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ARTICLE INFO ABSTRACT

Keywords: As widespread adoption of photovoltaic (PV) technologies continues, understanding the lifetime of modules
Photovoltaic array is paramount to the viability of the industry as an environmentally conscious alternative to traditional
Field surveys energy generation. Although power degradation can affect the total energy production of a module over
EZCkS};ee,t its lifetime, module safety failures necessitate the removal of a module leading to a loss of not only the
gradation particular asset, but the earning potential of the device. Therefore, it is critical to ensure that the components
that provide essential safety functions for PV module operate for their entire rated lifetime. PV backsheets
provide necessary electrical insulation to the completed device and failure of this component is cause for
a immediate removal of the module. Degradation of the PV module backsheet has led to module safety
failures in large-scale installations, costing millions of dollars in damages and lost potential revenue. The
spatio-temporal degradation of fielded PV modules is important to study in order to identify which modules
within installations are experiencing the greatest exposure conditions and in turn have the highest chance
of failure. This paper describes a comprehensive field survey protocol developed for monitoring PV module
backsheet performance using solely non-destructive methods in commercial PV fields. The protocol establishes
a field naming convention, sampling method, data handling requirements, and measurement procedures. By
ensuring consistent data collection practices, the field survey protocol enables research groups to obtain data
of uniform quality on backsheet performance over multiple years and locations. In this study, the developed
protocol was implemented at forty-one PV sites. Eight different types of airside layer backsheet materials
including poly(vinylidene fluoride) (PVDF), acrylic PVDF, poly(tetrafluoroethylene-co-hexafluoropropylene-
co-vinylidene fluoride) (THV), poly(vinyl fluoride) (PVF), poly(ethylene terephthalate) (PET), fluoroethylene
vinyl ether (FEVE), polyethylene naphthalate (PEN), and glass were identified using attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. The field survey results show that the spatial distribution
of degradation indicators are non-uniform within a particular module, individual site, and across site locations.
The degradation of PV modules increased in severity for modules mounted at the edge of rows (across a field)
and near the junction box (within a module). This study demonstrates the sensitivity of material performance
to exposure length across different materials and climates.

1. Introduction current (GW,,) of installed capacity [2]. Meanwhile, solar PV energy
costs are rapidly declining [3]. PV represents one of the most critical

Global installation of PV modules surpassed 444GW installed capac- alternative  energy technologies to replace non-renewable
ity in 2023, representing a 76% increase from the previous year [1]. energy sources. PV power is more stable than other renewable energy
In the United States, PV systems have surpassed 142.3 gigawatts-direct technologies, such as wind energy and hydropower, especially because
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of the projected large variability in power generation caused by global
climate change [4,5]. However, the reliability of PV modules in the
field is crucial for furthering solar energy development and controlling
costs [6]. Preventative maintenance in the field serves to lower the
risk of module failure and help research institutions to improve the
protocols of lab-accelerated aging tests.

Extensive research has been conducted on the degradation of PV
cells and encapsulants [7], but the importance of considering the
degradation of the backsheet in PV modules cannot be disregarded.
Backsheets are subject to a variety of synergistic stressors, including but
not limited to humidity, temperature, irradiance, and wind speed [8-
17]. Additionally, the rapidly changing climate is leading to larger vari-
ations in climatic stressors and an overall increase of high energy UV
radiation [18]. The airside layer of backsheets commonly experiences
degradation, which can result in yellowing and cracking [16]. Cracks in
the polymer backsheet can lead to electrical isolation loss, leading to a
module safety failure. Thus, Yellowness Index (YI) would be considered
as a proxy indicator of the extent of backsheets degradation and cracks
could be considered as a qualitative indicator.

Field surveys of outdoor exposed modules provide the most accurate
information of long term material performance [19-22]. These surveys
provide a visual and direct method to assess the extent of PV module
degradation. However, these surveys usually sample modules sporad-
ically without attention to the local environment around the sample
or rely on destructive analysis of retrieved modules [16,21,23]. Most
importantly, it is not feasible to pause product development to test the
long term durability of emergent technologies in the field. Accelerated
aging studies seek to replicate outdoor exposure, characterized by a
specific climatic exposure type, in a fraction of the time to streamline
product development but have been shown to not accurately predict
material failure [10], although developments in combining cycles of
different exposure steps is being actively studied [24,25]. However,
through the combination of field measurements and computational
models, indoor and outdoor aging conditions can be correlated to
better inform module construction and materials certification. [26-
28]. The distribution of spatial and temporal backsheet degradation is
typically non-uniform due to the influence of various micro-climatic
effects [22,26,29]. These stressors introduce variability, resulting in
diverse patterns of degradation across different locations and time
periods. Fairbrother et al. showed that the architecture of the module
array leads to differential backside irradiance of the modules (micro-
climates) [29]. This was accompanied by larger values of degradation
predictors in the sections with higher light exposure. Module shading
and ground albedo were shown as the most important characteristics in
determining the backside irradiance [29]. The difference in exposures
will intensify over the lifetime of the module which will lead to a
decrease in the overall power generation efficiency of the system due
to overexposed panels.

