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Broader context

Three decades, three climates: environmental and
material impacts on the long-term reliability of
photovoltaic modulesT
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Gabriele C. Eder,? Stefanie Vorstoffel," Claudia Buerhop-Lutz, ©" Gabi Friesen, ©2
Christophe Ballif,’ Matthias Burri @' and Christof Bucher @'

As the world has entered the terawatt age of photovoltaic (PV) deployment, ensuring long-term reliability is
more critical than ever for the global energy transition. This study analyses the long-term performance of six
PV systems in Switzerland over three decades, with more than 20 years of high-quality monitoring data. The
plants feature modules from the same family (AM55 and SM55) installed across varying altitudes and
climates, providing a unique dataset to compare performance trends under different operating
conditions. Using the multi-annual year-on-year (multi-YoY) approach, system-level performance loss
rates (PLR) were assessed, averaging just —0.24 + 0.16% per year, well below the commonly reported
range of —0.75% to —1% per year in the literature. Laboratory analyses further revealed that higher
thermal stress in low-altitude systems (up to 20 °C warmer) accelerated encapsulant degradation and
acetic acid formation, contributing to localised corrosion and higher performance losses. Importantly,
the bill of materials (BOM) is identified as the most critical factor in ensuring PV module longevity — with
modules manufactured with lower-quality materials showing markedly higher degradation rates -
followed by climatic influences. Indoor laboratory measurements confirmed that most modules retained
over 80% of their initial nominal power after 30-35 years in the field. These findings highlight the
durability of early 1990s module designs featuring EVA encapsulants, Tedlar backsheets, and robust
framed glass/foil structures, supporting lower levelised cost of energy (LCOE), reduced carbon
footprints, and extended performance warranties.

Solar photovoltaic (PV) electricity is now widely recognised as an affordable, clean and reliable energy source, playing a pivotal role in the energy transition. Its

rapid implementation has the potential to help mitigate climate change by phasing out fossil fuel power stations; however, this will require reliable and long-

lasting PV modules. While manufacturers typically provide performance warranties of 25 to 30 years, only a few PV modules and systems have demonstrated

a proven operational lifetime exceeding 20 years. Current warranties and business plans rely on accelerated ageing tests, which, however, are subject to
limitations and provide no insight into the effective lifetime of solar modules. A detailed analysis of six grid-connected PV systems installed in Switzerland
during the late 1980s and early 1990s demonstrates that high-quality PV systems (and their components), when built with high-quality materials and
components, can achieve lifetimes exceeding 30 years. This highlights their durability and long-term reliability. Through collaborative efforts, we correlated

module degradation rates across diverse climates, altitudes, and module bill-of-materials (BOMs); utilised advanced methods to evaluate performance and

ageing of modules; and extracted key insights from a 35-year-old solar module technology, highlighting its long-term reliability.
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1 Introduction
1.1 Ensuring reliability in the PV terawatt age

Photovoltaics (PV) is becoming the main electricity source for
a renewable energy transition. In 2023, 70% of the renewable
electricity capacity added came from PV, and total installations
reached more than 1.6 TWp at the beginning of 2024, covering
8.3% of global electricity demand.* As the global installed PV
capacity has reached the terawatt scale, the reliability of PV
modules, systems, and general components has become vital for
the continued success of the technology. Extending the service
lifetime of PV systems positively impacts the profitability of solar
projects,” while minimising their carbon footprint and the lev-
elised cost of electricity (LCOE).> PV now exhibits one of the
lowest carbon footprints and LCOEs among all power-generating
technologies.* Manufacturers of PV modules - the “heart” of a PV
plant, and the only major component of the system that, if well
designed, will operate for the entire duration of a project with no
substitution - typically provide performance warranties of 25
years, with a growing trend towards 30-year warranties. These
warranties are based on accelerated ageing tests and modeling;
however, actual operational data from PV modules in outdoor
field conditions typically covers only 10 to 20 years,” with limited
datasets extending beyond 30 years.®” The reliability of these
warranties remains uncertain, as accelerated ageing tests used by
the industry such as qualification, safety, and certification tests,
are not lifetime tests. Hence, data from systems with more than
30 years of operation are invaluable for assessing the true long-
term potential of solar PV technology.

1.2 Impact of climate and operating conditions

The reliability and degradation rates of PV modules are heavily
influenced by local environmental stressors. Conditions such as
ambient temperature, ultraviolet (UV) radiation, humidity, and
mechanical loads from wind, snow or ice significantly impact
module performance and longevity.>® Previous studies show
clear correlations between environmental factors and module
degradation rates. For instance, modules experiencing high-
temperature and high-UV irradiation exhibit faster perfor-
mance losses than those in moderate climates.” In regions
where extreme weather events such as heavy snowfall or strong
winds are frequent, they can lead to sudden - often catastrophic
- failures, such as glass breakage, cell ruptures or structural
damage, especially when PV module types are used that are not
designed for such high mechanical stresses." These sporadic,
severe events often remain unaccounted for in generalised
degradation models, as they are difficult to predict.>*> Other
studies, however, suggest that it is not UV but temperature in
particular that is a relevant catalyst for degradation.”* Moni-
toring and measurement data on PV system performance in
alpine and other extreme climates is limited. Typically, only
small-scale systems are deployed in such regions, often on
remote structures like mountain huts. As such, this study aims
to provide new insights into PV performance in challenging
environments, helping to close critical knowledge gaps
regarding PV reliability and degradation in harsh climates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.3 Insights from decades of operation

This work provides a unique perspective on long-term PV
performance by analysing 20-30 years of high-quality moni-
toring data from six PV systems equipped with similar module
technology. The systems are located across Switzerland, facing
diverse climatic conditions ranging from low-altitude to high-
altitude (alpine) regions. By combining performance moni-
toring data with laboratory analyses of material degradation,
this study enables a detailed evaluation of system-level perfor-
mance loss rates (PLR) and the ageing mechanisms of modules.
The results provide insights into the correlation between long-
term performance and (i) system location and climate (low-
altitude, mid-altitude and high-altitude (alpine)), (ii)
mounting configuration (e.g. ground-mounted or building-
applied), (iii) and bill-of-material (BOM) variations. Addition-
ally, the study assesses lessons learned from a 35-year-old PV
technology, contextualised against the rapid evolution of
module design in recent decades. Overall, this work aims to fill
critical gaps in understanding PV system reliability by linking
electrical degradation with material analysis and comparing
findings across diverse climatic conditions, offering valuable
lessons for improving module design and performance assess-
ments in the PV terawatt age.

2 Methods

The datasets in this study provide a unique opportunity to
analyse and characterise system- and module-level performance
changes over more than 30 years of operation. The analysis
follows two complementary approaches. First, a data-driven
approach leverages long-term system monitoring and meteo-
rological data to quantify the impact of different operating
conditions on performance. Second, laboratory measurements
of selected modules enable a detailed assessment of electrical
and material degradation. A flowchart summarises the analysis
methodologies employed in this study (Fig. 1). The methods are
organised as follows: Section 2.1 describes the sites and
systems, Section 2.2 details the module types used in these
systems, Section 2.3 outlines the system-level outdoor data
analysis, and Section 2.4 delves into the module-level indoor
measurements.

