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Abstract. This study presents a 15-yr real-field performance and degradation analysis of photovoltaic modules
in a Mediterranean climate. Three technologies—polycrystalline silicon (p-Si), monocrystalline silicon, and
amorphous silicon—were monitored, with a detailed forensic focus on the most severely degraded p-Si systems.
The p-Si modules exhibited an average degradation rate of 2.56%/year, significantly exceeding the
manufacturer’s warranty. Laboratory flash tests confirmed power losses of —33% to —70% over fifteen years.
A multi-method diagnostic approach, integrating electroluminescence, ultraviolet fluorescence, lock-in
thermography, and material forensics, identified two primary synergistic degradation pathways. The first
involves optical losses from encapsulant yellowing, reducing current uniformly. The second, and more critical, is
a severe increase in series resistance caused by interconnect corrosion and delamination, which drastically
reduces the fill factor. Microcracks, while widespread, were a secondary factor. The study unequivocally links the
degradation to moisture, oxygen, and light exposure, as evidenced by localized protection under a metal-backed
nameplate. These findings underscore the critical discrepancy between accelerated testing and field aging,
highlighting the necessity of long-term monitoring for accurate lifetime predictions and the development of more
durable module materials and designs.

Keywords: PV module degradation / long-term field performance / PV module forensic analysis /
PV lifetime assessment

technologies over time and for translating laboratory-based
reliability knowledge into bankable outdoor performance
expectations.

1 Context—rationale

The sustained global growth of photovoltaic (PV)

deployment over the past two decades has elevated the
importance of long-term reliability, durability, and
accurate lifetime performance forecasting. With PV now
forming a cornerstone of decarbonization strategies
worldwide, even modest deviations in long-term degrada-
tion assumptions can propagate into significant economic
and energy-yield uncertainties at fleet scale. Despite
remarkable advances in material science and module
manufacturing, PV systems in the field are subject to
complex and interacting stressors—thermal cycling, ultra-
violet irradiation, humidity ingress, mechanical strain,
soiling, and voltage bias—that evolve over time and
interact in ways not reproducible under accelerated testing.
Consequently, real-field degradation studies remain indis-
pensable for understanding the authentic behavior of PV
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The first comprehensive evidence of real-field PV
degradation emerged in the early 2000s, when King et al.
[1] demonstrated that crystalline-silicon (cSi) modules
exhibited diverse degradation patterns and that some
module types aged significantly faster than expected. These
pioneering studies prompted systematic efforts to quantify
field degradation at scale. The seminal meta-analysis by
Jordan and Kurtz [2] synthesized hundreds of datasets
collected under varied climatic and operational conditions,
revealing a median degradation rate of approximately 0.5%/
year but with extreme cases exceeding 2% /year. Phinikar-
ides et al. [3] subsequently emphasized that both intrinsic
material differences and extrinsic factors—humidity, diur-
nal thermal swings, spectral irradiance, and mechanical
loading—govern the pace of degradation. Collectively, such
works established that PV degradation is not a universal or
technology-invariant process but a contextual one, strongly
shaped by climate, module design, mounting configuration,
and maintenance regime.
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Beyond global statistics, detailed field analyses have
revealed the diversity of degradation and failure mecha-
nisms that arise in practice. The coordinated work of IEA-
PVPS Task 13 and associated reports [4-7] established a
comprehensive taxonomy of failure modes—encapsulant
discoloration and browning, delamination, interconnect
corrosion, solder-joint fatigue, microcracking, hot-spot
formation, and potential-induced degradation (PID)—
each with distinct optical, electrical, and thermal signa-
tures. Osterwald and McMahon underscored that qualifi-
cation testing, while essential, cannot replicate the
combined and time-dependent stresses of real-world
operation [8]. Laboratory studies have elucidated the
physics and chemistry of specific mechanisms, such as
boron—-oxygen complex formation driving light-induced
degradation (LID) in boron-doped silicon or the acetic-
acid-driven corrosion processes arising from encapsulant
aging, yet connecting these microscopic effects with
macroscopic power loss in fielded modules remains
challenging [9].

Over the past decade, the expansion of monitoring
infrastructure and improved diagnostic tools have enabled
a new generation of field studies that bridge outdoor
performance data with component-level forensics [10-13].
Skoczek et al. [14] demonstrated significant inter-site
variability in ¢Si module retention across European
climates, while long-term investigations by Polverini
et al. [15] and Dhimish et al. [16] extended the observation
horizon beyond ten years, documenting technology- and
site-specific degradation trajectories. More recently, stud-
ies such as those by Shaik et al. [17] in arid desert
conditions, Denz et al. [18] across more than a hundred
installations, and Curran et al. [19] comparing PERC and
Al-BSF modules have reinforced the heterogeneity of
degradation behavior and the influence of bill-of-materials
quality, installation practices, and system operation.

