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Abstract. We present a practical, field-deployable workflow for the identification and analysis of localized
polymer degradation in photovoltaic modules, observed as bubbles and burn marks in three multi-MWp power
plants in Brazil and Germany. The approach combines high-throughput screening—rvisual inspection, infrared
thermography, ultraviolet fluorescence imaging, and serial-number mapping—with selective in-depth analyses
of representative modules using electroluminescence, current—voltage measurements, and near-infrared
absorption spectroscopy. The workflow enables efficient detection of anomalies across large installations, while
confirmatory tests validate root causes on a limited subset. Defects occurred in about 3-4% of inspected modules
and were concentrated in the upper and lower cell rows. Although all sites experienced similar partial shading,
anomalies appeared only in PET-based backsheets with PVDF or PVF outer layers, highlighting material-
dependent susceptibility. No immediate electrical or safety impact was found, but continued monitoring is
advised to mitigate future reliability risks. The presented methodology offers a scalable, drone-compatible
framework for early-stage field detection of polymer degradation.
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1 Introduction

Several multi-megawatt (MWp) photovoltaic (PV) power
plants have reported operational anomalies that conven-
tional electrical measurements failed to detect. Given the
plants’ short operational time, early identification of root
causes is essential to prevent further degradation and to
ensure long-term system reliability. To address these
challenges, we implemented a multi-method, large-scale
inspection across three multi-MWp power stations, aiming
to evaluate and understand the root-cause for the
formation of these anomalies. In this publication the terms
anomalies and faults refer to bubbles on the module
backside or delamination on the module frontside that are
sometimes accompanied with burn marks. Our diagnostic
strategy combined visual inspection (VIS), ultraviolet
fluorescence (UVF) imaging, infrared (IR) imaging, serial
number (SN) scanning, electroluminescence (EL) imaging,
current-voltage (IV) measurements, and near-infrared
absorption spectroscopy (NIRA). Our hypothesis is that
inter-row shading can cause damage to vulnerable areas of
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PV modules and impact system reliability and longevity.
Although various PV plant modeling approaches have been
developed to optimize short-term performance [1-3],
integrating these with degradation assessments is essential
to improve system durability and extend operational
lifetime.

This work introduces a two-stage diagnostic workflow
rather than a purely investigative case study. In the first
stage, rapid screening methods (VIS, UVF, IR, SN
mapping) are applied to large module populations to
identify anomalies efficiently [4]. In the second stage,
targeted confirmatory methods (EL, IV, NIRA) are
performed only on selected modules to determine root
causes. Although EL and IV are not high-throughput,
applying them selectively keeps the overall workflow time-
and cost-efficient for multi-MWp systems. VIS serves as
the initial diagnostic tool, enabling documentation of
surface-level faults and anomalies. This is complemented
by SN scanning, which facilitates the correlation of data
across diagnostic techniques and supports statistical
analysis. IR imaging enables the identification of hotspots
and other thermal irregularities. UVF imaging detects
polymer degradation and composition differences, as
specific degradation byproducts fluoresce under UV light
in characteristic patterns depending on their material
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Fig. 1. Potential/observed consequences of (cyclic) shading: bubbles, blisters and burn marks.

composition [4-8]. In addition to these methods, more
targeted techniques are employed, albeit with greater time
and equipment demands. EL imaging consists of the
application of direct current to induce photon emission,
allowing the identification of inactive or electrically
disconnected regions, which appear as dark areas in the
resulting images. IV-measurements provide the most direct
assessment of electrical performance parameters, including
fill factor and peak power output [9,10].

Among PV module components, polymer materials—
used in encapsulants and backsheets—are typically the
first to exhibit signs of aging. In all plants included in this
study, the modules featured polymer-based backsheets and
ethylene-vinyl acetate (EVA) encapsulants, which are
known to exhibit early-stage degradation under combined
thermal and UV stress. Delamination caused by thermo-
mechanical stresses can occur at the interfaces between the
encapsulant and adjacent layers, such as the glass, cell, or
backsheet. In addition, photo- and electrochemical degra-
dation processes can further promote cell-encapsulant
delamination through the ingress of moisture and air.
Furthermore, the photodegradation of EVA generates
acetic acid, which in turn accelerates corrosion and
contributes to further material degradation like browning
and hotspots [11-17]. NIRA spectroscopy has emerged as a
valuable tool for material identification, degradation
analysis, and moisture monitoring in encapsulants and
backsheets [18-20].

