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Abstract. Residential photovoltaic systems often experience partial shading from chimneys, trees or other
structures, which can induce hot-spots in the modules. If the temperature and frequency of these hot-spots are
high, the module’s reliability and safety may be at risk. IEC 61215-2:2021 hot-spot endurance test is utilized to
evaluate the materials’ ability to withstand partial shading. Since modules in residential systems can be
subjected to higher temperatures than those in the open field, IEC TS 63126:2020 recommends adjusting the
module temperature for the hot-spot endurance test according to the module’s operating temperature. This
study tested the hot-spot endurance of PERC, IBC and HJT modules under standard (55°C) and more severe
(75°C, Level 2 condition in IEC T'S 63126:2020) test conditions, as well as outdoor accelerated-ageing tests were
performed with shadow masks. The results demonstrated that irrespective of environmental conditions, hot-
spots can form at lower temperatures, with more shading-tolerant cells (i.e., cells with lower breakdown voltage)
or with shorter strings. We also show that it is possible to shorten the effort- and time-consuming hot-spot
endurance test described in the standard and obtain similar results. In addition, the hot-spot endurance test for
residential PV systems was evaluated in terms of module temperatures and duration. In this respect, we propose
to increase the testing temperatures of the hot-spot endurance testing for modules operating at high
temperatures in IEC TS 63126:2020.
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1 Introduction

The operating conditions of photovoltaic (PV) modules in
built environments are more susceptible to additional
stressors, such as shading and elevated temperatures,
compared to those designed for large-scale installations in
moderate climates [1-3]. Temperature-induced degrada-
tion has been examined in some studies [4,5], and the
International Electrotechnical Commission (IEC) has
proposed modifications to typical module qualification
and safety tests (i.e. IEC 61215-2:2021 [6], and IEC 61730-
2:2023 [7]) for modules operating at high temperatures in
IEC TS 63126:2020 [8]. However, the shadow-induced
degradation of PV modules in residential systems has
received limited attention. Unlike large PV fields, where
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large areas generally ensure optimal operating conditions
without obstacles, the presence of structures such as
chimneys, nearby buildings, or treesin the built environment
can create challenges in maximizing the production and
reliability of PV modules in the presence of persistent
shadows. The presence of a partial shadow can induce a hot-
spot that is significantly hotter than the other parts of the
module and can reach temperatures as high as 130—150 °C
(or higher). The occurrence of hot-spots may prospectively
lead to the generation of other failure modes, such as
discolouration, interconnection failures and cell cracks,
delamination and loss of electrical insulation. Mitigation
measures are therefore being introduced by the manufac-
turers. The key questions are (1) whether these mitigation
measures are sufficient for residential PV components, and
(2) whether the existing hot-spot endurance test methods are
representative of the residential PV conditions.
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In this study, the term “hot-spot” was used as defined by
the IEC. That is, a hot-spot occurs when the operating
current of the module exceeds the reduced short-circuit
current (I.) of a shaded or faulty cell or group of cells. In
contrast, the International Energy Agency (IEA) states
that the hot-spot can be caused by (i) reverse bias and
junction breakdown of a solar cell, (ii) damaged cell, or (iii)
damaged metallisation [9]. The reason why the term “hot-
spot” is defined differently is explained in [10].

1.1 Hot-spot phenomena

When a module is exposed to partial shade, a bypass diode
(BPD) can be activated depending on the dynamic
maximum power point of the module. In the event of
an activated diode, BPD heats up as the current difference
between the unshaded string(s) and the partially shaded
cell flows through the activated BPD (Fig. 1). In addition,
the decrease in photocurrent of the shaded cell causes a
disparity in operating points between the series-connected
cells, which subsequently forces the shaded cell to operate
at a negative voltage. The reverse characteristics of the
shaded cell (i.e., shunt resistance and breakdown voltage)
are largely responsible for the robust reverse bias operation
of the cell and module performance in partial shade [11,12].
Conventional multicrystalline silicon solar cells typically
have three reverse bias breakdown mechanisms, known as
early breakdown (—4V to —9V), soft breakdown (—9V to
—13V), and hard breakdown (beyond —13V) [13,14].
Conventional monocrystalline silicon solar cells exhibit a
relatively linear relationship between the reverse current
and voltage at low reverse bias voltages [15]. The most
important mechanism for junction breakdown in mono-
crystalline silicon solar cells is avalanche breakdown
[16,17]. This breakdown occurs at reverse bias voltages
below —20V for PERC cells, the most common type of
mass-produced solar cell [10]. Junction breakdown occurs
at the weakest point in the cell area. Under reverse bias
operation, the leakage current distribution may not be
uniform, and one of them may develop into a hot-spot
[18,19]. The partial shading of a solar cell can result in
higher temperatures in the illuminated portion of the cell
compared to the shaded portion [20]. This is because the
illuminated portion of the cell absorbs more light, leading
to a higher operating temperature than for the shaded
portion. As a result, the solar cell, module materials (i.e.,
glass, encapsulant, and metallization), and diode may be
subject to high thermal stress. While other parts of the
module typically operate at temperatures of 50—70°C, a
hot-spot can cause heating above these temperatures,
reaching temperatures of 130—150°C (or higher).

