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Abstract

The viability of photovoltaic (PV) systems is directly linked to the operating performance and reliability of the
PV modules. This study investigates the durability behavior of modules of different technologies under real
operating conditions in several climate zones of Minas Gerais, Brazil. These include ground-based fixed and
tracking power plants and floating (FPV) systems. Standard evaluations using visual inspections, thermal
infrared imaging, 1-V and electrical parameter characterization, and electroluminescence (EL) mapping.
Trends in degradation patterns are reported for devices studied over the past 3-decades. Pre-2005 crystalline
Si experience irreversible light-induced degradation (LID) due to their p-type substrates (and associated B-O
complexes). More severe were issues with encapsulant discoloration, contact corrosion, cracked cells, and
delamination resulting in annual degradation rates of 4%-9%/year. Early era a-Si:H and CdTe modules
exhibited critical problems with TCO decomposition with average average losses in the 3%-5%/year range.
Innovation in device architectures and materials post-2015 has resulted in higher efficiency cells and modules
with general positive trends in observed reliability. However, the more rapid introduction into commercial
product has led to unanticipated degradation mechanisms that have required innovation in mitigation schemes.
This study reports reversible LID and possible LeTID in Al-BSF and p-type PERC modules--with elimination
of this effect in n-type PERC. More concerning is shunt and polarization potential-induced degradation (P1D)
observed in PERC modules. Average annual degradation rates of 1.5%-5%/year are reported for ground-based
(tracking and fixed) modules. However, systems exposed to higher irradiance, temperature, ultraviolet, and
humidity conditions are shown to have higher losses. This is especially determined for the research floating
PV (FPV) experiencing significant PID-shunt. In contast, more recent thin-film CdTe and bifacial n-type
modules on this same platform exhibit negligible losses over a 2-year period.
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1. Introduction

Brazil is now established as an important photovoltaic (PV) world markety, with cumulative capacity expected
to exceed 70 GW in 2024 (Neves, 2025, Mints, 2024). With this growth, issues related to durability, reliability,
and performance of photovoltaic systems have become central to the technical and economic sustainability of
the sector. The State of Minas Gerais (MG) is a leading site for PV plant deployment because of its excellent
annual solar resource and favorable, available terrain. Though the recent (2017-present) in PV system growth
has dominated, a significant number of PV installations were implemented in the 1990-2010 timeframe. This
has provided an opporunity to compare the operation and reliability of the more vintage PV technology with the
higher-performance recent cell and module architectures. With the more severe local tropical/subtropical
climate conditions (humidity, temperature, and elevated solar irradiance), the identification and possibly
mitigation of device degradation mechanisms with the technology evolution are the focus of this study. Working
with the system developers and operators to provide them this feedback is a major portion of this R&D to ensure
the best-possible PV system outputs, enhancing both financial benefits and consumer confidence in solar
electricity.
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For PV devices prior to 2005, Jordan and Kurtz (2018) reported the primary degradation modes and their
effects on the performance of a crystalline silicon and thin-film photovoltaic modules. The results indicated
an average degradation rate of 0.7%/year for crystalline silicon, and a corresponding 1.5%/year for thin-film
technologies. The prevalent degradation mode for crystalline-Si was discoloration (decomposition) of the
encapsulant (EVA) (de Oliveira, 2018), and for thin-film modules, the increase in resistivity and delamination
of the transparent conducting oxide (TCO). This study has observed these issues, which are enhanced by the
environmental conditions in MG. Additionally, light-induced degradation (LID) is reported in this study for
both p-type multicrystalline and monocrystalline Si modules. This occurs upon exposure to the sun and is
usually in the 1%-4% power loss range. Of course, this degradation mode has been well investigated (Yeo.et
al., 2022, Nakayashiki, et al., 2016) and is primary due to B-O complex activation, though Fe-B pair
dissociation and Cu-preciptiate formation have also been identified as root causes. The result is a degradation
of the minority carrier lifetime. Over longer exposure periods (100s of hours), light and elevated temperature
induced degradation (LeTID) (Kersten, et al. 2015) can decrease power outputs in multicrystalline Si panels
up to 20%, again at higher operating temperatures above 65 °C experienced in most sites in MG.

With device innovation after 2015, device performances have advanced--with efficiencies beyond 25% for
cells. These cells have more complex structures, new materials, multiple interfaces, and thinner layers. Also,
the time from laboratory demonstration to commercial introduction has decreased in this period. This has
resulted in the appearance of new and unanticipated degradation mechanism that have challenged the reliability
community to address these with innovative science and engineering approaches and to develop mitigation
schemes. The introduction of the passivated emitter and rear contact (PERC) technology is an example--and
is currently the widely adoped device in the Brazil markets. The p-type PERC modules still experience LID,
but this has been mostly eliminated with the trend to n-type Si. However, with 2-3 months exposures under
conditions of high humidity and temperatures and with the current high-system voltages give rise to potential
induced degradation (PID). The most common type results from Na+ migration from the glass to the
passivation layers causing shunts and power losses up to 40%. This is PID-shunt (or PID-s) (Kempe, 2023,
Koester, et al., 2022, Puranik and Gupta, 2021). The effects are noticed in loss of power (due to decrease in
Rsh) in cells near the frame or the negative end of the string. The use of transformerless inverters can
exacerbatethe problem (Zhang, et al., 2023). Other PID modes (i.e., corrosion and polarization) can also occur
(Kempe, 2023, Puranik and Gupta, 2021, Zhang, et al., 2023).

