop-
erties for these packaging materials [88e99]. Using
materials with very low WVTR, OTR, or AATR (i.e.,
unbreathable packaging construction) can help pre-
vent penetration of moisture and oxygen into the
module. It will also keep moisture or other gaseous
degradation by-products, such as CO2 formed during
lamination and acetic acid generated by hydrolysis of
EVA polymer, trapped inside the module, and could
cause further issues like delamination, blisters, or
bubble formation [100e103].

Figure 3.2 Photovoltaic module components with metallization elements of the solar cells.
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Any failure to packaging polymers, such as
delamination and cracking, either of the encapsulant
or backsheet, not only exposes the modules’ active
electrical components, such as the cells and their
metallization, to environment but also compromises
the electrical insulation and can cause a safety haz-
ard, such as from electrical leakage. Therefore a
robust lamination process along with appropriate
stabilization of these polymers, particularly to UV
light, heat, and humidity, is of critical importance.
The right combination of the encapsulant and back-
sheet polymers is one of the key parameters to
prevent failure and ensure safe and long-term oper-
ation of PV modules [104,105]. Although module
manufacturing, specifically the lamination process,
has an enormous effect on polymer properties and
stability, such as the proper curing of EVA encap-
sulant and good adhesion of different layers in the
module, and hence module reliability, here only the
weathering-induced degradation will be discussed.
An example of possible PV module performance
degradation pathways, as tabulated comprehensively
from the scientific literature, can be seen in Fig. 3.3.

Polymer-related failures can be summarized in
three main categories as follows.

3.2.1 Delamination and Mechanical
Failures

The interfacial adhesion failure at interfaces be-
tween the front glass, encapsulant, solar cell, and
backsheet, called “delamination,” occurs when the
adhesion between these layers has deteriorated. This

could be due to poor lamination process parameters,
such as preheating or curing temperature and heating
or cooling rate, vacuum pressure, the presence of
contamination or absence of adhesion promoting
additives, and weather degradation of polymers and
adhesive layers, and residual thermal and mechanical
stresses stored during lamination or over time during
deployment [106e120]. Delamination, either from
the front glass or backsheet side, or of the encapsu-
lant itself, can cause increased oxygen and moisture
ingress into the module followed by concomitant
oxidation and corrosion of metallization elements
[121e124]. When EVA, particularly with higher vi-
nyl acetate content due to its increased solubility,
undergoes oxidative and hydrolytic degradation, it
releases free acetic acid that is known to react with
silver-based grid lines and copper/tin bus bars and
lead-based solder bonds and cell interconnects
[125e129]. If the backsheet used is impermeable to
acetic acid migration to the outside environment,
then accumulation of acetic acid can increase the
acidity of the microenvironment within the module
and accelerate the metallization corrosion process
[130]. In both cases, increased resistance due to
corrosion of active electrical components can lead to
significant power loss. Nonuniform optical coupling
due to delamination at the glasseEVA or EVAecell
interfaces can also result in reduced light trans-
mission due to increased light reflectance and
degradation of the antireflective coating on the cells
and contribute to power loss [131]. Moreover,
delamination, along with the associated increased
moisture ingress and concomitant metallization

Figure 3.3 An example of photovoltaic module performance degradation pathways under heat, humidity

and irradiance conditions. Individual and sequential impacts of stressors and the resulting interactions between

degradation mechanisms can be seen. EVA, ethylene-vinyl acetate; PET, polyethylene-terephthalate.
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corrosion is associated with current mismatch phe-
nomenon giving rise to further power loss and to
localized overheating (hot spot) issues due to the
increased resistance [132,133]. This localized over-
heating can also hasten delamination, moisture
ingress and hence corrosion, and discoloration pro-
cesses as well as other failure modes such as burn
marks.

Delamination within the layers of the backsheet
laminate, due to the degradation or loss of the ad-
hesive interlayers, is one of the failure mechanisms
seen in PV backsheet constructions [134e139].
Embrittlement, cracking, and crazing can also occur
as a result of hydrolytic, thermal, and photolytic
degradation of these materials as well as mechanical
stresses caused by wind, hail, heavy snow load, and
thermal cycling and can lead to deterioration of the
mechanical and electrical insulation properties
[140e148]. Crazing is the formation of very fine
cracks on the surface layer induced by localized
plastic deformation and can be seen as a precursor to
embrittlement and crack formation upon sufficient
growth over time. Chalking can also be observed in
white-pigmented backsheet polymers as a sign of
degradation. White pigments such as TiO2 are added
to polymer to increase light scattering and the optical
path length of photons in the polymer and to hinder
photolytic reactions, thereby increasing the back-
sheet stability; however, extensive exposure to UV
light and humidity can cause degradation of the
exposed surface layer of the backsheet. This process
can lead the polymer removal due to water and result
in increased surface roughness. These failures are
microscopic features usually characterized with sur-
face reflectivity measurements [149e152].

3.2.2 Discoloration

Discoloration of encapsulant and backsheet poly-
mers occurs as a result of weather-induced thermo-
oxidative and photo-oxidative reactions during
outdoor deployment due to the formation of degra-
dation by-products (i.e., chromophores) [153e159].
These chromophores cause strong broadband optical
absorption in the UV and visible spectral regions,
leading to a yellow (or even brown discoloration in
case of EVA) appearance. Discoloration itself may
not be directly related to power performance of PV
modules; however, discolored EVA encapsulant is
reported to cause a loss of light transmission to the

solar cells, leading to loss in power production by up
to 0.5% a year by average [28] or up to 1% a year in
subtropical climates [160], and this loss can be as
high as 10% a year in case of mirror concentrated PV
systems in desert conditions [161]. Upon prolonged
exposure to environmental stressors, particularly to
UV light and heat [162e170], intense discoloration
can indicate deterioration of mechanical integrity of
the polymer which might lead to delamination,
embrittlement, and thus mechanical failure. In the
case of embrittlement and mechanical failure, either
of the encapsulant and backsheet, as mentioned in
Section 3.2.1, power loss due to oxygen and moisture
ingress into modules and corrosion of metallization
and safety hazards due to compromised electrical
insulation can be observed.

Burn marks (or hot spot formation) can be seen on
both encapsulant and backsheet due to overheating
along bus bars, cell interconnect ribbons, and string
interconnects observed in fieldedmodules [171e173].
Overheating can occur due to increased weather tem-
perature along with increased resistance associated
with metallization failures such as disconnected rib-
bons and solder bonds. Partial shading and the pres-
ence of nonfunctional cells can also lead to the
formation of burn marks by inducing reverse or
blocked current in part of amodule, which could result
in electric arc and fire [174e176]. Similar to burn
marks, localized browning of EVA can be observed
when EVA is in direct contact with corroded copper-
based cell interconnects by acetic acid. Although
burn marks are not directly related to degradation of
the packaging polymers themselves, their presence can
help identify failures within the modules’ active parts
that may require serious attention.

