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Field and Accelerated Aging of Cracked Solar Cells
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Abstract—Cracks can form in silicon solar cells in an otherwise
intact photovoltaic module due to mechanical stresses such as
rough handling or hail. The immediate impact on power due to
these cracks can be readily measured, but it is also known from
accelerated testing that the cracks can worsen over time. However,
it is not clear how to predict the extent of future field degradation
due to cracked cells, which requires a calibrated accelerated test.
We describe progress toward such a test. In particular, we report
on the outdoor aging of modules with cracked cells for nearly two
years. We find that modules with cracked cells degraded in the
field an average of 0.5% absolute more than uncracked modules
over a period of 21 months. We also characterize the modules with
multitemperature electroluminescence and find that the degra-
dation is associated with cell fragments that become electrically
isolated. We compare the weathering outdoors with the two types
of accelerated tests: thermal cycling and a novel accelerated test,
dynamic mechanical acceleration (DMX). DMX can apply thou-
sands of pressure cycles at a frequency of approximately 10 Hz
and pressures <200 Pa, which are relevant to the wind-driven
pressure cycles experienced by modules outdoors. We find that the
thermal cycles designed to reproduce the cumulative temperature
change from the field overestimate field degradation and can excite
noncell-crack degradation. DMX results were promising, repro-
ducing degradation levels similar to those observed outdoors over
21 months with a test that can be performed in less than an hour.

Index Terms—Accelerated testing, electroluminescence (EL),
photovoltaic cells, reliability, solar panels.

I. INTRODUCTION

S ILICON (Si) solar cells break within otherwise intact pho-
tovoltaic (PV) modules for a variety of reasons, including

handling, transportation, and weather, such as hail. Mechanical
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flaws introduced during manufacturing can predispose cells to
crack under these stresses. Power loss due to cell cracks is a
two-stage process. In the first stage, the crack in the Si is formed.
In the second stage, electrical contact with cell fragments is
reduced or lost as the metallization grid lines across the crack fail
or degrade. In some cases, these two stages may happen in im-
mediate succession, but in others, the second stage may take time
to occur as environmental stressors cause cell fragments to shift.

It is well established that electrical isolation of cracked cell
fragments can increase in extreme weather and with the applica-
tion of accelerated tests, including thermal cycles or mechanical
load [1], [2], [3]. Field degradation associated with cracks has
also been observed [4]. However, it is unclear how the weather-
ing of cracked cells manifests under typical moderate conditions
in the field. Many studies of cracked modules in the field involve
modules that have been cracked for an unknown amount of time,
making the quantification of the weathering (the second stage in
power loss) challenging. Furthermore, this weathering is likely
product dependent, creating the need for an accelerated test to
quantify the future aging of modules once they become cracked.

We describe results that build toward such a field-relevant
accelerated test for the weathering of cracked cells. In the ex-
periment, we precracked modules and deployed them outdoors
for nearly two years along-side uncracked control modules. In
parallel, we subjected both intact and precracked modules of the
same types deployed outdoors to the novel dynamic mechanical
acceleration (DMX) test [5] and accelerated thermal cycling.

DMX is based on the observation that pressure cycles ex-
perienced by PV modules due to wind (hundreds of Pa) are
generally well below the pressures of existing standardized
mechanical load tests (thousands of Pa), while also much higher
in cycle count [6], [7]. The technique uses an array of speakers
to apply field-relevant pressure cycles at ∼10 Hz, allowing
the accumulation of years of field damage in hours of testing.
Approximately 10 Hz was chosen to be below the resonance
of the DMX-module system to avoid destruction of the DMX
apparatus and irrelevantly large laminate displacements. To the
best of authors’ knowledge, other apparatuses for applying
dynamic mechanical loading, which rely on an array of suction
cups controlled by actuators or a means (other than speakers)
of controlling the pressure in a cavity around the module [8],
cannot achieve frequencies as high as 10 Hz.