Environmental stressors—particularly soiling, temper-
ature extremes, and humidity—remain pivotal in shaping
performance loss. The TEA-PVPS synthesis on soiling
quantified annual yield reductions exceeding 10% in
unmitigated arid-zone PV arrays [20], while Cordero
et al. measured extreme 39% losses in the Atacama Desert
[21]. Despite improvements in encapsulation and ground-
ing, PID persists as a recurrent reliability concern: Badran
et al. [22] reported that affected systems can suffer
irreversible power losses exceeding 25%. The combination
of electroluminescence (EL), infrared thermography
(IRT), ultraviolet fluorescence (UVFL), and in-situ I-V
tracing now provides powerful means for field-based
diagnostics [23-26]; however, establishing quantitative
relationships between visual indicators and electrical
degradation is still evolving. Multi-scale case studies, such
as those by Fuentes et al. [27] and Daher et al. [28], further
demonstrate that inverter design, balance-of-system aging,
and maintenance practices can either exacerbate or mask
module-level degradation, emphasizing the inherently
systemic nature of PV reliability.

Parallel efforts on emerging and thin-film technologies
[7,29-31] have expanded the understanding of degradation
fingerprints beyond crystalline silicon. Long-term tropical

exposure tests of organic PV modules have shown complex
humidity-driven delamination behavior, while compara-
tive Si and CdTe field studies reveal contrasting sensitivi-
ties to moisture ingress and soiling. These results
underscore that as new materials and architectures—
PERC, TOPCon, heterojunction (HJT), and perovskite
tandems—enter the market, sustained field validation
must precede full-scale deployment. The accelerated
innovation cycle of PV manufacturing now outpaces
the availability of long-term reliability data, heightening
the value of empirical monitoring campaigns that can
inform predictive degradation models and warranty
frameworks [7].

Across the accumulated literature, a clear consensus
has emerged: despite extensive laboratory and short-term
outdoor knowledge, long-duration, technology-compara-
tive field datasets that integrate continuous monitoring
with systematic laboratory forensics remain scarce. Most
available studies are limited to specific climates or fewer
than ten years of exposure, constraining the generalization
of degradation models and limiting insight into slow-acting
mechanisms. The scarcity of such datasets hinders not only
the validation of predictive lifetime models but also the
calibration of warranty and risk-assessment frameworks
that underpin the bankability of large-scale PV invest-
ments [32, 33]. As the global PV fleet matures, there is an
urgent need for comprehensive empirical studies that
couple environmental monitoring, electrical performance
analysis, and material-level diagnostics over decadal
timescales.

Responding to this need, the present work provides a
rare fifteen-year field dataset obtained at CEA’s outdoor
PV test site in Cadarache, southern France. Three distinct
technologies—polycrystalline silicon (p-Si), monocrystal-
line silicon (m-Si), and amorphous silicon (a-Si)—have
been operated under identical electrical and environmental
conditions characteristic of a Mediterranean climate.
Continuous monitoring of irradiance, temperature, and
electrical parameters is complemented by periodic diag-
nostic campaigns employing I-V flash testing, infrared
imaging, and EL, as well as laboratory investigations of
selected aged modules. The objective is to quantify long-
term degradation rates, identify dominant aging signa-
tures, and relate field-observed performance loss to the
underlying physical and material mechanisms. By coupling
one of the longest operational datasets of its kind with
detailed post-exposure forensics, this study delivers
technology-comparative evidence essential for refining
degradation models, validating predictive lifetime tools,
and informing both manufacturers and asset operators.
Although analogous campaigns exist in other climatic
regions, each long-term dataset provides unique insight
into the interplay between design, environment, and
degradation behavior. The findings presented here there-
fore contribute to the global understanding of PV
reliability, offering benchmark data for model validation
and supporting the ongoing refinement of durability
standards and predictive yield methodologies. The follow-
ing section details the experimental configuration and
methodology of this fifteen-year investigation.
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Fig. 1. Overview of the studied PV test arrays installed in Cadarache site.

2 Methodology—experimental setup
2.1 The studied PV system—field monitoring

The study was conducted at the CEA outdoor test facility
in Cadarache, located in southern France (44.06° N, 5.46° E).
This region experiences a Mediterranean climate character-
ized by high annual solar insolation (approximately
1700 kWh/m?/year), hot, dry summers, and mild, humid
winters. Key climatic stressorsrelevant to PV degradation at
this site include significant diurnal and seasonal thermal
cycling, high summer operational temperatures often
exceeding 45°C, substantial ultraviolet (UV) exposure,
and seasonal humidity. This specific climate profile, with
its combined thermal, UV, and moisture stresses, provides an
accelerated yet realistic aging environment, representative
of many temperate and semi-arid regions with high
PV deployment.

Three grid-connected 1 kWp PV systems, based on
p-Si, m-Si, and a-Si technologies, were installed in a fixed,
open-rack configuration at a standard tilt angle of 30°
facing due south. The systems have been in continuous
operation since their commissioning in 2008. Each array is
connected to a dedicated SMA Sunny Boy SWRI1100E
string inverter, with a nominal efficiency of 95.2%. The
specific p-Si modules under detailed investigation in this
study are of a vintage design, comprising 36 series-
connected cells (nominal power: 75 Wp) packaged with
an ethylene-vinyl acetate (EVA) encapsulant and a
polyvinyl fluoride (PVF)/polyethylene terephthalate
(PVF)/PVF (TPT) backsheet. Figure 1 provides an overview
of the studied PV arrays in the Cadarache PV test site.

A comprehensive, high-precision monitoring station
was deployed to capture synchronized environmental and
electrical data. Global Horizontal Irradiance and Plane of
Array irradiance are measured using secondary standard

Kipp & Zonen CMP11 pyranometers, calibrated biennial-
ly. The spectral response and in-situ current of the PV
technologies are monitored using c-Si and a-Si reference
cells.

