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Electroluminescence (EL) imaging is a widely used tool for identifying defects in the solar cells of photovoltaic
(PV) modules. Traditional EL inspections require dark conditions and module disassembly, making them costly
and logistically challenging. Daylight Electroluminescence (dEL) has emerged as a cost-effective alternative,
enabling on-site inspections under any irradiance conditions without module dismounting and thereby reducing
costs. However, EL inspections require current injection, necessitating an external power source. Solutions like
bidirectional inverters have been proposed to address this challenge. This study proposes a novel self-powered
dEL methodology that uses other PV strings in the plant to supply the necessary current. The method employs
a switching procedure to filter ambient light and allows entire string inspection without dismounting modules or
using external power. Field tests across various irradiance conditions show that the resulting images are com-
parable to those obtained in controlled darkroom environments, validating the method’s effectiveness and

operational advantages.

1. Introduction

Following the 2030 Agenda for Sustainable Development [1,2] and
the Paris Agreement, renewable energy has gained momentum as an
alternative to fossil fuels [3].

Photovoltaic (PV) energy, in particular, stands out for its modularity,
ease of assembly, and low maintenance costs. Technological advances
and reduced production costs have further lowered the Levelized Cost of
Energy (LCOE) for PV, making it one of the most economically viable
energy sources in many regions [4]. The significant rise in PV in-
stallations, with solar PV making up 46 % of global renewable capacity
by the end of 2024 [5], necessitates strict verification protocols.
Adherence to IEC standards, such as IEC 62446 for grid-connected sys-
tems [6], is crucial for ensuring system efficiency and reliability. This
growth also highlights the need for cost-effective inspections to maintain
profitability.

Essential inspections include evaluating solar modules for defects
throughout their lifecycle to ensure proper functioning [7-9].

Techniques like I-V curve analysis, visual inspections, infrared ther-
mography (IRT), and electroluminescence (EL) imaging are widely used
by operation and maintenance (O&M) teams [10,11]. Electrolumines-
cence imaging is the most precise for detecting micro-cracks, broken
interconnections, and shunts [12]. Its ability to assess solar cell quality
makes it critical for preventing module degradation and optimizing PV
plant performance.

Traditional EL inspections rely on silicon-based (Si) cameras in dark
conditions [13], module disassembly and transport to darkrooms or
mobile labs [14], making it time-consuming and costly. These processes
are often limited to small samples, risking undetected defects in larger
installations. Furthermore, disassembly and transport can inadvertently
damage modules, adding to inspection challenges. Alternative methods,
such as night-time EL or using covers for darkness, or PL imaging using
lamp/LED light sources for excitation [14-20] still require external
power sources, often involving bulky equipment like generators, which
are difficult to transport and operate on uneven terrain.

Within PV diagnostics, daylight EL (dEL) has emerged as a promising
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solution [21-25], enabling EL inspections during daytime with high-
quantum-efficiency (QE) infrared cameras (e. g., InGaAs) and ambient
light filtration. When applied to PV modules, dEL eliminates the need for
disassembly, allowing inspections under any irradiance conditions.
However, it still requires current injection, often necessitating power
sources like generators or bidirectional inverters, which present logis-
tical and economic challenges. Daylight PL (dPL) has also been devel-
oped parallel to dEL and has the advantage of not needing a power
source for excitation, as it uses the sun as a light excitation source
[23,26,27], needing also ambient light filtration. Various approaches
have been used to obtain the dPL image by switching the panels between
two states for which purpose electrical or optical switching have been
developed [28-35]. While dPL provides useful information about de-
fects in solar cells without the need for a power source, dEL imaging
provides additional information [36].

This work introduces a new self-powering method for dEL in-
spections using other PV strings to supply current. This minimizes
external power needs, reducing costs and environmental impact. Field
tests under real unlight demonstrate its effectiveness, achieving results
comparable to traditional methods while enhancing inspection effi-
ciency and reliability.

2. Methodology

We present a new method for dEL inspection of entire strings, using a
self-powering configuration that injects current without requiring an
external supply. It leverages the typical field setup of parallel-connected
strings and works without blocking diodes or bypassing them.

