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Abstract: Photovoltaic panels are exposed to various external factors that can cause damage, with
the formation of cracks in the photovoltaic cells being one of the most recurrent issues affecting their
production capacity. Electroluminescence (EL) tests are employed to detect these cracks. In this
study, a methodology developed according to the IEC TS 60904-13 standard is presented, allowing
for the calculation of the percentage of type C cracks in a PV panel and subsequently estimating
the associated power loss. To validate the methodology, it was applied to a polycrystalline silicon
module subjected to incremental damage through multiple impacts on its rear surface. After each
impact, electroluminescence images and I-V curves were obtained and used to verify power loss
estimates. More accurate estimates were achieved by assessing cracks at the PV cell level rather
than by substring or considering the entire module. In this context, cell-level analysis becomes
indispensable, as the most damaged cell significantly influences the performance of the photovoltaic
model. Subsequently, the developed methodology was applied to evaluate the conditions of four
photovoltaic panels that had been in operation, exemplifying its application in maintenance tasks.
The results assisted in decision making regarding whether to replace or continue using the panels.

Keywords: photovoltaic modules; electroluminescence; defects; substring; defect analysis tool;
performance

1. Introduction

Among renewable energies, solar photovoltaic (PV) energy is the cleanest. It is abun-
dantly available, can be used for the maximum number of days in a year, and has low
operating/maintenance costs for its implementation [1].

Thus, solar PV energy has become an important asset within renewable energies, not
only because of its current contribution to electricity coverage but also because of its future
growth prospects. According to the latest report of the International Energy Agency (IEA-
PVPS), the demand for electricity covered by photovoltaics was 11.6% in 2022 compared to
8.2% in 2021 [2].

This increase in the installation of PV plants makes it necessary to develop control and
preventive maintenance systems. Tools are needed to determine the state of PV modules
by analyzing their degradation, since sometimes there is no possibility of seeing a failure
except by means of visual inspection. Currently, power plants are growing bigger and
occupying larger surfaces. As a result, it is becoming more and more necessary to analyze
the condition of the modules on a massive scale, ideally without the need to disconnect
them from the power plant. With the primary goal of executing more effective maintenance
actions, there is a need for user-friendly tools that enable swift decision making. During
the manufacturing of the PV modules, especially throughout the soldering processes,
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significant mechanical stresses are imparted onto the solar cells, leading to damage in the
cells themselves, which could potentially impact production [3]. The damage produced
during manufacturing has been the subject of study by various researchers over the last
decade. For instance, the authors of [4] conducted a study on the damages incurred during
the manufacturing process of monocrystalline silicon modules using an automated cell
segmentation technique.

After the manufacturing process, PV modules can experience damage stemming
from transport incidents, as well as mechanical impacts caused by wind and snow when
they have been already installed, which result from adverse weather conditions [5]. In
reference [6], a neural-network-driven fault detection algorithm was developed specifically
for PV modules. This algorithm categorizes faults, speeding up fault detection. In [7],
the occurrence of cracks was influenced by various factors, which could be categorized as
environmental factors, installation factors, cost-related factors, and the interactions among
them. In reference [8], Fourier’s theorem was employed to accurately and swiftly identify
defects at the cell level.

Some studies have already been conducted on the origin of these cracks, their charac-
teristics, and their influence on the energy performance of the modules [9]. The occurrence
of cracks in PV modules can result in regions where individual cells become electrically
disconnected from the rest, leading to a reduction in the panel’s output power [10,11].
In [12], an evaluation was conducted to estimate the power loss resulting from various PV
failures, leading to the conclusion that power loss due to cell cracks can range from 1% to
15%. This decrease in power output has a substantial impact on the financial well-being of
system owners [13,14].

Currently, several methods are available for assessing PV modules and enabling the
detection of failures and the estimation of their degradation over time [15–20]. Some of these
methods developed in [21], such as visual inspection, infrared thermography, I-V curve
tracing, and electroluminescence (EL), have already been applied in a real 2.85 MW PV
plant to detect failures, assess its operational status, and estimate its overall degradation [22].
In [23], the performance of c-Si modules in a desert environment was studied by visual
inspections and IV curve field measurements.

Visual inspection is the most straightforward method for identifying anomalies around
the PV panels. However, it may pose challenges in terms of achieving a comprehensive eval-
uation of the entire plant. I–V curve tracing is a well-established technique for evaluating
plant degradation. Nevertheless, it may not detect small defects in the I-V characteris-
tics [15] or pinpoint the exact location of the fault [24]. Moreover, these tests can be costly,
labor-intensive, and time-consuming, especially when dealing with power plants covering
vast surface areas.

A further step in the complexity, but also in the efficiency, of the method is repre-
sented by infrared thermography analysis (IRT) [25,26]. IRT is perhaps the most widely
used technique for inspecting and determining PV module failures [16,17]. However, as
indicated in reference [27], it is worth noting that certain hot spots identified in IRT may
not necessarily be indicative of defects. In some cases, these thermal anomalies could be
attributed to factors unrelated to module performance, such as environmental conditions
or transient fluctuations. This method also has the limitation of being unable to detect
specific types of damage to PV panels or, consequently, the faults inherent in them [28]. For
instance, it may struggle to detect cracks in PV cells. In this context, cracks in PV panels
may exhibit high temperatures, which can be detected through thermography. However,
even if detected, it may not be possible to quantify the extent of the crack, which poses a
challenge in estimating power loss [28].

The analysis of PV modules through EL testing has emerged as an alternative method
for detecting anomalies related to cracks. In fact, this approach is increasingly gaining
importance [18–20,29–31].

The analysis of PV modules using EL can be carried out manually, a process often
considered expensive and time-consuming, additionally requiring a significant level of
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experience. Moreover, if this analysis were to be conducted through direct observation,
different examiners might arrive at varying conclusions when examining the same resulting
EL-image. This would imply comparisons among the different observations, potentially
affecting the overall effectiveness of the test [32]. Thus, it is essential to establish a method
capable of automatically analyzing the resulting EL-images and estimating their power loss.
To achieve this, the automated methodology must be capable of accurately quantifying the
area affected by the crack or damaged regions inside the panel, and then estimating the
associated power loss.

The study of cracks in PV modules using EL image analysis techniques has been the
focus of numerous publications. Reference [33] concludes that the effectiveness of these
analyses depends on the quality of the EL image taken and which quality parameters
of this image are the most influential. In reference [34], an electroluminescence-based
crack analysis system, coupled with a cell fracture toughness tester, was proposed to
gather information regarding cracked cells within a module. Research has also been
conducted on how to perform diagnostic evaluations for damage resulting from cracking,
particularly after the manufacturing, transportation, and installation of the modules [18].
The mechanical stability of the cells due to cell thickness has been studied [35], as well as
the loss of power produced by PV modules due to the existence of microcracks [10].

New techniques for quantifying the area affected by a crack in a PV panel are cur-
rently being developed. In this context, automatic segmentation is essential to optimize the
analysis of modules using EL. Within the automated segmentation process, the EL-image
undergoes transformation into data, which are subsequently processed for statistical compu-
tation. This methodology facilitates the differentiation between damaged and undamaged
areas within the module [36].

According to [37], cracks in a PV module can be categorized in three ways, designated
as types A, B, and C. In general, cell microcracks, referred to as type A cracks, do not result
in inactive cell areas and do not significantly reduce cell power. Type B cracks indicate
partially disconnected zones, with the impact depending on the irradiance. Type C cracks
represent areas that are completely electrically disconnected from the rest of the module.
Type C cracks result in a severe loss of power, and, in some cases, can lead to module
reverse polarization and the formation of hot spots.

The quantification of cracks and damaged areas in a photovoltaic module using the
EL-image analysis method requires the determination of a threshold (TH) level [37]. This
value divides the pixel-data into two zones, with each zone representing a group of tones.
The TH level distinguishes between pixels classified as cracked areas and those classified
as active areas.

Several procedures have been employed to determine this TH level. These procedures
vary in sophistication, ranging from visual assessments to the utilization of image segmen-
tation methods through thresholding for digital processing across various applications,
such as in medicine or traffic [38]. Although most procedures typically incorporate image
correction into their processes, these methods offer the advantage of effectively handling
various anomalous situations, including noise and distortions, which may persist even
after the correction, thereby enhancing the filtering of the EL image.

Various algorithms and methods have already been developed to identify Type C cracks
and estimate the associated power loss [39–42]. In [43], models based on convolutional neural
networks are proposed for the classification of defects or damage within the modules.

While various authors have developed interesting methods for estimating the cracked
areas of PV panels, there is no common consensus regarding the power loss associated with
the affected regions. Furthermore, in most publications, the relationship between cracked
areas and power loss has been investigated for the entire panel without considering the
internal connection of PV cells within the panel. In line with the authors’ understanding,
as panels are typically divided into substrings based on the parallel connection of bypass
diodes, the distribution of cracks across the panel holds significant relevance for the
module’s power output.
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In this paper, an EL image processing method based on the IEC TS 60904-13 specifi-
cation is developed for the estimation of the proportion of type C cracks in PV modules.
Then, with the proportion of type C cracks, the output peak power in STC is estimated.