2.1 Monitored sites and systems

The plant layouts, module types, and locations are illustrated in
Fig. 2, while a summary of PV system metadata is provided in
Table 1."**° Each system is assigned a unique Site ID, con-
structed using the format [Altitude]-{Mounting Config.]-
[Module Type], which will be used throughout the paper. The
studied PV systems are classified into three altitude zones: low-
altitude (<600 m), mid-altitude (1000-1500 m), and high-
altitude (>2500 m), each corresponding to distinct Koppen-
Geiger (KG) climate classifications: Cfb (temperate, no dry
season, warm summer), Dfb (Cold, no dry season, warm
summer), and ET (Polar, tundra).’® The low-altitude sites
include Switzerland's first private grid-connected PV system in
Mohlin (310m-VR-AMS55), Tiergarten East and West in Burgdorf
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Fig.1 Flowchart illustrating the analysis methods in this study, combining system-level monitoring for climate characterisation and long-term
performance assessment, and module-level indoor measurements for electrical and material characterisation. Abbreviations: PV (photovoltaics),
multi-YoY (multi-annual year-on-year), PLR (performance loss rate), /-V curve (current—voltage characteristic), EL (electroluminescence), NIR
(near-infrared), UVF (ultraviolet fluorescence), ATR-IR (attenuated total reflection infrared), TD-GC/MS (thermo-desorption gas chromatog-
raphy/mass spectrometry).

Mohlin

Tiergarten

Burgdorf Fink

533m-VR-SM55(HO) \ 533m-VR-SM55HO

310m-VR-AM55

552m-BA-SM55
= N T

Mont-Soleil

Birg

Jungfraujoch

1270m-OR-SM55

3462m-VF-SM75

Fig. 2 System photos, showing the profile view (top) and aerial view (bottom). Approximate location in Switzerland is indicated in the bottom
right corner. The Tiergarten system is separated in the East and West parts of the rooftop in the data and results. Site IDs are indicated below the
system name, following the defined format: [Altitude]-[Mounting Config.]-[Module Typel], see Table 1.
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Table1 Detailed description of the PV systems. The orientation of each system is provided using azimuth angles based on true north (0° = North,
90° = East, 180° = South, 270° = West). All systems face either South—East (SE) or South—West (SW). Each system is assigned a unique Site ID
using the format [Altitude]-[Mounting Config.]-[Module Type]. The systems are also classified into three different altitude zones: low-altitude

(<600 m), mid-altitude (1000-1500 m) and high-altitude (>2500 m)

Low-alt. Mid-alt. High-alt.
Site ID 310m-VR- 533m-VR- 533m-VR- 552m-BA- 1270m-OR- 2677m-VF- 3462m-VF-
AMS55 SM55(HO) SM55HO SM55 SM55 AMS55 SM75
Site name Mohlin Tiergarten Tiergarten Burgdorf Fink Mont-Soleil Birg Jungfraujoch
West East
Altitude [m a.s.l.] 310 533 533 552 1270 2677 3462
Koppen-Geigger Cfb Ctb Cfb Cfb Dfb ET ET
climate zone
Mounting config. Ventilated Ventilated Ventilated Building Open-rack Ventilated Ventilated
roof (VR) roof (VR) roof (VR) applied (BA) (OR) facade (VF) facade (VF)
Module type AM55 SM55-HO (94%), SM55-HO SM55 SM55 SM55 SM75
SM55 (6%)
Capacity [kW p] 2.64 22.2 25.81 3.18 554.592 2.226 1.152
Orientation [°] 157 (SE) 209 (SW) 209 (SW) 168 (SE) 153 (SE) 190 (SW) 200 (SW)
Tilt [°] 36 30 30 28 52 90 90
Installation year 1987 1993 1993 1992 1992 1992 1993
Data availability N/A 2002-2022 2002-2022 1992-2023 2001-2022 1992-2022 1993-2022
Indoor meas. Yes Yes N/A N/A Yes Yes Yes

(533m-VR-SM55(HO) and 533m-VR-SM55HO), and Burgdorf
Fink (552m-BA-SM55), featuring ventilated and building-
applied rooftop configurations. At mid-altitude, Mont-Soleil
(1270m-OR-SM55) hosts Europe's first utility-scale PV plant.
The high-altitude systems, Birg (2677m-VF-AM55) and Jung-
fraujoch (3462m-VF-SM75), are facade-mounted installations.
For most systems, on-site monitoring equipment measured the
AC and DC outputs (current, voltage and power), as well as
ambient and module temperature, and in-plane irradiance
from pyranometers. Detailed system descriptions, including
layout specifications, module types, and data availability, are
presented in the Appendix (ESI Section A.1).}

2.2 PV module description

All PV installations analysed in this study used modules from
the same product family: ARCO AMS55, Siemens SMS55
(including the SM55-HO, “high output” variant), and Siemens
SM75, manufactured and installed between 1987 and 1993. In
1990, Siemens Solar acquired ARCO Solar and the associated
plant in Camarillo, California, where all the modules studied in
this work were manufactured.” This acquisition is also re-
flected in the naming of the modules. The nominal maximum
power indicated on the nameplate is 55 W for most modules
(48 W for the SM75), with an open-circuit voltage (V,) of 21.7 V
and a short-circuit current (/i) of 3.45 A, subject to minor
variations between individual modules. Fig. 3a shows a photo-
graph of the SM55 module.

Each module comprises a multi-layer structure of glass front
sheet (3.3 =+ 0.1 mm thickness), ethylene-vinyl acetate (EVA)
encapsulant, monocrystalline silicon (Si) solar cells, a second
EVA encapsulant layer, and a polymer backsheet laminate'®
(Fig. 3b). The monocrystalline Si cells are interconnected by two
busbars, with cell thickness ranging from 265 to 460 um as
determined from -cross-sectional measurements of various

© 2025 The Author(s). Published by the Royal Society of Chemistry

modules from each site. The modules feature a 3 x 12 cell
configuration, resulting in dimensions of 329 x 1297 mm. Two
junction boxes on the back of each module house bypass
diodes, while anodised aluminium frames provide structural
support. The backsheet is a laminated three-layer structure of
polyvinyl fluoride (PVF)/polyethylene terephthalate (PET)/PVF
(commonly known as “Tedlar”), where the PVF layers incorpo-
rate filler mainly of titanium dioxide (TiO,) and some samples
with talc (Mg3S1,010(OH),). For the occasionally used SM55-HO
variant, calcium carbonate (CaCOj3) was identified as inorganic
filler material (see Section 3.2.1). Backsheet thickness across all
modules was consistently measured at 175 + 7 pm. The EVA
encapsulant thickness also varied between modules produced
during this period, ranging from 370 to 500 um based on the
measured samples. Although all modules are similar and
comparable, minor differences make it necessary to refer to the
naming conventions (Table 1). The differences can be sum-
marised as follows: (i) the Siemens SM75 has a lower maximum
power output (48 W instead of 55 W); (ii) the AM55 modules are
the oldest and therefore still lack certain encapsulation
improvements; (iii) the SM55-HO variant has a different filler in
the backsheet for higher reflectivity.

For benchmarking purposes, two Siemens M55 (SM55)
modules have been stored in a controlled indoor environment
at the Photovoltaic Laboratory of the Bern University of Applied
Sciences (PV-Lab of BFH) since the start of the monitoring
campaign. These unexposed modules serve as reference
samples to evaluate material stability and potential ageing
effects, independent of outdoor environmental stressors.

2.3 System-level monitoring and data-based analyses

The following sections will describe the methodology applied to
the system-level outdoor monitoring data, starting with the
meteorological data, in order to characterise the different
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climates, and followed by the PV system power data, with the
goal of quantifying the PLR. As a general comment, operational
records, including change logs and maintenance diaries, were
maintained for most of the sites, revealing that nearly all
systems underwent at least one inverter replacement over their
30+ years of operation. The monitoring setup employed high-
quality measurement equipment, ensuring robust data acqui-
sition; however, some aspects of long-term sensor stability and
maintenance require further discussion. One key source of
uncertainty in the dataset arises from the calibration and
cleaning frequency of pyranometers used for irradiance
measurements. Pyranometers are prone to sensor drift over
extended periods, which can result in gradual deviations from
their original calibration.” This drift may be attributed to
several factors, such as ageing of optical components, exposure
to environmental dust or snow accumulation, or potential
degradation of sensor electronics. The absence of a consistent
recalibration schedule across all sites introduces potential
biases in irradiance readings, which in turn affect the accuracy
of performance assessments. To mitigate these uncertainties,
data processing techniques were applied to detect and
compensate for potential sensor drift. This includes comparing

584 | E£ES Sol, 2025, 1, 580-599

b Module laminate cross-section light micrograph

Backsheet

(a) Photograph of a Siemens SM55 module. (b) Light micrograph of the cross section of part of the module laminate: 3-layer backsheet,

historical trends in irradiance data with external reference
datasets and satellite-based measurements from Copernicus
Atmosphere Monitoring Service (CAMS),*® and implementing
filtering techniques to reduce noise from anomalous measure-
ments. As a result of this data quality assessment, adjustments
were made to three sites: site 552m-BA-SM55 data was truncated
to the period 1993-2015 due to a combination of inverter
replacements and changes in the site's module layout, which
could have introduced inconsistencies in performance evalua-
tion; sites 2677m-VF-AM55 and 3462m-VF-SM75 were shortened
by 2 and 6 years respectively due to irradiance sensor drift,
which affected data reliability.