This research investigates the degradation patterns of backsheets
in operational photovoltaic power plants. To accomplish this, a com-
prehensive protocol for field surveys has been developed, refined and
tested based on the input from domain experts (industry and research)
and years of field survey experience. The protocol serves as a stan-
dardized guide for research groups conducting surveys at global sites,
ensuring consistency in measurement methods and data formats for
subsequent analysis. The protocol suggests using Koppen Geiger Cli-
matic Zone (kgc) as a approximate indicator of local climate to inform
site selection [30,31] although other PV climate classifications also
exist [32,33]. The protocol can be adapted for a large variety of
different field measurements, and provides a general guideline for
conducting surveys to leverage spatial information. A total of 41 sites,
spanning exposure times from 1 to 38 years, were surveyed following
the established protocol. The results reveal a non-uniform spatial and
temporal distribution of backsheet degradation. Additionally, the study
explores the correlation between degradation and common system
attributes such as mounting height, ground albedo, and the position of
the junction box. Furthermore, the research compares the differences
in backsheet degradation among different material types and across
various climate zones.
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2. Methods: Study protocol development

In order to ensure consistent data collection across different re-
search groups and over time in PV systems, a protocol has been
developed by this work. This protocol includes the terminology that
was used in the sites, the standard operating procedure (SOP) of
instruments, Gage Repeatability and Reproducibility (GR&R) of mea-
surements and tools were required during the surveys. It also clarifies
the number of measurements for the modules, subrows, rows, and
sites. The protocol establishes a uniform data structure and naming
convention for measurements from surveyed sites, which standardizes
terminology and assets in the collection/curation of large amounts of
survey data. In addition, a training video was developed for detailed
instructions on how to properly conduct field surveys. Both documents
and the video are shared to Open Science Framework (OSF) [34]. All
of metadata, de-identified site data and measurements collected using
this protocol are available on OSF [34].

2.1. Terminology

In order to create a standardized protocol, a standard lexicon of PV
terms was established. The following terminology has been developed
through a collaborative effort with leading field survey experts and
industry leaders.

2.1.1. ‘Blocks’

PV field refers to a large-scale installation of PV panels or modules,
including the entire system of one solar power plant. ‘Blocks’ are the
large grouping of PV modules in one field and do not need to be the
same shape between commercial fields since commercial power plants
are frequently nonuniform in layout. They are physical grouping of
rows of modules. They are used to roughly locate the region of the field
where measurements were taken. Blocks may or may not have the same
exposure conditions as other ‘Blocks’ in the field. Different ‘Blocks’ of
modules may or may not have the same material type or be electrically
connected. An overview of a PV field can be found in Fig. 1.

2.1.2. ‘Rows’

The term of ‘Row’, ‘Rack’, ‘Subrow’, and ‘Module Number’ are
defined for the modules installed in the power plant, as shown in
Fig. 2. ‘Row’ are continuous groupings of modules arranged in a line
and do not need to be the same length. ‘Rack’ refers to a continuous
set of modules without physical spacing between mounting structures.
They are usually a continuous electrical strings of modules. ‘Module
Number’ is defined to describe the position of modules in the ‘Row’.
An individual ‘Row’ can have more than one module mounted on top
of each other. When a ‘Row’ has multiple modules mounted vertically
(portrait or landscape), each ‘Row’ will receive a ‘Subrow’ designation.
Modules in ‘Rows’ can either be mounted at a constant angle or on
single-axis tracker.

2.2. Effect size and sampling rate determination

In order to create representative models of backsheet degradation, a
statistically significant portion of observations must be drawn from the
population. The samples size can be determined based on the expense
of data collection, and level of predetermined error probability. Thus,
the sample size is a function of three predetermined factors, « (Type I
error probability), # (Type I1 error probability), and the desired effect
size. This approach can then be applied to multiple linear regression
models of historical field survey data to determine the actual number
of samples needed to obtain the desired effect size [26]. The Cohen’s
f? effect size for a multiple regression is defined as Eq (1) where R*
is the squared multiple correlation. A freely available software package
called GPower was used to calculate the desired sample size [35,36].
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Suggested Nomenclat

South-facing fixed-tilt system with 9 blocks

Row (fixed tilt): physical grouping
of modules aligned in an
east-west direction (for
south-facing fixed tilt systems).
Often a grouping of a quantum
number of electrical strings or
half strings, but not always.
Structure may not be
continuous/may have breaks
along the row. A single structural
unit along a row is often called a
“Rack”. Arbitrarily Numbered

Row (single axis
horizontal tracker): same
definition as fixed tilt, but
rows run north-south

inverter

Fig. 1. Sketch of a photovoltaic field with individual ‘Blocks’, circled in red. Two different

Block: physical grouping of rows of modules; often but
not always an electrical grouping connected to the same
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Single-axis horizontal tracking system with 9 blocks

il

system layouts are shown: A south facing fixed tilt system, and a single axis tracking

system with a north-south axis of rotation. The suggested nomenclature has been annotated on top of the diagram. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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most row will be
designated A, the
next B, etc...

Fig. 2. A expanded view of the components that comprise a ‘Blocks’ of modules. The ‘Blocks’ of modules can be sub-divided into different Row Environments, Rows, Racks,

Subrows, and Modules.

Table 1

Sample sizes for measurement instruments, Yellowness
Index (YI) and gloss calculated with a statistical power
(d) of d =0.8 [35,36].

YI Gloss
a .05 .05
o 0.2 2
Effect Size 0.4 0.5
Sample Size 135 99

The sample size calculation for different statistical powers can be found
in Table 1.
R2

2 _
=1 @

2.3. Visual inspection

Before conducting measurements with the field instrumentation, a
visual inspection will be completed for the whole field. This inspection
will assist in the survey team’s understanding of the site, provide
insights into locations to survey, and alert the survey team to any
safety concerns. Observations from the visual inspection should be
recorded with the location of the defects to better understand the
spatial distributions of visual defects.