The core concept is to use modules from the photovoltaic plant itself
as a power source to inject the necessary current into the string or group
of modules for dEL testing. Inspection takes place during daylight hours,
where the sunlight irradiance on the plant’s modules generates the
current needed to bias the modules under analysis.

The PV modules located in a PV plant usually display the same
characteristics and are grouped into sets with the same number of
modules connected in series that are called strings. These sets are
grouped in parallel in a bus cable that reaches an element (generally
second level boxes) from where a power line is routed to the inverter.

The proposed methodology is based on the assumption that, for any
configuration of a solar PV plant, it is always possible to isolate sets of
strings from the production and to ensure that one of these —labelled as
string B- injects current into another string —labelled as string A- pro-
vided that string B has a greater number of modules in series than
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string A; Fig. 1. That is, if string B has s modules in series, string A must
have s-1 modules in series or less, s-n.

However, due to the characteristic of the I-V curve of a PV module or
a set of them in series, a single string B connected in parallel with a
string A is not always capable of injecting the current required to obtain
EL images if the voltage difference between the set of modules in series A
and string B —caused by the difference in the number of modules in string
A and string B- is not sufficient. In other words, if string A has only one
or two fewer modules in series than string B, the operating point to be set
on string A may not provide much current in relation to the short circuit
current (I;) of the photovoltaic modules involved. To achieve the
appropriate operating point, several strings B (with s PV modules in
series each one) can therefore be associated by connecting them in
parallel.

To help inject the current necessary to obtain the EL measurements,
several strings B can be arranged in parallel with a string A. With p
denoting the number of strings B (each with s modules) placed in par-
allel with string A, with s-n modules, there are therefore s times p
modules injecting current into the s-n modules of string A; Fig. 1.

More complex combinations of modules associated in series and
parallel are equally possible. To inject current into the set to be
measured (which may be several strings A), the total number of modules
that generate current (that is, the modules that are part of the set of
strings B) must have the necessary characteristics (higher open-circuit
voltage and sufficiently high total power) so that the current injected
into strings A is in the appropriate range, which can be defined in the
range 80 %-100 % of the short circuit current (Iy) of the set of strings A.

In a very common situation in real plants, all the strings will have s
modules in series, such that string A is one of them, to which n modules
have been disconnected so that a set of strings B, in parallel with it, is
able to inject current into it. With any other configuration of modules, it
would be equally possible to inject current from one string to another,
provided that the string under study has a lower open circuit voltage
than the string(s) powering it.

The modules to be analysed form part of the string or strings under
study, which will be powered by the rest of the strings connected in
parallel to the same second level box (commonly called combiner box,
CB). These strings will be responsible for injecting the current necessary
to bias the modules to be analysed.

For the practical implementation of the inspection, it is therefore
necessary to first form a set of strings of PV modules that will act as a
power source (string or strings that inject current -Strings that Power—
labelled Sp) and to define a string of PV modules in which the dEL

Fig. 1. Schematic diagram of the dEL method by a self-powering configuration. A = string under study; B = strings used to inject current; C = InGaAs camera; D =

unit control; E = electronic switching device.
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measurement will be carried out (String to be Measured —labelled Sy). In
addition, a device called an electronic switching device (ESD) is con-
nected between the Sp and Sy strings. This device, developed by our
research group, acts as a switch that cuts the current between the two
sets of strings (Sp and Sy), obtaining two states on Sy;: ON state, where
the current circulates from Sp to Sy through the ESD and thus generates
the electroluminescence of the string Sy;, and OFF state, where the ESD
works to prevent current from circulating, and no electroluminescence is
emitted. The electronic switching device is thus connected in series
between Sp and Sy;. As indicated previously, in a PV plant with identical
strings of s modules, Sp can be made up of s times p PV modules, with p
being the number of strings connected in parallel in the set, and Sy being
comprised of s-n PV modules. The most suitable number n is selected in
order to have an adequate value of the current that circulates from set Sp
to Sy By connecting or disconnecting PV modules from string Sy, the
optimal number n is obtained when the current is similar to that of the I,
value of string Sy;. A range of currents between 0.8 Iy, and - could be
considered good enough for the dEL measurements. Having fixed strings
Sp and Sy; with the number n to have an optimum current, dEL mea-
surement consists of taking a number of images with the InGaAs camera,
alternatively electrically connecting (ON state) and disconnecting (OFF
state) the set Sp to Sy;, which is performed by means of the switching and
control device. As explained in detail in Ref. [23], our system involves
synchronised switching between current injection (via ESD) and expo-
sure of the InGaAs camera. The ESD is typically switched at a frequency
of between 0.1 and 1 Hz, synchronised via a control unit to the camera
exposure sequence. The final dEL image is obtained by the sum of the
differences Ion-Iopr [23]. Currently, field technicians manually adjust
the number of modules to disconnect (n) based on prior calculations and
typical irradiance conditions.