Utilizing this method enables swift results to be obtained from an electroluminescence
(EL) image of a photovoltaic panel when evaluating a considerable number of panels. In
contrast to other authors seeking enhanced accuracy in their estimations, achieving notable
results [40,42], the method presented in this paper prioritizes simplicity and practicality,
albeit with a slight trade-off in power loss estimation accuracy. The proposed method’s
approach facilitates a prompt response in decision making during corrective maintenance,
aiding in the determination of whether a PV module should be replaced or retained. Thus,
in contrast to other implemented methods, the primary contribution of the developed
approach lies in its ease of application, a crucial factor in maintenance tasks; its rapid
response; and its versatility in addressing various types of failures.

The method was applied to a new crystalline silicon module which was subjected to
various impacts, resulting in an increased number of cracks. Each time the module received
an impact, an EL-image was processed, and an I-V curve was recorded. Subsequently,
the power loss measured in each instance was compared with the estimated power loss
resulting from the cracked areas identified by the designed method. This study encom-
passes crack analysis and power loss evaluation across the entire module, by sub-module,
and at the cell level, considering the PV panel’s internal electrical connections. The results
demonstrate how cracks in a PV panel should be taken into account to obtain more accurate
power loss estimations.

Subsequently, the developed methodology was used to evaluate the conditions of four
photovoltaic panels in a solar power plant as an example of its application in maintenance
tasks. The results guided decisions on whether to replace or continue using the panels. The
paper is structured as follows: Materials and Methods provides a comprehensive descrip-
tion of the methodology employed for crack quantification and the study of performance.
Then, in Results, the cracked areas are compared alongside the corresponding I-V curves
collected in each case. Finally, the discussion of the research is presented.

2. Materials and Methods

The methodology for quantifying the cracked areas of a PV panel was developed
according to the IEC TS 60904-13 specification [37]. As shown in Figure 1, this method-
ology involves three phases: image capture, image treatment, and image analysis. This
methodology is focused on systematically executing these phases in a manner that enables
the analysis of numerous modules in a relatively efficient manner.
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2.1. Image Capture

Image capture primarily involves four crucial aspects: the requirement of a dark
environment, camera configuration and panel positioning, the characteristics of DC electric
power supply, and the specifications of the EL camera.

According to [37], a darkened environment is favored for high-quality images. Thus,
in this case, the EL-images of the panel were taken in a dark room whose inside conditions
were suitable for the test.

A bench was constructed to provide support for the modules during the test (Figure 2).
This bench comprised a wheeled base for mobility and a vertical frame. The wheels were
equipped with a locking mechanism to secure the position.
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The camera used was completely suitable, since it covered the emission of the entire
Si spectrum with high quantum efficiency, although its economic cost was higher, and
the sensors of these cameras were made of InGaAs. This type of sensor is blind to visible
light, so the detector behaves as a filter for ambient light [44]. The camera followed the
specifications marked in [37]. For good EL-image quality, the focus and aperture angle
of the camera were adjusted so that the distance at which the module was placed was
proportional to the aperture angle of the lens and the exposure time of the camera. The
camera was placed on a tripod, ensuring that its position would be the same for all shots.
Once these adjustments were made, the images could be taken.

During this phase of the methodology, the positioning of PV modules and the EL-
camera is crucial. In this context, the distance between them should be consistent through-
out the entire procedure. This ensures the capture of high-quality images and pixel infor-
mation in all EL-images taken. The distance between them was guaranteed, as the positions
of both the bench and the EL-camera were marked on the laboratory floor.

For the power supply of the module during the EL-test, a set of DC power sources
connected in series or parallel was used, alongside an electronic load that controlled the
injected current into the PV module. The models of the DC power sources were Promax
units, capable of providing a total current of 12 A at voltages up to 60 V, well beyond the
requirements of the tests to be conducted. The electronic load model used herein was the
SK Precision 8500, which was connected in series with the DC power sources. Figure 3
shows the connection between the DC power sources and the electronic load. Figure 4
provides the connection diagram for these components with the PV module. A voltmeter
was employed to measure the voltage for each current polarization, as depicted in Figure 3.

The image capture phase involved taking three images for each EL-test by injecting
different polarizing currents through the PV panel under study. Figure 5 illustrates the
image capture procedure, which consisted of taking three images: a background image, a
low polarization-current image, and a high polarization-current image.
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Figure 5. EL-image capture and setup procedure.

The first image, called the background image, was taken without injecting a current
through the PV module. The purpose of this image was to establish the black color tone for
areas of the module that did not generate electrical energy, such as electrical connection
strips or junction lines between cells. These areas were referred to as inactive areas and
were not taken into consideration when quantifying the percentage of cracked areas. Only
the active areas were considered for calculations.

In the second image, a current equivalent to 10% of the short-circuit current (Isc) at
standard test conditions (STC) was injected into the PV module. The images obtained with
this polarization current exclusively revealed the areas damaged by type C cracks.

Finally, in the third image, a current equivalent to 100% of the Isc at STC was injected
into the PV module. Type B cracks exhibited dark regions in high-current EL-images; how-
ever, these dark areas vanished in low-current EL-images, indicating sustained electrical
connection. Type C cracks occurred when certain areas became entirely electrically isolated



Sensors 2024, 24, 1479 7 of 28

from the circuit, resulting in their appearance as dark regions in EL-images under both
low and high polarization currents [9]. Thus, the images obtained with high polarizing
currents revealed all the damaged areas of the module, encompassing both type B and type
C cracks.

Before obtaining the images and considering that dirt on the panel’s surface may have
affected the results, it was necessary to clean it before capturing EL images. Then, after
capturing the images, the results could be analyzed in various ways. In this study, the
analysis included the assessment of cracked area percentages by module, substring, and
cell. In the case of the cell, only the most affected cell within each substring was analyzed.

2.2. Images Procesing

For each EL-test, the processing was performed by utilizing information captured
from the three EL-images. This study focused on types C cracks due to their potential
impact on the performance of a PV module. In the case of type C cracks, damaged areas
persisted in EL-images for both low- and high-polarized PV modules.

All information regarding damaged areas was derived from the captured images, un-
derscoring the vital importance of image quality. Upon capturing EL-images, the sequential
image processing steps for image treatment are depicted in Figure 6. As illustrated in this
figure, a total of three steps were necessary to quantify the areas impacted by cracks.
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In the next point, the approach taken in each step of the image processing will be
further described.

2.2.1. Obtaining Tone Matrices

After capturing the EL-images, analysis was conducted based on their pixel tones.
The EL-images were captured in grayscale and saved in .png format. Then, corrections
were applied to achieve, characterize, and optimize the desired image quality. Two image
corrections were executed: frame subtraction and the highlighting of active areas. The
frame subtraction was carried out between the background image and the EL-images
on a pixel-by-pixel basis. The active zones were emphasized through pre-processing of
the EL image to distinctly identify the dark zones within it. Subsequently, a grayscale
matrix of the EL-image and the preprocessed El-image was obtained using Matlab© R2021b.
Each element within the matrix represented the grayscale value of each pixel, where 0
corresponded to black and 255 to white. An example of a grayscale matrix is depicted in
Figure 7, which has dimensions of 277 × 554 pixels, corresponding to a matrix containing
277 × 554 elements.
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2.2.2. Normalization of Gray Tones

The normalization of pixel tones is considered essential for subsequent comparisons
between the results of the analysis of the tested module. Therefore, rather than assuming a
grayscale tone range from 0 to 255, it was assumed that the tones ranged from a value of 0,
representing black, to a value of 1, representing white in the grayscale pixels.

To conduct a more thorough analysis of the results, the obtained data matrices were
represented using histograms. In these histograms, the X-axis represented the normalized
grayscale tone ranging from 0 to 1, i, and the Y-axis showed its probability of occurrence,
p(i), according to the expression derived from [6]:

p(i) =
ni
n

, 0 ≤ i ≤ L (1)

where:

ni is the number of pixels that have the same shade of gray;
n represents the total number of pixels that make up the studied image;
i is the gray level of a pixel;
L is the total number of gray levels, normalized by the maximum level.

2.2.3. Determination of the Threshold or TH Level

Among the available methods for determining the TH level for image binarization,
the selected method in this case was the one proposed by Noboyuki Otsu, commonly
referred to as the maximum inter-class variance method [45]. This method is internationally
recognized and is recommended by [37]. Furthermore, other references, such as [46,47],
highlight Otsu’s method as one of the most effective for image segmentation, consistently
delivering robust results for binary images.