2.4. Instrumentation

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy is used to identify the airside material of backsheets. It
is measured for each module with an Agilent 4300 handheld FTIR
Spectrometer with diamond tip from 4000cm~! to 650 cm~!. The
materials are confirmed by comparing with the reference spectrum and
other research on various materials [27,29,37-46].

HunterLabs MiniScan EZ 4000L with diffuse/8° geometry is used to
measure the YI. YI was calculated using the ASTM E313 standard [47].

Gloss measurements indicate the surface roughness of a material,
a property that changes overtime in response to material aging. Gloss
measurements are based on the standard ASTM D2457 [48]. BYK
Micro-TRI-gloss was used for gloss measurements. It combines 20°,
60° and 85° three angles in one instrument. The values of 60° are
more stable and have less variance than the other two geometries. Thus,
60° geometry is used as the degradation predictor for this study.

2.5. Measurement number, position and order

Row and module selection depends on the research focus. Two
types of sampling will be conducted during surveys: statistical and
observational. The statistical sampling will focus on the condition of
the modules as a whole. Although, the exposure environment varies
based on the specific site being surveyed, it can be generally assumed
that there will be a ‘Row’ of modules with an unshaded backsheet, one
‘Row’ with complete shading, and one ‘Row’ of only backside shading.
The statistically informed sampling procedure should be used to collect
measurements to cover these criteria. The number of ‘Rows’ to survey
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MODULE KEY

MODULE KEY

(a) Landscape mounted panel

(b) Portrait
mounted panel

Fig. 3. Suggested measurement positions and order for either Landscape or Portrait module mounting configurations. (a) Proposed measurement locations for a landscape mounted

panel. (b) Proposed measurement locations for a portrait mounted panel.

will vary with site layout, but in general triplicate measurements on
each type of environment are preferred. A experienced survey team of
two members can manage to measure 24-36 modules per hour depend-
ing on the size of the installation and the spacing of the measurements.
FTIR measurement takes the longest and is the most difficult to get
a clear reading of the material spectra. A survey team can consist
of two researchers, one operating the FTIR, the other operating the
Colorimeter and the Gloss meter. Additional team members can take
other measurements on the site architecture, write down notes from
the visual inspections or collect other/more measurements using dif-
ferent/the same instruments. Typical surveys measured approximately
144 modules divided evenly among the ‘Rows’ and ‘Subrows’ sampling
different material varieties if the information was known. For a typical
‘Row’ of modules (20-50 modules per ‘Row’) the protocol recommends
to measure 12 modules, 6 on the rack ends, and 6 in the rack center
(spaced evenly). If a module ‘Row’ has multiple modules mounted on
top of each other, this protocol suggests to measure each levels with
the same frequency and at the same locations. Observational sampling
will be conducted on modules of interest (i.e., modules that display
random defects). This observational sampling can include modules with
hotspots, cracks, delamination, etc.

For the position of each module, this protocol recommends at least
six measurements for quantitative analysis and one to two measure-
ments for qualitative analysis. For quantitative analysis, six or more
measurements should be taken in the order of top left, close to the
junction box, top right, center, bottom left, and bottom right (Fig. 3). In
qualitative analysis, the measurements should located near the center
of the modules. An additional measurement is recommended near the
junction box. The number of measurements is informed from measured
field data and the effect size determination in Section 2.2.

3. Results
3.1. Overview

In this research, a total of 41 sites were surveyed, consisting of
40 sites located in different states within the United States, and an
additional international site in Taiwan. The international site was
surveyed by another team, following the provided protocol documents
and instructional videos. Along with the measurements taken in the
field, fielded modules were obtained whenever possible for destructive
characterization. The age of the surveyed solar power plants ranged
from 1 year to 38 years, with the majority of sites being less than
10 years old. Most of the sites had a generated power capacity smaller
than 1 MW. Detailed information for all sites can be found in Table 2,
which encompasses seven different climate zones and eight different

Fig. 4. Rear side photo of modules was taken from the site located in Portland. The
surface of the backsheet has been contaminated by biological materials.

materials. Additionally, Table 3 presents the total number of modules
and surveys conducted for each backsheet material and their respective
Koppen Geiger Climatic zone [30]. Eight different types of airside layer
backsheet materials including poly(vinylidene fluoride) (PVDF), acrylic
PVDF, poly(tetrafluoroethylene-co-hexafluoropropylene-co-vinylidene
fluoride) (THV), poly(vinyl fluoride) (PVF), poly(ethylene terephtha-
late) (PET), fluoroethylene vinyl ether (FEVE), polyethylene naphtha-
late (PEN), and glass were identified using attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. The survey team
was unable to conduct surveys on fields with known PA backsheets due
to safety considerations, but were able to collect a fielded module (Cfa
5yrs Exposure) with PA backsheet.

3.2. Visual inspection

Several observational features were identified during the field visual
inspection of the PV site and are described here. The visual inspection
showed accumulation of soilage, vegetation, insect eggs, avian nests,
bee colonies, among other biological entities on the backsheets in the
field surveys. Fig. 4 shows a soiled module observed from the site
located in Portland.

Fig. 5 displays micro-cracks observed on PEN backsheets of modules
from the Maryland site (SS-16-8). These micro-cracks were present
during the survey conducted after ten years of exposure, but were
absent during previous surveys of the same site (2016 and 2020 years).
It is noteworthy that all modules exhibiting micro-cracks were located
at the edges of the top ‘Subrow’. For all other materials, no visible
cracks were observed during visual inspection, although some retrieved
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Table 2

Solar Energy 291 (2025) 113346

The information of field surveys has been completed in this work (40 sites in the United States and 1 site in Taiwan, ROC.
Sites labeled SS-17-2 and SS-19-5 are regional testing facilities that have multiple different technologies under exposure for

various lengths of time.).