Using this procedure and powering sequence, it is possible to quickly,
easily, and safely bias the desired modules on-site, allowing EL tests to
be carried out in daylight mode (dEL). To ensure the safety of mainte-
nance personnel, it is necessary to implement comprehensive energy
source isolation. The first step is to open the combiner or string box unit
(open circuit breaker). Once the combiner box has been accessed, the
power supply to the inverter has been cut off to create the necessary
separation between the positive and negative conductors. This isolation
sequence enables technical staff to disconnect modules without risking
an arc flash, thereby maintaining safe operational parameters
throughout the maintenance procedure. This begins with opening the
circuit breaker in the combiner/string box to cut power to the inverter.
Next, clamp meter readings verify no significant current imbalances
before opening the MC4 connector. Finally, the string’s positive terminal
is connected to the ESD device’s positive, and the ESD’s negative to the
module’s positive. This procedure adheres to safety guidelines for PV
installations.

3. Experimental set-up

To conduct dEL inspection of whole strings by means of the self-
powering configuration, the set-up includes a camera with an InGaAs
sensor (Hamamatsu C12741-03 model, with 640 x 512 pixels, in our
case), appropriate optical filters, ESD and control acquisition software
(see Fig. 2). Two Kowa lenses (LM16HC-SW and LM8HC-SW with 16 and
8 mm focal length, respectively) were utilized with the camera. A SWIR
bandpass filter —centred around 1160 nm with a bandwidth of 150 nm
and a transmittance close to 90 %- is used.

Tests were carried out in different 50 MW PV plants located in Spain
that were in commercial operation (real situations), using both c-Si and
mc-Si monofacial half-cell technologies, on over 2,000 modules. Mea-
surements were taken throughout the year under varying weather and
sunlight conditions. The Irradiance ranged from 200-500 W/m? during
the overcast November-December to ~ 1000 W/m? in July-August.
Temperatures varied from (4-6) °C in winter to (35-37) °C in summer.

The results shown here correspond to a 50 MW plant of c-Si modules,
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Fig. 2. Set-up used for dEL inspections by the self-powering configuration.

PERC modules (435 Wy, Isc = 11.20 A, Voc = 49.4 V, Module Efficiency
=19.7 %), with strings of 28 modules and with 12 strings per combiner
box, and to a 50 MW plant of mc-Si modules (345 Wp, Isc = 9.55 A, Vo¢
= 46.3 V, Module Efficiency = 17.4 %), with strings of 30 modules and
with 24 strings per combiner box. In both cases, the whole string (of 28
or 30 modules) consists of modules in two rows, mounted on tables with
an automated mobile axis. Whole strings were inspected (except for the
modules disconnected from them). Some measurements were performed
on modules that were also inspected by electroluminescence using Si
cameras under dark conditions in a laboratory (lab-EL), by disassem-
bling them from the PV plant, sending them to the laboratory, and then
reinstalling them. This module removal was predetermined for con-
tracted lab-EL inspection in accordance with the facility’s operation and
maintenance program of the PV plants. In this way, it was possible to
compare the two measurements and, in some cases, to compare the dEL
images of modules obtained on-site before and after disassembly/reas-
sembly for lab-EL inspection.

4. Results and discussion
4.1. Simulations

Prior to performing an experimental study of the capabilities of our
self-powering method to carry out dEL inspections, numerical simula-
tions were conducted using LTSPice to simulate the current injected on a
string, Sy, which is powered by several strings in parallel, Sp, as in Fig. 3.

