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Abstract. As energy yields of photovoltaic modules are highly related to local climate and ambient conditions,
it is necessary to assess the energy-yield performance of PV modules under various operating conditions. This
work compares commercial crystalline silicon (c-Si) based PV modules (including mono c-Si Al BSF, mono c-Si
PERC, multi-crystalline (mc-Si) Al BSF, and n-type c-Si solar cells) sampled from 27 PVmodule manufacturers
located in the Asia-Pacific region between 2016 and 2022. Several test items were compared including: (i) light-
induced degradation (LID), (ii) irradiance-temperature-efficiency (GTE) matrix, (iii) angular response and
(iv) temperature coefficients, which are correspondingly performed according to IEC 61215-1, -1-1, -2 and IEC
61853-1, -2. The coefficient of variation (CoV) was calculated to express the module-to-module differences
within similar technology types. Benefiting from the technological innovation of c-Si based PV modules,
emerging PV modules feature better performance in some extreme ambient conditions, such as low irradiance,
high ambient temperature, and high ratio of diffuse irradiance. The analysis of CoV indicates that the difference
of irradiance-dependent and thermal behavior between modules within the same technology may exceed the
differences between different technologies. Using synthetic hourly meteorological data of 5 sites from
MeteoNorm in PVsyst, the annual specific yield of four technology groups of PV modules were simulated and
compared. Overall, it is shown that the maximum differences as large as 7.34% in terms of PV module’s specific
yield are expected within same PV technology, which exceeds the maximum difference of 2.16% obtained for
specific yields of different PV technologies.

Keywords:Energy performance / silicon-based PVmodules / LID / angular response / temperature coefficient /
GTE matrix / IEC 61853-1,-2 / PVsyst
1 Introduction

By the end of 2021, the global cumulative PV installed
capacity has amounted to at least 942 GW, which stays in a
constantly growth stage [1]. Along with the rapid
development of the PV industry, plenty of innovative
technologies continue to rise, such as the emerging
innovative materials and structures aiming of harvesting
more solar energy [2–6]. To compare and evaluate different
PV technologies and module types, the power (watts)
rating of PV modules was provided and relevant
measurement methods were investigated. In the early
stage of PV industry, the rating of photovoltaic (PV)
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modules is only carried out under standard test conditions
(STC,25 °Cdevice temperature,and irradianceof1000W/m2

withthereferencespectral irradiancedistributionasdefinedin
IEC 60904-3) [7]. The STC rating also has a significant
economic impact on the PV industry, because it determines
the price of each module. However, PV modules operate and
yield energy over a much broader range of irradiance and
temperature under realistic weather conditions [8–10]. This
has led to misconceptions where PV modules were priced
basedontheirpowerratingunderSTC,andnottheirabilityto
produce units of electricity outdoors [11]. In response, the IEC
TC82proposed the IEC61853 series of standards [12–15]. IEC
61853-1, -2 describe requirements for a holistic characteriza-
tion of PV module performance under various operating
conditions and defines the methodology to determine the
energy (watts-hours) outputandenergy ratingofPVmodules
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Fig. 1. The test and simulation flow used for calculation of
energy yield.
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with standard reference climatic profiles. To bemore specific,
in IEC 61853-1 are described the test procedures to evaluate
the irradiance and temperature behaviors of PV modules
through power rating measurements over a range of
irradiances and temperatures; all the procedures to account
for the effects affecting themoduleperformances suchasangle
of incidence, module operating temperature and spectral
effects are described separately in IEC 61853-2. IEC 61853-3
providesamethodology for theenergyratingcalculationusing
the climatic profiles defined in IEC 61853-4.

To further evaluate the energy performance of PV
modules in a power plant, a software, PVsyst, is commonly
used to design and model the PV system at a specific
location [16,17]. A reliable database of PV modules
performance data guarantees an accurate yield forecast.
The database usually includes STC performance, irradi-
ance-dependent behavior, angular response, temperature
dependence, and LID of PV modules, and the procedures
for these performance measurements follow the ones
described in IEC 61853 series standards. Energy yield
can be calculated taking into consideration the target
meteorological data, the technology of the PV modules,
and the components used in the PV system.