Once the histogram was constructed, there was a gray level or tone, which we called
TH (threshold), that delimited that region from the rest of the histogram. That point,
tone in reality, divided the general distribution of the histogram into two Gaussian sub-
distributions of the Function (1):

ω1(l) =
l

∑
i=1

p(i) ω2(l) =
L

∑
i=l+1

p(i) (2)

where l is the tested level and L is the total number of tones existing in the image and
corresponding histogram. The means of each of the two sub-distributions were:
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µ1(l) =
l

∑
i=1

i·p(i)
ω1(l)

µ2(l) =
L

∑
i=l+1

i·p(i)
ω2(l)

(3)

The average intensity between both distributions was:

µT = ω1·µ1 + ω2·µ2 (4)

Otsu proposed an expression of the combined variance between both sub-distributions:

σ2(l) = ω1(l)·(µ1(l)− µT)
2 + ω2(l)·(µ2(l)− µT)

2 (5)

The value sought for the TH level was that value of l that maximized the combined
variance, that is:

TH = max
l

{
σ2(l)

}
(6)

2.3. Images Analysis

After processing the EL-images, the analysis was conducted to quantify the darkest
areas in the PV module, estimate the panel’s peak power, and ultimately determine the
power loss and performance of the PV panel. The sequential steps for images anañysis are
depicted in Figure 8.
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2.3.1. Quantification of Cracked Areas in the PV Module

Once the TH value had been determined, it was possible to identify the pixels that
defined areas with cracks and the pixels that defined active areas. Thus, after calculating
the TH, the grayscale matrix transformed into a resulting matrix of 0 s and 1 s, where the
value 0 indicated cracks and the value 1 denoted active zones. By relating the number of
pixels in each area to the total pixels in the image, the percentage of the study area affected
by cracks was determined.

2.3.2. Performance Analysis

The aim of this part of the procedure was to assess the performance of the analyzed PV
module. According to [41], the power output correlates directly with the extent of cracking
in the PV module. Thus, once the percentages of surface area affected by cracks had been
identified, the performance of the PV panel could be calculated using the following expression:

η =
PSTC − Pest

PSTC
(7)

where:
PSTC refers to the maximum power output under standard test conditions (STC), and Pest

represents the estimated maximum power output of the tested panel, calculated as follows:

Pest = A·Imax(STC)·Umax(STC) (8)
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where A denotes the active PV area percentage within the panel. Depending on the desired
analysis of the PV panel, Equation (8) can be modified to obtain Pest. Subsequently, in
Section 3, this expression is adapted to obtain Pest in cases where the panel was studied at
the substring and PV cell levels.

Once the performance analysis result had been obtained, to verify the achieved out-
comes, the module’s IV curve was measured. For this purpose, the PVPM1000x model
of the PV curve tracer was employed. This device enables the determination of various
PV panel parameters, encompassing maximum power (Pmax), short-circuit current (Isc),
maximum power point current (Ipmax), open-circuit voltage (Voc), maximum power point
voltage (Upmax), and the fill factor (FF). Furthermore, to compute the STC parameters using
the collected data, module temperature and irradiance were recorded. The IV tracer itself
facilitated the computation of these STC parameters.

2.4. Implementation of the Methodology in Spreadsheet Software

The previously described methodology offers the advantage of being easily integrated
into spreadsheet software such as Microsoft Excel© 365, which is widely adopted at an
industrial level. Thus, the quantification of cracks in photovoltaic solar panels could be
carried out in a quick and convenient manner, allowing for conclusions to be drawn by
simply introducing the resulting matrix from the captured EL image.

A spreadsheet software was designed to quantify type-C cracks and assess power loss
using an EL-image following the methodology described in Section 2. To effectively use
the spreadsheet software and navigate its interface, the following steps must be followed:

1. Enter the main parameters of the PV module: Provide logistics details, such as the
number of PV modules and their type, model, and peak power. Figure 9a displays
this section of the interface.

2. Choose technical considerations for applying the methodology: This involves deter-
mining whether background images should be considered, establishing power loss
related to Type-C cracks, and setting a rejection threshold for PV panels based on their
power loss, determining whether the panel is suitable for energy production in the
PV plant. Figure 9b shows this section of the interface.

3. Validate inputs from steps 1 and 2: Click the “Create a Table” button located on the
main tab of the method (Figure 10) to generate a table. This table will appear within
the method, displaying results once the calculation is completed. The table will list all
the panels to be analyzed. Figure 11 shows an example of a generated table.

4. Input EL-images into Matlab©: Introduce captured EL-images into Matlab© to obtain
their corresponding resulting matrices. The incorporation of these matrices in the
spreadsheet software will be accomplished by means of the “Import arrays” button,
also located in the main tab (Figure 10). A matrix for each panel must be introduced.
For each panel, an Excel sheet is generated. Consequently, each matrix is processed
and analyzed separately.

5. Perform calculations: Click the “Make Calculation” button to swiftly obtain his-
tograms and calculated values.
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2.5. Application of the Methodology

The methodology was employed to calculate the percentage of cracks in a photovoltaic
panel that has undergone multiple impacts on its back layer, analyzing its condition after
each impact. This evaluation enabled a more detailed understanding of the evolution of the
cracks throughout the various impacts, along with an estimation of the associated power
loss. This research was performed inside a laboratory of the School of Engineering of the
University of Cadiz, which met the suitable conditions for this work. A single PV module
was used in the tests. The characteristics of the tested PV module are shown in Table 1.
The PV module comprised three substrings, each with 24 cells connected in series. Each
substring was equipped with a bypass diode for protection. Substring one encompassed
the first two columns of cells, substring two covered the third and fourth columns of cells,
and substring three included the last two columns.

Table 1. Technical characteristics of the PV.

Manufacturer LUXOR (Stuttgart, Germany)
Solar Module ECO LINE 72/185–195 W
PV Module type LX-195M/125-72+
Electrical characteristics 195 Wp (+1.5/6.49 Wp)

Umpp = 36.74 V, Impp = 5.31 A,
Isc 5.79 A, Uoc = 44.04 V,

Module dimensions Area: 158 × 80.8 = 12,766 cm2

At the beginning, the PV module was in good condition, with no evident failures, and
its production output remained within expected norms. To conduct the analysis on the
impact of cracking on its performance, the module was subjected to incremental damage
by applying several impacts to the rear of the module. The module was exposed to a total
of three impacts, leading to the emergence of four distinct degradation states. Figure 12
depicts these four degradation states, which are enumerated as follows:
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- States 1: PV panel in good condition. No failures or cracks were found during the
initial visual inspection. A picture of this status is shown in Figure 12a.

- States 2: The PV panel received an impact on the B3 cell, leading to the identification
of a cracked area within substring one through visual inspection. The impact is
highlighted with a red square in Figure 12b.

- States 3: The PV panel received a second impact on the D7 cell, leading to the identifi-
cation of a cracked area within substring two through visual inspection. The impacts
are marked with green squares in Figure 12c.

- States 4: The PV panel received a third impact on the E10 cell, leading to the identifica-
tion of a cracked area within substring three through visual inspection. The impacts
are marked with yellow squares in Figure 12d.
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To assess and quantify the cracked areas in the various degradation states, the de-
veloped methodology was applied to each of them. Thus, in each state, the performance
estimation was made by examining the cracked areas across the entire panel, within each
of the substrings, and in the most damaged PV cells within each substring.

3. Results

Once the test had been completely carried out, a total of 12 EL-images were taken.
The EL-images corresponded to the background, low polarization at 10% of Isc, and high
polarization at 100% of Isc for each state.

Figure 13 displays the EL-images obtained for each state. Background images are not
included in this figure since they do not provide any visual information. Figure 13a depicts
the EL-image of the panel in the initial state, displaying an absence of PV cracking that
reflects its good status. Subsequent EL-images in Figure 13 illustrate a progressive increase
in cracking levels as the panel transitioned through different states.
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Figure 13. EL-images of each PV module state: (a) State 1; (b) State 2; (c) State 3; (d) State 4.

The histograms obtained for each of the states at both polarized currents are shown in
Figure 14.
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Figure 14. Cont.
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Figure 14. (a) PV histograms (state 1). (b) PV histograms (state 2). (c) PV histograms (state 3). (d) PV
histograms (state 4).

Based on the resulting histograms, the following points are highlighted:

• For the undamaged module (state 1), the distribution exhibited exponentially bounded
tails. In this scenario, the histogram’s shape closely resembled that of a normal
distribution, with a median value of 0.44.

• The histogram’s shape in state 1 differed significantly from those obtained for states 2,
3, and 4. However, outside the tail areas, the histograms of states 2, 3, and 4 exhibited
considerable similarity, indicating that the initial impact had a greater effect on the
panel.

• The histograms for states 2, 3, and 4 demonstrated a notable shift towards darker
tones in comparison to that of state 1. This shift appears logical due to the increased
presence of areas with higher levels of cracking.

• The left tail of the distribution became heavier with the emergence of cracked areas, a
phenomenon also documented in [48] that indicates the inactive areas of the module.
The distribution related to state 4 stands out as the most significant in this aspect.