Another form of discoloration observed in mod-
ules is the formation of snail trails often found at the
edge of solar cells due to degradation of silver-based
metallization [177e179]. One pathway suggests that
silver acetate, which forms by the reaction between
silver/fritted glass paste and acetic acid generated by
the degradation of EVA and oxygen is responsible for
this color change [180,181]. The encapsulant or
backsheet formulations can therefore contribute to or
help prevent snail trail formation [182,183].
Although snail trail formation is known to have no
direct effect on the power yield, they usually form
along the cell cracks which cannot otherwise be
detected visually [184,185].
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3.2.3 Potential-Induced
Degradation

Potential-induced degradation (PID) is related to
the mobility of ions, within the PV module, specif-
ically between the cells and the modules’ front glass,
caused by the modules’ voltage potential and leakage
current, and can dramatically reduce the power pro-
duction [186e191]. In this process, negative ions
move away from the cells and positive ions move
toward the cells from the glass and other packaging
materials as seen in Fig. 3.4. The properties of
packaging materials (e.g., the type of front glass,
encapsulant, and backsheet) used, and environmental
factors (e.g., heat and humidity), play important roles
in PID formation [192e208]. PID is also examined at
system level due to the effects of module and
grounding configurations and inverter type on the
module voltage potential and its sign, and at cell level
due to the presence of the Si3N4 antireflection coating
on the front side of the silicon PV cell; however, only
the contributions from materials and environmental
factors are considered here.

Due to their high mobility, sodium ions (Naþ)
have a strong influence on PID formation in modules
with sodaelimeesilica front glass. Also, glass
corrosion might occur as a consequence of acceler-
ated dissolution of ions at both glasseEVA and
EVAecell interfaces due to acetic acid generated by
moisture-induced hydrolysis of EVA [209]. In this
case, a backsheet with high acetic acid permeability
(i.e., high AATR) can minimize this effect [210,211].
An encapsulant material with high moisture

impermeability (i.e., low WVTR) can be helpful as
moisture ingress not only increases the possibility of
hydrolytic degradation of EVA and metallization
corrosion but also increases the conductivity which
facilitates ion mobility and thus PID [212e214].
Therefore, an encapsulant material with high volume
resistivity (i.e., impermeable to charged ionic car-
riers) can hinder the ion mass transfer and diminish
the leakage current and PID [215]. However, not only
resistivity of the encapsulant is affected adversely at
elevated temperatures but the permeation rates of
moisture and acetic acid are also temperature
dependent [216]. One way to overcome this problem
is the use of a thin impermeable layer, such as ion-
omer, polyethylene, or silicon dioxide (or silicon
nitride) as a barrier layer between the glasseEVA and
EVAecells interfaces to hinder the diffusion of ions
[217e219]. Alternative materials that have high
volume resistivity (i.e., lower polarity), low moisture
permeability, and that obviate the production of
acetic acid, when compared to EVA, can be used,
examples being silicone elastomer-, ionomer-, and
polyolefin-based encapsulants [220e222].

3.2.4 Discussion

There are other failure modes (nonpolymer-
related) in PV modules such as frame and front
glass breakage [223,224] and cracked cell, cell
metallization, or disconnected cell and string inter-
connect ribbons [225e231] due to mechanical im-
pacts, junction box and bypass diode failures
[232,233], light-induced degradation [234e236], and

Figure 3.4 Schematic representation of potential-induced degradation. Ion motion within the module is

shown as negative ions moving away from the cells and positive ions moving toward the cells from the packaging.
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edge-seal degradation [237], but these are not a focus
of this chapter. Considering the potential causes for
power loss and safety problems, individual mecha-
nisms cannot be studied in isolation because many
degradation mechanisms can be active in a PV
module over its lifetime.. The most significant
degradation mechanisms observed in the fielded PV
modules can be seen in Fig. 3.5. For instance, similar
to encapsulation failure, frame or front glass
breakage provides a rapid path for oxygen and
moisture ingress, leading to delamination and
degradation of polymeric materials, and subsequent
formation of cell damage and metallization corro-
sion, and finally, power loss. All these components,
their degradation, and the effects on the reliability of
PV modules will be discussed in separate chapters
within this book.

In summary, failure of PV module components is
not only detrimental for PV module performance, but
it can also cause safety hazards such as electric shock
or fire. In order to improve the reliability and service
lifetime, understanding the origins of current failure
mechanisms in modules is of essential importance.
Various characterization methods and predictive
models have been developed to detect and identify

failure mechanisms in degraded PV modules and
materials during manufacturing, accelerated expo-
sures, and outdoor service [238e273]. As depicted in
this section, most failure mechanisms in modules are
not because of a single exposure stressor or degra-
dation of a single material or component, but the
combination of multiple stressors and interactions
between materials and mechanisms play critical
roles. The following sections will provide an in-depth
discussion of novel aspects in PV degradation and
reliability research.

3.3 The Drawbacks of
Standardized Testing

The standardized qualification and certification
tests used in PV industry allow for identifying
manufacturing defects for the purposes of supply
chain qualification and quality control; however,
these standards are not designed to focus on mech-
anisms that cause degradation or performance loss in
PV modules over its lifetime. These tests usually
consist of single and/or constant stress variables
applied at increased stressor intensity levels for a

Figure 3.5 Degradation mechanisms observed in the fielded photovoltaic (PV) modules for all years

(dark colored) and the last 10 years (light colored). The bars are color coded by severity (red, high; green,

medium; and yellow, low).
Source: Jordan DC, Silverman TJ, Wohlgemuth JH, Kurtz SR, VanSant KT, Photovoltaic failure and degradation modes.

Progress in Photovoltaics: Research and Applications 2017; 25(4):318e326. URL: http://onlinelibrary.wiley.com/doi/10.1002/

pip.2866/abstract, doi:10.1002/pip.2866.
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relatively short amount of time (compared to the
25 year power warranty of a PV module) and are
useful to determine infant mortality that occurs due
to design, processing and manufacturing flaws; they
are not capable of predicting long-term performance
of PV modules, considering the complexity of real-
world exposure conditions and the PV module
when considered as a complex system itself. The
appealing aspect of standardized testing is the shorter
test duration and thus low cost of these “accelerated”
tests, for a quick observation of products’ durability;
yet PV module reliability and their actual degrada-
tion requires long time periods of exposure in the
field. Unfortunately, service life prediction of many
industrial applications relies upon accelerated testing
to assure future reliability because of the very high
cost and lengthy timescale of real-world testing as
these can delay market introduction significantly.
Accelerated testing only determines degradation
under specific stress conditions, and it is then affili-
ated with the degradation that occurs in actual use
conditions. Although standardized accelerated tests
might seem very advantageous, such an approach
carries large risks because of the intensified stressor
levels due to the possibility of activating unrealistic
degradation mechanisms not seen in real world
instead of activating and accelerating realistic
degradation mechanisms to a greater extent. Without
a fundamental understanding of system properties,
the stresses imposed by accelerated exposure condi-
tions, or the degradation mechanisms, and pathways
involved along with their dependence on stressors,
accelerated testing can be misleading, leading to
either neglecting important degradation modes, or
adding cost to the module, to disable an unrealistic
degradation pathway that will never be active under
real-world conditions.