Module temperature is measured using PT100 plati-
num resistance thermometers (accuracy +0.1°C at 0°C)
attached to the backsheet at the center of selected modules.
Ambient temperature and relative humidity are logged
with a ventilated and radiation-shielded sensor. Wind
speed and direction are recorded at a height of 3 meters
using a cup anemometer and wind vane.

All critical electrical parameters—including DC voltage
(Vae) and current (Iy.) from the array, and AC power (P,.)
and energy fed into the grid—are measured by high-accuracy
transducers and logged by a Campbell Scientific CR1000
data logger at 5-min intervals. This high-resolution dataset
enables the calculation of key performance indicators such as
the final yield (Y¢), reference yield (Y,), and the performance
ratio (PR), which normalizes the actual energy output
against the theoretical potential, providing a weather-
independent metric for degradation analysis.

Periodic auxiliary infrared (IR) imaging surveys have
been conducted using a FLIR T640bx thermal camera to
identify and document thermal anomalies such as hot spots
caused by cracked cells, defective bypass diodes, or faulty
interconnects.

2.2 Laboratory characterization

To deconvolute the root causes of performance degrada-
tion, a subset of modules, with a primary focus on the
severely degraded p-Si technology, was retrieved for
detailed laboratory forensics at CEA-INES. The multi-
technique characterization campaign was designed to
correlate macroscopic power loss with microscopic material
and electrical failures.
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I-V characterization: Currentvoltage (I-V) curves
were measured under Standard Test Conditions (STC:
1000 W/m?, AM 1.5 G spectrum, 25°C cell temperature)
using a class A+ Spire 5600 SPL flash solar simulator. The
system’s spectral match is better than+12.5% of the
required intervals per TEC 60904-9, and spatial non-
uniformity is less than +2%. To investigate performance
under real-world operating conditions, I-V curves were
also acquired at controlled irradiance levels of 200, 400,
600, and 800 W/mQ. Parameters such as L., V., Phax, FF,
series resistance (R;), and shunt resistance (Rg,) were
extracted for analysis.

Electroluminescence (EL) imaging: EL imaging
was performed using a high-sensitivity, Peltier-cooled
GreatEyes CCD camera. To probe different aspects of
module health, images were captured at multiple current
injection levels: a low injection of 1 A (approximately 25%
of L) to identify series resistance limitations and shunts,
and a high injection of 6 A (approximately 150% of L) to
overcome the high series resistance of degraded modules
and visualize cracked and inactive cell regions. The
integration time was adjusted accordingly, up to 30s for
the most degraded samples.

Dark lock-in thermography (DLIT): For high-
resolution defect localization, DLIT was performed using
an in-house system. The module under test was placed in a
dark enclosure and periodically excited by a pulsed, high-
power, spectrally tunable LED array. The thermal
response was measured synchronously using a cooled
mid-wave infrared camera (FLIR Phoenix, InSb detector,
3-5 pum). The lock-in technique isolates the Joule heating
signature of specific defects, enabling the quantitative
mapping of local shunts, series resistance hotspots, and
micro-cracks with a thermal resolution of <20 mK.

Ultraviolet Fluorescence (UVFL) imaging:
UVFL imaging was employed to study the photodegrada-
tion of the EVA encapsulant. A high-power UV torch
(DARKDAWN) with a peak emission at 365nm and a
power of 1.3W was used for excitation. The resulting
fluorescence from the polymer was captured with a digital
camera. This technique visually maps the distribution of
fluorescent chromophores (polyenes) formed during EVA
aging, with photobleached areas indicating regions of
oxidative degradation.

Material and chemical forensics: A destructive
analysis was conducted on selected modules. Visually
inspected samples were documented for physical defects.
The encapsulant was carefully dissected for further
analysis:

— Fluorescence spectroscopy: Emission spectra of the
EVA were measured using a Hitachi F-4500 fluorescence
spectrophotometer with a 150 W Xe lamp. Spectra were
recorded from 400 to 800nm with an excitation
wavelength of 360 nm and a slit width of 5 nm.

— UV-Vis spectroscopy: Optical transmission spectra of
the encapsulant samples were acquired in the 300-
1200 nm range using a PerkinElmer L950 spectropho-
tometer with a resolution of 10nm per step. This was
used to calculate the yellowness index (YT) according to
ASTM E313.
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Fig. 2. Evolution of PR for the studied modules (2010-2022).

— Fourier-transform infrared (FTIR) spectroscopy:
Chemical bonding changes were analyzed using a
Thermo Scientific Nicolet 6700 FT-IR spectrometer
equipped with a Diamond ATR (Attenuated Total
Reflectance) accessory. Spectra were recorded over 32
scans with a resolution of 4cm ™" in the range of 4000
525cm . The ATR crystal was rigorously cleaned with
isopropyl alcohol between measurements to prevent
cross-contamination.

This holistic, multi-scale methodology—spanning from
system-level outdoor monitoring to component-level
material forensics—ensures a robust and comprehensive
understanding of the long-term degradation mechanisms.

3 Results and discussion

3.1 “Macroscopic” analysis: performance degradation
trends

To quantify long-term performance degradation, annual
degradation rates were derived from the evolution of the
PR over time. The PR time series for each technology was
analyzed over the monitoring period (2010-2022), and a
linear regression was applied to determine the temporal
trend. The slope of the fitted line was then normalized to
the initial PR value and expressed in %/year. This
approach provides a weather-corrected and technology-
consistent metric of degradation, ensuring comparability
across module types and methodological transparency.