To simulate the injected current in the Sy, the simplest photovoltaic
cell model -the single-diode model- was used [37,38] since it provides a
sufficiently reliable estimate for the experimental design and safety
assessment. This model consists of a current source representing the
photogenerated current in the photovoltaic cell (I,p), a parallel diode, a
parallel (or shunt) resistance (Rg), and a series resistance (Ry).

Additionally, the diode ideality factor (m, close to 1) and the tem-
perature (T) are required. The parameters for single-diode model,
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Fig. 3. Electrical wiring diagram of the configuration used to simulate the current injected on a string, Sy, which is powered by several strings in parallel, Sp.

including the photogenerated current (I,y), series resistance (R;), par-
allel resistance (Rp) and ideality factor (m), were derived from the
manufacturer’s datasheet (Isc, Voc and adjustment from IV-curve) of the
specific modules installed at the real plant location where the dEL
measurements were conducted. The temperature effect is taken into
account by using the Temperature Coefficients of Voc and Igc.

In our simulations, each photovoltaic module consists of 72 solar
cells in series (or 144 half-cells, with 72 half-cells in series, in parallel
with another 72 half-cells in series, which can be modelled similarly as
72 full cells in series). As explained and shown in Fig. 3, the modules of
the same string are in series which —ignoring the bypass diodes present
in each module — converts a string into a series association of 72-s solar
cells. For example, in the case of 30 modules in series per string, 72-30 =
2160 identical solar cell in series.

With this data, we can simulate the I-V curve of that string for specific
irradiance and temperature based on the data contained in the manu-
facturer’s module specification sheet (also considering the correspond-
ing correction factors for open-circuit voltage and short-circuit current
with temperature). We have p strings of these in parallel, which multi-
plies the current by p times, leaving the voltages unchanged. For

example, in the case of 23 strings in parallel, the I-V curve of these will
be the same for voltages but multiplied by 23 for currents at each point.

For the Sy, we similarly have 72.-(s-n) solar cells in series. For
example, in the case of a string of 30 modules in series from which we
have removed three modules, 72-(30-3) = 1944 identical solar cells in
series. For this reason, the I-V curve of the Sy; has a lower open-circuit
voltage than the strings with all modules.

Being in parallel with the rest of the strings, the equilibrium of the
total system occurs at a point where the open-circuit voltage of the Sy is
exceeded, such that the Sy; becomes a load for the others and moves to
the fourth quadrant of its IV curve (emitting electroluminescence, EL).
At that point, the other strings are injecting the same total current as the
Sm is consuming, such that the point at which the voltages of the I-V
curve of the other p strings in parallel and that of the I-V curve of the Sy
are equal can be mathematically calculated. The current is the same
magnitude but with the opposite sign.

Fig. 4 shows the simulation performed for the me-Si PV plant, with
30 modules per string, with each module having 144 silicon cells.
Twenty-four strings in parallel were considered, with 23 forming the Sp
set, and with the other one being the Sy string. The effect of removing
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Fig. 4. Simulated current injected into Sy; depending on the number of modules
in the Sy vs irradiance at a cell temperature of 25 °C. Sp is formed by 23 strings
of 30 modules. The effect of removing one, two, three, and four modules from
the initial 30 modules (Sy;) is presented.

one, two, three, and four modules from the initial 30 modules was
simulated, and was thus tested for an Sy string of 29, 28, 27, and
26 modules. Results are shown as a function of irradiance, with all of
them calculated at a temperature of 25 °C.

As observed from the simulations, no more than two modules of the
initial 30 modules that form the Sy string should be removed for this
configuration in order to prevent the current surpassing the typical Is¢
value of ~10-11 A. Furthermore, the number of modules to be removed
depends on the sunlight irradiance conditions. As can be seen, removing
two modules (string Sy of 28 modules) is quite a good option for me-
dium to large irradiances.

The simulation reveals that disconnecting more panels within the Sy
string consistently increases the injected current, irrespective of irradi-
ance. This allows for precise regulation of the injected current, pre-
venting levels that could compromise module integrity and contribute to
degradation or failure phenomena in PV modules.