Service lifetime performance prediction, as
covered in Chapter 13 of this book, requires infor-
mation on performance and degradation of PV
modules and materials, which can only be obtained
during deployment in the field over a long period of
time. Degradation of a system or a material would
depend on the number and degree of applied stressors
(e.g., stressor levels can be constant, or varying with
time, or even cyclic). So there could be more than one
degradation mechanism contributing to overall per-
formance. Due to the pass/fail nature of standardized
tests, they typically do not meet the experimental
requirements to produce sufficient data for analysis,
nor do they approach the complexity of real-world

exposure conditions, and thus do not allow for
determination of specific degradation mechanisms,
rates, and pathways [274]. A survey of observed
degradation mechanisms and a vast amount of
experimental data obtained through both lab-based
accelerated and real-world weathering exposures
and their multivariate statistical analytics and cross-
correlation are therefore needed to provide a valu-
able, quantitative assessment of module reliability
[275e280]. Understanding potential degradation
mechanisms, their origins, and the complex in-
teractions among them will help the PV community
optimize study protocols for lab-based exposures so
they can be more accurate and produce datasets that
support the development of realistic predictive
models of PV lifetime performance.

Damp heat exposure is one of the qualification
tests required by the IEC 621215 standard [281] in
order to determine the performance of PV modules
and module materials under excessive heat and hu-
midity conditions. According to the test protocol, PV
modules are aged under constant stressors of 85 C+
and 85% relative humidity (RH) for 1000 h and are
required to survive with no more than 5% power
degradation, no major visual defects, and no changes
to insulation resistance and wet leakage current. This
test might demonstrate premature failures that could
be observed in the field upon installation, but there
has been a strong tendency to correlate this test to
service lifetime of PV modules. Forecasting of a
lifetime of 25 years from a lab-based accelerated
exposure of 1000 h (i.e., acceleration factor of
w220) seems very practical; however, the damp heat
exposure conditions applied to the PV module is
much more aggressive than what would be seen in the
real world. Under these exceptionally harsh condi-
tions, the types of activated degradation mechanisms
and their acceleration may strongly alter what the
modules would experience over long-term field use.
This test could result in manufacturers taking un-
necessary measures to improve manufacturing and
design parameters so as to pass this excessive stan-
dard’s requirements without actually improving the
module’s real-world performance.

For these reasons, the usefulness of this standard
to predict service lifetime is a source of vigorous
discussion in the PV community. One example [1]
presents the misuse of this pass/fail “one-point data”
test in a study of degradation of PET and poly-
carbonate (PC) polymers under 85�C and 85% RH.
Using the Arrhenius relation, it was shown that even
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though PET degraded more rapidly than PC under the
applied stressors, when extrapolated to the ambient
end-use temperature (25�C), PET survived better
than PC because they had different activation en-
ergies and both lasted an order magnitude longer
lifetime than required by the standard. Since the
activation energies are also temperature dependent,
the use of the activation energy determined at 85�C
for a lifetime at ambient temperature raises serious
questions. Another study [282] showed that damp
heatedriven moisture concentration in the encapsu-
lant between the cell and glass layer is two times
higher than that the real-world weathering can
accumulate over 20 years using measured micro-
climate data and FEM (finite element analysis)-
based simulations. For the hydrolysis of PET
polymer [283], 1000 h damp heat exposure was
found to cause degradation that would occur over
150 years of real-world exposure in Bangkok,
Thailand, one of the hottest and most humid locations
in the world. Similarly, in Ref. [284], 1000 h of damp
heat was found to correspond to 16 years in a tropical
climate zone or more than 100 years in a middle
European climate zone for the degradation of
polyurethane-type encapsulant material in a rear
insulated PV modules, in which temperature can
reach 60 to 80�C. For free-standing modules, no
correlation was found between damp heat and real-
world exposure. In Ref. [285], damp heat exposure
times were shown to differ from w500 to w2000 h
to achieve a given time to failure for PV module
performance over 25 years of field exposure at
different locations in the world. The time to failure
due to metallization corrosion was demonstrated in
Ref. [286] under different damp heat conditions and
compared to those in different locations. Because of
its higher activation energy and relative humid con-
ditions, the highest failure rate obtained under damp
heat conditions suggested a lower overall risk of a
field failure for hot and humid locations. While
physical acceleration models developed in the study
were consistent for mild and hot and humid locations,
significant deviation was observed for dry locations.
It was noted in Refs [287e289] that failures driven
by real-world exposure conditions are not replicated
by the current damp heat standard. So new test pro-
tocols that involves UV light, mechanical loading,
and temperature cycling are proposed to adequately
simulate observed field failures. In summary, uncer-
tainty arising from results of the damp heat test is a
serious concern, most of all when one considers the

diversity of different locations, climatic zones, and
mounting configurations that PV modules are
exposed to in the real world.

3.4 The Lifetime and Degradation
Science Approach

PV modules suffer loss of performance during
operation, and their service lifetime depends on the
type and rate of degradation mechanisms activated
under the real-world conditions they are exposed to.
Two of the main targets of PV reliability research are
to develop appropriate and robust models for the
purpose of accurately predicting the reliability and
lifetime performance of PV modules, and to develop
lab-based accelerated exposures that closely simulate
real-world conditions and their impact on PV mod-
ules. For a detailed understanding of PV system
degradation, scientific investigations that span a wide
range of physical and chemical PV degradation
mechanisms are critical. However, in traditional PV
reliability studies, observed degradation mechanisms
usually are considered in isolation from a complex
systems perspective. Data science and statistical
analysis applied to study protocols (tests) encom-
passing exposure conditions, evaluations (measure-
ments using various tools), and data-driven modeling
can therefore be used to find connections between
important degradation mechanisms suggested by
domain knowledge (i.e., based in physics and
chemistry) and discover their individual and cumu-
lative effects on system performance. This method-
ology would help reveal the complexity of many
factors contributing to degradation of PV perfor-
mance in a systematic way and ultimately reach
reliable predictions about service lifetime. The
L&DS approach aims to obtain quantitative infor-
mation about degradation mechanisms and rates un-
der applied stressor (exposure) conditions as depicted
in Fig. 3.6. In this approach, relationships between
applied stressors, observed mechanisms, and cumu-
lative responses are determined quantitatively using
statistical data analytics, and the relationships among
these are represented using a network-based degra-
dation pathway model.