The overall results from the field-monitored data
indicate significant performance degradation for the p-Si
modules, with an average degradation rate of 2.56% /year.
This value is considerably higher than the 0.6-0.8%/year
degradation rate specified by the manufacturer. In
contrast, the m-Si and a-Si modules exhibited lower
degradation rates (0.86% /year and 1.15% /year, respectively),
with the m-Si technology demonstrating superior long-term
stability (Fig. 2).

Comparative I-V curve measurements taken at the
beginning of the monitoring period (2008) and at the end
(2023) revealed substantial reductions in current output
for the whole string of the p-Si modules (Fig. 3, left).
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Fig. 3. Left: Comparative results (2008 vs. 2023) of IV tracing for the p-Si modules’ string. Right: Consolidated results of indoor flash

tests (I-V characterization) for all fielded p-Si modules.

Laboratory flash tests (Fig. 3, right) confirmed these
findings, quantifying power losses ranging between —33%
and —70% over the 15-year period. These losses suggest
contributions from both intrinsic material degradation and
external environmental factors. Quantitatively, the power
loss is driven by a significant drop in the maximum power
(Pupp), FF, and current at maximum power (1), with
reductions of up to —41%, —36%, and —27%, respectively.
These electrical parameter shifts are in direct correlation
with a substantial increase in R, which rose by up to
2.6 times its initial value, while the Ry, decreased by up to
5.4 times.

Before proceeding to the forensic-level analyses, it is
important to clarify the rationale for concentrating this part
of the study on the p-Si technology. Among the three module
types monitored in this campaign, p-Si was selected for in-
depth investigation because it exhibited the highest and
most heterogeneous degradation. This technology, repre-
sentative of the mainstream PV generation deployed in the
late 2000s, offers a meaningful benchmark for legacy-module
reliability under realistic stress conditions. Its higher grain-
boundary density, conventional EVA /TPT laminate struc-
ture, and early-generation metallization make it particularly
vulnerable to moisture ingress, encapsulant discoloration,
and interconnect corrosion. For these reasons, p-Si provides
an ideal case study for identifying degradation mechanisms
that are both historically relevant and instructive for current
and emerging PV designs.

3.2 In-depth assessment: forensics-based analysis

The forensic diagnostics presented in this work primarily
concern the post-exposure retrieval of modules after fifteen
years of field operation (Tgy.1). While continuous electrical
monitoring (PR, DC parameters, and energy yield) and ad
hoc field measurements (IV tracing, IR thermographic, and
visual inspections) were performed throughout the opera-
tional period, intermediate laboratory-based forensic

campaigns were not conducted. The present analysis
therefore focuses on the characterization of the aged state
and the identification of cumulative degradation mecha-
nisms resulting from long-term real-field exposure.

3.2.1 Analysis of /-V parameters (population study)

Figure 4 shows the distribution of the I-V parameters for
the 14 field-aged modules, compared with the nameplate
specifications. The module nameplates indicate a V. of
21.5V,an I,.of 4.7 A, a calculated FF of 0.74, and a P,,, of
75 W, corresponding to a cell efficiency of approximately
13.3% under one-sun illumination.

After fifteen years of outdoor operation, the average V.
was measured at 21.12V, indicating that this parameter
remained remarkably stable. In contrast, the I, exhibited a
wide distribution, ranging from 4.37 A down to 3.00 A. This
corresponds to current losses between 7% and 36% relative
to the nominal value. Regarding the FF, most modules
displayed severely degraded performance, with values
clustered between 36% and 42%. Only two modules
exhibited slightly higher F'F' values of 53.3% and 53.9%,
respectively. This represents a reduction of 27% to 54%
compared to the nominal FF. Consequently, the P,
followed a similar trend, ranging from 22.7W to 50.3 W,
significantly below the initial rated power of 75 W. Overall,
the modules experienced power losses between 33% and
70% under standard test conditions. The observed
performance dispersion was unexpected and, assuming
the absence of specific external degradation events, may
indicate  inconsistencies in the manufacturing
quality control, suggesting that one or more production
steps or components were insufficiently controlled during
fabrication.

To investigate the differences in module performance
—particularly in L. and FF—two modules (Module 4 and
Module 14, indicated by arrows in Figure 4d) were
selected for in-depth analysis. These modules represent
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Fig. 4. Distribution of the -V parameters of 14 modules after field aging: (a) Vi, (b) I, (¢) FF, and (d) Ppax. Light dependence of the
I-V parameters on 2 selected modules, representatives of the most and the less degraded: () Vi, (f) L, (g) FF, and (h) Pyax.

the least and most degraded samples, respectively. The
current-voltage (I-V) characteristics were measured
under varging illumination levels, from 200 W/m? to
1000 W/m?, to assess the influence of series resistance at
different current densities.

The dependence of V. on light intensity exhibited a
typical semi-logarithmic behavior for both modules,
with no abnormal trends. For the less degraded module,
I,. increased linearly with illumination, as expected,
showing no significant deviation other than a uniform
reduction across all light intensities. This uniform
reduction is attributed to a constant optical loss,
primarily from encapsulant yellowing, which is dis-
cussed in detail in the following section. In contrast, the
most degraded module showed a clear deviation from
linearity in the I -illumination relationship, with
notably lower I, values at higher irradiance levels.
This behavior is characteristic of high series resistance,
which hinders efficient current collection at elevated
current densities.