A characterization comparison of mono and multi
crystalline silicon (c-Si) PV modules according to IEC
61853 has been previously presented in [18]. In this work,
the comparison is extended to more commercial c-Si based
PV module types based on new available data. This work
compares the characterizations of crystalline silicon based
PV modules (including mono c-Si Al BSF, mono c-Si
PERC, mc-Si Al BSF, and n-type c-Si solar cells) sampled
from 27 PV module manufacturers located in the Asia-
Pacific region between 2016 and 2022. In addition,
encapsulated solar cells coming from the same batch
and with the same bill of materials of the PV modules
under test were used for the measurement of the spectral
response. The test specimens were subsequently trans-
ported for testing to the ISO/IEC 17025 accredited PV
laboratory of TÜV Rheinland in Shanghai. Initially all PV
modules were verified to meet the requirements of IEC
61215-1 for visual defects [18], and electroluminescence
(EL) imaging was performed for all modules to make sure
all samples were in good condition. Prior to their
characterization in accordance with IEC 61853-1, -2,
PV modules were electrically stabilized in accordance
with IEC 61215-1, -1-1, and -2 standards [19–21]. The test
items to be reported in this work are (i) light-induced
degradation (LID), (ii) irradiance-temperature-efficiency
(GTE) matrix, (iii) angular response and (iv) temperature
coefficients. It is noted that the nominal module operating
temperature (NMOT) test has not been performed in this
work. Moreover, the annual specific energy yields of four
types of PV modules were compared based on PVsyst
simulation. This paper shows that PV module characteri-
zation under IEC 61853 is critical and can lead to a
paradigm shift of the industry’s practices. The calculated
maximum differences in terms of PV modules specific
energy yield within the same PV technology were
observed to be larger than the differences calculated for
different PV technologies.
2 Methodology

2.1 Module characterization

In this work, nearly 100 module types from 27 PV module
manufacturers located in the Asia-Pacific region between
2016 and 2022 were cataloged into four groups: (i) mono
c-Si Al BSF types, (ii) mc-Si Al BSF types, (iii) mono c-Si
PERC types, (iv) n-type c-Si types which includes n-type
c-Si, Heterojunction Technology (HJT) and Tunnel Oxide
Passivate Contact Technology (TOPCon). For analyzing
the influence of technology innovation on PV energy
performance, the PV modules within one group were
additionally separated according to the manufacturing
year. For each PV module type, 4 full-sized PV modules
were sampled from production by independent engineers.
Additionally, one encapsulated solar cell coming from the
same batch and with the same bill of materials of the test
PV module was needed to determine the spectral response
of the test specimen. The PV modules are reported here
anonymously to ensure the confidentiality of all parties
involved.

All the tests were carried out by the ISO/IEC 17025
accredited PV laboratory of TÜV Rheinland in Shanghai.
For this PV laboratory, the measurement uncertainty of
power rating under STC was less than±2.0% (k=2),
which was specifically estimated according to the principles
detailed in the “Guide to the expression of uncertainty in
measurement” (GUM) [22]. The test flow of this work was
illustrated in Figure 1. Initially, the PV modules were
subject to the visual inspection, insulation test, and wet
leakage test according to IEC 61215-1, -1-1, -2 [18–20] to
approve the basic design qualification of the test specimens;
then the PV modules were electrically stabilized prior to
the electrical characterization. In addition, an electrolumi-
nescence imaging (EL) test was performed, which showed
that all the test specimens were in good condition. After
these initial tests, the modules went through a series of
tests in accordance with IEC 61853-1,-2. The tests include
(i) light-induced degradation (4 full-sized samples per



Table 1. Summary of test sites and abstract information used in specific energy yield comparison.