In the field, exposure stressors and stressor levels
are uncontrolled, unpredictable, and variable over
time. One of the few ways that real-world exposure
conditions are holistically categorized is by the
KöppeneGeiger climatic zones system [8] that has
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been developed since the 1884 work of Köppen
[290,291] Due to various interactions caused by all
types of stressors, there will be competing mecha-
nisms and hence complex degradation pathways
in the system under investigation. Furthermore,
stressors such as light cycles during day and night,
temperature, and RH changes during the day or
throughout the year, and mechanical stresses due to
rain, hail, snow load, and wind, can induce physical,
chemical, and mechanical degradation which cannot
be anticipated in accelerated testing. Single exposure
stressors usually lead to simplistic assumptions since
stressors often possess synergistic effects which can
accelerate (or decelerate) degradation rates and alter
degradation mechanisms and hence pathways. A
multifactor test with a wide variety of stress levels
and types of stressors, preferably with cyclic condi-
tions, can provide a better understanding of these
synergistic effects. The comparison of response var-
iables under a single stressor and multiple stressor
exposures can also clarify whether the mechanistic
synergies arise only for combined (simultaneous)
stressors or also accumulate under sequential expo-
sures to those stressors. Overall degradation or per-
formance loss will then depend on the integrated and
mutual effects of all stressors applied to the system.

Running well-designed lab-based accelerated
study protocols and real-world study protocols in
parallel and using quantitative cross-correlation
methods is therefore essential for L&DS of PV sys-
tems. Because of simplicity, low cost, and short
timescales, accelerated testing is usually preferred
over real-world testing; however, long-term effects of
real-world conditions on PV systems cannot easily be

replicated in laboratory conditions. The stressor
conditions in accelerated testing are too harsh, lead-
ing to overengineering the system since these
mechanisms are not even active in real-world con-
ditions. And if the stressor conditions are too
simplistic in the accelerated test, then the perfor-
mance and durability of the system will be over-
estimated, misleading the community on its
capabilities. So a better scientific and quantitative
understanding of PV degradation mechanisms is key
to designing lab-based exposures that simulate long-
term behavior of PV materials and systems. This
would allow the PV community to identify and
incorporate necessary improvements in industrial
processes in shorter time frames and help advance the
reliability of PV systems.

In the stress and response (<SjR>) framework of
L&DS, timewise observational data are collected on
the degradation of materials or systems over multiple
and cyclic stress conditions. Relationships between
many different stressors, mechanisms, and responses
and their quantitative cross-correlation are then
established, instead of the traditional approach of a
simplified “acceleration factor” that applies to a
specific test condition. So all of the available degra-
dation mechanisms and rates can be integrated to
provide a comprehensive, scientific, and quantitative
understanding of the performance of the system over
lifetime. And for the specific system and exposure
conditions used (the study protocol), this information
can be represented as a network diagram (netSEM)
of the relationships between the stressors, the mech-
anisms, and responses. This is refereed to as the
degradation pathway diagram for that system under

Figure 3.6 Elements of lifetime and degradation science for photovoltaics.
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those specific exposure conditions. The scientific
understanding of the lifetime performance of a ma-
terial or system can be gleaned by comparing results
of real-world exposures to the stress and response
framework. If good cross-correlation is observed be-
tween the real-world and accelerated studies and the
system’s responses, then those lab-based accelerated
test, summarized in the study protocol, can be bene-
ficial when predicting the degradation behavior of a
system in actual use environments, instead of
requiring the lengthy, high-cost real-world exposures.
For robust adoption of feasible PV power systems as a
competitive green energy resource, reliability is of
great concern. Lifetime and degradation studies will
enlighten existing physical and chemical mecha-
nisms, and open paths forward to further research.

3.4.1 Statistical Data Analytics for
Lifetime and Degradation Science

3.4.1.1 netSEM Modeling Approach

In order to assess the results of L&DS studies and
thus establish degradation models and pathways, a

longitudinal stepwise experimental design with a
large body of data and its analysis through statistical
methods are of great importance. SEM [62,63,292]
is a common technique used in social sciences to
derive and map casual relationships between latent
(unobserved) variables from observable variables
through mathematical systems of equations as
shown in Fig. 3.7. However, traditional SEM uses
linear models to evaluate these relationships and
lacks quadratic, exponential, and logarithmic models
that are naturally observed in physical and chemical
processes. For this reason, the traditional SEM
methodology has been adapted to introduce
nonlinear models and exploratory data analysis in
order to determine variables related to particular
degradation mechanisms. This new methodology,
referred to as netSEM, is now available as an open
source code package in the R programming lan-
guage [47,53,64]. netSEM is semisupervised,
whereby domain knowledge is used to supervise the
stepwise variable selection and model development,
and generalized so as to incorporate nonlinear
models in the analysis.

Figure 3.7 netSEM pathway diagram and systems of equations for the lifetime and degradation science

approach. S1 and S2 are the stress variables, M1 and M2 are the mechanistic tracking variables and latent vari-

ables, where tracking variable is the direct measurement used to quantify latent variable. R1 is the performance

level response variable. The coupling strength (bi, j) between two variables is the coefficient vector of the fitting

model that predicts variable i from j. Contributing factors to overall degradation can be determined using

the <SjR> framework.
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With the help of netSEM analysis, predictive
(<SjR>) and mechanistic/inferential (<SjMjR>)
data-driven models can be determined for the tem-
poral evolution of degradation in the system under
study. In this approach, the degradation of a system-
level performance response (R), typically a variable
of most interest for the system under study, will be a
result of numerous contributing factors. netSEM
models can be built using two different statistical
principles to aid in variable and model selection
[293]: models fitted using Principle 1 are fitted in a
Markovian spirit, while models fitted using Principle
2 are fitted in a multiple regression manner [47].
Principle 1 determines the univariate relationships in
the spirit of the Markovian process [294,295]. This
means the relationship between each pair of system
variables is determined with the Markovian property
that assumes the value of the current predictor is
sufficient in relating to the next level variable (i.e.,
the relationship is independent of the specific value
of the preceding-level variable to the current pre-
dictor) given the current value. It is important to note
that the Markovian nature of Principle 1 netSEM
modeling of these univariate relationships ignores the
simultaneous impact of other variables in the system
and treats the relationship as occurring solely be-
tween the two variables in question. We therefore
also developed Principle 2 which resembles the
multiple regression principle in the way multiple
predictors are considered simultaneously. Specif-
ically, for Principle 2 the first-level predictors to the
system level variable, such as, time and unit level
variables, acted on the system level variable collec-
tively by an additive model Pmax ¼ fi(time) þ
fk(IR2) þ . þε where fi’s are appropriate (para-
metric) function fits.

The analysis of a system involves six essential
steps:

1. Designing a study protocol with a comprehen-
sive set of exposures, evaluations (measure-
ments that produce the data to be analyzed)
and an appropriate number of time steps (typi-
cally six to nine time steps) at which evalua-
tions are performed and data acquired.
Multiple coincident observations of variables
related to responses of the system under study
to describe the degradation mechanisms are
essential over the entire course of the study
for accurate statistical analysis.

2. Selection of variables by domain knowledge.
These variables are a stressor(s) (S), mecha-
nistic tracking and latent variables (M), and a
system level performance response (R).

3. Model fitting of every variable using a pool of
linear and nonlinear functional forms. The
analysis starts from the system level perfor-
mance response (R) variable and treats every
other variable as a predictor, and proceeds us-
ing stepwise regression [296].