For both modules, the FF decreased substantially as
illumination increased, a trend that was even more
pronounced in the most degraded module. This strong
dependence of FF on irradiance further supports the
presence of significant series resistance losses. As a result,
the maximum power output (Py,.,) followed a nonlinear
trend with increasing illumination for both modules,
reflecting the combined effects observed in the I-V
parameters.

Overall, two main degradation mechanisms can be
identified: (1) optical losses due to encapsulant yellowing,
which uniformly reduces light transmission across all
irradiance levels, and (2) electrical losses caused by
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Fig. 5. Calculated cell efficiency at different light intensities for
the most and the less degraded module. The nameplate calculated
efficiency under 1 sun illumination of 13.3% is indicated as a
reference.

increased series resistance, which limits current extraction
and reduces the FF, especially under high illumination.
Finally, although module performance is significantly
reduced under standard test conditions (1 sun), the loss
in efficiency is less severe at lower irradiance levels (Fig. 5).
This irradiance-dependent behavior could explain why the
annual energy yield losses observed in the field are less
pronounced than the degradation measured under STC in
the laboratory.
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Fig. 6. Visual and UVFL inspection of the module. (a) Detail of the module corner. (b) Delamination visible at the edges of the cells.
(c) Delamination visible near the soldering points. (d) Discoloration of the encapsulant. (e) Same area illuminated with a UV torch with
an emission of 365 nm. (f) Typical pattern observed under UVFL. (g) Cell located on the side of the module. (h) Small crack in the
middle of the cell. (i) Crack along the busbar. (j) A crack starting from the busbar that extends to the cell.

3.2.2 Visual inspection and correlation with UVFL imaging

A typical cell from a module is presented in Figure 6a. All
cells from all examined modules exhibited signs of
delamination along the cell edges, as depicted in Figure
6b. This is likely attributable to changes in the mechanical
properties of the encapsulant induced by the combined
effects of moisture ingress and prolonged light exposure, as
discussed later. In the most degraded modules, we also
observed several delamination areas near the soldering
points along the busbars (Figure 6¢). This additional
degradation could result in a weaker electrical contact
between the busbar and the cell or local corrosion due to the
presence of air. Both scenarios would explain, at least
partially, the higher series resistances measured in the most
degraded modules.

All modules also showed noticeable discoloration,
characterized by yellow and brown areas. Since encapsu-
lant yellowing is commonly associated with the formation
of fluorescent chromophores, a UV lamp with an excitation
wavelength of 365 nm was used to reveal their presence or
absence, as illustrated in Figures 6d and 6e [34,35]. The
observed fluorescence pattern (Figure 6f) corresponds to a
well-documented phenomenon, where fluorescence appears
over most of the encapsulant surface except in the intercell
regions [36]. In these intercell areas, the ingress of moisture
and oxygen through the backsheet, combined with light
exposure, leads to photobleaching of the yellow chromo-
phores as they form.

Beyond this general pattern, photobleaching proved
useful for identifying additional degradation mechanisms,
such as localized moisture ingress and cell cracking. In the
latter case, oxygen diffusion through cracks to the cell front

surface induces localized photobleaching, resulting in non-
fluorescent regions. Figure 6g shows a cell located at the
module edge, where enhanced moisture and oxygen
penetration from the sides caused deeper photobleaching
of the yellow chromophores. Figure 6h highlights a
microcrack, while Figure 6i presents a large crack
propagating along the busbar, likely associated with the
module interconnection process. Due to the multicrystal-
line nature of the wafers, these cracks do not follow the
typical (100) crystallographic plane observed in modern
monocrystalline cells. The extent of the photobleached
region—comparable to that observed at the intercell areas
—suggests that this particular crack probably originated
during module fabrication. Because the crack lies beneath
the interconnection ribbon, it would likely remain
undetected in standard EL imaging, underscoring the
complementary diagnostic value of UVFL imaging.
Another example (Figure 6j) shows a crack that probably
originated during the soldering process.

Interestingly, all modules exhibited at least one
intercell region showing visible yellowing of the encapsu-
lant (Figures 7a and 7b), in contrast to the photobleached
appearance of the rest of the module’s intercell areas
(Figures 7c and 7d). This localized yellowing coincides
with the position of the nameplate sticker on the module
backside, which incorporates an aluminum layer for
durability. This metal layer provides enhanced local
protection against moisture and oxygen ingress. Notably,
in this specific, protected region, no delamination was
observed at the cell corners (Figure 7c). This finding
highlights the synergistic role of moisture, oxygen, and
light in driving both encapsulant delamination and the
chemical changes leading to yellowing or photobleaching.
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annEl

Fig. 7. (a) Specific intercell region where encapsulant yellowing is preserved. (b) The same region under 365nm UV illumination,
showing reduced photobleaching. (c) Typical intercell region without preserved yellowing. (d) The same typical region under 365 nm
UV illumination, exhibiting photobleaching due to oxygen ingress. (e) Backside view of the module showing the aluminum-backed
nameplate corresponding to the preserved yellowing location. Red arrows indicate the matching front-side and back-side positions.