• While not to the same extent as the left tails, the right tails also exhibited an increase in
states 2, 3, and 4 compared to state 1. This phenomenon occurred because of the glazing
material formed around the dark areas, causing increased brightness upon excitation.

Figure 15 shows the EL-image at different steps of the procedure for state 2. The EL
image captured by the camera is depicted in (a); the preprocessed EL image is shown in (b);
and, finally, the processed EL image based on the obtained level of THD can be observed
in (c).

Table 2 shows the results obtained for each state. This table contains the TH value, the
percentage of Type C cracks, the Pest in STC, the power loss percentage for each state, and
the estimated performance. The resulting percentage of type C cracks was based on the
total surface area of the panel. The power loss was compared with the power established
in the manufacturer’s datasheet.
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Table 2. PV module performance summary by module (designed method).

TH Surface Damaged by
Type C Cracks (%) Pest (Wp) Power Loss (%) Estimated

Perfomance (%)

State 1 0.6412 0.23 194.56 0.23 99.77
State 2 0.6412 7.55 180.28 7.55 92.45
State 3 0.6314 8.83 177.78 8.83 91.17
State 4 0.6941 10.47 174.59 10.47 89.53

In state 1, the obtained Pest was 194.56 Wp, representing a power loss of 0.23% and a
performance of 99.77%. In state 2, the achieved Pest stood at 180.28 Wp, reflecting a power
loss of 7.55% and a performance of 92.45%. In state 3, the obtained Pest was 177.78 Wp,
resulting in a power loss of 8.83% and a performance of 91.17% respectively. Finally, in
state 4, the Pest stood at 174.59 Wp, indicating a respective power loss of 10.47% and a
performance of 89.53%.

For validation purposes, the Pest for each state was compared with the power measured
by the I–V tracer. This test facilitated the acquisition of I-V and P-V curves for each state.
Figure 16 illustrates the resultant I-V and P-V curves obtained for each state.

In Figure 16a, the test results for the I-V and P-V curves of state 1, conducted under an
irradiance of 934 W/m2, are presented. The peak power achieved under STC was 180.2 W,
indicating a power loss of 7.63% in comparison to the manufacturer’s datasheet.

In Figure 16b, the test results for the I-V and P-V curves of state 2, conducted under an
irradiance of 896 W/m2, are presented. The peak power achieved under STC was 85.5 W,
indicating a power loss of 56.2% in comparison to the manufacturer’s datasheet.

In Figure 16c, the test results for the I-V and P-V curves of state 3, conducted under an
irradiance of 839 W/m2, are presented. The peak power achieved under STC was 79.0 W,
indicating a power loss of 59.5% in comparison to the manufacturer’s datasheet.

In Figure 16d, the test results for the I-V and P-V curves of state 4, conducted under an
irradiance of 961 W/m2, are presented. The peak power achieved under STC was 68.00 W,
indicating a power loss of 65.14% in comparison to the manufacturer’s datasheet.

Table 3 presents a summary of the measured results. This table illustrates both the peak
power (P) measured in STC and the corresponding power losses for each state according to
the manufacturer’s datasheet.
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Table 3. Summary of the measured results for each state. 

 P (Wp) Power Loss (%) Measured Performance (%) 
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Table 4 illustrates a comparison between the measured and estimated results for each 
state. A notable discrepancy between the estimated and measured values is evident, par-
ticularly in state 4, where there is a considerable difference of 141.47% in the estimated 
power compared to the measured power. This deviation arose due to the oversight of the 
internal connections within the PV panel. As the PV panel was segmented into three sub-
strings (via bypass diodes), the direct proportionality between the areas affected by type 
C cracks and the resultant power loss was disrupted. 
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Figure 16. (a) I-V, P-V characteristic curve in state 1. (b) I-V, P-V characteristic curve in state 2. (c) I-V,
P-V characteristic curve in state 3. (d) I-V, P-V characteristic curve in state 4.

Table 3. Summary of the measured results for each state.

P (Wp) Power Loss (%) Measured Performance (%)

State 1 180.21 7.59 92.41
State 2 85.51 56.15 43.85
State 3 79.00 59.49 40.51
State 4 72.30 62.92 37.08

Table 4 illustrates a comparison between the measured and estimated results for
each state. A notable discrepancy between the estimated and measured values is evident,
particularly in state 4, where there is a considerable difference of 141.47% in the estimated
power compared to the measured power. This deviation arose due to the oversight of
the internal connections within the PV panel. As the PV panel was segmented into three
substrings (via bypass diodes), the direct proportionality between the areas affected by
type C cracks and the resultant power loss was disrupted.
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Table 4. Comparative analysis of power losses between measured and estimated values for each state.

Surface Damaged by
Type C Cracks (%) Pest in STC (Wp) P Measured in STC (Wp) Difference

(%)

State 1 0.23 194.56 180.21 +7.97
State 2 7.55 180.28 85.51 +110.86
State 3 8.83 177.78 79.00 +125.04
State 4 10.47 174.59 72.30 +141.47

The analysis of the resulting I-V and P-V curves in Figure 16 reveals a similarity to
those obtained when a PV panel is subjected to partial shadowing [49]. This suggests that
the panel’s response to type C cracks may emulate behavior associated with experiencing
partial shadowing, wherein a portion of the cell is rendered inactive, thus hindering energy
production and its performance. Hence, the obtained results will be now analyzed based
on substrings and individual cells.

3.1. Analysis by Substring

Here, the results obtained for each substring will be presented. Based on the resulting
matrix derived from the entire PV module, the module’s results will be divided according
to the number of substrings. In this case, the PV module is structured with three bypass
diodes connected in parallel with 24 cells, thereby dividing the PV module into three parts.
Figure 17 shows the EL-images obtained for each substring.
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The estimated P of the panel was calculated considering the cracked area of each
substring. As each substring was impacted by different cracked zones, the resulting I-V
curve exhibited three maximum power points, one for each substring. Thus, based on
Equation (9), the maximum power point for each substring (S) in the I-V curve was obtained
as follows:

P(S1)est = A(S1)·Imax(STC)·
Umax(STC)

3
(9)
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P(S2)est = A(S2)·Imax(STC)·2
Umax(STC)

3
(10)

P(S3)est = A(S3)·Imax(STC)·
Umax(STC)

3
(11)

where A(S1), A(S2) and A(S3) are the estimated cracked areas in substrings 1, 2, and 3,
respectively, ordered according to the number of cracked areas, from least to greatest.

Consequently, the highest values among these three maximum power points indicate
the estimated power output of the PV module.

Pest = max{P(S1)est, P(S2)est, P(S3)est} (12)

The results obtained in each state are shown in Table 5, where the area damaged by
Type C cracks of each substring is shown, along with the corresponding power loss. In
this case, the resulting percentage of type C cracks was based on the surface area of each
respective substring. The power loss was calculated according to the manufacturer’s data
sheet. Table 6 then illustrates a comparison between the measured and estimated results
for each substring within each state.

Table 5. PV module performance summary by substring.

TH100

Surface Damaged
by Type C
Cracks (%)

Pest (W) Power Loss (%) Estimated
Performance (%)

State 1
Substring 1 0.6412 0.22

194.49 0.26 99.74Substring 2 0.6412 0.15
Substring 3 0.6412 0.31

State 2
Substring 1 0.6412 15.46

164.93 15.42 84.58Substring 2 0.6412 3.47
Substring 3 0.6412 3.93

State 3
Substring 1 0.6314 16.15

163.58 16.11 83.89Substring 2 0.6314 5.30
Substring 3 0.6314 5.12

State 4
Substring 1 0.6941 16.15

163.58 16.11 83.89Substring 2 0.6941 5.53
Substring 3 0.6941 9.68

Table 6. Measured and estimated results per substring.

Pest (Wp) P Measured (Wp) Difference (%)

State 1 194.49 180.21 +7.93
State 2 164.93 85.51 +92.87
State 3 163.58 79.00 +107.06
State 4 163.58 72.30 +126.25

According to the results shown in Table 6, a notable discrepancy between the estimated
and measured values is particularly evident in state 4, showcasing a substantial difference
of 126.25% between the estimated and measured power. This discrepancy emerged due to
the influence of damage to a single PV cell, which was capable of affecting the behavior
of the entire substring and thereby impacting the overall power output of the PV module.
This observation, again, derives from the similarity between the effect caused by cracked
inactive areas and partial shadowing [49].
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3.2. PV Cell Analysis

Following the observation taken in point 3.2, to conduct the cell-level analysis, the
most damaged cells within each substring were considered. The obtained results are
presented in Table 7, showing the damaged area with Type C cracks in each studied cell,
along with their respective power losses. In this case, the resulting percentage of type C
cracks was based on the surface area of each individual cell, respectively. Figure 18 displays
the PV cells that incurred the most damage at the end of the test for each substring. In this
instance, the most damaged cells for substring 1, 2, and 3 were B3, D7, and E10, respectively.

Table 7. PV module performance summary by PV cell.