4. Determination of the statistical relationships
between variables. Statistical diagnostics are
performed on each of the functional forms be-
tween two variables, to determine the best func-
tional form using the calculated adjusted R2.

5. Sequential analysis of step 3 and step 4 until all
the relationships are found and the best func-
tional fits are achieved. If the adjusted R2 value
of a relationship is above some set threshold
value, then the relationship can be considered
to be strong.

6. Analysis of the obtained degradation pathways
using domain knowledge. If the resulting rela-
tionships suggest any degradation mechanisms
known from domain knowledge, then they
might imply potential causal factors and path-
ways for the degradation. Each relationship is
defined by an equation, and the resulting degra-
dation pathway will then be described by a sys-
tem of equations for the system as shown in
Fig. 3.7.

The advantage of netSEM analysis is that statis-
tically significant relationships connecting applied
stressors to degradation mechanisms and final re-
sponses of interest can be evaluated and mapped into
a degradation pathway of the system under investi-
gation. This new netSEM methodology has been
coded using R language [297] package for auto-
mated, fast, and easy analyses of big datasets [298].
The analysis can be run throughout the study at any
point in time and rerun when there is additional data
from further exposure and evaluation steps in the
study. The evolution of degradation with additional
data along the ongoing study can highlight the
different regimes of the degradation process and
support the existing pathway with increased predic-
tive power or bring out new aspects for the devel-
opment of new pathways. The application of netSEM
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methodology to long-term data of fielded PV systems
could also facilitate the design of lab-based acceler-
ated test methods by comparing the degradation
experienced under the two conditions.

3.4.1.2 Fixed, Random, and Mixed
Effects Regression Modeling Approach

Linear regression models are often preferred to
quantify relationships between variables of interest.
However, in a longitudinal experimental design with
multiple coincident observations of variables at
multiple points in time, and specifically with multiple
number of predictors, model selection is a challenge.
Models, in this case, are expected to consider all the
variables in a multilevel way and the interactions
between them [299]. Considering the material,
component, and system-level degradation in PV
modules under multifactor stressor conditions,
multivariate linear regression modeling is a well-
suited method for the L&DS of PV systems. Using
fixed-effects [300] and mixed-effects modeling
[301], in which fixed and random effects are
included, can allow for multilevel modeling of vari-
ables and determination of contributing factors to
degradation [302]. The terminology of fixed effects,
random effects, and mixed effects, is not well stan-
dardized, so one should carefully clarify the different
approaches [303]. Service lifetime prediction of PV
modules, performed using results of lab-based stan-
dardized tests, is not technically feasible because of
the presence of multiple and variable stress condi-
tions in the real world. Owing to their ability to
model multilevel structured and longitudinal experi-
mental design, multivariate regression modeling
approach, however, can be extended to model real-
world scenarios.

In multilevel models, covariants are structured in a
hierarchical way so that there is more than one level
in the study design. For instance, repeated measure-
ments of multiple samples of different materials
(lower level) used in different brands of PV modules
(upper level) that are stressed under different condi-
tions can be studied and modeled at the same time. In
this case, all the individual samples will have their
own variation, and depending on the between-sample
variation, two different approaches can be utilized.

Fixed-effects modeling is implemented for multi-
variate analysis of repeated measurements of multi-
ple samples when the variance between samples is
small. However, in case of larger variance between
samples, mixed-effects modeling that include
both fixed effects and random effects can be
advantageous. Random effects are described as
sample-specific effects related to unobserved or
unmeasured factors in the study (i.e., larger variance
due to measurement uncertainty or different charac-
teristics of individual samples). Incorporation of
random effects improves the overall explained vari-
ance and hence increases the statistical significance
of the models. The multiple regression model then
takes the general form as shown in Eq. (3.1).

y¼ b0 þ b1x1 þ b2x2 þ/þ bnxn þ b1z1 þ b2z2

þ/þ bnzn þ ε

(3.1)

where y is the response variable, b0 is the intercept of
the regression, b1 through bn are the fixed effect
coefficients (i.e., parameter estimates), x1 through xn
are the fixed effect variables, b1 through bn are the
random effect coefficients, z1 through zn are the
random effect variables, and ε is the error term.

3.4.1.3 Multivariate Multiple Regression
Modeling Approach

The linear multiple regression modeling approach
can be expanded to include multiple response vari-
ables when several metrics are under study for the
L&DS of PV systems. The multivariate multiple
regression (MMR) approach assumes that all of the
response variables can be described by the variation
same set of covariants in the study. In the context of
the hierarchical study mentioned in Section 4.1.2,
this methods allows repeated measurements of mul-
tiple properties (multivariate) of multiple samples of
different materials (lower level) used in different
brands of PV modules (upper level) that are stressed
under different conditions to be studied and modeled
at the same time.

In the MMR model, the response vector y from
univariate linear regression is replaced by an n � m
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matrix of responses Y. Generally, a MMR model can
be represented in Eq. (3.2),

Y¼XBþ E; (3.2)

where n is the number of observations, m is the
number of response variables, p is the number of
predictor variables, Y is an n � m matrix of re-
sponses, B is a (Pþ1) � m matrix of regression
coefficients, and E is an n � m matrix of error
terms [60].

3.4.1.4 Parallel Factor Analysis Modeling
Approach

Chemometric techniques are commonly used to
transform data in higher order space (>1) (i.e.,
spectroscopic data, to a space of fewer dimensions).
The chemometric techniques that have been proven
useful for dimensional reduction of spectral data
include principal component analysis (PCA) and
parallel factor analysis (PARAFAC) for two-
dimensional (e.g., spectral or xey data) and data of
greater than two dimensions (e.g., hyperspectral,
xeyez data, etc.), respectively. These techniques can
be used within <SjR> and <SjMjR> frameworks to
define mechanistic and response variables when the
data are not initially low dimensional. PCA and
PARAFAC perform linear mapping of the data to the
one-dimensional (point data) space such that the
variance of the dimensionally reduced data is maxi-
mized, and the information retention is maximized
after the transformation [304e306].

