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ABSTRACT
Tunnel oxide passivated contact (TOPCon) photovoltaic (PV) modules are gaining significance in the photovoltaic industry due to

their high efficiency. However, concerns about their reliability – particularly regarding moisture ingress and ultraviolet (UV)

radiation resistance – persist. This study presents a methodology that combines existing indoor and outdoor measurement

approaches to investigate specific degradation mechanisms in TOPCon PV modules, along with a comparative analysis against

HJT and PERC technologies. The modules underwent accelerated aging testing involving either damp-heat or UV exposure,

followed by outdoor exposure alongside non-aged samples. This approach provided insights into the severity of moisture ingress

and its effects on the increase in series resistance and the reduction of fill factor. Additionally, we identified the reduction of VOC as

the primary mechanism driving performance decline during UV aging and validated the stabilization behavior in the laboratory,

which is equivalent to day/night cycle conditions. Overall, this study enhances our understanding of the degradation processes

affecting PV modules and their implications for long-term reliability.

1 | Introduction

Reliability testing and quality assurance have become essential for
the growing photovoltaic (PV) industry, particularly to ensure long-
term operation with an expected lifespan exceeding 20 years for
PV power plants. The International Electrotechnical Commission
(IEC) provides standard guidelines for reliability tests, including
indoor accelerated aging tests. However, a significant challenge
is relating these results to outdoor operations, where climate and
operational conditions can significantly affect PV module perfor-
mance and aging patterns, even within the same technology.
Moreover, new questions have arisen regarding the applicability
of these tests to emerging PV technologies and their applications
(e.g., floating PV, building-, or vehicle-integrated systems). For
instance, the same crystalline silicon module technology can
experience different operating temperatures depending on its

installation: open rack installation typically allows for cooling
effects, while roof-integrated systems can lead to high temperatures,
sometimes exceeding 100°C, due to insulation effects [1]. These ele-
vated temperatures, driven by the installation conditions, can accel-
erate degradation processes compared tomilder conditions andmay
even trigger degradation mechanisms not activated by standard
tests conducted at lower temperatures, such as 85°C [2].

This is particularly relevant for tunnel oxide passivated contact
(TOPCon) PV module technology, which is rapidly gaining mar-
ket share due to its high efficiencies. However, laboratories report
concerns about detected degradation that have not yet been vali-
dated in outdoor conditions. For TOPCon, a significant factor
contributing to its moisture sensitivity is the silver–aluminum
(Ag–Al) paste used for the front-side metallization (for front side
fingers and busbars). The aluminum within this paste is highly
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reactive when exposed to moisture and acidic environments. The
reactivity of this aluminum paste makes these conductive
elements and points of interconnection susceptible to moisture-
induced corrosion, leading to increased resistance and perfor-
mance degradation [3, 4]. Additionally, the silicon nitride (SiNx)
passivation/Si interface on the front side of the cell when absorb-
ing ultraviolet (UV) light leads to the breakage of Si–H bonds.
This disruption increases interfacial defect density and carrier
recombination, while also triggering hydrogen migration, which
can further degrade passivation quality and create additional
defects, all contributing to UV-induced degradation [5].