Fig. 5 shows the simulation performed for the same mc-Si module PV
plant case, but varying the temperature for a fixed number or modules
on Sy;. The effect of removing three modules from the initial 30 modules
was simulated; in other words, for an Sy string of 27 modules. The
simulation was performed for three different temperatures of the PV
modules (25 °C, 50 °C, and 75 °C), and the results are shown as a
function of the irradiance. Experimental results of the measured currents
on the Sy string for this specific configuration have also been included.

From the values obtained, it can be seen that by only removing three
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400 | e L e Sim. 75°C
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Fig. 5. Simulated Is,, vs irradiance at three different temperatures. Sp is formed
by 24 strings of 30 mc-Si modules. The effect of removing three modules from
the initial 30 modules (Sy;) is presented for three different temperatures of the
PV modules. Experimental results —-measured for this specific configuration- are
also shown.
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modules from the Sy;, we are able to inject a current greater than 9 A,
which is sufficient to be able to bias the Sy.

The variation in the measured values is due to cloud transients. It can
be observed for instance that in some cases the current measured with
radiation above 900 W/m? (with clouds) is similar to those measured
with sunlight irradiance of 400 W/m?, at which time there was no cloud
over the 24 strings and the sky was totally clear.

Based on this information, we find that on clear days and with high
sunlight irradiance it is necessary to reduce the number of modules to be
removed from the Sy, since otherwise, the short circuit current values
would be exceeded.

4.2. Experimental results

In order to show the capabilities of the self-powering configuration in
the dEL mode, several measurements were performed in real 50 MW
plants installed in Spain. The results presented here correspond to two
PV plants, c-Si and mc-Si PV plants with the above-mentioned charac-
teristics. Measurements were carried out varying the number n of
disconnected modules in string Sy, with different irradiation conditions,
and using different orientations of both the strings that injected the
current (Sp) and that of the measured string (Sy). Initially, dEL mea-
surements were performed first for the whole string being measured and
then for all individual modules of string Sy; to obtain a higher-resolution
dEL image of each PV module. For this purpose, the solar tracker was
rotated 180° (on the rotation axis of the photovoltaic tracking assembly)
in order to collect the dEL images of the modules of the bottom row at a
closer distance, so that the modules are placed in the best positions to
take the images as close as possible using a tripod fixed on the ground.

4.2.1. Whole strings imaging through dEL using the self-powering
configuration

Fig. 6 shows the dEL images obtained by the self-powering config-
uration of whole strings in the mc-Si PV plant, where the number, n, of
disconnected modules was 2 (Fig. 6(b)), 3 (Fig. 6(a and c)) or 4 (Fig. 6
(d)). As previously discussed, this number was selected in order to
regulate the current injected into the inspected string. The appropriate
number of modules to disconnect from string Sy will depend on the
orientation of string Sp and on the irradiance conditions. It is important
to note that our dEL procedure is able to eliminate ambient light for any
irradiation level. However, the best configuration of the strings would be
that at which string Sp is oriented towards the sun —thus generating a
high current— and where string Sy is oriented in the opposite direction,
such that the irradiation level on Sy is low. In this way, the quality of the
dEL images can be high, even using a limited number of on/off cycles
[23]. In this way, the best configuration among those included in Fig. 6
would be the one corresponding to Fig. 6(d) which corresponds to the Sy
string facing east in the afternoon, and the strings Sp facing west. The
best configurations are then when the dEL is carried out from the west
(facing the sun) until the middle of the day, with the tracker facing west,
and opposite in the central hours and in the afternoon. Camera posi-
tioning is manually optimized to prevent solar reflection artifacts from
interfering with the imaging sensor, achieved through systematic
adjustment of the camera-to-module angle.

Differences in the qualities of the dEL images in Fig. 6 are not clearly
distinguishable due to the fact that the whole string was imaged —thus
with a low-resolution image for the whole string. The quality of the dEL
images is better when visualized on the individual pictures of the
modules, see Fig. 7. It is important to note that the quality of the dEL
images depends on different factors, such as the injected current, the
aperture of the lens, the exposure time, the number of on/off cycles, etc.
In any case, the visual quality of the different dEL images obtained was
good enough to visualise the existing defects, as will be shown below. A
more quantitative metric (such as the signal-to-noise ratio — SNR) will
be addressed in future works.