This observation also suggests a potential durability
benefit of modern backsheets that incorporate an alumi-
num moisture barrier within their multilayer structure.

3.2.3 Component-level analysis

To better quantify the extent of yellowing and its impact,
a partial destructive analysis was performed on one
module. During this process, a large portion of the front-
side encapsulant was successfully removed due to its weak
adhesion to both the solar cell and the cover glass. In
contrast, removal of the backside encapsulant was not
possible because of its strong adhesion to the backsheet
and the cell. While the front encapsulant could be
detached in a single large piece (Figures 8a and 8b), the
material at the intercell regions exhibited poor mechanical
integrity and disintegrated into multiple fragments.
Consequently, the recovered encapsulant contained
limited portions of the photobleached areas typically
found near the cell edges. During the destructive
procedure, a strong acetic acid odor was detected,
indicating its formation and retention within the module
during field operation. The presence of acetic acid is
consistent with the known hydrolysis degradation path-
ways of EVA encapsulants.

Fluorescence spectroscopy and optical transmission
measurements were then performed on different locations
of the recovered encapsulant. The fluorescence emission
spectra (Figure 8c), obtained under 360 nm excitation, are
shown for Positions 1 and 7 (as defined in Figure 8b). For
position 7, the emission peaked at 587nm, whereas for
position 1 it was slightly more intense and peaked at
600 nm. These emission characteristics align with previous
reports on EVA discoloration, which indicate that both
the emission intensity and wavelength increase over time
due to the formation and growth of conjugated polyenes in
the degraded EVA [34]. The transmission spectra from the
different locations of the recovered encapsulant are
presented in Figure 8d and are also compared with a
modern, non-aged EV A encapsulant film for reference. The
aged encapsulant’s transmission is strongly reduced,
especially in the 300-600nm spectral region. The data
confirm the visual impression; the most browned encap-
sulant at Position 1 has the lowest transmission. For the

rest of the encapsulant covering most of the solar cell, from
Position 3 to Position 7, the transmission spectra are
identical, showing a significant reduction compared to the
reference.

From the transmission spectra, we extracted both the
average optical transmittance (300-1200nm) and the
yellowness index, calculated according to IEC 62788-1-4;
the results are presented in Figure 8e. The yellowness index
reached values up to 27 at Position 1 and decreased to
approximately 10 across the rest of the film (Positions 3-7).
Correspondingly, the average transmittance was 74% at
the cell edge (Position 1) and about 82% for Positions 3 to 7.
These average transmission values are provided as
indicative metrics, as they do not fully capture the
wavelength-dependent nature of the optical losses. More-
over, the exact impact on the I, also depends on the cell’s
spectral quantum efficiency, which was not possible to
measure in this study. For comparison, the reference
encapsulant exhibited an average transmittance of
approximately 92%. Overall, the reduction in average
optical transmittance within the aged encapsulant
accounts for the observed decrease in I, for the less
degraded modules (e.g., Modules 8 to 14).

Finally, we investigated potential chemical degradation
using FTIR spectroscopy. The results for Location 1,
Location 7, and a sample from the intercell area are
presented in Figure 8f. The FTIR spectra are typical for an
EVA polymer; however, an additional feature appears
between 1500 and 1650 cm ™" for Locations 1 and 7, as
indicated by the arrow. This spectral region has been
associated with the presence of carbonyl (C=0) and
carbon-carbon double bonds (C = C) following the forma-
tion of ketones, aldehydes, esters, or carboxylic acids
[37,38]. The absence of this peak in the sample from the
photobleached intercell area could indicate that these
volatile compounds diffused out of the module over time, as
previously hypothesized [38]. The volatile nature of these
compounds could also explain an observed experimental
artifact: during initial FTIR measurements, this peak
would systematically increase from one measurement to
the next, likely due to the contamination of the ATR
equipment and the release of the compounds upon contact,
which led to unreliable results until a rigorous cleaning
protocol was implemented between each measurement.
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Fig. 8. (a) Photography of the backsheet /encapsulant/cell stack removed from the front encapsulant /glass stack. (b) Photography of
the front encapsulant removed from the front glass with different positions indicated. (¢) Emission spectra of the encapsulant excited at
360 nm. (d) Transmission spectra from the various positions. A non-aged laminated modern EVA film is given as a reference. (e) Yellow
index and average transmission extracted from the transmission spectra. (f) FTIR spectroscopy from the various positions.

3.2.4 Comparative analysis of EL, UVFL, and DLIT
signatures

To further investigate the performance differences between
the two degraded modules, we performed a comparative
analysis using EL, UVFL, and DLIT.

For the most degraded module, EL measurements
required a high current injection (6 A) to obtain a sufficient
signal-to-noise ratio. The resulting EL image (Figure 9b)
shows strong luminescence along the cell edges and
busbars, while the central regions of the cells exhibit much
weaker emission, appearing dark. At lower injection
currents, the EL signal was too noisy to be exploitable.
The reconstructed UVFL image (Figure 9c) reveals that 12
out of 36 solar cells exhibit cracks, predominantly located
along the busbars. Several of these cracks correspond to
regions of enhanced EL brightness, suggesting significant
local current flow and recombination at these defective
sites. DLIT images (Figure 9d) reveal two distinct types of
hotspots. The first type coincides with the cracks observed
in UVFL and the bright regions in EL, typically located
along the busbars. The second type appears at the
intersections between cell edges and busbars—specifically,
at the interconnections where the busbar transitions from
the rear of one cell to the front of the next. In this module
technology, each cell with two busbars is soldered to its
neighbor. Fatigue, corrosion, and changes in the mechani-
cal properties of the encapsulant could have weakened
these soldering points over time. Consistent with the EL
results, the central regions of the cells remain dark in DLIT,

indicating that the injected current poorly reaches these
areas due to high series resistance or local disconnections
within the current collection path.

