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Abstract—In this work we investigate the characteristics of
solar cells cracks in photovoltaic (PV) modules for understanding
the extent to which the solar cell electrical parameters change
due to cell crack degradation. The experimental investigation is
performed on two custom nine-cell mini-modules of mono- and
multi-crystalline silicon, respectively, where each solar cell in the
module has a junction box, allowing individual and module level
characterization. Results show that power loss caused by cell
cracks is driven primarily by a reduction of the cell’s maximum
power point current, in particular B type cracks. C cracks
also affect the short circuit current of the cells, whereas cells
with combined B and C cracks show the most reduction of the
short circuit current. Equivalent circuit diode model curve fitting
and analysis of the light or dark I-V curves proved of limited
used in analyzing degradation of cracked cells, as the model
assumptions break down. However, a comparative analysis of
dark and light I-V curves with a Suns-Voc curve was better
suited for understanding the evolution of diode parameters on
cracked cells for increasing levels of degradation.

Index Terms—solar cell, photovoltaic module, I-V characteri-
zation, cell cracks, electroluminescence, power loss.

I. INTRODUCTION

Weather conditions such as strong winds and snow loads
on the modules, as well as mechanical stress sustained during
the transport and installation of photovoltaic (PV) panels can
cause cells to crack [1]. Furthermore, cell cracks are one of
the main degradation types observed in PV systems with over
10 years of life [2].

Cell cracks appear in different sizes, orientations and sever-
ity and they have proven to cause power loss and degradation
of electrical and diode model parameters [3], [4].

Over the lifetime of a PV installation, solar cell cracks can
evolve and cause power loss, cell reverse biasing and hot-spots
[5], [6]. Since the introduction of electroluminescence (EL)
imaging by Fuyuki [7], this technique has become the de facto
tool for characterizing cell cracks. Furthermore, research on
quantification of solar cell cracks [8] and automatic detection
[9]–[13] has provided new metrics to evaluate and quantify
cracks directly from EL images. Although cell cracks are
easily detectable by EL imaging, it is difficult to evaluate
their impact on the PV module’s power from EL images
alone [14], thus limiting the potential of EL inspection of
cells and modules, especially the effect on electrical and diode

model parameters. Therefore, it is important to investigate to
what extent solar cell crack area, extracted from EL images,
correlates with cell power loss and increase in series resistance
[5], [15]. Understanding and modelling the impact of solar
cell cracks on the current-voltage (I-V) curve parameters can
be used to develop more accurate PV failure detection and
identification methods [16], [17]. A final application being
able to identify and quantify cracks from EL images which
in terms of cell and module power loss.

Electrical and diode parameters of modules impacted by
solar cell cracks have been studied in [18], by modelling the
change in the shape of I-V curves. Furthermore, cracks and
power loss in modules has been evaluated using light and
dark I-V measurements over several stages of degradation [19].
Characterization of electrical parameters and statistical analy-
sis of cracked PERC and Al-BSF cells in mini-modules was
analyzed by Whitaker [20] and very recently, deep learning
has been used to make power predictions from EL images of
modules with solar cell cracks [21].

The purpose of this work is to study and understand the
impact of cell cracks on the electrical and diode model
parameters of mono and multi-crystalline silicon solar cells, as
well as how the crack characteristics, such as area and severity
impact the cell and module electrical performance parameters.

In this work, custom mini-modules have been built, where
individual cells can be accessed, allowing to investigate how
each individual cell affects the final module parameters and
how the electrical parameters of both cells and module change
due to cell crack degradation.

Light and dark I-V characterization were used to study
changes in the electrical parameters of the module and cells.
Whereas EL imaging and feature analysis were used to char-
acterize the solar cell crack properties, such cracked area and
severity [8], [22].

The mini-modules were cracked over two stages of mechan-
ical stress, to study the evolution of cell cracks and impact
on the cell electrical parameters. Cells showing similar types
and size of crack were be compared in order to extract their
main electrical attributes. Furthermore, diode model curve
fitting and analyis of the light and dark I-V characteristics
was performed.