Based on our laboratory results at Fraunhofer ISE, degradation
effects due to moisture ingress during damp heat (DH) aging test-
ing have shown a median reduction in power performance of 1.7%
after 1000 h of DH. Stronger degradation was observed in poly-
meric backsheet modules, averaging 5%, while glass–glass mod-
ules exhibited lower degradation, averaging 1%. This reduction
has been attributed to the corrosion of the cell metallization on
the front, accelerated by the formation of acetic acid in the encap-
sulant. This translates into an increase in contact resistance and a
decrease in fill factor (FF) [6, 7]. DH testing on TOPCon PV mod-
ules reveals a wide range of PMPP degradation, highlighting the
critical role of the module manufacturing process and materials.
Corrosion is a complex process influenced bymany factors, includ-
ing the nature of the PV module encapsulant (ethylene vinyl ace-
tate – EVA or polyolefin – PO/POE) [6, 7], with the presence of
metals such as lead (Pb) in the front metallization glass frits [6],
and the design of the PVmodule, including protective layers (poly-
mer or glass), module size, edge seal, framing, soldering flux, and
the formulation of the metallization paste [7, 8]. For TOPCon
modules with glass-backsheet designs, losses after 1000 hr of
DH can reportedly range from 4% to as high as 65%, depending
on the specific encapsulant and backsheet materials, and potential
contaminants introduced during handling [8, 9]. TOPCon single-
glass PV modules, that incorporate optimized designs, such
as backsheets with very low water vapor transmission rate
(WVTR) and improved encapsulants, have demonstrated better
stability, reporting PMPP losses as low as 0.5% to 2.4% after
1000–2000 h of DH [4]. Generally, glass–glass modules have
shown better performance, however, reports indicate losses of
20% after 2000 hr of DH for EVA-encapsulated glass–glass mod-
ules [6]. Additionally, modules using laser-assisted firing techni-
ques such as laser-enhanced contact optimization (LECO) to
reduce or even exclude Al from the printing pastes have shown
a reduction in PMPP of 2.1% (1000 hr DH) [10] In some cases,
the use of different encapsulant types, such as thermoplastic poly-
olefin (TPO) has shown corrosion effects [8]. More recently, stud-
ies have explored the use of copper plating instead of aluminum to
mitigate corrosion [3]. For HJT PV modules, particularly those
with glass-backsheet configurations utilizing EVA encapsulants,
extended DH testing have also shown considerable PMPP degrada-
tion [11]. Researchers report PMPP losses ranging from 10% to 16%
after 1000 h DH, attributed to contaminants introduced during
handling [9]. Other studies indicate losses up to 50% after 1500
h to 2500 h of DH, possibly due to the electrochemical reactions
involving moisture, cell metallization and soldering flux [12].

Efficiency degradations have been reported following UV dose
for TOPCon, with a total UV dose of 120 kWhm−2, an average
decrease in performance of 7.87% and up to 9.7% was observed,

primarily due to voltage loss, which suggests deterioration of the
surface passivation, and can largely variate within the different
bills of materials (BOM) and manufacturing process of the PV
module [5]. Additionally, our laboratories have analyzed around
20 TOPCon module types and found a decrease in PMPP of 5% for
more than 40% of the modules after front UV irradiation of only
60 kWhm−2 [13]. It has been suggested that passivation layers
based on aluminum oxide and silicon nitride may enhance
UV stability. Furthermore, it was found that dark storage after
UV aging increases performance losses, although this UV dam-
age can be mitigated after phases of illumination and high tem-
perature [13, 14]. Light soaking improves the efficiency due to the
reconstitution of free hydrogen following the breaking of B–H–Si
bonds, which enhances passivation [15]. This effect underscores
the need for comparisons with field applications to understand
the implications of day/night cycles.

Recent open questions regarding the reliability of TOPCon tech-
nology have raised concerns, particularly about corrosion and
UV-induced degradation (UVID): Do alternative materials (e.g.,
encapsulant, metallization paste [6, 8], back sheets [4]) provide
sufficient long-term protection against moisture and acid-induce
corrosion? Are the current handling and manufacturing protocols
adequate to prevent contamination that could initiate or accelerate
corrosion [8, 16]? In terms of UVID, what are the real-life impli-
cations of environmental factors such as operation mode, light,
and temperature over time? Are the current standard UV testing
protocols adequate for identifying UV degradation [13]? To
address these inquiries, we focus on these individual aging mech-
anisms. During damp heat (DH) (Module Quality Test MQT 13)
from IEC 61 215, modules are subjected to 85% relative humidity
(RH) and 85°C for 1000 hr to identify degradation effects caused by
the high humidity and temperature. Additionally, we utilized a
modified procedure from standard IEC 61730-2 for UV aging,
incorporating a UV Dose cycle of 60 kWhm−2 [17].

While accelerated aging tests are crucial for assessing durability,
identifying potential design flaws, and predicting long-term perfor-
mance degradation, these laboratory protocols typically apply
stressors sequentially or in isolation, contrasting with real-world
conditions where modules face a complex interplay of multiple
stressors simultaneously (e.g., temperature fluctuations, light/dark
cycles, mechanical loads, soiling, and corrosive atmospheres) [2].
This difference makes it challenging to directly correlate degrada-
tion observed in accelerated tests with specific operational life-
times or precise degradation rates in the field. Furthermore,
predicting the field behavior of PV modules is complicated by
the varying magnitude and combination of these stressors, which
are highly specific to the diverse climate conditions.