Site Backsheet Size Age Climate State/Region Measured
Name Materials (Years) Zone Modules
IN-01-1 Acrylic PVDF 1-5 MW 10.838 Am Taiwan 54
SS-15-1 Acrylic PVDF 20 MW-25 MW 1.419 Cfa SC 60
SS-15-2 FEVE 10-15 MW 1.416 Cfa SC 60
SS-15-3 FEVE 5-10 MW 1.422 Cfa SC 68
SS-15-4 Acrylic PVDF 1-5 MW 1.830 Cfa TN 184
SS-16-0 PEN <1 MW 4.173 Cfa MD 201
SS-16-1 PEN <1 MW 8.329 Cfa MD 201
SS-16-2 Acrylic PVDF 1-5 MW 1.578 Cfa MD 216
SS-16-3 Acrylic PVDF 1-5 MW 9.110 BSk Cco 72
SS-16-4 PVF 1-5 MW 6.868 Csb CA 188
SS-16-5 Acrylic PVDF 1-5 MW 9.619 Csa CA 72
SS-16-6 PET 1-5 MW 7.589 Csa CA 72
SS-16-7 Acrylic PVDF 1-5 MW 3.458 Cfa MD 216
SS-16-8 PEN <1 MW 10.214 Cfa MD 222
SS-17-1 PET 1 MW 5.184 Cfa/Dfa OH 160
SS-17-2 Varies <1MW 7.184 Cfa/Dfa OH 21
SS-17-3 PET 1 MW Varies Cfa/Dfa OH 224
SS-18-1 FEVE <1 MW 10.734 Dfa IL 32
SS-18-2 FEVE <1 MW 10.734 Dfa IL 48
SS-18-3 FEVE <1 MW 12.704 Dfa IL 72
SS-19-1 PVF <1 MW 6.910 Cfa FL 24
PET 32
S$S-19-2 PVE <1 MW 6.910 Cfa FL 16
SS-19-3 E‘XII\DIF <1 MW 6.910 Cfa FL 26
SS-19-4 THV <1 MW 6.910 Cfa FL 26
SS-19-5 Varies <1 MW Varies Cfa FL 20
SS-20-1 PVDF <1 MW 14.773 Cfa MA 36
SS-20-2 PVF <1 MW 38.789 Cfa MA 160
SS-21-1 PET <1 MW 2.247 BSk NM 30
SS-21-10 PET <1 MW 2.589 BSk NM 24
SS-21-2 THV <1 MW 6.753 BSk NM 28
SS-21-3 Acrylic PVDF <1 MW 4.167 BSk NM 24
SS-21-4 Acrylic PVDF <1 MW 4.167 BSk NM 24
SS-21-5 PET <1 MW 3.586 BSk NM 24
SS-21-6 PET <1 MW 3.586 BSk NM 24
SS-21-7 PET <1 MW 4.167 BSk NM 24
SS-21-8 PET <1 MW 4.167 BSk NM 24
SS-21-9 PVF <1 MW 5.170 BSk NM 24
SS-22-1 PVF <1 MW 12.419 Csb OR 96
SS-22-2 Glass <1 MW 7.025 Csb OR 60
SS-23-1 PET 1-5 MW 5.679 Dfb MN 96
SS-23-2 FEVE 1-5 MW 6.600 Dfa MN 180

modules that were collected exhibited backsheet cracking (Fig. 6). The
retrieved modules (5yrs exposure, Cfa, PA Backsheet) exhibits deep
longitudinal cracks.

Fig. 6 shows a visible degradation difference between sections near
the junction box and other sections from a retrieved module collected
from the commercial power plant. The backsheet color highlighted in
the blue box is more yellow than the other sections of the modules.

3.3. ATR-FTIR

ATR-FTIR results are used to determine the backsheet materials.
Samples were compared to FTIR reference spectrums for
poly(vinylidene fluoride) (PVDF), acrylic PVDF, poly(tetrafluoroethylene-
co-hexafluoropropylene-co-vinylidene  fluoride) (THV), poly
(vinyl fluoride) (PVF), two types of poly(ethylene terephthalate) (PET),
fluoroehtylene vinyl ether (FEVE) and polyamide (PA). PET with coat-
ing and PA were not present in any of the surveyed fields, but a fielded
PA module was obtained for analysis. Seven different polymeric mate-
rials and one glass backsheet were identified from the FTIR analysis.
The number of the samples for each material can been found in Table
3a.

Fig. 7 shows the FTIR spectrum comparison for two brands on the
same site. Both backsheet materials were determined to be PET based.
The spectrum is inconsistent at the lower wavenumbers, from 600 cm™!

Fig. 5. Micro-cracks were observed from the site with ten years exposure. Site is
located in Maryland within Cfa climate zone. The airside layer material is identified
as PEN.
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Table 3

(a) Number of modules and individual surveys for each air-
side material identified through FTIR analysis (b) Number of
modules and individual surveys for each Koppen Geiger Climate
Zone in the dataset.

(a) Material types surveyed.

Material Surveys Measured
Types Modules
Acrylic 9 850
PVDF

FEVE 6 460
PEN 3 624
PET 11 734
PVDF 2 134
PVF 6 508
THV 3 56
Glass 1 60

(b) Surveys by climatic zones.