The thermal cycling test was designed to test the hypothesis
that reproducing the same total change in temperature (ΔT )
observed outside, including small fluctuations, would reproduce
the relevant cell fragment movement and, thus, cracked-cell
weathering.
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Fig. 1. DMX apparatus, which uses an array of speakers to apply field-relevant
pressure cycles (<500 Pa) at 10 Hz. (Si module pictured as schematic cut away
to show DMX internal components.) © IEEE 2022 [5].

II. METHODS

The experiment focused on 72-cell multicrystalline Si mod-
ules of four different models from various manufacturers. In
total, 16 modules (four of each type) were deployed outdoors
on a single-axis tracker for 21 months in Golden, CO, USA.
The tracker was on the western edge of a ten-tracker field. To
the west, there was a south-facing fixed-tilt PV array. The hub
height of the tracker was approximately 1.4 m. Modules were
individually maximum power tracked with dc optimizers. Cells
within the modules were intentionally cracked on eight of the 16
modules (two of each type) prior to deployment. The cracks were
induced in the cells by dropping one edge of the module from a
height that cracked approximately 1/3 of the cells in a simulated
“installer drop.” This height varied by module type, and was
determined from sacrificial trial modules not used for further
study, but with the module constructions being quite similar, we
did not observe a systematic difference between drop height and
module design. The glass remained intact.

In parallel legs of the experiment, six modules from three
of the types deployed outdoors underwent accelerated testing
with the DMX method [5] and with thermal cycling. Testing
was limited to three types due to the limited sample count of
the fourth type. Similarly to the outdoor leg of the experiment,
cells in half of the modules in the accelerated testing legs were
intentionally cracked with a simulated “installer drop.”

One of the accelerated testing legs investigated DMX, which
uses an array of speakers driven at approximately 10 Hz to
apply mechanical pressure cycles similar to those experienced
outdoors in typical wind conditions. The method is described
in more detail in [5], and a diagram of the DMX apparatus is
shown in Fig. 1. In the version of DMX used in this study, the
entire module frame is constrained to the apparatus, which is
expected to cause different stress profiles than field mounting;
newer versions of the apparatus are being developed, which
enable field-relevant mounting. We exposed the modules to
two successive levels of DMX derived from 2-D computational
fluid dynamics simulations of wind levels measured at the test
site [9]. We picked the DMX levels based on pressure (rather than
module displacement) in order to naturally capture differences
in the module response between different module types. We also
acknowledge that in the field, the frequency content of the excita-
tion will be different than that of DMX, but the storage modulus

of different encapsulants changes only marginally over the range
0.1–100 Hz [10] minimizing this concern. The storage modulus
does, however, change appreciably with temperature [10], mak-
ing the choice to perform DMX only at room temperature a larger
simplifying assumption. Even so, we hypothesized that that the
simplification to a 10 Hz excitation at room temperature would
be sufficiently representative to induce field-relevant degrada-
tion, and test this hypothesis with the experiments described
herein. Using 20 years of historical wind speed data at 1-min
resolution measured at the site [11], the two DMX levels were
designed to correspond to the windiest noncontiguous day and
windiest noncontiguous hour experienced at the site in a year
at the wind measurement height of 6.7 m, these speeds were 14
and 21 m/s. Relative to the windiest day, fewer cycles but higher
pressure are needed to reproduce the windiest hour. The cycle
count for each level was doubled to represent the approximately
two years of outdoor exposure in this experiment. The first level
(DMX 1) was 346 000 cycles of 70 Pa rms pressure cycles and the
second level (DMX 2) was 22 000 cycles of 150 Pa rms cycles.