1.2 Hot-spot mitigation and testing

Degradation caused by hot-spot may endanger the
reliability and durability of solar panels, for this reason
manufacturers take measures to mitigate its impact. These
include cell sorting into bins based on cell’s current output,
screening individual cells for low shunt resistance, and
using BPDs to redirect current flow around problematic
or shaded cells. Produced PV cells are tested for power

(and current) output and grouped with other cells of
similar output. Modules are then constructed from cells
within the same bin to minimize mismatch losses between
cells in series [21]. In addition, most manufacturers also
discard cells that are deemed susceptible to hot-spot (low
shunt resistant cells) to prevent this degradation from
occurring [22,23]. Most importantly, manufacturers in-
clude BPDs in their PV modules to prevent hot-spot
formation and mitigate its harmful effects. However, BPDs
only reduce the negative impacts of hot-spots and do not
entirely eliminate them. Although a BPD reduces the
power losses that can be caused by shadows [24], shadow
events that have become a daily routine still pose severe
performance losses and safety risks. These risks are often
overlooked during the design and material selection of PV
modules. Moreover, a growing variety of PV modules that
are advertised as shade-resistant may be found on the
market due to an improved understanding of the effects of
shading events on the overall output power. However,
shade resistance is poorly defined and there is no reliable
way to compare different PV products. In addition,
minimizing yield loss is generally the primary focus of
shade-resistant modules [25,26]. However, improved
reliability is often neglected or not considered. The hot-
spot endurance (HS) test (IEC 61215-2:2021) assesses the
ability of a module to resist local point heating at a module
temperature of 55415 °C under partial shading. This test
simulates a worst-case hot-spot scenario to evaluate the
performance of the module and its ability to withstand hot-
spotting without damage or degradation. The execution of
this test is now even more important due to the increasing
occurrence of hot-spot on new module technologies [27]
and the fact that they can further accelerate other failure
mechanisms that cause safety issues (e.g., loss of electrical
insulation). The HS test in its present version requires a
maximum of 5 h to perform under a light source. However,
considering that residential PV systems can be subjected
to frequent shadow events, it is not surprising that the
total time spent in the presence of a hot-spot can largely
exceed 5 h over the lifetime of a residential PV system. In
the case of persistent shading, this thermal stress will
always affect the same area and diode (strongly soliciting
BPD). For these reasons, the module may eventually lose
its performance or the diode may lose its functionality.
Bypass diodes can fail in two modes: short-circuit and
open-circuit. (a) In short-circuit failure mode, the string of
cells connected in parallel is short-circuited, resulting in
power loss depending on the electrical layout. For example,
when a BPD is shorted, typically one-third of the power of
a conventional module is lost depending on the electrical
layout. (b) In open-circuit failure mode, the BPD cannot
conduct any current and has no impact on the power
output of the PV module. This is similar to a string of solar
cells without a BPD. However, if a BPD fails in the open-
circuit mode, the protection provided by the BPD is lost,
and hot-spot can occur very quickly in the presence of
shade [28]. Furthermore, fire risks can occur in urban areas
under the specific conditions (e.g., full roof integration).
Therefore, choosing a PV module suitable for residential
PV systems and testing these modules under representa-
tive conditions is crucial.
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2 Experimental approach

In this study, the reliability of modules due to repeated
partial shading in a residential environment was analysed
by performing HS tests under standard conditions (IEC
61215-2:2021) and under extended test conditions (specifi-
cally at higher module temperatures according to IEC TS
63126:2020) and duration. In parallel to indoor testing, the
HS tests were complemented by performing outdoor
accelerated-ageing monitoring for over one year of modules
covered with shadow masks. The hot-spot temperatures
obtained in the HS tests were expected to be higher than
those observed in the outdoor tests — during realistic
operating conditions — because the HS tests were designed
to simulate the worst-case scenarios. The HS and outdoor
accelerated-ageing tests were carried out on different
module technologies and designs (i.e., Passivated Emitter
and Rear Contact (PERC), Interdigitated Back Contact
(IBC), Heterojunction Technology (HJT), and modules
with shorter cell-string, etc.) to investigate the behaviour,
operating conditions, and tolerance of different PV module
technologies in the case of partial shading. Meanwhile, we
also investigated the sufficiency of the indoor hot-spot
endurance test (IEC 61215-2:2021) for residential PV
systems, taking into account higher operating temper-
atures and more frequent partial shading events with
respect to field-deployed PV systems. In addition, one of
our aims was to stress beyond standard test conditions to
address the operation of modules in building-integrated PV
(BIPV) conditions.

2.1 Hot-spot endurance test (indoor)

The standard procedure of the IEC 61215-2:2021 HS test is
divided into three steps. The initial steps, which are cell
selection (Step 1) and determination of worst-case shadow
conditions of the selected cells (Step 2), are the most effort-
and time-consuming parts of the test. The three steps are as
follows [22,29]:

Step 1) In order to select the hot-spot sensitive cells, each
cell of the module is completely shaded, and a current-
voltage characteristic (IV curve) is measured for each cell
(Fig. 2a). Then, four cells are selected; (i) one cell with the
lowest shunt resistance adjacent to the edge of the module,
(iv) one cell with the highest shunt resistance.