Finally, a qualitative comparison between light I-V, dark I-
V and Suns-Voc curves was carried out, to check and validate
the observed results from the previous degradation analysis
methods.

II. APPROACH

To measure the electrical parameters of individual cracked
cells in a module, we manufactured two custom mini-modules,
each consisting of nine 156 mm2 series connected mono-
and multi- crystalline Silicon cells, as depicted in Fig.1a. The
terminals of each cell were connected to local junction boxes
using 1.5 mm diameter PV cables, as shown in Fig.1b.

(a) Electric diagram (b) Junction box layout

Fig. 1. Design of mini-modules with individual solar cell junction boxes,
allowing module and cell level characterization.

Both mini-modules were mechanically stressed, causing
cell cracks over two stages of degradation. Each stage of
degradation was achieved by applying weight on the from the
front side of the mini-modules and checking for cell cracks
using EL imaging until a cracks appeared. The two mini-
modules were characterized by EL imaging, using a 24.2 MP
DSLR camera, at different current bias levels (from 0% to
100% Isc in 5% Isc steps). Last, the modules were flash tested
at Standard Test Conditions (STC, 1000 W/m2, 25 °C, AM
1.5), as well as 600 and 200 W/m2, respectively, using a class
AAA Sun simulator EcoSun 10L REV E, whilst module and
cell level I-V curves were recorded. Moreover, the dark I-V
characteristics of each cell was also recorded, before and after
each stage of degradation.

After the initial characterization, the module was mechani-
cally stressed to cause solar cell cracking. Thereafter, the mini-
modules were characterized using the same procedure. After
that a second round of mechanical stress was performed and
the characterization process was repeated. After the final stage
of degradation, the cells were flashed at additional irradiance
levels to study the Suns-Voc curve.

III. RESULTS ANALYSIS

A. Electrical Performance Analysis

Figure 2 shows the EL images of the mini-modules before
and after two stages of mechanical degradation of the cells
imaged at high (100% Isc) current bias. Each mini-module’s
cell is named from A to C in the rows and from 1 to 3 on the
columns in a grid style as shown in red in the figures.

After the first degradation round, the mono-Si mini-module
showed a STC power loss of 3.31% with just cell A1 cracked .
After the second round of mechanical stress, cells A2, A3, B2,
B3 and C3 also showed some cracks causing a STC module
power loss of 10.11%.

However, after the first round of degradation of the multi-Si
module, just cell C2 remained uncracked, and after the second
round of mechanical stress, all cells were showing cracks.
The first degradation stage caused a power loss of 12.02%,
increasing to 18.04% at STC module power loss after the
second degradation round.

The individual cell STC light I-V characteristics are com-
pared in Fig. 3, with the light I-V of the module, normalized
to cell level, by dividing the module voltage with the number
of series connected cells. Light I-V curves serve as validation
of the EL images showing that the cracked cells correspond to
the cells whose light I-V curves are shifted due to the power
loss and variation in electrical parameters.
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Fig. 2. EL images of the mono-Si and multi-Si mini-modules after two stages
of mechanical damage, measured at high current bias.

Table I shows the electrical parameters of a selection of cells
(2 multi-Si and 2 mono-Si) from the mini-modules that will
be used in the next sections for a deeper analysis. The initial
state is represented as s0, then the first and second stages of
mechanical stress are s1 and s2 respectively. ∆s1 corresponds
to the variation from the initial to the first damaged state and
∆s2 the variation from the initial to the second damaged state.



(a) Mono-Si cell light I-V character-
istic after 1st degradation stage

(b) Mono-Si cell light I-V character-
istic after 2nd degradation

(c) Multi-Si cell light I-V characteris-
tic after 1st mechanical damage

(d) Multi-Si cell light I-V characteris-
tic after 2nd mechanical damage

Fig. 3. Light I-V characteristic of the mono-Si and multi-Si individual cells
before and after two rounds of mechanical damage.