Our study focuses on a specific, yet frequently over-
looked, degradation pattern: the formation of faults in PV
module backsheets, which we hypothesize to be induced by
localized thermal stress from cyclic partial shading. The
approach acknowledges that observed anomalies may
function both as root causes of system degradation and
as indicators of existing malfunctions or suboptimal
component interactions. As a case study, we examine
modules exhibiting anomalies on both the front and rear
sides, as initially reported by plant operators, with the
underlying cause remaining unidentified (Fig. 1).

2 Methodology

Three relatively new PV power plants with anomalies
reported on modules were studied by methods detailed in
Table 1. Two multi-MWp power plants are located at the
northeast region of Brazil and operate modules (nominal
power: 325 Wp, area: 1.94 mz) mounted on single-axis
tracking systems for four and three years, respectively. The
pitch between rows is 4.49 m and the modules are installed
in portrait mode. For the Brazilian sites, shading

percentages were calculated using the Python-based
library pvlib [21-24] to analyze shading and plane of array
(POA) irradiance throughout the day and year. The third
multi-MWp PV system analyzed has been operated for
2 years in central Germany with modules (nominal power:
445 Wp, area: 2.17 m2) installed on a fixed tilted structure.

Visual inspections were carried out manually and on
foot, following the standardized nomenclature and proce-
dures described by NREL [25]. IR imaging was likewise
performed manually at the Brazilian sites using a handheld
FLIR T540 24°, whereas at the German site it was drone-
mounted to efficiently cover a larger module population.
UVF imaging was conducted manually during nighttime to
detect signs of polymer degradation. For each inspection
method, module serial numbers were recorded to compile a
comprehensive, traceable database. This approach enabled
correlation between the detected thermal anomalies (hot
spots) and the visual /fluorescence features observed on the
same modules.

More targeted methods, requiring additional effort,
were carried out to a subset of modules. IV measurements
were obtained in the field using a PVPM 1500X tracer
(PVE Photovoltaik Engineering, Germany) with the four-
wire method, eliminating voltage-drop errors from cable
resistance. During each measurement, module temperature
and front/rear irradiance were recorded simultaneously
using a monocrystalline reference cell positioned in the
module plane, and all data were normalized to STC
(1000 W m™2, 25 °C, AM 1.5 G). A total of 15 modules at
the Brazil 1 site (10 affected, 5 reference) were tested.

NIRA was applied in-situ to identify polymers in the
encapsulant and backsheet and to evaluate water index
(WI) and carbonyl index (CI). Measurements were
performed with NIRONE S2.0 (1550-1950 nm) and
NIRONE S2.2 (1750-2150 nm) spectrometers (Spectral
Engines, Finland)—portable MEMS Fabry—Perot inter-
ferometer sensors coupled to a single InGaAs photodetec-
tor, each offering a programmable optical filter with 10 nm
acquisition step. The sensor, enclosed in a custom
polyurethane protective housing, was placed in contact
on the backsheet under a silicon cell and manually held
during acquisition. The housing shields an area of ~1 cm?
from ambient solar light. At session start, dark and
illuminated Spectralon references were recorded. The
typical integration time was 50 ms, averaging 10-20 scans.
Spectra were processed within the device/app workflow,
and an offline machine learning classifier (trained on our
reference spectra) delivered on-site backsheet labels. For
index evaluation, spectra were recorded from the front
glass at a busbar position. WI (1850-1940 nm) was
computed from S2.0/52.2 data acquired at the same busbar
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Table 1. Quantity of PV modules investigated using different methods, visual inspection (VIS), serial number scanning
(SN), Infrared imaging (IR), UV fluorescence imaging (UVF), near infrared absorption spectroscopy (NIRA),
electroluminescence (EL), current-voltage measurements (IV).