Step 2) In the next step, if the cell circuit is not accessible,
one of the options to determine the worst-case shading of
the selected cells is partially shadowing each of these four
cells in turn and performing I'V measurements. The worst-
case shading occurs when the current through the shaded
cell (the point at which the BPD turns on,
Lic shaded cen) coincides with the maximum power current
of the unshaded module (I,pp unshadea) (Fig. 2b).

Step 3) The final step of the HS test is to expose the
module under short circuit condition to steady state
irradiance (10004100 W /m?) for at least 1 h while shading
the four selected cells individually one at a time. According
to TEC 61215-2:2021, if the temperature of the shaded
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Fig. 1. Simple schematic of a conventional 60-cell PV module
with three bypass diodes (3 strings in series) under partial shading
conditions of a cell with an activated bypass diode. Hotter bypass
diode and cell are indicated by using different colours. Red arrows
indicate current flow.

cell continues to increase after 1h of exposure, the
experiment continues for a total of up to 5 h. However,
since in the built environment it is likely to have persistent
shading events extending for more than 5h, we extended
the HS tests duration up to 10 h.

To shorten this effortful HS test, we tried shortening
the steps of cell selection (Step 1) and determining the
worst-case shadow (Step 2) as described below:

Step 1) For cell selection, since cells are usually screened
for low shunt resistance, and the susceptible ones are
discarded, we tried to randomly select four cells instead of
performing I'V measurements for each cell of a module as in
the standard. In this study, depending on the number of
cells in the modules, such cell selection saves between 30
and 120 IV curve measurements per module (correspond-
ing to a time savings of between 30 and 120 min).

Step 2) For the worst-case shadow determination, we
assumed that partial shading affects the shaded cell’s short
circuit current (Iscshaded cen) @s follows [30].

(1)

Isc,shaded cell = (1 - R) X Isc,unshaded
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Fig. 2. (a) IV characteristics of the PERC cell-based module with each cell totally shaded. (b) IV characteristics of the PERC cell-

based module with a selected cell shaded in the worst-case.

with the shading rate R as the ratio of shaded area to full
cell area. Since the worst-case shadow occurs when the
shaded cell’s short circuit current (Is.shadea cen) coincides
with the maximum power point current of the unshaded
module (Lypp unshadea) the worst-case shadow rate (Ruopst)
an be determined using the following formula.

R _ Isc,unshaded - Impp,unsha»ded
worst —

(2)

Isc,unshadcd

where Ly unshadea 1S the short-circuit current of the
unshaded module. The advantage of this approach is that
it eliminates the need to experimentally determine the
worst-case shadow ratio by preparing different shadow
masks and performing IV measurements with these masks
separately for each of the four selected cells. The formula
for calculating the worst-case shadow rate is only
applicable when only one BPD is connected to a cell
string, as is typically done in conventional PV modules. In
cases where cells have an extremely low shunt resistance
(high leakage current), it is necessary to include a
correction term in formula (2). Without this correction,
the shading ratio will be underestimated, the degree of
which depends on the level of the shunt resistance.
Step 3) The final step, which is exposing the module
under short circuit condition to steady state irradiance
(10004100 W/m?) for at least 1h while shading the four
selected cells individually one at time, remained same.
Furthermore, the technical specification TEC TS
63126:2020 [8] describes the changes in the test conditions
of some typical reliability and safety tests in IEC 61215-
2:2021 and IEC 61730-2:2023 needed to take into account
modules operating at high temperatures (e.g., residential
PV, building attached PV, BIPV and hot climates). IEC
TS 63126:2020 suggests using the 98th percentile of
operating module temperature (7Tyg) to assess whether
a module is operating at high temperatures. The
temperature represented by Tyg is significantly higher

than 98% of the remaining temperatures and is met or
exceeded only 2% of the time. Depending on the Ty,
equivalent to 175.2 h/year, more severe test conditions are
recommended for several qualification and safety tests
(Level 1 test conditions for 70 °C < Tyg < 80 °C and Level 2
test conditions for 80 °C < Tog < 90°C) [31]. The HS test is
one of the tests whose testing conditions vary according to
Tos. The suggested module temperatures (Tpoq) during
the HS test are 60+10°C and 70+10°C at Level 1 and at
Level 2, respectively (see in Tab. 3). These proposed
module temperature values are 10°C and 20°C higher
than the module temperature in the standard HS test in
effect at the year of publication (2020). It should be noted
that when IEC TS 63126:2020 was published, IEC 61215-
2:2016 was still in force, and the temperature for the
standard HS test was 50+10°C. In IEC 61215-2:2021, this
module temperature has been updated to 55+15°C. For
this reason, we set the module temperature 20 °C higher
than the current IEC 61215-2:2021 when performing the
HS test under Level 2 conditions of IEC TS 63126:2020
(75+£15°C).

2.2 Qutdoor accelerated-ageing

The same module technologies tested indoors were also
monitored outdoors in various BIPV configurations (see
Tab. 1) under shaded and unshaded conditions. The test
stand at SUPSI in Mendrisio, Switzerland (45.87°N,
8.98°E), which is a Cfb Ko&ppen—Geiger climate zone
(temperate and humid climate with warm summers) [32],
is operational since the beginning of July 2022. The
modules on the test stands were installed in BIPV-
partially-ventilated and BIPV-insulated configurations
(Fig. 3). In the BIPV-partially-ventilated configuration, a
ventilation chamber between the module and the insula-
tion layer provides partial ventilation of the rear of the
module. In the BIPV-insulated configuration, there is no
air gap between the module and the insulation layer
(no ventilation).
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Table 1. Details on the modules (and cell technology) used and the indoor and outdoor test conditions.