TABLE I
ELECTRICAL PARAMETERS OF CELLS UNDER FURTHER ANALYSIS

STC Stage Pmpp

[W]
Vmpp

[V]
Impp

[A]
Voc

[V]
Isc
[A] Inactive area

Mono-Si
A1 s0 3.54 0.47 7.59 0.62 8.18 0.00%

s1 3.02 0.45 6.65 0.62 8.18 28.15%
s2 2.61 0.44 5.96 0.62 7.58 45.92%
∆s1 -14.73% -2.60% -12.46% -0.38% -0.06% 28.15%
∆s2 -26.12% -5.96% -21.44% -0.68% -7.37% 45.92%

Mono-Si
B3 s0 3.56 0.47 7.65 0.62 8.27 0.00%

s1 3.59 0.46 7.74 0.62 8.30 0.00%
s2 3.41 0.45 7.50 0.62 8.31 15.33%
∆s1 0.97% -0.17% 1.15% 0.23% 0.34% 0.00%
∆s2 -4.26% -2.39% -1.92% -0.12% 0.43% 15.33%

Multi-Si
A2 s0 2.86 0.41 6.98 0.59 7.75 0%

s1 2.58 0.39 6.55 0.59 7.71 25.25%
s2 1.71 0.39 4.42 0.59 6.55 57.35%
∆s1 -9.88% -3.95% -6.18% -0.56% -0.59% 25.25%
∆s2 -40.25% -5.53% -36.75% -1.40% -15.48% 57.35%

Multi-Si
B3 s0 2.65 0.39 6.75 0.59 7.65 0%

s1 2.36 0.40 5.85 0.59 7.04 32.34%
s2 2.11 0.41 5.20 0.59 6.53 45.98%
∆s1 -10.92% 2.78% -13.33% -1.50% -7.93% 32.34%
∆s2 -20.54% 3.29% -23.07% -1.59% -14.57% 45.98%

B. Crack Assessment and Quantification

From the EL images of the mini-modules, as introduced
in [8], cracks in solar cells can be quantified by applying
simple thresholding of the grayscale EL image. This method
has been applied to the mini-modules under study. Since the
mini-modules were characterized with EL images at different
Isc bias levels, the application of this method allows also the
differentiation between B and C type cracks using a threshold

above the noise level on a low bias EL image. With this
procedure the inactive area has been split into B and C crack
percentage as shown in Table II.

To further explain the effects of C and B cracks on the
cell’s electrical parameters, the selected cells in Table I will
be analyzed. Figure 4a shows the light I-V curves of cells A2
and B3 of the multi-Si mini-module at stage of degradation
s1. These two cells show a similar amount of B cracked area,
with 22.95% and 21.49% respectively. At the same time cell
A2 shows very little amount of C cracks (2.29%) while B3
shows a larger 10.85%, making these cells a good comparison
to evaluate the effect of C cracks. The two curves can be
compared since the original I-V characteristic is essentially
identical at the initial stage. The main finding is an important
decrease in Isc as well as Impp.

Figure 4b shows stages s0 and s1 of mono-Si cell B3. This
cell is used to study the effect of B cracks on the electrical
parameters, since it goes from initial state to 15.29% of B
crack with almost no C cracks. The effect of B cracks on the
I-V characteristic showed mainly a decrease in the Pmpp by
means of a change in Impp and Vmpp, however, little to no
change can be observed in Isc and Voc. The same behaviour
was observed in mono-Si cell B2, which has a similar amount
of B cracks and no C cracks. Both of these curves suffered the
same amount of power loss and a similar effect on electrical
parameters.

Cell A1 of the mono-Si mini-module is a good validation of
the findings explained above. This cell shows an initial degra-
dation due to B cracks and a second degradation with a little
increase in B cracks but manifesting 12.45% C cracks. The
effects seen in the previous examples are clearly confirmed
in this cell. Stage s1 presents a power loss due to a large
variation in Impp while at stage s2 the a combination of Isc
and Impp causes the characteristic shift in the I-V curve and
its consequent power loss.