PV Cell TH100
Type C

Cracks (%) Pest (Wp) Power Loss (%) Estimated
Performance (%)

State 1
Substring 1 A12 0.6412 1.67

188.99 3.08 96.92Substring 2 D1 0.6412 0.83
Substring 3 F12 0.6412 3.13

State 2
Substring 1 B3 0.6412 66.67

75.19 61.44 38.56Substring 2 C5 0.6412 42.19
Substring 3 E4 0.6412 25.83

State 3
Substring 1 B3 0.6314 67.11

72.07 63.04 36.96Substring 2 D7 0.6314 44.58
Substring 3 E4 0.6314 27.68

State 4
Substring 1 B3 0.6941 68.44

61.56 68.43 31.57Substring 2 D7 0.6941 46.27
Substring 3 E10 0.6941 60.27

Sensors 2024, 24, 1479 19 of 28 
 

 

3.2. PV Cell Analysis 
Following the observation taken in point 3.2, to conduct the cell-level analysis, the 

most damaged cells within each substring were considered. The obtained results are pre-
sented in Table 7, showing the damaged area with Type C cracks in each studied cell, 
along with their respective power losses. In this case, the resulting percentage of type C 
cracks was based on the surface area of each individual cell, respectively. Figure 18 dis-
plays the PV cells that incurred the most damage at the end of the test for each substring. 
In this instance, the most damaged cells for substring 1, 2, and 3 were B3, D7, and E10, 
respectively. 

   
(a) (b) (c) 

Figure 18. The most damaged photovoltaic cells in each string (State 4). (a) Substring 1: PV cell C5. 
(b) Substring 2: PV cell D7. (c) Substring 3: PV cell E10. 

The Pest of the panel was calculated considering that the cracked area of the most 
damaged PV cell would affect the entire substring. As each substring was impacted by 
various cracked zones in a PV cell, the resulting I-V curve exhibited three maximum 
power points, one for each substring. In this case, the procedure to estimate the power 
was similar to the one used in the substring case. The difference is that, instead of consid-
ering the cracked area (A) as the cracked area of the whole substring, the considered 
cracked area was that of the PV cell most affected by the crack. Thus, the maximum power 
point for each substring (S) in the I-V curve was obtained as follows: 𝑃(𝑆ଵ)௘௦௧ = 𝐴(𝐶ଵ) ∙ 𝐼௠௔௫(ௌ்஼) ∙ 𝑈୫ୟ୶ (ௌ்஼)3  (13)

𝑃(𝑆ଶ)௘௦௧ = 𝐴(𝐶ଶ) ∙ 𝐼௠௔௫(ௌ்஼) ∙ 2 𝑈୫ୟ୶ (ௌ்஼)3  (14)𝑃(𝑆ଷ)௘௦௧ = 𝐴(𝐶ଷ) ∙ 𝐼௠௔௫(ௌ்஼) ∙ 𝑈୫ୟ୶ (ௌ்஼) (15)

where 𝐴(𝐶ଵ) , 𝐴(𝐶ଶ),  and 𝐴(𝐶ଷ)  represent the estimated cracked areas of the most af-
fected PV cells in substrings 1, 2, and 3, respectively, ordered according to the number of 
cracked areas from least to greatest. 

Consequently, the highest values among these three maximum power points indicate 
the estimated power output of the PV module. 𝑃௘௦௧ = 𝑚𝑎𝑥ሼ𝑃(𝑆ଵ)௘௦௧, 𝑃(𝑆ଶ)௘௦௧, 𝑃(𝑆ଷ)௘௦௧ሽ (16)

Table 7. PV module performance summary by PV cell. 

 PV Cell TH100 Type C Cracks (%) Pest (Wp) Power Loss (%) Estimated Performance (%) 
State 1       

Substring 1 A12 0.6412 1.67 
188.99 3.08 96.92 Substring 2 D1 0.6412 0.83 

Substring 3 F12 0.6412 3.13 
State 2       

Substring 1 B3 0.6412 66.67 
75.19 61.44 38.56 

Substring 2 C5 0.6412 42.19 
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The Pest of the panel was calculated considering that the cracked area of the most
damaged PV cell would affect the entire substring. As each substring was impacted by
various cracked zones in a PV cell, the resulting I-V curve exhibited three maximum power
points, one for each substring. In this case, the procedure to estimate the power was similar
to the one used in the substring case. The difference is that, instead of considering the
cracked area (A) as the cracked area of the whole substring, the considered cracked area
was that of the PV cell most affected by the crack. Thus, the maximum power point for
each substring (S) in the I-V curve was obtained as follows:

P(S1)est = A(C1)·Imax(STC)·
Umax(STC)

3
(13)

P(S2)est = A(C2)·Imax(STC)·2
Umax(STC)

3
(14)
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P(S3)est = A(C3)·Imax(STC)·Umax(STC) (15)

where A(C1), A(C2), and A(C3) represent the estimated cracked areas of the most affected
PV cells in substrings 1, 2, and 3, respectively, ordered according to the number of cracked
areas from least to greatest.

Consequently, the highest values among these three maximum power points indicate
the estimated power output of the PV module.

Pest = max{P(S1)est, P(S2)est, P(S3)est} (16)

Table 8 presents a comparative analysis between the measured and Pest for the PV-cell
analysis within each state. Based on the findings from this case, the Pest closely aligns with
the measured values. These results affirm the similarity in the behavior of PV panels when
affected by cracked or shadowed areas. In conclusion, if estimating the power output of a
photovoltaic panel using an EL-image, it is crucial to consider the cell within each substring
that is most affected by the cracks.

Table 8. Measured and estimated results per cell.

Pest (Wp) P Measured (Wp) Difference (%)

State 1 188.99 180.21 +4.88
State 2 75.19 85.51 −12.07
State 3 72.07 79.00 −8.77
State 4 61.56 72.30 −14.85

4. Case Study: Application in a Real Scenario

Previously, a test was conducted to estimate the power output of a panel that had
received various impacts on its back layer, analyzing its condition after each hit. As a result,
it was concluded that the most damaged PV cell in each string would be the primary factor
affecting PV production. In this regard, when assessing whether a panel should be replaced
through corrective maintenance actions, it is more influential for the same percentage of
cracks to be concentrated in a single cell than if they are scattered throughout the substring
or the panel itself.

To confirm this conclusion in panels that had been in operation in a real scenario,
four different photovoltaic panels installed in a solar power plant were examined. The
characteristics of the photovoltaic panels are shown in Table 9.

Table 9. Technical characteristics of the power plant PV panels.

PV Module 1 PV Module 2 PV Module 3 PV Module 4

Manufacturer TynSolar TynSolar TynSolar TynSolar

Model TYN-220P6
220Wp

TYN-220P6
205Wp

TYN-220P6
205Wp

TYN-220P6
220Wp

Electrical
Characteristic P = 220 Wp P = 205 Wp P = 205 Wp P = 220 Wp

Umpp = 30.12 V Umpp = 29.58 V Umpp = 29.58 V Umpp = 30.12 V
Impp = 7.30 A Impp = 6.93 A Impp = 6.93 A Impp = 7.30 A
Isc = 7.95 A

Uoc = 36.06 V
Isc = 7.47 A

Uoc = 35.94 V
Isc = 7.47 A

Uoc = 35.94 V
Isc = 7.95 A

Uoc = 36.06 V

In Figure 19, an image of each of the four modules is presented. Upon visual inspection,
it was observed that module PV 1 had a broken front glass, resulting in the presence of
cracks. The rest of the modules did not appear to have any anomalies in this regard, so no
cracks were expected within them.
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Figure 20 displays the results obtained after conducting the EL test on each of the
panels. As expected, Panel 1 showed a considerable amount of cracks. For Panels 2, 3, and
4, different cracks were observed, concentrated in various PV cells.
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Figure 21 displays the EL images once the developed methodology had been applied.
For each PV module, both the pre-processed and processed images are presented.



Sensors 2024, 24, 1479 22 of 28Sensors 2024, 24, 1479 22 of 28 
 

 

 
(a) (b) 

 
(c) (d) 

Figure 21. (a) Pre-processed and processed PV module 1 EL-image. (b) Pre-processed and processed 
PV module 2 EL-image. (c) Pre-processed and processed PV module 3 EL-image. (d) Pre-processed 
and processed PV module 4 EL-image. 

For a more precise assessment, it was proposed to analyze the crack percentage for 
each individual PV cell. Figure 22 provides the crack percentages for each cell in the pan-
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Figure 21. (a) Pre-processed and processed PV module 1 EL-image. (b) Pre-processed and processed
PV module 2 EL-image. (c) Pre-processed and processed PV module 3 EL-image. (d) Pre-processed
and processed PV module 4 EL-image.

In the processed images, it is possible to observe and quantify Type C cracks in each of
the PV modules. The percentages of cracks recorded were 17.41% for PV module l 1, 2.64%
for PV module 2, 3.24% for PV module 3, and 1.06% for PV module 4. However, based on
the previously highlighted conclusion, evaluating the performance of the PV panel solely
based on these crack percentages was deemed inadequate.

