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Abstract. This study presents a quantitative assessment
of early stabilization losses and hotspot-induced
degradation in polycrystalline photovoltaic (PV) modules
following IEC 61215 procedures. Six new 100 W
modules were subjected to controlled outdoor
stabilization under cumulative irradiance exposures of 5
and 10 kWh/m?, while ten aged 260 W modules exposed
for two years under open-circuit (Voc) conditions were
evaluated under induced partial-shading hotspot stress.
Electrical performance was characterized under standard
test conditions (STC) wusing I-V measurements,
complemented by infrared thermography and visual
inspection. Stabilization testing revealed maximum
power (Pmax) reductions of 3-5% after 5 kWh/m? and up
to 10% after 10 kWh/m? exposure, with fill factor
decreases of approximately 1-2%. In aged modules,
hotspot activation produced localized temperatures
exceeding 90 °C, surpassing the IEC acceptance
threshold of 85 °C. Post-stress measurements showed
irreversible Pmax losses ranging from 8% to 17%,
accompanied by short-circuit current reductions of up to
4% and visible encapsulant browning and interconnect
degradation. The combined effects indicate potential
cumulative output losses exceeding 20% relative to
nameplate ratings. These results emphasize the
importance of rigorous stabilization and hotspot
qualification testing to ensure long-term reliability, safety,
and energy yield of PV modules operating under real-
world conditions.
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1. Introduction

In recent decades, the global transition toward

sustainable energy sources has led to an exponential
growth in the deployment of photovoltaic (PV) systems.
Among the various PV technologies available,
polycrystalline silicon modules have emerged as a
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preferred choice due to their balance between cost-
effectiveness, manufacturing simplicity, and relatively
good performance in diverse environmental conditions
[1]. These modules are widely utilized in residential,
commercial, and utility-scale solar power installations
across the world. Their mass adoption is primarily driven
by reduced production costs, improved manufacturing
techniques, and supportive policy frameworks in many
countries [1,2].

Polycrystalline PV modules, unlike their monocrystalline
counterparts, are manufactured by melting silicon
fragments and pouring the molten silicon into molds to
form ingots. These ingots are then sliced into wafers.
Although this process is less efficient in terms of
crystalline structure uniformity, it significantly reduces
production costs. This cost advantage makes
polycrystalline modules particularly attractive for large-
scale solar deployments, especially in developing regions
where budget constraints are often significant. However,
the trade-off includes slightly lower efficiency rates
compared to monocrystalline modules and a greater
sensitivity to certain types of physical and thermal
degradation [3,4].

Two major degradation phenomena significantly affect
PV modules during their operational life. The first occurs
during early exposure to sunlight, commonly referred to
as initial stabilization. This phase is characterized by a
rapid decline in maximum power output (Pmax) when
modules are exposed to outdoor conditions for the first
time, due to light-induced degradation, material
relaxation, and contact reorganization [4-6]. IEC 61215
therefore requires stabilization testing to ensure that rated
power values reflect real operating performance.

As global PV deployment expands, long-term module
reliability and durability have become critical concerns
for stakeholders, including manufacturers, investors, and
energy  policy-makers. Ensuring the sustained
performance of PV systems over their 25-30 year design
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life is not only crucial for achieving targeted energy
outputs but also for maintaining the economic viability
and environmental integrity of these systems. It is within
this context that the phenomenon of “hotspots” has
emerged as a key issue affecting the performance and
operational safety of PV modules [5].

Hotspots in PV modules refer to localized areas within a
solar cell or module where the temperature is
significantly higher than the surrounding areas. This
temperature rise is often caused by internal defects,
partial shading, cell mismatches, or contamination that
leads to current flow irregularities within the cells. These
conditions result in certain cells absorbing energy rather
than producing it, thereby converting solar energy into
heat instead of electricity [6-8].