This paper presents results of a case study investigating vintage (prior to 2005) and recent (post 2015) PV
technologies installed and operated in the tropical and subtropical conditions in Minas Gerais, Brazil. The
reliability and degradation mechanisms are discussed and reported--covering observed material issues, LID,
and PID. The effects are covered for ground mounted and floating PV systems, linking climate impacts with
performance losses.

2. Materials and Methods

This report covers modules commissioned in the timeframe 1995-2005 and installed in the tropical regions of
northern and northwestern regions of Minas Gerais. Typically, these were part of small systems (<10 kW) for
rural electrifcation. Among these were modules from the field and reference modules (separated and stored in
the dark) were avaliable for controlled laboratory testing. Systems with technologies manufacured and
installed since 2015 represent the common climate conditions for ground-mounted and floating installations
in these areas (e.g., Lontra, tracking; Corinto, fixed; and Grdo Mogol, FPV).

All tests and measurement were conducted under IEC and ABNT standards (IEC 2025a. IEC 2025b, IEC
2025c, IEC 2025d, ABNT, 2024):

Light-Induced Degradation: For laboratory-possible light-related performance losses, PV reference modules
(stored in dark) were randomly selected from the particular site's reserve. 1V characteristics and thermographic
imaging were the main investigation tools. For panels in existing field operation, the IR tests were performed
using thermographic cameras attached to unmanned aerial vehicles (UAVs, drones). Two factors must be
known to evaluate the results: the LID value and the exposure/operation time of the photovoltaic modules in
the field. To assess degradation over time, electricity production monitored using dedicated software for PV




D. A. Cassini et. al. / SWC 2025 / ISES Conference Proceedings (2025)

plants, which made it possible to compare the energy generated over different periods, adjusting the data to
consider climate variations, soiling levels, irradiance levels, spectral content, etc.

Visual Inspections: The visual inspections (Wohlgemuth and Kurtz, 2011) were especially important for the
early-vintage modules that exhibited discolorations (e.g., encapsulant chemical changes), delaminations, back-
sheet powdering, and contact corrosions.

Degradation studies: The degradation science and engineering approach for module/system evaluation
followed the process: (1) Drone IR-thermographic inspection to record the temperature differences of cells
within the modules (IEC 62446-3 standars). Special attention was focused on "hot spots™ near the negative
edge of strings and near the frame edges of the modules. The patterns provide initial insight to possible
degradation causes. (2) On suspected modules from the IR mapping, IV characterization followed to acertain
voltage and current levels (e.g., Pm loss), significant lowering of module Rsh and increased Rs. And (3)
Electroluminescence (EL) mapping of the modules to detemine from corresponding cell losses (darker images
indicating less light emission) for cells near the negative edges of the panel. The focus was on PID-s because
it is the most common of the PID degradation modes reported.

3. Results and Discussion

Early Modules/Systems: The visual inspectionss of the mono-Si and multi-Si modules exhibited the main
degradation mechanisms associated with the photodagradation of the organic encapsulation (EVA), as shown
in Table 1 and Fig. 1. Figure la shows a mono-Si module completely degraded, with observed high
delamination of the EVA. Figure 1b illustrates discoloration of the EVA (browning) as the dominant
degradation mode, with associated loss of power.

The field analysis revealed distinct modes of degradation associated with the environmental and operational
conditions as a function of technologies of solar cells. From visual inspection mono-Si and multi-Si PV
modules manufactured up to 2005 exhibted as a main degradation mechanisms the photodegradation of the
encapsulation polimeric materials, as can be seen in Fig. 1 and Table 1 the degradation rates of PV modules.

These are modules manufactured and installed pre-2005. Table 1 shows the degradation rates of analysed PV
modules. The results indicated an average degradation rate of 7.71%/year for mono-Si and 2.41%/year for
multicrystalline-Si PV modules. For thin-film technology, degradation rates of 4.53%/year for CdTe and
5.49%/year for a-Si:H. Note that these are earlier CdTe modules, and recent one (110 Wp) have degradation
rates less then 0.5%/year. The majority of PV modules manufactured after 2021 had average degradation rates
superior to 1.0%/year for 20 years, as warrantied by the manufacturers.

Table 1. Summary of properties and performance of early PV modules installed or manufactured before 2005.