Climatic Surveys Measured
Zones Modules
Am 1 54

BSk 11 322

Cfa 19 2175
Csa 2 144

Csb 3 344

Dfa 7 737

Dfb 1 96

Fig. 6. A Retrieved Module after 5 years exposure in Cfa climate zone with PA
outer-layer collected using the field survey protocol. The module displays non-
uniform degradation and deep longitudinal cracks. The retrieved module has significant
degradation near the junction box. This sample was obtained from a un-surveyed field,
due to safety concerns.

to 1250 cm™!. Also, the ratio between some peaks is not consistent with
the reference spectrum. It can be seen that the peak around 1170 cm™!
has a significantly higher intensity in brand A, but not for the reference
and brand B.

3.4. Yellowness index

Yellowness Index is a point in time measurement, and is used to
characterize a specific sample at the time of measurement. By measur-
ing multiple values of Yellowness Index across different materials and
exposures, relative comparisons can be made based of the length of
exposure and its severity. This makes Yellowness Index a useful proxi
for measuring the severity of degradation. However, to make exact use
of this information, a unexposed sample of the exact fielded material
would be needed for comparison [23]. By aggregating large amounts of
measurements while accurately describing the exposure of the material
that lead to its current condition (in something like a field survey proto-
col), comparative studies of degradation can be conducted comparing
the relative change in the severity of different exposures and change
in each materials relative performance measured in Yellowness Index.
Prior to analysis, the YI data was preprocessed to remove erroneous
measurements and signals from biological contaminates. The values
beyond +3 standard deviations (SD) from the mean for each ‘Row’
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were considered to be outliers and have been removed from analysis,
but they are retained in the publicly available dataset. Generally, there
will be 6 measurements for each module based on the protocol. In this
research, we have YI data from 3,467 modules across all 41 surveys.
Significant non-uniformity was found in the spatial distribution of YI
values.

Fig. 8 shows the range of YI for all the material identified from the
surveys, colored by the climatic zone the materials was exposed under.
The total range of YI are from —8 to 25, where PEN has the highest
value of YI and PET has the lowest values of YI. PET and PEN exhibit
the largest range of YI values. None of the materials surveyed were
exposed in all of the observed climate zones.

Fig. 9 illustrates the results of three site visits conducted in Mary-
land, which falls within the Cfa climate zone and a PEN based material
backsheet. According to protocol, only a portion of the total ‘Rows’ and
‘Subrows’ needed to be measured, leaving empty plots when they are
arranged in a spatial manner. In the case of Row 5 and Subrow B,
measurements were only taken during the surveys conducted after four
years of exposure.

In Row 1, Row 2, Row 3, Row 4 and Subrow C, Subrow D,
Subrow E, the edge modules, the modules in the red box, exhibited
YI values roughly 2 — 5 units higher than those of the middle modules
or ‘Rows’. As the exposure time increased, the YI values showed a more
significant increase between four years of exposure and eight years of
exposure, compared to the increase between eight years of exposure
and ten years of exposure. After four years of exposure, ‘Subrow’ ‘A’
displayed an average YI value of approximately 20, which was higher
than the average YI value of 15 observed in Subrow C, Subrow D, and
Subrow E. Over time, the difference between the edge modules and
middle modules in each ‘Row’ decreased. After ten years of exposure,
the YI of the edge modules in Subrow A had lower YI than the middle
modules, which is contrary to the previous field survey results, and the
other measurements in the same survey. Cracking was only observed
on these anomalous edge modules (Fig. 5)

A heatmap was utilized to depict the YI values in their respective
measurement locations for each ‘Row’, as shown in Fig. 10. These
results were obtained from the site SS-17-3, which falls within the Cfa
or Dfa climate zone. The backsheets measured in these surveys were
composed of PET material. Each small box within the figure represents
the results of six measurements taken from a single module. The YI
values range from —1.5 to 0.

From the view of the ‘Rows’, it is evident that Module 1, Module
2, and Module 3 exhibit higher YI values compared to the modules
in the middle of the ‘Row’. Additionally, within Subrow A, the top
position displays a higher YI value in comparison to the bottom position
of Subrow B. From the view of each modules, the measurements closest
to the junction box are typically located either at the bottom middle
or top middle of the modules. These measurements near the junction
box consistently have higher YI values than other positions within each
module, with the exception of certain modules located at the edges of
the ‘Row’.

Fig. 11 shows the YI results obtained from a site where the ground
coverage changes, along with a schematic of the map and the ‘Row’
arrangements. In the field layout map, the blue box represents an
area where the ground is covered by grass. Conversely, the red box
corresponds to an area with a ground cover consisting of gray stone.
Fig. 11(b) illustrates the arrangement of ‘Rows’ and ‘Subrows’ at the
site, progressing from Subrow A to Subrow E in decreasing order of
clearance. Fig. 11(c) displays the YI results obtained from this site.
Measurements made in gray stone ground cover area (red box) exhibits
relatively higher YI values compared to grassy area (blue box). Row 5
had dense weeds located behind the mounting rack, this ‘Row’ and its
‘Subrows’ exhibited the lowest YI values of the site.

Fig. 12 shows the YI results obtained from SS-16-3 which had a non-
uniform ground clearance, accompanied by corresponding schematics.
In the YI results, the red box represents modules installed on a flat
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Fig. 7. A comparison of the ATR-FTIR spectra of PET from two different brands, obtained from the same site SS-17-3 within the Cfa or Dfa climate zone. The black line represents
the reference spectrum of PET. The brand B spectra shows a strong absorbance near the lower wavenumbers most likely due to the absorbance of titania-dioxide fillers [49].