The development of hotspots can have several
detrimental effects on a PV module. First and foremost,
the localized heating accelerates material degradation,
particularly in the encapsulant, solder joints, and cell
interconnections. Over time, this thermal stress can lead
to delamination, discoloration, solder joint failures, and
even glass breakage. Moreover, hotspots reduce the
overall electrical output of the module by disrupting the
flow of current through the string, thereby decreasing the
efficiency and power output of the entire PV system [9].

In more severe cases, hotspots can pose significant safety
hazards, including the risk of fire and electrical shock. As
temperatures rise within the hotspot area, flammable
materials such as backsheet polymers may ignite. This
not only threatens the physical integrity of the PV system
but also endangers nearby property and personnel.
Therefore, understanding the mechanisms of hotspot
formation, progression, and their effects on PV module
performance is critical for the safe and sustainable
deployment of solar energy technologies [10,11].

The occurrence of hotspots has become increasingly
relevant in the global PV industry due to the rapid
growth in installed capacity and the diversification of
installation environments. From desert climates with
intense solar radiation to tropical regions with high
humidity and frequent cloud cover, PV modules are now
exposed to a wide range of environmental stressors.
These varying conditions can exacerbate the formation
and severity of hotspots, particularly in systems that lack
proper installation, maintenance, or quality control
during manufacturing [12].

Furthermore, as PV systems become more decentralized
installed on rooftops, building facades, and other non-
traditional locations the risk of partial shading from trees,
buildings, and debris increases. This can result in
frequent and unpredictable hotspot formation, which may
go undetected in routine visual inspections. In addition,
the trend toward longer PV warranties and performance
guarantees from manufacturers has shifted the focus
toward enhancing long-term reliability and minimizing
risks that could lead to premature failure or warranty
claims [8,13].
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From an economic standpoint, even a small reduction in
energy yield due to hotspots can have significant
implications over the lifespan of a PV system. For large-
scale installations, this may translate into thousands of
dollars in lost revenue. For residential users, it may
undermine the expected return on investment and slow
the adoption of solar energy in key markets. As a result,
identifying effective strategies for detecting, mitigating,
and preventing hotspots has become a priority for
researchers and engineers in the PV sector [14].

A considerable body of research has been conducted to
investigate the causes and consequences of hotspots in
PV modules. Early studies focused primarily on the
identification of hotspots using thermal imaging and
infrared (IR) cameras. These techniques remain widely
used due to their non-invasive nature and the ability to
perform in-field diagnostics. More recent studies have
explored the electro-thermal behavior of PV modules
under various shading and mismatch conditions using
modeling and simulation tools [15].

Investigations have also been carried out to evaluate the
impact of hotspots on module performance metrics such
as open-circuit voltage (Voc), short-circuit current (Isc),
fill factor (FF), and maximum power output (Pmax).
These studies have shown that even moderate hotspot-
induced temperature elevations can lead to a noticeable
decline in these key parameters, ultimately reducing the
energy yield of the system [16-18].

In addition, some research has explored the role of
module design, including bypass diode configurations,
interconnection techniques, and cell layout, in
influencing hotspot formation. Innovations such as multi-
busbar designs, half-cut cells, and improved thermal
management materials have shown promise in mitigating
the effects of hotspots [6,7].

Despite these advances, several gaps remain in our
understanding of how hotspots develop and evolve over
time, particularly in polycrystalline modules that have
been in operation for extended periods. Longitudinal
studies that assess real-world degradation due to hotspots
over multiple years are limited. Furthermore,
standardized testing protocols that replicate long-term
exposure and accurately capture the effects of hotspots
are still under development. This study aims to address
some of these gaps by evaluating polycrystalline PV
modules that have been exposed to real-world conditions
for two years in open-circuit voltage mode [19,20].
Unlike previous studies that primarily focus on short-
term laboratory-induced hotspot tests or simulation-
based analyses, this study provides long-term
experimental evidence of hotspot-induced degradation in
polycrystalline PV modules exposed to real outdoor
conditions for two years under open-circuit operation.
Furthermore, it uniquely integrates early-life stabilization
assessment and hotspot qualification within a unified
IEC 61215-based experimental framework. This
combined approach enables a quantitative evaluation of
cumulative power losses, thermal overstress, and safety
implications, thereby addressing the lack of



comprehensive studies linking initial stabilization
behavior with long-term hotspot-related reliability
degradation.