The other accelerated testing leg focused on thermal cycling
using an environmental chamber. We designed the thermal cy-
cles to reproduce the same total change in temperature, ΔT ,
experienced by the modules outdoors, including small fluctua-
tions that occur throughout the day. We calculated the total ΔT
from 1-min thermocouple measurements collected on the rear
side of fielded modules for one calendar year according to

ΔT =
∑

i

T (ti)− T (ti−1) (1)

where T (ti) is the discrete temperature measurement at time
(ti). Because the surface module temperature fluctuates faster
than the cell temperature inside the module, we applied an ex-
ponentially weighted moving average (EWMA) with a constant
(α) of 0.56 before calculating the total temperature change from
the discrete differences of the EWMA time series. The EWMA
constant was found by comparing a back-of-module temperature
with a cell temperature on a custom mini module deployed
outdoors for one week with a thermocouple on the cell surface
inside the laminate. We optimized the EWMA constant such
that the ΔT calculated from the EWMA of the exterior of the
module matched that of the interior.

Using this approach, we found a total ΔT for each year of
exposure was 8.35 × 104 ◦C. We also observed that the median
daily range of temperatures experienced by the module spanned
40 ◦C. Finally, we found that the 10th percentile of daytime
temperature was approximately 10 ◦C and the 90th percentile
was approximately 50 ◦C. The exact choice of these percentile
is somewhat arbitrary, but ensures that the accelerated thermal
cycles occur in the temperature regime relevant to outdoor
operation. Combining these observations, we targeted 1044 full
cycles from 10 ◦C to 50 ◦C for each year of exposure. Our
chamber could achieve approximately 13 cycles per day. Due to
limitations in the equipment and lack of a dwell at the extremes of
the cycles, the minimum module temperature of the modules in
the chamber fluctuated between 10 ◦C and 15 ◦C during cycling.
We added additional cycles at the end of each test to achieve a
total observed ΔT of 8.35 × 104 ◦C (the ΔT for 1044 cycles
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Fig. 2. Power loss on cracked (orange) and uncracked (blue) modules fielded
outdoors after each step of the experiment. Cracked modules degraded more
quickly outdoors than uncracked modules.

from 10 ◦C to 50 ◦C). We carried out two consecutive rounds
of thermal cycling in this way; we refer to them as TC 1 and
TC 2. To summarize, each round of thermal cycling (TC 1 and
2) was designed to reproduce the outdoor ΔT of a single year
of deployment in Golden, CO USA.

Between experimental steps, modules were characterized by
multitemperature electroluminescence (EL) and room tempera-
ture current–voltage (I–V) curves. Room temperature I–V curves
were collected at 25 ◦C using a Spire 5600 flash simulator.

We use multitemperature EL to fully characterize the state
of a module with cracked cells over the full range of relevant
temperatures. As cell fragments of a broken cell move with ther-
mal expansion and contraction, the lateral resistance across the
crack changes [12]. We image the module in an environmental
chamber at 10 ◦C increments from −15 ◦C to 65 ◦C and back
down to −15 ◦C. At each incremental temperature, we collect
an EL image at the rated Isc using identical exposure settings.
The gray values in each image are then normalized to their
90th percentile to account for changes in EL brightness with
temperature. Finally, a composite image is formed by aligning all
the normalized images and selecting the minimum value for each
pixel. This composite image represents the worst-case scenario
for each pixel and enables us to identify areas that become
electrically disconnected over the range of outdoor-relevant
temperatures.

III. RESULTS AND DISCUSSION

The results show that modules with cracked cells degraded
more quickly outdoors than those without cracked cells. Fig. 2
shows the change in normalized power for modules in the out-
door leg of the experiment as measured by laboratory-based I–V
curves for both cracked and uncracked modules after each step in
the experiment. The spread in the data at step 1 is attributed to the
uncertainty in the measurement and potentially changes in small
cracks not detected in EL, since a single thermal cycle on intact
modules is not expected to have a measurable effect. For the
cracked modules, we observed an initial reduction in power<1%
immediately after the cracks were introduced (experimental

step 2). The spread in the power for these modules then increases
with the single round of multitemperature EL. This is likely due
to cell fragments moving during the single thermal cycle associ-
ated with multitemperature EL. After outdoor deployment, the
total degradation in the cracked modules was greater than that
in the uncracked. We note that outdoor degradation for all the
modules includes likely light-induced degradation, so it is pos-
sible that the degradation rate would slow in subsequent years.
The median outdoor power loss calculated from the difference
in the power measurements between experimental steps 4 and
3 (or step 1, for uncracked modules) was approximately 0.5%
absolute more for the cracked population than for the uncracked
population after 21 months of outdoor exposure.