To address these challenges and better understand the transition
from controlled laboratory conditions to real-world performance,
this study employs a sequential combination approach: individ-
ual accelerated laboratory aging followed by outdoor exposure.
The initial laboratory aging phase, using distinct stressors such
as UV dose or a defined DH cycle, is intended to pre-condition
the modules by inducing early-life degradation and a targeted
degradation mechanism in a controlled manner. This is valuable
for understanding the fundamental aspects of a single failure
mode. Once the module is outdoors, the lab-induced degradation
is subjected to all environmental stressors simultaneously. This
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transition raises the questions: How does the lab-induced specific
degradation mode interact with the complex, multistressor out-
door environment? Will the outdoor conditions accelerate the
specific damage, decelerate it, or modify its appearance, thereby
offering insights into its progression rate or stabilization? Will
new degradation modes be triggered, or will other mechanisms
become dominant due to the initial, targeted damage?

This study aims to provide data for validating and refining the
stress laboratory protocols. By comparing the evolution of lab-
induced damage under real outdoor conditions with known field
degradation phenomena, it could validate that these individual
lab tests effectively target field-relevant failure modes and accu-
rately reflect their potential severity.

2 | Methodology

2.1 | Sample Selection

We selected three types of bifacial PV modules for the assess-
ment, with some types having more than one manufacturer
(denoted by numbering): HJT (H1 and H2), TOPCon (T1, T2,
and T3), and PERC (P1). These are commercial PV modules
available on the market. Unfortunately, the exact properties
of the encapsulants are not known, as these are not indicated
on the datasheets. However, we can presume that no UV stabi-
lizer was present in the front encapsulants of PERC and
TOPCon modules. As the goal of this study is to show the appli-
cation of the combined indoor and outdoor methodology on
modules of different technologies available on the current mar-
ket, we aim to cover a wide range of products including full and
half-cell technologies. Their characteristics were initially mea-
sured in the laboratory at standard test conditions (STC)
(Table 1).

We performed two sets of experiments: one for DH aging and the
other for UV aging (Figure 1). For each type of PV module, there
are four samples. Two samples (M01 and M02), denoted as
“new,” undergo indoor characterization at STC and non-STC, fol-
lowing the characterization procedures from IEC 61853-1. The
other two samples (M03 and M04) undergo an accelerated aging
cycle and are characterized at STC before and after. All four sam-
ples are then exposed to outdoor conditions where their IV curves
are monitored and kept in maximum power point (MPP) for
around 8 months starting from summer.

2.2 | Indoor Characterization

Indoor characterization was conducted for all samples before and
after the accelerated aging, where the IV curve was recorded at
STC, along with an electroluminescence (EL) image. For the mod-
ule types going through the DH experiment setup, the “new
samples” received additional characterization at non-STC, follow-
ing the evaluation guidelines from the standard IEC 61853-1. We
measured the IV curves at different levels of irradiance and tem-
perature, also known as power matrix (PM), as well as the angular
and spectral responses of the PV modules.

2.3 | Indoor Aging

All samples from the DH setup were first characterized after a light
induce degradation (LID) cycle of 20 kWh m−2 at MPP, where the
laboratory reported a small decrease in PMPP for all types, with a
maximum of −0.4% observed in the PERC module. Subsequently,
samples M03 and M04 of each module type underwent the DH
aging according to standard IEC 61215–2 for two cycles of
1000 h at 85°C and 85% RH, with interim characterization.

The UV aging was conducted using one cycle of 60 kWh m−2

exposure with UV-A fluorescent tubes with an intensity of
207W m−2 (315–380 nm) and a fraction of UV-B (280–320 nm)
of 5.1% on the front of the PV modules [13]. The modules were
then cooled down in the dark, and their IV curve was measured

TABLE 1 | PV Modules parameters measured in laboratory at STC with front illumination and maximum power temperature coefficient (TC

PMPP) from datasheet.