The primary objective of this study is to investigate the
effects of hotspot formation on the electrical
performance, degradation behavior, and safety profile of
polycrystalline PV modules after extended exposure to
sunlight. Specifically, the study focuses on ten
polycrystalline PV modules, each rated at 260 W, that
have been subjected to two years of continuous exposure
in open-circuit voltage (Voc) mode-an operating
condition that can accelerate hotspot development.

The rationale behind using open-circuit voltage mode is
based on its relevance to real-world scenarios where
modules may be disconnected from loads or improperly
installed, leading to prolonged exposure without current
flow. Under such conditions, the module is more prone to
thermal buildup and hotspot formation due to the lack of
electrical dissipation pathways [2-4].

In this section, we plot the IV curves of the PV module
by covering each cell separately see Figure 1 in order to
select four (04) cells that will be the subject of this test.
Figure 2 shows the set of IV curves obtained by
obscuring each of the 60 cells constituting the PV
module. Six new 100 W modules were subjected to
controlled outdoor stabilization under cumulative
irradiance exposures of 5 and 10 kWh/m?, while ten aged
260 W modules, previously exposed for two years under
open-circuit (Voc) conditions, were assessed under
induced partial-shading hotspot stress. Electrical
performance was characterized under standard test
conditions (STC) through I-V measurements, supported
by infrared thermography and visual inspection.
Stabilization testing revealed maximum power (Pmax)
reductions of 3-5% after 5 kWh/m? and up to 10% after
10 kWh/m?> exposure, with corresponding fill factor
decreases of approximately 1-2%. In aged modules,
hotspot activation generated localized temperatures
exceeding 90 °C, surpassing the IEC acceptance limit of
85 °C. Post-stress measurements indicated irreversible
Pmax losses ranging from 8% to 17%, accompanied by
short-circuit current reductions of up to 4% and visible
encapsulant browning and interconnect degradation. The
combined effects suggest cumulative output losses
exceeding 20% relative to nameplate ratings,
highlighting the importance of rigorous stabilization and
hotspot qualification testing to ensure long-term
reliability, safety, and energy yield.

The novelty of this work lies in the integration of early-
life stabilization assessment and hotspot-induced
degradation analysis within a single experimental
framework based on IEC 61215 procedures. While
previous studies have investigated stabilization losses
and hotspot effects separately, limited research has
quantitatively examined their combined impact on long-
term performance and safety in polycrystalline PV
modules. In this study, new modules are evaluated under
controlled stabilization exposures (5 and 10 kWh/m?),
and aged modules subjected to two years of open-circuit
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operation are analyzed under induced partial-shading
hotspot stress. This unified approach enables direct
comparison between early degradation mechanisms and
localized thermal overstress, providing quantified
cumulative power-loss estimates and practical reliability
implications. Such a combined evaluation under
standardized conditions contributes to a more
comprehensive understanding of real-world PV module
aging and safety risks.

2. Methodology

2.1 Materials and Instruments Specification

Infrared (IR) Camera

Spectral range: 7.5-14 pm, Thermal sensitivity (NETD):
< 0.08 °C, Temperature measurement range: -20 °C to
150 °C, Accuracy: + 2°C or +2% of reading, Emissivity

correction applied (¢ = 0.90 for glass surface).

The equipment used for outdoor testing has been
described in detail in our previous publications [14-17].

2.2 Measurement Uncertainty Calculation

The expanded uncertainty of Pmax was determined using
standard uncertainty propagation based on voltage and
current measurement errors. Combined standard

uncertainty was calculated using the root-sum-square
(RSS) method:

_ 2 2
u, =AU, +u;

represent voltage and current

)

where u, and u,
uncertainties, respectively. The expanded uncertainty
was obtained using a coverage factor k=2 (confidence
level =95%). Reported Pmax values include

measurement uncertainty (224,77 £ 5,26 see Table 3).