Site Coordinates PV module
elevation [m]

PV
module tilt

Global Irrad.
[kWh/m2]

Diffuse Irrad.
[kWh/m2]

Mean
temp. [°C]

Chennai, India 13°N, 80.18°E 66 15° 1941.8 942.8 28.2
Cologne-Bonn, Germany 50.7°N, 7.15°E 1067 38° 979 544.6 11
DaTong, China 40.1°N, 113.3°E 755 38° 1480.9 670.4 8
Riyadh, Saudi Arabia 24.91°N, 46.41°E 19 27° 2189.2 649.2 26.4
Rio de Janeiro, Brazil –22.9°N, �43.2°E 10 23° 1690.5 840.7 23.9
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type); (ii) irradiance-temperature-efficiency (GTE) matrix
(3 full-sized samples per type); (iii) spectral response
(1 encapsulated solar cell sample with the same bill of
materials of each module type); (iv) angular response
(1 full-sized sample per module type); (v) temperature
coefficient, TC (1 full-sized sample per module type). All
the performance characterization results mentioned above
were recorded in a database, which was utilized as an input
for PVsyst modeling. Using the meteorological data of the
five locations reported in Table 1, the specific energy yield
of each PVmodule type was calculated at each location and
compared.

A class BBA+ (B class spectrum, B class non-
uniformity, and A+ class long-term temporal instability)
steady-state solar simulator was used for the stabilization
of PV modules prior to their characterization. During the
stabilization, the temperature of the DUT was kept within
55±5 °C. A pulsed solar simulator of class A+A+A+ was
used to perform all power rating measurements including
STCmeasurement, GTEmatrix, TC and angular response.
The irradiance of the solar simulator was monitored by a
primary reference cell, which was calibrated at periodic
intervals to a secondary standard at Physikalisch-Techni-
sche Bundesanstalt (PTB). Different intensity of irradi-
ance was achieved by using optical meshes, which do not
alter the spectral distribution. The test was carried out in a
thermostatic room, and a temperature control system was
applied to adjust the temperature tomeet the requirements
of GTE and TC measurements. Under this system, the
temperature of the reference cell and tested PV module
were controlled within±0.5 °C. The spectral response of all
PV modules were measured according to IEC 60904-8 [23]
and utilized to calculate the spectral mismatch factor for
the power rating measurements [24]. Temperature and
irradiance corrections of the measured I–V data were
carried out according to the procedures defined in IEC
60891 [25].

For the angular response measurement, a rotatable
open rack was employed with a ball-point rotating unit
mounted on a calibrated goniometer. The equivalent
optical distance between the test sample and the light
source was approximately 8m. PVmodules under test were
specially prepared by accessing directly the electrical
terminations of the measured solar cell located in the
middle of the PV module to confine the non-uniformity of
irradiance variation on the volume of rotation of the target
cell. The non-uniformity of irradiance reached 0.6% in the
test plane and 1.9% on the volume of rotation of the test
cell. Three successive baffle layers were employed to
suppress the diffuse light and to restrict the irradiance on
the test plane within a field of view of 20°. An anti-reflective
black painting was used on the walls to eliminate secondary
reflections.

2.2 Energy yield simulation

To comprehensively quantify the effects of the perfor-
mances of the PV modules, the specific energy yield was
calculated based on PVsyst software. The validation of
energy yield simulations for PV modules with PVsyst
software was performed in previous work [26–28]. In this
work, the electrical performance data of each PV module
type was obtained from the measurements performed at
the TÜV Rheinland laboratory in Shanghai. Five test sites
that represent different climates were chosen: (i) Chennai
in India with a tropical wet and dry climate, (ii) Cologne-
Bonn in Germany with a temperate oceanic climate,
(iii) DaTong in China with a continental monsoon-
influenced steppe climate, (iv) Riyadh in Saudi Arabia
with a long desert climate, and (v) Rio de Janeiro in the
Brazil with a tropical savanna climate. A summary of the
selected sites, their climatic conditions and mounting tilt is
shown in Table 1. The hourly meteorological data of these
five sites were synthesized through MeteoNorm embedded
in PVsyst software. As the aim of this work was to compare
the specific yield between different module types operated
at certain sites, the uncertainty of the Meteonorm
insolation data used would not significantly impact the
relative comparison. It should be noted that inverter sizing
losses were kept below 0.1% in the simulation. Wind effects
on the thermal behavior of PV modules in the field were
neglected, while a heat transfer coefficient of 20W/m2 ·K
was used as a default setting. Bifaciality and additional
losses such as soiling or annual degradation were not
considered in the simulation.