2.3.1 Climate characterisation. To effectively characterise
the diverse operating conditions of the studied PV system sites,
the locations have been categorised into three climate zones
based on their altitude: low-, mid-, and high-altitude. Altitude is
a primary factor influencing climate variability in Switzerland,
as it significantly affects temperature, irradiance, and weather
patterns. These three altitude categories also correspond to
distinct Koppen-Geiger climate classifications for the sites: Ctb
(temperate, no dry season, warm summer) for low-altitude, Dfb
(cold, no dry season, warm summer) for mid-altitude, and ET

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Polar, tundra) for high-altitude.” Given these climatic varia-
tions, the three altitude zones represent different operating
conditions for PV modules, impacting their thermal and irra-
diance exposure. To quantify these differences systematically,
multiple key temperature- and irradiance-related metrics have
been selected, as these factors are expected to be the primary
sources of environmental stress across the three climate zones.
Full-year datasets (2005-2018) were analysed to minimise biases
due to seasonal variations, ensuring a robust representation of
long-term conditions. Meteorological parameters were recorded
at 5-minute intervals, enabling high-resolution assessment of
site-specific climate characteristics. The following sections
describe the chosen indicators, which reflect the differences in
thermal and irradiance stress across the studied sites.

Temperature is a critical factor that influences both the
short- and long-term performance of PV modules: higher
temperatures reduce the power output of the modules due to
the solar cell temperature coefficient, and accelerate the
degradation of polymeric materials and other components.**>*
Additionally, temperature fluctuations lead to thermomechan-
ical stresses due to differences in the thermal expansion coef-
ficients of the module materials.”**® Metrics that describe both
the general temperature ranges of exposure as well as temper-
ature fluctuations should therefore be evaluated in order to
differentiate the various climates.>” The temperature probability
density assesses the likelihood of specific temperature values
throughout a studied time period, and allows to compare the
frequency of temperature occurrences across various locations
and system mounting configurations. The 98th percentile
temperature (Tog), as defined in the IEC TS 63126, represents
the temperature value that is exceeded only 2% of the time. This
corresponds to a cumulative exposure of 175.2 h per year at or
above the Tog temperature, combining high temperature expo-
sure and time spent at high temperatures.”*?*® The Tog metric is
considered more representative for thermal stress character-
isation than the maximum temperature, which could reflect
only a single occurrence, as thermal processes need time to
activate.®* Diurnal temperature variation, defined as the differ-
ence between daily maximum and minimum temperatures, is
another significant metric which provides an overview of daily
thermal fluctuation. Higher day-night temperature variations
are associated with higher thermomechanical stress, which
could increase the risk of damage to metallic contacts, solder
joints and cells.”® To further capture thermomechanical stress,
the total temperature travelled metric is also used, calculated as
the cumulative sum of absolute temperature changes at each
time step. This metric typically provides a standardised
approach for comparing thermal exposure across climates.**?*
Since it accounts for both positive and negative gradients, it
reflects the total thermomechanical stress imposed by all intra-
day temperature variations on PV modules (including day-night
cycles but also cloud-related temperature drops), giving
a generalised measure of accumulated stress.*”

Irradiance is also a critical environmental factor that directly
impacts PV module performance and degradation. To charac-
terise irradiance conditions, plane-of-array (POA) irradiance
probability density plots are used, filtering data for values above

© 2025 The Author(s). Published by the Royal Society of Chemistry
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50 W m 2 to exclude nighttime, ensuring that only relevant
sunlight exposure is considered. This enables comparison of
the distribution of irradiance levels across different locations,
providing insight into the frequency of varying irradiance
intensities each system experiences. Additionally, the total POA
irradiation is calculated to quantify the cumulative light
received by each system over the study period.

2.3.2 Multi-annual year-on-year performance loss rate. For
the long-term performance analysis of the available monitoring
data, the multi-annual year-on-year (multi-YoY) method is used
to determine the PLR.**** The multi-YoY approach is a variation
of the standard YoY***® which reduces the statistical uncer-
tainty of the metric through increased usage of available data.””
Each system is analysed following the same steps:

(1) Data gathering and pre-processing: system-level DC or AC
power (inverter measurements), in-plane irradiance (from on-
site POA pyranometers), and back-of-module temperature
measurements are collected for each site. All data is resampled
to 10-min average.

(2) Computing the performance metric: the temperature-
corrected performance ratio (denoted PR’) is computed,
following the IEC 61724-1:2021 guidelines.*® Eqn (1) shows the
calculation: for the k time steps with recording interval 7, P,
[W] is the measured DC or AC power (in this work, DC power is
used for all systems), P, [W p] the rated power (system capacity),
G; [W m™] the measured in-plane irradiance, and G s =
1000 W m~? the irradiance at which P, is determined, i.e. at
standard test conditions (STC). The power rating temperature
adjustment factor Cy »soc is defined with Tyoq [°C™'] the module
temperature and vy [°C™'] the relative maximum-power
temperature coefficient.

<2Pmp.k X Tk)
PR = k
<Z(Ck.25°c X Py) X Gip X 1k (1)
k Gi.ref

Crosoc =1+ 7 X (Thoax — 25 °C)

(3) Filtering and data aggregation: the PR’ time series are
filtered and prepared for the multi-YoY analysis step. The same
three-step filtering approach is applied to all datasets across the
different sites:

(a) POA irradiance filter: data are filtered to exclude extreme
irradiance conditions, such as nighttime, low-light, or irradi-
ance peaks caused by cloud reflections, by removing values
where irradiance is below 100 W m > or above 1250 W m ™2, This
step is applied to the 10-minute time series.

(b) PR’ filter: a PR’ filter is applied with low and high
thresholds of 0.6 and 1.2, respectively, to remove extreme
performance outliers. This step is also applied to the 10-minute
time series.

(c) Statistical outlier filter using rolling mean: statistical
outliers are removed based on a rolling mean and standard
deviation. In this third step, daily aggregated PR’ values are
used to compute a 15-day rolling mean and standard deviation,
creating upper and lower bounds for outlier detection.

EES Sol., 2025, 1, 580-599 | 585
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Specifically, the rolling mean u,5 and rolling standard deviation
045 are calculated as follows:

1

1 ,
ws(1) = 15 Z PR,

i=t—14

o15(t) = \/% Z (PR; - Hls(t))z

where ¢ denotes the current day. The upper and lower bounds
for each day ¢ are defined as ui5(t) = k X 045(¢), where k is
a constant set to 0.5 in this analysis. Data points that fall outside
these bounds are classified as outliers and removed from the
time series.

(d) Data aggregation: after applying the initial filters, the
remaining data are aggregated to compute daily, weekly,
monthly, or yearly mean values, forming the input for the multi-
YoY analysis step.