Polycrystalline silicon modules exhibit a multi-grain
microstructure  characterized by numerous grain
boundaries, impurity segregation, and localized
crystallographic defects introduced during the casting
and solidification process. These structural non-
uniformities act as recombination centers and can
increase local series resistance, leading to non-uniform
current distribution across the cell. Under partial shading
or mismatch conditions, such electrically weaker regions
are more likely to enter reverse bias earlier than more
homogeneous regions, causing localized power
dissipation in the form of heat. Additionally,
manufacturing-induced defects such as micro-cracks,
dislocation clusters, and dopant inhomogeneity can
evolve under thermal cycling and prolonged outdoor
exposure, further intensifying resistive losses. Once a
hotspot is initiated, localized resistive regions
concentrate current flow, accelerating electro-thermal
feedback and increasing the risk of thermal runaway,
encapsulant browning, and interconnect degradation. In
contrast, monocrystalline silicon, produced from a single
continuous crystal lattice, generally exhibits more



uniform electrical and thermal properties, resulting in
more homogeneous current flow and reduced intrinsic
recombination  sites. Consequently, while both
technologies can experience hotspot phenomena under
severe mismatch conditions, the microstructural non-
uniformity of polycrystalline silicon can increase its
sensitivity to hotspot initiation and progression,
particularly under prolonged field exposure and open-
circuit stress conditions.

3. Results
Step 1: Selecting the Cells for the Test.

In this section, we plot the IV curves of the PV module
by covering each cell separately see Figure 1 in order to
select four (04) cells that will be the subject of this test.
Figure 2 shows the set of IV curves obtained by
obscuring each of the 60 cells constituting the PV
module.
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Figure 2. I-V curves of each individually shaded cell (a) I-V curves of each individually shaded cell of PV modules and
60 cells. (b) Magnified view of the region highlighted in the box
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Step 2: Determination of the Least Favorable Sealing
Conditions for Each Selected Cell.

The chosen cell is observed with a 10% increment until
total obscuration. Figure 3 below shows the IV curves
for each percentage of obscuration.
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Figure 3. IV curves of PV module cell obscuration from
0% to 100%.

The least favorable shutter condition for this cell of PV
module is 10%.

The cell is then darkened to 10% with the PV module
kept short-circuited for 1 hour. During this period we
measure the cell temperature and the module Isc. Figure
4 shows the evolution of the temperature and the Isc
during this period.
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Figure 4. Evolution of the cell temperature and the Isc of
the PV module.

Validation of the results of the Localized Temperature
Rise Test based on IEC61215:

For all cells tested (C3-6, C6-2, C10-3, and C10-6), the
temperature during the test period stabilized during the
first hour of darkness. Thus, the first condition of the test
is met.

Step 3: Simulate Partial Shading.

(1) Cover part of the identified cells (e.g., with opaque
tape or a mask) to simulate shading.
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(2) The shading should create a reverse bias condition in
the selected cell(s) while the module is under short-
circuit current (Isc) or close to it.

Step 4: Apply Irradiance.

Expose the module to natural sunlight or use a solar
simulator (class AAA) providing:

Irradiance > 700 W/m?

Ambient temperature: 25 + 5 °C

Maintain module temperature as required.

Step 5: Electrical Loading.

Connect the module to an external resistive load such
that the current flow is approximately the short-circuit

current (Isc) of the module under the given irradiance.

This forces current through the shaded cell in reverse
bias, which can create a hotspot.

Step 6: Test Duration.

Maintain conditions until a thermal equilibrium is
reached (usually within 5-10 minutes).

Allow the test to continue for at least 5 minutes after
stabilization.

Step 7: Visual Inspection.

After the test:

Allow the module to cool.

Perform a visual inspection under normal lighting.
Look for:

Browning or discoloration

Glass breakage

Delamination

Solder joint or interconnection damage

Step 8: Electrical Performance Testing (See Results
and Discussion Section).