Module technology

Indoor hot-spot endurance tests

Outdoor tests (monitoring)

IEC 61215-2:2021
(55°C, 5h) + 5 h*

TEC TS 63126:2020
Level 2 (75 °C**, 5h)

BIPV*** BIPV*** &
shadow mask

+ 5 h*
1 - PERC — Half-Cell 1 1 1 (Insulated) 1 (Insulated)
(20 cells/diode)
2 — IBC — Full-Cell 1 1 1 (Insulated) 1 (Insulated)
(104 cells, 3 dio des)
3 — HJT — Half-Cell 1 1 1 (Insulated) 1 (Insulated)

(20 cells/diode)

4 — PERC — Full-cell
(10 cells/diode + 20 cells/diode)

1 _

1 (Partially Ventilated) 1 (Partially

Ventilated)

PERC: Passivated Emitter and Rear Contact, IBC: Interdigitated Back Contact, HJT: Heterojunction technology

* Extended hot-spot test with a total duration of 10 h.

** As stated in the text, the module temperature was considered to be 75°C instead of 70°C.
*** The BIPV mounting configuration are indicated for each module technology.

BIPV-Partially-ventilated

Roof/Fagade Building __
Material

Ventilation
Chamber

Insulation Layer

BIPV-Insulated

Insulation Layer

Fig. 3. Simplified summary of the installation configurations for the BIPV test stands.

For the outdoor exposed modules, shadow masks were
used to accelerate the degradation that may result from
recurring partial shading (Fig. 4a). The shadow masks (36%
transmittance) were placed on the long edge of the modules
to represent repetitive shading that can occur in residential
PV systems due to, e.g., a nearby building or self-shading.
The masks covered an area sufficient to activate the BPD
connected in parallel with the shaded string. Thus, thermal
stress was created on the partially shaded cell (reverse bias
heating) and the BPD (which was constantly heating up
during day time due to its activation). The widths of the
masks were determined in order to have a 10+5% difference
between the global P, (at low voltage) and local P, (at
high voltage) in IV measurements at standard test
conditions (STC) (Fig. 4b). Although very high temper-
atures (e.g., 200°C) could be obtained with a localized
shade in a single cell (simulating a bird dropping, etc.), the
long edge shade was preferred because it may better
represent residential PV systems.

During the outdoor monitoring, each module’s maxi-
mum power (P,.,) and IV curves are individually
monitored at 1-min intervals. The modules were kept at
global maximum power point between the IV measure-
ments. The global plane of array irradiance (Gpoa) is
measured by a well-maintained and recalibrated secondary
standard pyranometer, and the rear-side module tempera-
ture is measured by Pt100 at 1-min intervals. In addition,
temperature sensors were placed behind the illuminated
part of a partially shaded cell and inside the junction boxes
(not directly on the diodes, as the junction boxes are
potted), in which a single active BPD is present due to the
presence shadow mask. After 13 months of monitoring,
indoor tests, namely visual inspection (VI), insulation
(INS), wet-leakage (WL), electroluminescence (EL),
performance measurement (Ppp, L, Voo, FF) at STC
and diode functionality test were performed on the outdoor
exposed modules in order to assess changes in the device
performance.
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Fig. 4. (a) The outdoor test stand with shaded and unshaded IBC — Full-cell, PERC — Half-cell, HJT — Half-cell and PERC — Full-
cell modules. (b) The indoor-measured IV curve of IBC — Full-cell at STC with the selected shadow mask (bypass diode is active, and
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Fig. 5. Normalized (a) current-voltage (IV) and (b) power-voltage curves of PERC — Half-cell, IBC — Full-cell, HJT — Half-cell and
PERC — Full-cell modules with completely shaded cell. Power, current, and voltage normalizations were made using unshaded

measurements of the same modules.

2.3 Test program and samples

Module technologies with different cell technologies, string
lengths and interconnection schemes were chosen for this
study. As shown in Table 1, the HS tests were performed in
both standard (IEC 61215-2:2021, Ty,,00 = 55 °C), extended
conditions (IEC TS 63126:2020, T,,,q=75°C) and dura-
tions (5h+ 5h) on PERC — Half-cell, IBC — Full-cell and
HJT — Half-cell module technologies. For PERC — Full-
cell module, the HS tests were performed only in standard
condition (IEC 61215-2:2021, T,,,q=55°C) and extended
duration (5h+ 5h). The PERC — Full-cell module has an
asymmetric electrical layout with 2 strings of 10 and 20
cells each. All module types underwent accelerated-ageing
in the field for over 1 year.

3 Results

3.1 Hot-spot endurance tests (indoor)
3.1.1 Cell selection

Figure 5 shows normalized current-voltage and power-
voltage curves for each tested module technology with one
cell completely shaded. As described above, four cells were
selected for each module in accordance with IEC 61215-
2:2021. For the PERC — Full-cell module, because two
strings are connected in series (no parallel connected
strings), shading of a cell resulted in a complete loss of
current from the string to which the shaded cell is
connected. The Half-cell modules have parallel strings.
While the current from the string to which the shaded cell
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Table 2. The worst-case shading rates of the four selected
cells for each module technology determined by following
the IEC 61215-2:2021 and shortened procedures.