3 Results and discussion

3.1 Light-induced degradation

Light-induced degradation (LID) refers to a performance
and power loss of solar cells due to the excess carrier
injection by illumination or forward biasing [29,30]. Most
industrial c-Si solar cells and modules are suffering from
some type of LID. Even a 1% drop in power will result
in considerable energy and capital losses. The LID



Fig. 2. Light-induced degradation (LID) expressed as relative efficiency (to initial) against cumulative irradiation dose for different
module types at STC. Boxes represent the standard deviation of technology variation (k=2) and error bars represent themeasurement
uncertainty (k=2).
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phenomenon has been studied for four decades since it
was first observed in Czochralski-grown c-Si devices in
the 1970s [31]. Several LID degradation types have been
observed such as boron-oxygen complex activation
(BO-LID), Copper-related (Cu-LID), iron-boron pair
dissociation (FeB-LID) and mc-PERC LID [32–34],
however, the specific responsible recombination-active
defects were not yet identified [35]. Among these
degradation types, BO-LID is the mostly recognized
degradation effect, which is usually observed in clean
boron-doped Cz-Si. In recent years, gallium has been
introduced as a dopant instead of boron, which results in
lower LID losses. The Cz-Si with interstitial copper
suffers from the Cu-LID regardless of concentrations of
other elements [36,37]. While mc-Si solar cells show less
degradation compared to the similarly doped Cz-Si solar
cells in consideration of the less oxygen and higher
carbon concentration. Some mc-Si solar cells may also
exhibit more detrimental degradation, as the copper
contamination is induced by the process of mc-Si wafer
crystallization. In addition, mc-Si with rear passivated
(mc-PERC) shows an unexpected strong degradation
and this mc-PERC LID is prone to occur at high
temperatures [38]. In contrast to the degradation caused
by light exposure, the relative efficiency increase appears
in HJT solar cells with doped a-Si:H/c-Si structures
under light soaking [39].

In accordance with IEC 61215-1, -1-1, and -2 standards,
all test PV modules were electrically stabilized before any
further measurement. The results of relative efficiency (to
initial) against cumulative irradiation dose for different
module types at STC are illustrated in Figure 2. The
relative efficiency losses of all PVmodules due to LID stays
within 3.5% after light soaking of 15 kWh/m2. No obvious
difference in LID loss was observed for c-Si and mc-Si PV
modules manufactured in different years. Mono c-Si Al
BSF, mc-Si Al BSF, and mono c-Si PERC samples showed
an average LID of 0.70%, 1.10%, and 0.11% respectively.
N-type c-Si samples, the majority of which are HJT
technologies with n-type Cz-Si wafer, showed an average
0.60% relative efficiency increase. The standard deviation
within technology groups was calculated as coefficient of
variation (CoV) in this work. It is worth noting that the
module-to-module variation within certain technology was
more significant than the difference between different
technology types except for n-type c-Si types, with
CoV=1.37%, k=2 for mono c-Si Al-BSF types
(2016–2017), CoV=1.81%, k=2 for mono c-Si Al BSF
types (2018–2022), CoV=1.83%, k=2 for mc-Si
Al BSF types (2016–2017), CoV=2.21%, k=2 for mc-Si
Al BSF types (2018–2022), CoV=0.83%, k=2 for mono
c-Si PERC types and CoV=0.10%, k=2 for n-type c-Si
types. This indicates that even for similar technology types,
large dispersion would exist due to both wafer quality and
manufacturing processes employed.