PMPP [W] VOC [V] ISC [A] TC PMPP [%°C−1] Cell type

H1 391.7 40.0 12.2 −0.26 n-type Half cell

H2 428.5 40.3 13.0 −0.26 n-type Half cell

T1 423.2 39.1 13.4 −0.35 n-type Half cell

T2 412.0 38.9 13.1 −0.30 n-type Half cell

T3 571.5 52.1 13.5 −0.28 n-type Half cell

P1 491.2 43.3 14.4 −0.34 p-type Shingled

FIGURE 1 | Overview of the methodology. (Left) experiment setup

for damp heat aging and (right) ultraviolet aging. This figure includes

standard test conditions (STC) (green), non-STC (blue) measurements,

and accelerated aging procedures (orange).
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at STC on the following day after a light stabilization procedure
at 1000 W for 5 min.

2.4 | Outdoor Exposure

For outdoor characterization, each PV module sample was con-
nected to a programmable electronic load and operated at their
MPP. The IV curves were recorded simultaneously every 5 min.
The monitoring stations include irradiance measurements on
the plane of array (POA) from a thermopile pyranometer and sili-
con reference cell. A complete weather monitoring station
recorded 1-min averages of ambient temperature, wind speed,
and relative humidity. Each PV module also had a temperature
sensor (PT100) attached to its back.

The module types from the DH experiment setup were exposed to
outdoor conditions after indoor characterization and aging. The
samples were installed in an open field monitoring station at the
Fraunhofer ISE “Outdoor Performance Lab” in Merdingen,
Germany. The PV modules are mounted on an open rack system
with 30° tilt angle facing south, with the new samples (M01 and
M02) on the north row and lab-aged samples (M03 and M04) on
the south row (Figure 2). A reference cell on the back of the north
row measured the rear-side irradiance. For the module type after
the UV aging experiment, the samples were exposed at our roof-
top monitoring station in Freiburg, Germany. Due to the inho-
mogeneity of the conditions, it was not possible to measure the
rear irradiance adequately; therefore, we covered the back of the
modules with wood material leaving approximately 10 cm of
spacing, to compare monofacial module behavior.

2.5 | Data Handling

The IV curve data provides characteristics values of ISC, VOC, PMPP,
IMPP, VMPP, FF, and series resistance (Rs), which is calculated as
the IV curve slope at the point of VOC. To compare between PV
module types and laboratory measurements, quality checks, filter-
ing, translation, and normalization of the data are necessary. This
process helps to reduce the effect of measurement uncertainties,
which have been previously analyzed at both types of monitoring
stations from Fraunhofer ISE, where PMPP measurement uncer-
tainties reach 3.3% (k= 2) in open field conditions and up to

5.7% (k= 2) on roof top monitoring. These uncertainties were
mainly correlated with irradiance variations at high angle of inci-
dence (AOI) and partial shading effects [18]. In our study, we do
not account from sources of partial shading, but nevertheless we
look for stable irradiance conditions at low AOI. Therefore:

• IV curve measurements are filtered at irradiance ranging
between 775 and 825 Wm−2, with irradiance and temper-
ature fluctuations during curve acquisition kept below 1%
for steady state conditions.

• Parameters are corrected for temperature and irradiance
using established correction methods (Equation (1), (2),
and (3)) [19]. Corrections are made to a reference irradi-
ance level of G0= 800 Wm−2 and nominal module operat-
ing temperature (NMOT) of T0= 42.5°C, using temperature
coefficients provided in datasheet.

PMPP− 0 =
G0

G

� �
PMPP

1+ γ T −T0ð Þ
� �

(1)

ISC− 0 =
G0

G

� �
Isc

1+ α T −T0ð Þ
� �

(2)

VOC− 0 =
Voc

1+ β T −T0ð Þ 1+ δ ln
G0

G

� �
(3)

where G is the total irradiance (front + rear) (W m−2), T is the
measured module temperature (°C), δ is the irradiance coeffi-
cient for VOC (%), γ, α, β are the temperature coefficients
(%/°C) for PMPP, ISC and VOC, respectively.

• Parameters are normalized to initial laboratory measure-
ments at non-STC (N PMPP−0, N ISC−0, N VOC−0) levels of
800 W m−2 and 42.5°C. These non-STC values were mea-
sured in the laboratory according to IEC 61 853-1:
“Procedure for irradiance and temperature performance
measurements” to facilitate comparisons with real outdoor
conditions.

