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Abstract

Infrared (IR), under forward bias and under illuminated condition, and elec-
troluminescence (EL) are the most employed non-desctructive techniques to
monitor performance of photovoltaics (PV) modules. The application of
these two techniques have advantages and drawbacks and a combined use
has not been made extensively. With this purpose, we performed a quanti-
tative comparison of EL and IR images of monocrystalline PV modules after
20 years of outdoor exposition and use. The proposed methodology relies in
the analysis of frequency histograms of IR and EL images. Results provides
local information on PV modules state, useful to distinguish disconnected
cell interconnect, humidity corrosion, and broken fingers in highly damaged
solar cells. This method contributes and supports to the current knowledge
of IR and EL imaging techniques used to assess different forms of damage
in monocrystalline silicon PV modules. Moreover, it could contribute to the
future draft technical specification TEC 60904-13 for EL.
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1. Introduction

Operation and Maintenance (O&M) costs of photovoltaics plants are con-
nected to performance monitoring and quality. An appropriate monitoring
can reduce O&M costs of photovoltaics and, for this reason, the scientific
community collects and analyzes data on PV performance and failures to
study and understand challenges involved in damage phenomena. In this
framework, IR thermography and EL are the most widely used monitoring
techniques for quality control of PV modules. These two optical techniques
provide real-time two-dimensional images and detect type of defects, mal-
functioning, or even failures.

EL imaging is a high-resolution characterization method that provides a
map of the voltage drop from a point to another over the solar cells, which is
typically normalized in the range from 0 to 255 (Kontges et al., 2011; Paggi
et al., 2014, 2016). Voltage drops are usually caused by defects or cracks,
which induce a localized additional resistance. Furthermore, EL images vi-
sually detects also intrinsic (grain boundaries, dislocation, shunts or process
failures) and extrinsic defects (cracks, interrupted contacts and TCO corro-
sion for thin-films). In the EL test, modules operate under forward bias like
a light emitting diode (LED). Excitation current can be lower or equal to I..
The electroluminescence emission is due to radiative interband recombination
of charge carriers (near-IR in the range from 300 up to 1000 nm, depending
on the semiconductor type). A disadvantage of the EL techniques relies on
its test condition, that requires dark environment, thus confining mostly to
the lab. Recently, however, EL techniques made advances also in outdoor
testing and in daylight conditions (Mertens et al., 2015; Kropp et al., 2017),
thanks to the introduction of shrouds to cover the module, cameras able to
work also in nearly dark environments at sunsets or at twilight, and lock-in
technologies. Although in-field EL inspection techniques still has limits (i.e.
power supply and module orientation), its employment is gradually growing,
see e.g. (Muehleisen et al., 2018) for notable applications to hailstorm dam-
ages on PV plants. So far, production rates for EL data up to 1 MWp in
just one night have been reported, especially with the use of drones (Koch
et al., 2016).

Compared to EL, IR thermography is a cost-effective and time saving
method. It is able to detect mostly general electric problem (i.e. electrical
disconnections, bypassed strings, faulty soldering and short-circuited cells)
(Buerhop et al., 2011). IR thermography can be performed in dark or illumi-



nated conditions (Zamini et al., 2012). The dark IR procedure requires that
a forward voltage is applied to the module, similarly to EL. Otherwise, illu-
minated IR thermography is analogous to luminescence, where the current
flowing through cells increases PV module temperature.

Although a correlation between temperature increase and power reduc-
tion of a module has been thoroughly demonstrated (Ebner et al., 2010), a
quantitative interpretation of IR images is still under debate. A large num-
ber of studies have analyzed EL and IR techniques (Zamini et al., 2012;
Ebner et al., 2015b, 2010; Breitenstein et al., 2008; Gade et al., 2015; Wiirfel
et al., 2007; Bothe et al., 2006, 2007; Hinken et al., 2007; Haunschild et al.,
2009; Lopez et al., 2015) and in some cases including also photoluminescence
(Ebner et al., 2013, 2015b,a), but an overall discussion on the potential use of
IR and EL techniques to detect the wide range of damage scenarios affecting
PV modules in the field has not yet been reported. The common target of
studies on EL is the determination of physical proprieties of solar cells, such
as local effective diffusion length l.g (Wiirfel et al., 2007), carrier collection
length [. (Bothe et al., 2007), local junction voltage (Gade et al., 2015), series
resistance (Hinken et al., 2007). Zamini et al. (2012) proposed preliminary
qualitative comparisons between EL and IR images for crystalline silicon
and thin film technologies, further extending the investigation in a range of
selected articles (Ebner et al., 2013, 2015a), finding important spatial cor-
relations between dark IR measurement and EL images for thin-film solar
cells.