In contrast, the less degraded module exhibits markedly
different behavior. The EL image acquired at 6 A (Figure
9e) shows a more uniform emission across the cell surface,
with only slightly brighter regions along the busbars. This
pattern is consistent with the I-V measurements under
varying illumination, which showed better current extrac-
tion at high irradiance levels for this module. Interestingly,
one cell located near the bottom-left corner of the module
displays an EL signature similar to that of the most
degraded module, with bright edges and a dark center. This
observation suggests that this particular cell is in a more
advanced state of degradation and that further aging of the
entire module could lead to similar widespread perfor-
mance losses. Low-injection EL (1 A) imaging (Figure 9f)
was possible for this module due to its overall lower series
resistance, but it did not reveal any additional features not
seen at 6 A. UVFL imaging (Figure 9g) indicates that 22
out of 36 cells exhibit cracks—substantially more than in
the most degraded module. This observation corroborates
previous studies showing no direct correlation between the
number of cracks and overall module performance,
emphasizing that the type and electrical impact of defects
are more critical than their mere quantity. DLIT images
(Figure 9h) also display a distinct thermal signature: most
hotspots are located within the cells along the busbars, but
they do not necessarily align with all the cracks identified
by UVFL. Moreover, the central regions of the cells exhibit
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Fig. 9. (a) Photography of a typical module after field aging. (b) EL image of the most degraded module at 6A current injection.
(¢) UVFL image (reconstructed) of the most degraded module. (d) Lock-in thermography of the most degraded module. (e) EL image of
the less degraded module at 6A current injection. (f) EL image of the less degraded module at 1A current injection. (g) UVFL image
(reconstructed) of the less degraded module. (h) Lock-in thermography of the less degraded module.

a stronger and more uniform thermal response than in the
severely degraded module, suggesting that current trans-
port through the bulk of the cell remains relatively
effective.

3.3 Connecting the dots: degradation storyline

The multi-scale evidence collected over fifteen years allows
the reconstruction of a coherent degradation narrative for
the studied polycrystalline-silicon modules. Field perfor-
mance, I-V characteristics, imaging diagnostics, and
chemical forensics converge toward a two-pathway degra-
dation model, illustrated schematically in Figure 10, which
summarizes how optical and electrical mechanisms evolve
and interact over time.

At the macroscopic level, the modules experienced an
average annual degradation rate of about 2% /year, leading
to power losses far beyond warranty expectations. The
progressive drop in Isc and FF cannot be explained by
isolated mechanisms; instead, it results from the combined
action of optical attenuation and electrical impedance
growth within the laminate stack.

The first pathway is optical in nature. The formation of
conjugated polyenes and carbonyl species within the EVA
encapsulant, evidenced by the fluorescence red-shift
(600 nm emission) and FTIR carbonyl peaks, reduces light

transmission, particularly in the blue—green spectral
region. This translates to a nearly uniform decrease in
Isc across illumination intensities, consistent with the
“uniform current reduction” observed during I-V sweeps.
Optical losses alone, however, cannot account for the
severe FF' collapse.

The second pathway, electrical and far more detrimen-
tal, stems from encapsulant hydrolysis and acetic-acid
release. These processes promote interconnect corrosion,
busbar/encapsulant delamination, and the formation of
local high-resistance zones, as confirmed by DLIT hotspots
and EL dark areas. The ensuing rise in series resistance—Dby
a factor of =2.6—creates a non-linear degradation
response: power loss accelerates at high irradiance, where
current density amplifies resistive drops. This irradiance-
dependent behavior aligns with field observations of less
severe annual yield losses compared with standard-test
conditions, since modules spend much of the year operating
below one-sun intensity.

Environmental exposure modulates both pathways.
The observation that the small area shielded by the
aluminum-backed nameplate remained free of delamina-
tion and yellowing provides direct evidence that moisture,
oxygen, and light act synergistically to drive both the
chemical and mechanical degradation. Even limited
diffusion barriers can substantially retard aging, validating
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Fig. 10. Schematic representation of the integrated degradation storyline for the studied p-Si modules after 15 yr of field exposure.
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the durability improvements achieved in modern modules
that incorporate aluminum-based or fluoropolymer bar-
riers in their backsheets.

Taken together, these findings reveal a systemic
degradation process rather than isolated defects. Micro-
cracks, although numerous, exert only a secondary
influence under these conditions. Instead, the interrelation
between encapsulant chemistry, interconnect integrity,
and environmental permeability governs the long-term
reliability of the laminate. The conceptual synthesis
presented in Figure 10 summarizes this interaction chain
—from environmental exposure through encapsulant
degradation to optical and electrical performance loss—
illustrating how macroscopic power decline emerges from
microscopic material transformations. This integrative
perspective reinforces the broader industry challenge
highlighted in the introduction: standard accelerated tests
underestimate the coupled thermo-photo-hydrolytic
stresses present in real climates. Bridging this gap requires
long-duration field datasets like the present one to calibrate
both predictive lifetime models and qualification protocols.