Figure 6 presents the effect of B and C cracks on the
electrical parameters of all the cells. The electrical parameters
have been normalized to the initial stage of each cell. These
results show the trends each parameter follows when subject to
different amount of cracking. The effect of B cracks is similar
in all electrical parameters regardless of the cells being mono-
Si or multi-Si. On the C cracks, it is not as clear since the
mechanical damage did not create enough C cracks on the
mono-Si mini-module.

As previously observed, Pmpp and Impp are parameters
clearly influenced by the appearance of B and C cracks,
while Isc was found to be greatly affected by C cracks. This
parameter does not show a big variation with increased cracks,
however, there are certain outliers corresponding to cells with
both B and C cracks. In these cases, such as multi-Si B3,
there is a big number of B cracks together with more than
5% C cracked area. This could mean that the combination of
both crack types can have a stronger effect on the short circuit
current of the cells.

C cracks trends are not as clear as the B type on certain pa-
rameters. Vmpp shows a logarithmic trend with some outliers,



corresponding to cell B3 of the multi-Si module, where this
parameter increased over degradation. Extra analysis on this
cell will be provided in following sections.
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Fig. 4. Light I-V characteristic of the multi-cSi cells A2 and B3 and cell B3
of the mono-Si.
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Fig. 5. Light I-V of mono-Si cell A1 at all stages of mechanical damage.

C. Resistive and Shunt Loss Analysis

One method to identify which of the electrical parameters
of the module are degrading is to determine the series (Rs)
and shunt (Rsh) resistance and the diode ideality factor (n)
to the diode model under illumination using the fast method
proposed by Bowden in [23].

Figures 7 and 8 show the evolution of the series and shunt
resistance of the whole module and each individual cell before
and after mechanical stress.

Comparing these results to the electrical parameters, there
is a notable relationship between Rs and the power loss at
both cell and module level. The cells that were damaged in
the initial stage show the highest Rs and are the ones with the
lowest Pmpp.

In the multi-Si mini-module, after the first round of me-
chanical load, cells C2 and C3 measured a slightly lower Rs.
This slight decrease in Rs can be caused by the accuracy of
the measurement setup flashing light I-V curves. The second
degradation shows cell A2 suffered a significant increase in
Rs. This cell is the most damaged cell in terms of the area loss
parameter, with a 57.35% of area affected by B and C cracks.
Cells A1 and B2 also show a big increase in Rs together with
high percentage of B cracks and a slight increase in C cracks.
It is notable that cell C3 suffered a 37.05% of area loss, similar
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(c) B crack percentage effect on nor-
malized Isc of the cells.
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(d) C crack percentage effect on nor-
malized Isc of the cells.

0% 10% 20% 30% 40% 50%

B cracks

0.6

0.7

0.8

0.9

1

I m
p
p
 n

o
rm

al
iz

ed

Mono-Si

Multi-Si

(e) B crack percentage effect on nor-
malized Impp of the cells.
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(f) C crack percentage effect on nor-
malized Impp of the cells.
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malized Voc of the cells.
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malized Voc of the cells.
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Fig. 6. Impact of B and C crack in electrical parameters of the mini-modules
under study. Electrical parameters normalized to each cell´s initial stage.