3.2 Effect of irradiance on module performance

Irradiance and temperature are two key factors that affect
the energy yield of PV modules in the field. IEC 61853-1
provides a matrix of module performance with respect to
temperature and irradiance as a useful tool to characterize
the different irradiance and thermal behavior of the PV
module. The following typical irradiance and temperature
values are selected in this matrix: (1) 100, 200, 400, 600,
800, 1000 and 1100W/m2; (2) 15 °C, 25 °C, 50 °C and 75 °C
[12]. The irradiance-depended performance is highly
related to the PV module technology. Figure 3 shows
the comparison of the efficiency relative to STC of different
PV module types.

The results showed that the relative efficiency losses
associated with low irradiances below 400W/m2 were
observed for all PV types, however, there was no significant
variation of relative efficiency with respect to their STC
performance in the range of 600–1100W/m2. This
efficiency loss towards low light is mainly attributed to
the shunt resistance, series resistance and diode quality
factor [40].



Fig. 3. Relative efficiency deviation (to STC) against irradiance for different module types at 25 °C and spectral distribution of
AM1.5G. Boxes represent the standard deviation of technology variation (k=2) and error bars represent themeasurement uncertainty
(k=2).
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For the irradiance below 400W/m2, the comparative
relation in relative efficiency loss between different PV
module types differed slightly per irradiance level.
However, the mc-Si Al BSF samples (2016–2017) were
the most noticeably affected, with an efficiency drop of 9%
at the irradiance of 100W/m2, while the other technology
types showed an average relative efficiency loss of around
7%. Due to the technology improvement of mc-Si
passivation, the performance of mc-Si Al BSF samples at
low irradiance has improved (shown in mc-Si Al BSF
(2018–2022)). The use of low-resistivity wafers, which have
been recently introduced may worsen the relative perfor-
mance of the samples at low-irradiance, which can be seen
in the large relative efficiency variation (5.43%, k=2)
observed for mono c-Si Al BSF samples (2018–2022) for
irradiance of 100W/m2. The performance for mono c-Si Al
BSF and mc-Si Al BSF samples in the range of
600–800W/m2 was relatively higher than STC, which is
attributed to the lower losses over the series resistance of the
PV module. Furthermore, the variability in the relative
efficiency of PV modules within the same technology group
can be significant specifically for the low irradiances. The
CoV exceeded the bounds of relative measurement uncer-
tainty for all technology types, with CoV varying from
1.37%, k=2 for mc-Si Al BSF (2016–2017) to CoV=5.43%,
k=2 for mono c-Si Al BSF (2018–2022) at 100W/m2.

3.3 Effect of temperature on module performance

Thermal behavior plays an important role in the perfor-
mance of solar cells and their energy output, which
decreases with increasing operating temperature. This is
because the internal carrier recombination is accelerated
under enhanced carrier concentrations [41]. A photovoltaic
(PV) module in the field is rarely working at the same
condition as STC. Most of the incident solar energy which
fails to be converted into electricity, and dissipates as heat,
leading to an increased module temperature and worsened
performance. For silicon-based PV modules, a linear
dependency of both the electrical performance and the
power output on the operating temperature is expected.
In accordance with IEC 60891, the temperature
coefficients, a of ISC, b of VOC, and d of PMAX, for all
PV module types were measured and shown in Figure 4.
Among three temperature coefficients, the temperature
coefficient of PMAX was most sensitive to the variability of
PV technologies. The mean temperature coefficients for
mono c-Si Al BSF (2018–2022), mono c-Si Al BSF
(2016–2017), mc-Si Al BSF (2018–2022), mc-Si Al BSF
(2016–2017), mono c-Si PERC and n-type were approxi-
mately �0.388% ·K�1, �0.407% ·K�1, �0.403% ·K�1,
�0.398% ·K�1,�0.343% ·K�1and�0.346% ·K�1,respectively.