To understand challenges involved in failure detection and to quantita-
tively compare IR and EL techniques, we propose a statistical analysis of
the data extracted from EL, dark-IR and illuminated IR imaging of crys-
talline silicon PV modules. The importance and novelty of the results relies
in the possibility to implement the identified correlations in machine learning
software for the automatic inspection of PV modules in real time. This can
be very important for a fast and accurate detection and classification of the

various forms of damage affecting PV modules durability and consequently
reduce O&M costs.

2. Methods and materials

Four crystalline silicon PV modules manufactured in the mid-1980’s were
characterised by EL and IR imaging techniques. In particular they were
installed on a solar car (Mazzieri model, equipped with an electric motor of
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Figure 1: Mazzieri solar car and modules disposition on it.

7 ¢V and a maximum speed of 70 km/h) and exposed to outdoor condition
for 20 years. They were named 1Y41, IY42, Y43 and I'Y44, details on module
manufacture and characteristic are also summarized in Tab.1.

Table 1: List of PV modules analyzed in the present study.

Module | Producer Model # cells Year outdoor
IY41 BP 1242 36 20
IY42 | Arcosolar MT75 33 20
IY43 | Arcosolar MT75 33 20
IY44 | Arcosolar MT75 33 20

Three modules (IY42, 1Y43, IY44) were placed on the roof and the one
on the bonnet (IY41) of the car. They were connected to a battery. The
disposition of module on the solar car was the following: module IY41 had a
tilt angle of 12°, IY42 and Y44 of 8°, while I'Y43 was installed horizontally
on the roof (see Fig. 1).

This vehicle was a service car at Joint Research Center (JRC) in Ispra, in
the North of Italy. Ispra is at 220 m above sea level and belongs to moderate
subtropical climate zone (temperature excursion during the year from -10 °C



up to +35 °C, relative humidity < 90% (Strahler et al., 1981)). The solar
car was driven in this region for about 20 years, without module cleaning.

In 2015, the PV modules were removed from the car and subjected, with-
out being cleaned, to visual inspection and electrical tests. Afterwards, mod-
ules were cleaned manually for 10 minutes with a soft sponge, a standard com-
mercial glass cleaning detergent and finally dried with a cloth. The cleaned
modules were characterized at JRC center through visual characterization,
[-V measurement, electroluminescence and infrared thermography.

In 2015, I-V curves were measured using the Pasan I1IB flash simulator,
having a flash duration of 10 ms. This system presents some differences com-
pared to the one used to characterize the IY41 module in 1988, which had a
shorter flash duration with an I-V curve sweep of 1.5 ms. Also the reference
cells used for the measurements in 1988 and in 2015 were different. It has
been previously reported the potential difference introduced in the measure-
ments by the setup used in the 1980’s and the one used in 2015 at the ESTI
laboratory (Lopez-Garcia et al., 2015). Since there are no initial measure-
ments available of the stored modules 1Y45, IY46 nor a reference module
similar to 1Y41, the results of the cited work with similar crystalline silicon
modules manufacturer in the same date are extrapolated. It was observed
that part of the differences in measurements found using the two setups can
be attributed to the enhanced temperature control that was implemented
between the 1980’s and 2015 and to the different spectrum of the two simu-
lators. Another factor that had an influence was the different reference cell
used to measure the modules in 1980’s and in 2015. Given these differences,
the measurements performed in 1980’s and in 2015 were found to be of similar
order, therefore giving confidence that the changes measured after long-term
exposures are the result of ageing.

Electroluminescence images were performed with a Sensovation digital
camera SVSB14-M under forward bias with a current equal to I,. and expo-
sure time of 300 s.

Original dark IR images of the PV modules were taken at JRC using a
Fluke Ti55 camera under forward bias, with a current equal to I,.. Illumi-
nated IR images were taken under continuous illumination (~ 1000 W/m?),
provided by a steady state solar simulator and short circuited with a 152
resistance. To perform a statistical analysis of EL and IR signal, we modified
the initial images reducing distortions in IR images.

According to the International Energy Agency classification reported in
(Kontges et al., 2014), we identified and classified defective cells of the an-
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alyzed modules from the EL images. After this EL-based classification, we
analyzed IR and EL signals through a user defined subroutine written in
MATLAB. Preliminary and automatic operations of the developed subrou-
tine involve the extraction of all the individual solar cells and the conversion
of the signals into multi-dimensional matrices of real numbers. For IR im-
ages, the multi-dimensional matrix collects the x and y position coordinates
of each pixel and the corresponding RGB channels. Each channel is normal-
ized in the range from 0 to 1.