TABLE II
MINI-MODULES CELLS B AND C CRACK PERCENTAGE

Mono-Si Muli-Si

Stage B
cracks

C
cracks

B
cracks

C
cracks

A1 s0 0% 0% 0% 0%
s1 28.13% 0.02% 19.25% 2.08%
s2 33.47% 12.45% 36.59% 1.27%

A2 s0 0% 0% 0% 0%
s1 0% 0% 22.95% 2.29%
s2 4.78% 0.15% 49.75% 7.60%

A3 s0 0% 0% 0% 0%
s1 0% 0% 14.68% 1.37%
s2 13.40% 0.01% 23.71% 0.86%

B1 s0 0% 0% 0% 0%
s1 0% 0% 29.08% 5.05%
s2 0% 0% 27.02% 11.32%

B2 s0 0% 0% 0% 0%
s1 0% 0% 35.16% 2.15%
s2 15.03% 0% 44.52% 3.40%

B3 s0 0% 0% 0% 0%
s1 0% 0% 21.49% 10.85%
s2 15.29% 0.04% 35.11% 10.88%

C1 s0 0% 0% 0% 0%
s1 0% 0% 30.03% 1.36%
s2 0% 0% 36.49% 0.41%

C2 s0 0% 0% 0% 0%
s1 0% 0% 0% 0%
s2 0% 0% 8.37% 1.64%

C3 s0 0% 0% 0% 0%
s1 0% 0% 16.07% 0.34%
s2 13.06% 0% 35.40% 1.65%

to cell A1, but the value of its series resistance remained very
similar to the initial stage.

Cell B3 in the Multi-Si mini module is affected mainly
by power loss from shunting. This cell is characterized by
a 10.88% of C cracks and 36.49% of B cracks in s2. The
proportion of B and C cracks does not seem to indicate
clearly what power loss mechanism is the predominant in the
cells. For example, cell A1 in the mono-Si mini-module show
similar crack percentages in s2 and its power loss is driven by
Rs mainly.

It is notable that the cells from the Mono-Si mini-module
are mainly affected by Rs effects. There are shunt variations
in some cases but not as large in the multi-Si mini-module.
This one on the other hand, shows cases of both series and
shunt resistance losses such as cell A2 and cases where only
Rs affects, like A1.

Analyzing Fig. 9, one can see that the series resistance
evolution follows a similar trend for both mini-modules. A
slight exponential trend appears when size of the inactive
area increases. This relationship holds with B cracks as well,
however, the amount of C cracks and how they influence the
series and shunt resistance is not clear.

On terms of the module’s parameters, both mini-modules
show lower values of series and shunt resistance than the cells.
Since all cells are series connected, the evolution of the diode
model parameters is influenced by the major power loss driver
of the cells. The mono-Si module, whose cells are mainly
affected by Rs effects show a similar trend as its cells, while
the Rsh stays similar between stage s0 and s2. The multi-Si

mini-module on the contrary suffered more cracks in multiple
cells, showing effects of power loss driven by both series and
shunt resistance combination.
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degradation.
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D. Single Diode Model Curve Fitting

As a complement to Bowden’s method, in order to evalu-
ate the diode model parameters, curve fitting on the Single
Diode Model [24] was applied to the light I-V characteristics
extracted previously.

Table III shows the diode parameters obtained from curve
fitting to the Single Diode Model of the cell A1 of the mono-Si
mini-module and B3 of the multi-Si mini-module.
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Cell A1 shows a decrease in Rs over degradation. This
result collides with the result from Bowden’s analysis where
the series resistance was the main driver of power loss of this
cell. The curve fit parameters on this cell are compensated
with a large decrease in shunt resistance and a large increase
of J0. This could mean that shunting and recombination is
dominating the power loss of this cell.

On the multi-Si mini-module, cell B3 shows similar trends
as cell A1, a decrease in Rs and Rsh with a great increase in
dark saturation current. This cell showed large shunting effects
using Bowden’s method, which appear also in the fit, however
the rest of the parameters do not seem to represent the cell
appropriately.

Curve fitting to the Single Diode Model from Light I-V
curves gives reasonable results for undamaged cells, however,
the evolution with cell cracks yields inaccurate results in terms
of series resistance, which suggests that a cracked cell is not
represented any more by the Single Diode Model.

TABLE III
SINGLE DIODE MODEL CURVE FITTING PARAMETERS

Stage
Rs

[Ωcm2]
Rsh

[Ωcm2]
J0

[A/cm2] n
Jph

[A/cm2]

mono-Si
A1

s0 2.35 24758.7 6.34E-11 1.2 0.033
s1 1.68 4.30E+02 1.57E-06 2.42 0.033
s2 0.99 318.74 2.64E-05 3.41 0.031
∆s1 -28.54% -98.26% 2471513% 101.65% -0.71%
∆s2 -57.81% -98.71% 41684314% 184.77% -7.61%

multi-Si
B3

s0 4.64 9081.58 8.89E-10 1.33 0.031
s1 3.70 231.42 4.99E-08 1.73 0.029
s2 3.81 136.28 6.60E-08 1.78 0.027
∆s1 -20.23% -97.45% 5516.18% 29.69% -6.26%
∆s2 -17.91% -98.50% 7325.05% 33.84% -12.07%

E. Double Diode Model Curve Fitting

In order to find a more accurate estimation of the cell Diode
Parameters the recorded Dark I-V curves of each cell has been
fitted to the Double Diode Model [25].