The mean temperature coefficients of ISC, VOC, and
PMAX were approximately equal for mono c-Si Al BSF and
mc-Si Al BSFmodule types excluding the case of mono c-Si
Al BSF (2018–2022) which contained only three PV
modules. In comparison with mono c-Si and mc-Si types
with Al-BSF, a slight difference in the temperature
coefficient of ISC was observed for mono c-Si PERC and
n-type c-Si PV modules. On the other hand, mono c-Si
PERC and n-type c-Si PV modules showed a lower
absolute value of mean temperature coefficients ofVOC and
PMAX, which indicates that the temperature increase will
result in less power loss for these PV modules. It is then
possible to state that the technology type is responsible for
the reduced temperature coefficients ofVOC andPMAX. It is
known that high-efficiency solar cells, i.e. PERC and HJT,
with higher Voc, which can be achieved by reduced surface
and bulk recombination, will result in a reduced tempera-
ture dependency of VOC and PMAX [42].

3.4 Incident angular response

The incident light striking on the surface of PV modules is
partially reflected back or absorbed by the materials
composing the front cover, such as glass or EVA, or the
SiNx. Only a portion of it will finally hit the solar cells.
These optical losses vary per incidence angle. The PV
module performance varying with the angle of incidence
(AoI, the angle between the beam irradiation and the
normal to the surface of PV modules) is defined as its
angular response. Typically the STC power measurement



Fig. 4. Temperature coefficients of ISC, VOC, and PMAX for different module types. Boxes represent the standard deviation of
technology variation (k=2) and error bars represent the measurement uncertainty (k=2). Differences overlap with the uncertainty in
measurement.
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is performed in laboratories with solar simulators that have
strong specular components [22], thus most of the
irradiation will be normal to the front surface of PV
modules. When operating outdoors, however, PV modules
are subject to diffuse angular profiles that may introduce
significant optical losses. The power annual losses due to
incidence angle effects may be typically in the order at least
3% for PV systems [43]. To quantify the incidence angle
effects on flat-plate PV modules, the test methodology is
defined in IEC 61853-2.

The ISC values measured at different incident angles for
several PV modules were translated into the relative
transmission according to IEC 61853-2 and the results are
presented in Figure 5. The results of angular response for
different module types were cataloged by the manufacture
year, and the largest deviations were observed at oblique
angles exceeding 50°. Due to the continued optimization of
properties of the textured surface and anti-reflection
coatings of the front cover, PV modules manufactured
between 2018 and 2022 featured better light harvesting,
especially for the light with large incident angles. The
measurement uncertainty and CoV for each incident angle
had strong angular dependences. For incident angles larger
than 50°, the CoV of two groups of PV modules increase
strongly. This indicates that the relative transmission at
larger incident angles was more prone to be affected by the
properties of lamination materials. Meanwhile, the mod-
ule-to-module variation within group 2018–2022 spread
farther out, specifically with the CoV at 80° corresponding
to 5.42%, k=2 and 7%, k=2 for groups 2016–2017 and
2018–2022.

3.5 Energy yield comparison

Energy yield represents the capacity of power generation of
PV modules and arrays, and it is affected by the installing
location, seasonal and year-to-year variations. Based on
this concept, specific energy yield is further proposed, and
it specifically refers to howmuch energy (kWh) is produced
for every kWp. The specific energy yield is commonly used
to compare the performances of PV systems installed at
different locations or of different PV system designs. In this
work, annual specific energy yields of four PVmodule types
at five different sites were simulated using PVsyst. As the
outdoor spectral irradiance data were not available in
PVsyst, the outdoor spectral mismatch effect is not taken
into account. The error in relative annual energy yield
differences caused by the spectral effects was less than 2%
due to the similarity in spectral responsivity of c-Si PV
[10,44].