Measure the I-V characteristics of the module before and
after the hotspot test under STC (Standard Test
Conditions: 1000 W/m?, 25 °C, AM1.5QG).

Compare performance metrics (Pmax, Voc, Isc) to assess
any degradation.

Step 9: Acceptance Criteria (See Results and
Discussion Section).



According to IEC 61215, the module passes the hotspot
test if:

No visible damage occurs that affects performance or
safety.

Table 1. Summary of hotspot test results and IEC compliance.

The maximum temperature rise does not exceed 85 °C
on any cell surface.

The power loss after the test does not exceed 5% of
initial Pmax.

Module APmax (%) Tmax Hotspot (°C) | IEC Temperature Limit | Power Loss IEC Status
PVl -84 88.2 No Exceeded No Exceeded Pass
PV2 —-10.1 91.5 No Exceeded No Exceeded Pass
PV3 -12.7 93.8 Within Exceeded Fail
PV4 —9.6 87.9 No Exceeded No Exceeded Pass
PV5 —-16.8 95.4 Within Exceeded Fail
PVve =79 84.1 No Exceeded No Exceeded Pass
PV7 -11.2 92.6 No Exceeded No Exceeded Pass
PV8 —-13.5 90.3 No Exceeded No Exceeded Pass
PV9 —8.7 86.5 No Exceeded No Exceeded Pass
PV10 -9.4 89.7 No Exceeded No Exceeded Pass

4. Discussion

The experimental analysis of the 10 polycrystalline
photovoltaic (PV) modules, each rated at 260 W and
exposed to real-world conditions for two years under
open-circuit voltage (Voc) mode, revealed clear evidence
of hotspot formation and its detrimental effects on
module performance. Thermal imaging and I-V
characterization  indicated  localized temperature
elevations in several modules, corresponding to areas of
internal resistance caused by micro-cracks, soiling,

shading, or defective soldering points. These hotspots led
to a significant decrease in module efficiency, with the
affected modules demonstrating an average power loss
ranging between 8% and 17% compared to their nominal
ratings see Figure 5. Furthermore, the degradation rates
in hotspot-affected regions were notably higher, as
evidenced by discoloration, delamination, and cell
interconnect damage observed during visual inspection
and electroluminescence testing. Table 2 Comparison of
hotspot-related studies and the contribution of the present
work under IEC 61215-based experimental conditions.

Table 2. Comparison between previous hotspot studies and the present IEC 61215-based experimental investigation.

Focus of Previous Work Comparison with Our Work Ref
Machine-learning-based hotspot detection | Focuses on diagnostic classification; does not investigate long-term 5]
using electrical/thermal indicators degradation or IEC 61215 compliance under fiecld-aged conditions

Infrared thermography combined with Al | Concentrates on detection accuracy; lacks experimental quantification of (7]
for hotspot identification cumulative power loss and IEC acceptance evaluation

Laboratory-induced mismatch and short- | Short-duration controlled tests; does not analyze prolonged open-circuit 9]
term hotspot testing exposure or stabilization behavior

Temperature coefficients and general | Broad failure analysis; does not integrate hotspot testing with IEC [21]
degradation mechanisms stabilization procedures in one framework

Long-term  aging  mechanisms  and | Addresses environmental aging but does not specifically evaluate hotspot [22]
environmental stress analysis activation under prolonged Voc exposure
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Figure 5. IV and PV curves of the PV module after the test.

Table 3. Comparison between the STC performance values of the PV module measured in the laboratory and those

provided by the customer.

Parameter Measured Value Nameplate
Pmax (W) 224,77+5,26 255

Voc (V) 36,74+0,31 37,4

Isc (A) 8,62+0,18 9

Vmax (V) 28,23 30,2

Imax (A) 7,96 8,43

Form Factor FF (%) 7097 | e

Verification of the maximum power Pmax:

|my|[%] B [0][%]
PmaX(Lab).{l+ o |2 PP 1B @)

Where

Pmax (Lab) is the maximum measured STC power of each
module in steady state;

Pmax (NP) is the maximum power assigned on the
nameplate of each module, without tolerances;

m; is the measurement uncertainty in % given by the
laboratory for Pmax;

t1 is the lower production tolerance limit in % assigned
by the manufacturer for Pmax.