It is important to emphasize that the stronger
degradation observed in the p-Si technology should not
be interpreted as an intrinsic limitation of p-Si itself. The
three technologies investigated originate from different
manufacturers and correspond to distinct generations of
module design and BOM. The p-Si modules represent an
early-generation laminate architecture based on EVA
encapsulation and TPT backsheets, whereas the m-Si
modules exhibit different laminate configurations and
material stacks. The degradation mechanisms identified
here—encapsulant hydrolysis, acetic-acid-driven intercon-
nect corrosion, and moisture ingress—are therefore
primarily laminate- and material-driven rather than solely
determined by cell crystallography.

The observed degradation should therefore be
understood as the result of multiple interacting factors,
including laminate architecture, interconnection design,
manufacturing strategy, and cell technology. While
encapsulant chemistry and backsheet permeability
govern moisture ingress and chemical aging, the
pronounced increase in series resistance and the localized
failure signatures observed in EL and DLIT imaging
indicate that interconnect configuration and module
assembly processes are critical contributors. Intrinsic
differences between polycrystalline and monocrystalline
silicon may influence crack morphology and defect
propagation; however, under the present exposure
conditions, the forensic evidence suggests that module-
level design and material selection exert a stronger
influence on long-term reliability than cell crystallogra-
phy alone.

Ultimately, the degradation storyline derived here
exemplifies how macroscopic power loss arises from
microscopic material-environment interactions, offering
quantitative insight for the design of next-generation
encapsulants, adhesives, and metallization schemes aimed
at 30-yr reliability targets.

4 Conclusions—future work

This fifteen-year field investigation draws upon one of the
most comprehensive datasets on the long-term degrada-
tion of crystalline-silicon PV modules operated in a
Mediterranean climate. Through the integration of
continuous outdoor monitoring and laboratory forensics,
the study establishes a direct causal chain linking
macroscopic performance losses to microscopic material
transformations.
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At the system level, the polycrystalline-silicon modules
degraded at an average rate of about 2.56%/year, more
than three times the value generally assumed in warranties.
Mono- and amorphous-silicon counterparts exhibited lower
losses, underscoring the strong technology and climate
dependence of PV reliability.

At the component level, multi-technique imaging (EL,
UVFL, DLIT) and chemical analysis (fluorescence, FTIR)
revealed that performance decline is governed by two
intertwined degradation pathways:

— Optical attenuation, caused by the photo-oxidation of
the EVA encapsulant and the formation of conjugated
polyenes, leading to a uniform reduction of short-circuit
current across all illumination levels.

— Electrical resistance growth, resulting from acetic-acid-
driven corrosion and delamination at busbar and
interconnect regions, which sharply increases series
resistance and suppresses the fill factor—particularly
under high irradiance.

These findings demonstrate that long-term reliability
cannot be predicted by single-stress accelerated tests. The
coupled effects of light, heat, and moisture—acting
continuously over years—generate feedback mechanisms
(chemical, electrical, and mechanical) that are not
captured in conventional qualification sequences. The
evidence of a locally preserved area under the aluminum-
backed nameplate further proves that even modest
diffusion barriers against moisture and oxygen can
substantially extend module lifetime.

From a broader perspective, this work bridges the gap
between outdoor performance data and material-level
diagnostics, providing both empirical validation and
boundary conditions for predictive lifetime models. The
insights gained here directly inform encapsulant formula-
tion, interconnect design, and backsheet architecture for
next-generation, high-durability PV modules intended for
30-yr service lifetimes.

Key implications and recommendations that can also be
concluded on the basis of this work include:

— Material durability: Reinforced encapsulants with
lower acetic-acid formation potential and integrated
moisture barriers should be prioritized in future designs.

— Qualification testing: Current IEC sequences under-
estimate coupled thermo-photo-hydrolytic stresses;
adaptation toward multi-stress accelerated aging is
required.

— Predictive modelling: The dataset provides bench-
mark values for calibrating degradation models
linking optical transmission, series resistance, and yield
loss.

— Reliability monitoring: Combining UV-fluorescence
and electroluminescence offers an efficient diagnostic pair
for early detection of encapsulant aging and interconnect
failures.

— Policy and warranties: Long-term empirical data such
as this are indispensable for refining warranty assump-
tions and de-risking PV investments.

In summary, real-field longevity remains the ultimate
test of PV technology. By coupling continuous monitoring
with forensic insight, this study not only quantifies

degradation but also explains it—offering a path toward
more reliable, sustainable, and bankable solar power
generation.

Future work will extend this approach toward more time-
resolved diagnostic campaigns on additional long-term
monitored PV arrays, enabling improved tracking of
degradation kinetics and mechanism sequencing over time.
Ongoing work focuses on extending the present analysis to a
broader technology set, including modern PERC and
TOPCon modules deployed under identical monitoring
conditions. Additional efforts will integrate the electrical and
chemical degradation indicators derived here into predictive
lifetime models, enabling quantitative extrapolation of field
behavior beyond the current 15-yr horizon. A complemen-
tary objective is to validate the observed encapsulant—
interconnect degradation synergy across diverse climates
and to assess mitigation strategies based on alternative
encapsulant chemistries and barrier-film architectures.
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