Historically, PARAFAC has most commonly been
applied to excitationeemission matrix (EEM) fluo-
rescence spectra [307]. PARAFAC is a mathematical
procedure that decomposes an M dimensional
array into the summation of the outer product of M
vectors. PARAFAC applied to EEM spectra (EEM-
PARAFAC) provides an estimate of the number of
fluorophores as well as estimates of the excitation and
emission spectrum of those fluorophores. It also pro-
vides the relative concentration of each fluorophore in
each sample. A general PARAFAC model(s) can be
written as shown in Eq. (3.3), where xijk is the fluo-
rescence intensity of the kth sample at the ith emission
wavelength and the jth excitation wavelength, ain
represents the estimated emission spectrum of the
fluorophore(s), bjn represents the estimated excitation
spectrumof the fluorophore(s), ckn is the relative of the

fluorophore(s) in sample k, and eijk represents the error
terms or residuals [61].

xijk ¼
XN

n¼1

ainbjncknþ eijk

i¼ 1;.; I; j¼ 1;.; J; k¼ 1;.;K

(3.3)

3.4.2 L&DS Case Studies

3.4.2.1 PV Degradation Pathway Model
under Damp Heat Exposure

In a particular study conducted by researchers at
Underwriter’s Laboratory (UL) [308], modules were
exposed to damp heat conditions for 4000 h and the
degradation in PV power output was measured at
specific time intervals, or time steps. In addition,
some modules were withdrawn from the study at
these time steps to produce a retained sample library
with samples available for each time step. These
retained samples were dismantled destructively in
order to determine the changes occurred in the
module materials. With exposure time as a proxy for
damp heat exposure stress (S) variable and Pmax

(maximum power generated by the modules) being
the performance level response (R) variable, several
mechanistic variables (M) obtained through chemical
evaluation methods performed on the subsystem
components were used in the netSEM analysis [47].

The analysis revealed main degradation pathways
as shown in Fig. 3.8. The strong relationships be-
tween the applied stressor, the infrared spectra (IR)
signals of the EVA encapsulant, and the amount of
free acetic acid measured through thermogravi-
metric analysis of EVA, indicate degradation was
occurring through hydrolysis of EVA polymer under
damp heat conditions. The effect of these two
mechanistic variables on the loss in Pmax suggested
a path of EVA hydrolysisedriven power loss in PV
modules. This particular path was attributed to the
metallization corrosion of silver grid lines and bus
bars screen printed on solar cells caused by acetic
acid content generated by the hydrolysis of EVA.
The power loss exhibited an induction period (i.e.,
delayed onset of degradation) followed by a sudden
drop in power after a certain point in time, i.e., a
change point phenomenon [309,310], suggesting the
presence of different degradation regimes due to
damage accumulation over time. The results of this
study later led to many further research directions,
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as included in the following case studies, specif-
ically for the degradation of polymeric materials
used in PV modules under accelerated weathering
exposures, extending the L&DS approach to sub-
system components.

3.4.2.2 Mini-Module PV Degradation
Pathway Model under Damp Heat
Exposure

The Carissa Plains power plant, the largest PV
module installation of its time originally rated at
5.2 MW, was built around 1984. However, it showed
over 40% power degradation by 1989 with an
average rate of 7% per year, as opposed to expected
loss of 1% per year, and was decommissioned soon
after [311,312]. This unfortunate and drastic failure
raised serious concerns about long-term reliability of
PV systems. The main problem was initially believed
to be related to EVA degradation due to the dark
brown color of the PV modules (i.e., discoloration of
EVA as a result of thermo-photo-oxidative degrada-
tion). Therefore, the degradation of EVA took special
attention after this incident although later studies
[313e315] on the recovered fielded modules dis-
cussed other possible causes of power degradation
such as cell mismatching due to inappropriate use of
concentrating mirrors, solder joints, wiring, and
inverter problems.

To reveal the details of EVA hydrolysiseinduced
PV power degradation, a new study, based on the
netSEM analysis of this particular degradation path,
was pursued [316]. This study used EVA-
encapsulated four cell-mini-module constructions in
order to investigate the effect of acetic acid formation
on the mentalization corrosion of the screen printed
silver conductive lines and its relation to power
performance under damp heat conditions. The acetic
acid is known to react with the silver lines causing
increased resistivity and hence decreased conduc-
tivity between the silver lines and the cell surface as
explained in subsection 2.

The hydrolysis of EVA was confirmed by laser
confocal Raman microscopy in the damp heate
exposed mini-module constructions without the need
for disassembly. A broad fluorescent peak can be
found around 1340 cm�1, which is a signature of
various degradation products of EVA hydrolysis. The
impact of acetic acid formation on the electrical
performance of each individual cell was determined
via electroluminescence (EL) imaging and power
performance of the modules. The power loss was
ascribed to the loss of conductivity of the silver grid
lines caused by the formation of corrosion by-
products such as silver acetate at the grid line and
emitter interface reducing the conductive contact
area [317,318]. Strong relationships between the
chemical signals of EVA hydrolysis, quantitative EL
imaging, and power performance data, obtained

Figure 3.8 PV degradation pathway model under damp heat exposure. Time is the main stressor as a proxy

to damp heat exposure, Hac is the formation of acetic acid measured through thermogravimetric analysis (TGA),

EVA_hyd stands for EVA hydrolysis, which is tracked by infrared signal corresponding to that, noted by IREVA,

and Pmax is the maximum power generated by the PV modules. Models are as follows: SL is simple linear, SQuad

is simple quadratic, Quad is quadratic, Exp is exponential, and Log is logarithmic, CP is change point, and nls is

nonlinearizable exponential. Adjusted R2 values are given for the power of functional fitting for each relationship.

3: DEGRADATION SCIENCE AND PATHWAYS IN PV SYSTEMS 61



through the netSEM analysis as shown in Fig. 3.9,
confirmed this pathway with statistically coupled
causal sequence of degradation mechanisms.

3.4.2.3 netSEM Modeling of PET
Degradation

PET polymer, with its high dielectric breakdown
strength and low cost, is a critical material used in PV
backsheets, acting as electrical and mechanical bar-
rier. The degradation of PET-based backsheet was
one of the pathways observed in the UL study, as
presented in subsection 4.2.1, that led to loss of wet
insulation resistance and hence power loss. In this
case study, the durability of various stabilized PET
polymer films were examined under multifactor
light, heat, and humidity conditions [58,319]. These
exposure are industrial standards [320] applied to test
polymer durability. Exposure conditions are as
follow:

1. ASTMG154-Cycle 4: cyclic exposure of 8 h of
UVA light at 1.55 W/m2 at 340 nm at 70�C and
4 h of condensing humidity at 50�C in dark.

2. Modified-ASTMG154-Cycle 4: constant expo-
sure of UVA light at 1.55 W/m2 at 340 nm
at 70�C.

For performance level response variables, yel-
lowing and haze formation of these stabilized films
were selected as a measure of physical and chemical
changes under the applied stressors. Stepwise point
in time data extracted from specific signals of UV-Vis
and infrared spectroscopy were identified as mecha-
nistic variables of the degradation. Strong coupling
was found between these mechanistic variables and
performance level response variables. Particularly, in
the presence of only UV light as seen in Fig. 3.10,
yellowing was significantly related to chain scission
of the polymer backbone as measured through IR.
The broadening of carbonyl band at 1675 cm�1 was
used as a sign of carboxyl end group generation.
However, in the presence of cyclic heat and
condensed humidity, in addition to UV light, strong
haze formation was observed as depicted in Fig. 3.11.
In both cases, aging-induced crystallization was
observed through the IR absorptions of the trans oxy-
ethylene glycol band at 975 cm�1.