To synthetically characterize the information contained in the RGB chan-
nels, these data were also converted to real values ranging from 255 (code
number for blue) to 16711680 (code number for red) and then transformed
in a temperature scale, of easy visualization to draw thermal maps for each
module under forward bias or illumination. Similarly, for EL images, a three-
dimensional matrix is introduced by collecting the x and y coordinates of each
pixel and the corresponding EL signal ranging from 0 to 255. Such a range
has been normalized from 0 to 1 for easy of visualization.

The first operation for the statistical analysis of the data was the compu-
tation of frequency histograms for R, G, B and EL signal (using 50 bins for
each image). Quantity of interest were the position of the histogram interval,
with occurrences higher than a prescribed minimum tolerance. To minimize
the noise this threshold was set equal to the 80% of the average of the oc-
currences. This procedure is applied to each cell and the interval position
depends both on defect type and on module condition.

3. Results and discussion

3.1. Visual characterization

All the modules were not cleaned after installation on the car indeed,
visual characterization showed soiling in all modules (Fig. 2). In the images
presented in this study, each cell is identified with a code composed by module
name, a letter and a number. The letter identifies the row, instead the num-
ber identifies the column of each defective cell. The quasi-horizontal mount-
ing configuration caused a uniform distribution of soiling whereas, modules
with low tilted angle showed a more pronounced soiling in the lower part of
the module, close to the frame. Visual characterization highlighted several
types of damage as delamination (close to the cell interconnect ribbons and
over the cell, respectively), cracked cells, discoloration of cells, interconnect
ribbons and yellowing of the center or whole cells.
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Figure 2: Visual characterization of the four modules IY41, IY42, IY43 and IY44.

3.2. Electrical characterization

[-V measurements were performed, before and after cleaning, after 20
years of outdoor exposure. Before cleaning, Arcosolar I-V curves present
kinks at low voltage, absent in the case of the module stored in the base-
ment taken as reference (orange line), see Fig. 3. This can be attributed
to the soiling and to a non-uniform shading. Generally, I-V kinks due to
non-uniform shading (i.e. soiling) are reversible and disappear after manual
cleaning or major rainfall events (Schill et al., 2011; Dolara et al., 2013; Schill
et al., 2015). Otherwise, kinks in modules 1Y42 and 1Y44 are still evident af-
ter cleaning, and this suggests the presence of additional problem as a higher
level of damage.

Fig. 4 shows three I-V curves for IY41 module: in 1988 (red line), in
2015 before (blue line) and after cleaning (green line). In this case, the kink
at low voltage is present in the blue curve, probably due to soiling, and it
disappears after cleaning.

The electrical parameter of Arcosolar and BP modules are summarized
in Tab. 2 and Tab. 3. Variations in electrical parameters before and after
cleaning of the whole set of modules are reported in Tab. 2.

The increase in P,y after cleaning (except in module 1Y43) is greater
than usual values reported for long-term soiling, around 9.8% (Lopez-Garcia
et al., 2016). This increase is the result of I, and I,,,, growth. Otherwise,
module 1Y43 shows a decrease in Pyax (—9.70%) and F'F (—34.1%) after
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Figure 3: I-V measurement for 1Y42, IY43 and IY44 before and after cleaning.
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Figure 4: I-V measurement for IY41 before the connection to the car in 1988 (red line)
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Table 2: Difference between electrical parameters measured before and after cleaning in

2015.
Module | Alye AVee APmax AFF  Alnpy AV
%) ) () (R (%) (%)
IY4l |10.20 0.63 1498 3.69 17.16 -1.86
Y42 [17.20 070 13.77 -4.21 1505 -1.11
Y43 |36.01 0.75 -9.70 -3410 599 -14.81
IY44 |11.06 058 1363 171 1679 -2.71

manual cleaning. That may be the effect of broken cells or fingers already
present in the module, covered by soiling.

Tab. 3 reports the difference in a part of electrical parameters (1., Vo,
Prax) measured before installation in 1988 and after cleaning in 2015, for
all the modules. Arcosolar modules show a higher degradation AP, ., i.e.
IY43 reaches the highest value (—55.26%), that evidences again the presence
of damages. Instead, module 1Y41 has low difference in Py (—4.69%), I
(—0.90%) and V,. (—1.79%), it proves that IY41 has a low damage intensity.

Table 3: Difference between electrical parameters measured in 1988 and 2015.