(4) Determining the PLR: after computing, filtering, and
aggregating the PR’ time series, the YoY changes are calculated
to identify performance shifts across all subsequent years for
each reference year. Instead of comparing only consecutive
years (as in the standard YoY approach), the multi-YoY method
compares the PR’ value for a given year i to the values in all
subsequent years j (j > i), where PRy, is the mean PR’ in year i,
PR;/ear ; is the mean value in year j, and At is the time difference
between the two years in years. This approach generates a larger
distribution of YoY instances, improving accuracy and reducing
statistical uncertainty by increasing the sample size.””

(2)

: PR;/ear i 3
At;;|years| (3)

PR\ —

YOY,'J' =

The PLR is determined by calculating the median of the
resulting YoY distribution, providing a robust measure less
sensitive to outliers than the average. To capture the uncertainty
around this PLR, bootstrapping is used.** Bootstrapping creates
random resamples from the data to simulate the variation in
PLR values, allowing for the estimation of a confidence interval
(co.

2.4 Module-level indoor measurements

To complement the long-term monitoring data, a sample of PV
modules was randomly selected and removed from the specified
systems (Table 1). These modules were then subjected to indoor
laboratory measurements (Fig. 1), and compared to the two
reference SM55 modules that were not exposed to outdoor
conditions. These tests provide a more in-depth investigation
into the physical and electrical degradation mechanisms
affecting the modules after prolonged field exposure. The
following sections outline the methodologies applied across
two main areas: electrical and material characterisation.

2.4.1 Electrical characterisation. Current-voltage (I-V)
measurement were conducted to evaluate the changes in the
electrical performance of the modules following long-term
outdoor exposure. The measurements were carried out under
standard testing conditions (STC), defined as 25 °C, 1000 W
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m~? irradiance, and an air mass of 1.5 (AM1.5), at an ISO17025
accredited PV module testing laboratory using a class A+A+A+
10-millisecond pulsed solar simulator (Pasan IIIb) with an
uncertainty of +2.6%. Given that the tested modules do not
exhibit high capacitance, the single-flash measurement method
was applied. Module temperature was monitored using a Pt100
temperature sensor attached to the back of the module. Irra-
diance at the measurement plane was recorded with a reference
cell, which is periodically calibrated by an external calibration
laboratory to ensure accuracy. The module degradation rates
were calculated based on the change in I-V parameters after
outdoor exposure compared to the initial I-V parameters,
considering the total duration of exposure. Due to the absence
of initial module /-V measurements at STC, the nameplate
nominal I-V values were used. It is important to note that the
uncertainty of these values, measured in the late 1980s and early
1990s, is relatively high compared to modern measurements,
and this uncertainty impacts both the module degradation rate
and the performance ratio.

Electroluminescence (EL) imaging is a widely used, rapid,
and non-destructive technique for detecting defects in PV
modules, such as cell cracks, damaged metallization, and
shunts. The method works by injecting a direct current into the
PV module, which stimulates radiative recombination in the
solar cells. The resulting photon emission, occurring in the
near-infrared region, is captured using a charge-coupled device
(CCD) camera. In this work, EL imaging was conducted in
a dark room, applying the I;. of the module under test.

2.4.2 Material characterisation. A detailed characterisation
and analysis of the polymer components used in the PV
modules, including encapsulants and backsheets, was con-
ducted. This analysis aimed to (i) identify the composition of
the individual layers within the multi-material laminate struc-
ture of the modules and (ii) assess how these polymer materials
have changed and aged after three decades of operation and
exposure to various climatic conditions. Combining this infor-
mation with known stressors at the installation site enables
a better understanding of the causes of specific degradation
mechanisms and failures. Both non-destructive and destructive
measurements were carried out.

Non-destructive near-infrared (NIR) measurements were
carried out using a handheld spectrometer (trinamiX) in the
range of 4080-6900 cm ™ * (corresponding to 2450-1450 nm) and
a spectral resolution of 1%. In the NIR range, light penetrates
the entire polymer stack and the transparent glass pane,
allowing analysis and identification of the 3-layer polymer
backsheet and encapsulant. The backsheet layers are analysed
by measuring from the back of the module, while the encap-
sulant is examined through the glass pane from the front of the
module (above the Si-cell). To assess degradation within the
polymer stack, it is necessary to further process the NIR spectra.
Chemometric models, including Principal Component Analysis
(PCA) and Random Forest (RDF), were applied using Epina
DataLab software.*” PCA, a widely used clustering technique,
reduces the dimensionality of multivariate data by trans-
forming it into new variables (principal components) that
capture the highest variance, often revealing patterns within the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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first two or three components. It is often used to visualise
different clusters of data.** RDF is a machine learning algorithm
that builds multiple decision trees and combines their outputs
to classify particular data sets. Each tree in the forest is built on
a random subset of the data variables to create uncorrelated
trees.”> The variable importance plot shows the variables that
are most important to the classifier. In the context of analysing
differently aged modules, this plot reveals the wavelengths
associated with key chemical changes.

Destructive analysis allows for a detailed analysis of the
materials and thickness of the individual layers. Therefore,
cross-sections of the module laminate (excluding the glass)
were prepared and analysed with an optical light microscopy.
The thickness of the individual layers (backsheet, encapsulant,
solar cell) were determined on at least two independent samples
per system to ensure accuracy and reproducibility. This was
followed by destructive attenuated total reflection infrared
(ATR-IR) imaging in order to determine the chemical identity of
each laminate layer. The cross-sections were analysed with
a Fourier Transform Infrared (FTIR)-microscope.”® An FTIR
spectrometer (PerkinElmer Model Spectrum One) combined
with an Auto Image microscope (PerkinElmer Spotlight 400)
was used. It is equipped with a liquid nitrogen cooled mercury-
cadmium-telluride (MCT, line array) detector and an ATR
imaging device. The germanium ATR-crystal with a flattened tip
(d ~ 800 pm) allows the collection of hyperspectral images as
large as 500 x 500 um. The spectral data in the image were
processed using PCA to reveal spectral differences in the
materials. In this kind of representation, each spectroscopic
distinguishable component is displayed in a different colour.
The mean spectra of the individual layers were extracted from
these images. Additionally, compare-correlation images were
generated using extracted spectra of the reference sample to
confirm the presence of specific layers, such as the
polyurethane-based adhesive layer (~5-7 pm).

Thermo-desorption gas chromatography/mass spectrometry
(TD-GC/MS) was performed to analyse thermally extractable
components of the EVA encapsulant, such as additives and
degradation products (e.g. acetic acid). A thermodesorption
system Gerstel TDS 3 with a liquid nitrogen cooled injection
system was used. The evolving gases were analysed by gas
chromatography (GC) - Agilent 6890 GC - with a mass spec-
trometric (MS) detector HP 5973 N. The encapsulant samples
were extracted at 150 °C for 30 min in He atmosphere. Using
a defined sample weight of 10 mg allows for comparative
quantitative evaluation of the thermally extracted components,
such as acetic acid.

UV-fluorescence (UVF) imaging technique is based on the
non-destructive detection of the fluorescence effects in the
polymeric material of a PV module after UV light excitation.
Certain electron-rich molecules, such as additives with
aromatic rings or degraded polymer fragments with conjugated
double bonds, are prone to form fluorophores that absorb UV
light and re-emit light in the visible range.** Thus, the emitted
light has a longer wavelength (lower energy) than the absorbed
UV light, making it visible to the naked eye, and is detectable
with a photographic camera. In this study, UV light sources

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(with an emission maximum of 365 nm) and a camera (equip-
ped with a high-pass filter to cut off UV light) were used. UVF
imaging was performed in a darkroom to detect fluorescence
effects associated with encapsulant degradation in the weath-
ered modules.

3 Results

The results section first presents a comprehensive analysis of
the operating conditions of the PV systems installed at varying
altitudes in different applications (open rack, ventilated roof or
facade and building attached). Results of the system-level PLR
analysis after more than 30 years of outdoor exposure are then
described and evaluated in conjunction with the results of
detailed module-level electrical and material characterisation in
the laboratory. The resulting degradation effects and failures
are described and comparatively evaluated.