FEVE PEN
5.0
25
2:5 20
0.0 $ 15
2.5 n =284 10
7 11
PVDF
2.5
0.0 n =581 h'=1427 0
2.5 &
n=156 -4 n=163 n=167
7 9 10 7
ﬁ 5 PET
T
co ——
- n=179 -
3-5 n= 552 n=834 n=431
(] n =139
§ 2 3 4 6 8
0 PVDF Acrylic
=10
()]
> 5
=320,
0
n=1286
-5 n=284
1 2 3 4 11
10 PVF
5
0 n=142 N=583 N=142 n=215 -7,
n =760
1 5 6 7 11 12 15 39

Climatic Zone

Bsk[ ] cfa| | csa[ ] Drfa

Exposure Length (Years)

Fig. 8. The variation of YI over time for each material, derived from all surveys. The color represents the corresponding climate zone for each exposure duration. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)



R.J. Wieser et al. Solar Energy 291 (2025) 113346

1 2 3 4 5
25| gotHtaniviititoiiiyg | it one v e o8 | lpt b0 0 e )l b0 e s TR R SR
L i

&
20 '-.;-;---,'po-a-.h...* oyl | e |8 o4 .'} Fe §l el g fpe lsod {‘. PSR P ) .-'}
15
10

25
20 @
x 15 i
glo
= 25 3 ‘

20| Silitsistitithustit iji Mo+ b “iH o 1f I IEREETR I T | L A .;a
YL b 7 | BRI UF8 | BB EMREL 48 | 1 I if [ EEERBORRE

810

=0 Byt

15 fh
10

25
I e | SRR o SRR R 5
¢

-

.
a

Bl

154
100 ¢

88 {
spesertageasenn i |1 ot 0 o o l..;-*,.-h { }{. . P |k

10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40 50
Row Length (m)

°

Exposure Years —- 4 — 8 - 10

Fig. 9. Spatially distributed YI values for site in Maryland. Three separate visits were conducted at different times for site SS-16-8 with Cfa climate zone. The site was constructed
in the year 2012. The red boxes highlight ‘Rows’ that exhibit a significant “Edge Effect” at this particular site. The horizontal axis represents the Row Name, while the vertical axis
represents the ‘Subrow’. A vertical column represents one continuous mounting structure, whereas a horizontal column shows the variation of a single ‘Subrow’ across different
‘Rows’. A top down and side view of the site can be found in Fig. 11a & Fig. 11b. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

1 2 3 8 13 18 23 28 33 38 43 48 53 58 63 68 73 76 77

>~

Subrows and Rows
’E

H
b

g
et v

Modules

Yellowness Index
-15 -1.0 -05 0.0

Fig. 10. The heatmap represents the YI values for Row ‘4’ obtained from the site located in Cleveland, Ohio within the Cfa or Dfa climate zone. The horizontal axis corresponds
to the Module Name, while the vertical axis displays the ‘Subrow’ Name and Row Name. The measurements of YI have been arranged according to their measurement positions.

Rowi Row2 — FRowd — Rows

NoData No Data NoData No Data H’M i °

i i d
No Data m
M - #Wﬂl”i’gl}i L
oL kfm i) £ L
25 50 75 100 25 50 75 1000 25 50 75 100 25 50 75 10® 25 50 75 100
Row Length (m)

Fig. 11. The site SS-16-8 has a non-uniform albedo distribution. The site is located in Maryland within the Cfa climate zone. Red box has a high albedo ground. Blue box has a
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Fig. 12. The modules located in SS-16-7 were mounted on a uneven surface with significant changes in ground clearance within a ‘Row’. The site is located in Maryland within
the Cfa climate zone. The red boxes indicate regions with flat ground. The blue boxes are regions with significant elevation changes. (a) Schematic of flat ground (b) Schematic
of sloped ground (c) YI results and spatial distribution, illustrating the difference degradation patterns across the site. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

ground, while the blue box represents modules installed on a inclined
surface. Fig. 12(c) displays the YI results obtained from this site. The
modules mounted on a uniform section of ground with low clearance
exhibited a greater YI than the same modules mounted with high
ground clearance.

3.5. Gloss

Material gloss was measured in conjunction with yellowness index
at the same measurement locations. For modules, the variance of
gloss value at 60° was much larger than the results of YI. A similar
trend to spatial YI distribution was observed in the gloss results.
The gloss results also show a difference between measurements on
edge modules and middle modules. Additionally, gloss measurements
close to the junction box have a significant difference compared to
the other measurement positions. This was observed in both fixed
tilt and tracker mounting structures. The intra-module gloss variance
was larger than the inter-‘Row’ gloss variance, making it difficult to
establish correlations to particular exposure conditions.

4. Discussion
4.1. Backsheet variability

The study was unable to determine the airside materials of the
installed modules before surveying due to lack of information of the
bill of materials and metadata. In addition, the formulation for each
backsheet material varies between different brands or even within
batches of modules [23] (Fig. 7). This leads to a large variance in
degradation predictors for the same bulk polymer, and is especially
present in the many formulations of PET that were surveyed (Fig.
8) [22]. The discrepancies in measurements within a polymer can be
attributed to differences in the ratio of the polymer components, chain
length, structure, and the ratio or composition of additives [23,27]. The
manufacturing process impacts the overall performance of the material
in the in real-world.