Power plant VIS SN IR UVF NIRA EL v
Brazil 1 183 1512 66 63 84 4 15
Brazil 2 584 584 0 4 360 4 0
Germany 266 266 2545 ) 156 0 0
Total 1033 2362 2611 72 600 8 15

spot. CI (~2130 nm)—which lies within the S2.2 range—
was obtained with S2.2 where available [26]. Interpretation
of the indices is subject to certain limitations: WI is
sensitive to measurement timing and local temperature and
humidity, and thus represents an instantaneous state
during the field campaign. CI depends not only on photo-
oxidation but also on the vinyl acetate content and
additives of the EVA encapsulant. Because EVA grades
may differ between module types and sites, CI and WI were
used here only as qualitative, contextual indicators and not
for quantitative degradation ranking across materials.

EL imaging was additionally employed to detect and
characterize cell-level defects. The measurements were
conducted during the night using a tripod-mounted Canon
EOS M3 with PV vision EL Lens 1.4/50. An adjustable
power source (IT6722A) was used to reversible polarize the
modules with an excitation current of 10% of the short-
circuit current of the PV module.

3 Results

This section presents the results of the field inspections
performed at the three PV plants, focusing on the
occurrence, distribution, and characteristics of faults,
and related degradation patterns. VIS revealed that
3.4% (Brazil 1), 3.08% (Brazil 2), and 4.3% (Germany)
of the inspected modules show anomalies on the backsheet.
Exemplary appearances of these defects are illustrated in
Figure 1. These defects were not randomly distributed but
rather concentrated along the bottom cell rows, and in the
case of tracking systems, also along the top rows, at the
module’s short edges. Within these areas, faults consis-
tently appeared at critical points such as cell edges, corners,
contact points or between the contact points. Although the
anomalies are not readily visible from the front side, their
identification becomes possible when guided by prior rear-
side inspection, discerning front-side features indicative of
delamination, corrosion, and scorch marks.

To better understand whether defects were associated
with specific production batches, SN scanning was
performed. In addition, it facilitated the relation of the
findings from different inspection techniques and helped to
identify potentially more critical positions and locations
within the PV plant. At Brazil 1, the modules were
categorized into eight distinct groups (A-H) according to
recurring patterns in the multi-digit SN. Interestingly,
modules with faults were exclusively found in SN group D,
which modules were distributed across the entire plant.
9.8% of the modules exhibited these anomalies within

group D, which accounts for approx. 34% of the modules
inspected. Figure 2 shows the distribution of the SN groups
and the positions of the anomalies on a map. So far, no
particular physical locations, e.g., row ends, have been
identified as more sensitive to form burn marks. In
Germany, however, the positions of faulty modules often
correlated with the most exposed positions in the hilly
topography of the PV plant.

Material characterization through NIRA spectroscopy
confirmed the use of EVA encapsulant and usually a
double-fluoropolymer as the backsheet. The backsheets
comprise of different combinations of polyethylene tere-
phthalate (PET), polyvinylidene fluoride (PVDF), polyvi-
nyl fluoride (PVF), fluorinated coating (FC), and
polyethylene (PE) (Tab. 2). Across all sites, signs of
material degradation were observed exclusively in PVDF-
and PVF-based backsheets; no faults were recorded for
PET or FC backsheets within our inspected sample.

The WI quantifies moisture uptake in encapsulant and
backsheet materials. The CI reflects the formation of
oxidation products such as ketones and carboxylic acids in
EVA due to photooxidative degradation. Elevated WI and
CI values have been correlated with electrical failure
modes, including increased leakage current, reduced
insulation resistance, and the occurrence of potential-
induced degradation (PID) [27-29]. Average CI and WI
indices varied across the three test sites (Tab. 2), reflecting
differences in environmental exposure and operational age.

Across the three sites, CI values were broadly similar,
consistent with early-stage ageing. WI differed by site,
reflecting environmental exposure, but—as WI is time-
dependent—we interpret it qualitatively as a snapshot
during the campaign rather than a lifetime metric. We
therefore do not attempt to rank materials by CIor Wlin this
dataset; instead, CTand W1 are used to contextualize climate
and exposure while detailed fault localization relies on VIS,
UVF, IR, and EL and backsheet identification by NIRA.