3.1 Climate and operating conditions

The statistical analysis of the weather data based on the indi-
cators described in Section 2.3.1 help to capture and under-
stand the microclimates affecting each PV system, in terms of
thermal, thermo-mechanical and irradiance stress. All findings
are derived from 13 years of meteorological data collected at the
sites (Fig. 4). In terms of thermal stress, module and ambient
temperature probability densities (Fig. 4a and c) reveal that
high-altitude locations provide the coldest operating conditions
(minimum —31 °C), while the building-applied rooftop system
at low-altitude location reaches the highest module tempera-
tures (maximum 74 °C). Module Tyg (Fig. 4b) is influenced not
only by site altitude but also by system mounting configuration,
explaining why the mid-altitude open-rack system (1270m-OR-
SM55) has the lowest Tog at 40 °C. For ambient Tog (Fig. 4d),
high-altitude locations show the lowest values, at 10 °C and 15 °©
C. Overall, in terms of expected thermal stress, the BAPV low-
altitude system (552m-BA-SM55) experiences the most
demanding operating conditions.

The probability density of diurnal temperature variation at
the module level and the total temperature travelled are used to
evaluate thermo-mechanical stress (Fig. 4e and f). Diurnal
temperature variations reflect intra-day thermo-mechanical
stress in module components due to differences in thermal
expansion coefficients. Results indicate that the highest-
altitude site (3462m-VF-SM75) experiences the greatest day-
night temperature variations, likely due to freezing nighttime
temperatures. In the mid- and low-altitude range, the BAPV
system (552m-BA-SM55) exhibits the largest diurnal tempera-
ture variations, which may be attributed to reduced ventilation
compared to open-rack or ventilated roof configurations. On top
of day-night temperature fluctuations, total accumulated
thermo-mechanical stress is estimated by the total temperature
travelled. Interestingly, low-altitude ventilated roofs show the
highest temperature travelled, likely due to faster cooling rates
and thus lower thermal inertia. In contrast, the BAPV system
has the lowest total temperature traversed, reflecting higher
thermal inertia. Overall, frequent temperature ramping events
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Fig. 4 Statistical analysis of the meteorological data. (a)—(d) Thermal stress: module and ambient temperature distributions and 98th percentile
temperatures. (e) and (f) Thermo-mechanical stress: diurnal temperature variation distributions and total temperature travelled. (g) and (h)
Irradiance stress: plane-of-array irradiance distribution (values 50 W m~2 filtered out to avoid nighttime and low irradiance) and total irradiation.
All datasets are filtered between 2005-2018 to compare the same time periods and number of years.

induce material stress, with thermo-mechanical stress appear-
ing more pronounced in low- to mid-altitude systems with
partial ventilation.

Irradiance stress is analysed through the probability density
of POA irradiance (where values <50 W m > are filtered out to
avoid nighttime) and the total accumulated irradiance (Fig. 4g
and h, respectively). Alpine sites show distinct irradiance
distributions, with peak values exceeding 1400 W m™>, likely
due to a combination of high solar irradiance resulting from

reduced atmospheric thickness at high altitudes, snow

588 | £EES Sol, 2025, 1, 580-599

reflectance (high albedo), and cloud reflections. Regarding total
received irradiance, only the highest-altitude site exhibits
a notably high level, which may contribute to increased photo-
thermal stress or enhanced UV-induced degradation at the
module level.

3.2 Long-term system performance

The PLR of all monitored systems is determined using the
multi-YoY approach described in Section 2.3.2. The PR’ trends

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-corrected performance ratio (PR’) trends, using yearly data aggregation and smoothed with a Gaussian filter (¢ = 2). The

Cl is computed using one standard deviation of the yearly averaged data. (b) PLR results with 95% CI from the daily aggregation results of the
multi-YoY method. All systems with long-term performance data are included.

using yearly aggregation show the relative system performances
over time (Fig. 5a). The PV system installation dates are indi-
cated with arrows (the initial PR’ value is not based on
a measurement but simply placed as a visual reference), to show
the extent of outdoor module exposure relative to the moni-
toring data available for the PLR assessment. The final PLR
value and 95% CI are based on the daily aggregation results
which feature the lowest uncertainty (Fig. 5b). The detailed
multi-YoY results per system are shown in the Appendix
(Fig. A.1, ESI),} with the PLR results for daily, weekly, monthly
and yearly aggregation strategies.

The PR’ trend results highlight clear differences in PR’ for
the various locations, module types and mounting configura-
tions (Fig. 5): (i) higher altitude systems tend to have higher
average PR, with values ranging from 0.7 to 0.89 for the alpine
facade 3462m-VF-SM75; (ii) facades seem to experience higher
seasonal variations in performance, visible with the wider
standard deviation; (iii) non-linearities can be observed in the
low-altitude systems, which is mostly due to soiling and clean-
ing events, as identified and studied in previous work on the
same installation,"” and may also be linked to non-linear
degradation;***¢ (iv) the highest PR’ trend decline is observed
for the low-altitude building-applied system, although no indi-
cation of soiling was detected. Unfortunately no indoor
measurements are available to further correlate this to actual
degradation or reversible loss effects. In terms of PLR values, all
systems exhibit remarkable stability considering more than 30
years of operation, with values ranging from —0.55% per year
for the low-altitude BAPV system, to —0.12% per year for the
high-altitude ventilated facade. These system-level PLRs are
significantly lower than the commonly reported values of
—0.75% per year for older PV systems**° and —1% per year for
more recent installations,* with an average PLR of only —0.24 +
0.16% per year.

In terms of indoor module-level results, the maximum power
point (Pp,) is determined from indoor -V measurements con-
ducted under STC (1000 W m 2 and 25 °C) and compared to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

initial nameplate values to compute the annual performance
change rate. These results are presented using box plots, which
include the underlying data points representing the number of
measured modules, and are compared with the outdoor system-
level PLR results (Fig. 6). The systems are arranged by altitude,
with the three altitude zones clearly indicated at the top of the
figure to facilitate comparison. For the specific site 533m-VR
(Tiergarten), two systems are considered: one consisting of
100% SM55-HO modules, and another comprising 94% SM55-
HO modules and 6% SM55 modules. In the case of 533m-VR-
SM55(HO), results for both module types are included in the
indoor I-V analysis, with the minority module type (SM55)
displayed in a faded colour to indicate its limited - yet signifi-
cant — contribution to the overall system performance change.

The indoor I-V measurements solely capture the I-V char-
acteristics of a module at STC, providing insights limited to
those specific conditions. However, the PLR analysis accounts
for a broader range of irradiance and temperature conditions,
providing a more comprehensive reflection of real-world
performance over the entire monitoring period and the whole
system. This approach also captures the influence of spectral
variations and the angle of incidence, which are not captured in
standard indoor I-V measurements. Since modules may
degrade at different rates across irradiance levels — potentially
showing different behaviour at low irradiance compared to
1000 W m~2 - discrepancies between indoor I-V results and
outdoor PLR findings are expected. Additionally, as previously
noted, insufficient maintenance of outdoor monitoring systems
can compromise the accuracy of performance evaluations.
Specifically, pyranometers used for irradiance measurements, if
not periodically calibrated, are prone to sensor drift over time,
resulting in deviations in irradiance readings.