Module Worst-case shading rates of Cell-1,
technology Cell-2, Cell-3 and Cell-4
IEC 61215-2:2021  Shortened
procedure IEC 61215-2:2021
procedure
PERC Half-Cell 9% 10.5%
9% 9.9%
IBC Full-Cell 100% 100%
100% 100%
HJT Half-Cell ~ 14% 11.8%
14% 12.3%
PERC Full-cell 8%, 8%, 11.9%

10% and 15%

is connected is completely lost, the parallel string can
supply current at half of the short-circuit current.
Complete or partial shading of a cell is sufficient to
activate the diode in the PERC and HJT modules in this
work, however this is not the case in the IBC module. In
IBC solar cells, the p+ and n+ regions are designed to be
in direct contact with each other, resulting in the
formation of a Zener diode that functions as a built-in
BPD and significantly lowers the breakdown voltage
(>—5V) of the cell [33] (Fig. 5a). The contact between the
two highly doped regions allows carriers to tunnel directly
from one band to another (uniform reverse current),
leading to uniform heating of the cell as opposed to the
formation of local hot-spots and irreversible shunting in
standard cells [34].

3.1.2 Worst-case shading rates

Table 2 shows the worst-case shading rates of the modules,
which were determined by following the standard and
shortened procedures obtained with equations (1) and (2).
There is no significant difference between the worst-case
shading rates from the two procedures. However, the
critical factor is the hot-spot temperature under a
continuous light source. Hot-spot temperatures compara-
ble to the standard procedure must be produced to validate
the shortened procedure.

As previously explained, completely shading a cell
(100%) in IBC modules does not activate the diode. IEC
61215-2:2021 states that the worst-case shading in such a
situation is complete shading of a cell. Therefore, a
complete shading of a cell is required for HS test of IBC
modules. In addition, although all modules have the same
worst-case shading rate for the selected cells, the PERC
full-cell module has different worst-case shading ratios for
its cells. This is due to the fact that this module has been
monitored outdoors for over four years, and the mismatch
between the cells naturally increases over time. All other
modules were exposed outdoors for the first time.

3.1.3 Hot-spot temperatures (indoor)

Figures 6a and 6b show the module and hot-spot temper-
atures of PERC — Half-cell, IBC — Full-cell and HJT —
Half-cell modules from the HS tests at 55°C and 75°C
module temperatures, respectively. IBC is the module
technology with the lowest hot-spot temperatures in the
HS test performed at both temperatures. In the 75 °C test,
the hot-spot temperature barely exceeded 105 °C. Consid-
ering the effect of thermal stress on the degradation of
polymeric materials, this causes less stress than for the
other module types. The highest hot-spot temperature was
seen in the HJT module technology with temperatures
rising to 180—190°C in the HS test at 75°C module
temperature. The difference between the hot-spot and
module temperatures of the IBC and HJT technologies
remained the same when the module temperature of the HS
test was increased from 55°C to 75°C. The temperature
differences for the IBC and HJT modules are 10—20 °C and
85—100°C, respectively. Unlike in the other modules, the
temperature difference for the PERC — Half-cell module is
significantly different in the HS tests at different module
temperatures. In the 55 °C test, the hot-spot temperature of
the PERC module was 80—110°C. When the HS test was
performed at a module temperature of 75 °C, the hot-spot
temperature increased to 150—180°C. In this case, the
difference between the hot-spot and module temperatures
increased from 30—50°C to 70—100°C. This could be
related to dependence of reverse characteristics to
temperature change [13,33,35].

Figure 7a shows the thermography of the PERC — Full-
cell module when a partially shaded cell is connected in
series with 9 cells (bottom) and 19 cells (top). The only
difference, other than the fact that they are different cells,
is that they have different string lengths. Both cells selected
according to IEC 61215-2:2021 have the lowest shunt and
the same size shadow mask. As shown in Figure 7b, there is
around a 10°C difference between the hot-spot temper-
atures. The main reason is that more cells in a string
produce a higher negative reverse voltage, which causes the
charge carriers to collide with atoms at a higher rate,
generating more heat and raising the temperature. There is
a strong relation between string length and hot-spot
temperature [36]. In PV systems that are expected to be
exposed to repeated partial shading, PV modules with
shorter strings will improve reliability to avoid potentially
dangerous hot-spot temperatures.

Comparing the standard and shortened procedures,
similar hot-spot temperatures were obtained for the HS
tests performed at 55 °C and 75 °C for all module types. In
short, we can conclude that similar hot-spot temperatures
obtained in the HS test performed under the worst-case
condition (according to the IEC standard) were achieved
by following the shortened procedure (less than 5°C
average difference). Although there is a slight temperature
difference between the hot-spots that occurred by following
the different procedures in some tests, the difference is
insignificant. However, it should be noted that the results
of the shortened procedure are not generalizable because a
total of 7 modules only and 4 module technologies may not
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that the HS test was performed on multiple cells.

be statistically significant for a generalization. Therefore,
these results should be validated with additional experi-
mental work.