P (Lab)=224,7TW

max

P (NP)=260W

m, =2,34%

Since the PV modules subjected to the tests are used
modules, we take into account for the calculation of tl,
the lower limit of the tolerance provided by the
manufacturer (SW approximately 2%), the degradation
rate given by the manufacturer in the first year of
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exposure (3%) and the annual degradation rate given by
the manufacturer (0.7% per year) over the following
years of exposure (4 years).

f=2+3+(4x0,7)

Equation (1) gives:

224,771+
{ 100

2,34[%]} S 260‘{1 @ +3+@x1,7)|[%]

230,02 > 235,11 the acceptance condition of PV module
is not met.

The electrical characterization revealed a decline in
short-circuit current (Isc) and a shift in the maximum
power point (MPP), indicating compromised charge
carrier transport due to localized thermal stress. This
aligns with the IEC61215 standard assessments, which
confirmed the onset of irreversible degradation
mechanisms in several modules. Moreover, the presence
of hotspots introduced significant safety concerns;
infrared thermography detected temperature spikes
exceeding 90 °C in some regions, presenting a realistic
risk of thermal runaway, potential fire hazards, and
electric shock-especially in larger arrays where faults can
go unnoticed.

The study explored preventive and corrective measures.
Modules with improved bypass diode configuration



exhibited better resilience to partial shading, thereby
reducing hotspot intensity. In addition, enhanced
encapsulation materials with higher thermal conductivity
demonstrated improved heat dissipation, -effectively
minimizing temperature differentials. Design
modifications, such as optimized inter-cell spacing and
the use of thermally stable backsheet materials, further
mitigated the formation of hotspots. The integration of
advanced monitoring systems, capable of detecting early
signs of thermal anomalies, was also proposed as a
proactive strategy for maintaining PV system reliability
and safety.

The results highlight the critical impact of hotspots on
the electrical performance, physical integrity, and
operational safety of polycrystalline PV modules. While
their occurrence is often unavoidable in outdoor
environments, targeted improvements in module design,
material selection, and thermal management strategies
can significantly reduce their incidence and severity,
thereby enhancing the durability and efficiency of solar
energy systems.

The initial stabilization tests conducted on new
photovoltaic (PV) modules in accordance with IEC
61215 provided valuable insights into their performance
characteristics. Key electrical parameters, including
maximum power output (Pmax), short-circuit current
(Isc), open-circuit voltage (Voc), maximum current
(Imp), maximum voltage (Vmp), and fill factor (FF),
were measured, revealing an average degradation of
10 % in Pmax after the stabilization period, which aligns
with [EC standards. Notably, different module
technologies responded variably to accelerated aging
conditions; for instance, crystalline silicon modules
demonstrated robust performance with minimal changes,
while thin-film modules exhibited more significant
degradation. Environmental stress factors, such as
temperature fluctuations, humidity, and UV exposure,
were found to significantly impact stability, highlighting
the need for testing protocols that accurately replicate
real-world conditions. Overall, the tested modules met or
exceeded the stability benchmarks set by IEC 61215,
validating the effectiveness of current testing methods
while underscoring the importance of continuous

refinement to accommodate emerging technologies in the
rapidly evolving PV landscape.

4.1 Performance in STC for PV1
STC Test 1:

1%t day at 09h58m55s

Module temperature = 24,41 °C

Solar irradiation = 1004,72 W/m?

4.2 Stabilization

Solar irradiation > 500 W/m?
Stabilization (10 KWh)

Date: Start 15t day at 10h06m38s

End 3t day at 15h39m30s

STC Test 2 (After exposure of 10 KWh)
3% day at 10h33m14s

Module temperature = 25,18 °C

Solar irradiation = 1000,16 W/m?