Module | Al,, AV, APpax
(%) (%) (%)
IY41 -0.90 -1.79  -4.69
IY42 | -10.18 -11.30 -23.02
I1Y43 | -16.61 -11.70 -55.26
Y44 | -16.14 -11.31 -16.91

3.3. Electroluminescence and infrared characterization

Measurement condition for EL images (see Fig. 5) was the same for all
modules, thus resulting EL intensity is related to minority carried diffusion
length (Fuyuki et al., 2007). EL image of 1Y41 presents darker cells in the
bottom of the module, close to the soiled edge. Other defects are sucker
handling (2d, 3d, 4d, 5d), striation rings (9¢, 1d), poor ribbon soldering (1a,
6b, 9b), finger interruption. EL images of IY42 and 1Y43 show brighter spot
close to the busbar or cell interconnect ribbons, and the overall EL intensity
is very low. Reasons for brighter spots are contacting problems. The cell
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Figure 5: Electroluminescence images of the for modules 1Y41, 1Y42, IY43 and 1Y44.

with the lowest intensity shows a crack, that electrically disconnects a part
of the cell (4c in 1Y43). Y44 has a low EL intensity and the a high numbers
of finger interruptions.

From the analysis of the EL signal, damaged cells can be classified de-
pending on the type of defect (see Fig. 6), according to the classification in
(Kontges et al., 2014). The first column of the table in Fig. 6 is reporting
code of the defect, followed by the nomenclature, the EL image of a corre-
sponding solar cell and finally in the last column the module belonging to
each class of defect.

The severity of defects increases from SR to DCL based on the brightness
of the EL image of the cells that becomes dimmer and dimmer from SR to
DCL. IR images under forward bias condition have spots with higher temper-
ature, as shown in Fig. 7. One is present in module 1Y41, two in 1Y42, three
hot spot in Y43 and a brighter line in the bottom of Y44, corresponding to
higher resistivity along the interconnect ribbons. Illuminated IR images, on
the other hand, do not show particular defect point (see Fig. 8).

We adopted the method described in Sec.2 to compute the thermal maps
starting of the IR images. Thermal maps of IR under forward bias show
spots with higher temperature in correspondence of a part of defects visible
in the EL images (Fig. 9). On the other hand, thermal maps corresponding to
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Module Name Module / cells

Y41
SR Striation Ring
[ | Y41
SH Sucker handling
[ IY41-1Y44
CFb Contact forming
[ | Y41
HCA1 Humidity corrosion in a low damaged solar cell
‘ [ Y43
HC2 Humidity corrosion in a high damaged solar cell
[ Y43
cc1 Cross Crack in a low damaged solar cell
[ o Y41
cc2 Cross Crack in a high damaged solar cell
[ 1Y43, IY44
Fec Finger interruption C
Disconnected cell interconnect (spot) in a high Y43
DClxs1
damaged solar cell
+ + "
Disconnected cell interconnect (spot) in a Iy42
DClxs2 -
medium damaged solar cell
Disconnected cell interconnect (spot) in a low Y44
DClxs3
damaged solar cell
e : - ' ' Y42, 1Y43
DClxxe1 Disconnected cell interconnect (spot) in a low
damaged solar cell
Disconnected cell interconnect (spot) in a high Y44
DClxxs2
damaged solar cell
Disconnected cell interconnect (line) in a high Y43, 1Y42 (1A)
DChxxI1
damaged solar cell
Disconnected cell interconnect (line) in a low Iy42
DClIxxl2
damaged solar cell
Disconnected cell interconnect (line, extended Y44
DClIxxI3
to a full busbar)
Iy . ] IY42 (10C, 9C.3C)
DClxxxH Disconnected cell interconnect (line) in a high

damaged solar cell

Disconnected cell interconnect (line) in a low Y43, IY42 (86. 116,
DChxxx12 damaged solar cell E '

' Y43
MC Micro-crack C (isolating part)

Figure 6: List of defect classes considered, adapted from (Kontges et al., 2014).
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Figure 7: Dark infrared thermography images for modules 1Y41, IY42, Y43 and IY44.
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Figure 8: Infrared thermography under illumination for modules 1Y41, Y42, IY43 and
IY44.
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Figure 9: Thermal maps under dark condition for modules 1Y41, IY42, IY43 and 1Y44.

illuminated IR images display a much more uniform temperature distribution
and concentrated defects are not detectable by a qualitative analysis (Fig.
10).