3.1.4 Control tests

After the indoor HS test, no visual modification nor
changes in electrical performance or insulation were
observed with the exception of one single module. Only
in the EL of the HJT — Half-cell module, tested at a module
temperature of 75 °C, some darkening was observed in the
hot-spot parts of the cells that were exposed to partial
shading (Fig. 8b). Darkening occurred in both the standard
and shortened procedures (Figs. 8b and 8c). With an
extended test duration (5h+5h), the darker area and

darkening increased even more (Fig. 8d). However, no
effect of the darkening on the electrical performance of the
module has yet been observed.

The technical specification IEC T'S 60904-13:2018 [37]
for electroluminescence imaging states that high currents
(e.g. L) can saturate leakage paths associated with shunts,
making cells in a module appear bright except at shunt
locations. When current is reduced (e.g. 0.1 x I),
unsaturated shunt paths may reduce minority carrier
density and overall cell EL. In this work, we also performed
EL at 0.1 x L for all modules. We performed simple image
processing to analyse the change in brightness of shaded
(1a, 2a, 3a in red) and unshaded (1b, 2b, 3b in blue) cells of
the HJT — Full-cell module tested at 75°C module
temperature (Fig. 9). The normalized brightness of the
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Fig. 10. (a) Digital and (b) thermography images of the PERC — Half-cell module with a shadow mask recorded on a clear-sky day in

August 2022.

cells was computed from the EL images (at 0.1 x I)
taken at initial, after 5h and after 10h. Figure 9
illustrates that the maximum and the range of the
normalized intensity of the unshaded cell remained
relatively constant (in blue), while for the shaded cell,
the maximum normalized intensity decreased and the
range of intensity increased (in red).

3.2 Qutdoor accelerated-ageing tests
3.2.1 Hot-spot temperatures (outdoor)

Figure 10 shows the PERC — Half-cell module with a
shadow mask for the BIPV-insulated configuration from
the test stand installed on the roof of SUPSI, along with an
infrared image identifying the hot-spot locations.

Figures 11a-11d show a typical temperature profile of a
clear sky summer day for all four module technologies. The
operating module temperature of the BIPV modules
reaches higher temperatures in the range of 65°C to
80°C compared to open-rack mounted modules. The
hot-spot temperatures of the modules vary significantly
based on the reverse bias characteristics of the cells, such as
the breakdown voltage (IBC — Full-cell module), and the
string length. As shown in Figures 1la and 11b, the
temperatures reached by the cells in reverse bias can
approach 130—140 °C, which is dangerously close to 150 °C.
In this case, deterioration of the material or discolouration
of the encapsulation is possible, leading to aggravation of
the conditions [29,38]. It is important to note that thermal
cycling and stressing the diodes (junction box temperature
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modules with a shadow mask on a clear-sky day in August 2022.

reaches over 100°C) for prolonged exposure can result in
accelerated degradation [39]. In the event of an open-circuit
failure in the diode, the cells will no longer be protected
from reverse biasing, and the power dissipation will
increase significantly, potentially leading to safety con-
cerns. Furthermore, given that the shaded strings are in
parallel and both are operating under short-circuit
conditions due to the activated BPD, there is the formation
of multiple hotspots. In the case of the partially shaded
PERC — Full-cell module, there are only 10 cells connected
to the BPD, resulting in a hot-spot temperature that is
approximately maximum 13°C higher than the module
temperature (Fig. 11d). The IBC module only has a
maximum 20 °C difference between its hot-spot and module
temperature due to the better reverse bias characteristics of
the IBC cell. Figure 11 shows also the junction box
temperature. Since the I, of the modules are similar, and
they are all mounted in the same orientation, the currents
flowing through the BPDs are approximately equal.
Because the BPDs were active (current flowing), the
junction box temperatures were at most 10°C to 20°C

higher than the module temperatures. However, due to the
differences in junction box designs and heat transfer, there
are slight variations in the junction box temperatures.
Without an active BPD (no current flowing), the junction
box temperature would be similar or equal to the module
temperature.

Figure 12 gives a summary of the measured temper-
atures over the full testing period. It displays the 98th
percentile (Tyg, 175.2h per year) and maximum (7,ax)
temperatures of the module, hot-spot, junction box, as well
as the difference between hot-spot and module temper-
atures for all module technologies included in this study.
These values were determined using only one year of
outdoor monitoring data. The temperatures of the
unshaded and shaded modules are similar, indicating that
the shadow masks did not significantly impact the
operating temperature of the shaded modules (excluding
the shaded string).

The highest hot-spot temperature was reached by the
HJT module, with a value of 156.5°C, followed by the
PERC — Half-cell module, which recorded a temperature of
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143.4°C. The PERC — Half-cell and HJT — Half-cell
modules had the highest Ty of hot-spot, at 125.5°C and
130°C, respectively.

For the PERC — Full-cell module, the shadow mask was
located on the shorter string. As a consequence of the smaller
number of cells in the shorter string, the worst-performing
cell operated at less negative reverse voltages. This led to a
decrease in heat dissipation, reaching a maximum of 88.4 °C,
which is significantly lower than that of longer strings.
Additionally, there was only a small difference between the
hot-spot and module temperatures in this module, at
approximately 12°C. Furthermore, due to the reverse
characteristics of the IBC cell, the hot-spot temperature of
the IBC module was much lower (maximum 97.6 °C) than
the PERC — Half-cell and HJT — Half-cell modules.