Table IV shows the result of curve fitting for the cells A1
in the mono-Si mini-module and B3 on the multi-Si mini-
module.

Over the stages of degradation, in cell A1, the double diode
parameters show a natural development, with an increase in
Rs and a decrease in Rsh. Furthermore, the parameters J01
and J02 in the double diode model are used to model the
recombination in the space charge region, therefore, a large

variation in these parameters indicates that the cracks created
new recombination centres in the cell [25].

Cell B3 of the multi-Si mini-module on the other side
does not show a development of diode model parameters as
observed using Bowden’s method. Here, the series resistance
starts at a high value and decreases with degradation. Shunt
resistance does not appear as the major power loss driver as
it did previously using Bowden. By observation of the dark
I-V curves shape, some shunting and series resistance from
stage s0 to s1 is suggested, however, it is notable that between
s1 and s2 the difference in shape is minimal even when the
degradation increased from 21.49% to 35.11% in B cracks.

Curve Fitting to the Double Diode Model the dark I-V
curves resulted in good development of the parameters in the
case of the mono-Si cell. Results showed lower values of Rs

and different percentage of variation than Bowden’s method
since the estimation of Rs is performed with dark I-Vs instead
of illuminated I-Vs.

This method still found a limitation on the multi-Si cell,
where the fit yielded inaccurate results similar to the behaviour
in the Single Diode Model Fit. Fig. 10 shows the fitted
curve models properly the measured dark IV curve despite
the development of parameters, which proves that curve fitting
results cannot always be trusted before comparing with other
cells, since the fitting could be overcompensating certain
parameters in order to shape the measured curve.
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Fig. 10. Dark I-V of multi-Si cell B3 at all stages of mechanical damage.
Each curve fitted to Double Diode Model

TABLE IV
DOUBLE DIODE MODEL CURVE FITTING PARAMETERS

Stage
Rs

[Ωcm2]
Rsh

[Ωcm2] n1
J01

[Ω/cm2] n2
J02

[Ω/cm2]

mono-Si
A1

s0 1.29 1.25E+05 1.05 1.74E-12 2.57 4.55E-08
s1 2.95 1.17E+05 1.17 1.24E-11 2.62 1.97E-07
s2 5.63 9.93E+04 1.26 8.98E-11 2.54 1.91E-07
∆s1 128.59% -6.68% 11.12% 614.76% 1.97% 333.45%
∆s2 336.08% -20.54% 20.02% 5060.03% -1.40% 318.34%

multi-Si
B3

s0 15.76 4.12E+04 1.14 5.33E-11 3 4.03E-07
s1 4.9182 3.81E+04 1.04 1.34E-11 3.27 1.68E-06
s2 1.4347 5.46E+04 1.45 1.76E-09 3.44 2.65E-06
∆s1 -68.79% -7.57% -8.58% -74.91% 9.10% 316.20%
∆s2 -90.90% 32.66% 26.96% 3205.96% 14.72% 557.84%



F. Suns-Voc Curve Analysis

Finally, after the last round of mechanical damage, the
mini-modules were flashed at multiple irradiances in order to
measure the Suns-Voc curve. This characteristic curve does
not reflect the series resistance of the cell [26] therefore, by
comparing it with the light I-V at STC one can evaluate if
there are Rs effects on the power loss. This method can be
used as a complement to the previously analyzed curve fitting
and Bowden methods for qualitative validation.