The dEL images of the whole inspected string can be interesting since
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Fig. 6. Using the self-powering method, daylight EL (dEL) images of full strings for different configurations (E=east, W=west, M=morning, A=afternoon). Two
modules were disconnected for (b), three for (a) and (c) and four for (d). (mc-Si monofacial half-cell technology).

A G

b ol Y

Fig. 7. Specific modules (marked in Fig. 6) inspected using the dEL self-powering method.

they allow major problems related to the modules to be distinguished.
For instance, it is interesting to note that, as observed in Fig. 6(b), at the
top left of the string, identified its position with an arrow, one of the
modules of this string has been left accidentally disconnected from the
rest of the strings, without this being noticed. This incident was suc-
cessfully resolved with the help of dEL inspection of the whole string. In
this case, the real number of disconnected modules from string Sy was
really three rather than the initially intended two modules. On the other
hand, the dEL images of the whole strings also allow major mismatches

between the modules to be distinguished (such as the case of the mod-
ules labelled #3 and #4 on Fig. 6(d)) or even between cells (such as the
case of the module labelled #1 on Fig. 6 (a)).

4.2.2. Self-powering configuration for dEL images of individual modules
Fig. 7 shows the dEL images of some individual modules, labelled as
#1 and #2 (Fig. 6(a)) and #3 and #4 (Fig. 6(d)). To better utilise the
sensor size of the InGaAs camera, each image taken is currently the
image of two consecutive modules. In this way, it is possible to optimize
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inspection times without compromising the resolution of the obtained
dEL images. As can be seen, the quality of the images is sufficient to
distinguish clear defects on the various solar cells. (Defect identification
was visual and based on experience, and automated classification tools
are planned for future work). This would be more clearly seen by
comparing the dEL images with the lab-EL images obtained with a Si
camera, as will be discussed later.

By comparing the dEL images of the individual modules, it is possible
to observe a slightly better quality of the dEL images shown in Fig. 7 (1),
(2), corresponding to those modules inspected with an optimum
configuration, as discussed previously. In fact, while the injected current
did not change greatly between the configurations used, the irradiation
value was around 300 W/m? in the case of the dEL images shown in
Fig. 7 (3), (4), while it was around 900 W/m? in the case of the dEL
images shown in Fig. 7 (1), (2).

The dEL images of these individual modules also show that the
module labelled #4 has a much lower general luminescence intensity
emission than module #3 (Fig. 7 (3), (4)), which should be ascribed to
the large number of solar cells that present defects in this module such as
shunts or defects with the soldering (poor soldering). Large differences
between the emission from the individual cells can also be seen, for
example in module #1 (Fig. 7 (1)).

4.2.3. Self-powering configuration for dEL images vs lab-EL images

In order to check the quality of our dEL images with reference to
high-resolution EL images, some of the inspected modules were selected
to make a detailed lab-EL inspection by disassembling the modules,
sending them to a laboratory for lab-EL inspection with high resolution
Si cameras (HR-lab-EL), and then sending them back to the plant and
reassembling them in their original positions. Moreover, dEL inspections
were performed both prior to disassembling the modules as well as after
reassembly. Fig. 8 shows the comparison between the two images for
two different modules, with lab-EL images obtained with a high-
resolution Si camera on the left side of each case, and the dEL image
obtained by our self-powering configuration on the right side of each
image. Additionally, Fig. 9 shows an enlarged view of some of the de-
fects (marked with red boxes) shown in Fig. 8. The main defects on the
different cells and metallic contacts are clearly visible in both cases —as
highlighted in the images. In the case of our dEL images, some artificial
brightness and contrasts are observed, which should be attributed to
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artefacts of the lens used, and which is an area of improvement that we
are already addressing.

The comparison of the dEL images against lab-EL images shows a
significant difference in image quality (lower in the dEL), which origi-
nates from multiple technical factors: sensor resolution limitations,
dual-module simultaneous imaging requirements, and field measure-
ment complexities under high-irradiance operating conditions.
Contributing factors include focusing optimization challenges, current
stability issues related to meteorological variations such as cloud
interference, and mechanical trackers displacement from wind-induced
oscillations. These limiting parameters can be mitigated through sys-
tematic methodological improvements. Nonetheless, comparative
assessment against lab-EL standards reveals acceptable diagnostic per-
formance with effective defect detection capabilities.