Furthermore, the backsheets are made of laminated polymers rather
than a single layer or can be multiple layers with the same polymer.
The non-destructive methods used to characterize modules in this
survey only measure the air-side layer of the backsheet and could
not characterize the other layers or deeper into the samples. Although
the current measurements were limited to surface characterization, the
proposed field survey protocol can be extended to other types of survey
equipment that could measure different degradation predictors within
the backsheet, encapsulants or cells [50-52].

4.2. Material performance

The aging sensitivity of backsheet polymers varies, as shown in
Fig. 8. Notably, certain fluoropolymers such as FEVE, PVF, and THV

exhibit a color change to blue rather than yellow after exposure, but is
imperceptible to the naked eye [17,26]. Additionally, the fluoropoly-
mers had a much smaller range of values, which could mean that
they have exhibited little change from their unexposed state [39,53].
This can be attributed to the superior stability of fluoropolymers,
stemming from their inherent resistance to UV radiation due to the
robust carbon-fluorine bonds they possess [9,22]. On the other hand,
PEN demonstrates the largest variance among surveys and displays a
significant temporal degradation distribution, as depicted in Fig. 9.
After 10 years of exposure, visible degradation is observed at the top
edges of PEN modules, as shown in Fig. 5. This area is subjected to the
highest exposure in the field. In comparison to other materials, PEN ex-
hibits large variance and high susceptibility to color change in response
to irradiation. Although PEN is not a commonly used material in silicon
PV backsheets, its susceptibility to changes in exposure environment
highlight the spatially anisotropic nature of degradation stressors, and
could provide information on how similar materials may behave under
lifetime exposure [26,29].

4.3. Climatic zone specific degradation

Given that most materials were only measured in a limited number
of climate zones, it is challenging to compare the effects of different
climate zones on degradation. Moreover, fluoropolymers are widely
recognized for their exceptional resistance to aging, which makes it
difficult to detect degradation across diverse climate zones, as depicted
in Fig. 8. When comparing the degradation patterns among various
climate zones and materials, it becomes evident that certain materials
may not exhibit discernible differences in degradation behavior while
other materials may be sensitive to these changes [31,31]. For example,
a substantial variation is observed in the YI results of PVDF between
the BSk and Cfa climate zones. However, for THV and PVDF with
acrylic, the differences are found to be insignificant. While climate
zone classification alone may not fully capture the nuances of different
weather conditions, it does not negate the existence of weather-related
influences on the degradation behavior of materials [22].

4.4. Spatially anisotropic degradation

Elevated edge degradation was observed for all materials and cli-
matic zones, which will be referred to as ‘Edge Effect’. Edge effect was
more significant for the fixed tilt systems. As shown in Fig. 9, the edges
of the ‘Rows’ experienced higher values of degradation predictors than
the middle of ‘Rows’.

The non-uniform distribution of irradiance may contribute to the
’Edge Effect’. Due to the complex interactions between the racking
structure, ground clearance and surface albedo, the irradiance reflected
from the ground can vary significantly in a ‘Row’ and even within a
single panel. For fixed tilt systems, the edge modules are subjected to
higher total exposure due to the increase of intensity of light being
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reflected from the unshaded ground located near the ends of ‘Rows’.
Conversely, modules mounted in the center of ‘Rows’ do not experience
the same intensity of light, leading to a overall lower total exposure.
Previous research on SS-16 found that the edge of ‘Rows’ experienced
higher irradiance exposure than the middle of ‘Row’, when measured
by an irradiance sensor [29].

The presence of unshaded ground could also lead to a similar effect
for ‘Rows’ with multiple ‘Subrows’. Modules mounted at the top most
‘Subrow’ have a higher amount of incident light being reflected from
the ground (which is unshaded) behind the mounting structures than
modules located in center ‘Subrows’. Likewise, modules located on
bottom ‘Subrows’ can have an increased exposure due to the reflection
of light from the area in-front of ‘Row’. These effects are mediated by
the ground albedo that the modules are mounted on which changes
the intensity and distribution of wavelengths that are reflected. All of
these changes in exposure environment can cause distinct exposure
conditions leading to non-uniform degradation observed in the field
(Fig. 11).

Variable ground covering also affects the intensity of reflected
light [29]. Most of the surveyed fields were covered with stone or
grass, but the coverage and consistency of material varied from ‘Row’
to ‘Row’. Additionally material specific properties not only affect the
intensity of reflected light, but also the wavelength. For example, gray
stone reflects more UV than the green grass, so modules installed
on stone substrate will experience higher exposure than if they were
installed on grass [54]. Fig. 11 shows the significance of changing the
ground albedo on degradation predictors. In this site, the grass has
a lower albedo, leading to less UV light incident on the modules at
the right edge of ‘Rows’. The ground cover on the left side of the
array is comprised of gray rock, which has a higher UV albedo. The
modules mounted over the high albedo gray rock have much higher
degradation predictor values when compared to the modules mounted
on the low albedo surface of grass. This effect is prominent for both
the edge modules and for modules mounted in-front of foliage in “Row
5” (Fig. 11). These changes in ground albedo have lead to distinct
degradation behaviors across many of the surveyed sites and in the
literature [26,29].

Non-uniform distances between ground and modules also effect
the magnitude of exposure [55]. Larger distances from the ground
to the backsheet surface allow for more light scattering, leading to
a decrease in overall light intensity [56]. If the mount height of the
edge modules is significantly higher than the middle modules of the
‘Row’, the “Edge Effect” will be less significant or even not be present.
Fig. 12 compares the ‘Rows’ with different mount heights. For the
‘Rows’ with sloped ground, blue boxes in Fig. 12 show more prominent
‘Edge Effect’ than others. This regions correspond to areas with smaller
ground clearances.