The outdoor degradation is denoted as the percentage difference
in performance between the parameters of the new and lab-aged

FIGURE 2 | Outdoor exposure for damp heat experiment (left) and for ultraviolet aging experiment (right) at Fraunhofer ISE outdoor performance

lab.
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samples (PMPP, aged − PMPP, new), evaluated over different time
intervals (e.g. 1st week and 8th month of exposure). The evolu-
tion and behavior of the corrected parameters during the outdoor
exposure are evaluated on 15 days average intervals.

3 | Results

3.1 | Outdoor Benchmarking: TOPCon, HJT,
and PERC

For the different module types that underwent DH aging, we con-
ducted an initial benchmarking evaluation under outdoor condi-
tions by comparing their performance during the first week of
outdoor exposure. Figure 3 shows the corrected and normalized
to non-STC maximum power (N PMPP−0), where the whiskers
represent an average standard deviation of 0.8% from the mean
for all samples. The interquartile range (IQR) shows a greater
performance variability for new samples (e.g., H2 and T1 around
1.5% spread) that have only undergone a 20 kWhm−2 light sta-
bilization. This is consistent with findings by Theristis et al. on
new PV module technologies, regarding inherent manufacturer
differences and varied responses to initial stabilization (as early-
life variations). In contrast, lab-aged samples show reduced var-
iability in some module types (e.g., IQR around 0.8% for H1 and
T2). This might suggest that the cumulative stressors, from the
DH cycle, may induce a “settling” or stable performance, as inter-
nal materials and interfaces reach a more stable, nevertheless
degraded equilibrium. This observed behavior, where different
stress histories lead to varied performance distributions, high-
lights the importance of long-term outdoor exposure for captur-
ing stable PV module behaviors, which Theristis et al. identify as
crucial for accurate long-term degradation rate estimations and
understanding nonlinear performance evolution [20].

In the case of the T3 modules undergoing UV-aging cycle, the
new samples exhibited stable performance (N PMPP−0). We attrib-
uted the above to initial conditions effect seen for the new

samples to the influence of rear side irradiance, which may
not be completely ruled out due to our backside cover on the
rooftop installation for these bifacial PV modules (Figure S16).
The data shows an average standard deviation of 0.8% across
all samples; therefore, we assume an equal influence, allowing
for relative comparisons between them under outdoor condi-
tions. In this context, the lab-aged samples performed approxi-
mately 2.4% lower during the first week of exposure (Figure 4).

3.2 | Indoor versus Outdoor Performance
Differences

To compare the degradation observed under laboratory conditions
(aged-initial performance) with the PV degradation observed in
the field, we analyzed the difference in PMPP between new and
lab-aged samples under stable outdoor conditions. This was done

FIGURE 3 | Performance (N PMPP−0) during the first week of outdoor exposure for the PV modules undergoing DH aging experiment. Lab-aged

samples are represented by dashed boxplots. Missing samples for T1 and T2 were removed due to clear technical issues.

FIGURE 4 | Performance corrected and normalized to initial labora-

tory conditions at non-STC (N PMPP−0) on the first week of outdoor expo-

sure for TOPCon -T3 new and lab-aged samples (dashed boxplots)

undergoing UV aging.
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either by comparing the relative difference between aged and new
samples (PMPP aged-new), or by assessing the changes from initial
performance with respect to the new samples. In the relative com-
parison (aged-new), both sets of samples are measured under the
same outdoor conditions, therefore, environmental and systematic
influences are largely canceled out. However, the 3.3% uncertainty
for power measurements in our test field [18] becomes relevant
when evaluating the absolute PMPP changes from initial perfor-
mance. Deviations larger than those observed under controlled
laboratory conditions and beyond expected uncertainties may
indicate actual degradation of the PV modules.

3.2.1 | Effect of DH Pre-aging

Figure 5 shows the changes in IV characteristic parameters after
each step of the indoor experiment (LID, DH 1st and 2nd cycle),
with supporting EL images in Figure S7–S11. The PV modules
H1, H2, and T1 had the largest decreases in PMPP, ranging from
2.5% to 3%, mainly due to reductions in ISC and FF. In contrast,

the performance changes for modules T2 and P1 were less
(below – 2%), mainly attributed to a decrease in ISC, with no
notable change in FF.