4.2.4. Analysis of the observed defects by the dEL images with the self-
powering configuration

Fig. 10 and Fig. 11 show other examples of dEL images with the self-
powering configuration of individual modules obtained in the two
inspected PV plants —thus with both c¢-Si and mc-Si technologies. The
observed defects can be clustered into two large groups, one corre-
sponding to defects with “high” electrical losses, and a second group in
which losses are minimal, but which diminish overall plant performance
over the years, and that may end up completely degrading the affected
component [39,40].

The defects in the first group, which include blown fuses, open MC4
connectors, shorted modules, disconnected modules, broken modules
(impacted or broken glass), deep cracks on the back of the module, etc.,
could be detected by other non-destructive analysis techniques such as
thermography (manual or aerial), current analysis (in bus cable, Com-
binerBox input, DC inverter input, ...), IV curves, visual inspection, etc.
However, if they can be performed quickly, such as in our proposed self-
powering configuration, dEL inspections allow for much clearer identi-
fication. For example, Fig. 10(a) shows the dEL image of an inspected
module in the mc-Si PV plant and reveals a large scratch along the
backsheet on the top part of the inspected module. Fig. 10(a) shows also
the thermography image taken very close to the module, where the
defect can be also observed once it was detected by dEL inspection. Such
a defect would go completely unnoticed in aerial thermography.
Compared to its neighbouring cells, this scratch does not have a

(c)
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Fig. 8. (a) and (c) Black room standard test conditions lab-EL images. (b) and (d) Same two modules visualized through dEL in the self-powering configuration.
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Fig. 10. Different types of defects detected in the inspected modules. (a) Large scratch on the top part of the module visualized through dEL imaging. The inset shows
the thermography obtained with a manual camera of the upper part of the module, where the scratch is only “slightly” visible; (b) Various defects revealed through
dEL imaging (green = scratch, blue = PID, yellow = shunt, red = inactive cell area). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 11. Obtained dEL images of four modules, where different types of defects are detected.

temperature gradient (the maximum gradient within the red zone is
3.2 °C) that would lead to it being considered a defect —as indicated by
IEC 62446-3- such that it would have gone unnoticed and/or ruled out
in thermography inspection. In contrast, by using the dEL it can clearly
be seen that it is a major defect and that premature degradation can be
averted —thus preventing subsequent energy/economic loss— by replac-
ing the “damaged” module.

Defects in the second group would include mismatch, cracks in the
rear part of the module, micro-breaks, slight impacts with partial dam-
age to cell/s, cracks, multi-cracks, dendritic/tree-shape cracks or
manufacturing defects in cells. These defects can only be detected by

overhead thermography or I-V characterization using big data tech-
niques and pre-trained models. However, there is usually insufficient
data available, such as inverter operating MPPT, which is often hidden
by technologists as proprietary know-how. The advantage of the EL in-
spection technique is that it allows such defects to be clearly distin-
guished. Moreover, our dEL image by the self-powering configuration is
able to distinguish it on-site. Fig. 10(b), for instance, shows the dEL
images of two c-Si modules with different types of defects (green =
scratch, blue=PID, yellow = shunt, red = inactive cell area). Fig. 11
shows additional dEL images of individual modules, where different
types of defects detected in the inspected photovoltaic modules can be
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seen, such as scratch, electrochemical corrosion and finger interruption,
among others. Fig. 12 shows magnified views of the selected regions
marked with red boxes in Fig. 11.

Potential damage caused by module disassembly, handling and
reassembly has also been analysed. The results show that certain defects
appeared in certain modules at some point during these processes.
Fig. 13 presents one such case, where a scratch has been produced. Two
EL images are shown in the figure: Fig. 13(a), taken with the InGaAs
camera before disassembly; Fig. 13(b), taken with a Si camera after
disassembly. Fig. 13(b) shows a defect that is not visible in Fig. 13(a) and
which was not initially pinpointed. Fig. 13(c) and (d) show the area of
this defect magnified for each image. The defect may thus be ascribed to
the disassembly/handling process for High-Resolution nighttime EL
(HR- lab-EL) inspection. This finding highlights the importance of using
non-destructive inspection methods, such as on-site dEL imaging, to
prevent damage to PV modules during EL inspection procedures.