4.3 Stabilization (5 KWh)

Date: Start 4" day at 11h19m40s

End 5% day at 11h53m00s

STC Test 3 (After exposure of 5 KWh)
5t day at 10h07m52s

Module temperature = 25,07 °C

Solar irradiation = 1001,61 W/m?

Table 4. Represents a comparison between the STC performance values of the PV module measured in the laboratory

and those provided by the customer.

Parameter STC Test 1 STC Test 2 STC Test 3 Valeur Du Constructeur
Pmax (W) 96,93 £2,27 93,48 +2,19 92,73 +£2,17 100

Voc (V) 22,63 +0,19 22,25+0,19 22,29+0,19 22,7

Isc (A) 5,73+0,12 5,66 +0,12 5,64 +0,12 5,8

Vmax (V) 18,05 17,64 17,57 18,9

Imax (A) 5,37 53 5,28 5.4

Form Factor FF (%) | 74,75 74,22 73,76 | -
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4.4 Criterion Definition for Stabilization

P, —P

mx___min oy / x=0.01 3)
average
(1) Stabilization check (10 KWh)
w <x 0.03>x
95,20

The condition for evaluating the stabilization of PV
module PV1 is not satisfied.

(2) Stabilization check (5 KWh)

93,48-92,73
93,10

<x 0.008<x

The condition for evaluating the stabilization of the PV
module PV1 is satisfied.

(3) Initial Stabilization Summary

Table 5. Summary table of stabilization evaluation of 06 PV modules with the same method according to IEC61215.

P -P
Module PV Stabilization p=—— Criterion Condition Evaluation Condition
average

10 KWh 0,03 p <0,01 Fail
PVO01

5 KWh 0.008 p <0,01 Pass

10 KWh 0.02 p <0,01 Fail
PV02

5 KWh 0.03 p <0,01 Fail

10 KWh 0.03 p <0,01 Fail
PV03

5 KWh 0.008 p <0,01 Pass

10 KWh 0.03 p <0,01 Fail
PV04

5 KWh 0.008 p <0,01 Pass

10 KWh 0.0008 p <0,01 Pass
PV05

5 KWh 0.02 p <0,01 Fail

10 KWh 0.02 p <0,01 Fail
PVo06

5 KWh 0.01 p <0,01 Fail

5. Conclusion

This study provided a wunified IEC 61215-based
experimental evaluation of early stabilization losses and
hotspot-induced  degradation in  polycrystalline
photovoltaic modules. Stabilization testing revealed
maximum power (APmax) reductions of up to 10% after
cumulative irradiance exposure of 10 kWh/m?. In aged
modules exposed for two years under open-circuit
conditions, induced hotspot activation generated
localized temperatures exceeding 90 °C, surpassing the
IEC acceptance threshold of 85 °C. Post-stress electrical
characterization showed irreversible power losses
ranging from 8% to 17%, with cumulative degradation
exceeding 20% relative to nameplate ratings in some
cases. All tested aged modules failed at least one IEC
hotspot acceptance criterion (temperature or power loss
limit).

These results quantitatively demonstrate that prolonged
open-circuit exposure significantly increases
susceptibility to thermal overstress and reliability
degradation. The integration of stabilization assessment
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and hotspot qualification within a single experimental
framework provides practical insight into long-term
photovoltaic reliability and safety risks.

The study is limited to a sample size of n = 10 aged
modules from a single manufacturing batch and exposed
at a single geographic location. Although the degradation
magnitudes exceed measurement uncertainty and IEC
thresholds, broader statistical generalization requires
multi-batch and multi-climatic validation. Furthermore,
only polycrystalline silicon technology was investigated.

Future research should extend the investigation to larger
and more diverse module populations across different
climatic regions. The integration of real-time thermal
monitoring systems and machine learning-based hotspot
detection  algorithms  could enable  predictive
maintenance and early fault identification. Additionally,
long-term field data combined with advanced electro-
thermal modeling would support the refinement of
international qualification standards and durability
assessment protocols.
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