Furthermore, under the outdoor exposure, Figure 6 shows the per-
formance change for new and lab-aged samples, relative to the ini-
tial performance of new samples. After 1 week and 8 months of
exposure, the differences between laboratory degradation measure-
ments (after pre-aging in a climate chamber) and outdoor evalua-
tions (PMPP aged-new) ranged from 0.5% to 1.7%. However, some "new
samples”module types showed significant signs of degradation after
8 months of exposure compared to their initial performance, sur-
passing the reported degradation in the laboratory, such as H2
and P1. Therefore, caution must be taken in the evaluation, as
the performance differences between samples may be a results
of other degradation mechanisms present in the new samples.

The PERC new samples show a 2% performance reduction com-
pared to the lab-aged samples, primarily due to low values of IMPP

FIGURE 5 | IV characteristic parameters average changes from initial characterization for the lab-aged samples, after each step of the DH aging

experiment: 1) LID, 2) DH of 1000 hr, and 3) DH of 1000 hr.
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and ISC (Figure S3). Further research is necessary to evaluate this
technology under outdoor conditions following DH. While it is
known to be a gallium-doped PERC module, some studies suggest
that it may still be susceptible to light and elevated temperature-
induced degradation (LeTID), though generally to a lesser extent
than B-doped cells, with fabrication processes potentially influenc-
ing this susceptibility [21].

3.2.2 | Effect of UV Pre-aging

For the TOPCon module type undergoing UV aging (T3), the dif-
ference between new and lab-aged samples after 1 week of out-
door exposure aligns with laboratory findings. The laboratory
reports after one cycle of 60 kWh m−2 and subsequent light sta-
bilization, PMPP reduction of 2.5% and VOC 1.5% (Figure 7) [13].

During the first week of performance with just an additional
2.7 kWh m−2 of UV dose, the relative difference between new
and lab-aged samples was −2.4% (PMPP) and −1.6% (VOC).
Within the first days of outdoor exposure with natural dark-light
cycles, this provided a more realistic scenario for the UV degra-
dation and stabilization effects on this technology, further sup-
porting the laboratory evaluations that now recommend a light
stabilization procedure after UV dose. Section 3.3.3 describes all
samples behavior after further outdoor exposure.

3.3 | Failure Modes

To identify the driving factor contributing to the degradation of
the different PV module types in this study, we analyzed the opti-
cal appearance of the modules and the evolution of the main IV
characteristics (ISC, VOC, PMPP, FF, Rs) over the exposure time. All
measurements are filtered to a specific irradiance range (see
Section 2.5) and compared between new and lab-aged samples.

3.3.1 | Surface Degradation

Some of the PV module types that underwent DH cycles showed
cell damage, as indicated by EL images taken after aging cycle
(Figure S7–S11). This damage included dark areas mostly at
the edges and corners (e.g. T1, T2, H2, and P1), while H1 pre-
sented no signs of cell damage. Once the modules were installed
outdoors, white and brown vertical dripping marks became visi-
ble, which may have originated from the glass. After 5 months of
outdoor exposure, the discoloration, dripping marks and brown
dots on the front and rear side of all module types lab-aged sam-
ples increased (Figure 8, Figure S12-S15).

Both types of HJT modules (H1 and H2) exhibit varying levels of
sensibility to moisture, with the main decrease in performance
attributed to a reduction in ISC (Figure S1 and S2).Moisture ingress

FIGURE 6 | Performance changes due to DH experiment of new samples (M01 and M02) and lab-aged samples (M03 and M04) compared to initial

PMPP of new samples. After 1 week and 8 months of outdoor exposure (except for H2 with 4 months), compared to laboratory DH aged samples (M03 and

M04) (blue line).

FIGURE 7 | Differences in parameters (ISC, VOC, PMPP, and FF) mea-

sured in the laboratory before and after UV aging, represented by the left

bars at 60 kWh m−2. The right bars illustrate the outdoor performance

differences between lab-aged and new samples, with the additional

UV dose received outdoors and their stabilization behavior (reduced

difference).
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can weaken the adhesive bonds between module layers, poten-
tially leading to issues such as delamination. This was observed
in H1 modules, which displayed delamination in the bottom cor-
ner cells of both new and lab-aged samples (Figure S15).

The failure effects caused by DH could be a decrease in ISC mainly
related to the discoloration of the encapsulant due to the high tem-
peratures and humidity ingress, and further aggravated with more
hours of DH (>1000hr) in a FF-reduction with a primary increase
in Rs, due to corrosion of cells and connectors [22–24].