So there existed one important degradation
pathway: yellowing in the presence of UV light fol-
lowed by haze formation in the presence of humidity.
In this situation, haze formation that occurred as a
bulk volumetric change, was assumed to be a pre-
cursor to loss of mechanical properties of the poly-
meric films. The relationship found between
crystallization and haze formation also supported this
idea. It is interesting to note that although yellowing

Figure 3.9 Mini-module PV degradation pathway model under damp heat exposure. Time is the main

stressor as a proxy to damp heat exposure, EVA_FL is fluorescent degradation product of EVA, which is repre-

sented by a broad peak at 1340 cm�1 in confocal Raman spectra. Hac is the acetic acid formation that will lead to

metallization corrosion and is determined from the overall brightness of electroluminescence (EL) image, and

Pmax is the maximum power generated by the PV modules. Models are as follows: SL is simple linear, SQuad

is simple quadratic, Quad is quadratic, Exp is exponential, Log is logarithmic, CP is change point, and nls is non-

linearizable exponential. Adjusted R2 values are given for the power of functional fitting for each relationship.
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was thought to be induced only by UV light, the
presence of humidity along with UV light accelerated
the formation of yellowing for the same amount of
applied photodose. All these complex relationships
were captured quantitatively by the netSEM analysis
as seen in Fig. 3.11. Not only did a larger number of
variables became active but also the correlations
between the variables got stronger in the presence of
multiple stressors and cyclic exposure conditions.
This signifies the importance of synergistic effects of
multiple stressors on degradation mechanisms,
altering reaction rates and thus pathways.

The role of the UV light stabilizer was notable in
the UV light exposure, but not very effective. During
the induction period, the rate of initial yellowing was
slow; however, the rate accelerated with a strong
linear dependency afterward. The stabilizer was
degraded and consumed after a very short exposure
time and left the polymer susceptible to damaging
effects of UV light. Similarly, when compared to
unstabilized polymers, the protection for hydrolytic
attack was not found to be strong enough to withstand
the intensified levels of stress conditions. The cata-
lyst used during synthesis and the amount and type of

by-products formed in the initial polymers, such as
carboxyl and hydroxyl end groups and diethylene
glycol side groups, differ because of different syn-
thesis routes in PET polymerization. These factors
also have a strong influence on the stability of the
PET films against UV light and humidity.

3.4.3 Fixed and Mixed Effects
Regression Modeling of PET
Degradation

In addition to netSEM analysis, univariate
regression analysis was performed in order for
developing predictive models of temporal evolution
of degradation of PET films under the applied
multifactor exposure conditions. The study was
suitable for this analysis due to its multilevel longi-
tudinal experimental structure: multiple number of
samples of different polymer grades tested and
evaluated timewise under multiple number of expo-
sures. Predictive models of yellowing and haze for-
mation, as performance level response variables,
were demonstrated using fixed- and mixed-effects
modeling approaches [57].

Figure 3.10 Degradation pathway of UV-stabilized polyethylene-terephthalate under the modified ASTM

G154-Cycle 4 exposure. Time is the main stressor as a proxy to modified ASTM G154-Cycle 4, AbsEdge is the

fundamental absorption edge represented by absorption at 312 cm�1 in UV-Vis spectra, UVStab is the bleaching

of the UV stabilizer represented by absorption at 340 cm�1 in UV-Vis spectra, Cryst is the infrared signal at

975 cm�1 corresponding to change in crystallinity, ChainScs is the infrared signal at 1675 cm�1 corresponding

to chain scission, and YI is the yellowness index of the PET samples. Models are as follows: SL is simple linear,

SQuad is simple quadratic, Quad is quadratic, Exp is exponential, Log is logarithmic, CP is change point, and nls is

nonlinearizable exponential. Adjusted R2 values are given for the power of functional fitting for each relationship.
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Color change is a bulk property as the chromo-
phores form homogeneously through the volume
because of their very small molecular sizes, causing
small variance between samples and repeated mea-
surements. For this reason, the fixed-effects modeling
approach was an appropriate choice for modeling of
the yellowing of these films. On the contrary, haze
formation is rather a random and localized process,
and therefore the mixed-effects modeling approach
was preferred. Partial crystallization due to hydro-
lytic degradation and microcrack formation due to
thermal and mechanical stresses induced by cyclic

temperature are the main reasons for the observed
haze formation. These locally distributed entities
result in strong scattering of light causing measure-
ment sensitivity and thus greater variance between
samples and repeated measurements.

The fitted models are shown in Fig. 3.12 for yel-
lowing using fixed-effects and in Fig. 3.13 for haze
formation using mixed-effects modeling approaches.
It is seen that both models follow the experimental
data quite well as their significance are evident from
the calculated adjusted R2 values of 0.98 for yel-
lowing and 0.90 for haze formation. The random

Figure 3.11 Degradation pathway of UV-stabilized polyethylene-terephthalate under the ASTM G154-

Cycle 4 exposure. Time is the main stressor as a proxy to modified ASTM G154-Cycle 4, AbsEdge is the funda-

mental absorption edge represented by absorption at 312 cm�1 in UV-Vis spectra, UVStab is the bleaching of the

UV stabilizer represented by absorption at 340 cm�1 in UV-Vis spectra, Cryst is the infrared signal at 975 cm�1

corresponding to change in crystallinity, ChainScs is the infrared signal at 1675 cm�1 corresponding to chain

scission, Haze is the haziness, and YI is the yellowness index of the PET samples. Models are as follows: SL

is simple linear, SQuad is simple quadratic, Quad is quadratic, Exp is exponential, Log is logarithmic, CP is

change point, and nls is nonlinearizable exponential. Adjusted R2 values are given for the power of functional

fitting for each relationship.
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effects, caused by each individual sample in the
haze formation model, were found to improve the
explained variance very well.

Although adjusted R2 is a common metric for
judging the predictive power of regression models, in
case of a over-fitting problem, adjusted R2 may lead
to inaccurate measure of model prediction. Instead,
predictive R2 with its resampling method can yield
more precise results. In this new approach, while a
model is developed using the train data, its ability to
predict a new observation is tested on the test data. In
order to assess true measure of predictive quality of
these models, predictive R2 values were determined
using the leave-one-out cross-validation procedure.
Even though the models were found to fit the
experimental data very well according to adjusted R2

values, calculated predictive R2 values indicated
minor over-fitting problems. So the use of predictive

R2 was explored successfully and shown to be valid
technique as an accurate measure of predictive
power.

3.4.4 Multivariate Multiple
Regression Modeling of PET
Degradation

MMR was conducted in addition to netSEM and
univariate regression to develop predictive models of
the temporal evolution of several response variables
for PET film degradation under the applied multi-
factor exposure conditions. The study utilized a
similar multilevel longitudinal experimental struc-
ture to that described in Section 4.3: multiple samples
of different grades of PET tested and evaluated
timewise under multiple exposures. Predictive
models were developed to account for discoloration,

Figure 3.12 Predictive modeling of change in yellowness index via fixed-effects linear regression

modeling. Unstab is unstabilized PET, HydStab is hydrolytically stabilized PET, and UVStab is UV-stabilized

PET. PET, polyethylene-terephthalate.
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gloss loss, and haze formation simultaneously under
the various exposure conditions and configurations
[60].