When targeting modules with anomalies, UVF images
showed ring-shaped fluorescence patterns, indicating
similar encapsulant materials in Brazil. Deviations from
this pattern (gaps, distortions etc.) were observed in some
cells, which aligned with anomalies from VIS, likely due to
an increased transmission of air and humidity through the
degraded backsheet (Fig. 3a). Additionally, localized
increases in UVF intensity were detected, potentially
caused by elevated temperatures (Figs. 4a and 4b) [4-6]. In
particular, a nearly twofold increase in UVF peak intensity
was observed in the outer halves of top and bottom cells.
This enhancement is clearly reflected in the plots of mean
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Fig. 2. Typical positions of faults, top cell row on junction box side (a) and bottom cell row opposite junction box side (b), mapping of
batches and marking modules with anomalies at the Brazil 1 site (c).

intensity along both the horizontal and vertical axes of the
two outermost module rows and to a lesser extend also
visible in the peak broadening (Fig. 4). While edge effects
exhibited a similar trend, their magnitude was significantly
lower and thus insufficient to account for the observed
intensity increase. A paired sample t-test comparing the
last and second-to-last intensity peaks of ten modules
yielded a p-value of 1.4 x 107, confirming the statistical
significance of the increased UVF intensity. In contrast,
modules from other PV sites showed no such effect (p-value
= 0.48). Furthermore, an around 30% increase in UVF
intensity was consistently observed in the central region of
the first cell row, aligning spatially with the junction box.
IR images confirmed elevated temperatures at these
junction box positions. This phenomenon strengthens
our hypothesis of the presence of elevated temperatures at
the edge cells correlating with increased UVF intensity.
Due to a combination of lower UV exposure and the
relatively short operation time, UVF imaging did not
reveal strong fluorescence patterns in Germany. In Figure 3,
the IR image (b1) shows an apparently larger affected area
because the thermal anomaly extends beyond the visibly
degraded region seen in VIS and UVF (b2-b3). This
difference reflects the distinct sensitivities of the techni-
ques: IR imaging captures heat diffusion, whereas VIS and
UVF reveal only the localized polymer damage. Further-
more, IR imaging in Germany (Fig. 3b) identified 39
anomalies (overheated cells, hot spots etc.), with 30%
exhibiting faults also showing corresponding IR anomalies,
reinforcing the association between thermal stress and
localized material failure further.

Additionally, EL images of the affected modules
showed electrically inactive cell areas (Figs. 4b and 5
presenting three examples). The edges of the peripheral
cells appear dark in EL images, indicating electrically
deactivated regions. In contrast, the central cells
remained unaffected, as confirmed by EL images of
sample modules (one example in Fig. 3c). These defects
are highly concentrated in specific areas and align with

anomalies found in VIS and anomalies visible in UVF
(Fig. 4).

IV measurements of defective modules in Brazil
yielded an average peak power output of 267 + 2.9 W,
which was comparable to that of intact modules (267 +
3.7 W). This indicates that, despite the physical
degradation observed in the backsheets, no immediate
impact on power output was detected. Insulation resis-
tance measurements did not reveal any critical reductions,
as other field studies reported [30,31|, which may be
attributed to the climatic conditions. The overall shading
percentages and solar POA irradiance of the Brazilian
sites were estimated based on pitch, maximum tracker
angle, collector width and geographical location (Fig. 6)
using a simple model provided by pvlib. The calculated
ground cover ratio was 0.44, which is above the average for
installations at the same latitude (~0.38 [32] or ~0.35
[33]). Shading affecting only half of the bottom or top cell
row, corresponding to an approximate shading fraction of
below 5%, was identified as a critical condition for
inducing reverse bias, thereby causing localized heating
within the module (bottom and top cells row as also
confirmed by the increased UVF intensity at the edges).
The duration of this partial shading remains relatively
constant throughout the year, lasting between 10 and
12 min daily. The average and maximum irradiance varies
with seasons, with average and maximum values ranging
from 635 W /m? to 770 W /m?>. Quantitative shading analyses
were limited to the two Brazilian sites, as the German plant’s
uneven terrain led to variations in tilt angles, row spacing,
and inter-row distances, making a single representative pitch
or uniform shading simulation unreliable.