At first glance, the data seems to suggest that systems located
at lower-altitudes exhibit greater performance changes
compared to those at higher-altitudes. However, careful anal-
ysis is necessary to avoid drawing premature conclusions from
this observed trend. To investigate further, the following
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Fig. 6 Overview of indoor and outdoor measurement results for all analysed systems. The figure shows: (i) the module degradation rates of P,
based on indoor /-V measurements (box plots with underlying data points), and (ii) the system PLR calculated from outdoor monitoring data
using the multi-YoY method, with 95% CI. Systems are ordered by altitude zones indicated at the top. For the site 533m-VR-SM55(HO), which is
composed of 94% SM55-HO modules and 6% SM55 modules, both types are shown for the indoor /-V results. The minority type is displayed in
a faded colour for clarity as it is less representative of the system behaviour.

sections will delve into specific comparisons of (i) module
performance within the same area or altitude zone, as BOM
variations or manufacturing differences could be contributing
factors; (ii) similar module types situated at different altitudes,
to better assess the impact of temperature and climatic
stressors in terms of performance changes and degradation
paths.

3.2.1 Same altitude zone - different BOM

3.2.1.1 Tiergarten West (533m-VR-SM55(HO)): modules SM55
and SM55-HO. Results of the long-term performance analysis

|-V curve measurements
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N
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Fig. 7 [-V curves of the reference, SM55, and SM55-HO modules

based on the outdoor-monitored data for site 533m-VR-
SM55(HO) indicate a system PLR —0.34% per year. For the
indoor measurements, 12 modules were retrieved: five SM55
modules and seven SM55-HO modules (as a reminder, the
system is comprised of 94% SM55-HO modules, and only 6% of
the standard SM55 type). Despite sharing the same rooftop and
outdoor exposure conditions, the five SM55 modules showed an
average of approximately twice as much performance changes
in indoor I-V at STC measurements (Fig. 6). The primary cause
for these variations appears to be recurring solder bond failures

EL images

533m-VR-SM55HO

533m-VR-SM55

from the 533m-VR-SM55(HO) site, along with EL images taken after

approximately 30 years of outdoor operation. The SM55 module exhibits increased series resistance and reduced fill factor due to recurring
solder bond failures, visible as dark areas near cell edges and bright spots along the ribbons in the EL images.
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observed in all five modules of this type, resulting in increased
series resistance and a decrease in fill factor (FF), visible in the
I-V curve and EL image of the SM55 module (Fig. 7). The solder
interconnections between the ribbons and the busbars seem to
have developed cracks starting at the cell edges and progressing
towards the centre of the busbars. This results in darker areas
near the cell edges and bright spots at the centre of the ribbons.
In some severe cases, solder interconnections between ribbons
and busbars appear to have completely cracked, leading to
entirely dark areas without bright spots along the ribbons.
Similar patterns of recurring solder bond failure in this type of
module have been documented in previous studies.***> The
consistent occurrence of solder bond failures suggests potential
inadequacies in production processes and quality control
measures. Based on energy dispersive X-ray spectroscopy (EDX)
element analysis of the solder interconnection area (Sn-Pb),
Han et al.** suggest that solder interconnection fatigue is caused
by repeating temperature cycles,” coupled with possible
chemical corrosion and the formation of intermetallics.
Additionally, it was of interest to analyse the BOM of the
SM55 and SM55-HO as the label and data sheet did not indicate
any difference. The polymeric materials of the modules were
first analysed non-destructively using NIR spectroscopy. By
analysing the NIR spectra of the entire backsheet stack, the
backsheet laminate was identified as Tedlar backsheet with the
known composition PVF/PET/PVF for both module types SM55
and SM55-HO. When applying chemometric modelling to all
backsheet NIR-spectra, however, some differences between the
two module types were detectable. The PCA results show that
the scores for the SM55-HO backsheet are clearly separated
from those of the SM55 modules, suggesting significant varia-
tions in the spectra (Fig. 8a). The variable importance plot of the
RDF model did not show contributions to this variations from
specific spectral regions. Changes were present across all vari-
ables. This suggests that the difference is not due to changes in
certain specific functional groups of the backside material, but
to a different composition (i.e. additional ingredient). To
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validate this assumption, samples were cut from the module,
cross-sections were prepared, and light and ATR-IR microscopic
images were recorded. These images revealed (i) a thicker inner
PVF layer in the backsheet SM55-HO compared to SM55 and (ii)
the presence of chalk (CaCOj;) particles as filler in this inner
layer (Fig. 8b). In the SM55 modules of this system (and most
other), TiO, is used as a filler for both PVF layers. The different
filling material was used in the inner layer of the backsheet to
achieve higher efficiencies with higher internal reflectance - the
modules comprising this backsheet type were called SM55-HO
(High Output) as reported by ref. 54.

3.2.1.2 Mohlin and Tiergarten West (310m-VR-AM55 and
533m-VR-SM55(HO)): modules SM55 and AM55. Recurring solder
bond failures, initially identified in EL images of SM55 modules
from the 533m-VR-SM55(HO) system, were also observed in the
AM55 modules of the 310m-VR-AM55 system, as shown in
Fig. 9. These failures similarly contributed to performance
degradation of the AM55 modules, confirmed with -V
measurement results in the form of increased series resistance
and decreased FF. This results in a median module degradation
rate of —1.27% per year (Fig. 6).

Two major differences between the SM55 and AM55 modules
from the 533m-VR-SM55(HO) and 310m-VR-AM55 systems,
respectively, were identified through UVF and visual inspection
(VI) imaging. In the UVF images, the encapsulant in the AM55
module exhibits a different emission colour and intensity,
suggesting potential variations in additives or encapsulant
composition (Fig. 9). In the VI images, both module types show
delamination of the encapsulant along the ribbons, with the
AM55 module displaying more severe delamination compared
to the SM55 module. In addition, the AM55 module shows
discolouration of the encapsulation material. These modules
are the oldest of those examined (manufactured in 1987) and
were manufactured before the introduction of UV-stabilisation
of EVA for PV applications. The discolouration can be
explained by photo-oxidative degradation. Encapsulant quality
improved after 1987 by stepwise stabilisation of the polymer
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Fig. 8

(a) PCA scores obtained from PCA clustering analysis of the whole NIR spectra, highlighting a clear distinction of the SM55-HO module

type. (b) ATR-IR image of the cross-section of the backsheet of a SM55-HO module showing the CaCOs filler.
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|

Fig. 9 Electroluminescence (EL), ultraviolet-fluorescence (UVF) and visual inspection (VI) images of the modules from the 533m-VR-SM55 and

310m-VR-AMS55 systems.

with UV-stabilisers and anti-oxidants, thus effectively reducing
discolouration. A noticeable lack of discolouration and fluo-
rescence is observed at the cell edges, likely caused by photo-
bleaching, a competing process to the discolouration and
fluorescence of EVA in the presence of oxygen permeating
through the backsheet.*®

3.2.1.3 Mont-Soleil (1270m-OR-SM55). Indoor I-V measure-
ments of four SM55 modules from the 1270m-OR-SM55 system
revealed differing module degradation rates. Specifically, two
modules exhibited higher loss compared to the other two. As

shown in Fig. 10a, all modules exhibited a reasonable decrease
in I, yet they have different FF trends: two modules experi-
enced a reduction in FF, while the remaining two showed no
significant change.