Rated Time in Degradation Average
. Degradation Rate
Module Technology Power Operation Rate
0 (all modules)
(Wp) (Years) (%/Year) (%lYear)
. 55 7 5.93
('\1'\?_%08'% 55 7 9.54 7.71
Silicon 55 7 7.65
A 70 12 3.13
('\A"Eg'é?:') 50 4 3.34 2.41
50 14 0.77
110 6 1.55
CdTe 4.53
Thin 32 5 7.52
Films _ 64 16 0.18
a-Si:H 32 7 9.22 5.49
22 7 7.07
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Figure 1(a) shows a mono-Si PV module completelly failed, mainly caused by excessive dilamination of the
EVA encapsulant. Figure 1(b) presents for multi-Si browing as dominating degradation mode. And Figure 1(c)
shows the degradation mode of CdTe thin film, and its I-V curve. Figure 1c presents data from one early
(approx. 1992) thin film CdTe module, with the SnO2 TCO coating degraded due to water vapor penetration,
due to the location's very high humidity, rain, and higher operating temperatures. Included in Table 1 is data
from a more recent thin-film CdTe product (110-Wp) which has a superior TCO (ZnO) and superior
encapsulation resulting in significantly less loss.

ENR

Figure 1. Early PV modules: (a) Monocrystalline Si, AI-BSF showing delaminatin of EVA; (b) Multicrystalline Si, Al-
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BSF showing discoloration of EVA encapsulant; (c) Early era thin-film CdTe with TCO degradation.

Table 2. Summary of recent (post 2015) power plant information, indicating operating characteistics and losses. Kdppen-Geiger

climate classifications are specified Képpen and Geiger, 1928).

Power Climate Start of LID | Operating | Degradation
Plant & | Classification | Operation | Cell Type P(w";‘r Power Power Rate (DR) ORhS gﬁh
Type (K6ppen-Geiger) (Year) P (Wp) (Wp) (%/Year) (©hm) | (Ohm)
Subtropical
Gréo (Humid: Dry Mono " "
Mogol | winter, Wet 22%2223” p-type 400 | 379 353 6.86 O |
FPV Summer) PERC ' ’
Cwa
Crist- Tropical Multi 0.30* 350
alina (Dry Summer) 2017 p-type 265 257 228 1.88 0 74 50.4
FPV Aw Al-BSF ) )
Tropical Mono
Lontra 2019/ 0.28* 1200*
. (Dry Summer) p-type 430 406 385 1.29
Fixed As 2020 PERG 1.27 472.8
. Tropical Multi
Corinto : 0.32* 400*
Tracking (DryX\\/Allnter) 2019 p-t)épSeFAl- 330 318 300 1.19 0.82 1357

*reference data from manufacturers

Recent Modules/Systems: Table 2 shows the results of LID and degradation rate for PV modules
manufacturers after 2015, installed in distinct climate zones. The ground FPV plants with tracking (Lontra)
and fixed (Corinto), the annual degradation rates (DR) were for p-type PERC (mono-Si) slightly above
1%/year and for the FPV Cristalina with multi-Si modules <2%/year. (Note: Cristalina is adjacent to the
western border of MG in Goas State, but it was included as a site in this case study. It is also the 1st FPV plant
in Brazil, installed in a rainwater collection site for agricutural irrigation.) Initial stages of PID-s are suspect
for these installations based on the losses in Rsh.
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The DR for monocrystalline-Si p-type PERC in the FPV Grdo Mogol were very high for 1-year+ operation,
reaching 6.9%/year. The most likely mechanism is PID-s due to the presence of high UV and visible solar
irradiation, high temperatures, very high humidity and resulting leakage currents. PID shunt causes a gradual
degradation of module efficiency over time, usually within weeks or months after installation, at the presence
of constant humidity that can penetrate the interior of the photovoltaic module through sealing failures or via
the back film of the photovoltaic module. The presence of moisture inside the module will compromise the
encapsulant, which will release acetic acid that will initiate the corrosion of the cell's metal grid. It also
significantly decreases Rsh and increases Rs. Figure 2 shows the pattern of the IR imaging, correlated with
reportedd PID shunt (Cassini, 2025).
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Figure 2. Thermographic image of post 2015 module (p-PERC) indicating PID-shunt degradation.

4. Summary and Conclusions

The definite improvement in PV module performance from early era (before 2005) to recent (post 2015) has
been demonstrated through these case studies. For PV modules manufactured before 2005, the average annual
rates of degradation were higher for mono-Si (7.71%/year) than for multi-Si (2.41%/year), and the main
degradation modes were browning and delamination of the encapsulation (EVA) and some contact corrosion.
For thin film technologies, CdTe thin film has lower rates (4.54%) than a-Si:H (5.49%/year, both having issues
with the TCO. For PV modules manufacturers after 2015 (for ground-mounted systems), the degradation rates
were for p-PERC 1.29%/year and multi-Si 1.19% and the DPR for FPV were for mono PERC-type p
6.86%/year and multi-Si 1.88%. The main mechanisms found were PID (polarization) and possible PID-shunt
for PERC photovoltaic module due to high temperature and humidity. This case study contributes to increase
the understanding of the factors that affect the durability of PV modules in Brazil’s climate zone. The results
have been shared with the developers/operators of the site resulting in understanding and some mitigation of
the problems.
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