For a more precise assessment, it was proposed to analyze the crack percentage for
each individual PV cell. Figure 22 provides the crack percentages for each cell in the panels,
and these results were utilized to evaluate the performance of the PV panels. The obtained
results are detailed in Table 10.

For validation purposes, the estimated power in each case was compared once again
with the power measured by the curve tracer, revealing slight discrepancies between the
estimated and measured outcomes. The results are shown in Table 11.
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of C-type cracks by PV cell in PV module 4. Each box represents a PV cell. The red color illustrates 
the percentage of cracks corresponding to each PV cell, enabling rapid comparison between them. 
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Figure 22. (a) Percentage of C-type cracks by PV cell in PV module 1. (b) Percentage of C-type cracks
by PV cell in PV module 2. (c) Percentage of C-type cracks by PV cell in PV module 3. (d) Percentage
of C-type cracks by PV cell in PV module 4. Each box represents a PV cell. The red color illustrates
the percentage of cracks corresponding to each PV cell, enabling rapid comparison between them.

Table 10. Summary of the performance of the PV modules extracted from the PV solar plant by PV cell.

PV Cell TH100 Type C Cracks (%) Pest (Wp) Power Loss (%) Estimated
Perfomance (%)

PV module 1
Substring 1 A1 0.4647 49.62%

104.49 46.42 47.49Substring 2 C5 0.4647 42.56%
Substring 3 E6 0.4647 52.48%

PV module 2
Substring 1 A3 0.5471 8.30%

181.70 6.82 88.63Substring 2 D5 0.5471 9.30%
Substring 3 F10 0.5471 11.36%

PV module 3
Substring 1 A10 0.5745 9.24%

163.91 15.95 79.95Substring 2 C8 0.5745 20.04%
Substring 3 E7 0.5745 18.80%

PV module 4
Substring 1 A10 0.6412 7.25%

169.00 13.34 76.82Substring 2 D4 0.6412 23.14%
Substring 3 F8 0.6412 4.55%

Table 11. Comparison between measured and estimated results.

Pest (Wp) P Measured (Wp) Difference (%)

PV module 1 104.49 102.70 0.81
PV module 2 181.70 181.28 0.20
PV module 3 163.91 175.41 −5.61
PV module 4 169.00 170.35 −0.62

If, during corrective maintenance activities, a decision is needed regarding whether to
replace a PV module, such a determination can be made by assessing the annual degrada-
tion level the module should exhibit. This analysis can be conducted by considering a linear
degradation over time, following the approach employed in [22], where the average annual
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degradation rate of the module’s maximum power, as per the manufacturer’s warranty
(WADRPmax), is determined as:

WADRPmax =
WPloss

wy
(17)

where WPloss is the power loss in % and wy represents the years of the module’s warranty.
The manufacturers guarantee a maximum PV module power loss during a certain

time, usually 20% of the rated power during 20–25 years. Considering the most unfavorable
scenario, i.e., a useful life of 20 years, the value of WAR would be 1%. Thus, considering
this scenario and that the studied PV modules have been in production for 11 years, results
exceeding an 11% degradation would surpass the anticipated degradation. However, since
they would not reach the 20% degradation threshold, which marks the end of the panel’s
useful life, replacement should not be considered.

Finally, Table 12 provides a qualitative summary of the actions to be taken during the
corrective maintenance activities for the studied panels. In this summary, it is recommended
to replace Panel 1, as it exhibited degradation beyond the acceptable threshold. Meanwhile,
the remaining panels showed levels of degradation exceeding their anticipated limits,
potentially indicating a premature end to their useful lives.

Table 12. Qualitative summary of the actions to be taken.

PV Module Visual
Inspection EL-Imagen

Percentage of
Cracks in the

Whole Module

Most Affected
PV Cell by

C-Type Cracks

Estimated
Power Loss

Decision
Making

PV module 1 Broken front
glass

A large number
of cracks
scattered across
the entire panel.

17.41% 52.48% 46.42% Replace

PV module 2 No visible
cracks

A small number
of cracks, but
concentrated in
specific PV
cells.

2.64% 11.36% 6.82%

Not to replace,
but to monitor
in the
upcoming
years.

PV module 3 No visible
cracks

A small number
of cracks, but
concentrated in
specific PV
cells.

3.24% 18.80% 15.95%

Not to replace,
but to monitor
in the
upcoming
years.
Premature end
of useful life.

PV module 4 No visible
cracks

A small number
of cracks, but
concentrated in
specific PV
cells.

1.06% 23.14% 13.34%

Not to replace,
but to monitor
in the
upcoming
years.
Premature end
of useful life.

5. Conclusions

The primary functionality of the presented method revolves around EL-images of
a photovoltaic (PV) panel. This testing method offers significant advantages over other
assays, such as I-V curve measurement. Requiring darkness conditions, these analyses can
be conducted at night without disrupting the plant’s production. This feature allows for
these assays to be performed seamlessly, without interrupting the regular operation of the
photovoltaic plant.
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To practically conduct these tests, the development of a testing procedure would
be necessary, incorporating the application of the current method. Hence, in scenarios
wherein reduced generation in any part of the photovoltaic plant is observed, typically
detected by its SCADA system, EL testing could be employed to assess whether certain
panels are affected by cracked cells. This would enable the evaluation of the performance
of the affected area. Presently, numerous studies are utilizing UAVs primarily for visible
defect detection [50,51]. Once the affected panels are identified, they can be individually
analyzed using the developed method without the need for dismantling, providing an
on-field solution.

For future improvements in its implementation, a comprehensive evaluation of a
string of PV panels could be considered to streamline maintenance tasks based on their
impacts on production.

6. Discussion

Recognizing the significance of automatically studying the behavior of photovoltaic
(PV) modules when impacted by cracked areas, this article introduces the development of
a method. This method, designed in accordance with the IEC TS 60904-13 specification,
demonstrates the capability to estimate the power loss of PV panels affected by cracked
zones using EL-images.

The primary objective of this article, given the increasing size of power plants and
their expanding footprint, was to devise a swift and straightforward method for assessing
the location of cracks in PV panels. The aim was to enhance decision making for corrective
maintenance actions. In this context, a method was developed within the realm of main-
tenance tasks that is capable of swiftly delivering results through the utilization of an EL
image of a photovoltaic panel. The method underwent rigorous testing with a PV panel.
To assess the influence of cracking on its performance, the module underwent incremental
damage through several impacts applied to its rear surface. Three impacts in total were
administered, resulting in the emergence of four distinct degradation states. For validation
purposes, the estimated peak power for each state was cross-referenced with the power
measured using an I-V tracer.

Upon analyzing the module’s performance across all states, it became evident that the
module’s power loss did not exhibit direct proportionality to the percentage of cracks in
the PV module. Interestingly, the panel’s behavior closely resembled instances of partial
shading. As a result, estimating power loss necessitated calculating the percentage of
cracks in the most affected cell within each substring. Consequently, this type of analysis
should focus on evaluating the cracked zones of all cells comprising the panel, with the
most affected cell in each substring potentially dictating the power at the maximum power
point of the photovoltaic panel. Hence, we conclude that cell-level analysis stands as
the most suitable method for estimating power output from surfaces damaged by C-type
cracks. Based on the obtained results, the described methodology demonstrates the ability
to accurately estimate the power of an FV panel affected by type-C cells. In this case, for
the PV panel utilized in the current study, which concluded with a total crack percentage
of 10.47%, the estimated power loss amounted to 62.92%. This loss stemmed from the
concentration of C-type cracks within a single PV cell.

Subsequently, to exemplify its application in maintenance tasks, the developed method-
ology was employed to assess the conditions of four photovoltaic panels installed in a solar
power plant. The obtained results informed decisions on whether the panels should be
replaced or could still be deemed useful. In this specific case, it was determined that one of
the panels should be replaced, while the others, despite exhibiting small percentages of
cracks in the panel, demonstrated advanced states of degradation, as the few cracks were
concentrated in specific cells.

The presented method concentrates on utilizing EL-images in PV panels, presenting
advantages over other testing methodologies by enabling nighttime analysis without dis-
rupting plant production. It could be seamlessly integrated into a practical testing protocol
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to evaluate panel performance, especially in scenarios where diminished generation is
observed. This approach, potentially employing UAVs, facilitates individual panel analysis
without the need for dismantling, providing an efficient on-field solution. Future enhance-
ments in procedures might involve a more comprehensive evaluation method to precisely
assess the impact of affected panels on the overall system.