As shown in Figure 6 for each site, the mean annual
yields of mono c-Si and mc-Si were approximated as equal,
while mono c-Si PERC and n-type samples consisting of
HJT and TOPCon, PV modules produced more annual
specific yield. The relative difference between the maxi-
mum andminimummean yield per site varied within 0.73%



Fig. 5. Variation of relative angular transmission for PV modules manufactured in different years. Bars represent the standard
deviation of technology variation (k=2).

Fig. 6. Variation of specific energy yield over 5 sites and coefficient of variation for 4 module types. Bars represent the annual specific
yield and dots the coefficient of variation of specific yield from type to type (k=2).
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(Datong, China) to 2.21% (Riyadh, Saudi Arabia). For c-Si
PERC Al BSF and n-type PV modules, the specific energy
yield boost mainly benefits from the better behavior at low
irradiances, high temperature, or incident light with large
angles. CoV of mono c-Si Al BSF, mono c-Si PERC and
mc-Si Al BSF PV modules varied approximately within
2.23% to 2.57% (k=2), while the CoV for n-type c-Si PV
samples varied more widely within 1.61% (DaTong, China)
to 2.33% (Riyadh, Saudi Arabia). This indicates that
energy yields of n-type c-Si PV modules are more sensitive
to the factors such as insolation conditions, local climate,
and surrounding environment. Among PV modules within
same PV technology, the maximum difference in terms of
PV module’s specific yield for one site was 7.34%, which
exceeds the relevant differences of 2.16% between different
PV technologies.
4 Conclusions
IEC 61853 standard series is aiming at assessing various
aspects of PV module performance that affect PV energy
yield forecast. This work was initiated with the purpose of
evaluating the performance of commercial mainstream
silicon-based PV modules according to IEC 61853,
specifically in terms of spectral response, light-induced
degradation, irradiance dependent behavior, thermal
behavior, and angular response. Measured data of modules
from 27 PV module manufacturers located in the Asia-
Pacific region between 2016 and 2022 were collected and
compared. The analysis was based on the coefficient of
variation (CoV), calculated to express the module-to-
module differences.
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In LID tests, the relative efficiency losses of all PV
module types stayed within 3.5% after light soaking of
15 kWh/m2; the polycrystalline samples were found more
susceptible to LID, with an average LID loss of 1.10% after
light soaking of 15 kWh/m2; the n-type samples exhibited
an efficiency increase after light soaking. The coefficient of
variation also indicated that the variation of LID losses
may varymore within module types than technology types.

At low irradiance (<400W/m2), minor differences were
observed in the performance between different PV module
types. Due to technology development, the mean relative
efficiency deviation to STC of mc-Si Al BSF PV modules
increased from 90.72% (2016–2017) to 92.56% (2018–2022)
at irradiance of 100W/m2. Comparing modules of similar
PV technology such as for mono c-Si Al BSF (2016–2017),
it was found that the variation in terms of relative
efficiency reduction between different modules became
more significant at lower irradiance; the CoV decreases
from 5.43% (k=2) to 1.26% (k=2) along with irradiance
increasing from 100W/m2 to 600W/m2.

The sensitivity of temperature coefficients to module
variability is not particularly significant for ISC, VOC, and
PMAX for both mono c-Si Al BSF and mc-Si Al BSF PV
samples. Due to the reduced recombination of high-
efficiency solar cells, mono c-Si PERC and n-type samples
have shown smaller temperature dependency on VOC and
PMAX compared to mono c-Si and mc-Si samples.

PV modules manufactured between 2018 and 2022
feature better light harvesting compared to samples
manufactured between 2016 and 2017, especially at large
incident angles above 60°.

Lastly, calculations of specific energy yield in 5 different
sites were carried out based on the results of above-
mentioned measurements for different module types.
Generally, it was found that the high-efficiency PV
modules which mainly include PERC, HJT, and TOPCon
PV modules have higher energy yield compared to mono c-
Si and mc-Si modules with Al BSF. The maximum PV
module specific relative differences as large as 7.34% were
observed between crystalline-based PV modules within
same technology, while the maximum difference between
different PV technologies was found to be within 3%.
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