4 Discussion

Based on the data presented in Table 2, our analysis
suggests that, in the power plants evaluated, the formation
of faults was a highly localized phenomenon, restricted to
the top and bottom cell rows. We hypothesize that these
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Fig. 3. Comparison of UVF and IR imaging for two modules. UVF image with 3 defects (a), IR image with two defects (b), with
corresponding front and rear (images horizontally flipped) VIS. Numbers 1-5 identify the same areas.
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Fig. 4. Two complementary techniques indicating elevated temperatures and faults in bottom cell rows for two different modules:
UVF image of the two outer-most cell rows (negative for enhanced visibility) and corresponding mean intensity along horizontal and
vertical axes of modules (a), EL-images showing inactive areas (b).
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Fig. 5. Visualization of cell parts affected with anomalies (top and bottom row) for two exemplary PV modules I and II, from left to
right: EL, VIS, UVF from the front and VIS from the rear (rear VIS images horizontally flipped).

defects resulted from localized temperature increases
induced by partial shading. Although no direct tempera-
ture measurements were recorded during the field
campaign, our interpretation is based on the spatial
correlation between the observed anomalies and the shaded
cell regions identified in VIS, UVF, and IR images. This

qualitative agreement supports the proposed mechanism even
in the absence of direct thermal data. Specifically, adjacent
rows created partial shading of these cells early in the morning
or, in the case of tracking installations, in the morning and late
in the afternoon as well. This hypothesis is supported by
elevated UVF intensity at bottom/top cell rows and at



6 B. KéfRer et al.: EPJ Photovoltaics 17, 7 (2026)

0.8

Irradiance below 5% shading 0
6

Irradiance I_f
=== Shaded Fraction “4:3
-===- 5% threshold ;
0.2
SN A——
06:00  08:00 10:00 12:00 14:00 16:00 18:00
Time

60
Maximum irradiance under 5% shading
= = Critical Shading Time (min) 50

10

ded time (min)

oo o o "o " g " "

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 6. Calculated irradiances and shaded fractions in Brazil; shading fractions below 5% highlighted on 2024.06.01 (left); maximum

irradiance and shading time below 5% throughout 2024 (right).

Table 2. Correlating backsheet materials (PVDF-PET-PVDF (PVDF), FC-PET-FC (FC), PVF-PET-PVF (PVF),
and PET-PE-PET or PET-PET-PE (PET)), carbonyl index (CI), water index (WT), and operation time with failure

percentages.

Power Backsheet CI WI Operation Percentage of Percentage System

plant materials time faults in top and of faults in configuration
(percentage bottom cell rows inner cell
of modules) rows

Brazil 1 PVDF (89.3%)  0.525  0.142  4yr 3.4% 0% Single axis
PET (8.3%) 0% 0% tracking
FC (2.4%) 0% 0%

Brazil 2 PVDF (31.7%) 0485 0.132 3 yr 3.08% 0% Single axis
PET (33.6%) 0% 0% tracking
FC (34.7%) 0% 0%

Germany  PVF (100%) 0.518  0.021 2yr 4.0% 0% Fixed tilt angle

Note: CI and WI are aggregated by site because both indices were measured at the front-side busbar and are dominated by encapsulant

ageing under local climate/exposure.

junction boxes consistent with localized thermal differences.
Also, shading and irradiance modeling confirm consistent
shading of bottom/top cell rows with irradiance levels
reaching up to 770 W/m? The partial shading induced
reverse bias in the affected cells, concentrating current density
particularly at the vulnerable areas of the module, particularly
cell edges and soldering points potentially due to variations in
material selection or manufacturing parameters. Literature
reports that reverse-bias hot-spots in c-Si modules can exceed
~100°C at the cell that were observed in controlled hot-spot
endurance tests; front-surface IR typically underestimates cell
peak temperature due to the glass cover and lateral heat
spreading [34-36].