EL imaging revealed that modules with higher FF loss
exhibited dark areas in some cells, whereas no dark areas were
observed in the other modules (Fig. 10b). Encapsulation mate-
rials, extracted destructively from Module 1 and from both the
dark and non-dark areas of Module 3, were analysed for their
degradation product content by thermo-desorption GC-MS. The

1270m-OR-SM55
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Fig. 10

(a) Degradation rates of the module /-V parameters (indoor) and (b) EL images of four modules from the 1270m-OR-SM55 system. (c)

ATR-IR image, shown as an inset in the figure, highlights the dark area of Module 3 with compare-correlation analysis with the IR spectrum of the

unaged adhesive.
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Fig. 11 (a) Amount of acetic acid detected in the EVA with TD-GC/MS. (b) UVF images of the modules after 30 years of outdoor exposure,

alongside a UVF image of a non-weathered reference SM55 module. (c) ATR-IR images of the cross-sections of backsheets after compare-
correlation with the IR spectrum of the unaged adhesive (high correlation = red).

acetic acid detected in EVA from the dark areas of Module 3 was
approximately twice the amount found in the non-dark areas of
the same module (Fig. 11a). In fact, the acetic acid concentra-
tion in the non-dark areas of Module 3 was similar to that of the
less degraded Module 1 (not shown). This suggests a locally
higher rate of degradation and acetic acid formation in the dark
areas likely due to locally higher temperatures. Acetic acid is
known to cause corrosion of the silver (Ag) fingers and reduce

the conductivity of the Ag finger,>*>® thereby increasing the

© 2025 The Author(s). Published by the Royal Society of Chemistry

contact resistance between the Ag and Si, which in turn
contributes to the observed decrease in FF and dark areas in EL
images.>

To further investigate localised stress and material degra-
dation in the polymer layers, ATR-IR microscopic imaging was
performed and analysed using compare-correlation techniques
with the original material. Particular attention was given to the
adhesive layers (~5-7 pm) between the PVF and PET layers, as
these are known to be indicators of the thermal stress impact on
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the laminate.” In the unaged reference module, the adhesive
layer is well-defined, with a thickness of approximately 5-7 um,
and exhibits a high correlation with the original adhesive
spectrum (Fig. 11c, where red areas indicate high spectral
accordance). However, in the dark regions observed in the EL
image of Module 3, the adhesive layers appear indistinct, with
the outer layer degrading almost completely (Fig. 10c). In
addition to the corrosion of the Ag fingers leading to dark areas
in the EL images, this additional degradation route also
suggests significantly higher thermal stress in these areas.

3.2.2 High vs. low altitude. To investigate the impact of
altitude-related operating conditions on the long-term perfor-
mance and material stability of PV modules, modules of the
most similar types were analysed and compared at different
altitudes, despite having different modules names (see Section
2.2). Specifically, the AM55 and SM55 modules from the high-
altitude sites (2677m-VF-AM55 and 1270m-OR-SM55, respec-
tively), the SM55-HO module from the low-altitude site (533m-
VR-SM55(HO)), and an unexposed reference SM55 module
(not weathered) were used for both electrical and material
analyses (Fig. 11). The systems demonstrate performance loss
and module degradation rates below —0.6% per year. Despite
these low rates, it is evident that the modules from the higher-
altitude site (2677m-VF-AM55) exhibited lower performance
losses compared to those from the lower-altitude site (533m-VR-
SM55(HO)). In order to find out how the differing local climate
affected the degradation of the polymer materials, UVF and
acetic acid formation in the encapsulant and adhesive stability
in the backsheet were analysed.

UVF images of the modules are compared, including the
unweathered SM55 reference module (Fig. 11b). As expected,
the encapsulant of the reference module shows no clear fluo-
rescence emission, as it has not been exposed to environmental
stressors such as temperature and irradiance. In contrast,
modules from both 533m-VR-SM55(HO) and 2677m-VF-AM55
systems show clear fluorescence of the polymer encapsulant.
As discussed in Section 3.1, although modules in both systems
were exposed to approximately the same irradiation dose, the
SM55-HO modules from 533m-VR-SM55(HO) experienced
higher operating temperatures. Increased thermal stress accel-
erates the formation of degradation products in the encapsu-
lation material that can be associated with fluorescence
effects.®

To analyse potential encapsulant degradation on a deeper
level, NIR spectra of the EVA encapsulants were examined by
comparing the module from the low-altitude system (533m-VR-
SM55(HO)) with the module from the high-altitude system
(2677m-VF-AM55). The spectra were analysed with RDF as it can
indicate the spectral regions where differences or ageing
induced changes occur (with the variable importance plot). It
shows differences in the spectral region 5880-5930 cm ™", which
corresponds to overtones of aliphatic C-H stretching vibrations,
most likely of ~CH; groups. The CH; groups are present in the
acetate side groups of EVA, which can be split off as acetic acid.
So the analysis indicates a change in the acetic acid content.
More detailed destructive analysis of the EVA using TD-GC/MS
underlined these assumptions as they reveal higher acetic
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acid content in the low-altitude modules than in the high-
altitude modules (Fig. 11a). As discussed in Section 3.2.1, the
acetic acid produced can react with the Ag and lead (Pb) in the
cell fingers and solder of the connectors, causing corrosion and
poor electrical conductivity, resulting in cell degradation
performance losses.

To better understand the relationship between module
temperature, electrical and material degradation, the material
changes of the backsheet components of the modules installed
in the different altitude zones were analysed in more detail. NIR
spectra of the backsheets of the various modules were recorded
and compared using PCA and RDF. The PCA results show
different clusters for the high and low-altitude systems of the
same SM55 module type (Fig. 8a). In order to analyse the origin
of this variation, RDF was performed, including the creation of
a variable importance plot. It shows the most pronounced
spectral differences in the region 5170-5280 c¢m ', which
corresponds to an overtone of a stretching vibration of carbonyl
groups. This indicates a change in the PET core layer and/or the
adhesive (polyurethane-based). The most significant difference
was observed in the spectra of the backsheet from the low-
altitude systems compared to both the reference and high alti-
tude systems.

As described earlier, the status of the adhesive layers within
the backsheet laminate can serve as indicators of thermally
induced ageing phenomena within the backsheet. Therefore,
ATR-IR images of the cross-sections of the aged backsheets were
analysed by comparing them to the IR spectrum of the original,
unaged adhesive. Results show that the adhesive layer remains
intact in the modules from high and mid-altitude sites, which
experience lower thermal stress (3462m-VF-SM75, 2677m-VF-
AMS55, and 1270m-OR-SM55), whereas it degrades in the
samples from the low-altitude site 533m-VR-SM55(HO)
(Fig. 11c). Voronko et al. have described this phenomenon of
adhesive degradation in their detailed analysis of backsheets
after various stress impacts.** Previous work has also shown
that the degradation of the connecting layers in the backsheet
laminate results in an increased water vapour permeation rate
and a higher tendency for delamination.** Consequently, this is
likely to lead to increased corrosion on the cell or inter-
connectors, which could explain the increased electrical
degradation.

4 Discussion

4.1 Impact of climate and environmental stressors

The threefold analysis - weather data, long-term monitoring
and indoor laboratory measurements - highlights significant
correlations between climatic conditions and the degradation
of PV modules, excluding the uncertainties due to potential
BOM variations or manufacturing issues. These findings are
consistent with earlier studies on the impact of operating
conditions on PV system reliability.®'**% Systems installed in
lower altitude zones experience higher operating temperatures,
translating to higher levels of thermal and thermomechanical
stress. This is exacerbated in the case of the building-applied
mounting configuration, which reaches the highest observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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module temperatures of nearly 80 °C. This thermal stress and
frequent temperature cycling impacts system performance and
material stability, with EVA degradation (acetic acid formation,
high UVF) and adhesive degradation within the backsheet
laminate. These temperature induced material ageing effects
could be further confirmed through non-destructive material
analysis (NIR spectroscopy and various imaging techniques),
and destructive analysis with TD GC/MS and ATR-IR imaging on
cross sections. The degradation product acetic acid in the
encapsulant acts as precursor to electrical performance losses
due to increased corrosion on the solar cell surface - specifically
the grid fingers and solder-components - and reduced
conductivity thereof.

High-altitude systems, although subjected to high radiation
exposure (1400 W m~? in plane of array) and larger temperature
fluctuations between day and night (up to 80 °C diurnal
temperature variation), experience lower thermal stress which is
presumably the reason for slower degradation and thus lower
performance loss rates. However, one has to keep in mind that
high-altitude PV-free-standing and roof-installations have to
face harsh environmental conditions with increased probability
of extreme weather events like heavy snow fall, strong winds and
or hail and ice events which can cause catastrophic failures on
modules and mounting structures.'* Therefore, site selection is
an important topic for alpine installations. These findings
highlight the need to adapt PV module and system design to the
specific environmental conditions, especially in regions with
extreme temperature or radiation profiles. Furthermore, the
importance of PV-system monitoring and understanding envi-
ronmental stresses to ensure long-term reliability has to be
stated.