3.3.2 | Corrosion Degradation

From the DH cycle, it is assumed that all modules have endured
some degree of moisture ingress. However, EL images indicate that

the two module types that showed significant damage due to this
ingress were T1 and H2 (Figure 9). In glass–glass modules,
moisture-induced corrosion typically progresses from the edges
and corners. This damage is characterized in EL images by dark-
ening of the cell metallization or connectors, which is also reflected
in both cases with high values of Rs, increasing by up to 20%
(Figure S4 and S6). This correlation confirms cell deterioration.

For TOPCon type T2, after 8 months of exposure, there was no
significant decrease in PMPP (+0.4%) for the lab-aged samples
when compared to the new samples. However, there is a decrease
in FF of 0.4% (Figure 10), and the lab-aged samples show a higher
fluctuation in Rs, especially during the hotter months. This fluc-
tuation may be related to how Rs is calculated from the slope to
the fit of points close to VOC. The difference in Rs between new

FIGURE 8 | Module types T2, H1, and P1 (left to right), lab-aged samples visual inspection after 5 months of outdoor exposure. Samples underwent

2000 h of DH. Lower images show specific areas before and after DH, with low cell damage at the module corners.

FIGURE 9 | EL images of H2 and T1 modules after 2000h of DH cycle, showing darkening of cells at the edges and corners of the module. The left

module is before and the right module after DH cycle.
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and lab-aged samples increases over time, reaching up to 7%
(Figure S5).

Conversely for TOPCon module type T1, during the 8 months of
outdoor exposure PMPP degraded gradually for the lab-aged

samples by 9.75%, and FF decreased by 9.4%, related to an
increase in Rs around 20% (Figure 11, Figure S6), assuming that
the decrease in performance of the new samples is not significant
(Figure 6). The results suggest a strong effect of corrosion on the
aged samples triggered by the ingress of moisture (as indicated by
EL images for T1, Figure S7).

T2 exhibited more stable behavior outdoors, with performance
reductions mainly from an increase in Rs (7%) and a subsequent
reduction in FF. In contrast, module types H2 and T1 showed
signs of damage due to moisture ingress in the EL images, leading
to a significant decrease in PMPP, commonly due to a large
increase in Rs (20%) during outdoor exposure.

3.3.3 | UV Degradation

The PMPP degradation for the lab-aged samples (M03 and M04)
ranged from 2.4% initially to 2% by the 8th month, mainly due to a
decrease in VOC, while the new samples (M01 andM02) exhibited
a PMPP decrease from initial performance of up to 1%, with a
reduction in FF of 0.5%. Figure 12 shows the change in IV char-
acteristic parameters over the 8 months of exposure compared to

FIGURE 10 | TOPCon-T2 parameters (PMPP, ISC, VOC, and FF) differ-

ence between new sample (M01) and lab-aged sample (M03) after the DH

cycle, under outdoor exposure, averaged every 15 days.

FIGURE 11 | Differences TOPCon- T1 parameters (PMPP, ISC, VOC, FF) between new (M01 and M02) and lab-aged (M03 and M04) samples. Left:

M03-M01. Right: M04-M02, under outdoor exposure after DH cycle, averaged every 15 days.

FIGURE 12 | Changes in TOPCon- T3 parameters (PMPP−0, ISC−0, VOC−0, FF0– temperature and irradiance corrected) compared to the average initial

performance of new samples. For new (M01) and lab-aged (M03) samples under outdoor exposure after UV cycle, averaged every 15 days.
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the initial performance of the new samples. The VOC for the lab-
aged samples (M03 and M04) exhibited an increase rate of
approximately 0.3% during the first 3 months of exposure, with
an average standard deviation (STDev) of 0.04% in the measure-
ments, after which it stabilized. In contrast, the new samples
showed a relatively stable and not degraded VOC. This suggests
that the lab-aged samples are stabilizing due to VOC changes.

When comparing the VOC decrease of all the TOPCon module
types (new samples) (Figure 13), a distinction can be observed
between the module type with a covered backside (T3) and those
installed on an open rack in the field without a backside cover
(T1 and T2). The latter exhibits a larger VOC decrease rate of up to
1%, while the VOC of T3 modules remained stable with a reduc-
tion of less than 0.25%. Further research under the same outdoor
conditions is necessary to understand the influence of rear-side
UV degradation in the field.