Fig. 3 shows the results of multitemperature EL of the cracked
modules before and after outdoor exposure. We observe an
increase in the dark areas after outdoor weathering indicating
more cell areas that are partially or fully isolated from the
module circuit due to cell cracks. The range of outdoor power
loss experienced by the modules relative to the average power
loss observed in the uncracked control modules of the same
make and model was−0.27% to 1.27% (positive values indicate
degradation).

Fig. 4 shows the multitemperature EL along with the degrada-
tion in maximum power at one sun observed after each level of
DMX testing. We observe cumulative degradation of 0.24% to
0.74% after both levels of DMX. Most of this loss accumulates
in the second level of DMX testing, which had higher pressure
but fewer cycles than the first level. Similarly, Fig. 5 shows the
multitemperature EL along with the maximum power degrada-
tion after the first round of thermal cycle testing. After the second
round of thermal cycle testing, the total degradation ranged
from 0.72% to 1.5%. For both types of accelerated testing, we
generally observe an increase in the dark areas in EL indicating
that cell fragments are becoming at least partially isolated from
the module circuit.

The degradation observed in both types of accelerated testing
is compared with the outdoor leg of the experiment in Fig. 6.
The results shown in the figure indicate that DMX 2 (preceded
by DMX 1) was most representative of outdoor degradation.
DMX 1 substantially underestimated the outdoor degradation,
while both levels of thermal cycling overestimated it.

It is perhaps surprising that reproducing the same total ΔT
that the modules experienced outdoors caused more damage
in the laboratory test, even for TC 1, which was designed to
reproduce only one year. There are some important differences
between the temperature changes outdoors and those in the
accelerated test, which may explain the difference. First, the
distribution of temperatures at which theΔT is accumulated out-
doors and in the accelerated test are different, and cell fragment
movement is not linear in temperature [13]. Another important
difference is that a large fraction of ΔT accumulated outdoors
occurs in small cycles, while relatively large, uniform cycles are
used indoors. This may lead to differences in the details of cell
fragment movement, which is known to be hysteretic [12].

Modules experience both thermal cycling and mechanical
cycling outdoors, so neither type of accelerated test fully re-
produces the stress that occurs outdoors. Our accelerated tests
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Fig. 3. Composite multitemperature EL images of the cracked modules from the outdoor leg of the experiment before and after deployment. The before images
are taken after cracking but before outdoor exposure. The red numbers indicate the power loss each module experienced during the outdoor exposure relative to
the average power loss in the uncracked control modules of the same make and model.

Fig. 4. Composite multitemperature EL images of cracked modules before and after each level of DMX testing. The before images are taken after cracking but
before DMX. Each row corresponds to one module. The red numbers indicate the power loss observed from the corresponding DMX test.

show that both types of stress cause cracked cell damage to
progress. In both cases, the single stressor applied by the test
is implicitly used as a surrogate for the other. For example,
DMX 2 (preceded by DMX 1) did enough damage to account
for both the mechanical and thermal cycling that occurred out-
doors, but using exclusively mechanical cycling. Although the
results for DMX are promising, the exchange rate between the
two stressors is not yet quantified. The temperature-dependent
mechanical properties of different encapsulants in combination
with the temperature realized in service conditions should be
given careful consideration when quantifying these exchange
rates [10], [14]. This must be better characterized before the

true acceleration factor of either type of test can be established.
Quantifying the exchange rate between the two types of stress
remains an important area of ongoing research.