In order to compare the light I-V cure to the Suns-Voc
curve, both curves were converted to current density units for
a good visualization. Fig. 11b shows the difference between
both curves for cell A1. This gap represents the effect of the
series resistance on the I-V characteristic.

As mentioned in previous sections the series resistance
followed an unexpected trend decreasing its value when curve
fitting to the Single Diode Model. This decrease in Rs is not
sustained in the analysis of the Suns-Voc curve.

The single diode model, suggests a great decrease in Rsh

and a big increase in J0. By observation of the evolution of
the dark (Fig.11a) and light (Fig.5) I-V curves, a change in
Rsh is suggested from the change in the low voltage region
of the light I-V curves and the shift in the dark I-V. Between
stages s1 and s2, there is not a great difference in the dark I-V,
however the light I-V characteristic shows a decrease in Isc,
which again suggests a variation in series and shunt resistance
that is not seen in the curve fitting methods.

The analysis of cell B3 is similar to A2. The Suns-Voc
curve (Fig. 12b) suggests that the cell is affected by power
loss by series resistance. Low voltage regions of the dark
and light I-V (Figures 10 and 12a) indicate power loss by
shunting as well. Combined with the analysis on the electrical
parameters in previous sections, this cell suffers mainly shunt
resistance effects due to the disconnection of cell parts (C
cracks), however, between stage s1 and s2 the extra B cracks,
apart from increasing the series resistance and reducing the
Impp, influence also Isc. B cracks in combination with large
percentage of C cracks can also have this effect, which
Bowden´s method interprets as a large shunting loss even
though the difference between the dark I-V curves is minimal.

Both analyzed cells show similar B and C crack percentage
in stage s2. They share similarities in the way Suns-Voc curve
suggests a series resistance effect, however, Bowden suggested
different power loss mechanisms affected these cells. The
evolution from s1 and s2 in both cells show little changes in
the dark I-V curve shape, even so, the cracked area changed
differently, cell A1 increased mainly in C cracks, while cell
B3 did on B cracks.

IV. SUMMARY AND CONCLUSIONS

This work presents an in depth analysis of the electrical and
diode parameters of the cells in photovoltaic modules when
they are subject to cracking. The analysis is complemented
calculating the percentage of inactive area, B and C cracks of
the cells from EL images.
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Fig. 11. Cell A1 of mono-Si mini-module.
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Fig. 12. Cell B3 of multi-Si mini-module.

Throughout the mechanical degradation stages, a high cor-
relation was observed between the power loss and the inactive
cell area. Furthermore, B cracks proved to affect mainly Impp,
while C cracks and a combination of B and C cracks, have
a great effect on Isc due to the area loss. Also, the estimated
series resistance calculated using Bowden’s method showed a
good relationship with the percentage of B and C type cracked
area. Parameters calculated using this method could potentially
be used to estimate power loss by means of EL image analysis
and processing. Module diode parameters showed a similar
trend as the most damaged cell on the module, series and
shunt resistance showed a combined effect, although a much
lower value overall was observed.

Curve fitting proved to be a good method for estimating
diode model parameters for both light and dark I-V fitting to
the single and diode model but only for the initial stage, when
cells remain undamaged. As cells sustain more significant
damage, the assumptions of the equivalent solar cell circuit
model start to break down, as the degradation is distributed
non-uniformly across the cell, resulting in poor curve fitting
and the resulting model parameters loose their physical mean-
ing. Complementing the analysis of the curve fitting results
with the observation of the light and dark I-V curves together
with the Suns-Voc can help understanding what power loss
models are affecting the cell.

Bowden’s method for estimating diode model parameters
proved to be very robust for characterizing cracked solar cell
diode parameters since the evolution of these parameters were
the more consistent over 2 stages of degradation.



A proposed future work should include a more controlled
analysis of the cell cracks. By investigating and comparing
multiple cells with the same size, type and crack location,
a better roadmap of cracked cell characterization could be
achieved. Finally, the qualitative analysis could be extended
by investigating the evolution of the Suns-Voc curves over all
degradation stages.
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