As only specific backsheet compositions exhibited
defects, we assume that the thermal degradation of
polymers—specifically EVA, PET, PVF and PVDF—is
the primary contributing factor. The decomposition of
these materials produce gaseous byproducts [11-14].

Multilayer backsheets provide limited but finite
permeability to small molecules: diffusion through fluo-
ropolymer/PET stacks is slow relative to short hot-spot
events, enabling local gas build-up and blistering, whereas
long-term diffusion/venting (or leakage via micro-cracks)
can release gases over extended periods. This aligns with

published permeability data and field observations of
moisture ingress [37].

Site-level CI and WI were broadly similar in magnitude
across plants (Tab. 2). We interpret these indices
qualitatively: WI represents a time-dependent field
snapshot, and CI can reflect EVA formulation (e.g., VA
content, additives) in addition to photo-oxidation [28].
Accordingly, we do not assign degradation mechanisms
based on CI and WI alone and rely instead on VIS, UVF,
IR, and EL fault localization and backsheet identification
for our conclusions.

Whereas EL images show electrically inactive cell
edge regions in modules, IV measurements demonstrate
no measurable performance loss of affected modules.
Previous studies on backsheet degradation are consistent
with these results but suggest a future decline in
insulation resistance. Continued monitoring is necessary
to track the progression of these issues. Degraded
backsheets facilitate moisture ingress, increasing the
risk of faults like corrosion, delamination, and reduced
insulation resistance [31,38]. Further measurements,
especially under different climatic conditions, are essen-
tial to assess how these issues may evolve and impact
long-term module reliability.
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Although shading patterns were uniform across all
module groups, the occurrence of anomalies was restricted
to serial-number Group D. This finding suggests that
manufacturing or material-related differences—rather
than shading alone—were the dominant factors in defect
formation. All groups experienced similar daily partial
shading of the top and bottom cell rows (covering <5% of
module area, confirmed by pvlib simulations), yet only
Group D exhibited visible backsheet degradation. The
affected batch likely had minor variations in polymer
formulation, lamination conditions, or cell-ribbon adhe-
sion, which increased its sensitivity to localized reverse-bias
heating and gas accumulation within the backsheet stack.
This interpretation is consistent with (i) the identical
environmental and operating conditions across groups, (ii)
the consistent localization of defects at cell edges and solder
points, and (iii) the observation that comparable shading
conditions at other sites (Brazil 2 and Germany) led to
degradation only in PVF and PVDF-based backsheets.
These results reinforce that partial shading acts primarily
as a trigger, while batch-dependent material properties
control the actual manifestation and severity of degrada-
tion. This highlights the importance of stringent quality
control in manufacturing and routine maintenance of PV
power plants. To enable an effective and efficient approach
for fault detection in operational PV plants we propose
high-throughput, on-site inspection using VIS, UVF, IR,
supported by EL imaging, IV measurements and NIRA
analysis for selected modules. VIS allows for a rapid
identification of faults, including those located on the front
and rear sides of modules. As shown in Figure 3, IR imaging
sometimes fails to detect smaller faults, that can be
detected by UVF. The more in-depth methods EL, IV, and
NIRA support the analysis by correlating the faults to
potential causes and effects. This method facilitates
proactive maintenance, allowing operators to identify
weak points and mitigate potential risks before they
impact system performance and cause safety issues.

5 Conclusion

This study demonstrates that early-stage polymer
degradation can occur even in relatively new PV modules
when localized thermal stress from partial shading
coincides with material vulnerabilities. The results show
that shading primarily acts as a trigger, whereas back-
sheet composition and manufacturing variations (notably
PVDF/PVF constructions) determine the severity and
distribution of the damage. No measurable performance or
insulation losses were detected at the time of inspection,
confirming that the affected modules remain operational
and safe. However, the presence of visible backsheet
anomalies justifies periodic monitoring to prevent long-
term reliability issues.

The proposed methodology integrates high-throughput
techniques (VIS, IR, UVF, SN) for rapid, scalable screening
with targeted analyses (EL, IV, NIRA) for detailed fault
confirmation. This combined approach enables early
identification of material-specific weaknesses and supports
predictive maintenance in large-scale PV plants.
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