4.2 Impact of module design and BOM

Despite being from the same product family, significant
differences in degradation trends were observed between the
module types, partly depending on the year of production. This
was especially decisive for the quality of the EVA encapsulant
which was in its implementation and optimisation phase as an
encapsulant for PV modules in the late 1980s and early 1990s.
The degradation patterns of the modules manufactured before
1987, such as the AM55 (installed in the site 310m-VR-AM55,
Mohlin), further underscore the importance of encapsulant
quality. The absence of UV stabilisers in early EVA formulations
resulted in yellowing and delamination, which were signifi-
cantly mitigated in later designs (1992 and 1993). These find-
ings highlight the critical role of BOM and manufacturing
quality in determining module longevity and degradation rates.

Modifications to the inner layer of the Tedlar backsheet were
implemented to increase reflectivity to the cells, thereby
enhancing power output. This “ultra-white” Tedlar backsheet
was utilised in the SM55-HO modules installed at one site
(533m-VR-SM55HO, Tiergarten East). On the West side of the
same location (533m-VR-SM55(HO)), both SM55 and SM55-HO
module types were installed, enabling a direct performance
comparison. The SM55-HO modules exhibited superior perfor-
mance in this particular system, attributed to improved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interconnection processes and the thicker backsheet with
calcium carbonate fillers, as identified by material analysis. In
contrast, the SM55 modules of this system showed solder bond
failures and increased series resistance, underscoring
manufacturing inconsistencies and the lack of established
production standards of the 1980s and 1990s. Over time,
however, TiO, emerged as the standard inorganic filler for
Tedlar backsheets.

4.3 Evolution of PV module design: a historical perspective

The structure and BOM of the modules investigated in this
study reflect a relatively modern design that would become
standard for PV modules for decades to come. Over the past 30
years, solar cell and module technologies evolved steadily until
the disruptive advancements that began around 2020 (Table
A.1, ESI).T

Most degradation paths observed in advanced solar cells
today (e.g., PERC, TOPCon, and SHJ) are not present in the Al-
BSF solar cells analysed in this study. The Al-BSF cells likely
have a heavily doped front side with little to no surface passiv-
ation and a short bulk carrier lifetime. In contrast, modern,
optimised cell designs feature advanced surface passivation and
longer bulk lifetimes that allow silicon bulk to reach its higher
potential.®>** However, these improvements also make the cells
more vulnerable to degradation mechanisms, such as external
ion migration, bond-breaking at the silicon interfaces or defect
formation in the bulk silicon. As a result, while Al-BSF cells
exhibit lower efficiency, their simpler design makes them more
resilient to additional defects that may form at the silicon
interfaces, in the bulk, or within the space charge region.

Given the critical role of encapsulants in ensuring long-term
PV module performance,*” this work suggests that EVA
formulations from the early 1990s show excellent stability,
particularly in temperate climates. EVA has remained the
dominant encapsulant material for terrestrial PV, although
polyolefin (PO) encapsulants have gained popularity recently,
particularly for TOPCon bifacial modules with glass/glass
structures.

The reliability and durability of the studied modules are
remarkable, with annual degradation rates below —0.6% in
most cases, even after more than 30 years of operation. This
resilience is attributed to design choices such as thicker silicon
wafers, robust polymer backsheets, and sturdy aluminum
frames (present in all but one system). In contrast, modern PV
modules prioritise higher efficiencies and reduced costs, often
using thinner materials and lighter designs, which may
compromise long-term reliability. The rapid technological
evolution and changes in module design and material selection
over the last five years could potentially undermine the perfor-
mance seen in older systems. Nevertheless, these older modules
demonstrate that solar PV is a stable and reliable power
generation technology. Insights from these historical designs
suggest that robust material choices can enhance the longevity
of modern modules. Balancing efficiency with durability is
critical as the industry enters terawatt scale to meet global
energy demands.
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4.4 Limitations and future work

This study provides valuable insights into the performance of
PV systems; however, several limitations and areas for future
research should be considered. The results are representative of
Central European temperate climates, including alpine regions
at high-altitude. However, the findings may not be directly
applicable to other climate types such as tropical or arid
regions, necessitating further investigation and dedicated
studies.

Although the study relies solely on on-site ground measure-
ments, which have lower uncertainty than satellite-derived data,
potential errors due to sensor drift, bias, or data logging issues
over time cannot be entirely ruled out. Comprehensive outlier
filtering and error correction techniques were applied to miti-
gate these effects as much as possible. Additionally, the use of
nameplate values, which were determined with lower accuracy
and precision in the late 1980s and early 1990s as the initial I-V
values for the modules, undoubtedly introduces uncertainty in
both the module degradation rate and PR calculations.

NIR spectroscopy, used as a non-destructive material anal-
ysis method in this study, only provided initial insights into
material degradation. Further development of chemometric
analysis of NIR measurements on PV modules is necessary to
provide more accurate predictions of polymer degradation,
thereby enhancing the understanding of material longevity.

Despite these limitations, the extensive analysis of these PV
systems, combining data-driven and laboratory-based
approaches, offers valuable lessons to be learned from these
unique plants. Future work could include fault detection and
diagnosis analysis of the AC or DC data available, which could
be correlated to field measurements and further material
characterisation.

5 Conclusions

This study provides comprehensive insights into the long-term
performance and durability of PV modules deployed for over
20-30 years across six PV installations in varying altitude zones/
climatic conditions in Switzerland, making these plants a valu-
able and unique asset for long-term PV reliability research.

The results highlight the exceptional reliability of PV
modules manufactured in the late 1980s and early 1990s, with
system PLRs averaging just —0.24 + 0.16% per year, signifi-
cantly below the typical literature reported range of —0.75% to
—1% per year for crystalline silicon PV systems. Through indoor
laboratory measurements, it could be shown that most of the
modules retained over 80% of their initial nominal power after
30-35 years in the field - exceeding the typical industry warranty
threshold of 80% after 25 years — and demonstrating the
potential for service lifetimes exceeding 50 years under
temperate climate conditions.

Modules installed in high-altitude climates benefited from
lower thermal stress, with module temperatures up to 20 °C
lower than those in low-altitude zones. This translated into
reduced material ageing and a lower average PLR of —0.11% per
year at high altitude, compared to —0.35% per year at low
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altitude. Material analyses confirmed that higher thermal stress
at low altitudes led to increased encapsulant degradation,
higher acetic acid formation, and adhesive degradation in the
backsheet, all contributing to localised corrosion and elevated
performance losses. In contrast, modules in cooler high-
altitude environments exhibited fewer signs of chemical and
mechanical degradation.

Importantly, the study identified the BOM as the most crit-
ical factor influencing PV module longevity. Despite all modules
belonging to the same product family, variations in encapsulant
quality, filler materials, and manufacturing processes resulted
in significant differences in degradation rates. Early-generation
encapsulants without UV stabilisation showed accelerated
ageing, while later module designs with optimised backsheets
and improved production quality demonstrated outstanding
long-term stability.

The robustness of these early modules - featuring glass/foil
structures, EVA encapsulants, Tedlar backsheets, thick silicon
wafers, and robust frames - offers valuable lessons for modern
PV technology. While today's modules focus on higher effi-
ciencies and cost reductions, which may come with increased
susceptibility to defects, this study underscores the importance
of balancing these priorities with proven durability strategies to
ensure long-term reliability.

As the PV industry advances into the terawatt age, insights
from long-term field data and material analyses remain essen-
tial for guiding improvements in module design,
manufacturing standards, and sustainability. Ultimately, well-
designed modules and systems have the potential to operate
well beyond conventional warranty periods, contributing to
lower LCOE, a reduced carbon footprint, and extended service
lifetimes for PV systems.
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