3.4. Quantitative statistical analysis of EL and IR images

Starting from the histograms, computed for each cell, we have evaluated
the the behavior of the average value of maximum peak in the histograms
for each defect class. Fig. 11 shows the average of the maximum (%) of his-
tograms for EL (a), IR under biased condition (b) and illuminated condition
(c) per each defect class. A slight overlap in red, green and blue channels
is observable both in biased and illuminated condition. The maximum peak
of green channel has a lower value respect to red and blue one for forward
biased condition, but the same trends is not visible under illuminated con-
dition. The maximum peak of EL signal floats around 10% and, considering
the error bar, is not possible to denote a general trend related to the defects
classes from the analysis of maximum.

Afterwards, the range of intensity for each defect class is calculated by
averaging the intervals corresponding to all solar cells of the corresponding
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Figure 10: Thermal maps under illumination for modules Y41, Y42, Y43 and 1Y44.

defect class. Such a range depends both on the defect class and on module
condition. The analysis of the EL signal shows an increasing trend in the
range of intensities by moving from HC 2 up to SR (Fig. 12). Visual inspec-
tion seems to be required for a careful discrimination among different defect
classes because of frequent overlapping between the intervals corresponding
to different defect classes. We applied this approach to IR histograms under
biased and illuminated condition.

Average x-range values for red, green and blue intensity are shown in Fig.
13 for biased condition and in Fig. 14 for illuminated condition. The order
sequence adopted is the same chosen in Fig. 12.

For IR images under forward bias condition, the red and blue channels
have an abrupt and opposite change in the ranges from the class DCI XXL 2
onwards. For defect classes from HC 2 up to DCI XXL 2, the range in in the
interval between zero and 0.23. From DCI XXL 3 to the SR classes, on the
other hand, the interval shifts in the range from 0.78 and unity. The opposite
trend is observed for the blue channel, while the green channel has a trend
similar to the red one, but without a sharp shift. Only the CC class (CC 1 for
the red channel and CC 2 for the red and the blue channels) does not fulfill
the observed trend, which can be motivated by the fact that the detected
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Figure 11: Average value of the absolute peak of the histogram of EL and IR signal per
each defect class.

cross cracks are sources of minor defects for the examined cells. From the
physical point of view, these results imply that it is possible to distinguish
disconnected cell interconnect (DCI), humidity corrosion (HC) and finger
interruption (FC) in highly damaged solar cells. The same analysis repeated
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Figure 12: X-range of intensities histogram for EL signal for the different classes of defects
in Fig.6.
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Figure 13: X-range of intensities histogram for red, green and blue channels of the IR
signal under forward bias condition, for the different classes of defects in Fig. 6.

for the histograms of the IR images taken under illumination (Fig. 14) do
not show any shift in the interval ranges, thus making nearly impossible to
distinguish between the different classes of defects.

4. Conclusions

We proposed a characterization of monocrystalline PV modules after 20
years of exposure and operation on a solar car and a statistical analysis of EL
and IR under forward bias and illumination. The soiling effect, already visible
from the visual characterization, has been confirmed by a P,., increase of
14% on average after a manual cleaning of the exposed modules, due to an
increase of I,.. One of the modules has presented a severe damage with a
decrease of the FF below 37%. The annual degradation rate was —0.24%
for the module on the bonnet and between —0.84 to —2.75% for the other
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Figure 14: X-range of intensities histogram for red, green and blue channels of the IR
signal under forward bias condition, for the different classes of defects in Fig. 6.
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modules. Such degradation rates are slight higher than previously reported
values (Jordan and Kurtz, 2013; Lopez et al., 2015; Jordan and Kurtz, 2016)
and they seem to be depended both on the manufacturer and the mounting
position.

The quantitative analysis proposed was an attempt to correlate EL and IR
images from aged Pv modules to derive further information on the combined
use of such two techniques. Starting from a visual inspection, we showed
that most of the defects detected in IR images under forward bias are also
visible in the EL images, also in monocrystalline silicon modules. Moreover,
frequency histograms of the EL and R, G, B channel intensities, normalized
in the range from zero to unity, provide useful indication of such defects and
should be considered as a tool for a quantitative analyses. Indeed, the range
of intensities in the frequency histograms can be correlated to the classes of
defects for IR images taken in forward bias conditions. Particularly for the
data herein analyzed, the range of intensities had an abrupt change of the
range for red and blue channels towards higher intensities from defect classes
DCI XXL2 to HC2, as compared to defect classes from SR to DCI XX3. Cor-
respondingly, EL intensities had an increase. This confirms the qualitative
relationship between EL and IR images under forward bias condition estab-
lished for thin-film solar cells (see Zamini et al. (2012); Ebner et al. (2010,
2015b)), and it has been herein extended to monocrystalline solar cells for a
wide range of defects. Future work might involve the implementation of the
proposed statistical analysis in a machine learning algorithm, for real time
identification of some classes of defects.
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