Author Contributions: Conceptualization, N.S.-B. and C.G.-L.; methodology, N.S.-B. and G.Á.-T.;
software, N.S.-B.; validation, N.S.-B., C.G.-L., G.Á.-T., R.J.-C. and J.A.C.-B.; formal analysis, N.S.-B.
and J.A.C.-B.; investigation, N.S.-B. and C.G.-L.; data curation, N.S.-B. and J.A.C.-B.; writing—original
draft preparation, N.S.-B., G.Á.-T. and J.A.C.-B.; writing—review and editing, N.S.-B. and G.Á.-T.;
visualization, N.S.-B., R.J.-C. and C.G.-L.; supervision, N.S.-B., R.J.-C. and C.G.-L.; project administration,
N.S.-B. and G.Á.-T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Vinod; Kumar, R.; Singh, S.K. Solar photovoltaic modeling and simulation: As a renewable energy solution. Energy Rep. 2018, 4,

701–712. [CrossRef]
2. Photovoltaic Power Systems Programme. Anual Report 2022. 2022. Available online: https://iea-pvps.org/wp-content/uploads/

2023/04/PVPS_Annual_Report_2022_v7-1.pdf (accessed on 11 December 2023).
3. Lin, K.M.; Lee, Y.H.; Huang, W.Y.; Chen, G.T.; Kuo, Y.W.; Wang, L.K.; Yang, S.Y. Detection of soldering induced damages on

crystalline silicon solar modules fabricated by hot-air soldering method. Renew. Energy 2015, 83, 749–758. [CrossRef]
4. Lin, H.-H.; Dandage, H.K.; Lin, K.-M.; Lin, Y.-T.; Chen, Y.-J. Efficient Cell Segmentation from Electroluminescent Images of Single-

Crystalline Silicon Photovoltaic Modules and Cell-Based Defect Identification Using Deep Learning with Pseudo-Colorization.
Sensors 2021, 21, 4292. [CrossRef]

5. Kajari-Schršder, S.; Kunze, I.; Kšntges, M. Criticality of Cracks in PV Modules. Energy Procedia 2012, 27, 658–663. [CrossRef]
6. Memon, S.A.; Javed, Q.; Kim, W.-G.; Mahmood, Z.; Khan, U.; Shahzad, M. A Machine-Learning-Based Robust Classification

Method for PV Panel Faults. Sensors 2022, 22, 8515. [CrossRef]
7. Fouad, M.M.; Shihata, L.A.; Morgan, E.I. An integrated review of factors influencing the perfomance of photovoltaic panels.

Renew. Sustain. Energy Rev. 2017, 80, 1499–1511. [CrossRef]
8. Yu, J.; Yang, Y.; Zhang, H.; Sun, H.; Zhang, Z.; Xia, Z.; Zhu, J.; Dai, M.; Wen, H. Spectrum Analysis Enabled Periodic Feature

Reconstruction Based Automatic Defect Detection System for Electroluminescence Images of Photovoltaic Modules. Micromachines
2022, 13, 332. [CrossRef]

9. Papargyri, L.; Theristis, M.; Kubicek, B.; Krametz, T.; Mayr, C.; Papanastasiou, P.; Georghiou, G.E. Modelling and experimental
investigations of microcracks in crystalline silicon photovoltaics: A review. Renew. Energy 2019, 145, 2387–2408. [CrossRef]

10. Köntges, M.; Kunze, I.; Kajari-Schröder, S.; Breitenmoser, X.; Bjørneklett, B. The risk of power loss in crystalline silicon based
photovoltaic modules due to micro-cracks. Sol. Energy Mater. Sol. Cells 2011, 95, 1131–1137. [CrossRef]

11. Li, G.; Akram, M.; Jin, Y.; Chen, X.; Zhu, C.; Ahmad, A.; Arshad, R.; Zhao, X. Thermo-mechanical behavior assessment of smart
wire connected and busbarPV modules during production, transportation, and subsequent field loading stages. Energy 2019, 168,
931–945. [CrossRef]

12. Moser, D.; del Buono, M.; Jahn, U.; Herz, M. Identification of techical risk in the photovoltaic value chain and quantification of
the economic impact. Prog. Photovolt. Res. Appl. 2017, 25, 592–604. [CrossRef]

13. Laronde, R.; Charki, A.; Bigaud, D. Reliability of photovoltaic modules based on climatic measurement data. Int. J. Metrol. Qual.
Eng. 2010, 1, 45–49. [CrossRef]

14. Ndiaye, A.; Charki, A.; Kobi, A.; Kébé, C.M.; Ndiaye, P.A.; Sambou, V. Degradations of silicon photovoltaic modules: A literature
review. Sol. Energy 2013, 96, 140–151. [CrossRef]

15. Osawa, S.; Nakano, T.; Matsumoto, S.; Katayama, N.; Saka, Y.; Sato, H. Fault diagnosis of photovoltaic modules using AC
impedance spectroscopy. In Proceedings of the 2016 IEEE International Conference on Renewable Energy Research and
Applications (ICRERA), Birmingham, UK, 20–23 November 2016; Volume 5, pp. 210–215.

16. Berardone, I.; Garcia, J.L.; Paggi, M. Analysis of electroluminescence and infrared thermal images of monocrystalline silicon
photovoltaic modules after 20 years of outdoor use in a solar vehicle. Sol. Energy 2018, 173, 478–486. [CrossRef]

https://doi.org/10.1016/j.egyr.2018.09.008
https://iea-pvps.org/wp-content/uploads/2023/04/PVPS_Annual_Report_2022_v7-1.pdf
https://iea-pvps.org/wp-content/uploads/2023/04/PVPS_Annual_Report_2022_v7-1.pdf
https://doi.org/10.1016/j.renene.2015.05.017
https://doi.org/10.3390/s21134292
https://doi.org/10.1016/j.egypro.2012.07.125
https://doi.org/10.3390/s22218515
https://doi.org/10.1016/j.rser.2017.05.141
https://doi.org/10.3390/mi13020332
https://doi.org/10.1016/j.renene.2019.07.138
https://doi.org/10.1016/j.solmat.2010.10.034
https://doi.org/10.1016/j.energy.2018.12.002
https://doi.org/10.1002/pip.2857
https://doi.org/10.1051/ijmqe/2010012
https://doi.org/10.1016/j.solener.2013.07.005
https://doi.org/10.1016/j.solener.2018.07.055


Sensors 2024, 24, 1479 27 of 28

17. Niazi, K.A.K.; Akhtar, W.; Khan, H.A.; Yang, Y.; Athar, S. Hotspot diagnosis for solar photovoltaic modules using a Naive Bayes
classifier. Sol. Energy 2019, 190, 34–43. [CrossRef]

18. Spataru, S.; Hacke, P.; Sera, D.; Glick, S.; Kerekes, T.; Teodorescu, R. Quantifying solar cell cracks in photovoltaic modules by
electroluminescence imaging. In Proceedings of the 2015 IEEE 42nd Photovoltaic Specialists Conference (PVSC), New Orleans,
LA, USA, 14–19 June 2015; pp. 1–6.

19. Chen, X.; Karin, T.; Jain, A. Automated defect identification in electroluminescence images of solar modules. Sol. Energy 2022, 242,
20–29. [CrossRef]

20. Deitsch, S.; Christlein, V.; Berger, S.; Buerhop-Lutz, C.; Maier, A.; Gallwitz, F.; Riess, C. Automatic classification of defective
photovoltaic module cells in electroluminescence images. Sol. Energy 2019, 185, 455–468. [CrossRef]

21. Köntges, M.; Kurtz, S.; Packard, C.E.; Jahn, U.; Berger, K.A.; Kato, K.; Friesen, T.; Liu, H.; Van Iseghem, M.; Wohlgemuth, J.; et al.
Review of Failures of Photovoltaic Modules; Technical Report; SUPSI: Manno, Switzerland, 2014.

22. Clavijo-Blanco, J.; Álvarez-Tey, G.; Saborido-Barba, N.; Barberá-González, J.; García-López, C.; Jiménez-Castañeda, R. Laboratory
tests for the evaluation of the degradation of a photovoltaic plant of 2.85 MWp with different classes of PV modules. Renew.
Energy 2021, 174, 262–277. [CrossRef]

23. Kahoul, N.; Chenni, R.; Cheghib, H.; Mekhilef, S. Evaluating the reliability of crystalline silicon photovoltaic modules in harsh
environment. Renew. Energy 2017, 109, 66–72. [CrossRef]

24. Köntges, M.; Kajari-Schröder, S.; Kunze, I. Cell Cracks measured by UV fluorescence in the field. In Proceedings of the 27th EU
PVSEC, Frankfurt, Germany, 24–28 September 2012.

25. Dunderdale, C.; Brettenny, W.; Clohessy, C.; van Dyk, E.E. Photovoltaic defect classification through thermal infrared imaging
using a machine learning approach. Prog. Photovolt. Res. Appl. 2019, 28, 177–188. [CrossRef]

26. Niazi, K.; Akhtar, W.; Khan, H.A.; Sohaib, S.; Nasir, A.K. Binary Classification of Defective Solar PV Modules Using Thermography.
In Proceedings of the 2018 IEEE 7th World Conference on Photovoltaic Energy Conversion (WCPEC) (A Joint Conference of 45th
IEEE PVSC, 28th PVSEC & 34th EU PVSEC), Waikoloa, HI, USA, 10–15 June 2015; pp. 753–757.