This study validates a novel self-powered dEL inspection methodol-
ogy that enables full-string PV module assessment in daylight without
external power sources or module disassembly. The method significantly
simplifies on-site EL imaging and provides operational advantages.
Although our method is currently implemented manually, it allows for a
full string inspection in under 5 min (including setup and image
acquisition). Further automation, such as integration with trackers and
drones, could bring throughput in line with that of current aerial
inspections.

The main highlights of this work are:

Operational simplicity: The configuration eliminates the need for
generators, power supplies, or transport, enabling inspections under
standard irradiance conditions using only plant infrastructure (eg.
see Fig. 1 and Fig. 2).

Cost-effectiveness: Reduced labour, equipment, and handling re-
quirements lower O&M costs.

Non-invasiveness: Avoiding disassembly minimizes risks of
inducing secondary defects, as confirmed by comparative analysis
with lab-EL images (eg. see Fig. 13).

Comparable diagnostic quality: dEL images produced by this
method clearly identify both critical and latent defects, even under
variable irradiance, with good correlation to lab-EL standards (eg.
see Fig. 8 and Fig. 9).

Field robustness: The technique was successfully tested on more
than 2,000 modules across varying irradiance and temperature
conditions, demonstrating repeatability and adaptability.
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Predictive potential: It enables early identification of slow-
degrading faults that are otherwise undetectable with conventional
inspections like thermography or I-V analysis (eg. see Fig. 10).
Deal with low illumination levels: As experimental validation
confirms, the proposed method can deal at comparatively low illu-
mination levels using several strings to power up the string under
study.

In summary, this self-powered dEL methodology offers a scalable,
cost-efficient, and reliable alternative for routine diagnostic inspections
in large-scale PV plants. Despite moderate image quality characteristics,
self-powered electroluminescence inspections provide significant oper-
ational benefits, including expedited inspection protocols and elimina-
tion of module removal procedures, while delivering comprehensive
module performance assessment capabilities. Future work will focus on
systematic methodological improvements, integrating automated defect
classification and quantitative image metrics (e.g., SNR, contrast). Also,
integrating this method with drone-mounted imaging systems could
significantly improve the coverage and efficiency of PV module di-
agnostics, enabling rapid identification of electroluminescent signatures
even under variable daylight conditions.

5. Conclusions

Our work demonstrates that this non-invasive and rapid technique
allows for effective defect detection, thereby maximizing energy pro-
duction. This optimized method enables efficient electroluminescence
inspections of photovoltaic modules in daylight, without requiring an
external power source (such as a generator) or a stabilized current
supply. This non-destructive analysis technique identifies defects that
would otherwise prove challenging to detect.

The main advantages of this procedure are:

e No adjustable power supply is needed: the method eliminates the
need for complex and costly external power sources.

e Reduced energy losses: modules remain in place during testing, thus

avoiding energy losses and downtime associated with disassembly

and reassembly.

Lower costs and manpower requirements: staff and personnel hours

and the need for specialized machinery and transportation equip-

ment are significantly reduced.

Minimized risk of damage: by avoiding repeated handling, the pos-

sibility of new or additional damage to modules is reduced.

Fig. 12. Close-ups views of different defects observed in Fig. 11: (a) scratch, (b) electrochemical corrosion and (c) finger interruption.



L.A. Carpintero et al.

(a) (b)

:

f583

=

T
EEERNANNT

BEEE
55 aEER T EE

==
=

Solar Energy 301 (2025) 113913

Fig. 13. (a) Pre-disassembly dEL image taken with the InGaAs camera; (b) HR-lab-EL taken with the Si camera after disassembling the module for darkroom in-

spection; (c) and (d) magnification of the region of interest.

o Daylight operation reduces risk and cost: inspections can be safely
and efficiently conducted during daylight, eliminating the added
complexity, risks, and costs of night-time work.

e Consistency with simulations: the developed simulations align
closely with experimental results, thus validating the reliability and
accuracy of this inspection method.

Overall, this approach offers a streamlined, sustainable, and cost-
effective solution for comprehensive PV module inspections.
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