4 | Conclusion

The combination of specific accelerated aging cycles followed by
outdoor exposure helps to enhance our understanding of the
development of targeted degradation mechanisms. By periodi-
cally monitoring the IV curves of both new and lab-aged samples,
it is possible to identify the changes in parameters causing per-
formance decreases under actual operational conditions. Our
findings provide valuable insights into the complex interplay
between targeted lab-induced degradation and the multiple stres-
sors of field operation. The results suggest that standard IEC
tests, while valuable, may not fully capture the complexity of field
degradation. For module developers and end users, this implies
that relying solely on IEC testing may lead to either under- or
overestimation of potential degradation risks. This was evident
in our observations with the TOPCon module T1 (lab-aged),
which experienced a significant rapid decrease in performance
during outdoor exposure. In contrast, the HJT (H1) modules
demonstrated less degradation in the field compared to what
was reported in the laboratory conditions after DH. Similarly,
our UV experiment revealed that some modules showed signs
of stabilization, likely influenced by day/night cycles. This

highlights the need for further research under outdoor environ-
ments and emphasizes the practical short-term insights that this
combined methodology can provide.

Following laboratory DH testing and subsequent outdoor expo-
sure demonstrated that both TOPCon and HJT modules are sen-
sitive to moisture ingress. Both types showed a decrease in ISC,
presumably due to damage to the encapsulant layer or changes in
the optical properties, influenced by the high temperatures and
moisture. The more affected samples showed a reduction in FF
and an increase in Rs, attributed to further cell damage due to
moisture ingress and corrosion. These two degradation mecha-
nisms were distinguished and validated following further out-
door exposure.

For TOPCon module type T1, it was confirmed by the manufac-
turer, as an involved research partner, that polyolefin elastomers
(POE) were used as the encapsulant, known in some cases to
reduce corrosion degradation. However, our observations indi-
cate that T1 experienced one of the highest amounts of degrada-
tion, with a decrease in performance from lab-aged samples of 3%
in laboratory and after 8 months of exposure of 9.75%. This sug-
gests that even in the absence of acetic acid for POE, other fac-
tors, such as non-optimal lamination processing that releases
curing residues or reactive species, polymer additives, or solder
flux, could still contribute to moisture sensitivity and corrosion
[6, 8]. Furthermore, the initial moisture and heat stress from the
DH test likely compromised critical interfaces or materials, cre-
ating vulnerabilities that were rapidly exploited. This highlights
how initial moisture ingress and related cell damage can act as
significant precursor to accelerated field degradation.

UV-induced degradation in TOPCon modules was evident
through a decrease in VOC, which later stabilized under outdoor
exposure. The transition to the field, with its inherent day/
night cycles, appeared to trigger stabilization mechanisms.
This behavior aligns with laboratory observations and high-
lights the need for a stabilization cycle following UV aging
in reliability tests. Our initial outdoor measurements validated
the performance degradation reported in laboratory after stabi-
lization, with PMPP of 2.5% and VOC of 1.5% for TOPCon-T3.
These results may raise further research questions, on whether
the high-intensity stress of a lab UV test fully represents the
degradation experienced under cyclical real-world UV expo-
sure, where dark periods and temperature variations can influ-
ence material responses.

This study emphasizes the need for outdoor monitoring of PV
modules to fully understand and quantify degradation processes,
which significantly vary based on the module’s BOM. Our meth-
odology allowed for the focused initiation of a known degrada-
tion mode and the subsequent observation of its specific
evolution and interaction with outdoor conditions. As the PV
industry has adopted TOPCon technology as mainstream, future
research should focus on understanding the impacts of various
environmental stressors and exploring alternative BOM and
manufacturing processes. A combination of indoor and outdoor
evaluations could further determine degradation risks, helping to
improve the overall reliability of these advanced technologies
and will be further developed. As an outlook of this research
is the development of more representative aging protocols by

FIGURE 13 | Change in VOC from initial measurement for all

TOPCon module types (T1, T2, and T3) of new samples (M01 and

M02), throughout the outdoor exposure period and the corresponding

UV dose received outdoors.
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incorporating combine-accelerated stress testing in the labora-
tory phase, which could be validated with our outdoor experien-
ces to improve the accuracy of service life predictions models.
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