We also observe that in the case of one module type, thermal
cycling excited a degradation mode other than cell crack weath-
ering. For the module type with five bus bars, the uncracked
module experienced 0.69% power loss after TC 1 and a total of
0.98% after TC 2. This is similar to the degradation experienced
by the cracked module of that type (bottom row of Figs. 4
and 5) which exhibited 0.88 and 1.11% degradation, respec-
tively, in the two levels of thermal cycling. We also note that
the temperature-dependent EL of the cracked module showed
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Fig. 5. Composite multitemperature EL images of cracked modules before and
after the first level of thermal cycle testing. The before images are taken after
cracking but before thermal cycling. Each row corresponds to one module. The
red numbers indicate the power loss observed from the corresponding thermal
cycle test.

Fig. 6. Outdoor power loss compared with accelerated testing. Each panel
shows the cumulative distribution function of the outdoor power loss for the
uncracked set of modules (blue) and the cracked set (right). The gray area on
each plot is calculated by adding the range of degradation values observed in the
indicated accelerated test to the CDF of the outdoor uncracked set. This facilitates
a comparison between the additional degradation of modules outdoors attributed
to cracked cells and the degradation induced by accelerated testing. We observe
that the DMX 2 (preceded by DMX 1) best represents the field degradation
observed in this experiment.

only a minimal increase in dark areas after TC 1, as shown in
Fig. 5, suggesting a different degradation mechanism is present.
No obvious change was observed in the uncracked module’s EL
after thermal cycling. For reference, this module type appears
in the first column rows 1 and 3 of Fig. 3.

IV. CONCLUSION

Cracked cells in otherwise intact modules are a well-known
occurrence. The long-term performance risk posed by cracked
cells has not previously been well understood. In this work,

we introduced cracks in a controlled way and used exten-
sive characterization before and after field aging to show that
cracked cells can, in fact, cause increased degradation in the
field compared with the uncracked modules. We compared the
outdoor aging with two types of accelerated testing, DMX and
thermal cycling. We found that DMX 2 was promising in that
it reproduced degradation levels similar to those observed in
the field. However, we acknowledge that thermal cycling also
occurs in the field and contributes to the field degradation. So
some of the stress and degradation induced by DMX through
mechanical cycles would be caused by thermal cycling outdoors.
The exchange rate between the two types of stress is still
poorly understood and remains an important area of continued
research.

Although the exchange rate with thermal cycles is still poorly
understood, we consider DMX to be a promising approach to ac-
celerate cracked cell weathering. One reason is the time needed
for the test. Each level of thermal cycling took approximately
80 days to complete, whereas DMX 2 took less than an hour to
reproduce nearly two years of field weathering. Another reason
that we consider DMX more promising than thermal cycles for
this application is its specificity. In the case of one module
type, thermal cycling apparently excited a degradation mode
other than cracked-cell weathering. While DMX is promising,
further work is needed to establish accurate acceleration factors
to account for the thermal and mechanical cycles experienced
in different field conditions.

It is not clear from the experimental results whether the
crack weathering has saturated during outdoor exposure or if
the degradation would continue at the same rate. However, the
risk that it continues at the same rate is substantial; extrapolated
to 20 years the crack degradation would cause an additional 11%
degradation above and beyond the other degradation modes.
Some anecdotal evidence suggests this risk is real. First, we have
previously reported that after additional DMX cycles, well be-
yond what was applied in this study, crack damage continues [5].
Second, we observe areas of cells, which have the geometry to be
electrically isolated, but remain in at least partial contact with
the module circuit in the EL images of the outdoor-deployed
modules of this study, indicating that there is potential for further
increases in isolated areas in the future.

The modules studied here, multicrystalline Si with 3–5 bus-
bars, are an older technology than what is being deployed today.
However, our results are relevant to large numbers of multicrys-
talline systems still in service. The future underperformance
risk of these systems is not yet well understood, and this study,
including the application of DMX, provides a path to quantifying
that future risk. Modern module designs with many busbars
may mitigate the risks of long-term degradation by limiting
the cell area that becomes isolated by cracks. Ultimately, crack
weathering risk is product specific, and DMX is a promising
approach to quickly quantify it.
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