3.2.2 Control tests

After 13 months of outdoor monitoring, the IV measure-
ments performed at STC showed a decrease in the
performance of both unshaded and shaded modules.
However, no performance changes attributable to the
shadow masks were detected. As shown in [40], a module’s
performance can undergo significant changes in the early
years due to various degradation modes, which then
stabilize. As the suspected degradation modes in this study
(i.e. light- and elevated-temperature-induced degradation
(LeTID) and/or ultraviolet (UV) radiation-induced deg-
radation [41,42]) are unrelated to shadow masks, this will

be the focus of a future study comparing the performance of
the same module technologies in open-rack and heat
blanket (outdoor accelerated-ageing) configurations in
addition to the modules in this study.

The formation of shunt faults at the hot-spot position in
the PERC — and HJT — Half-cell modules has not resulted
in any significant changes in electrical performance
compared to unshaded modules (Figs. 13a and 13c).
Moreover, since these modules have two parallel strings
connected to an activated BPD, hot-spot formation was
detected in both strings simultaneously. This led to a
second shunt fault in the HJT module due to the
concentration of the second hot-spot in a single area. In
contrast, the worst performing cells in the IBC full-cell and
PERC full-cell modules did not operate at very high
negative voltages in reverse bias due to their lower
breakdown voltage and shorter string length, resulting in
lower hot-spot temperatures and no shunt faults (Figs. 13b
and 13d). All modules exhibited multiple issues in their EL
images, such as finger interruption and increasing cell
mismatch compared to their initial EL images. These issues
are also present in the EL images of the unshaded modules
and will be the subject of a future study, as mentioned
previously.

Figure 14 depicts visible changes in the encapsulant and
backsheet of the PERC-Half-cell module, with accelerated
degradation due to high hot-spot temperatures reaching a
maximum of 143.4 °C. The presence of irradiation and high
temperature can accelerate the UV-induced photo-thermal
degradation of polymers [43], leading to accelerated
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discoloration. Photobleaching, a competing process to
EVA discoloration in the presence of oxygen penetrating
through the backsheet [44], creates a ring without
discolouring chromophore species around the solar cell’s
edge (Fig. 14a). Multiple symmetrical rings can be
observed, depending on oxygen diffusion and degradation
product mode [45].

4 Discussion

To confirm the accuracy of the HS test in terms of
temperature, the hot-spot temperatures obtained through
the HS test were compared to the temperatures obtained
from outdoor tests utilizing shadow masks. It is expected
that the HS test produce higher temperatures due to the
fact that the HS test is conducted under the worst-case
conditions, whereas the outdoor test aims to simulate a
more realistic scenario. In the HS test, a cell is partially
shaded (opaque), while in the outdoor test, the long edge is
shaded (36% transparent). In addition, the HS test is
carried out in the short-circuit condition, while the outdoor
test is carried out in the maximum power point condition.
With regard to the duration, the outdoor test is a form of
accelerated-ageing due to the shadow mask. However, it
should be noted that the maximum duration of the HS test
is 5h. As such, the HS test can be only few days of the
outdoor test, depending on the weather conditions.

The range of the Tyg for the BIPV-insulated modules is
between 70°C and 80°C (Fig. 15). According to IEC TS
63126:2020, this requires Level 1 test conditions for the
selected safety and reliability tests including the HS test.
IEC TS 63126:2020 suggests to perform the HS test at a
module temperature of 604+10°C instead of the standard
55+15°C (Tab. 3). We performed the HS test at 55 °C, but
at the time of this test the average temperature of the
PERC — Half-cell module was 57 °C, which is very close to
60°C (Fig. 15). This HS test on the PERC — Half-cell
module achieved an average hot-spot temperature of 92 °C,
while the hot-spot of the module that needs to be tested at
Level 1 according to IEC TS 63126:2020 has reached a
maximum of 144°C in the outdoor conditions (Fig. 15).
When the HS test was performed at the module
temperature recommended by TEC TS 63126:2020, even
Tys of the hot-spot (126 °C) of this module could not be
reached. However, when we performed the HS test at a
module temperature of 75°C, the average hot-spot
temperature (152°C) slightly higher than the maximum
hot-spot temperature (144 °C) obtained in the 13-month
outdoor monitoring was obtained by the HS test (Fig. 15).
As shown in Figure 15, a similar situation occurred in
other modules.

The hot-spot temperatures obtained from the indoor HS
tests at 75 °C are neither too high nor too low compared to the
hot-spot temperatures observed in the field (Fig. 15). Consid-
ering that the HS test is designed to test the worst-case
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conditions, it would be more realistic to perform this test at a
module temperature of 75 °C and 85 °C for Level 1 (70°C < Tyg
< 80°C) and Level 2 (80°C < Ty < 90°C) at IEC TS
63126:2020, respectively. Recommendations for adapting the
technical specification IEC T'S 63126:2020 are given in Table 3.