27. Újvári, G.; Zamini, S.; Ebner, R. Defect Analysis in Different Photovoltaic Modules Using Electroluminescence (EL) and Infrared
(IR)-Thermography. In Proceedings of the 5th European Photovoltaic Solar Energy Conference and Exhibition (25th EU PVSEC),
Valencia, Spain, 6–10 September 2015; pp. 333–336.

28. Ebner, R.; Kubicek, B.; Újvári, G.; Novalin, S.; Rennhofer, M.; Halwachs, M. Optical Characterization of Different Thin Film
Module Technologies. Int. J. Photoenergy 2015, 2015, 159458. [CrossRef]

29. Santos, J.D.; Valverde, A.; Alonso-Garcia, M.C. Quantitative Analysis of Electroluminescence Imaging of a PV Module with
Different Mismatch Levels. In Proceedings of the 36th European PV Solar Energy Conference and Exhibition, Marseille, France,
9–13 September 2019; Volume 3, pp. 3069–3074.

30. Bauer, J.; Frühauf, F.; Breitenstein, O. Quantitative local current-voltage analysis and calculation of performance parameters of
single solar cells in modules. Sol. Energy Mater. Sol. Cells 2017, 159, 8–19. [CrossRef]

31. Rajput, A.S.; Ho, J.W.; Zhang, Y.; Nalluri, S.; Aberle, A.G. Quantitative estimation of electrical performance parameters of
individual solar cells in silicon photovoltaic modules using electroluminescence imaging. Sol. Energy 2018, 173, 201–208.
[CrossRef]

32. Yan, Y.; Rosales, R.; Fung, G.; Schmidt, M.; Hermosillo, G.; Bogoni, L.; Moy, L.; Dy, J. Modeling annotator expertise: Learning
when everybody knows a bit of something. J. Mach. Learn. Res. 2010, 9, 932–939.

33. Bedrich, K.; Bokalic, M.; Bliss, M.; Topic, M.; Betts, T.R.; Gottschalg, R. Electroluminescence Imaging of PV Devices: Advanced
Vignetting Calibration. IEEE J. Photovolt. 2018, 8, 1297–1304. [CrossRef]

34. Gabor, A.M.; Ralli, M.; Montminy, S.; Alegria, L.; Bordonaro, C.; Woods, J.; Felton, L.; Davis, M.; Atchley, B.; Williams, T. Soldering
induced damage to thin Si solar cells and detection of cracked cells in modules. In Proceedings of the 21st European Photovoltaic
Solar Energy Conference, Dresden, Germany, 4–8 September 2006; pp. 4–8.

35. Pingel, S.; Zemen, Y.; Frank, O.; Geipel, T.; Berghold, J. Mechanical Stability of solar cells within solar panels. In Proceedings of
the 24th European Photovoltaic Solar Energy Conference and Exhibition, Hamburg, Germany, 21–24 September 2009.

36. Deitsch, S.; Buerhop-Lutz, C.; Sovetkin, E.; Steland, A.; Maier, A.; Gallwitz, F.; Riess, C. Segmentation of photovoltaic module
cells in uncalibrated electroluminescence images. Mach. Vis. Appl. 2021, 32, 1–23. [CrossRef]

37. IEC TS 60904-13; Photovoltaic Devices—Part 13: Electroluminescence of Photovoltaic Modules. Technical Specification. IEC:
Geneva, Switzerland, 2018.

38. Nyo, M.T.; Mebarek-Oudina, F.; Hlaing, S.S.; Khan, N.A. Otsu’s thresholding technique for MRI image brain tumor segmentation.
Multimed. Tools Appl. 2022, 81, 43837–43849. [CrossRef]

39. Spataru, S.; Hacke, P.; Sera, D. Automatic Detection of Inactive Solar Cell Cracks in Electroluminescence Images. In Proceedings
of the 2017 IEEE 44th Photovoltaic Specialists Conference (PVSC), Washington, DC, USA, 25–30 June 2017; pp. 1421–1426.

40. Kropp, T.; Schubert, M.; Werner, J.H. Quantitative Prediction of Power Loss for Damaged Photovoltaic Modules Using Electrolu-
minescence. Energies 2018, 11, 1172. [CrossRef]

41. Hoffmann, M.; Buerhop-Lutz, C.; Reeb, L.; Pickel, T.; Winkler, T.; Doll, B.; Würfl, T.; Peters, I.M.; Brabec, C.; Maier, A.; et al.
Deep-learning-based pipeline for module power prediction from electroluminescense measurements. Prog. Photovolt. Res. Appl.
2021, 29, 920–935. [CrossRef]

https://doi.org/10.1016/j.solener.2019.07.063
https://doi.org/10.1016/j.solener.2022.06.031
https://doi.org/10.1016/j.solener.2019.02.067
https://doi.org/10.1016/j.renene.2021.04.024
https://doi.org/10.1016/j.renene.2017.02.078
https://doi.org/10.1002/pip.3191
https://doi.org/10.1155/2015/159458
https://doi.org/10.1016/j.solmat.2016.08.029
https://doi.org/10.1016/j.solener.2018.07.046
https://doi.org/10.1109/JPHOTOV.2018.2848722
https://doi.org/10.1007/s00138-021-01191-9
https://doi.org/10.1007/s11042-022-13215-1
https://doi.org/10.3390/en11051172
https://doi.org/10.1002/pip.3416


Sensors 2024, 24, 1479 28 of 28

42. Puranik, V.E.; Kumar, R.; Gupta, R. Generalized quantitative electroluminescence method for the performance evaluation of
defective and unevenly degraded crystalline silicon photovoltaic module. Prog. Photovolt. Res. Appl. 2022, 31, 269–282. [CrossRef]

43. Tang, W.; Yang, Q.; Xion, K. Deep learning based automatic defect identification of photovoltaic module using electroluminiscence
images. Sol. Energy 2020, 201, 453–460. [CrossRef]

44. Guada, M.; Moretón, A.; Rodríguez-Conde, S.; Sánchez, L.A.; Martínez, M.; González, M.; Jiménez, J.; Pérez, L.; Parra, V.;
Martínez, O. Daylight luminescence system for silicon solar panels based on a bias switching method. Energy Sci. Eng. 2020, 8,
3839–3853. [CrossRef]

45. Otsu, N.; Smith, P.L.; Reid, D.B.; Palo, L.; Alto, P. Otsu_1979_otsu_method. IEEE Trans. Syst. Man Cybern. 1979, 100, 62–66.
[CrossRef]

46. Sahoo, P.; Soltani, S.; Wong, A. A survey of thresholding techniques. Comput. Vision Graph. Image Process. 1988, 41, 233–260.
[CrossRef]

47. Gonzales-Barron, U.; Butler, F. A comparison of seven thresholding techniques with the k-means clustering algorithm for
measurement of bread-crumb features by digital image analysis. J. Food Eng. 2006, 74, 268–278. [CrossRef]

48. Sparatu, S. Characterization and Modules and Arrays. Ph.D Thesis, Aalborg University, Aalborg, Denmark, 2015.
49. Álvarez-Tey, G.; Clavijo-Blanco, J.A.; Gil-García, A.; Jiménez-Castañeda, R.; García-López, C. Electrical and Thermal Behaviour of

Crystalline Photovoltaic Solar Modules in Shading Conditions. Appl. Sci. 2019, 9, 3038. [CrossRef]
50. Li, X.; Yang, Q.; Lou, Z.; Yan, W. Deep Learning Based Module Defect Analysis for Large-Scale Photovoltaic Farms. IEEE Trans.

Energy Convers. 2018, 34, 520–529. [CrossRef]
51. Li, X.; Yang, Q.; Wang, J.; Chen, Z.; Yan, W. Intelligent fault pattern recognition of aerial photovoltaic module images based on

deep learning technique. In Proceedings of the 9th International Multi-Conference Complexity, Informatics and Cybernetics
(IMCIC 2018), Orlando, FL, USA, 13–16 March 2018; Volume 1, pp. 22–27.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/pip.3632
https://doi.org/10.1016/j.solener.2020.03.049
https://doi.org/10.1002/ese3.781
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1016/0734-189X(88)90022-9
https://doi.org/10.1016/j.jfoodeng.2005.03.007
https://doi.org/10.3390/app9153038
https://doi.org/10.1109/TEC.2018.2873358

	Introduction 
	Materials and Methods 
	Image Capture 
	Images Procesing 
	Obtaining Tone Matrices 
	Normalization of Gray Tones 
	Determination of the Threshold or TH Level 

	Images Analysis 
	Quantification of Cracked Areas in the PV Module 
	Performance Analysis 

	Implementation of the Methodology in Spreadsheet Software 
	Application of the Methodology 

	Results 
	Analysis by Substring 
	PV Cell Analysis 

	Case Study: Application in a Real Scenario 
	Conclusions 
	Discussion 
	References