Materials differences can also affect the degree of anisotropy mea-
sured in the field. Stable materials are less sensitive to changes in their
environment, which reduces the effects from non-uniform exposure
conditions.

4.5. Non-uniform module degradation

Spatially resolved measurement techniques showed non-uniform
degradation within module, as evidenced by visual inspection and heat
map results shown in Figs. 6 and 10, which has been noted in the
literature [26,29,53] The location of the junction box was observed
to have a significant impact on both YI and gloss results. The mea-
surements near the junction box consistently exhibited more significant
degradation predictors compared to other positions within the module,
particularly for modules located in the middle of ‘Rows’. Even in cases
where the location of the junction box was inconsistent, the sections
near the junction box still exhibited higher values of YI. This trend
held true for both tracker and fixed tilt modules, indicating that the
proximity to the junction box was a critical factor in degradation.
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The higher degradation near the junction box can be attributed to the
elevated temperature of the junction box during module operation, as
suggested by previous studies [57]. The increased temperature likely
accelerates the degradation process, leading to more pronounced effects
on the backsheets in close proximity to the junction box. Edge modules
experience the combined effect of elevated junction box temperature
and the ‘Edge Effect’ and thus had a less significant difference than the
center modules. The anisotropy in edge modules is dominated by the
increased rear-side irradiance and thus has a lower variance compared
to the modules in the middle of the rows.

4.6. Spatio-temporal degradation patterns

The field study protocol enabled the repeat surveying of PV sites
in a reproducible manner. By measuring the same modules in the field
over the course of multiple years, this study observed the real world
degradation of field aged modules and how it progresses not only in
time, but as a function of the module’s location in the field/mounting
structure. Field surveys at SS-16-0, SS-16-1, SS-16-8 span 6 years of
exposure, and represent the middle life of the system, measurements
were conducted on the same modules in the same locations for all
surveys. A prominent spatial anisotropy is noted across all ‘Rows’ and
‘Subrows’, where the edge modules exhibit higher YI than the middle
modules. This behavior changed in Subrow A in the most recent field
survey, where the YI of the edge modules seemed to saturate, and in
some cases was lower than that of the middle modules. The decreased
production of yellow chromophores and increase of photobleaching
of the edge modules indicates a change in degradation mechanism in
the material under extended exposure. Subrow A is believed to have
the highest amount of exposure due to the relatively high amount of
UV light incident on the top most row of modules 4.4. The micro-
cracks observed during the visual inspection of the site were only
located on edge modules in Subrow A, which indicates that the change
in degradation mechanism from yellowing corresponds to emergent
degradation modes in the material that lead to cracking under pro-
longed exposure. This behavior has been studied in indoor accelerated
exposures, where after extended exposures (> 2500 h cyclic exposure)
laminated coupons stopped increasing in YI which then lead to cracking
of the material [58].

4.7. Field survey protocol

Developing a comprehensive field survey protocol has significantly
enhanced our understanding of various critical factors influencing pho-
tovoltaic (PV) material performance. This protocol enabled us to iden-
tify and analyze backsheet material variability, revealing how differ-
ences in material formulation impact backsheet longevity. Additionally,
we gained valuable insights into material performance under diverse
environmental conditions. By examining modules across different cli-
matic zones with the same airside material, the protocol enables studies
of the sensitivity of materials to changes in climatic exposure. The
survey also highlighted spatially anisotropic nature of degradation,
indicating that degradation rates can vary within different parts of the
same ‘Site’ or ‘Block’ or ‘Row’ or ‘SubRow’ or even ‘Module’ due to
changes in the local micro-climate around the material. We observed
able to observe non-uniform module degradation in the field, which
stresses the necessity of detailed, localized analysis and a limitation
of lab accelerated aging. Lastly, the identification of spatio-temporal
degradation patterns provided a deeper understanding of how degrada-
tion evolves over time and space. This protocol encompasses a broader
view on how to develop a field study protocol and conduct field mea-
surements, and is intended to be used for a variety of non-destructive
field measurements for any type of survey data.
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5. Conclusions

In this research, a robust and refined protocol for conducting spa-
tially aware field surveys was developed, incorporating domain knowl-
edge and field observations. This protocol establishes a standardized
nomenclature for PV field surveys and serves as a statistically in-
formed framework that can be generalized to other components of
PV modules. It enables research groups to ensure the quality and
quantity of collected data. Based on the results obtained from a total
of 41 surveys, both spatial and temporal degradation patterns were
observed. Specifically, the sections near the junction box exhibited
greater degradation compared to other sections, attributed to accel-
erated polymer aging caused by heat dissipation from the junction
box. Furthermore, modules located at the edges of ‘Rows’ demonstrated
higher levels of degradation, known as the ’Edge Effect’. This effect is
influenced by various micro-climatic factors, including non-uniform UV
distributions, mounting configuration, mount height, and variability in
ground cover. It was observed that PEN exhibited the highest sensitivity
to exposure, while most fluoropolymers displayed lower sensitivity.
Moreover, comparing the behavior of materials across various climate
zones revealed inconsistent trends, suggesting that macro-climate alone
may not provide sufficient weather information for comprehensive
backsheet degradation analysis. These observations highlight the non-
uniform degradation experienced by fielded modules, offering a more
comprehensive understanding than accelerated testing alone.
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