Beside the temperatures at which the test is carried out,
the duration of the test is discussed here. Table 4 shows the
simulated total duration of a partial shadow per year under
certain assumptions for Mendrisio, Switzerland. This

simulation assumed diode activation, hot-spot formation,
and a stable hot-spot location. For these reasons, although
the probability of residential PV systems experiencing
more than 1h of partial shade per day is high if the above
conditions are not met, in this simulation, we have assumed
that the daily duration of partial shade is a maximum of
30min. The simulated annual duration of partial shade
(with hot-spot) is 11, 33, and 66h per year for low,
medium, and high shading intensities, respectively. The
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Table 3. The recommendations from this study for HS test conditions in IEC TS 63126:2020.

Hot-spot endurance test Standard (IEC 61215:2021) Level 1 (70°C < Tog < 80°C) Level 2 (80°C < Tog < 90°C)

IEC TS 63126:2020* 55+15 °C 60410 °C 70£10 °C
Proposal of this study  55+15 °C 75+10 °C 85+10 °C

*When IEC TS 63126:2020 was published, still IEC 61215-2:2016 was in action and module temperature of the HS test was 50+10°C.

Table 4. Simulation of the annual duration of partial shade for different shadow intensities. Diode activation, hot-spot

formation, and a stable hot-spot location were assumed.

Duration of daily
partial shade

Shadow intensity

Annual duration
of partial shadow

Percentage
of clear sky days per year
(Mendrisio, Switzerland)

Low intensity 5 min
Medium intensity 15 min
High intensity 30 min

11h/year
33h/year
66 h/year

36%*

*Calculated from the monitored global horizontal and diffused irradiance.

maximum possible duration of the HS test (5h) does not
cover one year of any of these shading intensities. The
standard duration of the HS test simulates a maximum of
2.5 min of partial shade per day for only one year for the
simulated location. It should be noted that the HS test
creates a hot-spot at a temperature higher than the most
realistic conditions (assuming no failed diode), thus
accelerating this test using higher thermal stress.
Performing the HS test in outdoor may be useful to
extend the duration of the test, but in this case, the
control over the module temperature and irradiation will
be more difficult.

5 Summary and conclusion

In residential PV systems, PV modules are commonly
exposed to partial shading from various sources, such as
chimneys or other buildings. This shading can potentially
result in localized hot-spots on the module, which, if the
temperature and frequency of these hot-spots are high
enough, can compromise the reliability and safety of the
PV module. To evaluate the materials’ ability to withstand
these extreme conditions, the hot-spot endurance test, as
per the IEC 61215-2:2021 standard, is utilized. In
residential systems, the type of installation (building
attached PV or building integrated PV) and weather
conditions can cause PV modules to operate at higher
temperatures than those in open fields. Therefore, some
modifications to the test conditions of selected reliability
tests, including the hot-spot endurance test, are recom-
mended in IEC TS 63126. In this study, the hot-spot
endurance tests were conducted under the standard (at
55 °C module temperature) and most severe test conditions
specified in IEC TS 63126:2020 (at 75°C module
temperature), and outdoor accelerated-ageing tests were
carried out using shadow masks.

Based on the reverse characteristics of the IBC cell,
including its diode functionality, uniform heating, and
lower breakdown voltage, the IBC module exhibited a more
favorable performance under partial shade compared to
other module technologies (i.e. PERC and HJT). Specifi-
cally, the hot-spot temperature remained a maximum of
25°C higher than the module temperature, and it was
significantly lower than that of other module technologies,
averaging 60 °C less. In addition, this study indicates that
connecting a cell operating in reverse bias due to partial
shading to a shorter string can result in a decrease in hot-
spot temperature, as it operates at lower reverse voltages.
By reducing the number of cells in a string from 20 to 10,
10 °C lower hot-spot temperatures were achieved under the
same conditions in the indoor HS test. As shading is a
common occurrence in residential PV systems, shorter
string lengths or shadow-tolerant cell technologies can
improve the reliability and long-term performance of a
system.

A shortened procedure was performed that could
reduce the cell selection (Step 1) and worst-case shading
determination (Step 2) steps of the HS test by at least
120 min in a conventional 120 half-cell module. It has been
observed that the shortened procedure for the hot-spot
endurance test, when utilized, produced results that are
comparable to those obtained through implementation of
the standard test (less than 5°C average difference).
However, only 7 modules and 4 module types were tested
during these evaluations. To validate the effectiveness of
the shortened process, a larger sample size comprising
additional module types must be tested. Most importantly,
the shortened procedure is appropriate only if the reverse
bias behaviour of the cells can be assumed to be identical.

Lastly, this study found that the hot-spot temperature of
the modules, which should be tested under Level 1 conditions
of the hot-spot endurance test as per IEC TS 63126:2020, is
significantly higher in the outdoor conditions than the
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temperatures achieved during the hot-spot endurance tests
at Level 1 conditions (average module temperature of 57 °C).
It isrecommended that more realistic hot-spot temperatures
can beachieved by conducting the hot-spot endurance test at
a module temperature of 75°C, which exceeds the recom-
mended test temperatures in IEC TS 63126:2020 for HS
testing at Level 1 conditions. As a result, it is suggested that
the module temperatures for both Level 1 and Level 2
conditions in IEC TS 63126:2020 be increased by 15°C to
enhance the accuracy of the HS test.
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