In addition to the previous descriptions of color
change and haze formation (Section 4.3), gloss loss
occurs as the surface of the PET roughens due to
microcrack formation at the surface and localized
embrittlement due to crystallization. Roughening at
the surface increases reflective light scatter and a
decrease in specular reflection, which is measured as
gloss loss.

The model for clear PET degradation under out-
door exposure conditions in Arizona and Florida
is superimposed on the observed values in
Figs. 3.14e3.16; outliers have been removed from
the plots and subsequent analysis. The superimposed

plots support the reliability of the models as pre-
dicted values trace the experimental data reasonably
well. The model significance is evident from the
calculated adjusted R2 values of 0.93 for discolor-
ation and 0.94 for gloss loss and 0.96 for haze
formation.

Results of model interpretation have provided in-
sights into PET weathering. Photodose was found to
be the prime source of degradation stress for PET.
Samples degraded more quickly in Florida than
Arizona, which implies that moisture and humidity
play a role in increasing the degradation rate of PET.
Direct moisture contact was found to increase the
degradation rate of PET, which can be observed by
comparing between the red and blue model curves
from the model results (samples exposed open to the

Figure 3.13 Predictive modeling of change in haze formation via mixed-effects linear regression

modeling. Unstab is unstabilized PET, HydStab is hydrolytically stabilized PET, and UVStab is UV-stabilized

PET. PET, polyethylene-terephthalate.
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elements vs. samples exposed under a glass cover
sheet.)

3.4.5 Parallel Factor Analysis of
Fluorescence Spectra for PET
Degradation

PARAFAC was applied to 63 EEM fluorescence
spectra to quantify the evolution of degradation
products (monohydroxy-terephthalate and dihydroxy-
terephthalate) under accelerated exposures [61].
Fluorescence spectroscopy is strongly sensitive to
changes in chemical structure and can thus be used to

study the chemical changes due to PET weathering.
A three-component PARAFAC was developed and
interpreted to identify and evaluate the temporal
evolution of PET and its two fluorescent degradation
products.

An example of the EEM fluorescence spectra, with
first- and second-order Rayleigh scatter removed
(diagonal lines), for unstabilized PET under three
exposure conditions is shown in Fig. 3.17. The study
included unstabilized PET, UV-stabilized PET
(0.20% Tinuvin 360), and a slightly TiO2-loaded film
(0.2% pigment volume concentration). The expo-
sures included ASTM G154-Cycle 4 for 1 week time

Figure 3.14 The change in DE clear grades of polyethylene-terephthalate under outdoor exposures with the

model curves superimposed on the data. Points represent the measured data and dashed lines represent the

models.

Figure 3.15 The change in DGloss60 of clear grades of polyethylene-terephthalate under outdoor exposures with

the model curves superimposed on the data. Points represent the measured data and solid and dashed lines

represent the models.
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exposure intervals (G154), a modified version of
ASTM G154-Cycle 4 that omitted the condensing
humidity stage for 1 week time exposure intervals
(mG154), and standard damp heat exposure (85�C
and 85% RH) for 2 week exposure intervals (DH).

The three-component PARAFAC model yielded
estimation of the excitation spectra, emission spectra,

and relative concentrations of the three fluorophores
that contributed to the fluorescence signal in
Fig. 3.17. The estimated excitation and emission
spectra of the first two components are shown in
Figs. 3.18 and 3.19. The estimates were compared
with known fluorescence spectra to assign the com-
ponents to relevant chemical structures: Component

Figure 3.16 The change in DHaze of clear grades of polyethylene-terephthalate under outdoor exposures with

the model curves superimposed on the data. Points represent the measured data and solid and dashed lines

represent the models.

Figure 3.17 The temporal evolution of the corrected excitationeemission matrix spectra of unstabilized

polyethylene-terephthalate at three exposure steps. Row “a” corresponds to mG154 exposure, row “b” to

G154 exposure, and row “c” to DH exposure.
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1 was assigned to monohydroxy-terephthalate units
and Component 2 was assigned to dihydroxy-
terephthalate units. Component 3 was assigned to
PET; however, these data have been omitted to focus
on the degradation products. Figs. 3.20 and 3.21
show the normalized concentrations of these degra-
dation products that result from hydroxy substitution
at the PET aromatic ring. UV light is necessary to
drive this degradation mechanism, and the presence
of moisture (G154) promotes further degradation.
The figures also permit comparison between the
different grades of PET and show that the slightly
TiO2-loaded film showed the highest resistance to
degradation and formed the lowest concentrations of
the degradation products.

Figure 3.18 Parallel factor analysis estimate of the

excitation and emission spectra of Component 1.

The solid orange line corresponds to the emission

spectrum and the dashed purple line to the excitation

spectrum.

Figure 3.19 Parallel factor analysis estimate of the

excitation and emission spectra of Component 2.

The solid orange line corresponds to the emission

spectrum and the dashed purple line to the excitation

spectrum.

Figure 3.21 Normalized relative concentration of

Component 2 (dihydroxy-terephthalate units) over

time under each exposure for the three grades of

polyethylene-terephthalate (PET). Solid green lines

correspond to ASTM G-154 Cycle 4 exposure,

short-dashed orange lines to modified-ASTM G-154

Cycle 4 exposure, and long-dashed purple lines to

damp heat exposure. Circles correspond to PET, tri-

angles to PET-TiO2, and squares to PET-UVS.

Figure 3.20 Normalized relative concentration of

Component 1 (monohydroxy-terephthalate units)

over time under each exposure for the three grades

of polyethylene-terephthalate (PET). Solid green

lines correspond to ASTM G-154 Cycle 4 exposure,

short-dashed orange lines to modified-ASTM G-154

Cycle 4 exposure, and long-dashed purple lines to

damp heat exposure. Circles correspond to PET, tri-

angles to PET-TiO2, and squares to PET-UVS.
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3.5 Conclusions

The standard accelerated tests are the basis of PV
module qualification for today’s market introduction
of products, but they only provide a quick screening
for potential design problems and detection for fail-
ure mechanisms in a specific environment. Since they
focus on the effect of particular stressors and degra-
dation mechanisms on module performance, it is not
viable to say that a module that passes the standard
tests with binary outcomes (i.e., pass/fail) will
operate a long service lifetime in the field. However,
successful lifetime prediction requires scientific un-
derstanding of all degradation mechanisms and the
effect of all stressors, individually, cumulatively, and/
or sequentially, on the type and rate of these mech-
anisms. L&DS has been developed as a novel and
robust approach to reliability of PV systems with
diagnostic and predictive capabilities. It brings both
physical and statistical models and laboratory-based
studies and real-world observations together for a
pathway of degradation mechanisms. Data-driven
epidemiological studies help understand the com-
plex interactions between stressors and degradation
responses and the temporal evolution of degradation
mechanisms. This new approach will introduce new
angles in degradation science and reliability of PV
modules.
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